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## 4872515623: MAJOR PETROCHEMISTRY AND POLYMER SCIENCE

KEYWORD: SOLUBLE POLYIMIDES/ DIAMINOTETRAPHENYLPORPHYRIN/

PHOTOINDUCED ELECTRON TRANSFER/ FLUORESCENCE QUENCHING
SUDKANUENG SINGTO: SOLUBLE PORPHYRIN-CONTAINING
POLYIMIDE: SYNTHESIS AND OPTICAL PROPERTIES. THESIS
PRINCIPAL ADVISOR: ASSOC. PROF SUPAWAN TANTAYANON,
Ph.D., THESIS CO-ADVISOR: PROF. ROBERT E. CONNORS, Ph.D., 134

PP-

Polyimides containing porphyrin moieties were synthesized by condensation
polymerization of two diamino monomers, either 5,10-bis(4-aminophenyl)-10,20-
diphenylporphyrin(cis-DATPP) er 5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin
(trans-DATPP) and 2.2"-bis(trifluoromethyl)-4,4'-diaminobiphenyl (PFMB) and a
dianhydride, 4,4"-hexafluoroisopropylidenediphthalic anhydride (6FDA) at 1:1 ratio.
The content of cis-DATPP or frans-DATPP in diamino monomer part was varied in
the range of 5-30% by mole. The incorporation of Zn metal in the porphyrin moieties
of these polyimides was also carried out. The structures of these four types of
polyimides, containing cis-DATPP, trans-DATPP, cis-ZnDATPP and rrans-
ZnDATPP, were confirmed by ATR-IR and H'-NMR. All polyimides were soluble in
polar aprotic solvents, THF, DMAc¢ and CHCl; and had higher viscosity than the
polyimides without porphyrin moiety. UV-vis and fluorescence spectroscopy of these
polyimides in CH;Cl; and DMAc were investigated. The rate constants for electron
transfer of polyimides containing the highest content of cis-DATPP and trans-
DATPP, PI-C4 and PI-T4, were 1.50x10" and 1.48x10’ s”' and the corresponding
metalloporphyrins, PI-ZnC4 and PI-ZnT4, were 9.25x10 and 8.90x10" s in CH,Cl,,
respectively. Fluorescence quenching of the porphyrin monomers and porphyrin
polyimides by anthraquinone as an electron acceptor involved both static and dynamic
quenching mechanisms. In addition, all of these polyimides displayed good thermal
stability as determined by thermogravimetric analysis.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Porphyrins have attracted interest in recent years due to their potential use in
photochemical processes of photodynamic therapy (PDT) [1,2,3] and light harvesting
[4]. The interaction of porphyrin base with various metal ions has been extensively
studied [5,6]. They also have _imp-urlant applications in photocatalysis, photochemical
conversion, and storage of solar energy as well as photosynthesis, photobiology and
photomedicine [7,8].

Aromatic polyimides are best known for their mechanical and electrical
properties [9], as well as for their outstanding thermal stability [10,11]. These class of
compounds also display high softening temperatures and excellent chemical
resistance. Currently, much attention to a related class of aromatic polyimides
containing-porphyrin moieties are of considerable interest, due to their potential
properties as photoconductive and charge-transporting materials [12-15].

This report discusses the synthesis, spectroscopic and photophysical
examination of polyimide-containing porphyrins with differing concentrations
containing unsubstituted tetraphenylporphyrin, diaminotetraphenylporphyrin and their
corresponding zinc analogues. Spectroscopic data will involve measuring both the
absorption and fluorescence properties of these compounds in two solvents.
Photophysical properties of these classes of compounds involve determining both the
fluorescence quantum yield (@) and fluorescence lifetime (t7) parameters in both
solvents. Fluorescence quenching of the porphyrin monomers and porphyrin
polyimides by an electron acceptor (anthraquinone) has been studied in detail.

1.2 Objective of this research

- To synthesize organo-soluble polyimides containing tetraphenylporphyrin
moieties.

- To examine the behavior of fluorescent porphyrin and polyimides in the

presence of an external electron acceptor.



1.3 Scope of Investigation
The stepwise investigation was carried out as follows:

1. Literature survey for related research work

2. To synthesize 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin(cis-DATPP)
and 5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin(trans-DATPP)

3. To synthesize zinc 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin(cis-Zn
DATPP and zinc S5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin(trans-
ZnDATPP)

4. To prepare polyimide containing porphyrin by polymerization at various mole
ratios of porphyrins in the polymer

5. To characterize polyimide by ATR-IR spectroscopy, UV-vis spectroscopy,
fluorescence spectroscopy, gel permeation chromatography, viscosity of
polyimides

6. To measurement thermal properties of polyimides by TGA

7. To study photophysical properties of polyimides involve determining both the
fluorescence quantum yield and fluorescence lifetime parameters in organic
solvents

8. To study the behavior of fluorescence quenching porphyrin and polymides in

the presence of external quencher by fluorescence lifetime spectrometer



CHAPTER II

THEORETICAL BACKGROUND
2.1 Porphyrin

Porphyrins are aromatic tetrapyrrolic macrocycles largely used in electrophilic
substitution reactions. This class of organic compounds contain 22 conjugated n-
electrons, 18 of which are included in a cyclic delocalized conjugation pathway as
shown in Figure 2.1. The numbering system is adopted for the porphyrin nucleus. The
2,3,7, B; 12, 13, 17 and 18 positions have commonly been referred to generically as
the “beta”-positions. Similarly, positions 1, 4, 6, 9, 11, 14, 16 and 19 have been
referred to generically as the “alpha”-positions, while those at 5, 10, 15 and 20 are
termed the “meso” positions. The vast majorities of porphyrins are structurally planar.
These conditions fulfill the requirements for aromaticity according to Hiickel’s rules

of n electrons (4n+2; n =4).

Figure 2.1 The chemical structure of a free base porphyrin.

Porphyrins are highly colored, showing a characteristically intense Soret band
at around 400 nm in the absorption spectrum with very high extinction coefficients at
this region. In addition, porphyrins have four bands between 450-700 nm, which are
referred to as Q bands. The Soret band is a major characteristic of the optical
absorption spectrum of the porphyrin macrocycle as it disappears with the disruption
of the macrocycle. The intensity and wavelength of the absorption bands change with
variations on the peripheral positions of the macrocycle. Protonation of two of the
inner nitrogen atoms or insertion of a metal into the porphyrin cavity also changes the
visible absorption spectrum. The large diamagnetic ring current observed in
porphyrins is expressed by their 'H-NMR spectra. The ring current generated by the



applied external field induces a local magnetic field similar to that in benzene. The
inner N-H protons inside the porphyrin ring system are shifted upfield to as high as §
= -5 ppm whereas the deshielded meso-protons are 8 = 8-10 ppm [16]. These
compounds are conjugated, planar ligands ubiquitous in living systems and widely
available in nature, also acting as sensitizers in the photosynthesis of plants, light
harvesting and electron transfer [17]. In addition, porphyrins play a number of critical
biological roles such as molecular binding and reaction catalysis [4, 17]. They also
have been proven to be efficient sensitizers and catalysts in a number of chemical and

photochemical processes, most especially photodynamic therapy (PDT) [1, 2, 3].

A porphyrin in which a metal is coordinated to the inner four nitrogens of the
macrocycle is termed a metalloporphyrin. Metalloporphyrins are embedded within the
active site of numerous protein environments, whose functions range from oxygen
transfer and storage (hemoglobin and myoglobin) to electron transfer (cytochrome c,
cyrochrome oxidase) and energy conversion [18-21].

2.2 Polyimides

Aromatic polyimides are known for their excellent thermal and oxidative
stability, as well as their exceptional mechanical properties [22-27]. They also display
heat and excellent chemical resistance [28]. They are used in place of metals and glass
in many high performance applications within the electronics, automotive and
aerospace industries. The present work on porphyrin-containing polyimides mainly
involved studying fundamental spectroscopic and photophysical properties necessary
for the understanding of the incorporation of artificial solar energy conversion
systems [29, 30], catalytic effects [31], photoresponsive materials [32], molecular
wires [33] and photoinduced intramolecular electron transfer properties [12-15].

In general, aromatic polyimides are insoluble in common organic solvents.
Thus, they must be processed in the form of their soluble poly(amic acid) (PAA)
precursors. However, there are several drawbacks to the PAA approach, such as the
release of water during imidization, which can create weakening voids in thick parts
of the material [34]. Therefore, the synthesis of soluble porphyrin-containing aromatic

polyimides represents a considerable part of this research.



A one step method to prepare soluble aromatic polyimides was reported in
[35]. In this method, diamines and dianhydrides are polymerized at elevated
temperatures to form the polyimides and imidization occurs without isolation of the

poly(amic acid) intermediate as shown in scheme 2.1.

@ -szﬁ

®
HaN-Ar-NH, + Ar Ar. N-Ar
2 2 \rr \n’ {Y Y

Scheme 2.1 A one step method to prepare aromatic polyimides.

This method is suitable for synthesizing polyimides that can be soluble in
organic solvents. The water generated by imidization is usually allowed to distill from
the reaction mixture to drive the imidization reaction to completion. With this method,
unreactive or sterically hindered monomers can be successfully polymerized due to
the high temperature used. In this study, porphyrin-containing polyimides have been
synthesized by using this one-step approach. The mechanism is illustrated in the
scheme 2.2 and 2.3.
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Scheme 2.2 Mechanism of nucleophilic substitution
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Scheme 2.3 The thermal imidization pathways of polyimides

The imidization can occur via two different pathways as shown in Scheme 2.3.
In the first path, the amine proton is lost after cyclization. In the second pathway, the
proton is lost prior or during ring closure. Ring closure is faster in the second pathway
because the nucleophilicity of the conjugate base of the amide is much stronger than
that of amide. In addition, the imidization processes give off water as by product [35].

2.3 Absorption spectra of porphyrins

The heterocyclic nucleus is fully conjugated with a characteristic absorption
spectrum. The absorption spectra of aromatic tetrapyrrolic macrecycles display an
intense band in the region of 400 nm. This absorption is called the Soret band and has
a strong absorption with a high molar extinction coefficient. Porphyrins are highly
colored and they show a characteristic intE;ISE Soret band at around 417 nm and also
display four accompanying bands, commonly referred to as the Q-bands, of lower
intensity between 450-650 nm. The Soret band is a major characteristic of the optical
absorption spectrum of the porphyrin macrocycle as it disappears with the disruption
of the macrocycle. The Soret band of TPP at 418 nm in CH;Cl; may be assigned to a
n—n* transition to the second electronic excited state, S,, while the four Q-bands can



be assigned to a m—n* transition to the first electronic excited state S, [51]. The
intensity and wavelength of the absorption band changes with variations in the
peripherﬂ positions of the porphyrin macrocycle. Protonation of two of the inner
nitrogen atoms or insertion of a metal ion into the porphyrin cavity also changes the
absorption characteristics. A red shift of Ana of the Soret band from 417 nm to 426
nm is observed upon insertion of a metal ion into the porphyrin cavity of TPP
corresponding to the transition to the second excited singlet state S;. While four Q
bands are observed in the free-base porphyrins, only two peaks are present in the Zn
complex, corresponding to a vibronic sequence of the transition of lower excited

singlet 5.

2.4 Fluorescence spectroscopy

Fluorescence occurs when an excited singlet state molecule or atom relaxes to
the ground singlet state, emitting light. In the excited singlet state, the electron in the
excited orbital is paired (of opposite spin) with the electron in the ground-state orbital.
Consequently, return to the ground state is spin-allowed and occurs rapidly by
emission of a photon. The emission rates of fluorescence are typically 10® s”. Figure
2.2 illustrates a Jabloniski diagram for the different types of radiative and nonradiative
transitions that occur in photoexcited state systems.

excited vibrational states

Sa
/ A = photon absorption

F = fluorescence (emission)
' P = phosphorescence
S = singlet state
IC T = triplet state
IC = internal conversion
ISC = intersystem crossing

ISC T,

Energy
&
1
%

Electronic ground state

Figure 2.2 Jablonski diagram [49]



As depicted in Figure 2.2, the ground, first-excited and second-excited singlet
states are denoted as Sy, S; and S;, respectively. A fluorophore is usually excited to
some higher vibrational level of either S, or S;. With a few rare exceptions, molecules
in C.Oﬂdﬂl;.sed phases rapidly relax to the lowest vibrational level of S,. This process is
termed internal conversion, which is a nonradiative transition between two states of
same-spin multiplicities. Molecules in the S, state can also undergo a spin conversion
to the corresponding triplet excited state, in which all but two electrons are spin
paired. Emission of light from the first-excited triplet state (T,) is termed
phosphorescence and is generally shified 1o longer wavelengths (smaller energies)
relative to that of fluorescence. Nonradiative conversion between two states of
different spin multiplicities (e.g. S; to T)) is called intersystem crossing.

2.5 Fluorescence quanfum yield and lifetime

Both the fluorescence quantum yield (®g) and fluorescence lifetime (ty) are
two photophysical parameters. The fluorescence quantum yield is defined as the ratio
of number of photons emitted to the number of photons absorbed. Mathematically, the
fluorescence quantum yield is related to the first-order radiative and non-radiative rate
constant by the following relationship:

ks _ K

P =
Pk, ke thge) Kk +k, Eq2.1

where k; is the first-order radiative decay constant and k, is the first-order
nonradiative decay rate constant (k,, = kic + kisc). Nonradiative decay is any decay
that does not involve the emission of a photon. The quantum yield can be close to
unity if the radiationless decay rate is much smaller than the rate of radiative decay,
knr << ky.

The fluorescence lifetime (7, is the inverse of the sum of the first-order

radiative and nonradiative rates of decay:

r}.m l — ]
(k}, ke +hiy) ko+k,

Eq2.2

Combining the above two equations leads to the following equation:



@, =k, Eq2.3

The lifetime of the excited state is a measure of the average time the molecule spends
in the excited state prior to returning to the ground state. Generally, fluorescence

lifetimes are on the order of nanoseconds.

2.6 Fluorescence quenching and its types

Fluorescence quenching has been widely studied both as a fundamental
phenomenon, and as a source of information about biochemical systems. These
biochemical applications of quenching are due to the molecular interactions that result
in quenching. The fluorescence quenching by the molecules besides fluorophores has
been used extensively to study the permeability of the quenchers into the
macromolecules, the environment around the fluorophore as well as the location of
the fluorophores in the micelles, reverse micelles and other types of macromolecules
[49, 56].

Fluorescence quenching refers to any process which decreases the
fluorescence intensity of a sample. Generally speaking, in fluorescence quenching, an
excited-singlet state molecule may lose its energy in the form of heat through
collisions with other molecules. A variety of molecular interactions can result in
quenching. These include excited-state reactions, molecular rearrangements, energy
transfer, ground-state complex formation and collisional quenching [49].
Fluorescence quenching has been widely studied both as a fundamental phenomenon

and as a source of information about biochemical systems [50].

Both dynamic and static quenching, which will be discussed shortly, require
molecular contact between the excited-state fluorophore and quencher. In the case of
collisional quenching, the quencher must diffuse to the fluorophore during the lifetime
of the excited state. Upon contact, the fluorophore returns back to the ground state,
without emission of a photon. In general, quenching occurs without any permanent
change to the molecules, that is, without a photochemical reaction. In the case of
static quenching, a complex is formed between the fluorophore and the quencher, and
this complex is non-fluorescent. For either static or dynamic quenching to occur, the

fluorophore and quencher must be in contact with each other. The requirement of
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molecular contact results in the numerous applications of quenching. For example,

quenching measurements can reveal the accessibility of fluorophores to quenchers.

Generally, there are two types of fluorescence quenching processes, first of
which is collisional (or dynamic) quenching. As previously mentioned, in
fluorescence quenching, an excited singlet state molecule loses its electronic energy in
the form of heat through collisions with other molecules termed quenchers.
Quenching can occur by different mechanisms. Collisional quenching occurs when
the excited-state fluorophore is deactivated upon contact with some other molecule in
solution, called the quencher. Collisional quenching is illustrated in the pathway of
dynamic quenching (Figure 2.3) and described by the well-known Stern-Volmer
equation Eq 2.4.

Figure 2.3 Pathway of dynamic (collisional) quenching

The rate constant for fluorescence quenching is used to determine the
bimolecular rate constant of quenching (k;) by the Stern-Volmer method as shown in

equation (2.4).
f].;_=1+x¢191 =1+ krdQ) Eq 2.4

In this expression, Fp and F are the fluorescence intensities in the absence and
presence of quencher, respectively, Kp is the Stern-Volmer quenching constant, k; is
the bimolecular quenching rate constant, which is a measure of the accessibility of
free diffusion of the fluorophore in the external medium, and [Q] is the concentration
of the external quencher. The bimolecular quenching rate, k;, is calculated using
equation (2.5).

o =Tk, Eq2.5
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where 1 represents the fluorescence lifetime of the fluorophore in the absence of a

quencher.

A linear Stern-Volmer plot is generally indicative for a single class of
fluorophores, all equally accessible to quencher. If two fluorophore populations are
present, and one class is not accessible to quencher, then the Stern-Volmer plots

deviate from linearity toward the x-axis [49].

Static (or complex formation) quenching is the second type of fluorescence
quenching. In this process, quenching can also occur as a result of the formation of a
nonfluorescent complex between the fluorophore and quencher. When this complex
absorbs light, it immediately returns back to the ground state in the absence of photon;

in other words, nonradiatively [49].

F*+Q L [Q] (F.Q%
Y=7"
No emission
hv

F+ Q F.Q
Figure 2.4 Pathway of static quenching
where F = fluorophore, Q = quencher, F* = excited fluorophore

In this case of static quenching, the lifetime of the sample will not be reduced
since those fluorophores which are not complexed are able to emit after excitation.
The fluorescence of the sample is reduced since the quencher is essentially reducing

the number of fluorophores which can emit.

If both static and dynamic quenching are occurring in the sample, the following

relation is true:

i; = (14 K, 0] + K4 [Q)) Eq. 2.6

In such a case, the plot of Fo/F versus [Q] (Figure 2.5A) will give an upward curving

plot. The upward curvature occurs because of [Q]’ term in the equation.
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Figure 2.5 Stern-Volmer plots of (a) static quenching and (b) combination of static

and dynamic quenching

However, since the lifetime is unaffected by the presence of quencher in cases
of pure static quenching, a plot of 1/t versus [Q] would give a straight line (Figure
2.5B).

2.7 Literature Reviews

Harris, et al [11] synthesized polyimides from 2,2'-bis(trifluoromethyl)-4,4'
5,5'-biphenyltetracarboxylic dianhydride and various type of diamines. It was
determined that the polymer prepared from this dianhydride and 2,2'-
bis(trifluoromethyl)-4,4'-diaminobiphenyl (PFMB) was soluble in most organic
solvents, i.e., acetone, THF, DMF, DMAc and NMP. It also gave higher thermal
stabilities than the polymers, which were prepared by this dianhydride and other

diamines.

Figure 2.6 Structure of polyimide prepared from 2,2-bis(trifluoromethyl)-4,4'5,5"-
biphenyltetra-carboxylic dianhydride

Xu, et al [13] prepared the copolyimide film containing tetraphenylporphyrin
(TPP) and carbazole (Cz) units. These copolyimides were fabricated into bilayer
photoreceptors as a charge-generating layer to investigate their photoconductivity. It
was determined that the photoconductivity of the copolyimides increased with the
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incorporation of TPP into polymer chains (Figure 2.7). The formation of charge
transfer complexes (CTCs) in these polyimides appeared to increase the
photosensitivity of polymers.

o N 0 0
VOO G-+
o o

Figure 2.7 Copolyimide films containing tetraphenylporphyrin (TPP) and carbazole
(Cz) units

Zhu, et al [15] synthesized polyimide containing biphenylporphyrin (BPP) by
two-step method. It was found that the photoconductive sensitivities of polyimide
increased with increasing BPP content. These results were attributed to the formation
of CTCs of BPP units and imide group (BPP-imide) which could significantly
improve the photosensitivity of polyimide systems.

1 - -
O 0
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Figure 2.8 Polyimide containing biphenylporphyrin (BPP)

Anannarukan, ef al [35] synthesized several soluble polyimides containing
trans-diaminotetraphenylporphyrin by various amounts of 5,15-bis(4-aminophenyl)-
10,20-diphenylporphyrin or trans-DATPP and zinc 5,15-bis(4-aminophenyl)-10,20-
diphenylporphyrin or frans-ZnDATPP (5-15%), which was prepared from 2,2'-
bis(trifluoromethyl)-4,4'-diaminobiphenyl (PFMB) and 4,4'-hexafluoroisopropylidene
diphthalic anhydride (6FDA) at various ratios. It was determined that the polyimides

were soluble in most common organic solvents. Every polyimide-containing
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porphyrins exhibited significantly higher viscosities than the polyimides without
porphyrin units. Furthermore, the polyimides with frans-ZnDATPP showed lower
viscosity than trans-DATPP with the same porphyrin content. Steady state and time-
resolved fluorescence measurements on these polymers in both solvents (CH,Cl; and
DMAc) revealed moderated quenching of the fluorescence that was attributed to
photoinduced electron transfer from excited porphyrin units within the polymer to

diimide acceptor groups.

Figure 2.9 Polyimide containing rans-DATPP (a) and frans-ZnDATPP (b)

Danuta, et al [52] determined the optical and electron spin resonance (ESR)
properties of metal-free porphyrin (TPP) and metal complex tetraphenylporphyrin
such as Zn-TPP, Mg-TPP, Pt-TPP and Pb-TPP in the presence of anthraquinone [AQ]
in isotropic solution of dimethylsulfoxide (DMSO). The fluorescence quenching data
obtained with AQ as the external quencher of the porphyrin dye’s fluorescence were
analyzed using the Stern-Volmer equation. The observed decrease in the fluorescence
intensity is due to quenching of the excited singlet state of TPP and metal-TPP donor
due to electron transfer to AQ acceptor. The bimolecular quenching rate (k;) values
indicated faster quenching of TPP, Pb-TPP and Pt-TPP than those of Mg-TPP and Zn-
TPP in the presence of AQ. Mg-TPP and Zn-TPP were characterized by longest
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lifetimes compared to the remaining dyes. The slow charge recombination processes
for Zn-TPP and Mg-TPP compounds could explain their high ability for photocurrent
generation. In contrast because of high k; and low ESR signals in the presence of AQ
and its poor ability for conversion of photon energy to electric energy could indicate

its fast charge recombination occurring in the electron donor-acceptor chain.

Sunao, er al [55] determined the mechanism for the fluorescence quenching of
5, 10,15,20-tetra(p-totyl)porphine (H,TPP) and zinc complex (ZnTPP) in acetone by
various kinds of quinones. It was determined that the transient effect for the
collisional quenching caused an upward deviation in the plot of the inversed
fluorescence intensities of porphyrins vs quinone concentrations and the relationship
between k, and the electron affinities of the quenchers are important for fluorescence
quenching.



CHAPTER III

EXPERIMENTAL

3.1 Chemicals

3.1.1 Reagents

- I

.

Activated charcoal (Acros) was used as received.

9,10-Anthraquinone (Aldrich) was sublimed before use.

Ammonium hydroxide (Aldrich) was used as received.

Benzaldehyde (Aldrich) was distilled under reduced pressure prior to use.
2,2'-bis(trifluoromethyl)-4,4'-diaminobiphenyl, PFMB was received by
Harris’s lab

Calcium hydride (Acros) was used as received.

7. Celite (Aldrich) was used as received.
8. 4.4'-Hexafluoroisopropylidenediphthalic anhydride, 6FDA (Fluka) was

10.
. Magnesium sulfate anhydrous (EMD) was used as received.
12
13

11

14.
16.
17.
18.
19.
20.
21,
22.
23.

used as received.
Hydrochloric acid (Fisher) was used as received.
[soquinoline (Aldrich) was used as received.

Propionic acid (Fluka) was used as received.

Pyrrole (Acros) was distilled over calcium hydride under reduce pressure
prior to use.

Sodium hydroxide (Fisher) was used as received.

Silica gel, 230-400 mesh, 60 A® (Merck) was used as received.
Sodium nitrite (Fluka) was used as received.

Sodium sulfate anhydrous (Fluka) was used as received.
Stannous chloride dihydrate (Aldrich) was used as received.
Toluene (Acros) was used as received.

Trifluoroacetic acid, TFA (Acros) was used as received.

Tin (II) chloride was used as received.

Zinc acetate dihydrate (Alfa Aesar) was used as received.
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3.1.2 Solvents
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13.

Chloroform (Fisher) was used as received.

Chloroform-d, CDCl; (Aldrich) was used as received.

Dichloromethane (Aldrich) was distilled over calcium hydride before use.
Dichloromethane, spectral grade (Acros) was used as received.
Dimethylacetamide, DMAc (Alfa Aesar) was used as received.

N, N'-Dimethylformamide, DMF (Aldrich) was used as received.
Dimethylsulfoxide, DMSO (Aldrich) was used as received.
Dimethysulfoxide-ds, DMSO-dg(Aldrich) was used as received.

Ethanol, absolute (Fisher) was used as received.

. Ethyl acetate (Fisher) was used as received.
. Hexane (EMD) was used as received.
. N-methyl-2-pyrrolidone, NMP (Aldrich) was distilled over calcium

hydride under reduced pressure prior to use.
Tetrahydrofuran (Fisher) was used as received.
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3.2 Instrumentation .
3.2.1 Nuclear Magnetic Resonance (NMR) Spectrometer

Proton nuclear magnetic resonance ('H-NMR) spectra were obtained in
deuterated choloroform (CDCl;) or deuterated sulfoxide (DMSO-dp) using a Bruker®
AVANCE 400 MHz NMR spectrometer. Chemical shifts (8) are reported in parts per

million (ppm) relative to the residual protonated solvent signal as a reference.
3.2.2 UV-visible Spectrophotometer

UV-visible absorption was recorded on a Perkin Elmer Lambda 35 UV/Vis
spectrophotometer.

3.2.3 Attenuated Total Reflection Infrared (ATR-IR) Spectroscopy

Attenuated total reflectance infrared (ATR-IR) spectra were performed on a
Perkin Elmer® Spectrum One. ATR-IR spectroscopy technique is used to analyze
material surface. It is also suitable for characterization of materials which are either
too thick or too strong absorbing to be analyzed by transmission spectroscopy.

3.2.4 Fluorescence Spectroscopy

Fluorescence spectra were collected using Perkin Elmer® LS50B

Luminescence Spectrometer.
3.2.5 Thermogravimetric Ana]yais' (TGA)

The combustion stage and melting point were investigated by a Mettler Toledo
thermo gravimetric analyzer model NETZSCH STA 409 using a heating rate of 10
°C/min heating rate under ambient atmosphere.

3.2.6 Gel Permeation Chromatograph (GPC)

Molecular weight of polyimides were determined by gel permeation
chromatography (GPC). GPC chromatogram of Polyimides was obtained from waters
150-CV chromatography equipped with PL-gel 10 um mixed B 2 columns (MW
resolving range = 500-10,000,000) at 35°C. Tetrahydrofuran (THF) was used as a
solvent and the mobile phase with an injection rate of 1.0 mL/min. Degassed THF
mobile phase was passed through the column for 20 minutes before sample with
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injected. The sample volume 100 pl was injected and run for 40 minutes. A standard
Polystyrenes (MW = 5,460-1,290,000) mixed column served as a stationary phase.

The molecular weight was determined by a reflection index detector.
3.2.7 Viscosities Analysis

Intrinsic viscosities were determined with SCHOTT-Ostwald viscometer.
Flow times were recorded for Dimethylacetamide (DMAc) with polymer
concentration of approximately 0.2-1.0 g/dL at 35+0.1°C

3.2.8 Fluorescence Lifetime Spectrometer

Fluorescence lifetimes of both the monomers and the series of polyimides
were measured using a Photon Technology International® the fluorescence decay of
an instrument response function (IRF) was measured to be at about the same
maximum intensity as that of the sample decay. The IRF used was a non-dairy

creamer solution.
3.3 Monomer syntheses
3.3.1 Synthesis of 5,10,15,20-tetraphenylporphyrin (TPP)

Benzaldehyde (1.62 mL, 16 mmol) and pyrrole (1.11 mL, 16 mmol) were
added simultaneously to refluxing with propionic acid 100 mL and the mixture was
refluxed for 1 hour before set aside stirred for 30 min at room temperature. The
mixture was added with cold methanol 20 mL and continuously stirred in the ice bath.
The product was filtered off, then washed with hot water and methanol until the
filtrate was colorless, giving purple glistering crystals (0.21g, 27 % yield) : m.p. > 400

*C, ATR-IR (cm™): 3314 (NH), 3050 and 3017 (ArH), 1470 and 1440 (NH bending),
698 (out-of-plane bending deformation, monosubstituted benzene); '"H-NMR (CDCl5)
8: -2.73 (s, 2H, internal NH), 7.28 (s, 4H p-phenyl), 7.79 (m, 12H, m-, p-phenyl),
8.24-8.21 (m, 8H, o-phenyl), 8.88 (s, 8H, B -pyrrole); UV/Visible (CH;Cls, nm): Amax
417 (soret), 514, 549, 590 and 644 (DMAc, nm): Ana 417 (soret), 514, 546, 589 and
646.
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3.3.2 Synthesis of 5,10,15,20-tetraphenylporphyrinnatozine(Il) (ZnTPP)
[37]

To a boiling solution of 5,10,15,20:tetraphenylporphyrin (0.76 g, 1.24 mmol)
in chloroform (150 mL) was added a saturated solution of zinc acetate dehydrate (0.40
g, 1.86 mmole) in methanol (3mL) mixture refluxed for %2 hour, cooled down, and
extracted twice with distilled water. The organic solution was dried over anhydrous
sodium sulfate and the drying agent was filtered off. Purple crystals of ZnTPP (0.83 g,
99.0%) were collected on filter and washed with cold methanol [37]. 'H-NMR(CDCl;
400 MHz)é: 7.23 (s, 4H, p-phenyl), 7.69-7.64 (m, 12H, m-, p-phenyl), 8.16-8.09 (m,
8H, o-phenyl), 8.84 (s,8H, P -pyrrole); UV/Visible (CH;Cly, nm): Amax 419 (soret),
548 and 587 (DMAc, nm): dne 426 (soret), 560 and 600.

3.3.3 Synthesis of 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin (cis-
DATPP) and 5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin (trans-DATPP)
[38]

To a solution of 5,10,15,20-tetraphenylporphyrin (200 mg, 0.326 mmol) in
trifluoroacetic acid (10 mL) was add sodium nitrite (183 mg, 2.65 mmol). After 90
seconds stirring at room temperature, the reaction was poured into water (100 mL)
and extracted with dichloromethane (6x25 mL). The residue obtained was purified as
described above and then reduced using 0.8 g (3.55 mmol) of tin(II)chloride dihydrate
and 50 mL of HCI. The reaction was heat to 65°C for 90 min. The porphyrin solution
was cooled to room temperature and poured into ice water and was adjusted to pH 8
with concentrated ammonium hydroxide. The aqueous phase was extracted with
5x100 mL portion of CH,Cl,, which wére combined and dried over anhydrous
magnesium sulfate. The organic phase was concentrated on a rotary evaporator to 40
mL and this solution was pre-absorbed on silica gel, flash chromatography. The two
regioisomers were eluted with dichloromethane and ethyl acetate gradient (5,15-bis(4-
aminophenyl)-10,20-diphenylporphyrin eluted first) and were recrystallized from
methana]l, yielding 32% of 5,10-isomer and 28% of 5,15-isomer. For cis-DATPP;
ATR-IR: 3325 (NH), 1510 (NH), 800 cm™ (1,4-substituted. benzene). 'H-NMR
(DMSO-dg) &: -2.83 (s, 2H, internal NH), 5.48 (s, 4H, NH;), 6.93 (d,4H,
amimophenyl), 7.80-7.69 (m, 10H, phenyl), 8.08 (d, 4H, aminophenyl), 8.69 (s,4H, B-
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H), 8.86 (s, 4H, p-H). UV/Visible (CHyClz, nm): Amax 422 (soret), 519, 555, 593 and
650 (DMAc, nm): Amax 424 (soret), 520, 566, 599 and 657.

For trans-DATPP; ATR-IR: 3328 (NH), 1504 (NH), 800 cm™ (1,4-substituted
benzene). 'H-NMR(DMSO-dg) 3: -2.81 (s, 2H, internal NH), 5.52 (s, 4H, NH,), 6.92
(d,4H, amimophenyl), 7.78-7.73 (m, 10H, phenyl), 8.22 (d, 4H, aminophenyl), 8.7 (d,
4H, p-H), 8.87 (d, 4H, B-H) UV/Visible (CH;Cly, nm): A 422 (soret), 519, 555, 593
and 650 (DMAc, nm): Anax 424 (soret), 520, 566, 599 and 657.

3.3.4 Synthesis of zine 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin
(Cis-ZnDATPP) and zinc 5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin
trans-ZnDATPP) [35]

To a solution of 190 mL of THF was added compound (cis-DATPP or trans-
DATPP) (638 mg, 0.99 mmol) and zinc acetylacetonate dihydrate (1.276 g, 4.53
mmol). The solution was refluxed for 4 h, cooled to room temperature, and
evaporating out the solvent. The precipifate was partially dissolved in methanol
solution by heating and left overnight at 0°C. The resulting violet crystal was
collected, washed with methanol, and then dried to afford compound m.p. > 300 °C,
For cis-ZnDATPP; yield (0.56g, 80%). '"H-NMR (DMSO-d) &: 5.53 (s, 4H, NH,),
6.93 {d,4‘H. amimophenyl), 7.85-7.68 (m, 10H, phenyl), 8.13 (d, 4H, aminophenyl),
8.69 (s,4H, B-H), 8.86 (s, 4H, p-H). UV/Visible (CH;Cls, nm): Ama 424 (soret), 551
and 592 (DMAc, nm): Anmax 423 (soret), 564 and 609.

For trans-ZnDATPP; yield (0.66g, 85%). 'H-NMR (DMSO-dg) 8: 5.52 (s, 4H,
NH,), 6.93 (d, 4H, amimophenyl), 7.79-7.68 (m, 10H, phenyl), 8.17 (d, 4H,
aminophenyl), 8.70 (d, 4H, B-H), 8.87 (d, 4H, p-H). UV/Visible (CHCl;, nm): Amax
424 (soret), 551 and 591 (DMAc, nm); Anax434 (soret), 564 and 610.

3.4 Polymer syntheses

The dianhydride monomer, 4,4'-hexafluoroisopropylidenediphthalic anhydride
(6FDA) (0.93 mmol) was added to the diamine monomer (0.93 mmol) 2,2'-bis
(trifluoromethyl)-4,4'-diaminobiphenyl (PFMB), PFMB/cis-DATPP/cis-ZnDATPP/
trans-DATPP/trans-ZnDATPP, at various mole ratios (Table 3.1) in dry NMP
containing a small catalytic amount of isoquinoline under nitrogen at ambient
temperature. After the solution was stirred for 8 h, it was heated under reflux and
maintained at 220°C for 12 h. After the solution was allowed to cool to ambient
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temperature, it was slowly added to vigorously stirred methanol. The precipitated
polymer was collected by filtration, washed with methanol, and dried under reduced
pressure at 200°C for 24 h. The polymer was obtained in 90-95% yield.

Table 3.1 Polyimides at various ratios of monomers

Mole in feed (%)
Pl 6FDA PFMB" DATPP ZnDATPP
Series I
cis-DATPP

PI-C1 100 95 5 -
PI-C2 100 90 10 -
PI-C3 100 85 15 -
PI-C4 100 70 30 -

Series 11

trans-DATPP

PI-T1 100 95 5 -
PI-T2 100 90 10 -
PI-T3 100 85 15 -
PI-T4 100 70 30 -

Series ITI '

cis-ZnDATPP

PI-ZnC1 100 95 - 5

PI-ZnC2 100 90 - 10

PI-ZnC3 100 85 - 15

PI-ZnC4 100 70 . 30

Series IV

trans-ZnDATPP

PI-ZnT1 100 95 - 5

PI-ZnT2 100 90 s 10

PI-ZnT3 100 85 - 15

PI-ZnT4 100 70 - 30
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3.5 Spectrophotometric Analysis
3.5.1 Fluorescence Quantum Yield Determination

The fluorescence quantum yield (®y) is defined as the ratio of the number of
photons emitted through fluorescence to the number of photons absorbed and
calculated by using equation 3.1

®, =0 Eq 3.1

5

> |_:h-
oo
= |ﬂ:~

where @, = The fluorescence quantum yield of known standard (from literature)
A; = Absorbance at A(ex) of standard
A; = Absorbance at A(ex) of sample
ns = Index of refraction of standard solvent
n. = Index of refraction of sample solvent

D; = Computed area under corrected fluorescence emission spectrum standard

"

D, = Computed area under corrected fluorescence emission spectrum sample

Stock solutions of tetraphenylporphyrin (TPP), cis- and trans-DATPP in CH,Cl, and
DMAc were prepared (maximum absorbance of approximately 0.5). The stock
solution was accurately diluted tenfold to give an absorbance maximum of
sq:n;:nr«:nxil.'nlsetmlj,.r 0.05. Optical absorption spectra were generated for both the stock and
diluted solutions. A fluorescence emission spectrum of the diluted standard solution
was obtained, fixing the excitation wavelength, which produced an emission spectrum
that started and ended at baseline. Experimental fluorescence emission data was
imported into Microsoft Excel to convert the data from wavelength to wavenumbers.
Data was imported into Mathcad, which corrected the fluorescence emission spectra
of both the standard and the analyte and computed the fluorescence quantum yields.
Appendix F provides a sample calculation for the fluorescence quantum yield of
tetraphenylporphyrin (TPP). The fluorescence quantum yields of the standard (®;)
were tetraphenylporphyrin (TPP) in toluene (®¢ = 0.1% 0.001) [45], TPP in CH,Cl;
(®¢ = 0.116) and TPP in DMAc (®f = 0.15). The same procedures were utilized for
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polyimide-containing metallic porphyrin; ZnTPP in toluene (@7 = 0.033) [46], @ =
0.02 in CH,Cl; and ®¢= 0.024 in DMAc) as a standard.

3.5.2 Fluorescence Lifetime Measurements

The fluorescence lifetime (17) is the inverse of the sum of the first-order
radiative and nonradiative rates of decay (tr = 1/(ks + k). Fluorescence lifetimes of
both the monomers and the series of polyimides were measured using a Photon
Technology International® fluorescence lifetime spectrometer equipped with both
nitrogen and dye lasers. FeliX 32 analysis module was the computer software
program employed for generating the time-dependent fluorescence decay spectra.
Data analysis involved using a curve-filting procedure, measuring fluorescence
lifetimes. Best-fit curves were chosen on how well the field-fit curve fits to the
sample decay by statistical analysis. In addition, the fluorescence decay of an
instrument response function (IRF) was measured to be at about the same maximum
intensity as that of the sample decay. The IRF used was a non-dairy creamer solution.
Appendix G shows a sample Mathcad calculation for fluorescence lifetime

determination.
3.6 Fluorescence Quenching Analysis

The rate constant for fluorescence quenching was used to determine the
bimolecular rate constant of quenching (&) by the Stern-Yolmer method as shown in
equation (3.2).

F,

A1 K] Eq 3.2

where Fp and F represents the fluorescence intensities in the absence and presence of
quencher, Kq is the Stern-Volmer quenching constant. The bimolecular quenching
rate kq was calculated using equation (3.3).

K, =1k, Eq3.3

where 1y represent the fluorescence lifetime of the porphyrin in the absence of a
quencher. In addition, &, values of the TPP-AQ system are approximately equivalent
as the limiting diffusion rate constants (kgir), which generally shows that the rate with
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reactant A and B diffuse together in solution and collide. The kg values for CH,Cly
and DMAc are 1.57x10'" and 3.32x10° M"'s™ respectively, as calculated by Eq. 3.4

_ 8000RT

k
d 3n

Eq.3.4

where kg has units of dm®mol™s”, R is the gas constant (8.314 JK'mol™), T is the
absolute temperature, and 1 is the viscosity of the solvent (n =4.13x10™ kgm™'s™ for
CH,Cl, at 25°C and 1.956x10” kgm''s"' for DMAc) [47]. Electron-transfer rate
constants were calculated using Equation 3.5 where

1 1

Eq.3.5

kir =
fril Tref
tp; represents the fluorescence lifetime of polyimides and t.r represents the

fluorescence lifetime of reference (TPP).

9,10-Anthraquinone behaved as the fluorescence quencher for all quenching
studies. Stock solutions of tetraphenylporphyrin, cis- and trans-DATPP and Zn-
complexed TPP, (cis- and trans-ZnDATPP) concentrations were kept constant (C =
5x10° M).For low anthraquinone (AQ) concentration varied in the range of 2x10™ to
1.4x10° M and high Anthraquinone concentration varied in the range of 2x10” to
1.4x10% M. The set of porphyrins and AQ were dissolved in dichloromethane
(CH,Cl;) and N, N-dimethylacetamide (DMAc). For polyimides containing cis-,
trans-DATPP and metallic cis-, trans-ZnDATPP weighting polymers, 25 mL
concentrations were the same in every portions. Exactly 2.5 mL of each stock solution
were transferred to separate 5 mlL volumetric flasks, along with the appropriate
volume of AQ, as listed in Table 3.2.



Table 3.2 The varied range of concentration of anthraquinone (AQ)

Low High
Flask | mL of anthraquinone (AQ) concentration of | concentration of

[AQ] M [AQ] M
1 0 0 0
2 0.2 2.0x10™ 2.0x107
3 0.4 4.0x10™ 4.0x10°
g 0.6 6.0x10™ 6.0x10”
5 0.8 8.0x10™ 8.0x10°
6 1.0 1.0x10° 1.0x10?
T 1.2 1.2x107 1.2x10%
8 1.4 1.4x107 1.4x107
9 1.6 - 1.6x107

26



CHAPTER IV

RESULTS AND DISCUSSION
4.1 Monomer Syntheses
4.1.1 5,10,15,20-Tetraphenylporphyrin (TPP)

The synthesis of 5,10,15,20-tetraphenylporphyrin (TPP) was attempted by
starting at the condensation of pyrrole and benzaldehyde according to Adler and
Longo's method [36]. After a workup, the compound was obtained as purple crystals

in 27% yield as shown in Scheme 4.1.

CHO Propionic acid

H

Scheme 4.1 5,10,15,20-tetraphenylporphyrin (TPP)

The compound was then characterized by ATR-IR, 'H-NMR and UV-visible
absorption spectroscopy. According to the infrared spectrum, TPP usually has
doublets at 1440 and 1470 cm™' (NH) bending, which is the characteristic for the free
metal porphyrin. The absorptions at 798 and 698 cm™ were also found, which

indicated the presence of 1, 4-substituted benzene in the structure (Figure 4.1).
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Figure 4.1 IR spectrum of 5,10,15,20-tetraphenylporphyrin (TPP)
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Figure 4.2 'H-NMR (400 MHz, CDCl;) spectrum of free-base tetraphenylporphyrin

The 'H-NMR spectrum of free-base tetraphenylporphyrin showed three
multiplet series in the aromatic region at & 7.78-7.79, 8.24-8.21 and 8.88 ppm. The
upfield singlet signal at -2.73 ppm refers corresponds to internal NH of porphyrin.
NMR 'signals appearing other chemical shifts were assigned for the corresponding

protons as presented in Table 4.1.
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Table 4.1 '"H-NMR data of 5,10,15,20-tetraphenylporphyrin (TPP)

& (ppm) number of proton (s), type of proton
8.88 s, 8H,Fpyrrole (a)

8.24-8.21 m, 8H, o-phenyl (b)

7.79 m, 12H, m-, p-phenyl (c)

7.28 s, 4H, p-phenyl (d)

2.73 s, 2H, internal NH (e)

4.1.2 5,10,1520-Tetraphenylporphyrinatozinc(IT) (ZnTPP)

5,10,15,20-Tetraphenylporphyrinatozinc(IT) (ZnTPP) was reacted between a
saturated zinc acetate dehydrate solution and chloroferm solution of TPP. Zinc ion
was easily inserted into the core of the free-base TPP as indicated by a change in the
color of the solution from deep to bright purple. The product was characterized by
ATR-IR and 'H-NMR spectroscopy. The disappearance of the absorption band at
3314 cm™, which was due to the internal NH stretching for TPP. The infrared
spectrum of ZnTPP is shown in Figure 4.3.

\
g 8 3%
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g — E/
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4000 3000 2000 1000

Wavelength {em™")
Figure 4.3 ATR-IR spectrum of 5,10,15,20-tetraphenylporphyrinatozinc(II) (ZnTPP)

The chemical structure of ZnTPP was also identified by '"H-NMR (Figure 4.4).
Table 4.2 lists the chemical shifts for the corresponding hydrogen atoms.
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Figure 4.4 'H-NMR (400 MHz, CDCl;) spectrum of 5,10,15,20-tetraphenyl-
porphyrinatozine(II) (ZnTPP)

The '"H-NMR spectrum of ZnTPP similarly resembled the proton signals for
the free base 5,10,15,20-tetraphenylporphyrin. The signal of internal N-H protons in
the spectrum of the free base at -2.81 ppm disappears.

Table 4.2 '"H-NMR data (400 MHz, CDCl;) of 5,10,15,20-tetraphenylporphyrinato-
zine (II) (ZnTPP)

& (ppm) number of proton (s), type of proton
8.84 ' s,8H, f-pyrrole (d)

8.16-8.09 m, 8H, o-phenyl (c)

7.69-7.64 m, 12H, m-, p-phenyl (b)

7.23 s, 4H, p-phenyl (a)

4.1.3 Synthesis of 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin (cis-
DATPP) and  5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin (trans-
DATPP)

Normally, 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin, the cis-isomer
of diaminotetraphenylporphyrin abbreviated as cis-DATPP (2) and 5,15-bis(4-
aminophenyl)-10,20-diphenylporphyrin, the trans-isomer of diaminotetraphenyl
porphyrin, abbreviated as frans-DATPP (3) can be synthesized by two steps, which
involve the formation and the subsequent reduction of 5,10-bis(4-nitrophenyl)-10,20-
diphenylporphyrin and 5,15-bis(4-nitrophenyl)-10,20-diphenylporphyrin. This section
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describes and illustrates the synthesis and structural identification of both cis-
DATPP(2) and trans-DATPP(3).Whose chemical structures are shown in Figure 4.5.

NH,

0 2
r~.||-|2 HgNNHz
2 4

5,10-bis(4-aminophenyl)- 10,20-diphenylporphyrin  5,15- bis(4-aminophenyl)-10,20diphenylporphyrin

cis-DATPP trans-DATPP
(2) (3)

Figure 4.5 Structures of 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin (2) and
5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin (3)

The synthesis of 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin (2) or
5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin (3) (Scheme 4.2) was attempted by
starting with tetraphenylporphyrin and a catalytic amount of trifluoroacetic acid
(TFA) at room temperature. Sodium nitrite (NaNO;) was also added to the reaction
mixture. Cis-DATPP and frans-DATPP were reduced in accordance with the method
employed by [38] in using stannous (II) chloride dihydrate and concentrated
hydrochlorie ‘acid (HCI). © The complete reaction was obtained when both
regioisomers were separated by flash column chromatography on silica gel using
dichloromethane as the eluting solvent. 5,15-bis(4-aminophenyl)-10,20-diphenyl
porphyrin (frans-DATPP) eluted out first and recrystallized from methanol, yielding
32% of (2) and 28% yield of (3).
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(2) (3)
trans- when R;=R;=N0,, R.=R,=H trans- when R,=R;=NH;, R=R,=H

cis- when R;=R;=NO;, Ry=R=H cis- when R;=R;=NH,, Ry=R,=H
Scheme 4.2 Synthesis of 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin 2) and
5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin (3)

The chemical structures of both cis- and frans-DATPP were identified by
ATR-IR and 'H-NMR spectroscopy. The absorption bands for the IR spectrum of cis-
DATPP (2) were at 3325 (NH), 1510(NH), and 800 cm™' (monosubstituted benzene)
(Figure 4.6).
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Figure 4.6 IR spectrum of 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin (2)
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Figure 4.7 shows the '"H-NMR spectrum of 5,10-bis(4-aminophenyl)-10,20-
diphenylporphyrin (2). The proton NMR signals for (2) are presented in Table 4.3.

Figure 4.7 'H-NMR (400 MHz, DMSO-dg) spectrum of 5,10-bis(4-aminophenyl)-
10,20-diphenylporphyrin (2)

Table 4.3 '"H-NMR data of 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin (2)

& (ppm) number of proton (s), type of proton
8.86 s, 4H ()

8.69 s, 4H (f)

8.08 d, 4H, aminopheny! (e)

7.80-7.69 m,10H, phenyl (d)

6.93 d, 4H, aminophenyl (c)

5.48 s, 4H, NH; (b)

-2.83 s, 2H, internal NH (a)

In addition, the structure of 5,15-bis(4-aminophenyl)-10,20-diphenyl
porphyrin (3) was also identified by ATR-IR and 'H-NMR spectroscopy. The IR
spectrum of rrans-DATPP (3) showed the absorption bands at 3325 (NH), 1504 (NH),
and 800 cm™ (1,4 disubstituted benzene) (Figure 4.8).
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Figure 4.8 IR spectrum of 5.15-his(4-aminophenyl)-10,20-diphenylporphyrin (3)

Figure 4.9 shows the 'H-NMR spectrum of frans-DATPP, along with
interpreted data presented in Table 4.4

3

ppn B [

Figure 4,9 'H-NMR (400 MHz, DMSO-de) spectrum of 5,15-bis(4-aminophenyl)-
10,20-diphenylporphyrin (3)
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Table 4.4 'H-NMR data of 5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin (3)

& (ppm) number of proton (s), type of proton (position)
8.87 d, 4H, B-H (g)

8.70 d, 4H, p-H ()

8.22 d, 4H, aminophenyl (e)

7.78-7.73 m, 10H, phenyl (d)

6.92 d, 4H, aminophenyl (c)

552 s, 4H, NH (b)

-2.81 s, 2H, internal NH (a)

UV-vis absorption specira of cis-DATPP (2) and trans-DATPP (3) compared
to tetraphenylporphyrin (TPP)in CH,Cl, and DMAc are shown in Figure 4.10. Five
absorption bands were found for each compound. The UV-vis absorption spectrum of
cis- and frans-DATPP exhibits a typical pattern of free base porphyrin, and is similar
to that of TPP. In CH;Cl,, the Soret band and the four Q-bands of both cis- and frans-
DATPP were observed at slightly lower wavelength than in DMAc solvent. The cause
of the small red-shift of cis- and rans-DATPP compared to TPP is due to the

presence of donating amino groups substituted on the benzene rings.

-w:=: TPP
------- cis-DATPP
—— trans-DATPP

SN

350 450 550 650
Wavelength (nm)

Figure 4.10 UV-vis absorption data of TPP, cis- and trans-DATPP
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4.1.4 Synthesis of zinc 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin
(4) and zinc 5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin (5)

The incorporation of zinc into the structure of ¢is-DATPP and frans-DATPP
was performed by first reacting cis- and rrans-DATPP with zinc acetylacetonate
dihydrate, then inserting the zinc ion into the core of cis- and frans-DATPP as
indicated by a change in the color of the solution from deep to bright purple vielding
80% of (4) and 85% vield of (5). (Scheme 4.3) [35].

5.10-bist4-aminophenyl)- 10.20-diphenylporphyin 2ine3. 10-0i5(4 -aminopheny|)- 1 0. 20-dipheny |porphyrin

or cis-DATPP(2) or cis-ZnDATPP (4)

Scheme 4.3 Synthesis of zinc 5.10-bis(4-aminopheny!)-10,20-diphenylporphyrin (4)

5.15-bis{4-aminophenyl}-10,20-diphenyIporphyrin aines, | 5-bist4-aminophenyl)-10.20-diphenyiporphyrin
or trans-DATPP{3) of frans-ZnDATPP (5)
Scheme 4.4 Synthesis of zinc 5.15-bis(4-aminophenyl)-1 0.20-diphenylporphyrin (5)

The formation of zinc 5.10-bis(4-aminophenyl)-10,20-diphenylporphyrin (4),
or cis-ZnDATPP, and zinc 3.15-bis(4-aminophenyl)-10.20-diphenylporphyrin (5), or

trans-ZnDATPP. was confirmed by infrared spectroscopy. The disappearance of the
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absorption band at 3325 cm", due to the internal NH stretching for cis- and trans-
DATPP, was observed in Figure 4.11 and 4.13. In addition, the 'H-NMR spectrum of
cis- and trans-DATPP are shown in Figures 4.12 and 4.14, respectively. The spectrum
showed the characteristic internal NH at & -2.81 ppm, while the signal disappeared in
the "H-NMR spectrum of cis- and trans-ZnDATPP. This observation clearly indicates
that zinc had bound with cis- and rrans-DATPP. Other signals at various chemical
shifts were assigned for the corresponding protons of cis- and frans-ZnDATPP, as
shown in Table 4.5 and 4.6.
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Figure 4.11 IR spectrum of cis-ZnDATPP
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Figure 4.12 'H-NMR (400 Hz, DMSO-ds) spectrum of zinc S5,10-bis(4-amino
phenyl)-10,20-diphenylporphyrin (cis-ZnDATPP)



38

Table 4.5 'H-NMR data of zinc 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin
(cis-ZnDATPP)

o (ppm) number of proton (s), type of proton (position)
8.86 s, 4H, B-H (g)
8.69 s, 4H, B-H ()
8.13 d, 4H, aminophenyl (e)
7.85-7.68 m,10H, phenyl (d)
6.93 d, 4H, aminophenyl (c)
5.53 s, 4H, NH; (b)
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Figure 4.13 IR spectrum of trans-ZnDATPP
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Figure 4.14 "H-NMR (400 Hz, DMSO-ds) spectrum of zinc 5,15-bis(4-aminophenyl)-
10,20-diphenylporphyrin (trans-ZnDATPP)
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Table 4.6 'H-NMR data of zinc 5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin
(trans-ZnDATPP)

& (ppm) number of proton (s), type of proton (position)
8.87 d, 4H, B-H (g)

8.70 d, 4H, B-H (f)

8.17 d, 4H, aminophenyl (d)

7.79-7.68 m, 1 0H, phenyl (e)

6.93 d, 4H, aminophenyl (c)

5.52 s, 4H, NH; (b)

ZnTPP (6) cis-ZnDATPP (7) trans-ZnDATPP (8)

Figure 4.15 Chemical structure of ZnTPP, cis-ZnDATPP and frans-ZnDATPP

UV-vis absorption spectra of cis-ZnDATPP (7) and frans-ZnDATPP (8)
compared to zinc tetraphenylporphyrin (ZnTPP) (6) in CH;Cl; and DMAc, are shown
in Appendix A. There were 3 absorption bands for each compound as detailed in
Figure 4.16. The absorption spectrum of cis-ZnDATPP and trans-ZnDATPP showed
a typical pattern for porphyrin with metallation, which was similar to that of ZnTPP.
In CH;Cl;, the Soret bands for cis- and trans-ZnDATPP were observed at 423 nm,
while ZnTPP absorbs at 418 nm. The cause of this small red-shift is dependent upon
both the nature of the end group and the solvent. Upon metallation of cis- and trans-
ZnDATPP, the four Q-bands collapse to two bands. This simplification of the
spectrum is known to be a direct result of the increase in symmetry as the system

approaches square planar symmetry.
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Figure 4.16 UV-vis absorption characteristics of ZnTPP, cis-ZnDATPP and trans-
ZnDATPP.

4.2 Polymer Syntheses
4.2.1 Synthesis of polyimide

Four series of polyimides were prepared from dianhydride and diamine
compounds at various mole percents. The first series of polyimides (PI-C1- PI-C4)
was synthesized by the condensation reaction between 6FDA, the dianhydride, and
two diamines, PFMB and cis-, trans-DATPP, cis-ZnDATPP or trans-ZnDATPP, as
shown in Scheme 4.6-4.8.

The polyimide without porphyrin moiety (P10) was also prepared from 6FDA
and PFMB as shown in Scheme 4.5.

_CFs O | F4C, CF;| @
FaC o o
BFDA

PFMB

NMP

el

Scheme 4.5 Syntheses of polyimide without porphyrin
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PI-C; - PI-C,

Scheme 4.6 Syntheses of polyimides in series |

®

PFMB 6FDA

NMP

PI-T1 - PI-T4

Scheme 4.7 Syntheses of polyimide in series II
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Scheme 4.8 Syntheses of pelyimide in series III
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Scheme 4.9 Syntheses of polyimides in series IV
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The mole percent of monomers in the feed used for preparing all polyimides and
percent yield of these polyimides were shown in Table 4.7.

Table 4.7 Four series of polyimides

Mole in feed (%) ,
Fl 6FDA PFMB DATPP  ZnDATPP }':;1;'
Series I
cis-DATPP
PI-C1 100 95 5 3 94.88
PI-C2 100 90 10 - 93.53
PI-C3 100 85 15 2 92.22
PI-C4 100 70 30 - 91.17
Series I1
trans-DATPP
PI-T1 100 5 - 92.75
PI-T2 100 90 10 : 92.70
PI-T3 100 85 15 : 91.74
PI-T4 100 70 30 3 89.63
Series 111
cis-ZnDATPP
PI-ZnCl 100 05 \ 5 94.59
PI-ZnC2 100 90 . 10 91.59
PI-ZnC3 100 85 : 15 91.48
PI-ZnC4 100 70 : 30 93.15
Series IV
trans-ZnDATPP
PI-ZnT1 100 95 : 5 93.72
PI-ZnT2 100 90 . 10 91.78
PI-ZnT3 100 85 e 15 90.40
PI-ZnT4 100 70 ( 30 92.15




4.2.2 Identification of polyimides
4.2.2.1 Infrared spectroscopy

The IR spectra of all polyimides are shown in Appendix C. Figure 4.17
exhibits the representative IR spectra of the polyimides (PI-C4, PI-T4, PI-ZnC4, PI-
ZnT4). It clearly reveals that there are no characteristic absorption bands of amines
indicating that no amine monomers are left in the resulting products. In addition, no
absorption bands of amide as well as carboxylic acid of poly(amic acid) intermediate
appeared in the spectra, indicating that the poly(amic acid) had been converted
completely to the corresponding polyimides during refluxing. This was proved by the
appearance of the absorption bands at 1784 (asymmetric stretching C=0), 1728
(symmetric stretching C=0), 1365 (stretching C-N) and 721 cm” (bending C=0)
which were the characteristic absorption bands of polyimide. Polyimides in series I
and II, containing cis- and frans-DATPP or free-base porphyrin, had the internal NH
in the structure. However, the characteristic internal NH absorption band was not
observed in these specira. This may be atiributed to the rigid structure of the polymer
chain which made it difficult for NH vibration [35].
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Figure 4.17 IR spectra of polyimide; (a) PI-C4, (b) PI-T4,(c) PI-ZnC4 and (d)PI-

ZnT4
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4.2.2.2 "H-NMR spectroscopy

'H-NMR spectroscopic technique was employed to differentiate the
polyimides containing cis-, trans-DATPP and cis-, trans-ZnDATPP. 'H-NMR spectra
of polyimides PI-C4, PI-T4, PI-ZnC4 and PI-ZnT4 were shown in Figure 4.18. All
spectra of polyimides showed the signal at & 8.90 ppm, due to protons located at the
positions on pyrrole rings of the porphyrin moiety. It was also observed that only
polyimides PI-C4 and PI-T4, which contained cis- and trans-DATPP or free-base
porphyrin, showed the signal of internal NH at § —2.80 ppm. In case of polyimides
containing both cis- and rrans-ZnDATPP (P1-ZnC4 and PI-ZnT4), no appearance of
this characteristic internal NH signal was observed and the rest of the signals were
similar to polyimides PI-C4 and PI-T4. Therefore, these 'H-NMR results confirmed
the incorporation of perphyrin into the polymer structure.
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Figure 4.18 'H-NMR (400 MHz, DMSO-dg) of polyimides; (a) PI-C4, (b) PI-T4,(c)
PI-ZnC4 and (d) PI-ZnT4.



4.3 Determination of porphyrin content in polyimides

Cis-DATPP, trans-DATPP and cis-, trans-ZnDATPP content in the polymer
structure can be determined by UV-visible spectroscopy (Appendix D). Table 4.8
showed the calculated results of porphyrin content in polyimides as the weight
percent. The determination was performed by measuring the optical density of the
polyimides in CH,Cl; at the Soret band, Ana = 417 nm for series I and II and Apex =
419 nm for series III and IV. These were the characteristic absorption band of
porphyrin moieties which were not interfered by the absorption of other parts of the
polyimides.

The results demonstrated that cis-, trans-DATPP and cis-, trans-ZnDATPP
were incorporated into the polymer backbones as expected. In the calculation, it was
assumed that all the other monomers were completely incorporated into polymer
structure. However, it was postulated that some monomers must be lost during the
experiment. Therefore, porphyrin content in polyimides should be slightly higher than
the calculated amounts.



Table 4.8 Porphyrin content in polyimides

PI Weight of porphyrin (%)
in feed in polymer
Series 1
cis-DATPP
PI-C1 5 3.43
PI-C2 10 6.65
PI-C3 15 12.16
PI-C4 30 25.79
Series 11
trans-DATPP
PI-T1 5 3.61
PI-T2 10 7.03
PI-T3 15 12.44
PL-T4 30 24,69
Series I
cis-ZnDATPP
PI-ZnCl1 5 3.61
PI-ZnC2 ‘ 10 8.51
PI-ZnC3 15 13.62
PI-ZnC4 30 25.94
Series IV
trans-LZnDATPP
PI-ZnT1 5 3.51
PI-ZnT2 10 8.66
PI-ZnT3 15 13.31
PI-ZnT4 30 25.94




4.4 Polymer Properties
4.4.1 Polymer solubility

To determine the solubility of these porphyrin-containing polyimides, they
were dissolved in seven organic solvents. The solubility behavior of the polyimides is
summarized in Table 4.9. All four series of polyimides were apparently soluble in the
polar aprotic solvents DMAc, DMF, DMSO, NMP, THF, acetone and CH,Cl,.
However, the polyimides seemed not readily soluble in CH;Cl;, and took longer time
for dissolving than in the THF or acetone. The excellent solubility of these polyimides
compared to normal aromatic polyimides due to the presence of hexafluoro
isopropylidene group in 6FDA in their polymer structures. This flexible group
interrupts chain packing. The decrease in chain packing leads to an increase in free
volume, which allows solvent molecules to penetrate the polymer chain. Furthermore,
the increase in solubility ean also be attributed to the twisted biphenyl structure of the
PFMB unit. As previously stated, this type of structure hinders chain packing because
of the non-coplanarity of the two phenyl rings. The decrease in chain packing leads to
an increase in free volume. A similar phenomenon has already been reported by other
research groups [10, 11, 35, 42, 43 and 44].



Table 4.9 Solubility of polyimides in organic solvents
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Solubility of polyimides

Pl

NMP DMAc

DMSO

DMF THF Acetone CH:;Ch

Series I
cis-DATPP
PI-C1
PI-C2
PI-C3
PI-C4

Series I1
trans-DATPP
PI-T1
PI-T2
PI-T3
PI-T4

Series IT1
cis-ZnDATPP
PI-ZnC1
PI-ZnC2
PI-ZnC3
PI-ZnC4

Series IV
trans-ZnDATPP
PI-ZnT1
PI-ZnT2
PI-ZnT3
PI-ZnT4
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Solubility was performed at the concentration 5% (W/V) at room temperature

+++ : completely soluble in 1 hour

++ : completely soluble in 6 hours

+ : completely soluble overnight
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4.4.2 Viscosity of polyimides

The soluble polyimides-containing porphyrins were successfully prepared and
the intrinsic viscosity [n] of these polyimides measured in DMAc at 35+0.1 °C Table
4.10 and appendix I. All polyimides in Series I-IV had higher viscosity than the
polyimide without porphyrin (P10). These results indicated that the incorporated
porphyrin play a role for the significant increase in viscosity. It is possible that much
higher molecular weight of polymers were obtained when porphyrins were
incorporated into polyimide chains, It has been reported that strong attractive
interactions between porphyrins can lead to aggregation in solution [48]. Intrachain
aggregation within the polyimide via pi-pi interactions of porphyrins on the same
chain is expected to result in a decrease in viscosity with increasing porphyrin moiety
(greater coiling), while interchain aggregation is expected to result in an increase in
viscosity through increased chain entanglement (Scheme 4.10). A decrease in
viscosity with increasing porphyrin content in all pelyimides series I-IV indicating
probably intrachain interaction. It is noted that solution viscosities are dependent in
part on the size of polymer molecules that expanded in solvent. In addition, both intra-
and inter- interactions of polyimide chains would attribute to the higher viscosity
compared to the polyimide without porphyrin content. The polyimides in series III
and IV had lower viscosity than polyimides in series I and II at the same level of
porphyrin content. A possible for explanation the low viscosity in series III and IV
could be due to the ligation of the zinc porphyrin with either the polymer or the
solvent (Scheme 4.10) [35].

pi-pi interaction metal ligation

Scheme 4.10 pi-pi interaction and metal ligation in porphyrin
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4.4.3 Molecular weight determination

Molecular weight polyimides were syntheses using dianhydride and diamine
compounds at various mole percents. The number average molecular weight (M,) and
weight average molecular weight (M) by GPC technique are shown in Table 4.10
and in appendix J. The small amount of porphyrin in the polymer chain (PI-C1 and
PI-T1) had number average molecular weight (M,) 79920 and 77226 g/mol and
weight average molecular weight (M,,) 124151 and 105549 g/mol. When the presence
of a greater number of porphyrin molecules in the polymer (PI-C4 and PI-T4) had low
number average molecular weight (M,) 34853 and 28760 g/mol and weight average
molecular weight (M,,) 49294 and 48093 g/mol were resulted. Similar to the series III
and IV in case of metalloporphyrins, the small amount of porphyrin in the polymer
chain (P1-ZnC1 and PI-ZnT1) had number average molecular weight (M;) 96074 and
99069 g/mol and weight average molecular weight (M) 152367 and 176702 g/mol.
For polyimides-containing 30% of porphyrin (PI-ZnC4 and PI-ZnT4), lower number
average molecular weight (M,) 28496 and 22198 g/mol and weight average molecular
weight (M) 42532 and 48300 g/mol were resulted.

These results were consistent with their corresponding viscosities. It thus
agreed with the previously mentioned assumption that the more amount of porphyrin
in the molecule more intra- and inter- pi-pi interactions and the additional metal
ligation, in case of the presence of Zn, would resulted which caused the aggregation
of the polymers. Accordingly the sizes of the agglomerates were smaller.

4.4.4 Thermal properties of polyimides
4.4.4.1 Decomposition temperature

According to the literature, these porphyrin-containing polyimides showed
good thermal and thermooxidative stabilities [10, 11]. The decomposition
temperatures of the polyimides were determined by TGA (appendix H) in air and
were taken as the temperature at which 5% weight loss occurred (Table 4.10). The
polyimides in series I and II, which contained cis- and trans-DATPP, appear slightly
more stable than polyimides in series III and IV, which contained cis- and trans-
ZnDATPP, at the same level of porphyrin content. From the TGA data, it was found
that the existence of cis- and frans-DATPP and cis- and frans-ZnDATPP in the
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polymer did not significantly affect the thermal stabilities of these polyimides as

compared to the polyimides in the absence of porphyrin.

Table 4.10 The physical property data of polyimides

Molecular weight
PI Viscosity Dmmpoﬂlihon
[n]" (dL/g) ML v g temperature ° (°C)
PIO 0.64 23313 37986 1.882 530
Series |
cis-DATPP
PI-C1 1.25 79920 124151 1.553 532
PI-C2 1.12 48782 99710 2.044 538
PI-C3 0.94 38894 55103 1.417 522
PI-C4 0.67 34853 49294 1.444 527
Series 11
trans-DATPP
PI-T1 1.23 77226 105549 1.664 534
PI-T2 1.00 51914 74916 1.443 528
PI-T3 0.91 34335 67960 1.407 530
PI-T4 0.71 28760 48093 2.360 531
Series 111
cis-ZnDATPP
PI-ZnCl1 1.10 96074 152367 1.586 521
PI-ZnC2 0.89 63382 101080 1.594 518
PI-ZnC3 0.77 43696 66426 1.520 513
PI-ZnC4 0.67 28496 42532 1.493 520
Series IV
trans-ZnDATPP
PI-ZnT1 1.19 99069 176702 1.784 510
PI-ZnT2 0.96 62262 103219 1.657 519
PI-ZnT3 0.83 48180 67258 1.708 516
PI-ZnT4 0.77 22198 48300 2.170 522

* Viscosity determined in DMAc at 35£0.1 °C

® Temperature at 5% weight loss occurred when polymers were subjected to TGA with a heating rate of

10 °C/min.
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4.4.5 Spectroscopic properties of polyimides

The good solubility of these polymers enables us to investigate the
photophysical processes of these polymers (i.e. absorption, fluorescence quenching,
fluorescence lifetime and photoinduced electron transfer processes).

4.4.5.1 Absorption properties of polyimides

The heterocyclic nucleus is fully conjugated with a characteristic absorption
spectrum. The absorption spectra of these aromatic tetrapyrrolic macrocycles display
an intense band in the region of 400 nm. This absorption is called the Soret band and
has a strong absorption with a high molar extinction coefficient. Porphyrins also
display four accompanying bands, commonly referred to as the Q-bands, of lower
intensity between 450-650 nm. Upon the metallation of the porphyrin, the four Q-
bands collapse to two peaks as seen in the Zn complex.

Absorption spectra of both e¢is- and rrans-DATPP compared to
tetraphenylporphyrin (TPP) in CH,Cl; and DMAc are shown in appendix A, Table
4.11. In both CH;Cl; and DMAc, the absorption spectra of the Soret and Q bands for
TPP are essentially the same in their absorption maxima and band profiles. On the
other hand, the absorption spectra of both cis- and frans-DATPP compared to TPP
were slightly lower in wavelength due to the presence of electron donating amino
groups covalently substituted on the benzene rings.

In CH;Cl;, the Soret and Q bands due to n-n* electronic transitions of cis- and
trans-DATPP were observed at shghtly lower wavelengths when compared to DMAc.
Both absorption bands may undergo a blue shift in less polar media (e.g. CH;Cly).
This description can be used to describe the absorption spectra of ZnTPP, cis- and
trans-ZnDATPP.

Absorption. spectra obtained from polyimides containing cis- and trans-
DATPP (series [ and II) and metallic porphyrin, cis- and trans-ZnDATPP (series [1I
and IV) are similar to tetraphenylporphyrin (TPP) and zinc tetraphenylporphyrin
(ZnTPP) in both CH;Cl; and DMAc. However, they are slightly different from the
corresponding porphyrin monomers (cis-DATPP, trans-DATPP, cis-ZnDATPP and
trans-ZnDATPP). In CHyCl,, the absorption spectra obtained from polyimides in
series I, II, 1IT and IV showed Soret transitions that were substantially blue-shifted
from cis-DATPP, trans-DATPP, cis-ZnDATPP and trans-ZnDATPP monomers,
respectively. The shift of the absorption bands to higher energy was also observed in
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the Q-band region. The source of this blue-shift is surely related to the nature of the
structure of porphyrin incorporated into the polymer chain. Thus, cis-DATPP, trans-
DATPP, cis-ZnDATPP and trans-ZnDATPP, after incorporation into polyimid&ﬁ,
exhibited the absorption that is similar to TPP and ZnTPP, respectively.

The Soret bands for polyimides in series | and II are observed at 418 nm in
CH,Cl; and 419 nm in DMAc, while TPP absorbs at 417 nm in both CH,Cl; and
DMAc. In the case of polyimides in series III and IV, the Soret bands are observed at
420 nm in CH,Cl; and 428 nm in DMAc, while ZnTPP is observed at 419 nm in
CH,Cl; and 426 nm in DMAc.

In the case of the polymer, there is no such effect of solvent polarity on the
Soret and Q band maxima in CH>Cl; and DMAc. This suggests that TPP and ZnTPP
moieties in the polymer are confined in the microdomains of polyimide stacks and

protected from solvent.
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Table 4.11 UV-vis absorption maxima of polyimides in CH,Cl; and DMAc.

UV-vis absorption maxima of porphyrin monomers and polyimides

CH-Cl; DMAc
Compound
Soret band Q-band Soret band Q-band
(nm) (nm) (nm) (nm)
PP 417 514 549 590 644 417 514 546 589 646
cis-DATPP 422 519 555 593 650 424 520 566 599 657
trans-DATPP 422 519 555 593 650 424 520 566 598 658
ZnTPP 419 548 587 426 560 600
cis-ZnDATPP | 424 551 592 434 564 609
trans-ZnDATPP | 424 551 591 434 564 610
Series |
cis-DATPP
PI-C1 418 514 550 590 646 419 515 548 590 645
PI-C2 418 514 550 590 645 419 515 550 591 646
PI-C3 418 514 550 590 645 419 515 550 590 646
PI-C4 418 514 550 590 646 419 514 550 591 646
Series 11
trans-DATPP
PI-T1 418 515 550 590 646 419 515 550 591 646
PI-T2 418 515 550 590 645 419 515 550 591 646
PI-T3 418 515 550 550 646 419 515 550 591 646
PI-T4 418 515 550 590 646 419 515 550 591 646
Series 111
cis-ZnDATPP
PI-ZnCl1 420 549 588 428 560 600
PI-ZnC2 420 549 588 429 560 600
P1-ZnC3 421 549 588 429 560 600
PI-ZnC4 421 549 588 429 560 600
Series IV
trans-ZnDATPP
PI-ZnT1 421 549 590 428 560 600
PI-ZnT2 420 549 590 428 560 600
PI-ZnT3 421 549 589 429 560 600
P1-ZnT4 421 549 588 429 560 600
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4.4.5.2 Fluorescence properties of polyimides

The steady-state fluorescence measurements of polyimides containing cis-,
trans-DATPP and metallic porphyrin, cis- and trans-ZnDATPP, are given in Table
4.12, in both CH,Cl, and DMAc. The fluorescence spectra of polyimides (series I and
II), which have emission bands at 653 and 718 nm in both solvents, are shown in
appendix B. These emission spectra are essentially the same as TPP in both solvents,
which have emission bands at 654 and 718 nm in CH,Cl,, 654 and 718 nm in DMAc.
For the fluorescence spectrum of cis- and (rans-DATPP, the wavelengths of
maximum emission are the same (663 and 724 nm in CH,Cl; and 680 and 750 nm in
DMAC).

The fluorescence spectra of the polyimides containing cis- and trans-
ZnDATPP (series Il and IV) are given in appendix B. In CH,Cl,, the fluorescence
spectra of polyimides (series [1I and IV), which have emission bands at 599-600 nm
and 647 nm, while in DMAc, emission bands are at 609-610 nm and 661 nm. These
spectrums are essentially the same in ZnTPP in the same solvents, which have
emission bands at 600 and 647 nm in CH,Cl,, 609 and 660 nm in DMAc. These
spectral shifts are unlike those observed for polyimides in series I and II, which
showed very little change in fluorescence maxima.

Red-shifts in the fluorescence maxima of ZnTPP from CH,Cl; (599 and 647
nm) to DMAc (609 and 660 nm) were observed. Likewise, the fluorescence maxima
of cis- and trans-ZnDATPP were observed from CH,Cl; (604 and 650 nm) to DMAc
(628 and 673 nm). The red shift shows the solvatochromic properties in different

aprotic solvent systems.



Table4.12 Fluorescence maxima of polyimides in CH;Cl; and DMAc

Fluorescence maxima of porphyrin monomers and polyimides

Compound CH;Cl, DMAc
TPP 654 718 654 718
cis-DATPP 663 724 680 750
trans-DATPP 663 725 680 751
ZnTPP 600 647 609 660
cis-ZnDATPP 604 650 628 677
trans-ZnDATPP 604 650 628 677
Series I
cis-DATPP
PI-Cl 653 718 653 719
PI-C2 653 718 653 718
PI-C3 653 718 653 718
PI-C4 653 718 653 718
Series 11
trans-DATPP
PI-T1 654 718 653 719
PI-T2 654 718 653 718
PI-T3 653 718 653 719
PI-T4 653 718 653 719
Series 111
cis-ZnDATPP
PI-ZnCl 599 647 609 661
PI-ZnC2 600 647 609 661
PI-ZnC3 600 647 610 661
PI-ZnC4 599 647 610 661
Series IV
trans-ZnDATPP
PI-ZnT1 600 647 609 660
PI-ZnT2 599 647 609 661
PI-ZnT3 599 647 610 661
PI-ZnT4 600 647 610 661




4.4.6 Fluorescence Quantum Yields Determination

The fluorescence quantum yields (®f) of these polyimides in the absence of
quencher in solvents of different polarity (CH,Cl; and DMAc) are presented in Table
4.13. Quantum yields were determined by using Eq. 3.1. The fluorescence quantum
yield of the TPP monomer is lower than that of cis- and trans-DATPP in both CH;Cl;
and DMAc due to the presence of electron donating diamino groups covalently
bonded on the porphyrin molecule. Moreover, the fluorescence quantum yields (®¢) of
TPP, cis- and trans-DATPP in DMAg are slightly higher than those in CH;Cl; due to
the influence of solvent polarity. The fluerescence quantum yield (®y) is defined in
Equation 2.1.

k. By
llif — i =
(A€ FRE + 5,30 R Tk

Eq.2.1

where kyg is the total nonradiative decay rate constant (kyg = kic + kisc) and k is the
first-order radiative decay constant. A gradual increase in solvent polarity results in an
increase in @y, due to a decrease in the nonradiative decay rate, most likely kisc

(Jablonski state energy-level diagram).

In case of increasing the amount of porphyrin in polyimides from 5% to 30%,
it is possible that higher porphyrin units were incorporated into the polyimide chains.
In fact, it has been reported that strong attractive interactions between porphyrins can
lead to aggregation in solution [48]. Intrachain aggregation within the polyimide via
n-w interactions of porphyrins on the same chain is expected to result in a decrease in
viscosity with increasing porphyrin content (greater coiling). A decrease in viscosity
with increasing porphyrin content in all of series I, II, IIl and IV was observed,
indicating probabl¢ intrachain interaction (i.e., coiling). Polymer aggregation could be
due to greater porphyrin content within the polyimide (30%). Neighboring porphyrin
molecules within the polymer have strong n-x interactions with each other. It may be
that self-quenching of an excited-state porphyrin molecule by interaction with another

porphyrin molecule in the ground state can occur as described below.

nTPP (TPP,) + heat

fluorescence nonfluorescence
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In this case, the fluorescence quantum yields for polyimides in all series (I-
IV) decrease when increasing the porphyrin content due to self quenching. The rate of
electron transfer (kgr) (Eq.3.5) from excited-state porphyrin units within the polymer
to diimide acceptor groups in both CH,Cl; and DMAc are very fast when increasing
the porphyrin moiety. For series III and IV in the case of metalloporphyrins, kgr is
significantly larger than the corresponding free-base porphyrins (Series I and II), The
ker values of PI-ZnC4 and PI-ZnT4 were calculated as 9.25x10” and 8.90x10" s’
compared to that of PI-C4 and PI-T4, calculated as 1.50x10” and 1.48x10" s’ in
CH,Cl,, respectively. Similarly, in DMAc, the kgr values of PI-ZnC4 and PI-ZnT4
were calculated as 4.54x10” and 5.05x10” s compared to the values of PI-C4 and PI-
T4, calculated to be 4.74x10° and 5.77x10° s”. The larger ks values in the zinc
porphyrins could perhaps be due to the easy distribution of electronic charge through
the conjugated system from the pi donor to the pi acceptor.

The fluorescence quantum yields for polyimides (®p)) in series I and II show
substantial electron transfer when decreased slightly with an increase of both cis- and
trans-DATPP in both CH,Cl; and DMAc. In CHyCly, the quantum yields are
decreased substantially relative to TPP in both cis-DATPP (32-53%) and trans-
DATPP (34-58%). In DMAc, the fluorescence quantum yield data indicates a small
effect of electron transfer of ¢is-DATPP (1-35%) and (15-44%) in trans-DATPP,
when compared to the starting porphyrin (TPP). As expected, trans-DATPP is slightly
more efficient in transferring electronic charge along the conjugated molecule than
cis-DATPP in both CH,Cl; and DMAc.

For ZnTPP, the quantum yields of polyimides in series IIl show substantial
electron transfer in both CH,Cl; and DMAc, decreasing with the increase of cis-
ZnDATPP content. In CH;Cl,, the electron transfer is 5-50%, and in DMAc, electron
transfer is 25-58% when compared both with ZnTPP.

The quantum yields of polyimides in series IV decrease with the increase in
trans-ZnDATPP content both of CH;Cl; and DMAc. The electron transfer is 10-60%
in CH,Cl; and 29-58% in DMAc, when compared both with ZnTPP. In case of
polyimides in series III and IV, the effect of solvent polarity is insignificant. A

reasonable explanation as to why the metallic porphyrins have lower fluorescence
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quantum yields than the free-base porphyrins can be due to the rapid rate of
intersystem crossing (kyg) (Eq.2.1).

From this data indicated that the rate of electron transfer (kg7) for polyimides-
containing porphyrin units within the polymer to diimide acceptor groups in both
CH,Cl; and DMAc are very fast when increasing the porphyrin moiety. A possible
explanation for these values is that influence of self quenching within the polymer
chain.



Table 4.13 Fluorescence quantum yields and lifetimes of polyimides
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CH,Cl, DMAc
Compound ®n  tns) Ker(sh) Dp to(ns) Ker(s™)
TPP 0.116 921 5 0.150 11.94 5
cis-DATPP 0.181 8.02 . 0.196 4.43 o
trans-DATPP 0.171  8.06 - 0.198 4.93 =
ZnTPP 0.025 1.97 - 0.024 1.94 .
cis-ZnDATPP 0.029 1.55 > 0.044 1.90 E
trans-ZnDATPP | 0.027  1.50 - 0.042 1.86 .
Series I
cis-DATPP
PI-C1 0.079 - 883 4.73x10° 0.148  11.67 1.94x10°
PI-C2 0.070 847 9.45x10° 0.128  11.50 3.20x10°
PI-C3 0.068 838  1.07x107 0.108 1132  4.59x10°
PI-C4 0.054  8.09  1.50x10’ 0.098 1130 4.74x10°
Series 11
trans-DATPP
PI-T1 0.076 = 8.65 7.02x10° 0.160 11.56 2.75x10°
PI-T2 0.063 851 8.96x10° 0.129 1140 3.97x10°
PI-T3 0,057 827 1.24x10’ 0.112 1130  4.74x10°
PI-T4 0049 811 1.48x10’ 0084 11.17 5.77x10°
Series I11
cis-ZnDATPP
PI-ZnC1 0.019 173  7.20x10’ 0.018 1.80  4.13x107
PI-ZnC2 0.013  1.67 9.18x10’ 0.013 1.78  4.54x10’
PI-ZnC3 0.012 165 9.72x10’ 0.011 1.78  4.73x10’
PI-ZnC4 0.010 1.67 9.25x10 0.010 1.78  4.54x10’
Series IV
trans-ZnDATPP
PI-ZnT1 0.018 175 6.54x10’ 0.017 1.78  4.63x10’
PI-ZanT2 0012 <166 | 9.43x10 0.012 1.77  4.95x10’
PI-ZnT3 0.011 © 1.67  9.11x107 0.011 1.78  4.60x10’
PI-ZnT4 0.009 1.68 8.90x10’ 0.010 1.77  5.05x10’




4.4.7 Fluorescence Quenching Determination

The rate constant for fluorescence quenching of free base porphyrin, metallic
porphyrin and all polyimides (series I, II, IIl and IV) were determined by using the
Stern-Volmer mechanism (SV) (Eq. 3.2), which was obtained with AQ as the external
quencher. It is know that anthraquinone is an electron acceptor for singlet excited TPP
and ZnTPP. The fluorescence spectra of polyimides exhibited two bands in the range
of 600-730 nm due to emission of the porphyrin unit. The fluorescence intensity
decreases upon successive addition of AQ (Figures 4.22-4.26). The observed decrease

in the fluorescence intensity is due to quenching of the excited singlet state of the

porphyrin in the presence of AQ.

F—F"=1+KE[Q] Eq3.2

where Fp and F are the relative fluorescence intensities in the absence and presence of
quencher concentration [AQ] and Kj is the Stern-Volmer constant and may refer to
static quenching if a complex between fluerophore and quencher is formed and does
not undergo diffusion or to dynamic quenching if diffusion occurs during the excited-
state lifetime. The second-order quenching rate constant, k, was calculated using
equation 3.3.

] Eq.3.3

where 1p is the fluorescence lifetime of the fluorophore in the absence of the
quencher. The measured lifetime values for TPP are 9.21 and 11.94 ns in CH,Cl; and
DMAc, while the lifetimes of cis- and frans-DATPP are 8.02 and 8.06 ns in CH,Cl,
and both 4.93 ns in DMAc, respectively.

Typical Stern-Volmer plots are linear in the relatively low concentration range
investigated for TPP, cis- and frans-DATPP by AQ (Table 3.2). The Kq values were
determined from the slopes of the Stern-Volmer plots and found to range from 170 to
146 M in CH,Cl, and 126 to 96 M in DMAc (Tables 4.14-4.15 and Figures 4.19-
4.21).
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Figure 4.19 Stern-Volmer plots of fluorescence quenching of TPP by AQ in CH,Cl;
and DMAc
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Figure 4.20 Stern-Volmer plots of fluorescence quenching of cis-DATPP by AQ in
CH,Cl; and DMAc
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Figure 4.21 Stern-Volmer plots of fluorescence quenching of rrans-DATPP by AQ in
CH,Cl; and DMAc.

Figures 4.19-4.21 show the linear SV plots for the fluorescence quenching of
TPP, cis-DATPP and frans-DATPP at 654 nm by AQ in CH;Cl; and DMAc, which
are two organic solvents of different polarity. It is apparent that the calculated Kq and
kq values decrease with an increase in solvent polarity. The kq values of TPP in
CH,Cl, were found to be 1.59x10'? and 8.00x10° M's”" in DMAc, indicating that the
fluorescence quenching of TPP by AQ is perhaps due to the electron transfer
processes leading to the generation or disappearance of the polar species [53].
Quenching by energy transfer does not normally involve nor generate highly polar
intermediates; therefore, solvent effects should be minor for this pathway. In addition,
k, values of the TPP-AQ system in different solvents are close to the limiting
diffusion rate constant (kgig). The kg values for CH,Cl; and DMAc are 1.57x10'° and
3.32x10° M''s” respectively, as calculated by equation 3.4. This indicates that

diffusion is involved in the quenching mechanism.

The bimolecular quenching rate constant k; was calculated upon knowledge of
both Kq and 1o for the samples, as defined in equation 3.3. The kg values in CH;Cl,
were found to be 1.59x10'"%, 1.99x10'° and 2.11x10"® M"'s™ for TPP, cis- and trans-
DATPP. Similarly, the k, value in DMAc was calculated to be 8.00x10° 2.56x10'
and 2.36x10'" M's" for TPP, cis- and trans-DATPP, respectively (Table 4.14).
Results suggest that the relative magnitudes of k, increase from TPP to both cis- and
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trans-DATPP due to the presence of electron donating diamino groups covalently
bonded on the porphyrin moiety. Similarly, the kq values for the metalloporphyrins,
ZnTPP, cis- and trans-ZnDATPP (Table.4.15) in CH,Cl, were found to be 4.72x10'°,
7.62x10" and 8.25x10'° M''s”!, and those in DMAc were calculated to be 3.19x10'°,
4.94x10'"° and 5.39x10'° M's™". A possible explanation for the high kq values of the
set of metalloprophyrins could be due to rapid fluorescence quenching by AQ [57].

Figures 4.22-4.26 display the set of fluorescence emission spectra along with
their corresponding SV plots for TPP, ¢is-, trans-DATPP and polyimide-containing
cis- and frans-DATPP (series | and II) by low range concentration of AQ external
quencher in CH,Cl,.

Fluorescence quenching of the excited singlet states of porphyrin-containing
polyimides (series I, I1, Iil and IV) in the presence of AQ were also observed. The
data are shown in Tables 4.14 and 4.15. TPP (1%=9.21 ns in CH,Cl; and 11.94 ns in
DMAc) was characterized by longest lifetimes compared to ZnTPP (7,=1.97 ns in
CH;Cl; and 1.94 ns in DMAc). This result implies that TPP could interact with the
anthraquinone quencher for a longer period of time in the nanosecond time range.
Their fluorescence was quenched more slowly (kg = 1.59x10" in CH,Cl; and kg =
8.00x10° M"'s™ in DMAc) when the estimated parameters are compared with ZnTPP
(kq=4.72x10"% in CH,Cl, and kg = 3.19x10"° M's™ in DMAc).

The values for 19 of polymers in series I and Il in CH>Cl; and DMAc were
uniformly smaller than those of standard porphyrin (TPP and ZnTPP). The major
component for PI-C4 and PI-T4 were found to be 8.09 and 8.11 ns in CH;Cl; and
11.30 and 11.17 ns in DMAc. These values are smaller than those of TPP (9.21 ns in
CH,Cl; and 11.94 ns in DMAc) (Table 4.14), while the major component in polymer
PI-ZnC4 and PI-ZnT4 (Table 4.15) were found to be 1.67 and 1.68 ns in CH,Cl; and
1.78 and 1.77 ns in DMAc. These values are smaller than those of the metallic
porphyrin ZnTPP, with lifetimes measured as 1.97 ns in CH;Cl; and 1.94 ns in DMAc
(Table 4.15).

Moreover, the lifetime in the absence of AQ quencher (10) in polyimides
containing cis- and trans-DATPP (series I and II) slightly decrease from 5-30% (8.83
to 8.09 ns for PI-C1 to PI-C4 and 8.65 to 8.11 ns for PI-T1 to PI-T4 in CH,Cl,). In
DMAc, the lifetime in the absence of AQ (7) for polyimide series I and II were larger
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than those in CH,Cl; (11.67 to 11.30 ns for PI-C1 to PI-C4 and 11.56 to 11.17 ns for
PI-T1 to PI-T4). The fluorescence lifetimes in the presence of AQ quencher (1f) in
polyimides containing both cis- and trans-DATPP are smaller than the fluorescence
lifetimes in the absence of quencher. For instance, in series I, the tr values for
polyimides PI-C1 to PI-C4 are slightly less than those in the absence of quencher (e.g.
for PI-C1 in CH1Cl,, t = 7.68 ns and 1y = 8.83 ns; for PI-C4, 1 = 7.94 ns and 15 =
8.09 ns, for PI-C1 in DMAc, 1 = 10.95 ns and 1o = 11.67 ns; for PI-C4, 1 = 11.17 ns
and 15 = 11.30 ns). Results indicated that the decrease in the fluorescence lifetimes in
both CH;Cl; and DMAc are likely due to (1) the increase in the rate of intersystem
crossing and therefore an increase in the total nonradiative decay rate constant (kyg =
kic + kisc) and (2) energy transfer from the electron donor to the electron acceptor

(AQ) (see Jablonski state energy-level diagram).

Both the Stern-Volmer constant (Kg) and bimolecular quenching rate constant
(k) in polyimides (series 1 and 1I) in both solvents decreased from 5% to 30% PI. As
observed, the Ko decreased dramatically from 2522 to 87.7 M and kg slightly
decreased from 2.86x10'" to 1.08x10"" M" s in PI-C1 to PI-C4. Similarly, the Kq
values in both PI-T1 and PI-T4 were found to be 273.7 and 102.9 M and the
bimolecular rate constants (k,) were found to be 3.16x10'" and 1.26x10"° M s in
CH:Cly. In DMAc, the Kq values decreased less significantly than in CH,Cl, from
76.0 to 48.6 M"' and k, decreased from 6.51x10° to 4.32x10° M"' 5™ in PI-C1 to PI-
C4. Likewise, the Kg values in PI-T1 and PI-T4 were found to be 90.1 to 51.3 M!
and k, values were found to be equal to 7.79x10” to 4.59x10° M™' 5. As expected,
polyimide-containing frans-DATPP is more efficient in being quenched by AQ than
cis-DATPP in both CH;Cl; and DMAc. The &, polyimides in series [ and II in CH,Cl;
are higher than in DMAc due to more rapid quenching of the coiling polymer by AQ

in less polar media.
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Table 4.14 Summary of photophysical data of polyimides (series I and II) in CH,Cl,
and DMAc

Compound Solvent Tp(ns) Tr(ns) Kg{l\'l") k(M '3'1)

TPP CH,Cl, 9.1 8.66 145.98 1.59x10'°
cis-DATPP CH,Cl, 8.02 7.50 156.27 1.99x10'°
trans-DATPP | CH,Cl,  8.06 7.53 169.68 2.11x10"
Series |
cis-DATPP
PI-C1 CH:Clad\ 8.83 7.68 252.24 2.86x10"
PI-C2 CH.Cl;. 847 7.90 134.77 1.59x10'"
PI-C3 CH,CL ~ 838 810 116.96 1.40x10"
PI-C4 CHCl,  8.09 7.94 87.71 1.08x10"
Series 11
trans-DATPP
PI-T1 CHoCly ~  8.65 7.54 273.67 3.16x10'°
PI-T2 CH,Cl, = '8:51 8.01 176.52 2.08x10"
PI-T3 CHaCk /| 827 7.90 159.00 1.91x10'
PI-T4 CH,Cl; ~ 811 7.95 102.92 1.26x10"
TPP DMAc 1194  11.37 95.56 8.00x10°
cis-DATPP DMAc 493 4.74 126.19 2.56x10"
trans-DATPP | DMAc~  4.93 4.73 116.37 2.36x10"
Series |
cis-DATPP
PI-C1 DMAc 11.67 1095 76.00 6.51x10°
PI-C2 DMAc  11.50 . .11.07 60.09 5.22x10°
PI-C3 DMAe 1 (1132 < 11.03 52.86 4.67x10°
PI-C4 DMAc  (11.30 « 1117 48.56 4.32x10°
Series 11
trans-DATPP
PI-T1 DMAc 1156  10.67 90.06 7.79x10°
PI-T2 DMAc 1140  10.88 66.70 5.85x10°
PI-T3 DMAc 11.30 11.04 63.85 5.65x10°

PI-T4 DMAc 11.17 11.03 51.30 4.59x10°
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Table 4.15 Summary of photophysical data of polyimides (Series III and IV) in
CH,Cl; and DMAc

Compound Solvent ty(ns) Te(ns) Ko(M™) k(M 's™)
ZnTPP CH,CL, 197 1.82 93.03 4.72x10"
cis-ZnDATPP CH,Cl, 1.55 1.40 117.92 7.62x10"
trans-ZnDATPP | CH,Cl, 1.50 1.38 124.01 8.25x10"
Series I11
cis-ZnDATPP
PI-ZnC]1 CH.Cl, ' 1.73 1.61 83.32 4.83x10"
PI-ZnC2 CH,Cl, 1.67 1.56 79.46 4.76x10"
PI-ZnC3 CH,Cl, 1.65 1,57 85.52 5.17x10'
PI-ZnC4 CH:Cl,  1.67 1.61 79.32 4.76x10"
Series IV
trans-ZnDATPP
PI-ZnT1 CH:Cl, ~ 1.75 1.61 75.63 4.33x10"
PI-ZnT2 CH,Cl;  1.66 1.57 70.26 4.23x10"
PI-ZnT3 CH.Cl, 167 1.56 73.03 4.37x10"°
PI-ZnT4 CH,Cl;  1.68 1.60 73.13 4.36x10'"
ZnTPP DMA¢ - 1,94 1.92 61.97 3.19x10"°
cis-ZnDATPP DMAc  1.90 1.77 93.66 4.94x10'"°
trans-ZnDATPP | DMAc  1.86 1.72 100.34 5.39x10'°
Series I11
cis-ZnDATPP
PI-ZnC1 DMAc 1.80 1.69 67.89 3.78x10"
PI-ZnC2 DMAc 1.78 1.68 61.02 3.42x10"
PI-ZnC3 DMAc - 1.78 1.68 62.29 3.51x10"
PI-ZnC4 DMAc  1.78 1.68 57.66 3.23x10"
Series IV
trans-ZnDATPP
PI-ZnT1 DMAc  1.78 1.65 82.20 4.62x10'"
PI-ZnT2 DMAc 1.78 1.65 65.38 3.69x10'"
PI-ZnT3 DMAc 1.78 1.70 64.71 3.63x10'"°
PI-ZnT4 DMAc 1.77 1.69 60.47 3.42x10"
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Fig.4.24 Fluorescence quenching of 5x10° mol.dm™ of trans-DATPP and Stern-
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In the fluorescence quenching of polyimide-containing porphyrins by external
quencher (AQ), the fluorescence intensity is expected to be minimized due to greater
number of collisions between the excited singlet state of the polyimide species and the
quencher. As expected, the small amount of porphyrin in the polymer chain (e.g. 5%)
dissolves in the solvent more freely due to less aggregation of the molecules (less
chain packing leads to an increase in free volume and more flexible linkages [35]).
Hence, the presence of less aggregation causes AQ to easily collide and attach with
the PI species. In contrast, the presence of a greater number of porphyrin molecules in
the polymer (30%) increases the effect of aggregation of the polyimide species
(higher chain packing leads to a decrease in free volume and less flexible linkages).
The cause of aggregation might serve to change the local environment that exists
around the porphyrin maerocycle in the polyimides making it more difficult for the
quencher to diffuse and interact with porphyrins within the interior of the polymer

chain.

In case of polyimides containing metalloporphyrins (series III and IV) in
CH;Cl; and DMAg, the fluorescence lifetimes were smaller than those of standard
Zn-porphyrin (ZnTPP) as described previously. The lifetime in the absence of AQ
quencher (tg) in polyimides containing cis- and trans-ZnDATPP (series Il and IV)
slightly decrease from 5-30% (1.73 to 1.67 ns for PI-ZnC1 to PI-ZnC4 and 1.75 to
1.68 ns for PI-ZnT1 to PI-ZnT4 in CH,Cly). In DMAG, the 10 for polyimide series 11
and IV were similar to those in CH;Cl; (1.80 to 1.78 ns for PI-ZnC1 to PI-ZnC4 and
1.78 to 1.77 ns for PI-ZnT1 to PI-ZnT4). The fluorescence lifetimes in the presence of
AQ quencher (t¢) in polyimides containing both cis- and rrans-ZnDATPP are smaller
than to. For instance, in series IlI, the tr values for polyimides, PI-ZnC1 to PI-ZnC4,
are slightly less than those in the absence of quencher (e.g. for PI-ZnC1 in CHyCly, ¢
= 1.61 ns and 1o = 1.73 ns; for PI-ZnC4, 1t = 1.61 ns and 1, = 1.67 ns; for PI-ZnC1 in
DMAc, 1 = 1.69 ns and 10 = 1.80 ns; for PI-ZnC4, 1 = 1.68 ns and 15 = 1.78 ns).
Similar to the free-base porphyrin containing polyimides, an analogous trend is
observed in the case of the zinc porphyrins. A small decrease in the lifetimes is

observed for the zinc-containing porphyrins perhaps due to a small increase in the rate
of ISC.

Both the Stern-Volmer constant (Kp) and bimolecular quenching rate constant

(kg) in polyimides (series III and 1V) in both solvents slightly decreased from 5% to
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30% PI. As observed, the Kq decreased from 83.3 to 79.3 M and calculations show
that the k, values are essentially the same (k,~ 4.83x10'" to 4.76x10'° M"' s in PI-
ZnC1 to P1-ZnC4). Likewise, the Kq values in both PI-ZnT1 and PI-ZnT4 were found
to be 75.6 and 73.1 M and the k, values were essentially the same (k, = 4.33x10'"" to
4.36x10"° M s in CH,Cl;). In DMAg, the Kq values decreased similar to those in
CH;Cly, from 67.9 to 57.6 M with k, values close to each other from 3.78x10'° to
3.23x10"" M s in PI-ZnC]1 to PI-ZnC4. Likewise, the Kg values in PI-ZnT1 and PI-
ZnT4 were found to be 82.2 to 60.5 M"' and k, values were found to be equal to
4.62x10' 10 3.42x10" M 5. As observed, the k, polyimides in series III and IV in
CH,Cl; are similar in DMAg, perhaps indicating that solvent polarity is not a
significant effect on the fluorescence quenching of the excited-state polyimides and
the amount of zinc-porphyrin in the polymer chain. This is due to the incorporation of
cis- and trans-ZnDATPP in the polymer structure, resulting in an increase in chain
rigidity and less free volume for diffusion maybe difficult to collided or attached
between AQ and fluorophore.
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4.5 Fluorescence quenching at high anthraquinone concentration of TPP and
ZnTPP in CH;Cl; and DMAc¢

Departure from linearity observed in the Stern-Volmer plots (Figure 4.19-

4.26) can be explained by involving both static and dynamic quenching mechanisms.

The fluorophore can be quenched both by collisions and by complex
formation with the same external quencher. The characteristic feature of the SV plots
in these circumstances is an upward curvature, concave toward the y-axis. The
upward-curving SV plots could be analyzed in terms of both the static and dynamic
quenching constants (Kp and Ks). The fractional fluorescence intensity, Fo/F, is given

by the product of static and dynamic quenching. Hence,

= (14 K, [40D( + K [4Q)) Eq. 2.6

5 |m

where Kp and Ks are the dynamic and static quenching constants, respectively [49].

In case of fluorescence quenching of 5x10°° mol.dm™, free-base porphyrin;
TPP and metallic; ZnTPP by increasing concentration of external quencher (AQ) from
0.002-0.016 M in CH,Cl; did not obey the simple Stern-Volmer linear relationship;
that is, the plot deviated upward from the straight line (Figures 4.28 and 4.30). The
plot of the ratio of fluorescence lifetimes both in the absence and presence of
quencher against [AQ] in the Stern-Velmer plots is linear and shows less quenching
than the fluorescence intensity data. According to the SV plots, the positive deviation
indicates the simultaneous presence of dynamic and static quenching. That is
fluorophore is quenched by excited state collisions and by ground state complex

formation with the quencher as shown in Figure 4,27 [54].

F*+Q kIQ] | (F*Q)

Kairr No emission

hv Ks

F+0Q F.Q

Figure 4.27 Pathway of dynamic (collisional) quenching and static quenching
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From the fluorescence quenching data of TPP and ZnTPP by AQ in CH,Cl;,
the static and dynamic quenching constants can be determined from a plot of the
apparent quenching constant (Ky,,) versus [AQ] (Figures 4.29 and 4.31), which is

found to be sufficiently linear.
K., =(F/F)=11A4Q] Eq.4.1

This indicates the presence of parallel quenching process, such as static or
transient quenching along with dynamic quenching. The plot of (ty/1) versus [Q] of
TPP and ZnTPP (Figure 4.28B and 4.30B) for these systems gives a straight line with
a slope equal to Kp (36.1 and 13.5 M™"). The lifetimes of fluorophore with different
concentration of quencher in CH,Cl, are given in Table 4.16. Most of the
fluorescence lifetimes were found to be best to a two-component exponential decay
composed of one major component and one minor component. The value of 1
presence of quencher high concentration [AQ] were uniformly smaller than those of 1,
absence of quencher as 6.07, 9.04 ns for TPP and 1.44, 1.74 ns for ZnTPP. Similarly,
DMAc in Table 4.17, the value of 1, presence of quencher high concentration [AQ]
and 1; absence of quencher calculated as 8.72, 10.84 ns for TPP and 1.56, 1.81 ns in

ZnTPP respectively.

According to the calculated K values of TPP and ZnTPP (36.1 and 13.5 M,
the other static component is determined from the slope of the second order SV plot
(Figures 4.29 and 4.31) and it is found to be 101.3 and 169.9 M"' (Ks) for TPP and
ZnTPP. The static quenching component (K5) is larger when compared to the dynamic

component (Kp), indicating a high rate of complex formation.

The results suggest that the positive deviation in the SV plot of TPP and
ZnTPP in the presence of external quencher (AQ) in CH;Cls is due to the presence of

a high static quenching component in the overall dynamic quenching.
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Table 4.16 Lifetimes of TPP and ZnTPP (ns) with different concentration of AQ in

CH:Cl;
Lifetime Kp Ks
Compound l[;aqnld M? | m?
71(ns) T2(ns)
TPP 0.0 |9.038(68.31+1.05%) 0.178(31.69+41.30%) | 36.10 | 101.31
1.6 | 6.067(61.16+2.12%) 0.092(38.84+24.10%)
ZnTPP 0.0 | 1.743(78.11£10.12%) 0.260(21.89+20.80%) | 13.50 | 169.91
1.6 | 1.441(79.03£8.48%) 0.345(20.97+26.07%)

Table 4.17 Lifetimes of TPP and ZnTPP (ns) with different concentration of AQ in

DMAc
g Lifetime Kp Ks
Compound l[ﬂg]'l = ' M- M
T1(ns) T2(ns)
TPP 0.0 | 10.840(70.79+0.01%) 0.036(29.21+0.01%) | 12.42 | 176.55
1.6 8.723(67.57+0.62%) 0.063(32.43+15.50%)
ZnTPP 0.0 | 1.813(70.66+5.32%) 0.170(29.34+1.63%) | 21.91 | 91.51
1.6 | 1.563(72.03£5.40%) 0.250(27.97£10.0%)
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Figure 4.28 Fluorescence quenching (A) and Stern-Velmer plots (B) of fluorescence
quenching of 5x10® mol.dm™ TPP by AQ concentration 0.002-0.016 M in CH,Cl,
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Figure 4.29 Plot of [(F¢/F) — 1]/[AQ] vs. AQ for TPP fluorescence quenching by AQ
in CH>Cl;
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Figure 4.30 Fluorescence quenching (A) and Stern-Volmer plots (B) of fluorescence
quenching of 5x10® mol.dm™ ZnTPP by AQ concentration 0.002-0.016 M in CH,Cl,
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Figure 4.31 Plot of [(F¢/F) — 1]/[AQ] vs. AQ for ZnTPP fluorescence quenching by
AQ in CH,Cl,



81

As similarly with CH,Cl;, the fluorescence quenching of 5x%10° mol.dm™ in
DMAc, free-base porphyrin TPP and metallic ZnTPP were examined by increasing
the concentration of external quencher (AQ) from 0.002-0.016 M. Likewise, the
monomers did not obey the simple Stern-Volmer linear relationship; that is, the plot
deviated upward from the straight line (Figures 4.32B and 4.34B). The static and
dynamic quenching constants can be determined from a plot of the apparent
quenching constant (K,p,) versus [AQ] (Figures 4.33 and 4.35), found to be
sufficiently linear. The plot of (t¢/1) versus [Q] of TPP and ZnTPP (Figure 4.32B and
4.34B) for these systems gives a straight line with a slope equal to Kp (12.4 and 21.9
M™). The lifetimes of fluorophore with different concentration of quencher in DMAc
are given in Table 4.17. The other static component is determined from the slope of
the second order SV plot (Figures 4.33 and 4.35) and it is found to be 176.5 and 91.5
M (Ks) for TPP and ZnTPP, respectively. The static quenching component (K5s) is
larger when compared to the dynamic component in DMAc and possible explanation
could be due to the presence of a high static quenching component in the overall
dynamic quenching. These observations suggest a significant contribution of static
quenching in CH>Cl, and DMAc. A possibility for the static contribution to the
quenching may be a ground-state donor-acceptor (D-A) interaction between TPP,
ZnTPP and AQ quencher.
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Figure 4.32 Fluorescence quenching (A) and Stern-Velmer plots (B) of fluorescence

quenching of 5x10* mol.dm™ TPP by AQ concentration 0.002-0.016 M in DMAc
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Figure 4.33 Plot of [(F¢/F) — 1]/[AQ] vs. AQ for TPP fluorescence quenching by AQ

in DMAc
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Figure 4.34 Fluorescence quenching (A) and Stern-Volmer plots (B) of fluorescence

quenching of 5x10* mol.dm™ ZnTPP by AQ concentration 0.002-0.016 M in DMAc
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CHAPTER V

CONCLUSION

Four series of porphyrin-containing polyimides were synthesized. All of them
showed good thermal and thermooxidative properties measured by TGA analysis.
They all had high decomposition temperature at above 500 °C. It was found that the
existence of either one of cis-DATPP or (rans-DATPP or cis-ZnDATPP or rrans-
ZnDATPP in the polymer did not significantly affect the thermal stabilities of these
polyimides as compared to the polyimide without porphyrin. They exhibited
significantly higher viscesities than polyimides without porphyrin. It was postulated
that the aggregation of polyimide chain might occur via pi-pi interaction of porphyrin
units, and in case of zinc porphyrin-containing polyimides, the axial ligation to the
zinc porphyrin additionally influenced on the decrease in viscosity.

These porphyrin-containing polyimides were soluble in common organic
solvents. Their spectroscopic properties were determined in two solutions as CH,Cl;
and DMAc. The absorption and fluorescence spectra of polyimides containing cis-
and rrans-DATPP were essentially the same in their absorption, fluorescence maxima
and band profiles as TPP while the polyimides containing cis- and trans-ZnDATPP
were the same as ZnTPP. Accordingly incorporation of cither cis- or trans-DATPP or
cis- or trans-DATPP gave the polyimides with the same thermal and spectroscopy
properties. In other words the pattern of the incorporation did not have a significant
effect on the molecular arrangement of the polymers.

The fluorescence quantum. yields of these polyimides in the absence of
quencher was found that the rate of electron transfer (kgr) from excited-state
porphyrin unit within the polymer to diimide acceptor groups in both CH;Cl; and
DMAc are very fast when increasing the porphyrin moiety due to self quenching. In
the case of metalloporphyrins, kgr was significantly larger than the corresponding
porphyrins. The lower values of ®¢and more rapid kgr in both CH;Cl; and DMAc for
the zinc porphyrin-containing polymers appeared to support the chain coiling effect.
Accordingly, these polyimides have great potential in photonic applications.

Fluorescence quenching of porphyrin monomers and polyimides-containing

porphyrin by an external electron acceptor (AQ) were found that the fluorescence
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intensity decreases upon successive addition of AQ. The Stern-Volmer plots are linear
in the relatively low concentration range investigated for free-base porphyrin and
metalloporphyrin by AQ. The observed decrease in the fluorescence intensity is due
to quenching of the excited singlet state of the porphyrin in the presence of AQ. TPP
(10=9.21 ns in CH;Cl; and 11.94 ns in DMAc) was characterized by longest lifetimes
compared to ZnTPP (16=1.97 ns in CH;Cl; and 1.94 ns in DMAc). This result implied
that TPP could interact with the anthraquinone quencher for a longer period of time in
the nanosecond time range. The bimolecular quenching rate constant k; of TPP and
ZnTPP were found to be 1.59x10'" and 4.72x10'° M s in CH,Cl; and 8.00x10° and
3.19x10'° M s”'in DMAc. A possible explanation for the high ky values of ZnTPP
could be due to rapid fluorescence quenching by AQ.

Fluorescence gquenching of the excited singlet states of porphyrin-containing
polyimides in the presence of AQ were also observed. These observations suggest that
the small amount of porphyrin in the polymer chain (e.g. 5%) dissolves in the solvent
more freely and less aggregation causes A() to easily collide and attach with the Pl
species. In contrast, the greater amount 30% of ZnTPP moiety in the polymer, which
is crowded with bulky pelyimide pendants, is sterically protected from a direct
contact with AQ, a quencher with a large molecular size. The polyimides-containing
metalloporphyrins (series Il and IV). The k; of polyimides in CH,Cl; and DMAc
were similar, indicating that solvent polarity was not significantly affected the
fluorescence quenching of the excited-state polyimides and the amount of zinc-
porphyrin in the polymer chain.

At high anthraquinone concentration of TPP and ZnTPP in both of CH;Cl; and
DMAc can be explained involving both static and dynamic quenching mechanisms. It
was found that increasing concentration of AQ the plot of (to/t) versus [Q] upward
formed the straight line. This indicates the presence of parallel quenching process,
such as static and dynamic quenching. This result was concluded that the static
quenching compenent (Ks) is larger when compared to the dynamic component (Kp)
both of CH;Cl; and DMAc.

This result was concluded that the pattern of incorporation of porphyrin by
using cis- or frans-porphyrin in polyimides did not have a significant effect on the

molecular arrangement, optical properties and the effect rate of electron transfer.
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Suggestions for further work

1. Study glass transition temperature (T) of all polyimides using
thermomechanical analysis (TMA) of thin films.

2. Optimize the electron transfer properties of these polymers by modifying
the acceptor group as well as the ratio of porphyrin/acceptor within the copolymer to
determined Organic light-emitting devices.
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APPENDIX A
Absorption spectra of porphyrins and polyimides

A.1 Absorption spectra of porphyrin and polyimide in CH,Cl;
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Figure A.1.1 Absorption spectra of TPP, cus- and rrans-DATPP.  Figure A.1.2 Absorption spectra of ZnTPP, cis- and trans-
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APPENDIX B

Fluorescence spectra of porphyrin and polyimides

B1. Fluorescence spectra of porphyrins and polyimides in CH,Cl;
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Figure B.1.1 Fluorescence spectra of TPP, ciz- and trans-DATPP.  Figure B.1.2 Fluorescence spectra of ZnTPP, cis- and trans-
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B2. Fluorescence specira of porphyrins and polyimides in DMAc
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APPENDIX C

Infrared spectra of polyimides
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APPENDIX D

Determination of porphyrin content in polyimides
Determination of porphyrin can be obtained by using equation
A =¢gbc
where A = absorbance (optical density)
€ = molar extinction coefficient
b = path length through the sample
¢ = concentration of solute

Table D. Concentration of porphyrin in polyimides

Polyimide absorbance *(M'cm™) concentration mole of porphyrin
Series I
cis-DATPP
PI-C1 0.643 461000 1.395x10° 3.487 x10°
PI-C2 0.832 461000 1.805x10° 4.512 x10”
PI-C3 1271 461000 2.757x10°* 6.893 x10”
PI-C4 2420 461000 5.249x10° 1.312 x10*
Series I1
trans-DATPP
PI-T1 0.678 461000 1.471x10°* 3.677 x10°
PI-T2 0.880 461000 1.909x10¢ 4.772 x10”
PI-T3 1.307 461000 2.835x10° 7.088 x10”
PI-T4 2318 461000 5.028x10%¢ 1.257 x10°*
Series ITI
cis-ZnDATPP
PI-ZnCl 0.821 559000 1.469x10°* 3.672 x10”
PI-ZnC2 1.492 559000 2.669x10°¢ 6.673 x10°
PI-ZnC3 2.168 559000 3.878x10* 9.696 x10°
PI-ZnC4 2362 559000 4,225x10° 1.056 x10*
Series IV
trans-ZnDATPP
PI-ZnT1 0.801 559000 1.433x10° 3.582 x10”
PI-ZnT2 1.414 559000 2.529x10° 6.322 x10°
PI-ZnT3 2.120 559000 3.792x10°* 9.481 x10”
PI-ZnT4 2.362 559000 4.225x10°* 1.056 x10°*

= Ezatep = 559000 for polyimides containing zinc porphyrin.

€' (CH;Cl;) = &1pp = 461000 for polyimides containing free base porphyrin.
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APPENDIX E

Fluorescence spectra and Stern-Volmer plot of porphyrin and
polyimides

Fig.E1 Fluorescence spectra and Stern-Volmer plots of TPP, cis-, trans-DATPP
and polyimides containing 5-30% (Series | and II) by Anthraquinone in CH;Cl;
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Fig.E2 Fluorescence spectra and Stern-Volmer plots of TPP, cis-, trans-DATPP
and polyimides containing 5-30% (Series I and II) by Anthraquinone in DMAc¢
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and Stern-Volmer plots of TPP, cis-, trans-DATPP
5-30% (Series IIl and IV) by Anthraquinone in

CH)Cl,
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Fig.E4 Fluorescence spectra and Stern-Volmer plots of TPP, cis-, trans-DATPP
and polyimides containing 5-30% (Series III and IV) by Anthraquinone in

DMAc
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APPENDIX F

Fluorescence quantum yield determination

The fluorescence quantum yield (@) is defined as the ratio of the number of photons
emitted and photons absorbed through fluorescence and calculated by using equation

F

o

Eq. F

£

I

©
>|>

O\
|

where @, is the fluorescence quantum vield of known standard (from literature)
A; = Absorbance at A(ex) of standard
A, = Absorbance at A(ex) of sample
ns = Index of refraction of standard solvent
n. = Index of refraction of sample solvent
D, = Computed area under corrected fluorescence emission spectrum standard
D. = Computed area under corrected fluorescence emission spectrum sample

Tetraphenylporphyrin (TPP) in toluene (®; = 0.1 0.001), TPP in CH,Cl; (9= 0.116)
and TPP in DMAc(®¢ = 0.15). For metallic porphyrin; ZnTPP in toluene (®;= 0.033),
®;=0.02 inCH,Cl; and ®;= 0.024 in DMACc) as a standard.
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Quantum yield determination for TPP in ungassed
Dichloromethane with red sensitive tube.
experiment 1

This QuickSheet demonstrates Mathcad’s espline and P
interp functions for connecting X-Y data. Bt
Enter a matrix of X-Y data to be interpolated:

Enter spectral data for compound afier converting to wavenumbers, muliplying inlensity by
lambda squared DO NOT nemalize imtensity. Insert data from Excel -ight key, paste table.

datal :=
Fil 100
w700 ..

Click on the Input Table above until you see the handles, and
enlarge it 10 see the matrix data used in this example.

dalal,;= esortdaul 0)
Spline coefficients:

S1 1= copline(X,Y)
Fitting function:

fit(x) == imterp(51,X,Y,x)
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Sample mterpolated values: 1(21000) = 100
fit( 18800) = 2.418 x 10"

Intensity

Lazec10’ radsaot 157200t Leemaet Lszeaet  14sae’
Wavenumbers

1.210*

Xxd X-Y data
—— Cubic spline interpolation

Correction faclors for LS50B with red sensitive lube

DATA Limits 12,500-22,200 Wavenumbers
corrdata ;= -
0 1
12500 4.43
1 12550 .

AN tori®) )% bondsn™”
Spline coefficients:
A= cspline(A, B)
Fitting function:
Fitting function:

corrfit(x) := interp(S,A,B,%)
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comspee(x) := corrfit(x)-fit(x)

X II'.I.'II T T T T
L;= 12500, 12550.. 22200 H
‘e L5x10'F ﬂ -
i
1.256104
1.26-104 corTspec( x) ]
= x10'F .
g~ firx)
5
)
corrspee(l) = 510’ U i 1
3.626-105 i
7.74105 P
9337108 > S
1.036-108 1210 14310 161 10* 17910 19710" 215010*
a 1%
Wavenumbers
21500 3 21500 i
I fit{x) dx = 5.774 = 10 I corrspec{x) dx = 2.344 x 10
12500 12500
Enter a matrix of X-Y data to be interpolated:

Enter speciral data for standard (TPP in loluene) after converfing lo wavenumbers,
mulfip lying intensity by lambda squared DO NOT normalize intensities. Insert data from

Excel -right key, paste lable.

stdata = -
21000 50
20000 ]
20800| p

Click on the Input Table above until you sec the handles, and
enlarge it to see the matrix data used in this example.



sidatg, = ceon(stdata, 0)
Gi= sidataD D= sidata”
Spline coefficients:
5= cspline(C,D)
Fitting function:
sfit{x) := interp(S,C, D, x}
4
sfit(18000) = 8.153 x 10
1ed0'  1sae’
x,C
scorrspec(x) := corrfit(x)-(sfit(x))
| | | T

1.5¢10°F

sompec()

1
"'SEJ 110
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1.2510" 1.389%10° 1.528<10" 1.66710" 1.80610" 1.945c10"

iX



Compound

21500 .
J corrspeo(x) dx = 2344 x 10'
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Standard

21500
I scormspee(x) dx = 1.765 % 10'°

12500

12500
Area under comected compound curve
21500
De = I comrspes(x) dx
12500
10
De=2344x 10
Compound
Absorbance st A(ex) Ac := 0.0559
ne:= |44
quantum yield of
standard

QYe: Qy,{g}[

Area under comected standand curve

21500
Dﬁ*I scomrspec(x) dx
12500

Ds = 1.765 x Iﬂm
Standard
As:= 005389
Toluene

Bej= 149

QYs:=0.10

=

QYec=0.116



120

APPENDIX G

Fluorescence lifetime determination

TPP in Dichloromethane

l=———"3} == 1] i—=. = ~]
A1 510:845 A1510:510 FLD Fit (2)
T —— E—
FLD Residuals (2) FLD Autocorrelation (2) FLD Deconvoluted (2)
3500 !
3000
2500
£ 2000
5
£ 1500
1000
500
1] —_— = e ———

40 50 60 70 80 80 100 110 120 130
Time [ns]



Analysis Function : TPP in CH,Cl;
*¥*#¥%%* one-to-four exponentials ******

kkkkE Input Valu:s LR L L

Decay curve: Al 510:645
IRF curve : Al 510:510

Start Time : 40
End Time : 130

Offset will be calculated
Shift fixed at 0

Pre-exp. 1 : 1
Lifetime 1 : |

***** Statistica *-t**

Job done after 9 iterations in 0.047 sec.

Fitted curve : FLD Fit (2)

Residuals : FLD Residuals (2)

Autocorrelation : FLD Autocorrelation (2)
Deconvolved Fit : FLD Deconvoluted (2)
Chi2 : 1.399

Durbin Watson : 1.258

Z :-0.1129

Pre-exp. 1 : 0.625 ' & 8.491e-003(100 © +1.359%)
Lifetime | : 9.209  + 7.345¢-002

Fl g 1
Tau-avl : 9,209
Tau-av2 1 9.209

Offset 1 =3.54
Shift 0
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APPENDEX H

Thermogravimetric analysis (TGA)

» i
b 10
w1 w
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a0 o
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X1 ]J
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Figure H.1 TGA thermogram of polyimide P10 in air

weight (%)
s = &

lempentr: (2

Figure H.2 TGA thermogram of polyimide
PI-C1 in air
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Figure H.3 TGA thermogram of polyimide PI-C2 in air Figure H.4 TGA thermogram of polyimide

PI-C3 in air
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Figure H.5 TGA thermogram of polyimide PI-C4 in air Figure H.6 TGA thermogram of polyimide

PI-T1 in air
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Figure H.7 TGA thermogram of polyimide PI-T2 in air Figure H.8 TGA thermogram of polyimide

PI-T3 in air
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APPENDIX 1

Intrinsic viscosity measurement

The intrinsic viscosity is determined experimentally by measurement of flow time of
solvents (tp) and a series of dilute polymer concentrations of know concentration (t.)
in a standard capillary viscosity. The specific viscosity is calculated from the

equation.

The intrinsic viscosity was obtained by plotting 1, /C and against Concentration and

extrapolating to zero conecentration

7 -
1.5 1
nle 17
M-

0 e | Fi L T 1

0 0.2 04 0.6 0.8 1

Figure 1.1 Dilute solution viscometry: The plot of ns,/c against concentration.



Table I. Average time of polyimide solutions traveling through the Ostwald
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viscometer
Time(s)
Concentration
PI Ns/C
(g/dL) o & t; tave "
0.02 4425 44.18 44.14 44.19 0.140 | 0.700 |
0.04 5032 5040 5045 5039 0.300 | 0.750
PIO 0.06 5697 57.00 5742 57.13 0.474 | 0.790
0.08 6530 6522 6529 6527 0.684 | 0.855
1.00 7477 7482 7484 7481 0.930 | 0.930
Series 1 0.02 48.84 4875 4881 48.80 0.259 | 1.295
0.04 59.37 59.19 5925 5927 0.529 | 1.323
PLCI 0.06 7031 7029 - 7033 7031 0.814 | 1.357
0.08 82.49 8255 8249 8251 1.129 | 1.411
1.00 9488 9490  95.10 94.96 1.450 | 1.450
0.02 3800 48.04 48.14 48.06 0.240 | 1.200 |
0.04 5931 5922 59.19 59.24 0.528 | 1.321
PI-C2 0.06 71.10 7111 7106 71.09 0.834 | 1.390
0.08 83.14 8306 83.10 83.10 1.144 | 1.430
1.00 9490 9501 9497 94.96 1.450 | 1.450
0.02 46.44 4651  46.34 4643 | 0.198 | 0.990
0.04 55.55 5552 5543 55.50 0.432 | 1.080
PI-C3 0.06 65.00 65.11 6501 65.04 0.768 | 1.130
0.08 7175 - =T 98 NTRI6 7121 0.992 | 1.240
1.00 89.50 8949 8933  89.54 1.310 | 1.310
0.02 44.99 4503 44.86 44.96 0.160 | 0.800 |
PI-C4 0.04 5235 5245 5240 52.40 0.352 | 0.880
0.06 6149 6151 6165 61.55 0.588 | 0.980
0.08 7277 1291 7293 T72.87 0.880 | 1.100
1.00 86.80 8675 8691  86.82 1.240 | 1.240
Series 11 0.02 4866 48.72 48.66 48.68 0.256 | 1.280
0.04 5923 5933 5925 59.27 0.529 | 1.323
0.06 7050 7051 7040 70.47 0.819 | 1.365
PI-T1 0.08 82.63 8269 8260 8264 1.132 | 1.415
1.00 9632 9612 9592  96.12 1.480 | 1.480
0.02 4731 _ 4735 4721 47.29 0.220 | 1.100
0.04 57.61 5772 5174 5169 0.488 | 1.221
PI-T2 0.06 69.49 6950  69.36 ' 69.45 0.792 | 1.320
0.08 82.55 8250 8239 8248 1.128 | 1.410
1.00 98.08 98.06  _98.04 _ 98.06 1.530 | 1.530
0.02 46,50 46.50  46.53  46.51 0.200 | 1.000
0.04 5570 55.83 5590  55.81 0.440 | 1.100
PI-T3 0.06 6550 6548  65.52 65.50 0.690 | 1.150
0.08 77.18 7726 77.19 7721 0.992 | 1.240
1.00 91.01  91.09  91.17  91.09 1.350 | 1.350 |
0.02 4484 4480 44.79 4481 0.156 | 0.780
0.04 5227 5230 5230 5229 0.348 | 0.870
PI-T4 0.06 60.85 6072 6098 60.85 | 0.570 | 0.950
0.08 69.53 69.56 6929 69.46 0.792 | 0.990
L) . 1.00 8140 8146 8131 8139 1.100 | 1.100
Series IIT 0.02 4781 4779 4789 4783 | 0234 | 1.170 |
0.04 58.09 58.06 57.85 58.00 0.496 | 1.241
0.06 6990 6991 6995 69.92 0.804 | 1.340
PI-ZnC1 0.08 83.10 83.03 83.17 83.10 1.144 | 1.430
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~d

1.00 0485 9491 95.12 94.96 1.450 | 1.450 |
0.02 4650 4649 46.54 46.51 0.200 | 1.000
0.04 5550 5550 5550 55.50 0.432 | 1.080
0.06 6572 6569 6581 65.74 0.696 | 1.160
PI-ZnC2 0.08 7150 7149 TS5 71152 1.000 | 1.250
1.00 93.04  93.10 9292  93.02 1.400 | 1.400
0.02 4527 4527 4527 4527 0.168 | 0.840
0.04 5255 5251 5262 5256 0.356 | 0.890
0.06 61.71 61.77 61.86 61.78 0.594 | 0.990
PI-ZnC3 0.08 7130 W29 T8 i) 0.840 | 1.050
1.00 81.76  81.69  81.68 81.71 1.108 | 1.108 |
0.02 4479 4481 4459 44.73 0.154 | 0.770
0.04 52.59 . 5255 5254 5256 0.356 | 0.890
0.06 63.81 6385 6398 63.88 0.648 | 1.080
PI-ZnC4 0.08 7290 /7288 7283 7287 0.880 | 1.100
a 1.00 86.75 8680 8691  86.82 1.240 | 1.240
Series IV 0.02 48.32 . 4825 4830 4829 0.246 | 1.230
0.04 5885 5888  59.00 58.91 0.520 | 1.300
0.06 70.18 7020 70.10 70.16 0.810 | 1.350
PI-ZnTI 0.08 B 82108000 8217 1.120 | 1.400
1.00 9422 9415 9420 94.19 1.430 | 1.430
0.02 4645 4648  46.60 46.51 0.200 | 1.000
0.04 5545 5549 5556  55.50 0.432 | 1.080
PI-ZnT2 0.06 66.73 6674 6375 65.74 0.696 | 1.160
0.08 172.50:8 BEI\\TIS5 7152 1.000 | 1.250
1.00 93.01  93.09 9296  93.02 1.400 | 1.400
0.02 4567 45,66 45.86 45.73 0.180 | 0.900 |
0.04 5304 5308 5294 53.02 0.368 | 0.920
PI-ZnT3 0.06 6245 6255 6244 6248 0.612 | 0.120
0.08 E9534 9140 W 71.22 7132 0.840 | 1.050
1.00 BI69 B3  81.71  8L7I 1.108 | 1.108
0.02 4545 4549 4556 45.50 0.174 | 0.870
0.04 SYO7C T SE e S3 10  53.02 0.368 | 0.920
PI-ZnT4 0.06 62.04 6198 6201 62.01 0.600 | 1.000
0.08 TR a9 7287 0.880 | 1.100
1.00 2500 N ESRRLY] 8527 1.200 | 1.200

* in DMAc and flow time were measured at 35£0.1°C

® Calculated from equation I.1, where to = 38.76
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APPENDIX J

Molecular weight of polyimide determination

um——/\\\
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Picture J1. The chromatogram of polyimide without porphyrin (PI0)
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Picture J2. The chromatogram of polyimide-containing porphyrin 5% (PI-C1)
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Picture J3. The chromatogram of polyimide-containing porphyrin 10% (PI-C2)



129

T
3

S ——
130 14D0 1500 1600 1700  IROD 130 2000 200 B0 130 MM BN XN
Reteaton hume (mm)

Picture J4. The chromatogram of polyimide-containing porphyrin 15% (P1-C3)
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Picture J5. The chromatogram of polyimide-containing porphyrin 30% (PI-C4)
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Picture J6. The chromatogram of polyimide-containing porphyrin 5% (PI-T1)
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Picture J7. The chromatogram of polyimide-containing porphyrin 10% (PI-T2)
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Picture J8. The chromatogram of polyimide-containing porphyrin 15% (PI-T3)
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Picture J9. The chromatogram of polyimide-containing porphyrin 30% (PI-T4)
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Picture J10. The chromatogram of polyimide-containing porphyrin 5% (PI-ZnC1)
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Picture J11. The chromatogram of polyimide-containing porphyrin 10% (PI-ZnC2)
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Picture J12, The chromatogram of polyimide-containing porphyrin 15% (PI-ZnC3)



132

P T

1

200 001

400 004

—_——
1300 1400 1500 l6W 170 180 1900 00 00 2 BN M0 BN %W
Reteaton hme (rum)
Picture J13. The chromatogram of polyimide-containing porphyrin 30% (PI-ZnC4)
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Picture J14. The chromatogram of polyimide-containing porphyrin 5% (PI-ZnT1)
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Picture J15. The chromatogram of polyimide-containing porphyrin 10% (PI-ZnT2)
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Picture J16. The chromatogram of polyimide-containing porphyrin 15% (PI-ZnT3)
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Picture J17. The chromatogram of polyimide-containing porphyrin 30% (PI-ZnT4)
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