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Abstract

The development of conductive polymers has interested scientists from many fields including chemistry,
physics and material science for decades due to their excellent properties such as high conductivity, light
weight, flexibility, opto-electronic and electrochemical. Polythiophene and its derivatives are promising as
candidates for conjugated polymers and have played important roles in many applications such as energy
storage systems, organic thermoelectric device, organic light emitting diodes, organic field-effect transistor,
biological target chemosensors, and organic electronic devices. A better understanding of the syntheses,
properties and characterizations of thiophene is crucial and high priority for performance enhancement and
improving new prospects for next-generation materials.
Although FeCl; oxidative polymerization is the simplest method for synthesis of poly(3-hexylthiophene),
some issues concerning the previously proposed mechanism remain to be solved. In addition, enhancement of
the polyolefin properties via conjugated polymers will allow for potential applications such as the use of solar
energy as a heating source for desalination or preparation of capacitor electrodes. Furthermore, “green”
electronic, a novel scientific term, has now emerged as a “hot” area of research aiming at the incorporation of
natural compounds and conductive polymers. Research in this regard would open up easy and efficient routes
for the production of novel materials with interesting and advantageous properties such as biodegradability,
biocompatibility, and sustainability.
Therefore, the goal of this dissertation includes the following targets:

e To propose new insights into the mechanism of oxidative polymerization of 3-hexylthiophene

e To carry out catalytic oxidative polymerization of 3-hexylthiophene

e Synthesis of conjugated copolymers based on 3-hexylthiophene and the application of the obtained

material for ionic detection and fluorescence control

e Maodification of the polypropylene surface through grafting poly(3-hexylthiophene)

e Surface functionalization of biomaterials with poly(3-hexylthiophene)

e Photoluminescence control of the biomaterial through novel oxidative polymerization
All desired objectives were accomplished, the oxidative polymerization, a facile and efficient method for the
preparation and build-up of a conducting layer on the surface of polypropylene as well as the biomaterials.
This method has the advantages of simple manipulation, mild conditions, and ease for industrial-scale
production.
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Chapter 1:
New insights into the mechanism of oxidative polymerization of 3-hexylthiophene

1.1 Introduction

Thiophene and its derivatives are organic macromolecules with a system of delocalized n-electrons, provide
novel properties that can be potential useful in the applications of molecular imaging , blue light emitting
polymers 2, organic solar cells 34, chemical sensors ®, artificial muscles ¢, memory devices ’, organic electronics
and photovoltaic cells 8. The three most frequently used strategies for synthesizing poly(3-hexylthiophene)
(P3HT) including cross coupling polycondensation 1!, oxidative polymerization 1212 and electrochemical
methods **°, A number of mechanisms for P3HT synthesis have been proposed such as the radical mechanism
16 carbocation mechanism ', and radical cation mechanism 8. In case of oxidative polymerization, the
oligomer with a chlorine end group was detected using Matrix-assisted laser desorption/ionization mass
spectrometry (MALDI TOF MS)*, Furthermore, the MALDI TOF MS results indicated that the end-group of
the poly(3-hexylthiophene) chains synthesized by the polycondensation method depend on the solvent used
in reaction?’. With the use of the flow method and bio-derived “green” solvent for Grignard metathesis
(GRIM) polymerization, full conversion of P3HT could be obtained in less than one minute #. Recently, the
step polymerization of thiophene using onium salts?22 and the initial photooxidation mechanism?* confirmed
the formation of radicals. The iron (Il) chloride and hydrogen peroxide system is effective for the
polymerization of thiophene in aqueous media?. The bronsted acids are effective for the initiation for cationic
chain growth polymerization of thiophene derivatives %. In addition, the effect of solvents and temperatures
on the yield and regioregularity of P3HT have been investigated 2”8, and among the solvents used, a mixture
of dichloromethane and nitrobenzene gave higher yield, higher molecular weight and excellent reproducibility
2 Furthermore, zeolite, halloysite nanotube, and metal organic framework, known as nanocavities, were
applied for the solvent free oxidative polymerization of 3-hexylthiophene 2°. To meet green chemistry
requirements, ionic liquids were also used as solvents for FeCls-catalyzed oxidative polymerization of 3-
octylthiophene *°. Although, ionic liquids can replace conventional solvents and produce polymers in very
high yield of 99% *°, their cost is still too high. In comparison to ionic liquids, deep eutectic solvents, a mixture
of ammonium or phosphonium salts, have remarkable advantages such as biodegradability, low cost, fast
polymerization generation and high yields.®!

Over the past two decades, there has always been a need of four-fold FeCl; concentration relative to 3-
alkylthiophene monomer in the synthesis of poly(3-alkylthiophene) by oxidative polymerization, regardless
of the solvents used,e.g., chloroform, hexane, dichloromethane, acetonitrile $1316:27:3234 “jgnic liquids *, and
deep eutectic solvents .

In this chapter, we discuss a series of oxidative polymerization employing various ratios of FeCls/3HT in the
range 1:10 to 1:1, which were conducted to determine the role of the molar ratio in determining the yield and
molecular weight. Although, MALDI TOF MS is a powerful tool for the characterization of synthetic
polymers, it is inappropriate for the detection of small molecules with molar mass under 500 Da because of
the use of an organic matrix®. In contract, Surface-assisted Laser desorption/lonization time of light mass
spectrometry (SALDI TOF MS) using inorganic nanoparticle as an organic matrix-free can easily detect low-
molecular-weight compounds®-, Therefore, using SALDI TOF MS with titanium dioxide as the matrix, in
the first time, the structure of oligomer (such as dimer, trimer, tetramer and pentamer) was confirmed,
providing new insights into the mechanism of oxidative polymerization.

1.2 Experimental section
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1.2.1 Materials

3-Hexylthiophene and FeCl; were purchased from Tokyo Chemical Industry Ltd and used without any further
purification. Anthralin (Nacalai Tesque Inc., Tokyo ) and Silver trifluoroacetate (Wako pure chemical
industries Ltd) were applied as the matrix and cation agent in the MALDI-TOF MS, respectively. Hexane,
chloroform (contains 0.3-1% ethanol as a stabilizer) and chloroform for HPLC (ethanol free, contains 150
ppm amylene as a stabilizer), nitrobenzene and acetonitrile for HPLC used in this study was from Wako Pure
Chemical Industrials Ltd, dried by standing over 4A molecular sieves 24 hours, then purged with Argon gas
for 25 minutes before using. Titanium oxide was used for SALDI TOF MS (Surface-Assisted Laser
Desorption/lonization Time-Of-Light Mass Spectrometry)

1.2.2 Equipment

'H NMR spectra (400MHz) and IR spectra were recorded on a Brucker Acsend 400 spectrometer and a Jasco
FT/IR — 480 Plus, respectively. GPC was carried out in a system equipped with a Jasco PU-2080 Plus pump,
and a Jasco RI-2031 plus intelligent RI detector. The molecular weight and molecular weight distribution of
the polymers relative to polystyrene standard were analyzed using Chrom NAV software. Chloroform served
as the polymer solvent and eluent in an equilibrated system at 40°C. A Brucker autoflex speed-KE in reflector
mode was used for the MALDI-TOF MS (Matrix-Assisted Laser Desorption/lonization Time-Of-Light Mass
Spectrometry) and SALDI-TOF MS (Surface-Assisted Laser Desorption/lonization Time-Of-Light Mass
Spectrometry) analysis. ESI (Electrospray lonization) mass spectra were acquired with an AB Sciex Triple
ESI TOF 4600 system in positive ion mode, for analysis, 20 pl of sample was injected (direct injection) into
the mass spectrometer using chloroform/acetonitrile (10/90, v/v) as a solvent at a flow rate 10 pl/min (syringe

pump).

1.2.3 Synthesis polymerization of 3HT

All reactions in this study were conducted in an oven-dried Schlenk flask with a stop cock under an argon
atmosphere. FeCls (81 mg, 0.5 mmol) and anhydrous hexane (15 ml) were put into a Schlenk tube and the
mixture was performed ultrasound treatment for 15 minutes. The hexane (5 mL) solution of 3HT (90 mg, 0.5
mmol) was dropped into a magnetically stirred suspension of FeCls The obtained polymer was washed with
methanol to remove any residual FeCls, and then it was extracted with acetone and chloroform using a Soxhlet
extractor. The methanol soluble fraction was concentrated on a rotary evaporator then washed with deionized
water and extracted with dichloromethane three times. Then the extract was dried over Na.SO, and evaporated
to give a yellow oil. Polymerization of 3HT was carried out with different ratios between 3HT and FeCls in
different solvents as above. However, when chloroform (containing 0.3-1% ethanol as a stabilizer) was used
as a solvent, polymerization did not occur at a ratio of 1:1 between FeCls; and 3HT monomer. In this reaction
the solution was concentrated on a rotary evaporator, then washed with deionized water and extracted three
times with dichloromethane. Then the extract was dried over Na.SO. and evaporated to give an orange oil.

1.3 Results and discussion

The synthesis of P3HT was conducted under the conditions described in the experimental section (Scheme
1.1). Table 1.1 summarizes all results of P3HT synthesized in hexane. As shown in Table 1.1 (entries 5-9), the
P3HT were successfully synthesized even though the molar ratio of FeCls/3HT was lower than one. The
regioregularity of P3HT was affected by the temperature, in detail; the lower regioregularity was obtained at
the higher polymerization temperatures (entries 1-3 in Table 1.1). Lower temperatures support the self-
assemble ability and durable aggregate of head-to-tail (HT) structure?”*’ that favor the production of the HT
dimer more than the head-to-head (HH) dimer®. Therefore, lower temperatures improve the HT content of
P3HT. The polymer yield was 30% after 2 h with the molar ratio between the monomer and oxidant was 1:1.
Then the yield remained relatively constant around 30 % throughout the 72 h (entries 10-14, Table 1).

The same outcome was observed when the molar ratio of the monomer and oxidant was 1:4, under which
conditions the polymerization reaction reached completion after 2 h 1°. In case of 3HT/FeCls molar ratio of
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1:1, the molecular weight of the polymer (M,) was almost constant of 100 kDa, and was not affected by other
polymerization condition such as temperatures and time. However, both polymer yield and M, value decreased
by a 3HT/FeCl; molar ratio decreasing (entries 5-9, Table 1.1). In summary, the molar ratio between FeCls;
and the monomer has both the polymer yield and the molecular weight of the polymer changed but does not
affect the regioregularity of P3HT.

CeHis CeHi3
// \; FeCl,, temperature // \;
S time, solvent S n

Scheme 1.1 Synthetic scheme of poly(3-hexylthiophene)

Table 1.1: Oxidative polymerization of 3-hexylthiophene in hexane solvent

. Yield (%) .
Entry FeCls/3HT Temeerature Reaction =y -tone | Chloroform | Mn PDI | % HT®
ratio Q) time (h) fraction 9 | fraction © kDa
1 1:1 0 2 1.3 26.5 105 2.2 77
2 1:1 23 2 3.1 26.7 109 2.2 71
3 1:1 50 2 1.8 19.0 102 2.3 69
4 2:1 23 2 35 57.2 101 2.3 71
5 1:1 23 2 3.1 26.7 109 2.2 71
6 1:2 23 2 2.2 13.9 52 2.9 71
7 1:4 23 2 1.9 4.2 40 25 71
8 1:8 23 2 0.7 3.9 28 2.6 71
9 1:10 23 2 0.4 1.9 27 2.8 71
10 1:1 23 6 3.1 29.1 120 2.6 71
11 1:1 23 12 1.2 28.8 112 25 71
12 1:1 23 24 2.1 27.3 125 2.2 71
13 1:1 23 48 1.2 284 115 2.4 71
14 1:1 23 72 2.3 27.2 106 2.4 71

aDetermined by Gel-Permeation Chromatography (Polystyrene standard, solvent chloroform)
bPolydispersity Index. PDI = My/Mh

¢ HT: head to tail content, determined by *H NMR

d: Acetone fraction: the polymer product was Soxhlet extracted with acetone

€. Chloroform fraction: the polymer product was Soxhlet extracted with chloroform

The results from the polymerization in HPLC-grade chloroform (ethanol-free, contains 150 ppm of amylene

as a stabilizer) are summarized in Table 1.2. Previous literature on the oxidative polymerization of 3HT using
FeCls in chloroform?!227:38 reported that at least a two-fold excess of FeCls is required to produce P3HT, and
that usually, a four-fold excess relative to the 3HT monomer was used. Oxidative polymerization did not occur
when the molar ratio of FeCl; to 3HT was less than or equal to 1. In this study, we also confirmed that no
polymer was formed in the oxidative polymerization of 3HT using FeCls in chloroform containing 0.3 to 1%
ethanol as a stabilizer (Table 1.2 Entry 7)*. Surprisingly, under the same polymerization conditions, P3HT
was obtained in a 16.2% yield when ethanol-free chloroform (containing 150 ppm of amylene as stabilizer)
was used. This result indicates that even a small amount of ethanol may work as an inhibitor of the oxidative
polymerization reaction. In other words, it seems that a small amount of ethanol in chloroform will react with
FeCls to deactivate it *° and prevent the coordination between the 3HT monomer and the FeCls active sites. It
is also possible that the presence of ethanol caused a decrease in the Lewis acidity of anhydrous FeCls*. As
shown in Table 1.2, the oxidative polymerization of 3HT in chloroform (ethanol-free, containing 150 ppm of
amylene as stabilizer) occurred not only when the molar ratio of FeCls/3HT was 1, but even at lower molar
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ratios from 1:2 to 1:10 (FeCls/3HT). These results are noteworthy, similar to the polymerization reactions in
hexane, where P3HT could be obtained even though the stoichiometric amount of FeCls was lower than that
of 3HT. The P3HT synthesized in chloroform has a larger molecular weight distribution (PDI) and smaller M,
than the P3HT synthesized in hexane (Entries 5-9, Table 1.1 and Entries 2-6, Table 1.2). Moreover, the
content of the HT dyad in P3HT was not affected by the molar ratio of FeCl3:3HT. However, the yield of the
polymer was less than that in hexane (as shown in Fig. 1).
Table 1.2: Results from oxidative polymerization of 3-hexylthiophene in HPLC grade chloroform
(ethanol-free, contains 150 ppm amylene as a stabilizer) at 23 °C for 2 h

Yield (%) .
Entry FeCla/SHT Acetone Chloroform M”_3X PDI® | 9% HT®
ratio fraction ¢ L 10
raction fraction
1 2/1 1.3 43.8 40 3.5 72
2 1/1 1.6 14.6 38 3.6 72
3 1/2 14 4.1 32 3.2 72
4 1/4 0.8 1.3 30 3.3 72
5 1/8 0.5 1.2 29 3.2 72
6 1/10 0.3 1.0 30 3.1 72
7 1/1f 0 0 - - -

aDetermined by Gel-Permeation Chromatography (Polystyrene standard, solvent chloroform)
bPolydispersity Index. PDI = My/Mh

¢ Head to tail content, determined by *H NMR

d Acetone fraction: the polymer product was Soxhlet extracted with acetone

¢ Chloroform fraction: the polymer product was Soxhlet extracted with chloroform

f Chloroform (contains 0.3-1% ethanol as a stabilizer)

B —— Chloroform solvent
® — - Hexane solvent

Yield (%)

0.0 0.5 1.0 15 2.0
Mol ratio

Figure 1.1: Polymer yield as a function of different molar ratio of FeCl; and 3HT

It is extremely impressive that the oxidative polymerization occurred even when the molar ratio between the
FeCl; and monomer was as low as 1:10, although the yield varies depending on the molar ratio (Fig.1.1). This
result is incompatible with any of the proposed polymerization mechanisms, such as the radical mechanism®,
carbocation mechanism'’, and radical cation mechanism?®, found in the literature.

Previous reports 2"4° have suggested that the solubility of FeCls in a solvent affects the performance of the
oxidative polymerization in terms of yield, regioregularity, and polydispersity. Due to the poor solubility of
FeCls in hexane and HPLC-grade chloroform, the oxidative polymerization in these solvents occurred in a
heterogeneous system. It is said that the oxidative polymerization takes place on the active sites at the surface
of the FeClzcrystals® . In order to further investigate this phenomenon, several 3HT oxidative polymerization
reactions were carried out using two solvents—nitrobenzene and acetonitrile—which can both completely
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dissolve FeCls. Due to the good solubility of FeCls; in nitrobenzene and acetonitrile, the oxidative
polymerization in these solvents occurred in a homogeneous system. The results are summarized in Table 1.3.
Table 1.3: Results from the oxidative polymerization of 3-hexylthiophene in nitrobenzene and
acetonitrile at 23 °C for 2 h

Yield (%) a
Entry Solvent FeCI3/_3HT Acetone | Chloroform M”_3X PDIP % HT®
ratio _— e 10
fraction fraction
1 Nitrobenzene 1:10 0.3 1.6 10 1.3 71
2 Nitrobenzene 1:1 6.3 12.1 14 1.7 71
3 Acetonitrile 1:10 0.2 0.6 13 15 70
4 Acetonitrile 1:1 3.9 9.3 9 1.2 70

aDetermined by Gel-Permeation Chromatography (Polystyrene standard, solvent chloroform)
bPolydispersity Index. PDI = My/Mh

¢ Head to tail content, determined by *H NMR

d Acetone fraction: the polymer product was Soxhlet extracted with acetone

¢ Chloroform fraction: the polymer product was Soxhlet extracted with chloroform

We were astonished to find that a polymerization similar to what was seen in the heterogeneous reactions in
hexane and chloroform solvents could be obtained in both nitrobenzene and acetonitrile solvents, even when
the stoichiometric ratio between FeClz and 3HT was in the 1:1-1:10 range (Table 1.3). As shown in Table 1.3,
the P3HT obtained in acetonitrile or nitrobenzene showed a smaller M, and a relatively narrow molecular
weight distribution (PDI1=1.2-1.7) compared with polymers obtained in hexane or chloroform (PD1=2.5-3.5)
(Tables 1.1 and 1.2). Moreover, the polymer yield in the homogeneous reaction system was lower than in the
heterogeneous system (Tables 1.1, 1.2, and 1.3). In the heterogeneous reaction system, the concentration of
FeCls did not affect the polymer yield, which agrees with previous reports*?. However, in the homogeneous
systems studied, it was found that the polymer yield clearly depended on the concentration of FeCls, as shown
in Fig. 1.6. In these polymerization reactions, the molar ratio of FeCls/3HT was kept at 1:1, while the volume
of the nitrobenzene / acetonitrile solvent was varied to change the concentration of FeCls.

cocl,

=6.42
v(C-H)

4 s )
/ n
H 7‘

7
V(C,H)

ﬂ

3120 3100 3080 3060 _ 3040 3020

(026 J-0.31 =031

r T T T T 1
3200 3100 3000 2900 2800 2700 7 6 5 4 3 2 1
(@ Wavenumber / cm™ (b) ppm

Figure 1.2. FT-IR (a) and *H NMR (b) of P3HT in hexane (Entry 9, Table 1.1)
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Figure 1.4. FT-IR (a) and *H NMR (b) of P3HT in nitrobenzene (Entry 1 Table 1.3)
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Figure 1.5. FT-IR (a) and *H NMR (b) of P3HT in acetonitrile (Entry 3 Table 1.3)

The 'H NMR and FT-IR spectra of the P3HT synthesized in HPLC-grade chloroform, hexane, nitrobenzene,
and acetonitrile (using a FeCl3:3HT ratio of 1:10), are presented in Figs. 1.2, 1.3, 1.4, and 1.5, respectively.
The absorptions in the 3000-2800 cm™ region of the FT-IR spectra are normally assigned to the C-H stretching
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of the -CHsz and >CH; groups in the hexyl chain #44 | while the bands at 3080-2980 cm are a feature of the
backbone arising from the stretching vibration mode of thiophene at the 4-position (Cg-H)*#. The intensities
of the FT-IR spectra of P3HT synthesized from different solvents (in Figs. 1.2a, 1.3a, 1.4a and 1.5a) supports
the conclusion that a side reaction takes place at the 4-position, the extent of which was estimated based on
the anti-symmetric stretching vibration of the -CH3 group at 2950 cm®. The signals in the *H NMR at $=0.87
are assigned to the methyl proton . As summarized in Table 1.4, the peaks in the *H NMR at §=2.50 ppm
and 5=2.80 ppm are due to the head-to-head (H-H) and head-to-tail (H-T) structure of P3HT, respectively*.
The four moderate signals at =6.97 ppm, 6=7.00 ppm, 6=7.02 ppm and 6=7.05 ppm were assigned to four
triad configurations as follows: HT-HT, TT-HT, HT-HH and TT-HH, respectively . The ratio of the integral
intensities of the peaks at =0.87 ppm and 6=7 ppm in the *H NMR is consistent with the methyl group and
4-postion of 3HT, which is indicative of the occurrence of side reactions such as the chlorination at the 4-
position or 2,4-coupling reaction *°. The relative amounts of the two dyad and the four triad configurations of
P3HT synthesized in different solvents is almost identical, indicating that the heterogeneous or homogeneous
nature of the reaction does not affect the molecular characteristics of P3HT. Moreover, the ratios between the
integral intensity of the methyl proton (6=0.87) and four triad configurations (from 6=6.97 to 6=7.05) were
3.4 (hexane), 3.5 (HPLC-grade chloroform and nitrobenzene), and 3.6 (acetonitrile), respectively (Table 1.4).
These results indicate that side reactions occurred to a slight extent in all samples, regardless of the solvent
used.

Acetonitrile solvent Nitrobenzen solvent

. 224 .
12 A m s

Yield (%)
©
\

Yield (%)
AN

N
=]
1
N

T T T 18 T T T T T 1
0.1 0.2 0.3 0.05 0.10 0.15 0.20 0.25 0.30

[FeCL], (M) [FeCL], (M)

Figure 1.6. Polymer yield as a function of the concentration of [FeCls] in acetonitrile (a) and
nitrobenzene (b)

Table 1.4. Molecular characterization of P3HT samples synthesized with a molar ratio FeCls/3HT
(1:10) in different solvents

Dyads (%)" Triads (%)" Ratio of integral
solvent HT HH HT-HT HT-TT HT-HH TT-HH mter}srg?/nOf "
(Cp-H) and (CHa3)"
Hexane 71 29 53 16 16 14 3.4
ch:j)rol}grm 72 28 61 13 14 12 3.5
Nitrobenzene 71 29 52 15 18 15 3.5
Acetonitrile 70 30 54 16 17 13 3.6

MALDI TOF MS, which is a powerful tool for the characterization of synthetic polymers, was run using
anthralin as the matrix “47. The MALDI TOF mass spectrum of the acetone extract of the P3HT synthesized
in hexane using a FeCls:3HT stoichiometric ratio of 1:10, is shown in Fig 1.7. Similar spectra were also
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obtained for the P3HT polymerized in other solvents. The adjacent peaks differ in mass by one monomer
unit*, and measuring the mass difference between the adjacent peaks in the same series gives the mass of the
monomer unit ** %%, In the case of P3HT, the mass difference obtained was 166, consistent with the 3HT unit.
The MALDI-TOF mass spectrum of P3HT shows three or more ion series such as [166r, + 2H], [166m+H+CI],
and [166m+2Cl], which are similar to what has been reported previously*®. This implies that the terminal
proton at the 5-position of the thiophene ring in the oligomer was replaced with the chlorine generated from
FeCl; >4, The ion series [166m+2H] and [166,+H+CI], having hydrogen termination, can take part in
polymerization, but [166m+2Cl] seems to suppress the polymerization rate'®. From the repeat unit mass of the
3HT monomer (m/z = 166) and the calculated m/z of 1496.87, it was determined that the cluster peaks had a
molecular weight where m=9 (m: repeat unit number). Similarly, P3HT ions corresponding to [166,+H+Cl]
and [166,+2ClI] (with m=9) display mass-to charge ratios of 1531.98, and 1565.98, respectively, agreeing well
with the calculated m/z values of 1531.93 and 1565.94.
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;
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10000 —-: 166
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Figure 1.7. MALDI TOF MS of P3HT (Entry 9, Table 1.1).

The stabilizer in the chloroform solvent plays an important role in the oxidative polymerization of the 3HT
monomer using FeCls. The ethanol contained in the chloroform could diminish the coordination between the
monomer and Fe(Il1) active sites “°. Moreover, the ethanol stabilizer in chloroform causes a decrease of the
Lewis acidity of anhydrous FeClz*. When the stoichiometric ratio of FeCls/3HT is 4, the influence of ethanol
can be ignored, which explains why previous literature reports state that P3HT with a high molecular weight
can be obtained in a high yield?"#2, However, when the stoichiometric ratio of FeCls/3HT is 1, due to the
presence of ethanol, the amount of active FeCls is insufficient to promote oxidative polymerization of the 3HT
monomer in order to obtain P3HT. Under these polymerization conditions, when the reaction is stopped by
methanol, there is no black precipitate, and the color of the solution remains yellow, indicating that
polymerization did not occur. To investigate further, this solution was concentrated, washed with deionized
water, and upon extraction with dichloromethane, was found to give a low-molecular-weight oligomer. Fig.
1.8 shows the *H NMR spectrum of this oligomer. The two peaks at 2.5 ppm and 2.8 ppm are assigned to the
a-CH2 protons, and the collection of peaks in the 6.6—-7.0 ppm range are assigned to protons of four triad
configuration of oligomer . In addition, Fig. 1.9 show the SALDI TOF mass spectrum of this oligomer,
analyzed using titanium oxide as a matrix. The SALDI TOF mass spectrum in Fig. 1.9 contains the ion series
[166n + H + H] and [166n + H + CI], with n = 4 and 5 (n is equal to the number of repeat units). These ions
are displayed at m/z 666.353, 700.387, 832.408, and 866.317, in good agreement with the calculated m/z
values of 666.342, 700.303, 832.423, and 866.384 (calculation by Isopattern), respectively. These results show
that when the stoichiometric ratio of FeCls/3HT is 1, oxidative polymerization of 3HT with FeCls in
chloroform (with ethanol as a stabilizer) only produces an oligomer having a regiorandom structure and low
molecular weight.
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Figure 1.8. *H NMR spectrum of the oligomer extracted from the methanol-soluble fraction when
3HT was synthesized under the following conditions: 2 h, FeCls/3HT = 1:1, 23 °C, in chloroform
solvent (contains 0.3-1% ethanol as stabilizer)

As described above, P3HT was obtained in both heterogeneous and homogeneous systems, with FeCls/3HT
molar ratios from 1:1 to 1:10. It has been reported that an oligomer (M, of 3300) with a regiorandom structure
is present in the methanol soluble fraction®? when oxidative polymerization of 3HT is conducted with a
FeCls/3HT stoichiometric ratio of 4. Fig. 1.10 shows the *H NMR spectra of the products extracted from the
methanol soluble fraction when the FeCls/3HT ratio was 1:10. Furthermore, a representative ESI MS of the
methanol soluble fraction, acquired in positive mode, shows peaks at m/z 169.1208 (Entry 9 Table 1.1),
169.1209 (Entry 6 Table 1.2), and 169.1679 (Entry 3 Table 1.3), as depicted in Fig. 1.11. These peaks
correspond to [M+H]* of the 3HT monomer peak, and are consistent with the calculated 3HT monomer peak
at a value of m/z 169.1045. This methanol soluble fraction (from Entry 9 in Table 1.1, Entry 6 in Table 1.2,
and Entry 3 in Table 1.3) only contained the 3HT monomer, which indicates that a number of 3HT monomer
molecules remain after the end of oxidative polymerization when using a FeCls/3HT molar ratio of 1:10.

3000
2500 -

2000 -

Figure 1.9. SALDI TOF MS of oligomer extracted from methanol — soluble fraction when 3HT was
synthesized followed conditions: 2 hour, FeCls/3HT is 1/1, 23°C in chloroform solvent (contains 0.3-
1% ethanol as stabilizer)
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Figure 1.10. 'H NMR spectra of the oligomer Figure 1.11. ESI MS spectra, acquired in
extracted from the methanol soluble fraction positive ion mode, of the oligomer extracted

corresponding to Entry 9-Table 1.1 (a), from the methanol-soluble fraction
Entry 6-Table 1.2 (b), and Entry 3-Table 1.3  corresponding to Entry 9-Table 1.1 (a), Entry
(c) 6-Table 1.2 (b), and Entry 3-Table 1.3 (c)

Fig. 1.12 shows the *H NMR spectra of the products extracted from the methanol soluble fraction when the
stoichiometric ratio of FeCls/3HT is 1:1. It is obvious that the spectrum of Fig. 1.12c is as same as the spectrum
shown in Fig. 1.10, meaning that a number of 3HT monomers remain even after oxidative polymerization of
3HT using a FeCls/3HT ratio of 1:1 in acetonitrile solvent. In contrast to Fig. 1.12c, Figs. 1.12a and 1.12b
show a series of peaks appearing from 0.5 to 7.5 ppm. The two peaks that appear at 2.6 ppm and 2.8 ppm are
related to the HT and HH dyad contents, while the cluster of peaks in the 6.6—7.0 ppm range correspond to the
four triad configurations that include HT-HT, TT-HT, HT-HH, and TT-HH segments®. In addition, Fig. 1.13
show the SALDI TOF mass spectrum of an oligomer (Entry 5 Table 1.1 and Entry 2 Table 1.2) for which are
two types of peaks are observed: [166n + H + H] and [166n + H + CI], with n =4 and 5 (n is equal to the
number of repeat units). These peaks are observed at m/z 666.360, 700.316, 832.402, and 866.301 (in Fig.
1.13), respectively, in accordance with the calculated m/z values of 666.342, 700.303, 832.423, and 866.384
(calculation by Isopattern). These results show that in a heterogeneous system (in hexane and chloroform),
many low-molecular-weight oligomers with regiorandom structures (47-51% of HT content) are produced.
However, in homogeneous systems (in acetonitrile) many 3HT monomers remain after oxidative
polymerization when a FeCls/3HT ratio of 1:1 is used. This also explains why the polymer yield obtained in
a heterogeneous system (in hexane or chloroform) is higher than that obtained in a homogeneous system (in
nitrobenzene or acetonitrile) when a FeCls/3HT ratio in the 1:1-1:10 range is used (see Tables 1.1, 1.2 and
1.3).
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Figure 1.12. *H NMR spectrum of the oligomer extracted from the methanol-soluble fraction of Entry
5in Table 1.1 (a), Entry 2 in Table 1.2 (b), and Entry 4 in Table 1.3 (c)
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Figure 1.13. SALDI TOF MS of the oligomer extracted from the methanol-soluble fraction of Entry 5
in Table 1.1 (a) and Entry 2 in Table 1.2 (b)

The solubility of FeCls in the solvent can play an important role in changing the yield of oxidative
polymerization. In a heterogeneous system (in chloroform or hexane), the 3HT monomers are easily
coordinated to Fe(lll) at the active sites on the surface of the FeCls crystals. The connections occur between
the free electron pair of the sulfur atom and the free orbital of Fe(l11)*. In a homogeneous system (in
acetonitrile or nitrobenzene), the coordination between the 3HT monomer and Fe(l1) is difficult due to the
solubility of the FeCls crystals in the solvent, resulting in a lower polymerization rate.

Many plausible mechanisms for the chemical oxidative polymerization of 3HT using FeCls have been
proposed for the case where the stoichiometric ratio of FeCls/3HT is 4 18274042 For example, a dimer consisting
of two 3HT monomers is formed initially, connected at the 2-position and 2’-position, and further oxidation
reactions occur more easily in the oligomer than in the monomer 842, In fact, in our research, the structure of
3HT dimer can be observed using SALDI TOF MS. Moreover, there are three possible routes in a plausible
mechanism for oxidative polymerization: coupling between the oligomer and monomer, coupling between
oligomers, and coupling between dimers*. In the case where the FeCls/3HT ratio is lower than 1, it is
supposed that dimer assembly should be the primary process at the early stages of chemical oxidative
polymerization. Based on the data described above, an enormous amount of oligomers and monomers remain
in the mixture after the end of the polymerization process. These results are in good agreement with the
hypothesis proposed in a previous paper*?, and indicate that coupling between oligomers was diminished, and
the oxidation of the monomer was also kept at a minimum. Thus, a coupling between the oligomer and
monomer (Scheme 1.2) should be favored for obtaining the regioregular-structured polymer?"42,
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Scheme 1.2. Proposed mechanism for the oxidative polymerization of PSHT?#

1.4 Conclusions

Solid FeClsis a very effective catalyst for oxidative polymerization. Ethanol, used as a stabilizer in chloroform,
significantly influences the performance of polymerization, especially when the FeCls/monomer ratio is equal
to or lower than 1. The oxidative polymerization of the 3HT monomer can be conducted reliably both in
hexane and ethanol-free chloroform using a FeCls/3HT ratio lower than 1 (from 1:1 to 1:10), and leads to a
high-molecular-weight polymer. The polymer yield and M, obtained in heterogeneous systems are higher than
those obtained in homogeneous systems. The yield of the oxidative polymerization is proportional to the molar
fraction of the Fe** used. A dimer could be formed at the initial stage of the oxidative polymerization. The
coupling between oligomer and monomer should be favored in order to obtain P3HT with a regioregular
structure. When the ratio of FeCls/3HT is in the 1:1-1:10 range, a large amount of low-molecular-weight
oligomers and monomers remain in the mixture at the end of the oxidative polymerization.
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Chapter 2:
The catalytic oxidative polymerization of 3-hexylthiophene

2.1 Introduction

In previous chapter, we reported the effect of the oxidizer/3-hexylthiophene monomer molar ratio in the
chemical oxidative polymerization and confirmed the proposed mechanism of 3HT with FeCl; as oxidant®.
Recently, the reduction-oxidation process involving FeCls was sufficiently described in detail and the
reduction of Fe(l1l) to Fe(Il) was confirmed by Fe K-edge X-ray absorption near-edge structure (XANES)?.
Chemical syntheses of poly(3-alkylthiophene) (PAT) were conducted by metal-catalyzed cross-coupling
polymerization using different transition metal acetylacetonate catalysts such as Pd(ll), Ni(Il) , Co(ll), and
Fe(I11)® or oxidative polymerization using FeCls,* MoCls, or RuCls ®, AICIs/CuCl, or AICI; alone®. In addition,
a new PAT was synthesized by the Curtis method, using Cu powder and a catalytic amount of PdCl; in
pyridine.” Although cross-coupling in the presence of Ni and Pd catalyst can be applied to the potential
synthesis of a selection of monomers, and producing perfectly regioregular structure, this method requires
brominated monomer as well as water- and oxygen-free conditions for polymerization 8 The oxidative
polymerization of P3HT with FeCls is simple and preferred for industrial production, however this method
limits the extended conjugation length due to cross-linking at the 2,4 positions®. Recently, several interesting
methods based on simple and inexpensive oxidative catalysis have been reported for the syntheses of 3HT and
its derivatives with regioregularity and the desired properties®*3. Polythiophene nanoparticles with a narrow
size distribution can be obtained by oxidative polymerization using FeCls; as a catalyst and hydrogen peroxide
as an oxidant 2. Furthermore, P3HT rich in head-to-head content can be obtained through palladium-catalyzed
oxidative polymerization °. Instead of FeCls, the oxovanadium catalyst system was employed for the synthesis
of regioregular head-to-tail poly(3-alkylphenylthiophene)*°. The use of catalytic amounts of CoCl, with FeCl;
was found to increase the molecular weight and regioregularity of P3HT 1. The poly[3-(4-
alkoxyphenyl)thiophene] with good regioregularity was obtained by oxidative coupling catalyzed by Cu(ll)
complexes 2,

In the case of the oxidative polymerization of 3HT with FeCls, in order to avoid the use of excess FeCls#54
2L an oxidizer to assist the catalytic oxidative polymerization by oxidizing Fe?* to Fe®* was considered
(Scheme 2.1). Some previous works demonstrated that FeCl, is oxidized to FeCl; when CHCIs is decomposed
by exposure to UV light in the presence of oxygen.2?? In this study, we report the catalytic oxidative
polymerization of 3-hexylthiophene with FeCls in hexane using various oxidizing agents (Cl,, BPO, H20Oo,

ZrCly, and (NH,)2Ce(NOs)s) capable of oxidizing Fe?* to Fe®*.
Oxidizing agent

+ |
Fe3* Fe2t

Scheme 2.1. The catalytic oxidative polymerization
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2.2 Experimental section

2.2.1 Materials

3-Hexylthiophene, FeCls, and FeCl, were purchased from Tokyo Chemical Industry Ltd. and used without
any further purification. Anthralin (Nacalai Tesque Inc., Tokyo) and silver trifluoroacetate (Wako Pure
Chemical Industries Ltd.) were applied as the matrix and cation agent in the MALDI-TOF MS, respectively.
Hexane was received from Wako Pure Chemical Industries Ltd. and dried by 4A molecular sieves for 24 h,
then purged with Ar gas for 25 min before using. Benzoyl peroxide (BPO) (Nacalai Tesque Kyoto Chemical
Industries Ltd.), H.O, (Sann Toku Chemical Industries Ltd.), ZrCls (Tokyo Chemical Industry Ltd.), and
(NH4)2Ce(NOs3)s (Wako Pure Chemical Industries Ltd.) were used as oxidizers for the catalytic oxidative
polymerization.

2.2.2 Equipment

'H NMR (400 MHz) and IR spectra were recorded on a Bruker Ascend 400 spectrometer and a Jasco FT/IR—
480 Plus, respectively. GPC was carried out in a system equipped with a Jasco PU-2080 Plus pump and a
Jasco RI-2031 with an intelligent RI detector. The molecular weight and molecular weight distribution of the
polymers relative to a polystyrene standard were analyzed using Chrom NAV software. Chloroform served as
the polymer solvent and eluent in an equilibrated system at 40 °C. A Bruker Autoflex Speed-KE was used in
reflector mode for the MALDI-TOF MS analysis. UV-Vis absorbance spectra and fluorescence emission
spectra were measured at room temperature on a Jasco V-650 UV-Vis spectrometer and a Jasco
spectrofluorometer FP-8300, respectively. ESI mass spectra were acquired with an AB Sciex Triple ESI TOF
4600 system; for the analysis, 20 uL of sample was injected (direct injection) into the mass spectrometer using
chloroform/acetonitrile (10:90, v/v) as a solvent at a flow rate of 10 uL/min (syringe pump). Electrical
conductivity of the iodine doped polymer film was measured with an Agilent 34401A 62 Digit Multimeter
resistometer by a four-probe method.

2.2.3 Synthesis and characterization of polymer products

2.2.3.1 Polymerization of 3HT using FeCls with oxidizers

All the reactions described in this study were conducted in an oven-dried Schlenk tube with stopcock under
an atmosphere of argon. The polymerizations of 3HT were done according to the literature, except that the
reagents and the ratios were changed.* In short, FeCls (81 mg, 0.5 mmol) was added to anhydrous hexane (15
mL) in a Schlenk tube and stirred for 5 min. The mixture then underwent ultrasound treatment for 15 min. The
hexane (5 mL) solution of 3HT (90 mg, 0.5 mmol) was dropped into the suspension of FeCls. After 24 h,
various oxidative agents (Cl,, BPO, H,02, ZrCly, and (NH.).Ce(NO3)s) were injected into the mixture, and the
reactions continued for another 24 h. The resulting copolymer was washed with methanol to remove any
residual FeCls, and then it was extracted with acetone and chloroform using a Soxhlet extractor.

2.2.3.2 Polymerization of 3HT using FeCl, and (NH3).Ce(NOs)s

FeCl, (64 mg, 0.5 mmol), (NH3).Ce(NOs)s (275 mg, 0.5 mmol), and anhydrous hexane (15 mL) were placed
in a Schlenk tube and stirred for 5 min. The mixture then underwent ultrasound treatment for 15 min. The
hexane (5 mL) solution of 3HT (90 mg, 0.5 mmol) was dropped into the suspension of FeCl, and
(NHs)2Ce(NOs)s, and the reaction mixture was stirred for 24 h. The resulting copolymer was washed with
methanol to remove any residual FeCl, and (NHs).Ce(NOs)s, and then it was extracted with acetone and
chloroform using a Soxhlet extractor. The solvents were evaporated to collect the products.

2.3 Results and discussion
CgH1s CeHis

U FeCly _ /\

S 24 h, rt, hexane * S

3HT monomer n

P3HT
Scheme 2.1 Synthesis of poly(3-hexylthiophene)
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The preparation of P3HT was carried out under the conditions shown in Scheme 2.1, and the ratio between
FeCl; and 3-hexylthiophene monomer was varied from 1:1 to 4:1. The results of these experiments are
summarized in Table 2.1.

Table 2.1. Oxidative polymerization of 3-hexylthiophene in hexane at room temperature (23 °C)

FeCls/3HT Yield (%)
Entry ratio Oligomer® | Polymer® w* kDa | PDI’ HT®
1 1:1 3.1 26.7 114 2.2 67
2 2:1 2.2 55.5 112 2.5 67
3 3:1 4.6 70.6 115 2.2 67
4 4:1 3.5 85.4 106 2.4 67

aDetermined by Gel-Permeation Chromatography (polystyrene standard, chloroform as solvent)
bPolydispersity Index, PDI = Mw/Mh

¢ HT: head to tail content, determined by *H NMR

d Oligomer: the polymer product was Soxhlet extracted with acetone

¢ Polymer: the polymer product was Soxhlet extracted with chloroform

904
80
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Yields (%)
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Figure 2.1. Yield of P3HT as a function of the molar ratio of FeCls to 3HT

As shown in Table 2.1, the head-to-tail (HT) content of P3HT was nearly constant despite the changes in the
molar ratio of FeCls/3HT, revealing that the formation of an HT unit is not affected by the amount of FeCls.
The average molecular weight (M) and PDI are around 111000 Da and 2.2, respectively. However, the yields
varied according to the change in the molar ratio of monomer and FeCl; (Fig. 2.1). The yield was drastically
improved from 29.8% to 88.9% with the increase in the FeCls/3HT molar ratio from 1 to 4. It is remarkable
that the oxidative polymerization occurs at all in this lowest molar ratio (FeCls/3HT = 1:1) which was
explained in previous chapter . In addition, the reduction of Fe(l11) to Fe(l1) has been confirmed definitely by
Fe K-edge XANES?. In the oxidative polymerization of 3-hexylthiophene using FeCls in hexane, FeCls acts
only as an oxidant. It has been suggested that the first step of oxidative polymerization is the formation of a
radical cation and the reduction of Fe(l11) to Fe(11).% During the reaction, Fe* is consumed and Fe?* is formed,
and the electrochemical potential of Fe®*/Fe?* decreases over time?*. Moreover, chloroform was oxidatively
decomposed by exposure to UV light in the presence of oxygen, which facilitated the oxidation of Fe(ll) to
Fe(111).2%2 It was considered that some oxidizing agent could oxidize Fe?* to Fe** and that the polymerization
could be catalyzed by the oxidation of Fe?* to Fe** (Scheme 2.1). Various oxidative agents (Cl,, BPO, H,O,,
ZrCls, and (NH4).Ce(NOs)s) were examined to determine which could effectively oxidize Fe?* to Fe®*. After
polymerization for 24 h at 23 °C, the oxidizing agents were added, and polymerization continued for another
24 h. The effects of the oxidizing agents in the polymerization of 3HT using FeCls are summarized in Table
2.2.
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Table 2.2. The effect of the oxidizing agents in polymerization of 3HT using FeCls in hexane

Entry Oxidizing Yield Insoluble

agent (%) (%)

1 none 29-35 -

2 Clz 28 -

3 H.0» 27 -

4 BPO 5 54

5 ZrCly 30 -

6 (NH)4Ce(NOs)s 53 -

Fe** + Cl, > Fe®* (1)

Equation 2.1. Chlorine as an oxidizing agent

CeH1sz CeH13

@ 4+ ooy Py g /U\CI + 2Hc1

S
Scheme 2.3. The halogenation of 3-hexylthiophene

Although chlorine is known to easily oxidize Fe?* to Fe3* in basic inorganic chemistry, as shown in Eq. (2.1),
it had no effect on the yield in this polymerization system. It is possible that a halogenation reaction of 3HT
occurs under these reaction conditions (Scheme 2.3).2° Since the chloro-substituted monomer is less reactive,?
it is likely that species that causes the termination of the oxidative polymerization. Although chlorine can
oxidize Fe?*to Fe®*, it is not potent enough to improve the polymerization yield due to the presence of the
halogenation reaction.

H»O; has been well-known as a Fenton reagent for more than a century (Scheme 2.4), although its mechanism
of action is still widely debated.?® Equation (2.2) lists a series of transformations proposed by Barb et al.?” to
be involved in the free radial mechanism.

Fe?* + H,0; > Fe** + OH + OH: (2.2a)
OH' + H,0, - HO, + H,0O (2.2h)
Fe**+ HO2 > Fe* + H + O; (2.2c)

Fe2" + HOy > Fe¥ + HO, (2.2d)
Fe?" + OH > Fe¥ + OH' (2.2¢)

Equation 2.2. The Fenton reaction

2
-

Scheme 2.4. The reaction between Fe?* and H,0,

Combination FeCls/H,0, systems (catalyst/oxidant) have been utilized successfully for the oxidative
polymerization of thiophene in the presence of a surfactant in aqueous medium.**?® However, hydrogen
peroxide is usually received and used as an aqueous solution, and water is not miscible with hexane. Therefore,
interactions between H>O, molecules and Fe?* ions are hardly possible. In addition, as shown in Eq. (2.2¢c),
hydroxy! radicals react with Fe®*, and this reaction competes with the oxidation of Fe?".

Benzoyl peroxide (BPO) is also able to oxidize Fe?* to Fe** (Scheme 2.5). P3HT was obtained in very high
yields, as shown in Table 2.2, but the percentage of insoluble material obtained was quite high. This means
that partial gelation of the resulting polymer occurs by a side reaction of 3HT at the 4-position.
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Scheme 2.5: The reaction between Fe?* and BPO

AFe?* + Zr** > 4Fe® + Zr (E° = —4.63 V with E%e?*/re®* = —0.771 V; E%2**/zr = —1.55 V) (2.33)
Fe?* + Ce** > Fe3* + Ce® (E = 0.99 V with E%e?*/re®* = —0.771 V; Efce**/ce® = 1.76 V) (2.3b)
(Standard reduction potentials obtained from the Handbook of Inorganic Chemistry)

Equation 2.3. Oxidation Fe?* by Zr*" and Ce**

Ce** (diammonium cerium nitrate) was the most effective oxidant among those tried for the polymerization of
3HT. The vyield of the polymer was typically in the range of about 29-35% without the addition of
(NH4)2Ce(NO3)s, but the yield improved to 53% with its use. To predict what redox reaction would occur, the
standard reduction potentials of Fe, Zr, and Ce are applied the diagonal rule (Equation 2.3). A positive value
of E° shows that the forward reaction is favored, while a negative value of E%indicates that the reverse reaction
is favored. This could explain why Ce increased the polymerization yield, while Zr had no effect.

P3HT obtained by adding (NH4).Ce(NOs)s was characterized by GPC and *H NMR, and its other properties
were also analyzed. Table 2.3 (entries 1 and 2) shows the molecular weight of the oligomer and P3HT polymer
synthesized with and without the addition of Ce**. The extracted oligomers of S1 and S2 had similar My’s
(4500 and 5600 Da) with a PDI of 1.3-1.4, while S1 resulted in a P3HT polymer with higher My than in S2
(114 x 10° Da compared to 99 x 10° Da) with a PDI of 2.2-3.8. These results indicate that the molecular
weight of the resulting polymer is nearly the same, with or without the addition of Ce**.

Table 2.3. Effect of the Ce** into polymerization of 3-hexylthiophene in hexane

Oligomer® Polymer®
Entry Sample Experiment M. % 10° : M. x 10° X
PDI PDI
Da Da
3+
1 s1 Fe 1/, 'iHT 45 1.4 114 22
3+ e
2 s2 Fe™/3HT/Ce 5.6 13 99 3.8
1:1:1
2+ 4+
3 S3 Fe ’fel,lmHT 15 1.4 11 1.9

aDetermined by Gel-Permeation Chromatography (Polystyrene standard, chloroform as solvent)
bPolydispersity Index, PDI = My/Mh

¢ Oligomer: the reaction product was Soxhlet extracted with acetone

d: Polymer: the reaction product was Soxhlet extracted with chloroform

To confirm definitively the oxidizing ability of Ce(lV), a combination of FeCl, and (NH.).Ce(NOs)s was used
to oxidatively polymerize 3HT (Table 2.3, entry 3). The obtained polymer (S3) had a molecular weight of
11000 Da (PDI = 1.9) and was obtained in 15% vyield.
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Figure 2.2. FT-IR spectra of P3HT samples S1, S2, and S3

Figure 2.2 shows the FT-IR spectra of the P3HT samples S1, S2, and S3. S1 and S2 were synthesized with a
molar ratio of 3HT/FeCl; of 1 to 1. The absorptions in the 3000-2800 cm™ are usually assigned to the C-H
stretching of the CH3 and CH: groups of the hexyl chain, while the bands at 3080-2980 cm™ correspond to
the stretching vibrations of the thiophene backbone at the 4-position (Cg-H).2%3° The intensities of the FT-IR
spectra were normalized based on the antisymmetric CHjs stretching at 2930 cm™.There is no apparent
difference between the peaks for the v(C-H) band among the three P3HT samples. However, the vibration
direction of the Cg-H out-of-plane deformation mode of S1, S2, and S3 were entirely different. These signals
indicated that side reactions involving chlorination at the 4-position had occurred. As shown in Fig. 2.2, the
intensities of the bands in the 3080-2980 cm™ region of S2 and S3 are very weak, which indicates that the
side reaction occurred at the 4-position in these samples. However, the stretching of the v(Cg-H) in the 4-
position of S1 is observed at 3061 cm™, which supports the notion that the side reaction was minimal to
nonexistent in S1.

cDCl, =043
i 1l
7‘08 755 754 752 750 658 6‘96 6‘94 6‘92 6‘90 b f=6.69
K u
SLN . :
7 6 5 a4 3 2 1
7 6 5 4 3 2 1ppm ppm
Figure 2.3. 'H-NMR spectra of P3HT (S1) Figure 2.4. 'H-NMR spectra of P3HT (S2)

29



|=5.39

1 ppm

Figure 2.5. 'H-NMR spectra of P3HT (S3)

Figures 2.3, 2.4, and 2.5 present the *H NMR spectra of samples S1, S2, and S3. The signals at § = 0.87 are
assigned to the methyl proton.3! The peaks at 8 =2.50 and & = 2.80 are related to head-to-head (HH) and head-
to-tail (HT) signals, respectively.®! The four moderate signals at 5 = 6.97, 5 = 7.00, § = 7.02, and § = 7.05 are
assigned to the four triad configurations HT-HT, TT-HT, HT-HH, and TT-HH, respectively.®! These results
are summarized in Table 2.4. While S1 and S3 have similar HT and HH configurations, the two dyad
configurations of S2 are entirely distinct. The four triad configurations of these samples are different;
particularly in S2, only one intense peak at 6 = 7.00 attributed to the HT-TT configuration appeared. These
results led to the conclusion that the dyad and triad configurations are a result of the presence of Ce*". The
intensity of the integral of the methyl proton (6 = 0.87) and the splitting of the peaks from the four triad
configurations in the aromatic region (6 = 6.97—7.05) indicate a regulation of the side reaction of 3HT at the
4 position. As seen in Table 2.4, the ratio of the integral intensity at the methyl proton and the four triad
configurations are 3.2 (S1), 5.3 (S3), and 15.5 (S2). These results indicate that the side reaction occurred in
all samples (S1, S2, and S3), but this reaction takes place only slightly in S1. In agreement with the *H NMR
spectra, in the FT-IR spectra, the integral intensity of the v(Cp-H) stretching vibration is much more apparent
in S1 than in S2 or S3, which suggests that many side reactions occurred at the 4-position in S2 and S3.
Moreover, in Table 2.4, it is observed that the ratio of the integral intensity of H from (Cg-H) and (CHs) in S2
is five times greater than that in S1 and three times greater than that of S3. These results confirmed that the
reaction involving chlorination at the 4-position, or the 2,4-coupling reaction that occurred in S2, was greater
than that in S3, and, in turn, the side reactions in S3 were greater than that in S1. In S1, side reactions at the
4-position still occur, but only slightly when Ce** was injected to the reaction mixture. Addition of Ce**
increased the yield, but also increased the incidence of side reactions at the 4-position and changed the
molecular characterization (only the TT-HT configuration was observed). Considering S3, in which a
combination system including Fe?* and Ce** was utilized for chemical oxidative polymerization of 3HT, it is
clear that this system worked effectively, with only minor changes in molecular characterization and side
reactions at the 4-position. Taking these results into account, it is indicated that Ce** is able to oxidize Fe* to
Fed*.
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Table 2.4. Molecular characterization of P3HT samples S1, S2, and S3

Samples Dyads (%)" Triads (%)” Ratio of integral
intensity of H
HT HH HT-HT HT-TT HT- TT- from
HH HH (Cp-H) and
(CHs)”

S1 67 33 50 17 15 17 3.2

S2 27 73 0 100 0 0 15.5

S3 67 33 39 20 18 23 5.3

“Determined by *H NMR
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Figure 2.6. UV-Vis spectra of P3HT (S1, S2, and S3) in chloroform

UV-Vis spectra of each of the three samples (S1, S2, and S3) in chloroform (Fig. 2.6) show only one peak
from P3HT molecules in the range of 380-439 nm. These peaks correspond to the n-r” transition that indicates
the conjugation length of the conducting polymer.323® The band gap energy is calculated from the onset
wavelength of optical absorption (Fig. 2.6b). An energy band gap of S1 is 1.91 eV, while S2 and S3 show an
energy band gap of 2.03 eV and 1.98 eV, respectively. The absorption spectra of the polymer samples exhibit
shifts in wavelength, reflecting the change in molecular structure, self-organizing tendency, and optical
gap.®*,* The large shift of the UV-Vis peak between S1 and S2 (shift (A) = 439-380 = 59 nm) is thought to
arise from side chain branches at the 4-position and a large HH content (73%) of sample S2. The HT content
of S3 remains the same (67%) as S1. However, the 420 nm peak of S3 shifts from 439 nm in S1 (A = 19 nm);
this smaller shift shows that side reactions at the 4-position produced side chain branching, which affected the
conjugation length of S3.

100 - ---83,A=571nm
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Figure 2.7. Fluorescence spectra of P3HT samples (S1, S2 and S3) in chloroform
Figure 2.7 shows the fluorescence spectra of the three samples S1, S2, and S3 in chloroform. The emission
maximum of S1 and S3 was observed at 573 nm and 571 nm, respectively, while that of S2 appeared at 550
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nm. With the appearance of side chain branches, the conjugation length of the polymer backbone varied,
leading to a change in the absorption peak and, consequently, the emission spectrum as well.

©

23 (166),-2H
35000 —

—

25000 -

(166)+H1-Cl
(166),12C1

20000

166

15000 —
3 166

10000 -

: 166
5000_3 l| | .l‘.l‘“‘ ‘h.'h. L —_—

T LI | L T T L | Te—)
1500 1800 2100 2400 2700 3000 3300
miz

Figure 2.8. MALDI TOF mass spectra of acetone-soluble fraction of P3HT (S1)
Figure 2.8 shows the MALDI TOF mass spectra of the acetone-soluble fractions of the sample S1. The
adjacent peaks differ in mass by one monomer unit,*® and measuring the mass difference between the adjacent
peaks in the same series gives the mass of the monomer unit.®”® The acetone-soluble fractions of S2 and S3
resulted in almost the same MALDI TOF mass spectra of S1. These MALDI TOF mass spectra of the P3HT
samples S1, S2, and S3 show a mass difference of 166, which is consistent with the 3HT unit and shows
common peaks such as [166n, + 2H], [166m + H + CI], and [1661, + 2Cl]. These values are in agreement with
those reported previously.® This implies that the terminal proton at the 5-position of the thiophene ring in the
oligomer was replaced with the chlorine generated from FeCls.%,** From the repeat unit mass of the 3HT
monomer (m/z = 166) and the calculated m/z 1496.87, it was determined that the cluster peaks had a molecular
weight of m = 9 (m: repeat unit number). Similarly, P3HT ions corresponding to [166m, + H + Cl] and [166m
+ 2CI] (with m = 9) result in mass-to-charge ratios of 1531.98 and 1565.98, respectively, agreeing well with
the calculated m/z of 1531.93 and 1565.94.
Table 2.5. Conductivity of P3HT (S1, S2, and S3) doped with lodine
Samples S1 S2 S3
Conductivity (S/cm) 0.9 0.09 0.6

As shown in Table 2.5, S1 and S3 show similar electrical conductivity (0.9 and 0.6 S/cm), but that of S2 (0.09
S/cm) is lower by about one order of magnitude. Previous works have demonstrated the effect of branched
side chains on the physicochemical, photovoltaic, and conductivity properties of conjugated polymer 354244,
The difference in conductivity between S1, S2, and S3 is influenced by the side reaction of 3HT at the 4-
position (see the ratio of integral intensity of H from (Cg-H) and (CHs) in Table 2.4), which could be related
to the torsion angle between adjacent monomer units, resulting in steric hindrance on the n-n stacking of the
conjugated polymer chain.

To ascertain whether (NH4).Ce(NOs)s can polymerize 3HT, a polymerization reaction with the Ce**/3HT ratio
of 1:1 was conducted. However, no polymer product was obtained in this reaction. To identify the substance
in the reaction mixture, it was concentrated and washed with deionized water and extracted with
dichloromethane. Removal of the solvent gave a yellow oil. The yellow oil (called the extraction part) was
analyzed by *H NMR and direct infusion ESI-MS. The pure 3-hexylthiophene monomer was also analyzed by
!H NMR and direct infusion ESI-MS for comparison.
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Figure 2.9. *H NMR of pure 3HT monomer (a) Figure 2.10. ESI-MS spectra, acquired in
and extraction part (b). positive ion mode, of pure 3HT monomer (a)
and extraction part (b)

As Fig. 2.9 shows, the extraction part includes only the 3HT monomer. Figure 2.10 shows the ESI-MS spectra,
acquired in positive mode, of the extraction part (b), and (a) shows the pure 3HT monomer which revealed the
same peaks at m/z 169.1142. These peaks correspond to [M+H]* of the 3HT monomer peak, consistent with
the calculated 3HT monomer at the value of m/z 169.1045. These results imply that (NH4).Ce(NOs)s alone
cannot polymerize 3HT, but it is adequate to oxidize Fe?* to Fe3*.

2.4 Conclusions

In polymerizing 3HT using FeCls as an oxidizing agent in hexane, it was proven that the yield of the polymer
product was influenced when the ratio of FeCl; to 3HT was changed in the range of 1:1 tol:4. Various
oxidative agents (Cl,, BPO, H20,, ZrCls, and (NH4).Ce(NOs3)s) were examined to find an effective oxidizing
agent (for Fe?* to Fe®*). Ce** was the most effective oxidizer for the required reaction, though it is not strong
enough to catalyze the chemical coupling oxidative polymerization of 3HT itself. As Ce*" induced a side
reaction of 3HT at the 4-position, the structure and properties of P3HT were significantly affected. The side
reaction of 3HT at the 4-position could result in steric effects due to the torsion angle of the adjacent monomer
unit, which would influence the optical properties and the conductivity of P3HT.
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Chapter 3:
Syntheses, characterizations and applications of conjugated polymers
3.1 Introduction:

In this chapter, we focus on the use of FeCl; oxidative polymerization to synthesize random
copolymers based on 3-hexylthiophene and explore their applications. Because of their unique conjugated
properties, polythiophene derivatives have attracted much attention the chemical and physical fields over the
last quarter of a century. These polymers have been used in many attractive academic and industrial
applications such as solar cells, molecular electronics, sensors and other applied electric devices 3. Several
studies on polythiophene have been carried, with focus on the molecular assembly properties of polythiophene
4, synthesis and characterization of poly(3-hexylthiophene) block polystyrene for photovoltaic applications °,
molecular structure of regio-regular oligo and poly(3-hexylthiophene) single crystals®, crystallinity of poly(3-
hexylthiophene) blocks with other polymers’, and improvement of well-controlled poly(3-hexylthiophene)
nanofibrils by ultrasound — assisted crystal segregation®. A diblock copolymer composed of poly(3-
hexylthiophene) and poly(N,N-dimethylamino-2-ethylmethacrylate-random-2-hydroxyethyl methacrylate),
synthesized via quasi-living Grignard metathesis (GRIM) polymerization were easily converted into
ammphiphilic  diblock copolymers®. A diblock copolymer of poly(3-hexylthiophene)-block-
poly(dimethylsiloxane) was synthesized for use as a donor material for organic photovoltaic devices™. A facile
synthetic route to well-defined poly(3-hexylthiophene)-block-poly(methylmethacrylate) copolymer was
designed based on the anionic coupling reaction®?.

Polymers with a carbazole group were widely investigated owing to their special electronic properties
such as high photoluminescence. A series of conjugated copolymers containing the carbazole group were
applied to organic solar cells'?, enhancement of bright pure blue-violet light with a high quantum yield*®,
recording medial® and other interesting applications. This carbazole containing polymer was applied as a
chemical sensor, as the nitrogen atom of the carbazole molecule has a lone pair of electrons *>2%, Because of
their remarkable characteristics, carbazole and its derivatives have attracted much attention for application in
the construction of fluorescent sensors 118202224 “Moreover, polymers with a high carbazole content show
high thermal stability 2?8, The conjugated copolymer of thiophene and carbazole derivatives can be expected
to have better properties for various applications. However, to date, there is no report on thiophene derivatives
and carbazole molecule(s) built into a linear polymer main chain, and the structure of this copolymer is still
unknown.

Polyfluorenes (PFs) are a vital class of conjugated polymers with unique properties such as emission
in a wide variety of colors with high efficiency and low operating voltage ?°, enhancement of OLED
performance ¥, high photoluminescence quantum efficiency and good thermal stability®! 2. Recently, much
research has been conducted to modify the structure of PF by blending, grafting, or copolymerization in order
to improve the performance of this polymer. Examples of such work include manipulation of
aggregate/excimer formation in PF with different end groups through nickel-mediated polymerization , and
control of the side chain structures during the solution-crystallization of PF derivatives *. The solubility of
PF, which has a planar structure with a tendency of aggregate, could be improved by copolymerization with
3-hexylthiophene. Copolymers comprising thiophene and fluorene derivatives could allow for simple and
effective tuning of the optical properties *°, which is important for their application in organic photovoltaics
(OPVs) %, and thus aid the formation of high-quality, freestanding films with tunable fluorescence properties
87 In addition, a copolymer based on fluorene derivative and thiophene derivative has been developed to
control and enhance the surface interactions in the active layer of OPVs, giving the favorable donor and
acceptor properties of fluorene and thiophene, respectively .

Methods for synthesizing copolymers based on conjugated polymers were segregated into three
distinct categories: cross-coupling polycondensation 363940 oxidative polymerization %4142 and electrical
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methods 374344 Among these methods, oxidative polymerization, which was proposed three decades ago, is
still being widely used on an industrial scale because it can be performed under mild reaction conditions*.

In this chapter, we report the design of novel copolymer of 9-ethylcarbazole (9EC) and 3-
hexylthiophene (3HT) (Scheme 3.1) (in the first part), and a copolymer of fluorene (F) and 3HT (in the second
part) (Scheme 3.5) through FeCls oxidative copolymerization. The relationship between the structure and
properties of these copolymers was also studied.

3.2 Experimental section

3.2.1 Materials and equipment

3.2.1.1 Materials

3-Hexylthiophene, anhydrous FeCls, fluorene and 9-ethylcarbazole were purchased from Tokyo Chemical
Industry Ltd and used without any further purification. Anthralin (Nacalai Tesque Inc Tokyo ) and
Silvertrifluoro acetate (Wako pure chemical industries Ltd) were applied as the matrix and cation agent in the
MALDI-TOF MS, respectively. Tri-n-butylborane (TBB) and tetra-n-butylammonium fluoride (TBAF) were
from Nippon Aluminum Alkyls Ltd and Wako pure chemical industries Ltd, respectively. Rhodamine B
(Wako Pure Chemical Industries Ltd) was used as the reference material for the relative quantum yield method.

3.2.1.2 Equipment

FeCls; was weighed in the UNICO UN 650 F mode box under an atmosphere of argon. *H-NMR spectra
(400MHz) was recorded in the Bruker Acsend 400 spectrometer. SEC was carried in a system equipped with
a Jasco PU-2080 Plus pump, and Jasco RI-2031 plus intelligent RI detector. The molecular weight and
molecular weight distribution of the polymers relative to polystyrene standard was analyzed by the Chrom
NAYV software. Chloroform served as the polymer solvent and eluent in an equilibrated system at 40°C. Bruker
autoflex speed-KE in a reflector mode was used to analyze MALDI-TOF MS. UV-vis absorbance spectra and
Fluorescence emission spectra were measured at room temperature on a Jasco V-650 UV-vis spectrometer and
Jasco spectrofluorometer FP-8300, respectively. Thermogravimetric (TG) analysis was carried out in air
condition with flow rate of 100ml/min by using a Hitachi Thermal Analysis System STA 7200 RV.

3.2.2 Synthesis of copolymer of 3HT and 9EC

3.2.2.1 The effect of reaction conditions

All polymerization reactions in this study were conducted in an oven-dried schlenk flask with stop cock under
an atmosphere of argon. Polymerization was carried out at room temperature (25 °C) according to the literature
except for changing the reagent and the ratio*. FeCls and chloroform were put into a schlenk flask and the
mixture was performed ultrasonic treatment for 15 minutes. 9-ethylcarbazole (9EC) and 3-hexylthiophene
(3HT) were dropped into a magnetically stirred suspension of FeClsand the reaction mixture was stirred for 2
hours under an atmosphere of argon. The obtained copolymer was washed with methanol to remove the
remaining FeCl; and then extracted in the order of acetone and chloroform by the soxhlet extractor.
Copolymerization of 9EC and 3HT using hexane or nitrobenzene instead of chloroform was carried out in
order to investigate the solvent effect of this polymerization. In order to further investigate the effect of the
polymerization temperature and polymerization time, polymerization was conducted at 0°C, 25°C and 50°C
and reaction time was 2 hours, 12 hours and 24 hours respectively.

Hexyl
Hexyl y

f E FeC13 (4.0 mol/monomer)
time, solvent temp

Scheme 3.1: Synthetic scheme of 9-ethylcarbazole and 3-hexylthiophene copolymers
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3.2.2.2 Synthesis of complex of 3HT/9EC copolymer and tri-n-butylborane (TBB)

THF solution of the 3HT/9EC copolymers (0.02 mmol as carbazole unit) and 0.1M THF solution of TBB (0.02
mmol) was mixed into a flask under atmosphere of argon and was stirred for 12 hours. Gummy complexes of
3HT/9EC copolymer and TBB were obtained after removal of solvent.

H
n THF n

Scheme 3.3: Synthetic scheme of complex of 3HT/9EC copolymer and TBB (Complex 2)

There are two types of TBB complexes: Complex 1 is the complex of poly(9-ethylcarbazole) (P9EC) and
TBB, and complex 2 is the complex of 3HT/9EC copolymer and TBB.

3.2.2.3 Fluorescence titration with Fluorine anion of TBB complexes

THF solution (0.5mM) of complex 1 and complex 2 was prepared, then 3ml of these solution and 1 ml of
various concentration of tetra-n-butylammonium fluoride (TBAF) solution (from 62.5 to 312.5 uM) were
introduced in a quartz cells. The fluorescence spectra were recorded at room temperature.

3.2.3 Synthesis of copolymer of 3HT and F

All reactions in this study were conducted in an oven-dried Schlenk flask with a stopcock, under argon
atmosphere. FeCl; and CHCI; were placed in a Schlenk flask that was cooled to 0°C in an ice bath. 3-Hexyl
thiophene and fluorene were dropped into a magnetically stirred suspension of FeCls, and the reaction mixture
was stirred for 2 h under argon atmosphere. The obtained copolymer was washed with methanol to remove
residual FeCls, and then extracted with acetone and chloroform by the Soxhlet extractor. The integrated
fluorescence intensity was calculated by the Spectra Analysis software.

3.3 Results and discussion
3.3.1 Copolymer of 3HT and 9EC

@ ® @ @

Figure 3.1. Images of polymer samples with different mol ratio dissolved in THF: (a) P3HT, (b)
3HT/9EC (50/50), (c) 3HT/9EC (40/60), (d) 3HT/9EC (33/67) and (e) P9EC (Table 3.4, entries 1-5)
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3.3.1.1 The effect of solvent on the 3HT/9EC copolymerization

P3HT POEC
(a) (b)
T T T T T T T T 1 T T I !
6 5 4 3 2 6 5 4 3 2
ppm ppm

Figure 3.2. *H NMR spectra of P3HT (a) and P9EC (b)

Copolymerization of 9EC and 3HT with the monomer ratio 50:50 was carried out in the presence of 4 mol
equivalent of ferric chloride as oxidant under nitrogen atmosphere for 2 hours at 25°C according to Scheme
3.1, and results of copolymerization in different solvents (hexane, chloroform, and nitro benzene) were
summarized in the Table 3.1 and Figure 3.3. As shown in Table 3.1, the copolymerization in hexane solvent
give the highest yield with 38% while the yield in chloroform and nitrobenzene are 26% and 17%, respectively.
Figure 3.3 shows *H-NMR spectra of resulting polymers of copolymerization in various solvents (hexane,
chloroform, and nitro benzene). Two signal groups at 8 = 4.0 — 5.0 ppm region and 6 = 2.0 — 3.0 ppm region
are clearly observed in the polymer produced in hexane. These peaks at 6 =2.0 — 3.0 ppm region (Figure 3.2a
and Figure 3.3a) corresponded to the a-methylene protons in the poly(3-hexylthiophene) (P3HT) and the signal
at 3=4.0-5.0 ppm (Figure 3.2b and Figure 3.3a) was assigned to the ethylene group of poly(9-ethylcarbazole)
(POEC) respectively. The carbazole content in copolymer can be calculated because the ratio between
integration of two peak areas indicated the mol ratio of 3HT and 9EC. As summarized in Table 3.1, the
copolymer obtained in hexane solution, was included about 30% of the carbazole. In contrast, the copolymer
obtained in other solvent, carbazole content in copolymer was very low (0% in chloroform and 5% in
nitrobenzene). The result indicates that solvent has remarkably influenced the copolymerization. It can be
explained that the FeCls must be solid state to be active as an oxidant in copolymerization 4/, and in this case
FeCl; does not dissolve in hexane, while it can partly dissolve in chloroform and completely dissolve in
nitrobenzene.

Table 3.1: The effect of solvents on the 3HT/9EC (50/50) copolymerization
(Reaction time 2 hours, 25°C)

Entry  Solvent Yield of Carbazole Molecular weight of
copolymer content in copolymer(*)
(wt./wt.%) copolymer(%) My Mw
(**) PDI
1 CeH14 38 30 10100 29800 2.9
2 CHCl3 26 0 35000 126000 3.6
3 CeHsNO; 17 5 10800 17500 1.6

(*) determined by GPC, (**) determined by *H-NMR
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(a) Hexane

6 4 ' ppm

(b) Nitrobenzene

e~

(c) Chloroform

Figure 3.3: *H NMR spectra of 3HT/9EC (50/50) copolymer in different solvents: (a) Hexane, (b)
Nitrobenzene and (c) Chloroform

3.3.1.2 The effect of temperature and reaction time on the 3HT/9EC copolymerization

Copolymerization of 9EC and 3HT with the monomer ratio 50:50 was carried out in hexane with the presence
of 4 mol equivalent of ferric chloride as an oxidant under nitrogen atmosphere for 2 hours by three different
temperatures (0°C, 25°C and 50°C) according to Scheme 3.1 and results of copolymerization were summarized
in Table 3.2 and Figure 3.4. As shown in the Table 3.2, yields of copolymer were 36% at 25°C and 30% at
50°C, respectively. In addition, the carbazole content reached a high percent (30%) at room temperature (25°C)
and a lower percentage with 19% at 50°C. In contrast, at the lowest temperature (0°C) no polymerization
product was obtained. These results revealed that incorporation of carbazole unit in copolymer is favored by
a room temperature, it maybe form a stable aggregates by through self-assembly “8 to form aggregates between
carbazole and thiophene during the copolymerization at room temperature.

Table 3.2: The effect of temperature on the 3HT/9EC (50/50) copolymerization
(Hexane solvent, reaction time: 2 hours)

Entry Temp°C Yield of Carbazole Molecular weight of
copolymer content in copolymer(*)
(wt./wt.%) copolymer(%) Mn Mw
(**) PDI
1 0 0 0 - - -
2 25 36 30 10100 29800 2.9
3 50 30 19 66100 110000 1.6

(*) determined by GPC, (**) determined by *H-NMR
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Figure 3.4: *H NMR spectra of 3HT/9EC (50/50) copolymer at different temperature: (a) 25°C and (b)
50°C

The provided Table 3.3 compares the difference of yield as changing reaction time. The more reaction time is,
the more yield of the product is. In this case, the highest yield (50%) was obtained by 24 hours, although the
carbazole content in copolymer remained unchanged.

Table 3.3: The effect of reaction time on the 3HT/9EC (50/50) copolymerization
(Hexane solvent, 25°C)

Entry Time Yield of Carbazole Molecular weight of
(h) copolymer  contentin copolymer(*)
(wt./wt.%) copolymer(%) Mn Mw
(**) PDI
1 2 36 30 11500 30500 2.6
2 12 41 30 10100 29800 2.9
3 24 50 30 12300 32300 2.6

(*) determined by GPC, (**) determined by *H-NMR

3.3.1.3 The effect of the ratio of 3HT and 9EC on copolymerization

Copolymerization of 3HT and 9EC with the different monomer ratio (by changing the 3HT/9EC molar ratio
from 100/0 to 0/100) was carried out in the presence of 4 mol equivalent of ferric chloride as an oxidant under
nitrogen atmosphere in hexane solvent at 25°C for 24 hours according to Scheme 3.1, and results were
summarized in the Table 3.4 and Figure 3.5. 3-Hexylthiophene homopolymer (P3HT) has the highest
molecular weight while each molecular weight of these copolymers decreased as the increase of 9EC in
copolymer. The Figure 3.1 indicated the color of the solution of different 3HT/9EC copolymers depend on the
9EC content in copolymer. The ratio between integration of two peak areas was indicated to be mol ratio of
3-hexylthiophene and 9-ethylcarbazole and 9EC content of copolymer was calculated. As a result, the ratio
contents of the copolymers with different monomer proportion (3HT/9EC from 100/0 to 0/100 in Table 3.4)
were estimated from the region scale of peaks in two ranges. As the Figure 3.5 and Table 3.4 shown, content
of 9EC in copolymer was obviously dependent on the ratio of 9EC and reached the highest value (47%) when
9EC molar ratio in feed was 60.
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Table 3.4: Polymerization results of 3HT and 9EC with different molar ratio
(Hexane solvent, reaction time 24 hours, 25°C)

Entry 3HT/9EC Yield of Carbazole Molecular weight of
molar copolymer content in copolymer(*)
ratio (wt./wt.%)  copolymer(%) M Mw
in feed (**) PDI
1 100/0 61 0 50000 160000 3.2
2 50/50 50 30 12300 32300 2.6
3 40/60 42 47 3500 3900 11
4 33/67 46 38 3300 3500 11
5 0/100 70 100 2200 2400 1.1

(*) determined by GPC, (**) determined by *H-NMR

3HT§ZI)EC (50/50) J ¥ /AL

6 4 ppm 2

(b)
3HT/9EC (40/60)

6 4

=}
°

3
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()
3HT/9EC (33/67)
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kel

°
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N

Figure 3.5: *H NMR spectra of 3HT/9EC copolymer at different molar ratio in feed.
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Figure 3.6. UV-vis spectra of homopolymers and copolymers in THF at room temperature.
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Figure 3.7. Fluorescence spectroscopy of (a) PO9EC and (b) P3HT (Table 3.4, entry 1 and 5)
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Figure 3.8. Fluorescence spectroscopy of (a) 3HT/9EC (50/50) and (b) 3HT/9EC (33/67) and (c)
3HT/9EC (40/60) (Table 3.4, entries 2-4)

Figure 3.6 shows UV-vis spectra of P3HT, P9EC and 3HT/9EC copolymers in THF at room temperature.
P3HT (Table 3.4, entry 1) and POEC (Table 3.4, entry 5) shows the simple UV-vis peak at 440 nm and 302
nm respectively, while other copolymers (Table 3.4, entry 2 to entry 4) shows multiple obvious peaks in a
range of 302 nm and 418 nm. In 3HT/9EC copolymers, the UV-vis peak at 302 nm was not changed, but the
peak at 440nm shifted slightly to the shorter wavelength side (from 440nm to 418 nm). The emission
fluorescence spectra of homopolymers and copolymers in THF solution at room temperature are shown in
Figure 3.7 and 3.8 for comparison. P3HT (Table 3.4, entry 1) and P9EC (Table 3.4, entry 5) shows only one
emission peak at 424 nm and 580 nm respectively (Figure 3.7), while other copolymers show two different
emission regions by two different wavelengths. For instance, in case of 3HT/9EC (50/50) (Table 3.4, entry 2)
there are two emission peaks in a range of 400-600 nm at Aexcitation = 302 Nm and one emission peak in a range
of 500-700 nm at Aexitation = 418 nm (Figure 3.8a).
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Figure 3.9. MALDI TOF MS of P3HT Figure 3.10. MALDI TOF MS of P9EC
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Figure 3.11. MALDI TOF MS  Figure 3.12. MALDI TOF MS  Figure 3.13. MALDI TOF MS
of 3HT/9EC (50/50) copolymer of 3HT/9EC (40/60) copolymer of 3HT/9EC (33/67) copolymer
(Table 3.4, entry 2) (Table 3.4, entry 3) (Table 3.4, entry 4)

To confirm that both 3-hexylthiophene and 9-ethylcarbazole monomer units were incorporated into the
resultant polymer main chain, acetone-soluble copolymers and homopolymers were analyzed by MALDI-
TOF MS (matrix-assisted laser desorption/ionization mass).

In general, the MALDI-TOF MS of P3HT shows common peaks such as [166, + H], [166, + CI] and [166, +
2CI] (Figure 3.9). And that of poly 9-ethylcarbazole shows similar peaks such as [193n + H], [193 + CI] and
[193 + 2CI] (Figure 3.10). In contrast, since both 3-hexylthiophene unit and 9-ethylcarbazole unit were
included in the copolymers, a variety of different peaks appeared in the MALDI-TOF MS (Figures 3.11, 3.12
and 3.13). In Figures 3.11, 3.12 and 3.13, n of (m+n) is thiophene units and m of (m+n) is carbazole units,
respectively. By matching one of the peak patterns of Figure 3.11, 3.12 and 3.13 to the calculated isotopic
distributions of these ions, each peak was identified obviously. For instance, the peak pattern of (m+n=11) in
Figure 3.11 (3HT/9EC (50/50) Table 3.4, entry 2) was identified as the peak [166, + 193, + Ag + CI]. This
indicates that 3HT/9EC copolymer included both 3-hexylthiophene and 9-ethylcarbazole monomer units.
Similarly, each MALDI-TOF mass spectra of other samples (3HT/9EC (40/60) - Table 3.4, entry 3 and
3HT/9EC (33/67) - Table 3.4, entry 4) shows well-defined peaks clusters (Figure 3.12 and 3.13) proven that
copolymers of 3-hexylthiophene and 9-ethyl carbazole in other ratio (3HT/9EC (40/60) and 3HT/9EC (33/67)
) were also prepared smoothly. However, each mixing ratio of 3-hexylthiophene and 9-ethylcarbazole unit in
those copolymers was varied according to carbazole amount in copolymer. In the case of 3HT/9EC (50/50)
sample copolymer (in the Figure 3.11, entry 2), its peak cluster showed m+n=11 at 2079.80 m/z. Considering
the fact that the copolymer contains 30% carbazole, it is concluded that n=7, m=4.
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Figure 3.14. The comparison of TG of P3HT and 3HT/9EC (50/50) copolymer

To study the effect of carbazole on the thermal property of copolymer, thermogravimetric (TG) analysis was
performed. As the Figure 3.14 shown, the weight loss of the poly 3-hexyl thiophene undergoes thermal
degradation beginning at 350°C, but the 3HT/9EC (50/50) copolymer undergoes thermal degradation
beginning at 437°C. These results revealed that the presence of 9-ethylcarbazole in polymer main chain
significantly improved the thermal stability of copolymer.

3.3.1.4 Synthesis of complex of 3HT/9EC copolymers and tri-n-butylborane (TBB)

Complex 1 and complex 2 were synthesized according to Schemes 3.2 and 3.3. !B NMR spectrum of TBB
was shown in Figure 3.15a with one peak at § = 80.0 — 90.0 ppm region, and !B NMR spectra of complex 1
and 2 were shown in Figure 3.15b, and the main peak shift to upper field region at 6 = 0.0 — 40.0 ppm.
However, in case of the mixture of P3HT and TBB, the peak of !B NMR spectra of the mixture did not shift,
that mean P3HT and TBB does not form a complex. The absorbance and emission wavelength of UV-vis and
Fluorescence spectrum of complexes 1 and 2 shows same absorbance and emission wavelength of 3HT/9EC
copolymers in the absence of TBB.

-

Figure 3.15. 1B NMR spectra of TBB (a) and the complexes (complex 1 and 2) (b)

3.3.1.5 Detecting of fluorine anions

Fluorine anions (from tetra-n-butyl ammonium fluoride (TBAF)) in various concentrations (from 62.5 pM to
312.5 uM) were injected to the THF solution of complexes of 3HT/9EC copolymer and TBB, then
fluorescence response of these samples were measured fluorometer. The results are shown in Figure 3.16.
According to this Figure, in three cases (b), (c) and (d) (polymers including 9EC unit), the fluorescence
intensity decreases gradually with increasing concentrations of fluorine anion. But in case of (a) (P3HT and
TBB), any spectra change was not observed. And it means the complex of P3HT/TBB is not formed. This
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phenomenon is known as the formation of new complex caused by the reaction between TBB and TBAF®
(Scheme 3.4). In addition, different 9EC amounts also effect on the slope of the plot of Fo/F as a function of
the F anion concentrations (Figure 3.17). That is, complex of 3HT/9EC copolymer is usable as the fluorine
anion detectable material.

TBAF

Scheme 3.4. Reaction between TBAF and complex 1 or complex 2
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Figure 3.16. Fluorescence response of complex of TBB and (a) P3HT homopolymer, (b)3HT/9EC
(50/50) copolymer, (c) 3HT/9EC (40/60) copolymer, (d) 3HT/9EC (33/67) copolymer at varied
concentration of F-anion in solution from 0 — 350 uM (excitation wavelength of 302 nm) and a plot of
Fo/F as a function of the F~ anion concentrations
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Scheme 3.5: Synthesis of 3-hexylthiophene and fluorene copolymers.

The polymerization of 3-hexylthiophene (3HT) and fluorene (F) was carried out at 0°C in the presence of 4
mol equivalent of FeCl; as the oxidant under nitrogen atmosphere in chloroform, and the results are
summarized in Table 3.5. All the obtained 3-hexylthiophene and fluorene homopolymers and copolymers
were soluble in chloroform. While poly(3-hexylthiophene) (P3HT) had the highest molecular weight,
polyfluorene (PF) had the lowest molecular weight. From the results, it may be seen that with an increase in
the fluorene monomer content, the molecular weight of the copolymer decreased. In addition, it can be seen
that oxidation of fluorene is more difficult than that of 3-hexylthiophene. In detail, the oxidation potential of
3-hexylthiophene is around 1.32 V while that of fluorene is about 1.61 V3. These values indicated that
oxidative polymerization of F is more difficult than that of 3HT. In fact, as the shown in the Table 3.5, the My,
of P3HT (162 kDa) is higher than that of PF (1300). Additionally, the small difference between the oxidation
potentials of thiophene and fluorene implied that the two monomers could be easily oxidized by the oxidative
polymerization method. When the feed ratio of 3HT/F was varied, for example, in the case of 3HT/F (35/65),
the oxidation potential of the copolymer could be lower than that of PF; thus, the copolymer 3HT/F (35/65)
was easily oxidized, and the obtained copolymer had a higher molecule weight than PF. As shown in the Table
3.5, with the increase in 3HT concentration, the oxidation potential decreased, proving that both the 3HT and
F monomers were simultaneously oxidized in the copolymer chain.
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Table 3.5: Polymerization results for 3HT and fluorene

Entry  3HT/F Yield of Fluorene Molecular weight of
molar copolymer content in copolymer(*)
ratio in (wt/wit%o) copolymer(%) Mh Mw
feed **) PDI

1 100/0 51 0 40200 162000 4.0
2 75/25 43 22 7600 29200 3.8
3 65/35 65 31 6400 22700 35
4 50/50 54 50 3800 12700 3.3
5 35/65 55 63 2600 5600 2.1
6 25/75 59 71 1600 2800 1.7
7 0/100 42 100 980 1300 1.3

Abbreviations: 3HT: 3-hexylthiophene; F: fluorene; PDI: polydispersity index
(*) Determined by GPC
(**) Determined by 1H NMR

A representative IR spectrum of the copolymer 3HT/F (50/50) is shown in Fig. 3.18. The weak peak in the
range 3000 to 3050 cm™ is due to aromatic C-H stretching vibrations. The two peaks at 3000-2800 cm™ are
characteristic of the hexyl group of 3HT. The relative intensity at 1500, 1450 cm™ originates from the
stretching modes of C=C and C-C and should be attributed to the aromatic ring of fluorene and thiophene. The
sharp peak at 980 cm belongs to the C-S-C stretching modes. These results indicate that both fluorene and
3-hexylthiophene units are present in the copolymer. Additionally, the absorbance of the peaks at 1500-1450
cm* gradually becomes stronger with an increase in the fluorene content from 25 to 100 (Figure 3.19).
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Figure 3.18. IR spectrum of copolymer 3HT/F Figure 3.19: IR spectra of polyfluorene and
(50/50) copolymers of fluorene.

Although fluorene and PF have many advantageous properties such as high fluorescence quantum yield and
high hole mobility, fluorene can be easily oxidized into fluorenone, and this may have a negative impact on
the original properties of fluorene. Additionally, the carbonyl group is a characteristic of fluorenone. Thus, to
identify the presence of fluorenone in PF and copolymers, IR spectra of those samples were measured to
ensure that the fluorene (co)polymer was not oxidized. Normally, peaks at around 1700 cm™* are attributed to
C=0 groups. As shown in Fig. 3.19, no carbonyl group was observed in any of the (co)polymer samples,
which confirmed that only PF and fluorene (co)polymers were formed.
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Fig. 3.20 shows the *H NMR spectra of the obtained P3HT (Table 3.5, entry 1), PF (Table 3.5, entry 7)
homopolymer, and copolymer 3HT/F (50/50) (Table 3.5, entry 4). The *H NMR spectrum of the copolymer
of 3-hexylthiophene and fluorene is characterized by two signals corresponding to the a-methylene protons
and the methylene group. The peaks in the 6 2.3-3.0 ppm region (Fig. 3.20 (b)) correspond to the a-methylene
protons in P3HT, and the signal at 6 3.8-4.2 ppm (Fig. 3.20 (a)) is assigned to the methylene group of
polyfluorene. In addition, the *H NMR spectrum of copolymer 3HT/F (50/50) reveals two signal groups at &
2.3-3.0 ppm and 6 3.8-4.2 ppm (Fig. 3.20 (c)). These signals should be assigned to the a-methylene of the 3-
hexyl thiophene units and the methylene group of the fluorene units, which means that 3-hexylthiophene and
fluorene are copolymerized. Based on a comparison of the peak area of the a-methylene protons (6 = 2.3-3.0
ppm) on P3HT and F units with the methylene proton peak (6 = 3.8—4.2 ppm), the ratio of PF to P3HT units
on the copolymers can be calculated; the results are shown in Table 3.5. As a result, the actual fluorene content
in the copolymers with different fluorene monomer proportions (from 0 to 100) can be estimated from the
region scale of the peaks in two ranges (at (6 = 2.3-3.0 ppm) and (6 = 3.8-4.2 ppm), respectively). In detail,
the number of the actual fluorene content was calculated by dividing the peak area at (6 = 3.8-4.2 ppm) by the
sum of two peaks areas at (6 = 2.3—3.0 ppm) and (& = 3.8-4.2 ppm). Although the actual fluorene content is
slightly lower than the feed fluorene content for all copolymers, it is still proportional to feed fluorene content.
For instance, as shown in the Table 3.5, fluorene content is 22 when the fluorene feed content is 25, and this
number reaches 71 at the fluorene feed content of 75.
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Figure 3.20. *H NMR spectra of PF (a), P3HT (b), and copolymer 3HT/F (50/50) (c) in CDCl; at room
temperature.

The 'H-NMR spectra of remain copolymers are similar to that of 3HT/F (50/50) copolymer, except the
fluorene content depend on fluorene feeding (illustrated in supporting information).

To confirm that both 3-hexylthiophene and fluorene monomer units were included in the copolymers, acetone-
soluble oligomers in copolymers and homopolymers were analyzed by MALDI-TOF MS (matrix-assisted
laser desorption/ionization mass).

P3HT shows a typical MALDI-TOF MS spectrum, as illustrated in Fig.2 (a), in Supporting Information (SI).
Adjacent peaks differ in mass by one unit monomer, ¢ and measuring the mass difference between adjacent
peaks of the same series gives the mass of the monomer unit *°. In this case of P3HT, the obtained mass
difference is 166, which is consistent with the 3-hexylthiophene unit. In general, the MALDI-TOF spectrum
of P3HT shows common peaks such as [166m + H], [166m + H + CI], and [166m + 2H]. This implies that the
terminal proton at the 4-position of the thiophene ring in the oligomer was replaced with the chlorine generated
from FeCl3®L. In Fig. 2 (a) in SI, the cluster peaks of 3HT are clearly identified, for instance, from the repeat
unit mass of 3HT monomer (m/z = 166), and the calculated m/z 1670.55, it was found that this cluster peak
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has a molecular weight of m = 10 (m: repeat unit number). Similarly, repeat unit numbers for other cluster
peaks were calculated. In the case of PF, the observed mass difference was 164, which was consistent with the
fluorene unit (Fig. 2 (b), Supporting Information). Based on the mass of the monomer unit, the value of the
repeat units for each cluster peak was calculated. Thus, a variety of peaks such as [164, + 2H] and [164, + Ag]
(with n = 10 and 11) are seen in a typical MALDI-TOF mass spectrum of PF. Fig. 3.21 reveals the mass
spectrum of 3HT/F (50/50) with multiple cluster peaks. These peaks dispense primarily in the mass range
1100 to 1700 m/z. Because of the equivalent in the mass values of the 3HT and F monomer units (166 and
164, respectively), the MALDI-TOF mass spectrum of the 3HT/F (50/50) copolymer is similar to the spectra
of P3HT and PF. Thus, to identify the distribution of the copolymer compositions, the peak pattern (1491.734
m/z) at m + n =9 was zoomed in and matched to the calculated compass isotope pattern (Fig. 4). The isotope
pattern peak of [166; + 164,] at m/z 1491.704 is close to the peak of [166m, + 164,] at m/z 1491.734 that
assumed m=7 and n=2 (m and n denote the thiophene and fluorene units, respectively). This indicates that the
copolymer of 3-hexylthiophene and fluorene included both the 3-hexylthiophene and fluorene monomer units.
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Figure 3.21: MALDI-TOF MS spectra of 3HT/F (50/50) oligomer.
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Similarly, the MALDI-TOF mass spectra of other samples (3HT/F molar ratios of 65/35, 75/25, 35/65, and
25/75) showed well-defined peak clusters (see the wide range full MALDI-TOF mass spectra in Supporting
Information). Figs. 3.22 (a), (b), (c), and (d) show images of the peaks that were zoomed at the value m+n=8.
By matching the calculated compass isotope pattern program with these peaks, the formation of copolymers
of 3-hexylthiophene and fluorene in various molar ratios (3HT/F molar ratios of 65/35, 75/25, 35/65, and
25/75) could be demonstrated.

Fig. 3.23 shows the UV-vis spectra of P3HT (Table 3.5, entry 1), PF (Table 3.5, entry 7) homopolymers, and
copolymers (Table 3.5, entry 2 to entry 6) with the corresponding absorbance maximum (Amax). The absorbance
maxima (Amax) Of P3HT and PF were observed at 440 and 329 nm, respectively, indicating that the
corresponding optical band gaps were 2.82 and 3.77 eV. A broad band with a shoulder that shifted to lower
wavelength region was observed in the spectrum of the copolymers with an increase in the feed fluorene
amount from 25 to 75. In other words, when the fluorene content increased in the copolymer, the absorbance
maximum shifted to short wavelength. The presence of fluorene in the copolymer may cause a continuous
variation in the wavelength, thus confirming that a copolymer comprising two monomers was formed by
oxidative polymerization. Additionally, the fluorene unit, in conjunction with the 3-hexylthiophene unit in the
copolymers, extended the conjugation length of the copolymer backbone, leading to a change in the band gap
% and thus, a change in the absorption peaks of the copolymers.

To differentiate the copolymer from a simple mixture of P3HT and PF homopolymers, the absorbance and
emission intensity of a mixture of P3HT and PF (ratio 3:1) were measured. Obviously, in case of the mixture
of homopolymers, two separated peaks were observed, whereas only one broadened peak was observed in the
case of the copolymer (Figs. 5 and 6 in Supporting Information). In addition, the mixture of homopolymers
showed two different emission regions with two different wavelengths (Amax = 330 nm and 440 nm, Fig. 6 in
Supporting Information), while the copolymer showed only one emission region at Amax = 337 nm, with two
peaks (Fig. 5 in Supporting Information). Therefore, from the absorbance and emission spectroscopy analyses,
it was confirmed that a copolymer of fluorene and 3-hexyl thiophene was successfully prepared.
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Figure 3.23: UV-vis spectra of homopolymer and copolymers in CHCI; at room temperature.

Furthermore, to calculate the quantum yield (¢) of the samples, the relative determination method was
applied®>®3, First, several solutions with different concentrations of the samples were prepared, and their
absorbance and emission intensity were recorded. Second, a graph of the integrated fluorescence intensity
versus the absorbance maximum was plotted to calculate the gradient of the straight line.
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Figure 3.24: Absorbance and emission spectra of 3HT/F (50/50) (left), and linear plot of
integrated fluorescence vs. absorbance maximum (right).

The fluorescence spectrum of a solution of 3HT/F (50/50) in chloroform is illustrated in Fig. 3.24. The
emission maximum of 3HT/F (50/50) was observed at 408 nm. Furthermore, to understand the effect of the
fluorene content on the optical properties of the copolymers, the relative quantum yields were determined.
Fig. 3.24 shows the absorbance maximum and emission intensity of the 3HT/F (50/50) (Table 3.5, entry 4)
copolymer and a linear plot of the integrated fluorescence vs. the absorbance maximum. The results for the
other copolymers are described in Figure 5 - Supporting Information. The quantum yield based on the relative
method was calculated according to the following equation®*®:

Grad x n3

= O Gradsenz,
(px and s : quantum yield of the sample and the standard, respectively;
nxand ns : refractive index of the sample and the standard, respectively;

Gradyx and Grads:: Gradient from the plot of integrated intensity and absorbance maximum)

In this study, Rhodamine B (RB) was used as the standard sample. The gradient for RB calculated according
to the abovementioned relative determination method is 1.59x10°, and the quantum yield of RB in the literature
is 0.31 *. Since the gradient value of the samples was calculated (Fig. 3.24, right side), the quantum yields of
the other samples were obtained, and are summarized in the Table 1 of Supporting Information and Fig. 3.25.
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Figure 3.25: Quantum vyields of the samples.

As shown in Fig. 3.25, the quantum yield of the copolymers was obviously influenced by the fluorene content.
The quantum yield of 3-alkylthiophene was the lowest, while that of PF was the highest. In the case of the
copolymers, the quantum yield value increased with the increase in fluorene content. It can be elucidated that
the band gap of the copolymers changes with the presence of fluorene. In other words, this band gap decreases
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with increasing fluorene content in the resulting copolymer, which helps in tuning the emission and thus leads
to a high quantum yield.
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Figure 3.26. Comparison of TG results for P3HT and 3HT/F (50/50)

Thermal stability is one of the most important properties that determine the potential applications of a material.
In order to investigate the degradation effect of fluorene on the copolymer, thermal analysis of P3HT and
3HT/F (50/50) was performed. Figure 3.26 shows the TG curves of P3HT and the copolymer 3HT/F (50/50)
under air flow. The weight loss for P3HT commenced at 325°C and up to 40% decomposition was observed
when the temperature reached 450°C. This weight loss could be attributed to the degradation of the polymer
backbone chains of P3HT in air. With increasing fluorene content, the decomposition temperature of the
copolymers clearly increased. For instance, weight loss for 3HT/F (50/50) commenced at around 420°C.
Comparison of these data for P3HT and copolymer 3HT/F (50/50) indicated that the fluorene content plays a

significant role in improving the thermal stability of the copolymers because fluorene has high thermal stability
1,2,37,57

3.4 Conclusions

In this study novel copolymers based on 9-ethylcarbazole and 3-hexylthiophene have been synthesized
successfully by oxidation polymerization with FeCls in hexane solvent at room temperature, and they have
been identified by Nuclear Magnetic Resonance (*H-NMR), MALDI-TOF MS, UV-visible absorption,
fluorescence spectroscopy, Size Exclusion Chromatography (SEC) and Thermal Gravity Analysis (TGA). It
is firstly confirmed that the 9-ethylcarbazole and 3-hexylthiophene molecule(s) were built into the polymer
main chain. The solubility of oxidant (FeCls) in different solvents (hexane, chloroform and nitrobenzene)
influences the copolymerization of 3HT and 9EC. The presence of 9EC in the polymer main chain obviously
improved the thermal stability of 3HT/9EC copolymer. A complex consisting of 3HT/9EC copolymer and
tributylborane (TBB) (1:1) was also prepared smoothly and characterized by !B NMR. By adding fluorine
anion to the complex of 3HT/9EC and TBB in THF solution, the fluorescence intensity was decreased because
of increasing concentrations of fluorine anion. In other words, it was confirmed that this complex of 3HT/9EC
copolymer and TBB may have possibility of being used as detecting material for fluorine anion. Copolymers
of 3-hexylthiophene and fluorene were also synthesized utilizing FeCls as an oxidizing agent in CHCls.
Incorporation of 3-hexylthiophene and fluorene units into the resultant polymer main chain was evident from
the results of MALDI-TOF MS, 'H-NMR, UV-vis, and fluorometry analysis. The copolymer structure and the
effects of the different amounts of the monomers present in the copolymer chain are clearly indicated in the
MALDI-TOF mass spectra and *H NMR spectra. GPC analysis indicated a decrease in the molecular weight
of the copolymer when the fluorene content was increased. Although there was a small difference between the
feed molar ratio and the actual molar ratio, the actual molar ratio of fluorene in the copolymers was
proportional to the feed molar ratio. Oxidation of fluorene at the 9-position was not observed in the
copolymers. Incorporation of fluorene in 3-hexylthiophene resulted in an increase in the emission intensity of
the copolymer because the emission intensity of PF is higher than that of P3HT. In addition, the quantum yield
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of the copolymer increased with an increase in the amount of fluorene. In addition, fluorene was demonstrated
to play an important role in enhancing the thermal stability of the copolymers.

3.5 Supporting information
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Figure 1: *H NMR spectra of copolymers 3HT/F (25/75), 3HT/F (35/65), 3HT/F (65/35), 3HT/F (75/25) in
CDCl; at room temperature
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Figure 3: MALDI-TOF mass spectra of oligomer 3HT/F (35/65) (a) and oligomer 3HT/F (25/75) (b)
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Figure 5: Absorbance, emission and linear plot of integrated fluorescence vs absorbance maximum (bottom)
of 3HT/F copolymer samples

Table 1: Gradient values of samples

Samples

P3HT

3HT/F (75/25)

3HT/F (65/35)

3HT/F (50/50)

3HT/F (35/65)

3HT/F (25/75)
PF

Gradient
valuex10®
0.329
1.17
1.41
1.97
2.50
3.24
3.90

Quantum Yield

0.07
0.26
0.32
0.45
0.57
0.73
0.89

The refractive index of water and chloroform are 1.33 and 1.44 respectively (Reference: S. Kedenburg, M.
Vieweg, T. Gissibl, and H. Giessen, Optical Materials Express, (2012), Vol. 2, No. 11, 1588-1611)
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Chapter 4:
Modification of polyolefin surface through grafting poly(3-hexylthiophene)

4.1 Introduction

A growing interest in polymer surface modification for the development of macromolecules to improve their
properties and performance has been perceived in recent years. Reported methods to modify polymers can be
classified into three categories: blending, grafting, and curing®. Polypropylene (PP), one of the most
commodity polymers, is used in a wide variety of applications such as packaging, textile, automotive materials
and so forth 2. However, the highly non-polar nature and low surface energy of PP needs to be modified for
improving the surface properties such as wettability, adhesion, and dye-ability. Several methods have been
reported for the PP surface modification; including impulse corona discharges®, surfactant immobilization®,
direct melt grafting using twin-screw extrusion’, plasma treatment®®, ultraviolet photo-grafting process®, air
dielectric barrier discharge (DBD), and diazonium chemistry!2, Several applications based on graft
polyolefin have also been reported 326,

Conjugated polymers are of interest to physicists and chemists because of their novel properties that allow
them to be utilized in semiconductors, transistors, sensors, solar cells, and other electrical devices'’*8. Poly(3-
hexylthiophene) (P3HT) and its derivatives are special conjugated materials that have been used in organic
solar cells 12! transistors 1”22, polymer light-emitting diodes?, chemical sensors?, non-linear optics, and
energy storage devices®.

Recently, in-situ vapor-phase polymerization has been used to coat conducting polymers on fibrous PP films
for the fabrication of capacitor electrodes?. In addition, a thin PP film coated with polypyrrole (PPy) was
produced by a dipping method, and this was subsequently applied for water desalination?’. Furthermore, a
novel colleting electrode for the removal of fine particles, was fabricated by coating conductive polyaniline
(PANI) on a PP plate % A novel conductive composite fibers made of PP and poly(3,4-
ethylenedioxythiophene) (PEDOT) was prepared for gas sensing 2°. In addition, electrically conductive
polymer composites containing PANI, PPy, and polyolefins (PP and polyethylene (PE)) have been applied as
the semiconducting layer of a polymer cable 3%32. The main purpose of these studies was the synthesis of the
composite materials, whereas, the goal of our research was to graft conjugated polymers such as P3HT onto
the surface of PP. Because of the outstanding properties of PP, such as high abrasion resistance, chemical
inertness, stretchability, and low density, the PP textile industry has developed these polymers since the 1950s
3334 During the production and utilization of PP fibers, the surface can easily become charged, which can
result in serious problems such as damage to sensitive electronic equipment. Grafting of conjugated polymers
on the PP surface may improve the antistatic properties of PP because the conjugated structure can transfer
the static charges.

In general, a method comprising of three steps - bromination, substitution and oxidative polymerization - was
utilized for the grafting of polythiophene (PT) onto polyethylene (PE) *. In addition, vinyl monomers were
reportedly grafted onto the polyolefin surface by using triorganoboranes and oxygen in air 363°,

In this chapter, a new methodology for grafting P3HT onto PP surfaces (film and powder) is reported. This
process involves two simple reaction steps (Scheme 4.1). In the first step, 3-(4-ethenylphenyl)thiophene (EPT)
is grafted onto the PP surface (PEPT-g-PP) using the radicals formed by mixing tri-n-butylborane (TBB) and
oxygen molecules in air. In the second step, P3HT is grafted onto the PP surface via the chemical oxidative
polymerization of PEPT-g-PP and 3HT monomers using FeCls as the oxidant.

4.2 Experimental section

4.2.1 Chemicals

Isotactic polypropylene (iPP) film and powder were purchased from Toyobo (Pylen Film-CT) and Mitsui
Chemicals, respectively. 3-Hexylthiophene (3HT), 3-bromothiophene, and anhydrous FeCls; were obtained
from Tokyo Chemical Industry Ltd. and used without further purification. Tri-n-butylborane and styrene
monomers were supplied by Nippon Aluminum Alkyls Ltd. and Wako Pure Chemical Industry Ltd.,

57



respectively. 4-Vinylphenylboronic acid was obtained from Sigma-Aldrich and used as received.
Tetrakis(triphenylphosphine) palladium, sodium carbonate, and disodium sulfate were purchased from Wako
Pure Chemical Industry Ltd. Analytical grade solvents such as ethanol, benzene, chloroform, methanol, and
hexane were purchased from Wako Pure Chemical Industry Ltd. and used as received. Hexane was used as
the reaction solvent because of its low polarity, higher affinity for PP, *” and the insolubility of FeCls in
hexane.*® The hexane was dried by standing over 4-A molecular sieves for 8 h and purged with argon gas for
20 min before use.

4.2.2 Measurement

UV-Vis spectra were obtained by measuring the diffuse reflectance of the samples at room temperature on a
Jasco V-650 UV-Vis spectrometer set in absorbance photometric mode with a bandwidth of 0.2 nm, a data
interval of 1.0 nm, and scan speed of 400 nm min~t. Thermogravimetric analysis was carried out in air from
20 to 900 °C at a flow rate of 25 mL min™* and a heating rate of 10 °C min™* using a Hitachi thermal analysis
system (STA 7200 RV). X-ray diffraction patterns were obtained using grazing incidence X-ray diffraction
(GIXD) with a Rigaku Smartlab diffractometer with graphite-monochromatized Cu-Ka radiation (A = 1.5418
A) in steps of 0.02° over a 260 range of 2-90°. TEM images were obtained using a JEOL JEM-2100F
microscope. Energy dispersive X-ray mappings and line scan spectra were acquired on an Oxford INCA
Energy TEM250 instrument. *H NMR spectra (400 MHz) were recorded on a Bruker Ascend 400
spectrometer, and Raman spectra were measured on an HR800 Horiba Raman spectrometer. High-resolution
mass spectra were measured on an AB Sciex Triple electrospray ionization—time of flight (ESI-TOF) 4600
system; typically, 20 uL of the sample solution was injected directly into the spectrometer using
chloroform/acetonitrile (10:90, v/v) as the solvent at a flow rate of 10 puL min™t (syringe pump). Gel
permeation chromatography (GPC) was carried out in a system equipped with a Jasco PU-2080 Plus pump
and a Jasco RI-2031 Plus intelligent refractive index (RI) detector. The molecular weights and molecular
weight distributions of the polymers relative to a polystyrene standard were analyzed using Chrom NAV
software. Chloroform was used as the polymer solvent and eluent in an equilibrated system at 40°C. The
electric conductivity was measured with an Agilent 34401A 62 Digit Multimeter resistometer using a four-
probe method.

4.2.3 Synthesis of 3-(4-ethenylphenyl)thiophene

3-(4-Ethenylphenyl)thiophene was synthesized via Suzuki-Miyaura cross-coupling reaction (Scheme 2). 443
3-Bromothiophene (10 mmol) and 10 mL of an aqueous solution of Na,COs (2 M) were added to 0.3 mmol of
tetrakis(triphenylphosphine)palladium dissolved in 20 mL of benzene. An ethanol solution (5 mL) of 4-
vinylphenylboronic acid (11 mmol) was added to this solution and the reaction mixture was stirred at 80 °C
under an argon atmosphere for 6 h. Subsequently, 5 mL of a 30% H-O; solution was added to the reaction
mixture at 23 °C to oxidize the residual 4-vinylphenylboronic acid. The product was extracted using diethyl
ether, and the organic extracts were washed with a saturated NaCl solution and dried over Na,SOs. The product
was obtained in 70% yield after the removal of diethyl ether using a rotary evaporator.

4.2.4 Grafting of PEPT onto the PP surface

The grafting method used in this work is similar to the previously reported procedure for the grafting of vinyl
monomers onto PP surfaces with TBB and diffuse molecular oxygen in air®2°. The PP film (25 mg, 1 x 1
cm?, 0.3 mm thickness), 3-(4-ethenylphenyl)thiophene monomer (10 mmol), and TBB (0.3 mL) were stirred
gently for 1 h under argon. The molar ratio of TBB and 3-(4-ethenylphenyl)thiophene was 1:20. After stirring
for 1 h, TBB was reacted with oxygen by exposing the reaction mixture to air for 1 h. Subsequently, the
reaction was stopped, and the mixture was stirred gently for 24 h. The reaction mixture was then transferred
to a Soxhlet extractor for 24 h to extract the PEPT homopolymer using chloroform. The desired poly(3-(4-
ethenylphenythiophene) grafted PP (PEPT-g-PP) film was dried under vacuum for 12 h. The grafting of
PEPT onto PP powder was carried out using a procedure similar to that described above.
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4.2.5 Grafting of P3HT onto the PP surface

Chemical oxidative polymerization was conducted in an oven-dried Schlenk flask fitted with a stopcock under
an inert argon atmosphere.*%#* FeCl; (0.37 g), PEPT-g-PP (25 mg), and hexane (7 mL) were placed in the
Schlenk flask and the mixture was ultrasonicated for 20 min. A solution of 3-hexylthiophene (95 mg) in hexane
(3mL) was dropped to a stirred suspension of the mixture, and the reaction was stirred for 24 h under an
atmosphere of argon at room temperature (23 °C). Subsequently, the product was taken out and washed with
methanol to remove the residual FeCls, followed by extraction with chloroform to eliminate any free P3HT
homopolymer. The desired product, poly(3-hexylthiophene) grafted onto PP (or P3HT-g-PP), was dried under
reduced pressure for 12 h. The grafting of 3HT onto the PP powder was carried out following a procedure
similar to that described above.

4.3 Results and Discussion
4.3.1 Grafting P3HT on PP through FeCls oxidative polymerization PEPT-g-PP and 3HT monomers

_______________________________________________________________________________________________________________________

Step 2: Graft P3HT onto PP,

‘%gf P
3%

Scheme 4.1. Grafting of PEPT and P3HT onto PP film and powder

Br
\ L—X Pd(PPh3), \ =
) —B(OH), + / . \ o NeCO, P
Scheme 4.2. Palladium-catalyzed cross coupling reaction for the synthesis of 3-(4-
ethenylphenyl)thiophene

The monomer 3-(4-ethenylphenyl)thiophene was synthesized via the Suzuki-Miyaura cross-coupling reaction
between phenylboronic acid and haloarenes in the presence of a base (Scheme 4.2). 143 The structure of the
monomer was confirmed by *H-, $3C-, and DEPT *C -NMR (as shown in Figures 4.1, 4.2, and 4.3). The high-
resolution mass spectra of this compound indicated a mass of 187.0570, which is in good agreement with the
calculated value of 187.0576.
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Figure 4.4. Raman spectra of (a) PP and (b) PEPT-g-PP

The Raman spectra of neat PP and PP modified by grafting with PEPT are shown in Figure 4.4. Several studies
have been published that discuss the Raman spectrum of PP.*5%¢ The characteristic strong absorption peak at
805 cm is attributed to CH, rocking, C-C backbone stretching, and C-CHjs stretching vibrations. Several
identical vibrations are responsible for the intense, characteristic skeletal bands observed at 2876, 1455, 1330,
and 1147 cm. Furthermore, several sharp peaks of medium intensity are observed in the range of 890-1100
cm, corresponding to CHs rocking, CH bending and twisting, CH, wagging, and C—C backbone stretching
vibrations. A few new peaks appear in the Raman spectrum of PEPT-g-PP (as shown in Figure 4.4b),
indicating that PEPT was successfully grafted onto the PP surface. A low-intensity peak observed in the range
of 1500-1650 cm™* arises from the C=C aromatic ring chain vibrations of 3-(4-ethenylphenyl) thiophene. The
peaks observed in the range 600-636 cm™ belong to the CH out-of-plane vibrations of the aromatic moieties.*

Figure 4.5. EDX mapping images of PEPT-g-PP Figure 4.6. EDX spectrum of PEPT-g-PP

A TEM image of PEPT-g-PP powder is shown in Figure 4.5a, and the EDX mappings that show the
distribution of the elements corresponding to the TEM image are shown in Figures 4.5b and 4.5c. As shown
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in Figure 4.6, carbon and sulfur are found in the PEPT-g-PP sample. These observations suggest that the sulfur
originated from the grafting of EPT onto the PP sample.

Figure 4.7. Images of (a) PP, (b) PEPT-g-PP, and Figure 4.8. Images of (a) PP, (b) PEPT-g-PP,
(c) P3HT-g-PP films and (c) P3HT-g-PP powders

The graft ratios (G,) of PEPT and P3HT onto PP were calculated according to Equation (1) 37

G, = mgy; ™0 % 100% (1)

o

where G; refers to the graft ratio of PEPT on PP, m, and mg are the weights of PP before and after grafting,
respectively. In the case of P3HT, m, and mq are the weights of PEPT-g-PP before and after grafting of PP
with P3HT, respectively.

The reaction of TBB with diffused oxygen produces the free radicals required for graft polymerization.®% In
this work, hexane was used as a solvent because it is hon-polar and miscible with PP. Moreover, weak Van
der Waals forces between TBB and hexane result in absorption of TBB onto the PP surface.®” In addition, the
insolubility of FeCls in hexane increases its activity as an oxidant in the polymerization reaction. *° The graft
ratio of PEPT onto the PP film is only 0.6% and has a value of 2.2% in the case of grafting of PEPT onto the
powdered form of PP. This may be explained by the higher surface area of the powder compared to the film.
The oxidative polymerization of PEPT-g-PP and 3HT monomers for the grafting of P3HT onto the PP surface
was carried out in hexane with FeCls at 23 °C for 24 h. The incorporation of the thiophene derivative and 3HT
monomer has been discussed in a previous report.® The graft ratio of 3HT on PEPT-g-PP was also affected
by the surface area in a significant manner. In fact, the grafting of P3HT onto the PEPT-g-PP powder had a
high grafting ratio of 5.6 %, while this value was just 1.8% in the case of grafting P3HT onto the PEPT-g-PP
film. During the grafting process, P3HT-g-PP underwent a color change that was easily discernible with the
naked eye (as shown in Figures 4.7 and 4.8). The PP film (Figure 4.7b) and powder (Figure 4.8b) grafted with
PEPT were transparent and white, respectively, similar to the PP film (Figure 4.7a) and powder (Figure 4.8a)
before the grafting reaction. However, the P3HT-g-PP polymer showed very different colors: a yellow film
(Figure 4.7¢) and red powder (Figure 4.8c). In addition, both the film (Figure 4.7¢) and powder (Figure 4.8c)
became orange upon immersion in chloroform.

During the grafting of P3HT onto PP, the self-polymerizations of 3HT occurred concurrently with the graft
polymerization of 3HT onto PP. The ungrafted 3HT polymers were extracted from the grafted products with
chloroform. The chacracterization of the extracted P3HT is shown in Figure 4.9.
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ppm

Figure 4.9. *H-NMR spectrum of extracted PSHT

The *H-NMR spectrum of extracted P3HT is shown in Figure 4.9. The signals at 2.5 and 2.7 ppm are assigned
to head-to-head (H-H) and head to tail (H-T) configurations, respectively, while the cluster of peaks around
6.8-7.0 ppm correspond to four triad configurations as follows HT-HT, TT-HT, HT-HH and TT-HH,
respectively. % Furthermore, GPC measurements of the extracted P3HT indicate that the number-average
molecular weight (M,) is 90000 Da and the polydispersity index (PDI) is 2.3.
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Figure 4.10. UV-Vis spectra of PP, PEPT-g-PP, Figure 4.11: UV-Vis spectra of P3HT-g-PP and
and P3HT-g-PP films drop-casted P3HT on PP films

Figure 4.10 shows the UV-Vis spectra of the PP, PEPT-g-PP, and P3HT-g-PP films. The spectrum of the PP
film (solid line) has a low-intensity peak at around 270 nm that can be attributed to the presence of trace
amounts of o,B-unsaturated carbonyl groups.>*3 There is an intense sharp peak at 268 nm (4.62 eV) in the
spectrum of PEPT-g-PP (dashed line) that arises because of n—n~ excitations in the aromatic groups of PEPT.
This excitation lies in the ultra-violet range, which explains the colorless transparency of the PEPT-g-PP film
in the visible light region (Figure 4.7b). The spectrum of P3HT-g-PP (dotted line) shows an absorption peak
maximum at 368 nm, and this may be attributed to the 7-n" transitions in P3HT.54%°

A 50-pL chloroform solution of P3HT was drop cast onto the PP film, dried in vacuum for 12 h, and then the
UV-Vis spectra were measured. The UV-Vis spectra of the P3HT-g-PP film and film prepared by drop-casting
P3HT on the PP film are compared in Figure 4.11.

Figure 4.11 shows that the absorption peak maximum (A%25,) of the P3HT-g-PP film is blue-shifted by about
49 nm, compared to that of P3HT drop-cast on the PP film. The connections between the EPT and 3HT units
may be responsible for the difference in A%25,.. The incorporation of aromatic compounds such as benzene,
toluene, and xylene into the P3HT main chain has been found to cause a blue-shifted in the absorption peak
maximum.®®
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Figure 4.12. UV-Vis spectra of PP, PEPT-g-PP, and P3HT-g-PP powders

The UV-Vis spectra of the PP, PEPT-g-PP, and P3HT-g-PP powders are similar to those of the respective
films (Figure 4.12). The spectra of PP and PEPT powders are similar to that of the film. However, in the case
of P3HT-g-PP, the spectrum of the red powder showed two characteristic peaks at 400 and 619 nm,
corresponding to the n-n” transitions of P3HT. This observation hints at the extended n-electron delocalization
of the conjugated P3HT moiety.**%% The differences in the UV-Vis spectra of the P3HT-g-PP powder and
its film likely arise from the larger surface area of the former. Furthermore, the graft ratio of P3HT on PP
powder is higher than that of the PP film, which results in an extended n-conjugated structure of the P3HT
moiety on the surface of the PP powder.
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Figure 4.13. TGA curves of PP, PEPT-g-PP Figure 4.14. TGA curves of PP, PEPT-g-PP
and P3HT-g-PP films and P3HT-g-PP powders

The effect of grafting on the thermal stability of PP was studied by TGA. The results for PP, PEPT-g-PP, and
P3HT-g-PP films measured in the air are shown in Figure 4.13. Beyler and Hirschler have proposed four
mechanisms for the thermal decomposition of polymers: random chain scission, end-chain scission, chain-
stripping, and cross-linking.*® The TG curve of the PP film in air shows a single weight loss step. The thermal
degradation starts at 240 °C, and the weight loss of PP film continues up to 85% at 300 °C. This degradation
behavior results from random chain scission following the radical transfer process.”® The TG curve of the
PEPT-g-PP film demonstrates its thermal stability, which is similar to that of the PP film. The TG curve of
the PEPT-g-PP shows a single degradation stage from 244 to 380 °C, and the weight loss is as high as 83 %
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at 300 °C. As shown in Figure 4.13, the P3HT-g-PP film decomposed in two stages. The first stage of
degradation occurs from 230 to 330 °C, with a weight loss ranging from 3 to 38 % that corresponds to the
thermal decomposition of the PP and PEPT chains. The second stage of degradation of P3HT-g-PP occurs
between 330 and 500 °C, and there was a weight loss of between 38 and 95% owing to the presence of P3HT.
The thermal stability of P3HT beginning at 350 °C has been previously reported along with the
characterization of P3HT and its copolymers.“>4* These results indicate that the thermal stability of the P3HT-
g-PP film is higher than that of the PP and PEPT-g-PP films.

The TGA curves of the PP and PEPT-g-PP powders are also similar (as shown in Figure 4.14). As observed
for the PP film, the powder form also shows a single stage thermal decomposition event between 240 and 400
°C, and the weight loss was from 1 to 92%. In contrast, a two-stage decomposition process was observed for
the P3HT-g-PP powder. The first decomposition phase lasted from 242 to 370 °C and the second stage
occurred between 372 and 555 °C. The first decomposition step can be assigned to the random scission of PP
5859 and the chain scission of PEPT, while the second degradation step can be attributed to the thermal scission
of P3HT.*44 The TGA results shown in Figures 4.13 and 4.14 indicate that the thermal stability of PP was
significantly improved by the grafting of P3HT onto the PP surface.

J /

Figure 4.15. EDX mapping images of P3HT-g-PP Figure 4.16. EDX spectrum of P3HT-g-PP

To confirm the presence of the sulfur (originating from P3HT) in the grafted PP samples, we carried out TEM-
EDX analyses on the P3HT-g-PP samples. The TEM EDX spectra are shown in Figures 4.15 and 4.16, and
reveal that the P3HT-g-PP samples contain carbon and sulfur. To distinguish the sulfur (S) contribution from
PETP and P3HT grafts on the PP surface, we used quantitative EDX microanalysis and calculated the weight
and atomic percentages of the elements, as listed in Table 4.1.

Table 4.1: The elemental composition of the PEPT-g-PP and P3HT-g-PP samples

S C
Weight % 1411 85.89

PEPT-g-PP .
g Atomic % 5.80 94.20
Weight % 39.82 60.18

P3HT-g-PP .
3HT-g Atomic % 27.40 72.60

As shown in Table 4.1, the mass and atomic percentages of S from P3HT-g-PP are higher than those of PEPT-
g-PP. The higher mass and atomic percent of S may originate from the P3HT formed during the oxidative
polymerization PEPT-g-PP with 3HT. However, EDX techniques only provide information on the chemical
composition of elements with atomic numbers greater than three (Z > 3), so hydrogen cannot be detected by
EDX. % Consequently, these values do not correctly account for the quantity of sulfur on the PP surface;
however, they may indicate the difference in the sulfur content of the PEPT-g-PP and P3HT-g-PP samples.

64



100 +

Normalized Intensity
(42
o
1

—— P3HT-g-PP doped
- - - P3HT-g-PP undope

Energy (eV)

Figure 4.17. UV-Vis spectra of the undoped and doped P3HT-g-PP films

UV-Vis spectra of the P3HT-g-PP film were also obtained before and after doping it with iodine at 23 °C
(Figure 4.17). The maximum intensity peaks of the undoped and doped samples were observed at 3.4 and 3.3
eV, respectively. The optical band gap energy was calculated indirectly by finding the intersection point
between the linear extrapolation (red line in Figure 4.17) and the x-axis. The energy values at 2.16 and 2.40
eV are identical to the energies of the n-n" transitions of the undoped and doped samples of the P3HT-g-PP
samples.>* These results indicate there is a slight change in the band gap from 2.40 to 2.16 eV on doping with
l,. The P3HT-g-PP powder was compressed to form a film, and we measured the electric conductivity using
a four-probe method. The conductivity of P3HT-g-PP powder is 0.02 S/cm, indicating that the surface of PP
powder was well grafted with P3HT.
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Figure 4.18. XRD patterns of (a) PP and (b) P3HT-g-PP samples

The crystal structures of the PP and P3HT-g-PP samples were obtained using X-ray diffraction measurements
(as shown in Figure 4.18). Several characteristic peaks that arise from the semi-crystalline structure of PP
were observed ranging from 12 to 25°.%* The influence of grafting on the surface of PP results in a major
change in the characteristic peaks in the range 12—25°. Two new peaks at 26 = 17.1° and 18.7° arise from the
crystalline structure of P3HT, as shown in Figure 4.18b.52:%

4.3.2 Grafting P3HT on PP through FeCls oxidative polymerization PS-g-PP and 3HT monomers

In method described above, 3-(4-ethenylphenyl)thiophene used for the surface-functionalized PP in the first
step, need to be synthesized via Suzuki-Miyaura cross-coupling reaction. To simplify the procedure, in this
work, 3-(4-ethenylphenyl)thiophene monomer is replaced by styrene monomer. The grafting of P3HT onto
the surface of PP was illustrated in Scheme 4.3. In the first step, PP is functionalized with PS to form
polystyrene-graft-PP (PS-g-PP) using radicals formed by a mixture of tri-n-butylborane (TBB) and oxygen
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molecules in air 3° In the second step, conductive P3HT layer is fabricated on the PP surface by oxidative
polymerization 3HT monomers and PS-g-PP.

|Step 1 Graft PS onto PP |Step 2: Graft P3HT onto PP
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Scheme 4.3. Grafting of PS and P3HT onto PP film and powder

The FT-IR (Figure 4.19) and Raman (Figure 4.20) spectra of PP and PS-g-PP were used to confirm the grafting
of PS onto the PP surface. The FT-IR spectra of PP and PS-g-PP are shown in Figure 4.19. Compared to the
spectrum of PP, Some new bands appear on the spectrum of PS-g-PP (as shown in Figure 4.19b). There are
three medium bands in the range of 3100-3000 cm, belong to the =C—H stretching vibrations from aromatic
ring. Another medium band at 1490 cm™ is assigned to the C=C aromatic ring stretching vibration. A strong
band observed at 697 cm™ is the characteristic of the ring out of plane deformation. These appeared bands are
presented in the polystyrene spectrum.* These additional bands indicate that PS was successfully grafted onto
the PP surface.
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Figure 4.19. FT-IR spectra of (a) PP and (b) Figure 4.20. Raman spectra of (a) PP and (b)
PS-g-PP PS-g-PP
The Raman spectra of neat PP and PS-g-PP are shown in Figure 4.20. After grafting, some new bands appear
on the spectra of PS-g-PP (as shown in Figure 4.20b). A weak band in the range of 1570-1620 cm™ is ascribed
to a C=C frequency of aromatic ring chain vibration from styrene “. The appeared two bands from 600-636
cmt verify the presence of CH out of plane vibration in aromatic group *.

The grafting ratio (Gy) of PS onto PP or P3HT onto PP was calculated according to equation G, = (mg— m,)/mo
x 100% 3% where G is the grafting ratio of PS on PP; m, and mq are the weights of PP before and after
grafting, respectively. In the case of grafting P3HT onto PP, m, and mgq are the weights of PS-g-PP before and
after the grafting with P3HT, respectively.
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The graft ratio of PP film was lower than that of PP powder because of the higher surface area of powder
compared to the film. In fact, the graft ratio of PS onto the PP film is only 0.4 % while this number is 1.5% in
the case of grafting PS onto the PP powder. In this work, when 3HT monomers were oxidative polymerization
with PS-g-PP, the 3HT unit would be introduced into the para position of aromatic ring from PS-g-PP (as
shown in Scheme 4.3) because the incorporation of 3HT units into the ortho and meta positions may deteriorate
the effect conjugation length of the resulting polymer chain and cause the steric repulsion between the
incorporated units ®. In addition, the grafting ratio of 3HT onto the PS-g-PP was also affected significantly
by the surface area. In detail, the grafting of P3HT onto the PS-g-PP powder results in a high grafting degree
of 3.9 % while this value is just 1.3 % in the case of grafting P3HT onto the PS-g-PP film.

ey i RO |

(a) (b) (c)

Figure 4.21. Images of (a) PP, (b) PS-g-PP, and  Figure 4.22. Images of (a) PP, (b) PS-g-PP, and
(c) P3HT-g-PP films (c) P3HT-g-PP powders

During the graft reactions of poly(3-hexylthiophene) to PS-g-PP, two reactions occur simultaneously, namely
the oxidative self-homopolymerization of 3-hexylthiophene and the graft polymerization of 3-hexylthiophene
onto PS-g-PP. The characterization data for the P3HT extracted from the crude grafted product is as same as
Figure 4.9. In this case, the number-average molecular weight (M,) and the polydispersity index (PDI) of
extracted P3HT are 75 kDa and 3.4, respectively. The color of PS-g-PP film and powder are shown in Figures
4.21b and 4.22b and both film and powder after modifying with P3HT became orange upon immersion in
chloroform solution.
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Figure 4.23. UV-vis spectra of PP, PS-g-PP, P3HT- Figure 4.24. UV-vis spectra of PP, PS-g-PP, and
g-PP, and drop-cast P3HT on the PP films P3HT-g-PP onto the PP powders

In Figure 4.23, PP film (red dashed line) showed absorption band at around 270 nm and a weak absorption
peak at 320 nm. The absorption peak at 270 nm is attributed to a trace of a,B-unsaturated carbonyl groups %
%3, The weak absorption peak at 320 nm corresponds to a n-z” transition of a trace of conjugated carbonyl
group 5. The spectrum of PS-g-PP (green dashed dotted line) exhibits a strong absorption band at around 270
nm, this sharp absorption peak at 4.6 eV corresponds to the interaction between phenyl groups and the
evidence of a n—n" excitation from aromatic group of polystyrene . The maxima absorption of the spectrum
of P3HT-g-PP (blue dotted line) were 268, 333 and 458 nm. A strong peak at 268 nm confirmed the presence
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of the interaction of aromatic groups from PS. Two peaks at 333 and 458 nm could be due to a characteristic
n-n” transition of P3HT indicating the m-electron delocalization of the conjugated P3HT moiety %57, A 50
ul chloroform solution of P3HT was drop cast onto the PP film, dried in vacuum for 12h, then the UV-vis
spectrum was measured. The result (black solid line) in Figure 4.23 shows two peaks at 276 and 455 nm. The
peak at 276 nm is identical to a trace of o,B-unsaturated carbonyl groups from PP 5153 while the observed peak
at 455 nm indicates a n-nt” transition from the cast P3HT “%44, The onset of absorption wavelength considering
as the optical band gap energy that is calculated indirectly by finding the intersection point between the tangent
line to a curve and the x axis (as shown in Figure 6). The optical band gap energy of PP and PS-g-PP films
are 4.09 and 4.03 eV belongs to localized electronic state of PP 67%° and PS %™, respectively. The band gap
energy of P3HT-g-PP and drop cast P3HT onto the PP films are 1.92 and 1.79 eV, which are attributed to n-
conjugation from 3HT units "2,

The UV-vis spectra of the PP, PS-g-PP, and P3HT-g-PP powders show similar results to those of the films.
The spectrum of the PP powder (red dash line) shows two absorption peaks in the ultra-violet region (241 and
285 nm) that belong to n-n” excitation of a trace of carbonyl group %3, The spectrum of the PS-g-PP (green
dashed dotted line) shows the absorption maxima of three peaks at 223, 261, and 299 nm. Two peaks at 223
and 299 nm are identical to the wavelength from the polymer chain of PP film, while a strong peak at 261 nm
is associated with the carbon-carbon double bonds from aromatic groups of PS . The P3HT-g-PP (blue dot
line) shows two peaks at 392 and 624 nm, which are characteristic n-n" transition of P3HT, indicating a long
n-electron delocalization of the conjugated P3HT moiety 49557, The band gap energy also is calculated from
the onset wavelength (as shown in Figure 4.24). The energy values at 4.00 and 3.75 eV are obviously identical
energy to localized electronic state of PP 7%° and PS 071, respectively. The band gap energy of P3HT-g-PP
powder is 1.57 eV, which is lower than that of P3HT-g-PP film of 1.92 eV. The reason could be elucidate
from the larger surface area of the powder, so the grafting ratio of P3HT onto the PP powder is higher than
that of PP film, resulting in higher content of long w-conjugation structure of the P3HT moiety on the surface
of the PP powder.

Table 4.2: The absorption wavelength and optical band gap of PP and grafted PP products

samples Absorption wavelength Optical band gap Emission
onset (nm) (eV) wavelength (nm)
PP 303 4.09 -
Film PS-g-PP 307 4.03 N
P3HT-g-PP 644 1.92 562
Drop-cast .P3HT on PP 689 179 e
film
PP 309 4.00 -
Powder PS-g-PP 330 3.75 N
P3HT-g-PP 789 1.57 615

The fluorescence spectra of PP, PS-g-PP, P3HT-g-PP in both film and powder are shown in Figure 4.25. In
this figure, only P3HT-g-PP displayed strong emission band in the area from 550 to 620 nm. The emission
peak of P3HT-g-PP film (A = 562 nm) appeared at the lower wavelength than that of P3HT-g-PP powder (A =
615 nm). The difference in emission peak of film and powder can be elucidated on the different grafting ratio,
powder had a higher grafting ratio than film that resulted in longer wavelength absorption and emission (Table
4.2). The emission peak of the P3HT-g-PP film is blue-shifted by about 65 nm, compared to that of P3HT
drop-cast on PP film. The connection between the aromatic compound from PS-g-PP and 3HT units may be
responsible for the difference in emission wavelength. The incorporation of aromatic compounds such as
benzene, toluene, and xylene into the P3HT main chain has been found to cause a blue-shifted in the absorption
peak maximum %,
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Figure 4.25: Photoluminescence spectra of PP, PS-g-PP, P3HT-g-PP in film (a) and powder (b)

TGA was performed to study the effect of grafting on the thermal stability property of PP. As the Figure 4.26
shown, all samples degraded completely and thermally stable without any significant change in weight when
the temperature reached over 800°C. The TG curve of PP film degraded in a single weight loss step in an air
atmosphere. The weight loss of PP film underwent thermal degradation beginning at 240°C and continued up
to 85% at 300 °C. The TG curve of PS-g-PP film coincide with that of PP film which shows a single
degradation stage that occurred from 244 to 380 °C. The weight loss for PS-g-PP film was up to 83% at 300
°C. The thermal stability of PP is similar to that of PS-g-PP could be elucidate on the analogous degradation
properties of PP and PS. The oxidative degradation of PP occurs between 200 and 450 °C while the TG curve
of PS starts at 200 °C and ends at 450 °C in the air atmosphere *°. After grafting P3HT, the TG curve of the
P3HT-g-PP showed two stages of degradation as shown in Figure 4.26. The first stage of degradation occurred
from 230 °C to 330 °C with weight loss from 3 to 38% corresponding to the thermal decomposition of the PP
and PS chain. The second stage of degradation of P3HT-g-PP ranged from 330°C to 500°C, where weight loss
between 38 and 95% occurred; this weight loss is attributed to the presence of P3HT. The thermal stability of
P3HT beginning at 350 °C has been previously reported, along with the characterization of P3HT and its

copolymers %44, These results indicate that the thermal stability of the P3HT-g-PP film is higher than that of
the PP and PS-g-PP films.

(. —PP
. ----PSg-PP
— - =P3HT-g-PP

—pP
. - — PS-g-PP
-+ P3HT-g-PP

50 +

Weight, %

T T T T T
200 200 400 600 800
Temperature °C Temperature °C

Figure 4.26. Thermogravimetric (TG) results Figure 4.27. Thermogravimetric (TG) results
of PP, PS-g-PP and P3HT-g-PP films of PP, PS-g-PP and P3HT-g-PP powders
The thermal stability of PP, PS-g-PP, and P3HT-g-PP powders show similar results to those of films (Figure
4.27). The TG curve of the PP powder underwent single thermal degradation between 240 and 400 °C, with
the weight loss from 1 to 92%. The TG curve of the PS-g-PP powder shows similar thermal decomposition
property to that of PP powder. A two stage decomposition was found for the P3HT-g-PP powder. The first
decomposition was from 240 to 367 °C and the second step occurred between 368 and 550 °C. The first
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decomposition stage is attributed to the random scission of PP and chain scission of PS chain °° while the
second degradation step could be due to the thermal scission of P3HT “°44, These results reveal that the grafting
of P3HT onto the PP surface significantly improved the thermal stability of PP.

The P3HT-g-PP powder was compressed to form a film, and measured the conductivity using a four-probe
method. The conductivity of P3HT-g-PP powder is 0.003 S/cm, indicating that the P3HT layer was well built-
up on the surface of PP.

The element present in the P3HT-g-PP powder was identified by the EDX microanalysis in TEM. In Figure
4.28, which shows TEM-EDX images, the (a) image shows the STEM of P3HT-g-PP powder. In the (b) image,
the green dots represent sulfur elements that were widely distributed throughout the PP powder. This result
confirms the presence of sulfur, which originates from the heterocyclic thiophene (3HT) unit grafted to the
cellulose. Moreover, as shown in the EDX spectrum, the elemental iron was not detected in P3HT-g-PP
powder, which indicated that Fe** was completely removed by soxhlet extraction with methanol.

— —

Figure 4.28: The EDX mapping images (a), (b) and EDX spectrum of P3HT-g-PP powder

Information concerning the crystal structure of the PP and P3HT-g-PP samples were recorded using X-ray
diffraction measurements gave similar results to Figure 4.18

4.4 Conclusions

The modification of the PP surface with P3HT was carried out successfully using a simple two-step grafting
reaction. In the first step, PP was functionalized with PEPT or PS. In the second step, the build-up of P3HT
layer on the PP was made by the oxidative polymerization of 3HT monomers and PS-g-PP or PEPT-g-PP. The
incorporation of 3HT units into PS-g-PP results in absorption and emission peaks appeared in UV-vis and
photoluminescence spectra. The thermal stability of PP was significantly improved by grafting P3HT onto the
PP surface. The doping of the surface with I, extended the m-conjugation and reduced the band gap energy.
The presence of sulfur, originating from the monomeric heterocyclic compound 3HT, was detected by TEM-
EDX analysis. The electrical conductivity of the grafted powder indicates that the P3HT layer was well grafted
onto the surface of the PP. The grafting of P3HT onto the PP surface also resulted in changes to the crystallinity
of the PP.
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Chapter 5:
Surface functionalization of biomaterials substrate with poly(3-hexylthiophene)

5.1 Introduction

The disadvantage of fossil fuels such as pollution and non-renewable source, which is resulting in increasing
attention of renewable resources to replace materials from crude oil. Cellulose, also known as polysaccharide,
is a biopolymer found in nature that consists of a long chain with many thousands of glucose unit connected
by B-1,4 linkages.>? As sustainable, biodegradable resources having a positive impact on the ecosystem,
cellulose and its derivatives have found in widespread applications in the pharmaceutical, fiber, paper, paint
and textile industries.®* Chitin and chitosan are crucial biopolymers having special chemical reactivity and
physical properties, and found in diverse applications of drug delivery system, antibacterial activity and other
systems®”’. Surface modification of biomaterials such as cellulose, chitin and chitosan to enhance its physical
and chemical properties and improve its functionality has been researched for more than two decades. Three
typical techniques for surface modification have been classified as grafting to, grafting from, and grafting
through processes.>® Moreover, there are three main methods for grafting vinyl monomers to polysaccharide:
(1) free radical polymerization®!! , (2) ionic and ring opening polymerization'?” and (3) living radical
polymerization®24,

Recently, advances in the research combining conjugated polymers and biomaterials have driven new interest
in enhancing the novel functionalities of materials and further opening the scope of applications such as
biosensor, bioelectronics, tissue engineering, and biofuel cell 252,

A polythiophene-cellulose composite was synthesized by a two-step reaction in which the thiophene monomer
was oxidatively copolymerized with oligothiophene-substituted cellulose derivatives.?® The fabrication of a
thin oriented film of n-butylcinnamoylcellulose and polythiophene simultaneously improve the conductivity
and mechanical properties.®® Composites of cellulose and different conducting polymers (polypyrrole or
polyaniline) that utilize the interplay of the two metarials have been produced.*2 Composites of cellulose
and polyaniline have been applied as the electrodes in fuel cells 3 and energy conversion 34 A cellulose
fiber/graphene oxide material exhibited excellent electromagnetic interference shielding for potential
applications in aerospace and wearable electronic devices *. The core-sheath structure of a
cellulose/polypyrrole composite reinforced with carbon nanofiber resulted in an environmentally friendly
electrode material for sodium-ion batteries % . The substituted polyaniline/chitosan composites was
synthesized using ammonium perdisulfate as an oxidant in an aqueous acid *’. Grafting of polyaniline onto the
radiation crosslinked chitosan has been applied for sensor and electrodes of polymeric batteries *. Chitosan-
graft-polyaniline based hydrogels was synthesized by simple oxidative method using ammonium persulfate,
resulting in high and reversible swelling properties in hydrogel with intrinsic conductivity®. Electron beam
radiation has been used to synthesize chitin-polyaniline nanocomposite . Polythiophene chitosan magnetic
nanocomposite was applied for extraction of triazine herbicides from aquatic media **. Grafting polypyrrole
onto chitin was accomplished using ammonium peroxy disulphate (APS) as an initiator 2. However, the main
purposes of these works were to make the composite materials due to the insolubility of polythiophene,
polypyrrole, and polyaniline. The goal of our research is to graft conjugated polymers such as poly(3-
hexylthiophene) directly to chitin/chitosan. Herein, we report a new methodology for directly grafting
conjugated polymers to chitin/chitosan by oxidative polymerization using FeCls.

5.2 Experimental section

5.2.1 Chemicals

Cellulose powder was purchased from Wako Pure Chemical Industry Ltd. Cellulose paper was purchased from

Toyo Roshi Kaisha, Ltd. 3-Hexylthiophene monomer, chitin, chitosan and anhydrous FeCls were from Tokyo

Chemical Industry Ltd and used without any further purification. Solvents such as chloroform hexane,

acetonitrile and methanol were analytical grade, purchased from Wako Pure Chemical Industry Ltd and used
73



as a received. All solvents (chloroform, hexane, and acetonitrile), medium for graft reaction were dried by
standing over 4A molecular sieves for 8h, and purged with argon gas for 20 minutes before using.

5.2.2 Measurement

UV-vis diffuse reflectance spectroscopy was measured using a Jasco V-650 UV-vis spectrometer.
Fluorescence emission spectra were recorded on a Jasco spectrofluorometer FP-8300. Thermo gravimetric
analysis (TG) was carried out on a Hitachi Thermal Analysis System STA 7200 RV in air from 20 to 700°C
at a flow rate of 25 ml min! and heating rate of 10°C min*. *H NMR spectra (400MHz) and IR spectra were
recorded on a Brucker Acsend 400 spectrometer and a Jasco FT/IR — 480 Plus, respectively. X-ray diffraction
patterns were recorded with Cu-Ka radiation (X-ray wavelength: 1.5418 A) in steps of 0.02° over the 26 range
of 10-70° from a Rigaku Smartlab diffractometer equipped with a D-tex detector. Transmission electron
microscopy (TEM) images were observed using a JEOL JEM-2100F microscope. Energy dispersive X-ray
(EDX) mappings and line scan spectra were recorded on an Oxford INCA Energy TEM 250. Gel permeation
chromatography (GPC) was measured in a system equipped with a Jasco PU-2080 Plus pump and a Jasco RI-
2031 plus intelligent RI detector. Electrical conductivity was carried out with an Agilent 34401A 62 Digit
Multimeter resistometer by a four-probe method. Photoemission Yield spectroscopy (PYS) was measured on
PYS machine, produced from Bunkoukeiki Co., Ltd. Contact angle was measured on portable contact angle
analyzer PGX.

5.2.3 Grafting and sample preparation

All reactions in this work were carried out in an oven-dried Schlenk flask with a stopcock under an argon
atmosphere. An amount of 0.3 g cellulose powder and 0.3 g FeCls were dispersed in 7 ml chloroform with a
magnetic stirrer. After the mixture was performed ultrasound treatment for 20 minutes, the suspension of
cellulose and FeCls in chloroform was cooled to 0°C in an ice bath. The chloroform (3 ml) solution of 3HT
(100 mg, 0.6 mmol) was dropped into a magnetically suspension of cellulose and FeCls. The reaction was
conducted for 2 h at 0°C under an argon atmosphere. The stoichiometric ratio of 3HT to FeCls; was 1:4. The
reaction was terminated by adding methanol. The obtained product was washed with methanol to remove any
residual FeCls by Soxhlet apparatus, and then it was extracted with chloroform to eliminate free poly(3-
hexylthiophene) (P3HT) homopolymer using a Soxhlet extractor. Finally, the poly(3-hexylthiophene) grafted
to cellulose product was dried under vaccum for 12 h. The grafted celluloses are hereinafter referred as P3HT-
g-cellulose.

Grafting of 3-hexylthiophene onto cellulose powder in the different ratio between FeCls and cellulose were
conducted as above, whereas n is the weight ratio of FeCl; against cellulose (n = weight of FeCls/weight of
cellulose). A series of grafting reactions of 3-hexylthiophene to cellulose in different solvents such as hexane
and acetonitrile were also conducted as above. Similarly, grafting reaction of 3-hexylthiophene to chitin and
chitosan were prepared as method described above. The grafted chitin and chitosan are hereinafter referred
as P3HT-g-chitin and P3HT-g-chitosan, respectively.

5.3 Results and discussion

5.3.1 Grafting P3HT to cellulose

In this work, graft reactions were conducted in three solvents: acetonitrile, chloroform, and hexane. During
the graft reactions of poly(3-hexylthiophene) to cellulose, two reactions occur simultaneously, namely the
oxidative self-homopolymerization of 3-hexylthiophene and the graft polymerization of 3-hexylthiophene
onto cellulose. The ungrided 3-hexylthiophene homopolymer was removed from the grafted cellulose as a a
chloroform-soluble fraction by using a Soxhlet extractor, and the final product was dried in vacuo for 12 h.
Images of all the P3HT-g-cellulose products are shown in Figure 5.1. As shown in this figures, the color of
P3HT-g-cellulose depends on the solvent, used in the graft reaction. These color differences can be clearly
identified with the naked eye.
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Figure 5.1: P3HT-g-cellulose produét
synthesis in chloroform synthesis in hexane synthesis in acetonitrile

The grafting ratio (Gr) was calculated using the following formula: (A - B - C) / B x 100; where A is the total
weight of the cellulose and the crude graft product, B is the weight of the original cellulose, and C is the weight
of the extracted homopolymer of 3-hexylthiophene.*** The series of graft reactions was conducted in various
solvents to demonstrate the role of the solvent on the process of grafting P3HT to cellulose. Table 5.1
summarizes the results of the grafting ratio and average molecular weight of the grafted product, for reactions
conducted in acetonitrile, chloroform, and hexane with different FeCls/cellulose ratios (wt/wt). In this work,
the molecular weight of the extracted homopolymer was used as the molecular weight of the polymer grafted
to cellulose.

As shown in Table 5.1, among the three solvents, used for grafting P3HT to cellulose, hexane produced the
polymer with the highest molecular weight (M,,, of around 131 kDa, while the polymer obtained in acetonitrile
(M,, of around 57 kDa) showed a slightly lower molecular weight than the polymer obtained in chloroform
(M,, of around 66 kDa). With hexane or chloroform, the graft reaction occurred in a heterogeneous system
due to the poor solubility of FeCls in these solvents, while acetonitrile provided a homogeneous system for
the graft reaction because FeCls dissolves completely in this solvent. “¢ Moreover, the active sites on the
surface of the FeCl; crystals are the locations where oxidative polymerization occurred with high
effectiveness. 4”8 In our previous report, we definitely confirmed that the polymer yield and molecular weight
obtained in a heterogeneous system are higher than those obtained in a homogeneous system. “6 In other words,
the solubility of FeCls in the solvent has an effect on the performance of oxidative polymerization. The effect
of the solvent on the grafting ratio (Gr) of P3HT-g-cellulose is shown in Table 5.1. It can be seen that the Gr
obtained in hexane (average value of 6.1) is higher than that obtained in chloroform (average value of 4.7),
while the graft reaction in acetonitrile resulted in the lowest value (average of 3.6). From Table 5.1 it is seen
that the grafting ratio depends slightly on the FeCls/cellulose weight ratio (wt/wt), regardless of the solvent
used. The grafting ratio reached the highest value at n = 1.33 in all solvents used (n = weight of FeCls/weight
of cellulose). The grafting ratio initially increased as n increased, then slightly decreased when n was over
1.33. In these reactions, the stoichiometric ratio of 3HT to FeCl; was kept constant at 1:4. The competition
between self-homopolymerization and the graft reaction in grafting P3HT to cellulose depends on the n value.
When n is lower than 1, there are not enough moles of FeCl; for both the self-homopolymerization and graft
polymerizations, which result in a lower grafting ratio. When n is higher than 1.33, the higher number of FeCls;
active sites could accelerate the rate of self-homopolymerization, reducing amount of 3-hexylthiophene
grafted to the surface of cellulose. In summary, the optimum n value for grafting is 1.33.

Table 5.1. The grafting ratio and characterization of extracted P3HT from grafted cellulose

FeCla/cellulose Gr_aft _ Grafting Molecular Weightff extracted
Entry (wirwt) reaction in ratio (%) P3HT (*) _

solvent Mw, kDa | PDI M,,, kDa
1 0.33 3.6 58 2.9
2 0.67 3.7 55 3.1

i 12(3) Acetonitrile 2573 ZZ 22 57.0+1.7
5 1.67 3.6 58 35
6 2.00 35 60 3.9
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7 0.33 4.7 70 2.7
8 0.67 4.7 66 2.5
190 igg Chloroform jg 23 2?} 65.5+2.7
11 1.67 4.7 66 2.6
12 2.00 45 61 2.4
13 0.33 5.8 124 3.3
14 0.67 5.9 125 3.5
15 1.00 6.1 132 3.3
6 133 Hexane 62 127 31 131.3+5.8
17 1.67 6.1 141 3.1
18 2.00 6.1 139 3.1

extract P3HT from grafted cellulose
(graft reaction in chloroform)

cellulose

_

| P3HT-g-cellulose »
0 T T T T T T T T T T T T T T f T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 7 6 5 1
Wavenumber (cm™) ppm
Figure 5.2. FT-IR spectra of cellulose and Figure 5.3. 'H — NMR spectrum of extracted
P3HT-g-cellulose P3HT from P3HT-g-cellulose

All P3HT-g-cellulose samples conducted in various solvent (acetonitrile, chloroform, hexane) gave similar
spectra. The FT-IR of cellulose and P3HT-g-cellullose are shown in Figure 5.2. Many previous reports have
been published on the IR characterization of cellulose.*24324951 The characteristic peaks of cellulose are
observed at 2899 cm™ and range from 3250-3500 cm™ which are associated with C-H and O-H stretching
vibrations, respectively.**° The prominent peaks attributed to cellulose are observed in the 1314-1372 cm™
range, related to C-H and C-O bending vibrations. 4% The characteristic peaks of hexyl group from P3HT
including  3000-2800 cm® region (C-H  stretching of the -CH3 and >CH2
groups in the hexyl chain) and 3080-2980 cm-1 range (stretching vibration mode of thiophene at the 4-position
CB-H) 46 have overlapped with characteristic peaks of cellulose. In the IR spectrum of P3HT-g-cellulose
samples, a small additional peak is observed at 748 cm™, attributed to the presence of out-of-plane C-H
vibration of the aromatic groups. °® This aromatic C-H out-of-plane vibration could be associated with the
aromatic rings of 3-hexylthiophene.
The characterization data for the homopolymers extracted from the grafted cellulose are shown in Figure 5.3.
The signals in the *"H NMR at §=0.87 are associated with the methyl proton “6°3 while the peaks observed at
8=2.50 and 6=2.80 belong to the head-to-head (H-H) and head-to-tail (H-T) structure of P3HT, respectively
4633, The four triad configurations as follows: HT-HT, TT-HT, HT-HH and TT-HH, respectively 4% are
observed at 6=6.97, 6=7.00, 6=7.02 and 6=7.05 ppm.
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The UV-vis absorption spectra of P3HT-g-cellulose, synthesized in chloroform with different n, are shown in
the Figure 5.4. As shown in Figure 5.4, since there is no significant absorption peak for cellulose in the range
from 300-800 nm, the maximum peaks at around 514 nm similar to absorption wavelength of the P3HT 5+%¢,
correspond to the m-n” transitions of 3HT unit in the P3HT-g-cellulose. Although the grafting ratio (Gr) are
changed as a result of the difference value of n, the absorption peaks of P3HT-g-cellulose, synthesized in
chloroform with various value of n, are not likely to change remarkably. For instance, as shown in Table 5.2,
the average number of absorption peak from P3HT-g-cellulose (synthesis in chloroform) is 51445 nm. Similar
results have also found in the maximum absorption peaks of P3HT-g-cellulose, synthesized in hexane and
acetonitrile. In other word, the absorption peak is not depended on the weight ratio of FeCls/cellulose. All the
UV-vis spectra (in Figure 5.4) were characterized by broad absorption peak reflecting the intense n-conjugated
structure of 3HT moieties from the grafted cellulose products. However, a remarkable solvent effect on the

shift of the A22S9TPHO™ co1d be seen definitely. For instance, as shown in Table 5.2, 2955, of P3HT-g-
cellulose, synthesized in acetonitrile, chloroform, and hexane are 507, 514, and 543, respectively. The
wavelength of the UV-vis absorption in P3HT-g-cellulose, synthesis in hexane, is significantly longer than
that of the P3HT-g-cellulose, synthesis in chloroform and acetonitrile (Table 5.2). It is also notice that the
molecular weight of P3HT-g-cellulose (M,,= 131.3), obtained in hexane, is remarkably higher than that of
P3HT-g-cellulose, obtained in chloroform (M,, = 65.5) and acetonitrile (M,,= 57.0). These indicate that P3HT-
g-cellulose, synthesis in hexane, could have higher content of long m-conjugation structure than P3HT-g-
cellulose, synthesis in chloroform and acetonitrile. In addition, the performance of organic field effect
transistors and solar cells have been significantly affected by the molecular weight of n-conjugated polymers.
5760 In other word, lower molecular weight causes insufficient conjugation length of polymer, results in the
shorter absorption wavelength and vice versa.
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Figure 5.4. UV-Vis spectra of cellulose and P3HT-g-cellulose
(a) synthesis in chloroform (b) synthesis in hexane (c) synthesis in acetonitrile

Figure 5.5 reveals Fluorescence spectra of P3HT-g-cellulose synthesized in chloroform with different weight
ratio of FeCls/cellulose. In this Figure, all grafted cellulose products display only one strong emission band in
the region from 610 to 631 nm. Similar to UV-vis absorption, it can be seen that the emission peaks fluctuate
slightly with the average number of 625+9 since changing the FeCls/cellulose weight ratio in chloroform.
Similarly, the luminescent wavelength of P3HT-g-cellulose, obtained in hexane and acetonitrile, are not
affected remarkably by the weight ratio of FeCls/cellulose. However, the shift of emission peak of P3HT-g-
cellulose depended on solvent, used for synthesis. For instance, the fluorescence spectra of P3HT-g-cellulose
prepared in hexane (4 &™& = 66242) were higher than those in chloform (4 ¢miS = 625+9) while P3HT-g-
cellulose obtained in acetonitrile gave the shortest wavelength (4 ¢mis = 60645) (as shown in Table 5.2).
Higher molecular weight of m-conjugated polymers, providing sufficient conjugation length, which offers
longer wavelength absorption and luminescent than lower molecular weight. 52 GPC results in Table 5.1
indicate that P3HT-g-cellulose obtained in hexane gave larger M,, than that obtained in acetonitrile and
chloroform. Therefore, the shift of emission peak (from 606 to 662), presents that the longer conjugated length
makes the absorption peak tend to be shifted toward the longer wavelength region, consequently, the emission
spectrum as well. In summary, the optical properties of P3HT-g-cellulose shown in both UV-vis absorption
and photoluminescent spectra, reflected that the m-conjugation structure of P3HT have been successfully
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grafted to the surface of cellulose. Moreover, the position of absorption and emission peaks of P3HT-g-
cellluose totally depend on the solvent used for graft reaction.
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Figure 5.5. Fluorescence spectra of cellulose and P3HT-g-cellulose
(a) synthesis in chloroform (b) synthesis in hexane (c) synthesis in acetonitrile
Table 5.2. The optical properties of grafted cellulose

=y Fec(l\i\//i/e\:\:tlilose reacc;trizi P S A Bt
solvents (nm) (nm) (nm) (nm)

1 0.33 499 615

2 0.67 507 604

3 1.00 _ 504 597

2 133 Acetonitrile E10 507+4 513 606+5

5 1.67 510 604

6 2.00 514 604

7 0.33 502 631

8 0.67 518 636

9 1.00 517 610

10 133 Chloroform =13 51445 o3l 625+9

11 1.67 517 612

12 2.00 521 631

13 0.33 540 660

14 0.67 532 661

i e oo o

17 1.67 542 662

18 2.00 540 660

The thermogravimetric (TG) analysis of cellulose and P3HT-g-cellulose, obtained in different solvents with
various weight ratio of FeCls/cellulose are shown in Figure 5.6. Cellulose is hygroscopic and a slight weight
loss of around 5% at 100° C is attributed to the evaporation of water in small quantities. The main loss of
cellulose began around 270°C corresponding to cellulose degradation. 534 The weight loss from 8 to 75% was
found in the decomposition stage of 275-368°C. When the temperature increase further up to 370°C, a loss
weight of 25% due to break down of main chain cellulose producing volatile gases®®. The grafted cellulose,
synthesis in all solvents (including acetonitrile, hexane and chloroform), are less thermally stable than
cellulose although the TG curves of P3HT-g-cellulose coincide with the TG curve of cellulose. The
degradation of all grafted celluloses products began at lower temperatures to that of cellulose as shown in
Figure 5.6. The slightly difference in TG curves of cellulose and its graft samples indicated the interaction
between cellulose and P3HT.
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Figure 5.6. TG curves of cellulose and P3HT-g-cellulose
(a) synthesis in chloroform (b) synthesis in hexane (c) synthesis in acetonitrile

The difference in thermal decomposition behavior of cellulose and grafted cellulose samples can be seen
clearly from the derivative thermogravimetric (DTG) curves shown in Figure 5.7. These peaks in DTG curves
show the maximum decomposition rate, indicate the completely pyrolysis of cellulose and grafted cellulose.
The peaks temperature of grafted cellulose products, obtained in all solvent with different weight ratio, shift
toward lower temperature. For instance, as shown in Figure 5.7, the DTG curve of cellulose show a sharp peak
at 336°C while the DTG peak temperature of P3HT-g-cellulose are observed at 312°C. Therefore, the DTG
peak temperature of P3HT-g-cellulose is lower by about 24°C than that of cellulose itself.
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Figure 5.7. DTG curves of cellulose and P3HT-g-cellulose

(a) synthesis in chloroform (b) synthesis in hexane (c) synthesis in acetonitrile
In summary, the TG and DTG curves show the thermal properties of the grafted P3HT to cellulose had lower
stability compared to cellulose itself. In previous reports, grafting vinyl monomer (methyl acrylate, methyl
methacrylate, 2-hydroxyethylmethacrylate, and so forth) to polysaccharide product such as cellulose resulted
in a decrease in the thermal stability of these polysaccharide 34467-6%, The thermal stability of polymer depends
significantly on the crystallinity °. Therefore, the grafting P3HT to cellulose could increase the amorphous
regions in cellulose resulting in changed in the crystallinity, in turn; the changed crystallinity leads to the
decrease of the thermal stability of cellulose.

The thermal stability of P3HT-g-cellulose and the simple mixture of poly(3-hexylthiophene) and cellulose
(P3HT/cellulose (30/70) mixture) were compared. As shown in the Figure 5.8, the P3HT homopolymer
showed higher thermal stability compared to cellulose itself. The DTG peak temperature is used as a measure
of the thermal stability. The DTG peak of cellulose is at 336°C while the DTG peaks of P3HT is 504 °C,
respectively. The thermal stability of the P3HT-g-cellulose is different from the thermal decomposition
property of the P3HT/cellulose (30/70) mixture. The thermal stability of the P3HT-g-cellulose was slightly
lower than that of cellulose itself, while the thermal decomposition behavior of the simple mixture of P3HT
and cellulose was higher than that of cellulose itself. The results from the TG and DTG curves in Figures 5.8,
can be explained based on the incompatible of constituent polymers causes the phase-separation structure in
polymer blend. " When P3HT was mixed with cellulose, there is no connection bond between 3HT unit and
cellulose. Therefore, P3HT/cellulose mixture shows separated temperature peaks belong to each constituents
of the mixture.
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Figure 5.8: TG and DTG curves of cellulose, P3HT and P3HT/cellulose mixture (30/70)

The effect of grafting on the crystallinity of cellulose and grafted cellulose has been carried out by XRD
analysis. The crystallinity of cellulose is expected to change by the direct grafting of 3HT to the cellulose
chain, which may result in reduced thermal stability.”® Cellulose exists in two crystalline forms: cellulose |
and I1. 72 The crystallinity index (Ic) and percent crystallinity (% C) of cellulose and the grafted cellulose
products were calculated from the XRD patterns using the 20 peak intensities between 18 and 19° (the
diffraction intensity of the amorphous portion) and between 22 to 23° (the intensities of both amorphous and
crystalline phases) 272 as follows:

_ ooz = lam % C, = _ fooz

¢ Lo ooz + Iam

As shown in Figure 5.9, all diffraction patterns exhibited peaks at 20 = 17 and 22.5°, which correspond to the
amorphous and crystalline phases of cellulose. The data in Table 5.3 reveals that the crystallinity indexes and
percentage crystallinities of the various grafted materials decrease slightly upon grafting. The crystallinity
index and percent crystallinity of cellulose itself are 0.58 and 72.15%, respectively. After grafting, the
crystallinity index varied from 0.53 to 0.57 while percent crystallinity fluctuate from 68 to 71 % as shown in
Table 5.3. The grafting of the poly(3-hexylthiophene) to the cellulose backbone increases the amorphous
region because of the incorporation of poly(3-hexylthiophen) chains that hinder the crystallization of the
cellulose chain. The thermal stability of cellulose depends mainly on its crystallinity.”®’* These XRD results
are in agreement with the TG results; after grafting cellulose crystallinity decreases resulting in a decrease in
thermal stability.
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Figure 5.9. XRD patterns of cellulose and P3HT-g-cellulose
(a) synthesis in chloroform (b) synthesis in hexane (c) synthesis in acetonitrile
Table 5.3. Crystallinity indexes and % crystallinities of P3HT-g-cellulose

FeCls/cellulose | Graft reaction in Crystallinity 0 -
Entry (wtiwt) solvents index (1) % Crystallinity
1 0.33 Acetonitrile 0.56 70.81
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2 0.67 0.53 69.38
3 1.00 0.55 69.32
1 133 0.57 70.55
5 167 0.54 7011
6 2.00 0.55 69.29
7 0.33 0.55 70.72
8 0.67 0.57 71.29
9 1.00 0.56 7011
10 133 Chioroform 0.55 69.32
11 167 0.56 69.12
12 2.00 0.55 71.75
13 0.33 0.56 71.38
14 0.67 0.57 70.83
15 1.00 Heane 0.55 70.94
16 133 0.56 68.85
17 167 057 70.45
18 2.00 0.57 71.27

The elements present in the P3HT-g-cellulose sample (entry 16 in Table 5.1) was identified by the EDX
microanalysis in TEM. In Figure 5.10, which show TEM-EDX images, the white and red dots represent the
carbon and oxygen elements, respectively while the sulfur and chlorine elements are marked by the green and
cyan dots, respectively. This is vital to confirm the presence of sulfur, which originates from the heterocyclic
thiophene (3HT) unit grafted to the cellulose.

Figure 5.10. EDX maps and spectrum of P3HT-g-cellulose

To determine the role of P3HT grafted to the surface of cellulose, photoemission yield spectroscopy (PYS)
has been applied to evaluate the ionization energy of cellulose and P3HT-g-cellulose. " Figure 5.11 shows
the PY'S spectra of cellulose and P3HT-g-cellulose (obtained in acetonitrile and hexane). The ionization energy
were determined from the linear plot and the cubic root plot for the yield spectra, as shown in Figures 16-18
in supplementary. From the linear extrapolation, the ionization energy was determined. In detail, ionization
energy of cellulose is 4.83 eV while these values of P3HT-g-cellulose, synthesis in acetonitrile and hexane,
are 4.74 and 4.67, respectively. In comparison to the cellulose itself, the ionization of P3HT-g-cellulose is
reduced by 0.09 and 0.16 eV, depend on solvent (acetonitrile or hexane) used for synthesis. With the presence
of P3HT on the surface of cellulose, the ionization energy appeared on the lower energy side, which
correspond to the ionization potential of P3HT.””’® Moreover, P3HT-g-cellulose, obtained in hexane, with
longer m-conjugated structure due to higher molecular weight, gave a lower ionization energy than P3HT-g-
cellulose, synthesis in acetonitrile. Furthermore, the conductivity of P3HT-g-cellulose (5.7 x 10 S/cm) is
found to be higher than that of cellulose (10° S/cm).
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The highly polar surface of cellulose, which is related to its OH-rich structure, creates a major problem for the
application of cellulose due to its poor compatibility with non-polar materials. Some reports have been
published that studied the wettability of cellulose surface " or searched for strategies to reduce the polar
character of cellulose . In this work, the effect of grafting P3HT to the surface of cellulose was also tested
by contact angle measurement (as shown in Figure 5.12), which is a measure of the wettability of a solid by a
liquid. In our results, cellulose and P3HT-g-celluloce obtained in acetonitrile were completely wettable by
water, with a contact angle of 0 °. The OH groups at the cellulose surface are subjected to interactions with
water at a high speed. However, P3HT-g-cellulose obtained in hexane exhibited a contact angle of 133.1°,
indicating a substantial decrease in its attraction to water due to the presence of heterocyclic thiophene groups
from P3HT layer on the surface of cellulose. The contact angle of 0° of the P3HT-g-celluloce obtained in
acetonitrile can be explained by the lower grafting ratio and molecular weight of P3HT on the cellulose
surface.

Figures 5.13 provides an overview of the grafting of poly(3-hexylthiophene) to cellulose. Although cellulose
grafted with P3HT was successfully synthesized and confirmed by FT-IR, XRD, TG, UV-vis, fluorescence,
PYS, contact angle, conductivity and TEM EDX techniques, the mechanisms of the grafting reactions
involving cellulose and 3-hexylthiophene in the presence of anhydrous FeCls remains unclear. The Fe?*-H,0,
system (Fenton reagent) has been used to graft vinyl monomers to cellulose for over two decades.? In most
previous research, it was supposed that the presence of Fe3* had a negative effect on grafting and led to
termination of the growing grafted chain.'®!! However, some complex reagents composed of Fe®*, ascorbic
acid, potassium fluoride, and ethylenediaminetetraacetic acid have been used in grafting reactions.®8 In our
method, anhydrous FeCls is well dispersed in chloroform by ultrasonic treatment; the reaction of FeCl; takes
place heterogeneously because of its insolubility in this solvent. In the solid state, the Fe®* ion at the surface
of the crystal has one unshared chloride ion and one empty orbital, leading to strong Lewis acidity and high
hygroscopicity.®? Furthermore, in the solid state the oxidant activity of FeCls is high.* The following reaction
steps are proposed for the grafting reaction of 3HT to cellulose. In the first step, radical formation on the
cellulose backbone may occur on the oxygen atom of the (-CH,OH) group. At the same time, 3HT monomers
are oxidized to the corresponding radical cations by FeCls.2 Initially, the oxidized 3HT monomer may couple
with the free radical on the oxygen atom of the (-CH>OH) group. In the propagation step, FeCls continues to
oxidize the 3HT molecules on the surface of cellulose to their radical cations; this surface radical cation is
then thought to couple with another 3HT radical cation in solution. Repetition of this process is thought to
bind the P3HT to the surface of the cellulose. Termination may result from the substitution of the hydrogen
atom of a 3HT molecule with a chlorine end group®#.
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Figure 5.13. Grafting of P3HT onto cellulose

5.3.2 Grafting P3HT to chitin and chitosan

In previous results, hexane is the best medium for grafting P3HT to cellulose. Therefore, this solvent is chosen
for graftting P3HT to chitin and chitosan. As a result, the different color of chitin and chitosan before and after
grafting with P3HT can be clearly observed with the naked eye.

Figure 5.14. Images of chitin and P3HT-g-chitin (left); chitosan and P3HT-g-chitosan (right)

All FT-IR investigation related to chitin characterization have been discussed in previous reports 88, a very
small peak appeared as a shoulder on a peak at 752 cm™ correspond to CH out-of-plane vibration from the
aromatic rings of 3HT unit > after grafting P3HT. For the P3HT-g-chitosan, the appearance of shoulder at
1457 and 1588 cm could from the C=C and C—C stretching mode from the aromatic of 3HT unit and the CH
out-of-plane vibration from the aromatic rings of 3HT 52#° make the peak at 891 cm™ sharper after grafting
P3HT to chitosan.
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Figure 5.15: FT-IR curves of chitin (a) and Figure 5.16. FT-IR of (a) chitosan and (b)
P3HT-g-chitin (b) P3HT-g-chitosan

As shown in Table 5.4, the grafting ratio reached the highest value at n = 1.33 of both grafted chitin and
chitosan. These results are simliar to those of garfting P3HT to cellulose.

Table 5.4. The grafting ratio and characterization of extracted P3HT from grafted cellulose

FeCls/chitin or | Grafting | Molecular weight of
Entry Samples chitosan ratio extracted P3HT (*)
(wt/wt) (%) Mw, kDa | PDI
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1 0.33 32 98 27
2 0.67 32 95 33
3 . 1.00 33 %5 38
2| PeHT-g-chitin 133 34 86 34
5 167 33 88 33
6 2.00 33 %0 3.6
7 0.33 32 87 2.9
8 0.67 34 95 35
9 _ 1.00 36 86 32

10 | P3HT-g-chiosan 133 35 99 37

11 167 33 93 36

12 2.00 34 84 38

As shown in Figures 5.17 and 5.18, the optical properties of P3HT-g-chitin and P3HT-g-chitosan including
both UV-vis absorption and photoluminescence emission spectra reflected that the n-conjugation structure of
P3HT have been successfully grafted to the surface of chitin and chitosan. In addition, weight ratio of

FeCls/chitin or chitosan does not significantly influence on the maximum absorption peaks as well as the
photoluminescence emission peaks.
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Figure 5.17. UV-vis spectra (a) and Fluorescence spectra (b) of P3HT-g-chitin
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Figure 5.18. UV-vis spectra (a) and Fluorescence spectra (b) of chitosan and P3HT-g-chitosan

Similar to the TG and DTG of P3HT-g-cellulose, the TG and DTG curves (in Figures 5.19 and 5.20) show the
lower thermal stability of the grafted chitin/chitosan compared to chitin/chitosan. In previous publications,
grafting vinyl monomers (methyl acrylate, methyl methacrylate, 2-hydroxyethylmethacrylate, and so forth) to
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polysaccharide products have been found to cause a decrease in the thermal stability of these polysaccharide
434467-69 In addition, the thermal stability of polymer depends significantly on the crystallinity °. Therefore,
the decreased in thermal decomposition of grafted chitin/chitosan could be associated to the degree of
crystallinity of chitin/chitosan. In other words, the grafting P3HT to chitin/chitosan could increase the
amorphous regions in chitin/chitosan resulting in changed in the crystallinity, in turn; the changed crystallinity
leads to the decrease of the thermal stability of chitin/chitosan.
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Figure 5.19: TG (a) and DTG (b) of chitin and P3HT-g-chitin
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Figure 5.20: TG (a) and DTG (b) of chitosan and P3HT-g-chitosan

After grafting, the crystallinity index of chitin and chitosan are also lower than that of original chitin and
chitosan (as shown in Figures 5.21 and 5.22). The grafting (3HT/F) copolymer to chitin/chitosan cause the
disorder of the crystalline structure, resulted in the increase of amorphous region. Furthermore, the thermal
stability of polymer depends mainly on the crystallinity®. These XRD results are in agreement with the TG
results. Therefore, grafting (3HT/F) copolymer to chitin/chitosan lead to less thermal stability of chitin and

chitosan.
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The elements present in the P3HT-g-chitin and P3HT-g-chitosan samples were detected by the EDX
microanalysis in TEM. In the TEM-EDX images of Figure 5.23, all elements include carbon, oxygen, nitrogen,
sulfur and chlorine were represented. These results confirmed the presence of sulfur, which originates from
the heterocyclic thiophene (3HT) unit grafted to the cellulose.

Figure 5.23. The EDX mapping and spectrum images of P3HT-g-chitin (left) and P3HT-g-chitosan (right)

The conductivity of chitin/chitosan and grafted chitin/chitosan were measured by using four-probe method.
As a result, the conductivity of chitin/chitosan were improved significant from 10° S/sm (for chitin/chitosan)
to 3.5x 107 and 7.6 x 10" S/cm (for P3HT-g-chitin and P3HT-g-chitosan, respectively).

In addition, the contact angle measurements are used to determine the effect of P3HT on the wettability
property of chitin and chitosan before and after grafting. In this measurement, two samples P3HT-g-chitin and
P3HT-g-chitosan with the highest grafting ratio were selected for measurement. The chitin and chitosan have
very low hydrophobicity, in detail, the water droplet was absorbed completely by the surface of chitin and
chitosan within 20 s. As a result, the contact angle is almost 0°, indicated the hydrophilic surface of chitin and
chitosan. In contrast, the presence of P3HT on the surface of chitin/chitosan significantly increased
hydrophobicity of chitin/chitosan with higher water contact angles. As shown in Figure 11 and supplementary-
Figure 10, the water droplet remain on the surface of grafted chitin/chitosan without seeping deeper. The
P3HT-g-chitin and P3HT-g-chitosan displayed a water contact angles of 97.7° and 107.0°, respectively. The
results imply that the poly(3-hexylthiophene) grafted to the surface of chitin and chitosan resulted in the
improvement of the hydrophobicity.
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Figure 5.24. Images for contact angle of P3HT-g-chitin (left) and P3HT-g-chitosan (right)

5.4 Conclusions

Surface functionalization of cellulose with poly(3-hexylthiophene) (P3HT) was conducted with FeCls as an
oxidant in three different solvents: acetonitrile, chloroform, and hexane. Of these three solvents, hexane best
promoted the grafting P3HT to cellulose with a high grafting ratio and molecular weight. The maxima of the
UV-vis absorption and fluorescent spectra, observed at around 500 and 600 nm, respectively, represented the
build-up of the conjugated chain length formed by the grafting of P3HT onto the cellulose surface. The HOMO
level of cellulose as determined by photoemission yield spectroscopy decreased from 4.83 to 4.67 eV after
modification with P3HT. Grafting P3HT onto the surface of cellulose provided super-hydrophobic property
with a lotus effect. The conductivity of cellulose also improved significantly, from 10° to 10 S/cm when
P3HT was present on the surface. The thermal stability and crystallinity of cellulose decreased slightly upon
graft polymerization with P3HT. The modification of the surface of chitin and chitosan have been grafted
successfully with P3HT, using same method. Introducing the P3HT layer in the surface helped to enhance the
conductivity of chitin and chitosan. The S element from 3HT unit was detected by TEM-EDX. The absorption
and emission peaks in the range from 500 to 600 nm is an evidence of n- ©* conjugation from 3HT unit,
grafted to chitin and chitosan. The modified chitin and chitosan display high water contact angles imply that
the hydrophilic nature of chitin and chitosan turned to hydrophobicity after the grafting with P3HT. The
thermal stability of grafted cellulose was found to depend on its crystallinity. The thermal stabilities of the
P3HT-g-chitin and P3HT-g-chitosan were slightly lower than that of chitin and chitosan themself, while the
thermal decomposition behavior of a simple mixture of a P3HT with chitin and chitosan were superior to that
of chitin/chitosan alone.
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Chapter 6:
Photoluminescent control of biomaterials through novel oxidative polymerization

6.1 Introduction

In chapter 6, we successfully surface functionalization of polysaccharide including chitin, chitosan, and
cellulose with poly(3-hexylthiophene). In this chapter, the surface of those polysaccharides were chemically
modified to control its photoluminescence with a series of conducting polymers, including fluorene (F) and 3-
hexylthiophene (3HT), through oxidative polymerization with FeCls. In this report, P3HT and PF are used as
conjugated polymers because of their unique properties, including high solubility, high efficiency emission in
a wide variety of colors, low operating voltage,' performance enhancement of organic light-emitting diode
(OLEDS),? high photoluminescence quantum efficiencies, and thermal stability.34°

6.2 Experimental section

6.2.1 Materials

Cellulose powder was purchased from Wako Pure Chemical Industries Ltd. 3-Hexylthiophene (3HT), fluorene
(F) monomer, anhydrous FeCls, chitin and chitosan were obtained from Tokyo Chemical Industry Co. Ltd.
and used without further purification. Analytical grade solvents such as chloroform and methanol were
purchased from Wako Pure Chemical Industries Ltd and used as received. Chloroform was dried over a 4 A
molecular sieves for 8 h, and purged with argon gas for 20 min before use.

6.2.2 Equipment

UV-Vis spectra were obtained by diffuse reflectance measurements with a Jasco V-650 UV-Vis spectrometer,
set in absorbance photometric mode, with a UV-Vis bandwidth of 2.0 nm, data interval of 1.0 nm, and a scan
rate of 400 nm min. Thermogravimetric (TG) analyses were conducted in air on a Hitachi STA 7200 RV
thermal analysis system, from 20 to 700 °C at a flow rate of 25 ml min, and a heating rate of 10 °C min. H
NMR spectra (400 MHz) and IR spectra were recorded on a Bruker Ascend 400 NMR spectrometer and a
Jasco 480 Plus FT-IR spectrometer, respectively. X-ray diffraction patterns were recorded with Cu-Ko
radiation (X-ray wavelength: 1.5418 A) in steps of 0.02° over the 10—70° 20 range on a Rigaku Smartlab
diffractometer equipped with a D-tex detector. Transmission electron microscopy (TEM) images were
acquired with a JEOL JEM-2100F microscope. Energy dispersive X-ray (EDX) maps and line scan spectra
were recorded on an Oxford INCA Energy TEM 250. Gel permeation chromatography (GPC) was performed
on a system equipped with a Jasco PU-2080 Plus pump and a Jasco RI-2031 plus intelligent RI detector.
Fluorescence spectra were recorded at room temperature on a Jasco spectrofluorometer FP-8300. Quantum
yields were measured on Hamamatsu UV-NIR absolute PL quantum yield spectrometer.

6.2.3 Grafting and sample preparation

All reactions in this work were carried out in an oven-dried Schlenk flask with a stopcock under an argon
atmosphere. Cellulose powder (0.4 g) and FeCl; (0.4 g) were dispersed in chloroform (7 ml) with a magnetic
stirrer. The mixture was ultrasonicated for 20 min and cooled to 0 °C in an ice bath. A solution of 3HT (100
mg, 0.6 mmol) in chloroform (3 ml) was dropped into the suspension of cellulose and FeCls, with stirring, and
the reaction mixture was stirred under argon for 2 h at 0 °C. The stoichiometric ratio of 3HT to FeCl; was 1:4.
The reaction was terminated by the addition of methanol. The product was washed with methanol to remove
any residual FeCls, followed by extraction with chloroform to eliminate free poly(3-hexylthiophene) (P3HT)
homopolymer using a Soxhlet extractor. Finally, the cellulose grafted with 3-hexylthiophene was dried under
vacuum for 12 h. Grafting of fluorene and the copolymer of fluorene and 3-hexylthiophene to cellulose powder
was conducted using a similar procedure to that described above. The grafted celluloses are hereinafter
referred as (3HT/F-a/b)-g-cellulose, where a/b is the ratio of 3HT and F used during the polymerization
conditions. The grafting of the copolymer of fluorene and 3-hexylthiophene to chitin and chitosan were
conducted using a similar procedure to that described above. The grafted chitin/chitosan are hereinafter
referred as (3HT/F-a/b)-g-chitin and (3HT/F-a/b)-g-chitosan, where a/b represents the monomer ratio of 3HT
and F during polymerization conditions.

6.3 Results and discussion
During the grafting reactions of poly(3-hexylthiophene) (P3HT), polyfluorene (PF), and their copolymers to
cellulose, chitin, and chitosan. The self-polymerizations of 3-hexylthiophene and fluorene occurred
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concurrently with graft polymerization to cellulose. The ungrafted 3-hexylthiophene (3HT) and fluorene(F)
polymers were extracted from the grafted products with chloroform. Graft ratio (Gr) was calculated by the
following formula: (A - B - C) / B x 100; where A is the total weight of cellulose (or chitin or chitosan) and
crude graft product, B is the weight of original cellulose (or chitin or chitosan), and C is the weight of extracted
homopolymer or copolymer of fluorene and 3-hexylthiophene. & In this paper, the molecular weight of the
extracted copolymer was used as the molecular weight of the copolymer grafted to cellulose (or chitin or
chitosan). As shown in Table 6.1, (3HT/F-0/100)-g-cellulose (entry 1) had the lowest molecular weight while
(3HT/F-100/0)-g-cellulose (entry 5) had the highest molecular weight. In addition, decreasing fluorene (F)
monomer content, the molecular weight of the grafted (3HT/F)-cellulose copolymer increased ( from entry 2
to entry 4). These results can be explained on the basis of the difference in oxidation potential between 3-
hexylthiophene (3HT) and fluorene (F).° The characterization of 3HT/F copolymer on chitin and chitosan
showed similar results to that on cellulose (entries 6-15 in Table 1)

Figure 6.1 displays the *H NMR spectra of the (3HT/F-100/0), (3HT/F-0/100), and (3HT/F-34/66) copolymers
extracted with chloroform. The two peaks between 6 2.0 and 3.0 in Figure 1a correspond to the a-methylene
protons of poly(3-hexylthiophene) (P3HT), while the signal at & 4.0-4.2 in Figure 1b is assigned to the
methylene groups of polyfluorene (PF). The 3HT/F copolymer (Figure 1c) is identified by the two groups of
signal at 8 2.0-3.0 (o-methylenes of the 3HT unit) and & 4.0-4.2 (methylene groups of the F unit). The F
content in the copolymer can be calculated from the areas of the peaks in these two ranges.*® The 'H NMR
spectra of the (3HT/F-20/80) and (3HT/F-58/42) copolymers extracted with chloroform are similar to Figure
1c, although the F contents of these copolymers depend on the 3HT/F molar feed ratio. The 'H NMR spectra
of the (3HT/F-100/0), (3HT/F-0/100), and (3HT/F-34/66) copolymers extracted from grafted chitin and
grafted chitosan also present as same results as Figure 6.1

CDCl,|  (ic)- extracted (3HT/F-34/66) 9, Ctf
ICDCI. copolymer f
> cocl, NI poy 8
(1a) - extracted (3HT/F-100/0) copolymer cl-f
; Y
H H
ab, Ha Ha d
N~
a
(1b) - extracted (3HT/F-0/100)
L\ copolymer
- ! [
T T T T T T T T 1 T T T T T T T
7 6 5 4 3 2 1 8 7 6 5 4 3 2 8 7 6 5 4 3 2 1
ppm ppm ppm

Figure 6.1. 'H NMR spectra of: (1a) extracted (3HT/F-100/0) copolymer (entry 5, Table 1); (1b)
extracted (3HT/F-0/100) copolymer (entry 1, Table 1); and (1c) extracted (3HT/F-34/66) copolymer
(entry 3, Table 1)

As shown in Figures 6.2, 6.3 and 6.4, the color of the (3-hexylthiophene and fluorene) copolymers grafted to
cellulose, chitin, and chitosan depends on the fluorene content of copolymer. These color differences can be
clearly identified with the naked eye.

Figure 6.2. Images of the (3-hexylthiophene and fluorene) copolymers grafted
(a) cellulose (b) chitin (c) chitosan

Table 6.1: Characterization of grafted and extracted polymers

Fluorene | Molecular weight
Gr content in of graft
Samples | Entry | 3HT/F % copolymer copolymer (*)
(**) M, kDa | PDI
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1 ]0/100 | 6.2 100 0.9 14
o @ 2 |2080] 67 75 25 1.9
o> | 3 |34/66 | 58 60 4.1 2.6
© 8| 4 |5842] 6.1 35 4.9 2.7
5 [100/0] 7.2 0 115 2.8
6 [0/100 | 57 100 11 17
© | 7 |25/75 | 47 69 3.0 1.9
EoE| 8 |5050| 46 42 139 23
©® ©| 9 |[7525] 51 18 25.1 3.0
10 | 100/0 | 4.4 0 93.1 31
11 | 0/100 | 54 100 0.8 14
o | 12 | 2575 41 70 2.8 16
E &8 [ 13 | 5050 | 55 40 115 | 29
© 5| 14 | 755 | 56 20 27.9 35
15 | 100/0 | 5.8 0 86.1 33

(*) Determined by GPC; (**) Determined by *H NMR

The FT-IR spectra of cellulose and the grafted (3HT/F)-g-celluloses are shown in Figure 6.3. The IR spectrum
of cellulose has been reported on many previous occasions.'*¢ A broad peak in the 3250-3500 cm'* region is
associated with O-H stretching vibrations. A sharp peak at 2899 cm™ corresponds to C-H stretching
vibrations.*'? A number of peaks assigned to C-H and C-O bending vibrations of cellulose are observed in
the 1314-1372 cm™ range. A small additional peak at 748 cm™ is observed in the IR spectrum of the grafted
cellulose powder that is attributed to the presence of out-of-plane C-H vibration of the aromatic groups. 1’ This
aromatic C-H out-of-plane vibration is associated with the aromatic rings of 3-hexylthiophene and fluorene.
Previously, many investigations concerning the IR spectra of chitin characterization have been reported 82,
As shown in Figure 6.3, virgin chitin show the peak at 3561 cm™ represents the stretch of the OH group, and
the bands at 3260 and 3097 cm™ are attributed to the vibration of NH group %. These peaks are seen at 2959,
2934, and 2880 cm'* belong to the asymmetric CH: stretching, CHs stretching, and CH symmetric 2. These
peaks at 1315 and 1375 cm™* belong to the CH, wagging, CH bending and CHs symmetric deformation. The
amide I (inter-hydrogen bond between C=0 with the N-H group and with the side chain group CH,OH) and
amide 11 (in-plane N-H bending and C-N stretching) bands are observed at 1660 and 1556 cm, respectively
1921 The several peaks in the range of 1114 — 1216 cm™® correspond to C-O stretching and asymmetric bridge
oxygen 22, In grafted chitin samples, the bands at 3000—2800 cm™ from the characteristic of the hexyl group
of 3HT unit could overlap with broad bands of various vibrations from the asymmetric CH- stretching, CHs
stretching, and CH symmetric of chitin. Similarly, the C=C and C—C stretching mode from the aromatic of F
and 3HT unit in the range of 1500 and 1450 cm™ are thought to overlap with amide Il from chitin. However,
a peak at 752 cm correspond to CH out-of-plane vibration from the aromatic rings of 3HT and fluorene unit
1017 “hecome intense since grafting (3HT/F) copolymer to chitin. As shown in the FT-IR spectra of pure
chitosan from Figure 6.3, the band from 3200-3600 cm belongs to the OH and NH stretching vibrations, the
band observed from 2820 to 2950 corresponds to C—H stretching mode and the peak at 1660 cm™ is attributed
to C=0 stretching '822%, The band at 3090-3030 cm™ from the v (Cg—H) at the 4 position of 3HT unit % could
be overlapped by the stretching vibration of OH and NH groups. The CHz and CH; stretching vibrations from
the hexyl group of 3HT unit at 3000-2800 cm™ may be also overlapped by the C—H stretching mode of
chitosan. However, the CH out-of-plane vibration from the aromatic rings of 3HT and fluorene unit 0%
appeared at 790 cm, become sharper after grafting (3HT/F) to chitosan.
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Figure 6.3. FT-IR spectra of the (3-hexylthiophene and fluorene) copolymers grafted to cellulose (left),
chitin (middle), and chitosan (right)

Figure 6.4a depicts the UV-Vis spectra of cellulose paper grafted with the (3HT/F) copolymers. The ungrafted
cellulose paper exhibits no absorption peak; however, all of the (3HT/F)-g-cellulose materials show strong
absorption bands between 250 and 650 nm, which are assigned to the n-n” transitions of P3HT, PF, and the
P3HT/PF copolymer. The absorption maximum of (3HT/F-0/100)-g-cellulose is located at 371 nm, which is
attributed to PF, while the absorption maximum of (3HT/F-100/0)-g-cellulose is seen at 509 nm, which is
associated with P3HT .2 When the F content in the grafted cellulose copolymer was increased from 42 to 80%,
the absorption maximum shifted to shorter wavelengths. As shown in Figures 6.4b and 6.4c, there are no
absorption peak in the range from 240-880 nm on the neat chitin and chitosan, respectively. In contrast, the
strong absorption bands round 250-650 nm appeared on the (3HT/F)-g-chitin and (3HT/F)-g-chitosan samples,
these peaks can be assigned to the n- o~ transition from P3HT, PF and copolymer of P3HT and PF. The
maximum absorption peaks of (3HT/F-0/100)-g-chitin and (3HT/F-0/100)-g-chitosan are located at 379 and
372 nm, respectively which are attributed to PF, while the maximum absorption peaks of (3HT/F-100/0)-g-
chitin and (3HT/F-100/0)-g-chitosan are seen at 553 and 565 nm, respectively which belong to P3HT.1° When
the F content increased from 25 to 75 in both grafted chitin and chitosan samples, the absorption maximum
peaks shifted to shorter wavelengths. The optical band gap of the grafted chitin/chitosan products were
determined from the onset of absorption by finding the intersection point between the tangent line to a curve
and the x-axis (as shown in Figure 6.4). The maximum absorption wavelength, the onset absorption
wavelength, and optical band gap are summarized in Table 6.2. The band gap energy of chitin and chitosan
are 4.66 and 4.45 eV, respectively. The presence of conjugated copolymer of 3HT and F causes a decrease in
the bandgap energy of the chitin and chitosan, resulting Egp (optical bandgap) varied between 1.8 and 2.7 eV.

The change in the band gap could be from the F unit, in conjunction with the 3HT unit in the copolymers,
resulted in the extended conjugation length of the copolymer backbone on chitin/chitosan.
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Figure 6.4. UV-Vis spectra of (a) cellulose and grafted cellulose, (b) chitin and grafted chitin; (c)
chitosan and grafted chitosan

The emission maximum of (3HT/F)-g-cellulose are also shown in Figure 6.5a and summarized in Table 6.2.
The optical band gap of cellulose is 4.03 eV, while the band gap energy of the cellulose grafted with the
copolymer of PF and P3HT, varied between 1.86 and 2.59 eV. The emission spectra of (3HT/F)-g-
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chitin/chitosan samples were recorded and shown in Figure 6.5. All samples show single emission in the
wavelength range from 500 to 700 nm. The maximum emission peaks of all grafted products are summarized
in Table 6.2. The Agmission of (3HT/F-100/0)-g-chitin and (3HT/F-100/0)-g-chitosan are 672 and 653 nm,
respectively. The presence of F unit in (3HT/F) copolymer grafted to chitin and chitosan lead to the blue-shift
of emission peak from about 650 nm to 550 nm. The blue shift of the luminescence spectra obtained from
(3HT/F)-g-chitin/chitosan could be ascribed to rigid biphenyl unit of PF, which cause efficient blue emission.
! In summary, the fluorescence of grafted cellulose, chitin, and chitosan could response to the change of the
feeding ratio between 3HT and F unit.

100 100 + 100 +

(3HT/F-0/100)-g-chitosan
—— (3HT/F-25/75)-g-chitosan
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Figure 6.5. Fluorescence spectra of (3HT/F) copolymer grafted to cellulose (a), chitin (b) and chitosan
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Table 6.2. The optical properties and band gap data of grafted cellulose, chitin, and chitosan

Samples abas;rption (nm) g\-r(:;:;z; E;P (ev) )\fnn:lgrssion(nm)
Cellulose 206 307 4.03 -
(3HT/F-0/100)-g-cellulose 371 478 2.59 563
(3HT/F-20/80)-g-cellulose 392 531 2.33 574
(3HT/F-34/66)-g-cellulose 412 580 2.13 580
(3HT/F-58/42)-g-cellulose 468 651 1.90 597
(3HT/F-100/0)-g-cellulose 509 666 1.86 655
chitin - 266 4.66 -
(3HT/F-0/100)-g- chitin 379 452 2.74 560
(3HT/F-25/75)-g- chitin 402 541 2.29 572
(3HT/F-50/50)-g- chitin 490 621 1.99 608
(3HT/F-75/25)-g- chitin 509 652 1.90 659
(3HT/F-100/0)-g- chitin 553 670 1.85 672
chitosan - 278 4.45 -
(3HT/F-0/100)-g- chitosan 372 454 2.73 556
(3HT/F-25/75)-g- chitosan 383 469 2.64 574
(3HT/F-50/50)-g- chitosan 413 584 2.12 605
(3HT/F-75/25)-g- chitosan 468 657 1.88 627
(3HT/F-100/0)-g- chitosan 565 676 1.83 653

Absolute determination method 272 was used to record the fluorescence quantum vyield of
cellulose/chitin/chitosan and grafted cellulose/chitin/chitosan with (3HT/F) copolymers. As shown in Figure
6.6, the quantum yields of cellulose and (3HT/F-100/0)-g-cellulose sample were the lowest, while (3HT/F-
0/100)-g-cellulose exhibited the highest quantum yield. In addition, the quantum yield of chitin/chitosan and
grafted (3HT/F-100/0) to chitin/chitosan are the lowest values, while grafted (3HT/F-0/100) to chitin/chitosan
have the highest quantum yields. The quantum yield increased with increasing F content. The raise of fluorene
content in (3HT/F) copolymer grafted to cellulose/chitin/chitosan, resulted in an increase in the quantum yield
values of grafted cellulose/chitin/chitosan products. These data agree very well with our previous report %, in
the characterization of P3HT and PF copolymer, the quantum yield determined using the relative method also
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increase with an increase in the fluorene content. The presence of F unit helps to tune the emission and results
in a high quantum yield.
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Figure 6.6. Quantum yields of (a) cellulose and grafted cellulose, (b) chitin and grafted chitin; (c)
chitosan and grafted chitosan

Figure 6.7a shows the TG curves of cellulose paper and (3HT/F) copolymers grafted on cellulose paper. As
shown in the Figure 6.7a, the TG curve of cellulose shows two stages of degradation in air. The first stage of
degradation occurs from 270 to 345 °C, with a weight loss from 6 to 72%. The second stage of degradation
ranges from 347 to 525 °C, with a weight loss between 72 and 98%. The decompositions of the (3HT/F)-g-
cellulose paper samples also proceeded in two steps; however, the degradation of the grafted celluloses began
at lower temperatures to that of cellulose. For instance, the (3HT/F-20/80)-g-cellulose sample started to
degrade at 230 °C, while (3HT/F-58/42)-g-cellulose began to decompose at 247 °C.

TG curves of chitin show two stages of decomposition in an air atmosphere (Figure 6.7b). The first stage of
degradation of chitin started from 245 to 389 °C with weight loss from 7 to 67%. The second stage of
decomposition of chitin occurred from 389 to 624 °C where weight loss between 67 and 99%. The (3HT/F)
copolymers grafted to chitin also showed the two steps in the decomposition. However, all grafted chitin began
the decomposition at lower temperature than that of chitin. In detail, all grafted chitins show the initial
decomposition temperature of 206 °C.

The decomposition behavior of chitosan and grafting (3HT/F) copolymers to chitosan gave similar results to
those of chitin. As shown in the Figure 6.7c, the two stages of decomposition in an air atmosphere were shown
in TG curves of chitosan. The first stage of decomposition of chitosan occurred from 253 to 339 °C with
weight loss from 11 to 46%. The second stage of degradation of chitosan started from 339 to 686 °C where
weight loss between 46 and 99%. After grafting with conjugated copolymers, all (3HT/F)-g-chitosan samples
also showed the two steps in the decomposition. However, all grafted chitosan samples began the
decomposition at lower temperature than that of chitosan. For instance, (3HT/F-25/75)-g-chitosan showed the
first degradation from 224 to 325°C and the second decomposition was in the range from 326 to 640°C
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Figure 6.7. Thermogravimetric (TG) of (a) cellulose and grafted cellulose, (b) chitin and grafted
chitin, and (c) chitosan and grafted chitosan

The differences in the thermal decomposition properties of these samples can be observed clearly from the
first-derivative thermogravimetric (DTG) curves shown in Figure 6.8a, where the temperature peak is used as
a measure of thermal stability. The temperature peak of cellulose paper is observed at 344 °C, indicating that
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the decomposition rate of the cellulose is highest at 344 °C. The DTG curves for the (3HT/F)-g-cellulose
samples show sharp peaks at lower temperatures than cellulose.

The difference in the thermal decomposition properties of these samples can be observed obviously from the
DTG curves (Figure 6.8b). In DTG curves, there are two temperature peaks belong to two step degradations.
The high temperature peak is used as a measure of the thermal stability. In detail, the temperature peak of
chitin is 363°C while they are 324°C for (3HT/F)-g-chitin samples. As result, the thermal stability of (3HT/F)-

g-chitin are lower by 39°C than that of chitin.

For grafted chitosan, there are also two temperature peaks correspond to two step decompositions (as shown
in Figure 6.8c. The initial peak temperature is used as a measure of the thermal stability. The peak temperature
of chitosan is 318°C while these values are 294°C for (3HT/F)-g-chitosan samples. Therefore, the thermal
stability of chitosan samples are higher by 24°C than that of (3HT/F)-g-chitosan.
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Figure 6.8. Derivative thermogravimetric (DTG) of (a) cellulose and grafted cellulose, (b) chitin and
grafted chitin, and (c) chitosan and grafted chitosan
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Figure 6.9. XRD pattern of (a) cellulose and (3HT/F)-g-cellulose, (b) chitin and (3HT/F)-g-chitin; (c)
chitosan and (3HT/F)-g-chitosan

The crystallinity of cellulose is expected to change by the direct grafting of 3HT or F to the cellulose chain,
which may result in reduced thermal stability.?

Cellulose exists in two crystalline forms, cellulose 1 and 1I. * The crystallinity index (lc) and percent
crystallinity (% C;) of cellulose and the grafted cellulose products were calculated from the XRD patterns
using the 26 peak intensities between 18 and 19° (the diffraction intensity of the amorphous portion) and
between 22 to 23° (the intensities of both amorphous and crystalline phases) 3! as follows:

Ioor — 1 I
_ 1002 " lam % C, = 002

)

¢ lyo2 ooz + lam
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Varieties of reports have been studied for calculation the degree of crystallinity of chitin and chitosan using
X-ray measurement.'832-% There are two equations for determination the crystallinity index:

Crloxo = (|020 - |am)/ lo20x 100 and Crlygo = (|110 - |am)/ l110x 100; where lozo is the maximum intensity of the
crystalline peak from the (020) lattice diffraction, l110 is the maximum intensity of the crystalline peak from
the (110) lattice diffraction and l.m is the intensity of amorphous diffraction at 20=12.6° 18323

Table 6.3: Crystallinity index of chitin/chitosan and grafted (3HT/F) to chitin/chitosan

Crystallinity Index Crystallinity Index

Sample (Cr|ozo) % (CI’|110)%
chitin 63.1 85.6
(3HT/F-100/0)-g-chitin 59.5 83.4
(BHT/F-75/25)-g-chitin 60.8 84.1
(3HT/F-50/50)-g-chitin 61.5 84.8
(3HT/F-25/75)-g-chitin 61.4 84.2
(3HT/F-0/100)-g-chitin 59.3 83.8
chitosan 40.1 56.1
(3HT/F-100/0)-g-chitosan 16.7 52.7
(3HT/F-75/25)-g-chitosan 15.8 52.1
(3HT/F-50/50)-g-chitosan 16.3 44.3
(3HT/F-25/75)-g-chitosan 175 51.8
(3HT/F-0/100)-g-chitosan 18.1 51.9

As shown in Figure 6.9a, all diffraction patterns of cellulose and grafted cellulose exhibited peaks at 26 = 17
and 22.5°, which correspond to the amorphous and crystalline phases of cellulose. The data in Table 6.3 reveal
that the crystallinity indexes and percentage crystallinities of the various grafted materials decrease slightly
upon grafting. After grafting, the crystallinity index varied from 0.53 to 0.56. The percent crystallinities of
cellulose is 70.05. These values also decrease upon grafting, to 68.24%.

The neat chitin (Figure 6.9b) shows three characteristic diffraction peaks at 9.1°, 19.1° and 23.1°, that
corresponding to 020, 110, 120 planes, respectively.18%235 After grafting (3HT/F) copolymer to chitin, all
diffraction patterns coincided with those of neat chitin. However, the crystallinity index of all grafted chitin
samples decreased slightly compared to original chitin as shown in Table 6.4. The Crloz and Crlqio are 63.1
and 85.6, respectively. After grafting (3HT/F) copolymer to chitin, these values varied from 59 to 61% (Crlozo)
and from 83 to 84% (Crli1o), respectively. The two characteristic diffraction peaks of origin chitosan were
observed at 10.3° and 20.0° that belong to 020 and 110 planes, respectively (Figure 6.9c). 18323 The diffraction
patterns of (3HT/F)-g-chitosan samples also show two diffraction peaks of 020 and 110 planes. As shown in
Table 6.4, the Crloa of (3HT/F)-g-chitosan samples decline significantly compared to neat chitosan, while the
Crly10 of (3HT/F)-g-chitosan samples decrease slightly. In summary, the grafting of the (3HT/F) copolymer to
the cellulose backbone increases the amorphous region because of the incorporation of (3HT/F) copolymer
chains that hinder the crystallization of the cellulose chain. Therefore, the thermal stability of cellulose
depends mainly on its crystallinity.? Similarly, after grafting, the crystallinity index of chitin and chitosan are
also lower than that of original chitin and chitosan. The grafting (3HT/F) copolymer to chitin/chitosan cause
the disorder of the crystalline structure, resulted in the increase of amorphous region. Furthermore, the thermal
stability of polymer depends mainly on the crystallinity?®. These XRD results are in agreement with the TG
results. Therefore, grafting (3HT/F) copolymer to chitin/chitosan lead to less thermal stability of chitin and
chitosan.

Table 6.4: Crystallinity indexes and % crystallinities of cellulose and (3HT/F)-g-cellulose

Sample Crystallinity index % Crystallinity
cellulose powder 0.57 70.05
(3HT/F-100/0)-g-cellulose 0.56 69.96
(3HT/F-58/42)-g-cellulose 0.56 69.76
(3HT/F-34/66)-g-cellulose 0.52 67.52
(3HT/F-20/80)-g-cellulose 0.53 68.40
(3HT/F-0/100)-g-cellulose 0.53 68.24
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6.4 Conclusions

In this chapter, a novel, easy, and simple oxidative procedure is reported for the fabrication of conjugated
copolymer layer of P3HT and PF on the surface of cellulose, chitin, and chitosan. This approach is an
interesting method to create a biomaterial with innovative optical properties. The desired blue-/red-shifted
absorption and emission of grafted cellulose/chitin/chitosan can be manipulated by different feeding ratios of
the 3HT/F units. The quantum yield of (3HT/F)-g-cellulose/chitin/chitosan increased with an increase in the
fluorene unit. The crystallinity of cellulose, chitin, and chitosan decreased slightly after graft polymerization
of PF and P3HT. The thermal stability of the (3HT/F)-g-cellulose/chitin/chitosan was slightly lower than that
of cellulose/chitin/chitosan. The bonding between chitin/chitosan and the (3HT/F) copolymer changed the
degree of crystallinity in chitin/chitosan, thereby decreasing their thermal stability.
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