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ABSTRACT: Side chain alkyl groups have become the standard for incorporating solubilizing groups into conjugated polymers.
However, the variety of alkyl groups available and their location on the polymer’s backbone can contribute to the packing of the
polymer chains in many different ways, resulting in many different morphologies in the polymer that can affect its properties and
performances. In this paper, we investigate the effects on the conductivity of nine phenothiazine-containing polyaniline derivatives
(P1−P9) with alkyl or aryl side chains on the phenothiazine core while also varying the number of methyl groups on the p-
phenylenediamine unit. 1H nuclear magnetic resonance spectroscopy, ultraviolet−visible spectroscopy, differential scanning
calorimetry, scanning electron microscopy, atomic force microscopy, and wide-angle X-ray scattering (WAXS) were all used to study
the polymers’ structures, physical and thermal properties, and morphologies. The t-butylphenyl substituent on the phenothiazine
core seems to provide more rigidity in the polymer’s backbone resulting in higher Tg for series 3, while series 2 containing the 2-
hexyldecyl-substituted polymers had the lowest Tg, which is attributed to the large volume of the side chain, that limits interchain
interactions. Consequently, series 2 had the lowest conductivity. However, the strongest effect on the conductivity was seen from the
tetramethyl groups on the PPDA unit, which resulted in the lowest conductivity in each series due to torsional strain (twisting) in
the polymer’s backbone. The WAXS data suggest mostly amorphous films; thus, the conductivity in these materials seems to be
dominated by a multiscale charge transport phenomenon that occurs in amorphous conjugated materials. Our results will aid in the
understanding of side chain engineering of PANI derivatives for their optimum performances.

■ INTRODUCTION
The discovery of conductive polyacetylene more than 50 years
ago was a paradigm shift in the field of polymer science.1 It has
become the driving force today in the field of organic
electronics for the development of flexible and affordable
electronic devices.2−5 Conducting polymers (CP) have many
attributes that make them unique in comparison to metallic
conductors, such as lightweight, transparency, flexibility, low
thermal conductivity, ambient temperature processing, syn-
thetic tunability, low-cost production, and solution-based
processing.2,6 Additionally, the prospect of solution and melt
processable polymers offers a convenient method for the
application of CP coatings and the fabrication of devices on a
large scale.7 Since then, many conducting polymers with simple
structures such as polypyrrole (PPy), polythiophene (PTH),
poly(paraphenylene) (PPP), poly(phenylenevinylene) (PPV),
polyfuran (PF), and polyaniline (PANI) have been prepared.

Among them, PANI stands out as the most viable due to its
high conductivity, high stability in the doped state, and low-
cost production.6,8,9 Consequently, PANI has been studied for
many applications such as corrosion,10,11 printed circuit
boards,12 antistatic coatings,13 electrochromic displays,14

charge storage devices,15,16 hole transport layers (HTLs) in
perovskite solar cells,17−19 light-emitting diodes (LED),20

waste removal,21,22 and biosensors.23 However, PANI’s limited
solubility in common organic solvents and its electrochemical
instability have prompted our group and others to explore
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PANI derivatives as alternatives to address PANI’s limita-
tions.24−27 For example, poly(1-naphthylamine) has been
studied by Ahmad and co-workers, and later by Riaz’s group,
in a number of applications such as anticorrosion and
antibacterial coatings,28−30 photolytic degradation of
dyes,31,32 and wastewater remediation.33 Other aryl- and N-
substituted PANI derivatives were also reported to enhance the
solubility and were used in various applications. In this regard,
Ma et al. reported the synthesis of poly(2,3-dimethylaniline)
with improved anticorrosion and electrochemical properties
compared to PANI.34,35 The synthesis of poly(o-ethoxyaniline)
was reported by Sathyanarayana et al.,36 while Savitha et al.
reported a copolymer, poly(o-/m-toluidine-co-o-nitroaniline),37

that both displayed excellent solubility and anticorrosion
properties. Chen and co-workers performed a study on N-
substituted PANI with a series of alkyl chains ranging from
butyl (C4) to hexadecyl (C16) and showed that their
solubilities increased as the size of the alkyl chain increased
due to a lowering of the polarity and stiffness of the polymer
chains by the flexible alkyl substituent.38

Fused ring cores have also been incorporated into the PANI
backbone to improve its properties. Phenothiazine, containing
three fused rings, is an ideal core to prepare PANI derivatives
because of its low cost, accessibility, and strong electron-
donating character. Furthermore, its nonplanar “butterfly-type”
conformation prevents it from aggregating and forming
insoluble polymeric material.39 While its nonaggregation
tendency is attractive for certain applications such as LED, it
is less attractive for applications where aggregates are
necessary. When it is incorporated into the backbone of
conjugated polymers, the lack of planarity in the phenothiazine
core may affect the packing of polymer chains. Additionally,
the incorporation of side chains onto the backbone, aimed at
enhancing solubility/processability, could significantly modu-
late the nature of the phenothiazine core and thus the
polymer.40 Our group has recently published three PANI
derivatives containing fused heterocyclic rings (phenoxazine,41

carbazole,42 and phenothiazine43) functionalized with branch
chain alkyl groups and copolymerized with p-phenylenedi-
amine (PPDA). They were used as charge storage devices42

and as second HTL in perovskite solar cells (PSCs)43 due to
their high solubility and excellent electrochemical stability. Liu
et al. also prepared copolymers with phenothiazine and
phenazine for organic cathode battery material.44 In these
reports, there is no mention of the effect of the phenothiazine
ring or the side chain substituents on the properties of the
polymers.
Research efforts are ongoing to explore the effects of the side

chains on the optoelectrical properties of conjugated
polymers.45−47 These studies have garnered increasing interest
in various fields due to the potential to enhance the mechanical
properties and processability of the polymers. The size of the
side chains influences the temperature for thermal transition,
solubility, mechanical property, and packing/ordering of
conjugated polymers, which ultimately affects their conductiv-
ity.40,48 However, the investigation of novel side chains
remains a relatively infrequent area of research.49 In the case
of conventional alkyl side chains, it is commonly observed that
the presence of branched alkyl chains tends to enhance
solubility and enhance the performance of devices in
conjugated polymers, in comparison to linear alkyl chains.40

However, there is always competition between the insulating
alkyl side chains and the packing of the conjugated

backbone.49,50 For PANI, the flexibility of the films was
observed when the side chain is relatively long and/or
branched.51 In particular, the presence of side chains impacts
various aspects of the polymer such as the doping mechanism
and efficiency, long-range ordering and polymer packing, and
the morphology of blends that consist of polymers and discrete
molecules.52−54

In this paper, we report our results from the investigation of
side chain effects on the conductivity of phenothiazine-
containing PANI derivatives. Interesting microstructures may
arise when the amine nitrogen of phenothiazine is function-
alized, or other bulky structures are present in the polymer’s
backbone. It has been shown that small changes in the alkyl
side chains can have large effects on the polymers’
morphology.55,56 For these reasons, we explore the effects of
N substituents on the phenothiazine core and methyl
substituents on the bridging PPDA group on the packing
and subsequent electrical conductivity of some PANI
derivatives. Nine polymers are prepared with three different
substituents on the phenothiazine nitrogen, and each
phenothiazine unit is copolymerized with three different
PPDA groups. The structure of the polymers (P1−P9) is
characterized by proton nuclear magnetic resonance (1H
NMR) and Fourier-transform infrared spectroscopy (FTIR),
while size exclusion chromatography (SEC) is used to
determine their molecular weights (Mn). Absorption (ultra-
violet−visible, UV−vis) spectroscopy is used to analyze their
doped and undoped states. Furthermore, the polymers’
conductivity is determined by a four-point probe, while
scanning electron microscopy (SEM), atomic force microscopy
(AFM), and wide-angle X-ray scattering (WAXS) techniques
are used to analyze the polymers’ morphology.

■ EXPERIMENTAL SECTION
Unless otherwise stated, all reagents were purchased from commercial
suppliers and used as is without additional purification. All
compounds were of reagent grade. The solvents (THF, DMF,
DCM, and toluene) were all distilled overdrying agents. Oven-dried
glassware was used for the reactions. Air or moisture-sensitive
reactions were executed under an inert atmosphere of nitrogen. 1H
NMR spectra were recorded at 500 MHz at room temperature on a
Bruker spectrometer with the deuterated solvent. The chemical shifts
were expressed in parts per million downfield from SiMe4. The NMR
data were processed by Mestre Nova. CDCl3 was employed as the
solvent unless otherwise stated, with the reference peak at 7.26 ppm.
The coupling constants (J) were stated in Hz. Multiplicities were
denoted by the letters s (singlet), d (doublet), t (triplet), q (quartet),
and m (multiplet). The product was purified by performing Flash
chromatography on Combi Flash Rf+ Purlon with silica gel (300−400
mesh) containing 60 pore size. Flash columns were commercially
packaged and purchased from Silicycle. Thin-layer chromatography
(TLC) was carried out on 50 mm × 20 mm aluminum-backed silica
gel and observed with a UV lamp at 254 nm. The determination of
number-average molecular weight (Mn), weight-average molecular
weight (Mw), and polydispersity index (PDI) was conducted using
TOSOH EcoSEC gel permeation chromatography (GPC) calibrated
by monodisperse polystyrene standards. The ultraviolet−visible
(UV−vis) spectra of polyaniline derivatives and PANI were collected
in a 1 cm quartz cell using an Agilent (Cary 60) spectrophotometer.
The spectrum was recorded between 200 and 1100 nm.
Thermogravimetric analysis (TGA) measurements were carried out
on TA Q50 equipment. Experiments were conducted in a nitrogen
stream with a flow rate of 50 mL per minute and a scanning rate of 10
°C per minute throughout a temperature range of 30−1000 °C.
Measurements using differential scanning calorimetry (DSC) were
carried out with a Q2000 calorimeter (TA Instruments, USA) in a
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stream of nitrogen at a scanning rate of 10 °C per minute using
aluminum pans. The samples were subjected to a heat/cool/heat
cycle, with the cooling and second heating cycles reported below.
Samples were heated and cooled at a rate of 10 °C/min over a
window chosen based on TGA degradation temperatures. Samples
were tested at temperatures between 0 and 250 °C in aluminum pans.
The infrared spectra (ATR−FTIR) of powder polymers were
acquired between 4000 and 400 cm−1 in a Cary 630 instrument
provided with diamond attenuated total reflectance (ATR). Data are
reported in wavenumbers (cm−1). WAXS of powder was performed
on a laboratory beamline system (Xenocs Inc. Xeuss 2.0) with an X-
ray wavelength of 1.54 Å and a sample−detector distance of 13 cm.
Samples were kept between the Kapton film, and the chamber was
under vacuum to minimize air scattering. Diffraction images were
recorded on a Pilatus 1 M detector (Dectris Inc.) with an exposure
time of 10 min and processed using the Nika software package in
combination with WAXSTools in Igor Pro.
Synthesis. All monomers were previously synthesized.57,58

General Procedure for the Synthesis of Polymers Using P2 as the
Example. An oven-dried microwave vial containing a stir bar was
charged in the glovebox with 3,6-dibromo-9 (2-ethylhexyl)-
phenothiazine (0.350 g, 1.0 equiv), 3,6-dimethyl-p-phenylenediamine
(1.05 equiv), Pd(TFA)2 (0.05 equiv), Xphos (0.075 equiv), and
NaOtBu (2.8 equiv) and capped. The microwave vial was removed
from the glovebox and freshly distilled, dried dioxane was added (5
mL), and the mixture was flushed with nitrogen. The reaction was
heated in an oil bath at 100 °C for 24 h while being stirred vigorously.
The reaction was allowed to cool to room temperature, and then
chloroform was added to dilute the reaction mixture. The crude
polymer was filtered through Celite, and the filtrate was concentrated
under reduced pressure to give the crude polymer as a solid. Soxhlet
extraction was performed with methanol, acetone, and hexanes to
wash the impurities. Finally, the pure polymer (P2) was extracted as a
blue solution in dichloromethane with 82% yield. The polymer was
reprecipitated from methanol before the analysis.

■ RESULTS AND DISCUSSION
We began our study with the synthesis of nine polymers, P1−
P9 (Figure 1). In the first series, we maintain a small, branched
alkyl group (2-ethylhexyl) on the phenothiazine nitrogen atom
while changing the number of methyl groups on the PPDA
core. Thus, P1 has no methyl group, P2 has two, and P3 has

four. Series 2 differs from series 1 with a larger alkyl group (2-
hexyldecyl) on the phenothiazine core, and once again, P4, P5,
and P6 have zero, two, and four methyl groups on the PPDA
core, respectively. Finally, series 3 has a t-butylphenyl group on
the phenothiazine core, and P7, P8, and P9 have zero, two,
and four methyl groups, respectively, on the PPDA core.
The polymers were synthesized by the Buchwald/Hartwig

reaction of 3,7-dibromophenothiazine containing the desired
alkyl or aryl groups on the nitrogen with the corresponding
PPDA containing zero, two, or four methyl groups according
to our published report.43 The solubility of the undoped
polymers in a variety of solvents such as chloroform CHCl3,
tetrahydrofuran (THF), dichloromethane (DCM), N-methyl-
2-pyrrolidone (NMP), and chlorobenzene (CB) increases as
the number of methyl groups on PPDA increases. On the other
hand, the doped polymers were soluble in more polar solvents
such as dimethyl sulfoxide (DMSO), dimethylformamide
(DMF), ethanol (EtOH), NMP, isopropanol (IPA), ethylene
glycol, and m-cresol. The structures of the polymers were
determined by 1H NMR and FTIR. The 1H NMR spectra for
all of the polymers (Figure S1) have four regions; the aromatic
region is around 6.5−7.2 ppm for all of the polymers except for
P3, P6, and P9 where the region shifts upfield due to the
absence of the PPDA protons. The amine protons resonate
around 5.0 and 5.2 ppm, whereas the protons of the alkyl
group α to the nitrogen on the phenothiazine core show up
around 3.5 ppm, except for P7−P9, where the substituent is
the t-butylphenyl group. The alkyl region around 2.0
represents the protons of the methyl groups on the PPDA
and between 1.0 and 1.5 for the other alkyl groups. The FTIR
spectra were also consistent with the desired polymer products
(Figure S2). Specifically, the alkyl C−H stretches are clearly
visible for P1−P6 containing the branched alkyl groups but
not so much for P7−P9, which contain the t-butylphenyl
group. While the aromatic C−H stretch (∼3030 cm−1) is not
clearly visible for all of the polymers, the aromatic C�C
stretch around 1500 cm−1 is clearly visible for all of the
polymers.

Figure 1. Structures of the polymers (a) and color of each polymer in DCM (b).
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Following the structural determination of the polymers, they
were subjected to size exclusion chromatography to determine
their molecular weights. All of the polymers have similar
number-average molecular weights (Mn) between 7 and 10
kDa against polystyrene standards with THF as the eluent
(Table 1). The polydispersities were all below 2, and the

degree of polymerization (DP) ranged from 16 to 24.
Consequently, we reason that the molecular weight of the
polymers would not be a major factor in any differences in
their properties.
To determine the best conditions for our study, we first

checked the optimized conditions for processing the polymers.
Consequently, we evaluated the effects of the solvent and
dopant on the conductivity. The conductivity of the polymers
was studied by using the four-point probe technique. P2 was
chosen as the standard for the experiment since we had
previously reported its synthesis and application in a PSC.43

We began by adopting our previously reported conditions with
ethanol/m-cresol and 30% CSA as the solvent system and
dopant, respectively. Furthermore, CSA has been previously
studied as a dopant for PANI.59−61 Ethanol/m-cresol gave low
conductivity with 30% CSA, while DMSO as a cosolvent gave
the highest conductivity, which was an order of magnitude
higher than the others (Table S1). Therefore, the ethanol/
DMSO solvent system was used to determine the effect of the
amount of CSA dopant (based on mass) on the conductivity.
As expected, the conductivity of the polymer increased as the
percent of CSA increased. Surprisingly, a large percent of the
dopant (50%) was required to obtain the highest conductivity
(0.112 S/cm). Then, we investigated the effect of the type of
dopants on the conductivity using the ethanol/DMSO solvent
system and 50% dopant. Common dopants such as
camphorsulfonic acid (CSA), dodecylbenzenesulfonic acid
(DBSA), p-toluenesulfonic acid (PTSA), polystyrenesulfonic
acid (PSS), and hydrochloric acid (HCl) were explored. The
small molecule dopants gave better results than PSS. However,

the conductivity of P2 with 50% CSA as the dopant was higher
than those of the others. Following these studies, we
reinvestigate the cosolvents to determine their effect on the
conductivity using 50% CSA as the dopant. It can be seen from
Table 2 that films prepared from ethanol with DMSO as the
cosolvent still recorded the highest conductivity (0.112 S/cm)
relative to films prepared from ethanol or with other
cosolvents. Based on these results, all of the polymers were
processed from ethanol with DMSO as the cosolvent and 50%
CSA as the dopant.
The absorption spectra of the polymers were analyzed in

dichloromethane (DCM). The polymers are all blue in DCM,
similar to our previous PANI derivatives, except for those
containing the tetramethyl-substituted PPDA (P3, P6, and P9)
(Figure 1b). We hypothesized that the difference in color for
P3, P6, and P9 is a result of severe twisting of the bonds
between the phenothiazine core and the tetramethyl-
substituted PPDA unit, resulting in a decrease in the
conjugation length of the polymers. Evidence of this twisting
can be seen in the UV data. The absorption spectrum was
obtained for the polymers in their undoped and doped states
(Figure 2). The undoped polymers all possess a maximum
absorption wavelength (abs λmax) between 530 and 630 nm
(Figure 2a). The abs λmax decreases as the number of methyl
groups increase, which indicates twisting in the polymers’
backbone due to torsional strain between the phenothiazine
core and the PPDA unit as you go across the series (Table 3).
Additionally, as you go between the series, the abs λmax
increased from series 1 to series 2 and then decreased for
series 3. These changes are smaller (∼10 nm) compared to the
changes across the series (∼30−40 nm), suggesting that the
side chains on the phenothiazine core are not significantly
different in solution (Table 3). As expected for PANI and its
derivatives, there is a large red-shift in their absorption
spectrum after doping to the emeraldine salt, as polaronic
species are formed (Figure 2b). Formation of a polaronic band
reduces the optical band gap. Additionally, the polymer chains
tend to extend, which increases their conjugation length,
further increasing the wavelength. Interestingly, P3, P6, and P9
with the tetramethyl PPDA core in their structures possess
shorter abs λmax values than the other polymers. While
polaronic bands formed in these polymers, the torsional strain
in their backbones limits the extension in their effective
conjugation length.
The thermal properties of the polymers are very important

for their applications. TGA and DSC measurements were
obtained to determine the thermal degradation (Td) and glass
transition (Tg) temperatures, respectively, of the polymers. All
of the polymers have onset of thermal degradation (Td onset)

Table 1. Molecular Weight Determination of the Polymers

polymer Mn (Da) Mw (Da) PDI DP

P1 7000 10 500 1.50 16
P2 9100 11 900 1.23 19
P3 9700 15 100 1.56 19
P4 10 200 14 400 1.41 19
P5 9800 16 500 1.68 18
P6 8500 10 000 1.19 15
P7 10 200 18 700 1.83 24
P8 7800 15 500 1.99 17
P9 8600 12 500 1.44 18

Table 2. Optimization of the Conductivity with Solvents and Dopants

dopant effect % dopant effect solvent effect

% dopant by mass conductivity (S/cm) dopant conductivity (S/cm) cosolvent conductivity (S/cm)
10 0.007 CSA 0.112 EtOH 0.031
25 0.067 DBSA 0.022 DMSO 0.112
50 0.112 PTSA 0.063 DMF 0.083
>50 0.112 PSS 0.009 IPA 0.042

HCl 0.072 m-cresol 0.003
NMP 0.009

ethylene glycol 0.044
ethyl acetate 0.0004
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above 300 °C, and they do not completely degrade under a
nitrogen atmosphere (Figure S3), demonstrating their high
thermal stability. Moreover, the polymers show interesting
behavior when subjected to DSC. We were unable to identify
any thermal transitions for the polymers in the doped state due
to the presence of the CSA dopant having a very large melting
transition that suppresses the polymers’ thermal transitions.
Therefore, the polymers were processed as powder in the
undoped state before being subjected to DSC (Figure S4). The
polymers were reprecipitated from methanol several times and
dried in a vacuum oven at 60 °C overnight before the
experiment was performed. In all of the series, the Tg of the
polymers increased as the number of methyl groups on the
PPDA increased. These results indicate that the increased bulk
in the polymers’ backbones increased their rigidity (due to
torsional strain), thus decreasing the free volume in the
polymers’ backbone (Table 3). On the other hand, series 2
possesses the lowest overall Tg among the series, followed by
series 1, meaning that the larger, branched alkyl groups, while
they may be good for solubility, are poor for packing
(interchain interactions) of the polymer chains. This notion
can be seen in the optimized structures of the phenothiazine
core containing the side chains (Figure S5). The branched
alkyl chains on P1−P6 lie close to the phenothiazine core,
which is already nonplanar. The presence of the large alkyl
chains hinders extensive interactions between polymer chains;
thus, the polymer chains have more freedom to slide past each
other, which lowers the Tg. On the other hand, the t-
butylphenyl substituent provides a more rigid structure, which

results in a more planar phenothiazine core. Thus, the
polymers with the t-butylphenyl substituent had the highest
Tg, due to the rigidity in the polymer’s backbone compared to
the branch alkyl groups. Based on these results, we
hypothesized that the polymers containing the t-butylphenyl
side chains would result in better packing of the polymer
chains after doping, leading to higher conductivity.
The conductivity of the polymers was determined using 50%

CSA as the dopant and EtOH/DMSO as the solvent and
cosolvent. Here, the films were prepared from a precise
concentration, and a specified amount of the polymers was
drop-casted from solution and dried slowly over a small vapor
of DMSO. All of the polymers had good conductivity on the
order of 10−1−10−2 S/cm. As expected, the polymers with 0
and 2 methyl groups have a higher conductivity than the
polymers with four methyl groups in all three series (Table 3).
On average, series 1 and series 3 outperformed series 2 (Figure
3). The low performance of series 2 could be a result of the

bulkier 2-hexyldecyl side chain, which decreases the
interactions between the polymer chains and reduces charge
transfer between chains. Interestingly, series 1 has a
conductivity slightly higher than that of series 3, despite the
small curvature of the phenothiazine core of series 1, which is
expected to affect the packing. Nevertheless, the bulky
tetramethyl PPDA unit contributed most to the decrease in
the conductivity because of the torsional strain in the polymer
chains. Since the Tg data indicate that the polymers are mostly
disordered, we propose that the dominant factor in the
conductivity is based on a multiscale charge transport
phenomena where the movement of charge occurs in a

Figure 2. Partial absorption spectra of undoped polymers (a) and doped polymers (b).

Table 3. Absorption Maximum Wavelength of Doped and
Undoped Polymers, Glass Transition Temperature, and
Conductivity for P1−P9

polymers

abs λmax
undoped
(nm)

abs λmax
doped
(nm)

Tg
(°C) conductivity (S/cm)

P1 612 1072 107 3.42 × 10−1 ± 4.40 × 10−1

P2 572 1076 119 1.42 × 10−1 ± 1.70 × 10−1

P3 520 926 130 5.72 × 10−2 ± 4.80 × 10−2

P4 627 1098 82 1.05 × 10−1 ± 9.07 × 10−3

P5 578 1056 92 6.70 × 10−2 ± 1.48 × 10−3

P6 548 920 104 2.12 × 10−2 ± 1.99 × 10−3

P7 630 1096 160 2.53 × 10−1 ± 2.72 × 10−3

P8 568 938 175 1.51 × 10−1 ± 4.40 × 10−3

P9 535 917 190 2.17 × 10−2 ± 3.51 × 10−4

Figure 3. Comparison of the conductivity for P1−P9. Series 1
(green), series 2 (red), and series 3 (blue).
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disordered lattice on different scales (short scale gives high
mobility and large scale gives low mobility).47,62 This
hypothesis is supported by the trend within each series
where the conductivity decreased as the torsional strain, and
thus disorder, increased in the polymer chains.63

The polymers were then subjected to wide-angle X-ray
scattering (WAXS) to ascertain their molecular packing, which
is linked to their conductivity performance. The polymers were
first prepared as films and then crushed to obtain a powder.
We first explored P2 as our control and investigated its
diffraction pattern with different amounts of CSA dopant (0,
10, 25, 50%). In Figure S6, the undoped polymer (0% CSA)
showed two peaks at q = 0.75 and 2.37 A−1, which signifies the
presence of some short-range ordered crystallites and aromatic
interactions, which is probably difficult to observe in the
DSC.64 On the other hand, CSA is highly crystalline with
several peaks in the region of q = 0.5−2.0 A−1. Upon doping of
P2 with 10 and 25% CSA, the peaks at q = 0.75 and 2.37 A−1

disappeared. However, when the polymer was doped with 50%
CSA, several well-defined scattering peaks in the wide-angle
scattering region were observed in the diffraction pattern,
indicating the presence of phase-separated CSA that forms an
individual crystalline domain. Noteworthy, two peaks occurred
in the region of q = 0.45 and 0.67 A−1, which is attributed to
the interaction of the side chains with the dopant.
Consequently, we evaluated all of the polymer at 50% dopant
to determine if a similar pattern would be observed (Figure 4).
The polymers are compared based on their series (Figure
4a−4c) as well as the substituents on the phenothiazine core
(Figure 4d−4f). All of the polymers showed obvious phase
separation in the crystalline domain of CSA in the region of q
= 0.5−2 A−1; therefore, we are not able to determine any
aromatic interactions in the backbone. Thus, we focused our
comparison on the alkyl chain stacking region for all the
polymers. P1−P6 showed strong scattering peaks of the alkyl
chain (Figure 4a,b) at q = 0.45−0.47 A−1, while P7−P9 had

weaker scattering in this region (Figure 4c). Additionally, all of
the polymers have a strong peak at q = 0.67−0.69 A−1, where
the side chains are presumed to interact with the dopant.
These results suggest that there are similar interactions of the
dopant with the side chains; however, P7−P9 may have
different side chain packing compared to P1−P6 (Figure 4d,f).
Unfortunately, we were not able to observe any of the possible
interactions within the polymers’ backbone; however, based on
the broadness in the region between q = 1.0 and 2.0 A−1, we
can speculate that the polymers’ backbones are mostly
amorphous. Consequently, we extend the study to look at
the surface of the polymers’ films with SEM and AFM to
determine if there are any abnormalities in the films.
We analyzed the morphology of the polymers in their doped

state with SEM imaging. We first investigated the films under
different processing conditions. Since we have been using P2
as our standard, we explored its films with various percentages
of dopant (0, 10, 25, and 50%) (Figure S7), as the dopants can
cause extreme morphological changes due to the swelling and
plasticizing effects.65 From these images, it can be seen that the
films become smoother as the amount of dopant increased
from 0 to 50%. These data corroborate what we see in the
conductivity measurements where the highest conductivity is
obtained from 50% doped polymers (Table 2). We then
analyzed the surface morphology of all of the films with 50%
dopant by using SEM (Figure S8). While all of the films were
very smooth, we observed cracking in them, which we
speculate arose from the extended vacuum process required
for SEM imaging. During this process, the moisture is removed
from the films, which then peel from the surface of the
substrate, leading to cracking. To check the morphology of the
films under conditions closest to the operation conditions, we
performed AFM imaging to analyze the surface of the films for
cracking or any abnormal features. Once again, as the amount
of dopant increased from 0 to 50%, the surface of the films
became more uniform and smoother (Figure 5a). Figure 5b

Figure 4. WAXS spectra for P1−P9 doped with 50% CSA. Comparison of P1−P9 based on series (a−c) and based on substituents on
phenothiazine side chains (d−f).
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shows the AFM images for all of the polymers (P1−P9) with
50% dopant. All the films’ surfaces were uniform in coverage
and without cracking. From all our data, it is clear that the
polymers mostly behave in a similar manner with only small
changes in the side chains on the phenothiazine core and the
PPDA unit that dominated the conductivity.

■ CONCLUSIONS
Side chains are important for conjugated polymer as they
enhance the polymer’s solubility. However, they also influence
the packing of the polymer chains, which impacts their
performances. Subsequently, understanding their effects on the
polymer chain arrangements is of upmost importance. In this
study, we prepared nine PANI derivatives from the
phenothiazine core and PPDA unit. These polymers contained
branched alkyl groups and t-butylphenyl as the substituents on
the phenothiazine core and different amounts of methyl group
on the PPDA. We discovered that both the side chains on the
phenothiazine core and the methyl groups on the PPDA unit
created disorder within the polymer. Noteworthy, the 2-
hexyldecyl group, while it makes good quality films, seems to
disrupt packing more than the other side chains, which lowers
their performances. Additionally, the t-butylphenyl group is
also a great substituent that aids in the solubility of the
polymer and displays conductivity on par with the commonly

used 2-ethylhexyl group. However, the most substantial
hindrance to conductivity of the polymers is the presence of
the tetramethyl groups on the PPDA unit, perhaps due to
twisting in the polymers’ backbones. To our knowledge, this is
the first example of a dual comparison of N-substituted and
aryl-substituted side chains on PANI derivatives on con-
ductivity. In addition, we provide direct comparison of the
commonly used branched alkyl group side chains to the t-
butylphenyl side group in conducting polymers on their
performances. Our findings emphasize the significance of side
chains in modulating conductivity and morphology in PANI
derivatives. These findings will help tune the dimensions of
solubilizing side chains to facilitate the effective processing of
conjugated polymers while mitigating the adverse effects at the
device level that sometimes result from the choice a location of
the side chains.
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Figure 5. AFM images showing the effect of percent dopant of P2 (A) and dopant on the films’ surface morphology of P1−P9 (B).
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