CHAPTER IV
EFFECTS OF SURFACTANT CONCENTRATIONS AND TYPES ON
SYNTHESIZED POLYCARBAZOLE BY INTERFACIAL
POLYMERIZATION

4.1 Abstract

Polycarbazole (PCB) was synthesized via interfacial polymerization method
using carbazole monomer and ammonium persulfate (APS) as the oxidant. The
effects of surfactant types (nonionic as TW20, cationic as CTAB, and anionic as
SDS) and surfactant concentrations on the synthesized PCB were investigated based

on the roles of micelle formation. The electron microscopy images revealed various
PCB morphologies depending on the surfactant types and surfactant concentrations.
The new morphological structures of the obtained PCB were macroporous
honeycomb, connected hollow sphere and smaller hollow sphere depending on the
surfactant types. The electrical conductivity values of the doped PCB synthesized
with CTAB were the highest and higher than that without a surfactant by three orders
of magnitude. The highest electrical conductivity of doped PCB CTAB obtained was
11.3 slem,

Keywords: conducting polymer; polycarbazole; interfacial polymerization; electrical
conductivity

4.2 Introduction

In recent years, electro-active conductive polymers are becoming more
important because they can be applied as sensor materials (Kumar et ai, 2008 and
Murat Ates, 2013), electrochemical transistors (Horowitz et al., 1998 and Saxena et
al., 1998), solar cells (Ranger et al., 1998), and etc. The most widely studied
conductive polymers are polyaniline, polypyrrole, and polythiophene. Polycarbazole
(PCB) is one of the electroactive conductive polymers, polymerized from carbazole
monomer that consisting of two six-membered rings fused on a side of a five-
membered nitrogen containing ring. Its conductivity has been shown to be more than
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103 s/cm, the PCB can be synthesized by either electrochemical or chemical
polymerization method (Gupta and Prakash et ai, 2010).

Recently, investigations on the PCB synthesis by both electrochemical and
chemical methods have been carried out (Rani et al. 1998, Morin et al. 1998, and
Tran-Van et al. 2002). Furthermore, the chemical synthesis method of PCB has been
of interest because it is the most feasible route for the large scale production (Zhuo et
al., 2009). The PCB interfacial polymerization is one of chemical polymerization
methods. It has been successfully used to synthesize three dimensional hollow
microsphere of PCB (Gupta et al., 2010). Moreover, surfactant-assisted chemical
route is of particular interest because it can generate surfactant templates of various
new shapes where they can be removed after polymerization (Gupta et al., 2010).
Polycarbazole spheres have heen successfully synthesized via a hydrothermal
method (Zhuo et al., 2013). Polyvinylpyrrolidione was used as the template. The
synthesis was simple, it improved the electrical conductivity, was of low cost and
environment friendly.

The aims of this work are to study the effects of surfactant concentrations
and types on synthesized PCB by interfacial polymerization. It is expected to create
synthesized PCB with new morphologies and with enhanced electrical conductivity.

4.3 Experimental

4.3.1 Materials
Carbazole (AR grade, Merck) was used as the monomer. Ammonium
persulfate (APS) (AR grade, Sigma-Aldrich) was used as the oxidizing agent.
Hydrochloric acid 37% and dichloromethane (DCM) (AR grade, RCI Labscan) were
used as received as solvents. Cetyltrimethyl ammonium bromide (CTAB), tween 20
(TW20), and sodium dodecyl sulfate (SDS) (AR grade, Sigma-Aldrich), were used
as surfactants. Deionized water was used in all experiments.

4.3.2 Polymerization of Polycarbazole
The synthesis procedure of polycarbazole (PCB) followed Gupta et
al. (2010) using carbazole monomer, APS, hydrochloric acid, and DCM. The
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reaction was carried out at 25 °C. The APS (1.2 M) was dissolved in 50 ml of 0.5 M
hydrochloric acid solution as an aqueous phase. The carbazole monomer (60 mM)
was dissolved in 50 ml of DCM with a surfactant added at various
monomer:surfactant mole ratios (the condition are shown in Table 1), to finally
obtain a non-aqueous phase. The surfactants used were TW20, CTAB,'and SDS.
Then, the aqueous and nonaqueous solutions were mixed for 24 h to induce
polycarbazole monomers at the interface between the two immiscible phases. After
filtering, the green precipitate was collected and dried in oven at 80°C for 24h.
Dedoping PCB was performed by stirring the obtained PCB in a solution with the
ammonium hydroxide:PCB mole ratio of 1:10 at 25°C for 24h. Then, PCB was
doped again by HCIO4 at the HCI1O4 to carbazole (N hcio™Npcb) mole ratios of 5:1,
10:1, 50:1, and 100:1.

4.3.3 Characterizations
4.3.3.1 Fourier Transform Infrared Spectrometer

Fourier Transform Infrared Spectrometer, FT-IR (Nicolet,
Nexus 670) was used to characterize the functional groups of the synthesized
polycarbazole. This technique was used to identify the absorption modes with 32
scans with a resolution of t4 ¢cm'J covering a wavelength range of 4000-400 ¢cm'L
using deuterated triglycine sulfate as"a detector. Optical grade KBr was used as a
background material. The sample was ground with KJ3r and pressed to form pallets.

4.3.3.2 X-ray Diffractometer
X-ray diffractometer, XRD (Rigaku) was used to investigate
the degree of crystallinity in the samples in a based powder form. The diffractometer
was operated in the Bragg-Brentano geometry and fitted with a graphite
monochromator in the diffracted beam with 57min scan rate.

4.3.3.3 Thermal Gravimetric Analyzer
Thermal gravimetric analyzer (DuPont, TGA 2950), was used
to characterize thermal properties of the synthesized polycarbazole. The thermal
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behavior was investigated by weighting example of 5-10 mg and placed it in a
platinum pan, and then heating it under nitrogen flow with the heating rate of
10°c/min from 30-800°C.

4.3.3.4 Scanning Electrdn Microscope
Scanning Electron Microscope, SEM (Hitachi, S4800) was
used to examine the morphological structure of the synthesized polycarbazole and
also used to determine dispersion of polycarbazole. The samples were attached on to
a brass-stub. Prior to observation, samples were gold sputtered.

4.3.3.5 The Electrical Conductivity

The electrical conductivity of the synthesized polycarbazole
was determined by pressing PCB powder into disk pellets using a hydraulic press
(cliameter of 10 mm and 0.2 mm thick). Electrical conductivity was measured using a
custom-built two-point probe meter connected with a voltage supplier, in which
voltage was varied and the resultant current measured. The regime where the
resultant current is linearly proportional to the applied voltage is called the linear
Ohmic regime. The voltage and the current in the Ohmic regime were converted to
the electrical conductivity via Equation 4.1 :

a =llp = L(RS*) = /(K*v*0 (4.1)

where o is the specific conductivity (S/cm), p is the specific resistivity (Q.cm), Rs is

the sheet resistance (Q/sq), t is the thickness of the sample pellet (cm), v is the
applied voltage (V), / is the measured current (A), and K is the geometric correction
factor of the two-point probe meter, K as 4.29 « 104, All sample thicknesses were
measured by a thickness gauge (Peacock, PDN-20).
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4.4 Results and Discussion

44.1 Fourier Transform Infrared Spectroscopy

The FT-IR characteristic peaks of synthesized PCB are shown in
Figure 4.1 The spectra indicate the successfully synthesized PCB where all the
spectra show the same characteristic peaks. The absorbance peaks at 3400 cm
1600-1625 cm'Y, 1400-1489 cm'Y, 12001235 cm'1, 800-875 cm'L and 700-750 cm'l
correspond to the N-H stretching of hetero-aromatics, the c=c stretching of aromatic
compound, the C-N stretching of substitutions, the G in plane bending, the G-H
deformation of tri-substituted benzene ring, and the C-H out-of-plane bending,
respectively (Macit et al.52005, Gupta et al., 2010, Riaz et al., 2013, Zhuo et al,
2013, and Rgj et al., 2010). From this result, it can be claimed that the synthesized
PCB is not contaminated with any residual surfactant. The proposed mechanism of
synthesized PCB is shown in Figure 4.2 (Naddaka etal., 2011),

4.4.2 Thermal Gravimetric Analyzer
The thermal property of PCB, PCB TW20 (1:0.0068), PCBCTAB
(1:0.0068), and PCB SDS (1:0.0068) was investigated using TGA to obtain the
onset decomposition temperature (Tdlarsd) of the polymer as shown in Figure 3. PCB,
PCB TW20 (1:0.0068), PCBCTAB (1:0.0068), and PCBSDS (1:0.0068) show two

transition temperatures. The first transition at 400-600 °c (T"orsef 471.69, 485.34,
034.68, and 472.73 ¢, respectively) can be assigned to the elimination of PCB
small molecules. The second transition at 400-800 °c (Tclonsef 731.62, 746.86,
767.08, and 740.34 ¢, respectively) can be referred to the decomposition of the
polymeric chain (Abthagir et al., 2004). These results also suggest that Tdarset of both
transitions increase after adding surfactant. Toarsst of PCB SDS (1:0.0068) is higher
than PCB e to the smaller particle size. Tdast of PCB TW20 (1:0.0068) is
higher than PCB  SDS (1:0.0068) because of the difference in shapes from hollow
sphere o the macroporous honeycomb with a reduced surface area for thermal
transport. Tast of PCB CTAB (1:0.0068) is the highest because its shape is a
connected hollow microsphere with the highest packing (Figure 4.5). Moreover, the
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residue increases with increasing Tdonset because the higher Td,onset provides a shorter
time for decomposition and residue formation (Paradee et al., 2013). The residue at
Td.onset of the polymeric chain are 18.51, 35.27, 60.85, and 27.47, respectively.

44.3 Morphological Structures
4.43.1 EffectofSurfactant Types

The morphological structures of the synthesized PCB of the
three surfactants (nonionic as TW20, cationic & CTAB, and anionic as SDS), are
illustrated in Figure 4. The morphological structures of the synthesized PCB and the
synthesized PCB of various surfactant types were obtained at fixed
monomensurfactant mole ratio of 1:0.0068. For the system with no surfactant, the
particle shapes are some hollow sphere structures (Figure 4.4 (a)). The systems of
TW?20, CTAB, and SDS adoed reveal a macroporous honeycomb structure (Figure 4
(b)), a connected hollow sphere structure (Figure 4.4 (c)), and a small hollow sphere
structure (Figure 4.4 (a)), respectively. For the PCB synthesized without surfactant,
the formation of the spherical PCB as polymerized by the interfacial polymerization
occurs as a vesicle forming from CB monomers (Gupta et al., 2010 and FUks et al.,
2011). Radical CB monomers are formed by the oxidation of the monomers near the
interface between HCL and DCM where polymerization takes place initially within
the CB micelles (Gupta et al., 2010). The shape of PCB however changes depending
surfactant type. For the PCB synthesized with TW20, it produces a macroporous
honeycomb structure due to the hexagonal formation of TW20 (Zhou et al., 2010;
GruhnTang et al., 2010; Thomas et al., 2013; Garti et al., 2013; Dandan Min et al.,
2013; and Edller et al., 2013). The CB monomers were attracted to each hexagonal
micelle. For the PCB synthesized with CTAB, it produces a connected hollow sphere
structure because the reverse micelles generate some pore spaces within the system
and produces a fusion and aggregation of the hollow spheres (Faeder et al., 1984;
Preni et al., 1993; Ganguli et al., 2010; and Jhaveri et al., 2013). For the PCB
synthesized with SDS, it produces a small hollow sphere due to a vesicle forming
from CB micelles. SDS as anionic surfactant reduces micelles which neutralize the
charges of CB micelles (Dengand et al., 2010 and Sanchez et al., 2011) and therefore
recluces the size of PCB hollow sphere.
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4.4.3.2 Effect ofSurfactant Concentrations

The morphology of the synthesized PCB (Figure 4.5 (a)) and
the synthesized PCB using various surfactant concentrations (CTAB) (Figure 4.5 (b)
- 45 (dl)) reveal the particle shapes as the hollow spheres structure and a connected
hollow spheres structure, respectively. For the PCB synthesized without CTAB, the
formation of the spherical PCB as polymerized by the interfacial polymerization
occurs as the vesicle micelle forming from CB monomers (Gupta et al., 2010).
Radical CB monomers are formed by the oxidation of the monomers near the
interface between HCL and DCM phases where polymerization takes place initially
within the CB micelles (Gupta et al, 2010). For the system with CTAB
concentration less than CMC (monomer; CTAB mole ratio of 1:0.0034), it produces
a hollow sphere PCB structure similar to the case without CTAB added (Figure 4.5
(h) ). Ata CTAB concentration lower than CMC, micelle is not fully generated and it
has no effect on the packing of PCB. In a system with CTAB concentration equal to
CMC (monomer: CTAB mole ratio of 1:0.0068), the CTAB molecules form the
reverse micelles (Preni et al., 1993; Keir et al., 1999; Zingaretti et al., 2003; Ganguli
et al., 2010; and Jhaveri et al., 2013). The formation of the spherical PCB occurs
outside the reverse micelles. The mechanism is however the same as the system
without CTAB. So, the reverse micelles generate pore spaces within the system and
produce a fusion and aggregation of the hollow spheres (Figure 4.5 (c)). For the
system with CTAB concentration at 2 x CMC (monomer:CTAB mole ratio of
1:0.0126), it procuces even a higher packing of connected hollow sphere structures
(Figure 45 (d)) when compared with the system synthesized at CMC (Figure 4.5
(c) ). The size of micelle increases with increasing CTAB concentration thus a higher
packing of the hollow spherical structures can be expected.  Furthermore the
polymerization of PCB does not occur at a CTAB concentration more than 2 x CMC.

4.4.4 Electrical Conductivity
Figure 4.6 shows the particle size and electrical conductivity under
the effect of CTAB concentrations. When the concentration of CTAB is increased
from 10 to 1:0.0036 mole ratios, the particle size is decreased, but the electrical
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conductivity is slightly increased. When the concentration of CTAB s increased
from 1:0.0036 to 1:0.0068 and from 1:0.0068 to 1:0.0136 mole ratios, the particle
Size is continuously decreased, but the electrical conductivity is greatly increased
because the smaller size and higher packing of particles correspond to the higher
surface area for electrons to transfer (Paradee et al., 2013).

The electrical conductivity values under the effect of surfactant type
(fixed monomensurfactant mole ratios of 1:0.0068) using three surfactants (nonionic

& TW20, cationic as CTAB, and anionic as SDS) and without surfactant are 1.72 X

104+ 580 X10'6s/cm, 100 X T3+ 7.88 X 104 sfcm, 2.16 X 105+ 179 X 105
slem, and 2.72 X106+ 5.1 X 10'7s/cm, respectively (Table 4.2). The PCB CTAB
has the highest electrical conductivity because it has highest particle packing
corresponding to the highest surface area for electrons to transfer. However,
PCB TW20 shows higher electrical conductivity than PCB_SDS because it has a
higher surface area for electron transfer. Moreover, the electrical conductivity of all
PCB systems of PCB is increased after doping by HCIO. The concentration of
HCIQ. affects the electrical conductivity; at the polymer:HC:o. ratio of 1:50 it hes
the highest electrical conductivity (Table 4.2), as this condition is most appropriate
for doping to produce an electron withdrawing group. HCIO. pulls an electron out of
the polymer backbone. Then, the polymer backbone contains a hole and an electron
from a neighboring bond jumps to fill the bond (Permpool et al., 2013). However,
PCB CTAB has the highest electrical conductivity after doping with the
polymer:HC10. ratio of 1:50; the electrical conductivity is increased four orders of
magnitude relative to the undoped PCB_CTAB and three orders of magnitude higher
than coped PCB. Moreover, all PCB systems synthesized by the interfacial
polymerization method have higher electrical conductivity than the sphere particle
doped PCB synthesized by the normal chemical polymerization (8.2 X 10 s/cm)
(Raj et al., 2009), the sphere particle doped PCB synthesized by the electrochemical
polymerization (1.27 X 104 s/cm) (Abthagir et al., 2004), and the doped PCB film

synthesized by the electrochemical polymerization (0.18 X 104 s/cm) (Atesa et al.,
2015) as shown in table 4.3.
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45 Conclusions

For the synthesized polycarbazole (PCB), it was synthesized via interfacial
polymerization method using carbazole monomer and ammonium persulfate (APS)
& the oxidant. The effects of surfactant types and surfactant concentrations on the
synthesized PCB were investigated based on the roles of micelle formation.

The particle shape of PCB was changed from the hollow sphere structure to
a macroporous honeycomb structure, connected hollow sphere structure, and small
hollow sphere structure with the adaitions TW20, CTAB, and SDS, respectively. The
effect of surfactant types (fixed monomer:surfactant mole ratio of 1:0.0136) using
the three surfactants (nonionic as TW20, cationic as CTAB, and anionic as SDS) and
without surfactant were investigated. The undoped electrical conductivity values
were L72 X 1B slem, 100 « 103 sfcm, 2.16 X 10'5s/cm, and 2.72 X 106 s/cm,
respectively. Moreover, the particle packing of the connected hollow sphere
increased with increasing CTAB concentration, consistent with the enhanced PCB
electrical conductivity. The uncoped electrical conductivity of PCB CTAB at the
monomensurfactant mole ratio of 1:0.0136 was 263 X 10'3 s/cm and it increased to
113 Sfem when doped at the CB:HC:o4 mole ratio of 150, the highest electrical
conductivity obtained.
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Table 41 The synthesizing conditions of PCB by interfacial polymerization with
various types and concentrations of surfactant at polymerization time of 24 h

Surfactant Monomer : Surfactant

Types (Mole Ratio) Remark
None 1.0 PCB
100034 PCBTW20 (1:0.0034
Tween 20 1:0.0068 PCB_TW20 (1:0.0068)
(norionic) 10013 PCB_ TW20 (1:0.0136)
1007 -
100034 PCB, CTAB(1:0.0034)
CTAB 10,0068 PCB_CTAB (1:0.0068)
(cationic) 100136 PCBCTAB (L0013
100072
100034 PCB SDS (L0.003)
DS 100068 PCBSDS (L0.0066)
(anionc) 10013 PCB_SDS (100126

1:00272
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Figure 4.1 Proposed mechanistic scheme for the polymerization of PCB.
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Figure 4.2 The FTIR spectra of PCB with interfacial polymerization synthesized by
various surfactant types: (a) PCB monomer; (b) PCB; (c) PCBTW20 (1:0.0068);
(d) PCB CTAB (1:0.0068); and (d) PCB_SDS (1:0.0068).
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Figure 4.3 TGA thermograms of PCB with interfacial polymerization synthesized
by various surfactant types.
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Figure 4.4 SEM photographs of PCB synthesized by interfacial polymerization with
different surfactant types: () PCB; (b) PCB TW20 (1:0.0068); (c) PCB CTAB
(1:0.0068); and (d) PCB_SDS (1:0.0068) at 24 h).
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Figure 4.6 The particle size and electrical conductivity of PCB with interfacial
polymerization synthesized by various CTAB concentrations.

Table 4.2 Particle size and electrical conductivity of PCB with various surfactant
types

Electrical Conductivity (S/cmf

Particle Size
Samples
(nm) Undoped Doped
PCB 0134944  272E06£3.16E-07  559E-02 + 2.69E-03

PCB TW2D(1:00136) 1102+3)7 LTE04+580E-06 767E1L + 3 70E02
PCB CTAB (L :00136) 2068 +455 262E-08+7.88E-04 113E+01 +361E-01
PCB SDS(1:00135) 284185 216E05+ LT9E05 A449E-02+ 332E03
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Table 4.3 Comparison of particle size and electrical conductivity of doped PCB

Samples Morphology'
Doped PCB Hollow sphere
Macroporus
Doped POB TWAY honeycomb
Connected hollow
Doped PCB CTAB sohere
Doped PCB SDS  Small hollow sphere
Doped PCB Sphere
Doped PCB Sphere
Doped PCB Sphere

Electrical
Conductivity (Sem)

5.59 X102
167 X101

113

449 X102
8.20 X10°

127 X104

0.18 X104

Reference

Raj et al., 2009

Abthagir et al.,
2004

Atesa et al.,
2015
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