
CHAPTER IV
EFFECTS OF SURFACTANT CONCENTRATIONS AND TYPES ON 

SYNTHESIZED POLYCARBAZOLE BY INTERFACIAL 
POLYMERIZATION

4.1 Abstract

P olycarbazole (PC B ) w as syn th esized  via  interfacial polym erization m ethod  
u sin g  carbazole m onom er and am m onium  persulfate (A P S ) as the oxidant. The  
e ffec ts  o f  surfactant types (nonionic as T W 20 , ca tion ic  as C T A B , and anionic as 
S D S) and surfactant concentrations on the syn th esized  PC B  w ere investigated based
on the roles o f  m ice lle  formation. The electron  m icroscop y  im ages revealed various 
PC B m orp h olog ies depending on the surfactant types and surfactant concentrations. 
T he n ew  m orp hological structures o f  the obtained P C B  w ere m acroporous 
h on eycom b , con n ected  h o llow  sphere and sm aller h o llo w  sphere depending on  the  
surfactant types. The electrical conductiv ity  va lu es o f  the doped  PCB synthesized  
w ith C T A B  w ere the highest and higher than that w ithout a surfactant by three orders 
o f  m agnitude. The highest electrical con d u ctiv ity  o f  doped  P C B  C T A B  obtained w as
11.3 s /cm .
Keywords: con d u ctin g  polym er; p olycarbazole; interfacial polym erization; electrical 
con d u ctiv ity

4.2 Introduction

In recent years, e lectro-active con d u ctive  p o lym ers are becom ing m ore  
im portant b ecau se they can be applied as sensor m aterials (K um ar e t a i ,  2008  and  
M urat A tes, 2 0 1 3 ) , e lectrochem ical transistors (H orow itz  e t  a l., 1998 and Saxena et 
a l., 1998), solar ce lls  (Ranger e t a l., 1998), and etc. T he m ost w idely  studied  
con d u ctive  polym ers are polyaniline, po lypyrrole, and p o ly th iop h en e. Polycarbazole  
(P C B ) is on e o f  the electroactive con d u ctive  p olym ers, p o lym erized  from carbazole  
m onom er that con sistin g  o f  tw o six -m em b ered  rings fused  on  a side o f  a fiv e -  
m em bered nitrogen containing ring. Its con d u ctiv ity  has b een  sh ow n  to be more than
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10"3 s /c m , the PCB can be syn th esized  by either e lectroch em ical or ch em ica l 
polym erization  m ethod (Gupta and Prakash e t a i ,  2 0 1 0 ).

R ecently , investigations on  the PCB syn th esis by both electroch em ical and  
chem ical m ethods have been carried out (R ani e t a l. 1998, M orin et al. 1998, and 
Tran-V an e t al. 2002 ). Furthermore, the ch em ica l syn th esis m ethod o f  PCB has been  
o f  interest because it is the m ost feasib le  route for the large scale production (Z huo e t 
a l., 2 0 0 9 ). T he PCB interfacial po lym erization  is on e  o f  chem ical polym erization  
m ethods. It has been su ccessfu lly  used to syn th esize  three d im ensional h o llo w  
m icrosphere o f  PCB (Gupta et a l., 2 0 1 0 ). M oreover, surfactant-assisted ch em ica l 
route is o f  particular interest because it can generate surfactant tem plates o f  various  
n ew  shapes w here they can be rem oved  after po lym erization  (Gupta e t a l., 2 0 1 0 ).  
P olycarbazole spheres have been  su ccessfu lly  syn th esized  via a hydrotherm al 
m ethod (Z huo e t a l., 2013). P o lyv in y lp yrro lid ion e w as used as the tem plate. T he  
synthesis w as sim ple, it im proved the electrica l con d u ctiv ity , w as o f  lo w  co st and  
environm ent friendly.

T he aim s o f  this work are to study the e ffe c ts  o f  surfactant concentrations  
and types on synthesized  PCB by interfacial polym erization . It is expected  to create 
synthesized  P C B  with new  m orphologies and w ith  enhanced  electrical conductiv ity .

4.3 Experimental

4.3 .1  M aterials
Carbazole (A R  grade, M erck) w as used  as the m onom er. A m m on iu m  

persulfate (A P S ) (A R  grade, S igm a-A ld rich ) w as used as the ox id iz in g  agent. 
H ydrochloric acid 37%  and d ichlorom ethane (D C M ) (A R  grade, RCI Labscan) w ere  
used as rece ived  as solvents. C etyltrim ethyl am m onium  brom ide (C T A B ), tw een  20  
(T W 20), and sodium  dodecyl su lfate (S D S ) (A R  grade, S igm a-A ldrich), w ere u sed  
as surfactants. D eion ized  water w as used  in all experim ents.

4 .3 .2  Polym erization  o f  P olycarbazole
The synthesis procedure o f  p o lycarb azo le  (P C B ) fo llow ed  G upta e t 

al. (2 0 1 0 ) using  carbazole m onom er, A P S, hydrochloric acid, and D C M . T he
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reaction w a s carried out at 25 °c. The A P S (1 .2  M ) w a s d isso lved  in 50  m l o f  0 .5  M  
hydrochloric acid solution as an aqueous phase. T he carbazole m onom er (6 0  m M ) 
w as d isso lved  in 50 ml o f  D C M  w ith  a surfactant added at various 
m onom er:surfactant m ole ratios (the con d ition  are sh ow n  in T able 1), to fin a lly  
obtain a non-aqueous phase. T he surfactants used  w ere T W 20, C T A B ,'an d  SD S. 
Then, the aqueous and nonaqueous so lu tion s w ere m ixed  for 24  h to induce  
polycarbazole m onom ers at the interface b etw een  the tw o im m iscib le  phases. A fter  
filtering, the green precipitate w as co llec ted  and dried in oven  at 80°c for 24h . 
D ed op in g  PCB w as perform ed by stirring the obtained  PCB in a solu tion  w ith  the 
am m onium  hydroxide:PCB m o le  ratio o f  1:10 at 2 5 °c for 24h. Then, PC B w as  
doped again by HCIO4 at the H CIO 4 to carbazole (N hcio^ N pcb) m ole  ratios o f  5:1, 
10:1, 50:1 , and 100:1.

4 .3 .3  Characterizations
4.3 .3 .1  F o u r ie r  T ra n sfo rm  In fr a r e d  S p e c tro m e te r

Fourier Transform  Infrared Spectrom eter, FT-IR  (N ico le t ,  
N ex u s 6 7 0 ) w as used to characterize the functional groups o f  the syn th esized  
polycarbazole. T his technique w a s used to id en tify  the absorption m od es w ith  32  
scans w ith  a resolution o f  ± 4  c m '1, coverin g  a w a velen gth  range o f  4 0 0 0 -4 0 0  c m '1, 
using deuterated triglycine su lfate as^a detector. O ptical grade KBr w as used  as a 
background m aterial. The sam ple w as ground w ith  KJ3r and pressed to form  pallets.

4 .3 .3 .2  X -ra y  D iffra c to m e te r
X-ray d iffractom eter, X R D  (R igak u ) w as used to in vestigate  

the degree o f  crystallinity in the sam p les in a based  pow der form . The d iffractom eter  
w as operated in the Bragg-B rentano geom etry  and fitted w ith  a graphite  
m onochrom ator in the diffracted beam  w ith  5 7 m in  scan  rate.

4 .3 .3 .3  T h erm a l G ra v im e tr ic  A n a ly z e r
Thermal gravim etric analyzer (D uP ont, TG A  2 9 5 0 ), w a s used  

to characterize thermal properties o f  the syn th esized  p olycarbazole. T he therm al
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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  S can n in g  E lec trô n  M ic ro sc o p e
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 E le c tr ic a l C o n d u c tiv ity
The electrical conductivity of the synthesized polycarbazole 

was determined by pressing PCB powder into disk pellets using a hydraulic press 
(diameter 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  = l / p  =  1/(R S * t) =  I /(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 X lO-4. All sample thicknesses were 
measured by a thickness gauge (Peacock, PDN-20).
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4 .4  R esu lts  an d  D iscu ssio n

4.4.1 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'1, 1400-1489 cm'1, 1200-1235 cm'1, 800-875 cm'1, and 700-750 cm'1 
correspond to the N-H stretching of hetero-aromatics, the c= c stretching of aromatic 
compound, the C-N stretching of substitutions, the C-FI in plane bending, the C-Fl 
deformation of tri-substituted benzene ring, and the C-H out-of-plane bending, 
respectively (Macit et a l.5 2005, Gupta et al., 2010, Riaz et al., 2013, Zhuo et al., 
2013, and Raj 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 e ta l., 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 (Td onset) 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 (T̂ onsef 471.69, 485.34, 
534.68, and 472.73 ๐c, respectively) can be assigned to the elimination of PCB 
small molecules. The second transition at 400-800 °c (Td.onsef 731.62, 746.86, 
767.08, and 740.34 ๐c, respectively) can be referred to the decomposition of the 
polymeric chain (Abthagir et a l., 2004). These results also suggest that Td,onset of both 
transitions increase after adding surfactant. Td,onset of PCB SDS (1:0.0068) is higher 
than PCB due to the smaller particle size. Td,onset of PCB_TW20 (1:0.0068) is 
higher than PCB SDS (1:0.0068) because of the difference in shapes from hollow 
sphere to the macroporous honeycomb with a reduced surface area for thermal 
transport. Td,onset 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



4 3

4.4.3 Morphological Structures
4.4.3.1 E ffect o f  Surfactant Types

The morphological structures of the synthesized PCB of the 
three surfactants (nonionic as TW20, cationic as 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 
TW20, CTAB, and SDS added 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 (d)), 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 HC1 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 a l., 2010; 
GruhnTang et al., 2010; Thomas et a l., 2013; Garti et al., 2013; Dandan Min et al., 
2013; and Edler 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 a l., 2010 and Sanchez et al., 2011) and therefore 
reduces the size of PCB hollow sphere.

re s id u e  in crea ses  w ith  in c r e a s in g  Td,onset b e c a u s e  the h ig h er  Td,onset p r o v id e s  a sh orter
t im e  for d e c o m p o s it io n  an d  res id u e  fo r m a tio n  (P a rad ee  e t  a l . ,  2 0 1 3 ) .  T h e  r e s id u e  at
Td.onset o f  the p o ly m e r ic  c h a in  are 1 8 .5 1 , 3 5 .2 7 ,  6 0 .8 5 , and 2 7 .4 7 , r e s p e c t iv e ly .
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4.4.3 .2  E ffect o f  Surfactant C oncentrations
The morphology of the synthesized PCB (Figure 4.5 (a)) and 

the synthesized PCB using various surfactant concentrations (CTAB) (Figure 4.5 (b) 
-  4.5 (d)) 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 HC1 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
(b) ). At a 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 a l., 1993; Keir et al., 1999; Zingaretti et a l., 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 produces even a higher packing of connected hollow sphere structures 
(Figure 4.5 (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 1:0 to 1:0.0036 mole ratios, the particle size is decreased, but the electrical

o
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conductivity is slightly increased. When the concentration of CTAB is 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
as TW20, cationic as CTAB, and anionic as SDS) and without surfactant are 1.72 X
10"4 ± 5.80 X 10'6 s/cm, 1.00 X 1(T3 ± 7.88 X 10-4 s/cm, 2.16 X 10‘5± 1.79 X 10’5 
s/cm, and 2.72 X 10'6 ± 3 .1 6  X 10'7 s/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 HCIO4 The concentration of 
HCIO4 affects the electrical conductivity; at the polymer:HC10 4  ratio of 1:50 it has 
the highest electrical conductivity (Table 4.2), as this condition is most appropriate 
for doping to produce an electron withdrawing group. HCIO4 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:HC104 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 doped 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 10'5 s/cm) 
(Raj et al., 2009), the sphere particle doped PCB synthesized by the electrochemical 
polymerization (1.27 X 10-4 s/cm) (Abthagir et al., 2004), and the doped PCB film
synthesized by the electrochemical polymerization (0.18 X 10‘4 s/cm) (Atesa et al.,
2015) as shown in table 4.3.

o
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4.5 C o n c lu s io n s

For the synthesized polycarbazole (PCB), it was synthesized via interfacial 
polymerization method using carbazole monomer and ammonium persulfate (APS) 
as 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 additions 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 1.72 X 1CT4 s/cm, 1.00 X  10'3 s/cm, 2.16 X 10'5 s/cm, and 2.72 X 10'6 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 undoped electrical conductivity of PCB_CTAB at the 
monomensurfactant mole ratio of 1:0.0136 was 2.63 X 10'3 s/cm and it increased to
11.3 S/cm when doped at the CB:HC10 4  mole ratio of 1:50, the highest electrical 
conductivity obtained.

๐
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T a b le  4.1 The synthesizing conditions of PCB by interfacial polymerization with 
various types and concentrations of surfactant at polymerization time of 24 h

S u rfa c ta n t
T y p es

M on om er  : S u r fa c ta n t  
(M ole R atio) R em a rk

None 1:0 PCB

Tween 20 
(nonionic)

1:0.0034 PCBTW20 (1:0.0034)
1:0.0068 PCB_TW20 (1:0.0068)
1:0.0136 PCB_TW20 (1:0.0136)
1:0.0272 -

CTAB
(cationic)

1:0.0034 PCB_CTAB( 1:0.0034)
1:0.0068 PCB_CTAB (1:0.0068)
1:0.0136 PCBCTAB (1:0.0136)
1:0.0272 -

SDS
(anionic)

1:0.0034 PCB SDS (1:0.0034)
1:0.0068 PCBSDS (1:0.0068)
1:0.0136 PCB_SDS (1:0.0126)
1:0.0272 -

Ü
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F ig u r e  4.1 Proposed mechanistic scheme for the polymerization of PCB.
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F ig u re  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).

F ig u re  4.3 TGA thermograms of PCB with interfacial polymerization synthesized 
by various surfactant types.
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F ig u r e  4 .4  SEM photographs of PCB synthesized by interfacial polymerization with 
different surfactant types: (a) 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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F ig u re  4.5 SEM photographs of PCB synthesized by interfacial polymerization at 
various monomer: CTAB mole ratios: (a) PCB:CTAB (1:0), (without CTAB); (b) 
PCB.CTAB (1: 0.0034), ( less than CMC; (c) PCB:CTAB (1:0.0068), (at CMC); and
(d) PCB.CTAB (1:0.0136), (more than 2 X CMC) at 24 h.
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F ig u re  4.6 The particle size and electrical conductivity of PCB with interfacial 
polymerization synthesized by various CTAB concentrations.

T a b le  4.2 Particle size and electrical conductivity of PCB with various surfactant 
types

S am p les
P a r tic le  S ize E le c tr ic a l C o n d u c tiv ity  ( S /c m f

(n m ) U n d o p ed D o p ed

PCB 3213 ±944 2.72E-06 ± 3.16E-07 5.59E-02 ± 2.69E-03
PCB TW20 (1 : 0.0136) 1182 ± 327 1.72E-04 ± 5.80E-06 7.67E-01 ± 3.70E-02
PCB CTAB (1 : 0.0136) 2068 ±455 2.62E-03 ± 7.88E-04 1.13E+01 ± 3.61E-01
PCB_SDS (1 : 0.0136) 2841± 835 2.16E-05 ± 1.79E-05 4.49E-02 ± 3.32E-03

o
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Table 4.3 Comparison of particle size and electrical conductivity of doped PCB

Samples Morphology' Electrical
Conductivity (S/cm) Reference

Doped PCB Hollow sphere 5.59 X 10’2 -

Doped PCB TW20 Macroporus
honeycomb 7.67 X 10’1

Doped PCB CTAB Connected hollow 
sphere 11.3

Doped PCB SDS Small hollow sphere 4.49 X 10'2 -
Doped PCB Sphere 8.20 X 10° Raj et al., 2009

Doped PCB Sphere 1.27 X 10'4 Abthagir et al., 
2004

Doped PCB Sphere 0.18 X 1 O'4 Atesa et al., 
2015
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