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PEGylated tetra(aniline) ABA triblock structure PEG-TANI-PEG (2) consisting of
tetra(aniline) (TANI) and polyethylene glycol (PEG) was synthesized by coupling the
tosylated-PEG to boc-protected NHo/NHo TANI (1) through a simple nucleophilic
substitution reaction. Deprotection of 2 resulted in a leucoemeraldine base state of
TANI (2-LEB), which was oxidized to stable emeraldine base (2-EB) state. 2-EB was
doped with 1M HCI to emeraldine salt (2-ES) state. FTIR, 'H and '3C NMR and
UV-Vis-NIR spectroscopy, and MS (ESI) was used for structural characterization. The
synthesized triblock structure exhibited good electroactivity as confirmed by CV and
UV-Vis-NIR spectroscopy. Self-assembling of the triblock structure in aqueous medium
was assessed by DLS, TEM, and SEM. Spherical aggregates were observed with
variable sizes depicting the effect of concentration and oxidation of 2-LEB. Further,
the aggregates showed acid/base sensitivity as evaluated by doping and dedoping
of 2-EB with 1M HCI and 1M NH4OH, respectively. Future applications in drug
delivery and sensors are envisaged for such tunable self-assembled nanostructures in
aqueous media.

Keywords: triblock nanostructures, PEGylation, redox activity, aqueous self-assembly, tunable self-assembled
structures

INTRODUCTION

Self-assembly is the simplest approach toward the production of highly ordered functional
assemblies of molecules in a wide range of interesting morphologies (e.g., various micellar
structures, nanorods, nanoribbons, nanofibers, amongst others) (Groschel and Miiller, 2015;
Townsend et al., 2018). Such structures have potential applications in the field of nanotechnology,
biomedicine, tissue engineering and drug delivery (Kutikov and Song, 2015; Li et al., 2017; Zhou
etal., 2017; Park et al., 2018; Liua et al., 2019). This self-assembly approach produces such intricate
morphologies through various secondary interactions (Molla and Ghosh, 2014), including w-7
stacking (Herrikhuyzen et al., 2006), hydrogen bonding (Valkama et al., 2006), ionic interactions
(Faul, 2014) and hydrophobic interactions (Lombardo et al., 2015). The presence of solvent plays a
key role in determining the morphology of the material, and can be used to tune final morphologies
(Shao et al., 2012; Echue et al., 2015; Dane et al., 2016). In aqueous self-assembly, the interesting
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properties of water play an important role in the
formation of defined structures owing to its non-covalent
interactions, leading to its unique potential for biomedical
applications (Sun et al., 2017).

Recently, a significant interest in the aqueous self-assembly
of conjugated polymers and related lower molecular weight
analogs has been observed (Magnieto et al., 2017; Zhang et al.,
2019). Due to the very strong stacking interactions and the
hydrophobic nature of such conjugated materials, their solubility
in aqueous media is very low. In order to address these issues,
various approaches have been tried to enhance the solubility of
polymeric and oligomeric conjugated structures. Some examples
of such approaches are chemical modification of conjugated
poly- and oligoelectrolytes (Dey et al., 2018), conjugation with
peptides and other water-soluble biomolecules (Jatsch et al., 2010;
Diaferia et al., 2016) and PEGylation i.e., the introduction of
amphiphilicity by incorporating hydrophillic polyethylene glycol
polymer chains (Hamley, 2014). In the case of the well-studied
conducting polyaniline (PANT) polymer and its lower oligomers,
such investigations are not very well-known.

We focus our efforts on the shortest functional oligomer
of PANI, tetra(aniline), or TANI. It exhibits the same unique
redox activity and electroactivity, as the parent polymeric analog
PANI (Wei and Faul, 2008): TANI has three oxidation states,
a colorless or gray fully reduced leucoemeraldine base (LEB)
state, a blue half-oxidized emeraldine base (EB) state and a dark,
deep-violet color fully oxidized pernigraniline base (PB) state.
When the EB state is doped with an acid it is converted to
the conducting green emeraldine salt (ES) state. Owing to the
existence of these interesting redox states, switchability can be
induced in this class of materials which can be exploited in
many interesting applications (Udeh et al., 2011; Hu et al., 2017).
PANTs limited solubility and processability can be overcome
by the introduction of TANI, owing to its good solubility in
common organic solvents (and thus processability) and defined
molecular structure (Udeh et al., 2011). TANI-based materials
self-assemble into defined structures due to its rigid aromatic
structure and strong stacking and hydrophobic interactions
(Zhao et al., 2013; Lyu et al., 2018). Studies have also shown that
this electroactive motif can also be used to introduce and use an
“addressable packing parameter” to tune self-assembly behavior
in simple single-tailed cationic TANI-based amphiphiles (Lyu
et al, 2018). In various amphiphilic block-copolymers (with
various hydrophilic blocks) TANTI has been included to produce
amphiphilic electroactive structures. However, their greater
hydrophillicity to hydrobicity ratio make these systems fairly
soluble on doping with acids or aggregates of undefined sizes
(Huang et al., 2007; Hu et al., 2008). Moreover, in most of the
TANI based amphiphiles amide linkage is introduced between
TANI and hydrophillic moiety (Yang et al.,, 2010; Kim et al,
2011; Bell et al., 2015; Dong et al., 2015). None of these systems
was investigated by changing the linkage between TANI and
hydrophillic block. We thus made an attempt to synthesize
such a low molecular weight amphiphiles in which TANI was
connected with hydrophillic block (PEG) through secondary
amine linkage. The hydrophobicity to hydrophilicity ratio was
controlled by using the short chain length mPEGssy (n = 8)

leading to self-assembled structures of defined size in neutral,
acidic and basic aqueous media.

In this study, we successfully synthesized low molecular
weight ABA amphiphilic triblock structures consisting
of PEGylated-TANI (2). Briefly TANI was coupled with
octa(ethylene glycol) methyl ether (mPEG3;50) forming secondary
amine (NH) linkage by a simple nucleophilic substitution
reaction. Deprotection of 2 resulted in the formation of 2-LEB
which was oxidized to 2-EB followed by doping with HCI to
2-ES. The electroactive properties of the PEGylated TANI in
different oxidation states (2-LEB, 2-EB, and 2-ES) were studied
by ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy
and cyclic voltammetry (CV). Aqueous self-assembly was
studied by using different microscopic techniques including
TEM, SEM, and DLS. 2-LEB self-assembles into spherical
aggregates, which are switched to larger sized aggregates on
increasing concentration. On changing oxidation state of 2-LEB
to the half-oxidized state (2-EB), the size of the spherical
aggregates was reduced. Further the self-assembly behavior of
the material was investigated by doping of 2-EB with an acid
(1M HCI, 2-ES) and dedoping by adding a base (1 M NH,OH).
This doping/dedoping process showed a change in size of the
aggregates without disturbing the spherical morphology of the
aggregates forecasting the application in controlled drug delivery
and sensors.

EXPERIMENTAL SECTION
Materials

Monomethoxy octa(ethylene glycol) with a number average
molecular weight of 350 (mPEGss0) (obtained from Aldrich) was
azeotropically distilled with toluene prior to use. Ammonium
persulphate (APS), dimethylaminopyridine (DMAP) and
triethylamine were purchased from Aldrich and used as received.
Dimethylsulfoxide (DMSO) and trifluoroacetic acid (TFA) of
reagent grade were obtained from Merck. Dried tetrahydrofuran
(THEF), diethyl ether and dichloromethane (DCM) were obtained
from an Anhydrous Engineering dry solvent system based on the
Grubbs’ design (Pangborn et al., 1996).

Methods

Fourier transform infrared (FTIR) spectra were recorded on
Perkin Elmer spectrum 100 FTIR spectrophotometer. 'H and '3C
nuclear magnetic resonance (NMR) spectra were obtained from
VNMRS400 spectrometer in deuterated chloroform (CDCl3)
and dimethyl sulfoxide-d6 (DMSO-d6) as solvents. Perkin
Elmer Lambda 35 UV-Visible spectrophotometer was used
to record the solution-state UV-Vis spectra of TANI-based
materials. Cyclic voltammetry (CV) was performed on Gamry
potentiostat/galvanostat interface 1000 in 1.0 M H,SO4 aqueous
solution using Ag/AgCl as the reference electrode and Pt wire
as the counter electrode. The working electrode was fluorine
doped tin oxide (FTO) glass coated with sample aqeous solution.
The cyclic voltammograms were measured in the range from
—0.1 to 1.0V at different scan rates of 50-150 mV/s. Critical
micelle concentration (CMC) was determined by Perkin Elmer
Lambda 35 UV/VIS spectrophotometer. Absorption spectra of
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microscope at an accelerating voltage of 120 kV. Samples were
drop-cast onto copper TEM grids coated with carbon film.
Dynamic light scattering (DLS) measurements were carried out
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the solutions were recorded by varying the concentration from
0.001 to 0.1 mM in water. Transmission electron microscopy
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SCHEME 1 | Synthesis of (a) tosylated-PEG, (b) ABA type triblock structures containing secondary amine (NH) linkage (2), (c) deprotection, (d) oxidation and

(e) doping.
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FIGURE 1 | FTIR spectra of (a) 1 (bottom trace), (b) 2 (middle trace), and (c)
2-LEB (top trace). The spectra are shifted along the direction of intensity
for clarity.

to determine the particle size distribution using a Malvern Zeta
Sizer Nano series equipped with a laser of a wavelength of
633 nm and a detector oriented 173° to the incident radiation.
Samples of different concentrations were prepared in deionized
water and filtered through 0.45pum nylon syringe filter prior
the measurement. Autocorrelation function (ACF) was obtained
from DLS data. Scanning electron microscopy (SEM) images
were taken on TESCAN Vega LUM equipment. A drop of
micellar solution in water was drop casted on glass surface at
room temperature for SEM assessment.

Synthesis

Synthesis of NH2/NHy Boc-Protected Tetra(Aniline)
TANI (1)

NH,/NH, boc-protected tetra(aniline) TANI (1) was synthesized
in three steps. NO,/NO; boc-protected TANI was synthesized by
the reported method in two steps (Eelkema and Anderson, 2008).
The reduction of NO,/NO; boc-protected TANI was carried out
using ammonium formate in the presence of activated Pd on
charcoal to yield the desired product 1 (Ram and Ehrenkaufer,
1984). Yield: 91%. 'H NMR (400 MHz, CDCl3, 8 ppm): 7.10 (d, J
= 4.0 Hz, 4H, Ar-N(boc)-Ar), 7.05 (d, ] = 4.0 Hz, 4H, Ar-N(boc)-
Ar), 6.81 (d, ] = 8.0Hz, 4H, Ar-N-boc), 6.50 (d, ] = 8.0Hz,
4H, Ar-NH2), 5.10 (br. s, 4H, Ar-NH2), 1.32 (d, ] = 4.0 Hz,
27H, boc(t-CH3); *C NMR (101 MHz, CDCl3, § ppm):152 (Boc
C=0), 139 (Ar-NH,), 128 (Ar-N(boc)-Ar), 126 (Ar-N(boc)-Ar),
115 (NH;-Ar), 81 (boc (C(CH)3), 28 (boc(t-CH3)); FTIR (solid
sample, cm~!) v: 3,467 (m, v NH), 3,360 (m, v NH), 2,925 (m,
v sp>-CH), 1,722 (s, v boc C=0), 1,510 (s, v C=C benzenoid),
1,061 (s, v boc C-O-C). MS (ESI) m/z: 704.3 [M + Na] ™.

Tosylation of mMPEGa3sg

mPEGs3s50 was tosylated by using a reported method (Chatterjee
and Ramakrishnan, 2014). Briefly in a three necked round
bottom flask, mPEG35¢ (15.5 mmol, 5.44 g) was taken in 5mL
THF and the contents were cooled in an ice bath. Sodium
hydroxide (25 mmol, 1g, 20% aq. solution) was added in the
cooled mixture followed by slow addition of p-toluenesulfonyl
chloride (14.4 mmol, 2.74g) in 5mL of THF using a dropping
funnel over a period of 2 h. The solution was stirred at 0-5°C for
an additional 2h and then poured into ice cold water (20 mL).
Organics were extracted with chloroform twice. The combined
organic extracts were washed with water twice than with brine
once and then dried over anhydrous MgSOy. The solvent was
evaporated resulting tosylate as a white solid. Yield: 90%. 'H
NMR (400 MHz, CDCls, § ppm): 7.77 (d, ] = 8 Hz, 2H, Ar-SO,),
7.33 (d, ] = 8Hz, 2H, CHj3-Ar), 4.14 (t, ] = 8Hz, 2H, SO,-
OCH,), 3.66-3.56 (m, 27H, CH,-CH,-0), 3.36 (s, 3H, OCHj3),
2.43(s, 3H, Ar-CH3); '*C NMR (101 MHz, CDCl3, 8 ppm):
140 (Ar-SO3), 130 (Ar), 71 (CH,-CH,-0), 68 (SO,-OCH,), 58
(OCH3), 25 (Ar-CH3); MS (ESI) m/z: 561.2 [M + Na] .

Synthesis of PEGylated Tetra(Aniline) ABA Type
Triblock Structure (PEG)g-TANI-(PEG)g (2)

1 (1 eq., 0.73 mmol, 500 mg), tosylate-mPEG3sq (2.1 eq., 1.53
mmol, 0.8 mL) and DMAP (52 mg) were placed in a three-necked
flask and protected under nitrogen. DMSO (5mL) was added
followed by triethylamine (1 mL) and stirred at 65 °C overnight.
The reaction mixture was cooled and precipitated in diethyl
ether. The precipitate was dissolved in THF and reprecipitated
by n-hexane. This dissolution/precipitation process was repeated
three times. Then precipitate obtained was dissolved in ethyl
acetate, reprecipitated with n-hexane three times and dried under
vacuum overnight. Yield: 40%. '"H NMR (400 MHz, CDCls, §
ppm): 7.09 (m, 8H, (boc)N-Ar-N(boc)), 6.89 (d, ] = 8 Hz, 4H,
(boc)N-Ar-NH-), 6.53 (d, ] = 8 Hz, 4H, NH-Ar), 3.65 (m, 54H,
0-CH;,-CH;-0), 3.38 (s, 6H, OCH3), 3.23 (t, ] = 8 Hz, 4H, NH-
CH,), 1.42 (s, 27H, boc t-CHj3). ?C NMR (101 MHz, CDCl3,
3 ppm): 144 (boc C=0), 139 (Ar-C-NH), 128 (Ar-N(boc)), 126
(Ar), 71 (O-CH,-CH,-0), 61 (OCHj3), 46 (HN-CH,), 32 (boc t-
CH3); FTIR (solid sample, cm™1) v: 3,364 (m, v NH), 3,045 (w, v
C=0Q), 2,979 (s, v CH3), 2,869 (s, v CH;), 1,696 (s, v boc C=0),
1,603 (m, v NH) 1,510 (s, v C=C benzenoid), 1,091 (m, v C-O-C);
MS (MALDI-TOF) m/z: 1,381.

Deprotection of 2 (2-LEB)

Boc-protected product 2 was dissolved in anhydrous DCM and
cooled to 0°C. TFA (equal amount as the solvent) was added
and the solution allowed to warm to room temperature. After
stirring at room temperature until all starting material was
consumed (as checked by TLC), the solution was concentrated
under reduced pressure. The solution was extracted with distilled
water, saturated NaHCOs3, water and brine, three times (3
x 10mL). The combined organic fractions were dried over
MgSOy, filtered, evaporated under reduced pressure and dried
under vacuum overnight. A dark gray-colored product was
obtained. Yield: 50%. 'H NMR (400 MHz, CDCls;, § ppm):
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FIGURE 3 | UV-Vis-NIR spectra: (A) 1-LEB (1) and 2-LEB (2), (B) 2-LEB (1), 2-EB (2) and 2-ES, doped with 1 M HCI (3), and (C) Cyclic voltammogram of 2-EB at
different scan rates in 1 M HoSO,4 as an electrolyte.

6.78 (m, 8H, Ar-N(boc)-Ar), 6.57 (d, ] = 8Hz, 4H, NH-
Ar-N(boc)), 6.53 (d, ] = 8Hz, 4H, NH-Ar), 3.6-3.4 (m,
54H, O-CH,-CH;), 3.3 (s, 6H, OCHj3), 3.1 (t, ] = 8Hz,
4H, NH-CH;), 4.8 (s, NH). UV (DMSO) Amax = 321nm
(benzenoid m-7t™*).

Oxidation State Switching and Doping
2-EB: 2-LEB (1 eq., 0.04 mmol, 50 mg) was stirred in THF
(I0mL) and a solution of ammonium persulphate (1 eq. 0.04
mmol, 9mg) in 2M HCl (10mL) was added to the stirring
solution. A dark-green solution was immediately formed. After
1h 2M NH4OH (10 mL) was added to the reaction mixture.
The solution turned blue and was stirred for an additional
4h. The reaction mixture was extracted with chloroform (3 x
10mL). Combined chloroform layers were washed with water
(3 x 5mL) and brine (1 x 5mL), dried over MgSQOy, filtered
and residual solvent removed and dried under vacuum overnight.
Yield: 98%. UV (DMSO) hmax = 305nm (benzenoid m-m*),
587 nm (quinoid w-1*).

2-ES: 2-EB was dissolved in 1M HCl and stirred
overnight until UV-Vis spectroscopy showed the absence

TABLE 1 | Solubility data for the studied materials in water and common organic
solvents.

Samples H,O CHxCl, CHCl; THF DMF  DMSO
1 + + + + + +
1-LEB - - - - + +
mPEG-350 + + + + + +
2-LEB + + + + + +
2-EB + + + + + +
+, soluble; -, insoluble.

of the characteristic EB peak at 580nm, confirming
completion of the doping process. Yield: 96%. UV (DMSO)
Amax = 305nm (benzenoid m-w*), 420nm polaron-n*),

978 nm (m-polaron).

Preparation of Microstructures

Micellar solutions of 2 in LEB, EB and ES states were prepared
by directly dissolving the predetermined amount of samples per
1 mL of deionized water (Hu et al., 2008). For doped and dedoped
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samples 1 M HCl and 1 M NH4OH were used instead of water.
The solutions were kept overnight for complete self-assembly and
then subjected for detailed studies.

RESULTS AND DISCUSSION

Synthesis and Characterization of
PEGylated Tetra(Aniline) ABA Type
Coil-Rod-Coil Triblock Structure
(PEG)g-TANI-(PEG)s (2)

ABA triblock structure 2 was synthesized successfully as shown
in Scheme 1. The terminal hydroxyl group of the mPEGssg
precursor is less susceptible to nucleophilic attack by an
amine group; hence, tosylation of mPEGss5 was carried out.
Deprotection of the 2 resulted in the LEB state, which was further
converted to the EB state by oxidation (Scheme 1). The purity
and structures of the synthesized materials were elucidated by
using FTIR, 'H NMR, and *C NMR spectroscopic analyses.
Figure 1 shows the FTIR spectra with annotated peaks for the
different moieties present in the structures. The appearance of
the stretching vibration band at 3,356 cm™! for the secondary
amine N-H in 2 and the disappearance of stretching bands for
the primary NH,/NH, boc-protected tetra(aniline) at 3,463 and
3,368 cm~! confirmed the formation of the product (Figure 1b).
The incorporation of mPEGss in the product was assessed by
the presence of stretching vibrations at 2,874 and 1,101 cm™! for
C-H and C-O-C, respectively. Deprotection of 2 resulted in the
disappearance of chracterisitic peaks for boc group at 1,695 and
1,154 cm™! for ester carbonyl and C-O-C moities (Figure 1c).
A broad stretching vibration was appeared for NH moieties of
TANTin 2-EB at 3,350 cm~!. Figure 2 shows the 'H NMR spectra
of 2 and 2-LEB. The characteristic peaks for aromatic protons of
the boc-protected TANI segment in 2 appeared at 7.09-6.53 ppm
(Figure 2A). The characteristic resonance lines for mPEGssg
segment were observed at 3.65 ppm (for methylene protons) and
3.38 ppm (for terminal methoxy protons). The disappearance
of the peak at ~5.0 ppm for the NH; protons of 1 confirms
the formation of the product. Deprotection of 2 resulted in the
conversion to fully reduced TANI segment in 2-LEB (Figure 2B).
The aromatic protons upfield to 6.78 ppm while signals at 1.42
ppm disappeared confirming the removal of boc moiety.

Solubility

The solubilities of 1, 1-LEB, and 2 in both the LEB and
EB states were investigated in water and common organic
solvents. The results are displayed in Table 1. 1 was soluble in
a selection of common organic solvents, such as chloroform
(CHCI3), dichloromethane (CH,Cl,), tetrahydrofuran (THF), N,
N-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO).
1 in the LEB or EB state was insoluble in common organic
solvents. 2 in the LEB and EB states was soluble in water as
well as in the above-mentioned organic solvents, showing that
solubility was increased by incorporating ethylene glycol units
in the ABA block structure. Moreover, aqueous solutions of 2 in
the LEB and EB state remained stable over many weeks without
any precipitation.

Optoelectronic Properties

UV-Vis-NIR spectroscopy was used to elucidate the redox states
of the TANI functional subunit in the ABA triblock structures.
Figure 3 shows the UV-Vis-NIR spectra of NH,/NH, TANI and
2 in the LEB, EB and their 1 M HCI doped ES states in water.
A bathochromic shift was observed for the mt-7t* transition from
309 to 321 nm when comparing NH,/NH; TANI-LEB to 2-LEB
(Figure 3A). A hypsochromic shift was observed from 321 to
305 nm by oxidizing 2 from the LEB to the EB state (Figure 3B,
curve 2), and the appearance of the typical peak at 587 nm
was assigned to a further m-n* transition for the quinoid ring
structure (Figure 3B, curve 2) (Shao et al., 2011). Doping of
the 2-EB state with 1 M HCI resulted in the occurrence of two
bands at 420nm and 978 nm (Figure 3B, curve 3), typical for
doped states of TANI-based materials. The appearance of the
band at 420nm is assigned to a polaron-m* transition (Udeh
et al., 2013). Disappearance of the absorption band at 587 nm
with the appearance of the typical long wavelength m-polaron
absorption band at 978 nm showed the conversion of the EB state
to the conducting ES state (Lv et al., 2015). Cyclic voltammetry
was performed to access the redox activity of the 2-EB. A
characteristic single reversible redox peak was obtained at a
mean peak potential (E;/2) of 0.53 V showing the conversion of
LEB to EB state (Figure 3C) (Yang et al.,, 2010). Peak current
was increased with increasing the scan rate showing the good
electrochemical reversibility (Inamdar et al., 2011). Results of
UV-Vis spectroscopy and cyclic voltammetry confirmed the good
electroactivity of 2-EB.

Aqueous Self-Assembly

Critical Micelle Concentration

Critical micelle concentration (CMC) of the amphiphiles was
determined by using UV-Vis spectroscopy without probe (Fatima
et al., 2016). UV-Vis spectra of 2-EB in water were recorded
at varying concentrations (0.001-0.1 mM) and a graph was
plotted between absorbance vs. concentration (Figure S1). The
graph showed two liner sections with slightly different slopes
intersecting at a point denoted as CMC point. Below the
intersection, point absorbance increased linearly with increasing
concentration obeying the Lambert-Beer law. Above this point,
deviation from the linearity upon increasing concentration
indicated aggregation phenomenon (Winiewska et al., 2017).
This might be due to the hurdle that is faced by UV-Vis radiations
to pass through the inner core of the aggregates. 2-EB showed
very low CMC value (0.016 mM = 16 pM) depicting a very rapid
balance between hydrophobic (TANI) and hydrophilic (PEG)
segments toward aggregation.

Morphology and Size

For aqueous self-assembly of these non-ionic amphiphilic
materials, sample solutions were prepared by directly dissolving
the sample in double distilled water (Hu et al., 2008). Samples of
2 in the LEB, EB and 1 M HCI doped ES states, were prepared
to study the effect of concentration, oxidation state and doping
on size and morphology of the formed aggregates, respectively.
Figure 4 shows the morphology and size of the 2-LEB aggregates
formed in aqueous solution at different concentrations. It was
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FIGURE 4 | TEM images of 2-LEB at different concentrations; (a) 0.2 mg/mL, (b) 1 mg/mL, (c) 5 mg/mL and DLS analysis of 2-LEB; (d) Auto-correlation function
(ACF), (e) particle size distribution at different concentrations shown as insert in (d).
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FIGURE 5 | TEM image (a) and particle size distribution (b) of 0.2 mg/ml aqueous solution of 2-EB.

observed that increase in the concentration lead to increase in
the size of the aggregates. At 0.2 mg/mL, triblock structures self-
assembled into spherical aggregates of 80 nm size as observed
by TEM (Figure 4a). Upon increasing concentration from 1 to
5 mg/mL, spherical objects of larger size in the range from
230 to 500nm were observed by TEM (Figures4b,c). DLS
studies also showed the presence of similar size objects in
the aqueous solution with a size difference of £10nm from
TEM (Figure S2). This may be attributed to the drying effect

resulting in shrinkage of size of the objects on evaporation of the
solvent (Lyu et al., 2018). Further DLS-derived auto-correlation
function (ACF) also demonstrated the increase in the size
of the aggregates with increasing concentration (Figures 4d,e).
Monomodal distribution of the aggregates was observed for
each concentration showing the uniformity of the aggregate
formation. Larger size aggregates showed less relaxation time
due to their decreased diffusion velocity as compared to smaller
size aggregates, obeying Stokes-Einstein equation, which shows
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inverse relation between hydrodynamic radius and diffusion
velocity (Winiewska et al., 2017).

The size of the structures has changed with changing the
oxidation state of TANI segment in the ABA type triblock
structures. Figure 5 shows the TEM image and particle size
distribution of 0.2 mg/ml aqueous solution of 2-EB. When 2-LEB
was oxidized to 2-EB the size of the particles at concentration
0.2 mg/mL was decreased from 80 to 45nm without changing
the spherical morphology (Figure 5a). This decrease in the size
of the particles is attributed to the additional amine-imine
hydrogen bonding in the EB state leading to shrinkage in size
of the aggregates, as has been reported previously (Kim et al,
2011). The size of these aggregates was further confirmed by
DLS measurements (Figure 5b), and showed the presence of
50 £+ 3nm size of 2-EB particles, which is correlated very
well with the size observed by TEM after changing oxidation
state. Ring-like morphologies for 2-EB were also seen by
TEM (Figure S3). This may be attributed to the fact that on
evaporation of the solvent, these small aggregates coagulate into
ring-like structures increasing the stability of the aggregates
(Wang et al., 2006).

The self-assembled aggregates also showed acid/base
sensitivity. When 2-EB was doped with 1M HCI, 2-ES state
was formed, which was confirmed by UV-Vis-NIR (Figure 3B).
2-ES was investigated for aqueous self-assembly, and colonies
of spherical aggregates of 103 nm size were observed by TEM
(Figure 6a). SEM images of 2-ES (Figure 6b) also showed
such aggregated spherical objects of similar sizes. DLS analysis
further confirmed the presence of particles of hydrodynamic

radii of 105 £ 6 nm (Figure 6¢). The increase in size of 2-ES as
compared to 2-EB was attributed to the incorporation of acid
moieties, which increased the volume of the inner core of the
aggregates as well as inner repulsion of counter ions (Hu et al,,
2008). Intermolecular hydrogen bonding might be the cause of
the formation of dendritic colonies (Wang et al., 2012). When
2-ES was dedoped by the addition of 1M NH4OH, first the
visible change in color was observed from green to blue showing
the change in oxidation state of the TANI segment, which was
further investigated by UV-vis spectroscopy. Figure 6d shows the
change in electrochemical behavior of the doped/dedoped states.
2-ES showed characteristic peaks at 305, 420, and 978 nm for
benzenoid ring, localized and delocalized polarons, respectively
(Shao et al., 2011; Udeh et al., 2013). Dedoping with the base
caused a slight red shift from 305 to 312 nm along appearance of
peak of low intensity at 580 nm for benzenoid and quinoid rings,
respectively. Spherical aggregates of 70 nm size were observed by
TEM image (Figure 6e). The decrease in size of the aggregates is
attributed to the removal of acid moiety from the inner core of
TANI segment upon dedoping as well as increased hydrophobic
character of TANI (Hu et al., 2008).

CONCLUSIONS

A novel electroactive ABA amphiphilic triblock structure 2
was successfully synthesized, and the structure and purity
were confirmed by NMR and FTIR spectroscopy. UV-Vis-NIR
spectroscopic and CV studies showed good electrochemical
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activity owing to the core TANI block. Aqueous self-assembly
behavior of 2 in its various oxidation states was studied by using a
range of techniques. Spherical aggregates were observed and the
size of the particles was increased with increasing concentration.
It was found that the size of the aggregates changed with
changing the oxidation state of the core TANI moiety in 2.
On oxidation of LEB to the EB, the size of the particles was
decreased. The aggregates were found to be acid/base sensitive.
Doping of 2-EB with 1 M HCI led to an increase in the size of
the objects without changing the morphology, while dedoping
of the amphiphiles using 1M NH4OH showed a decreased
in size of the particles. Such tunable self-assembly structures
can be used as promising candidates for drug delivery and
sensor applications.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or Supplementary Material.

REFERENCES

Bell, O. A, Wu, G., Haataja, J. S., Brommel, F., Fey, N,, Seddon, A. M,
et al. (2015). Self-assembly of a functional oligo(aniline)-based amphiphile
into helical conductive nanowires. J. Am. Chem. Soc. 137, 14288-14294.
doi: 10.1021/jacs.5b06892

Chatterjee, S., and Ramakrishnan, S. (2014). Understanding self-segregation
of immiscible peripheral segments in pseudodendritic hyperbranched
polydithioacetals: formation of improved janus structures. ACS Macro Lett. 3,
953-957. doi: 10.1021/mz500424t

Dane, T. G., Bartenstein, J. E., Sironi, B., Mills, B. M., Alexander Bell, O., Emyr
MacDonald, J., et al. (2016). Influence of solvent polarity on the structure of
drop-cast electroactive tetra(aniline)-surfactant thin films. Phys. Chem. Chem.
Phys. 18, 24498-24505. doi: 10.1039/c6¢cp05221e

Dey, J., Ghosh, R., and Mahapatra, R. D. (2018). Self-assembly of unconventional
low-molecular-mass amphiphiles containing a PEG chain. Langmuir 35,
848-861. doi: 10.1021/acs.langmuir.8b00779.

Diaferia, C., Mercurio, F. A., Giannini, C., Sibillano, T., Morelli, G., Leone,
M., et al. (2016). Self-assembly of PEGylated tetra-phenylalanine derivatives:
structural insights from solution and solid state studies. Sci. Rep. 6:26638.
doi: 10.1038/srep26638

Dong, S., Han, L., Cai, M., Li, L., and Wei, Y. (2015). Synthesis of electroactive
tetraaniline grafted polyethylenimine for tissue engineering. IOP Conf. Ser.
Mater. Sci. Eng. 87:012072. doi: 10.1088/1757-899x/87/1/012072

Echue, G., Lloyd-Jones, G. C., and Faul, C. F. J. (2015). Chiral perylene
diimides: building blocks for ionic self assembly. Chem. Eur. J. 21, 5118-5128.
doi: 10.1002/chem.201406094

Eelkema, R., and Anderson, H. L. (2008). Synthesis of end-functionalized
polyanilines. ~ Macromolecules 41,  9930-9933.  doi:  10.1021/ma80
1697w

Fatima, S., Badshah, A., Lal, B., Asghar, F., Nawaz, M., Shah, A., et al. (2016). Study
of new ferrocene-based thioureas as potential nonionic surfactants. Organomet.
Chem. 819, 194-200. doi: 10.1016/j.jorganchem.2016.07.003

Faul, C. F.J. (2014). Ionic self-assembly for functional hierarchical nanostructured
materials. Acc. Chem. Res. 47, 3428-3438. doi: 10.1021/ar500162a

Groschel, A. H., and Miller, A. H. E. (2015). Self-assembly concepts
for multicompartment Nanoscale 7, 11841-11876.
doi: 10.1039/c5nr02448;

Hamley, I. W. (2014). PEG-peptide conjugates. Biomacromolecules 15, 1543-1559.
doi: 10.1021/bm500246w

Herrikhuyzen, J. V., Jonkheijm, P., Schenning, A. P. H. J., and Meijer, E. W.
(2006). The influence of hydrogen bonding and m-7 stacking interactions on

nanostructures.

AUTHOR CONTRIBUTIONS

IM performed and analyzed the experiments and wrote the
manuscript. ZA and FS conceived the project. All authors
contributed to the interpretation of the data and writing
the manuscript.

ACKNOWLEDGMENTS

Authors gratefully acknowledged the financial support from
the Higher Education Commission of Pakistan, Quaid-Azam
University, Islamabad, Pakistan and the Norrbotten Research
Council (NoFo) (grant no. 17-203) Sweden.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2019.00518/full#supplementary-material

the self-assembly properties of C3-symmetrical oligo(p- phenylenevinylene)
discs. Org. Biomol. Chem. 4, 1539-1545. doi: 10.1039/b517993a

Hu, J., Zhuang, X., Huang, L., Lang, L., Chen, X., Wei, Y., et al. (2008).
PH/potential-responsive large aggregates from the spontaneous self-
assembly of a triblock copolymer in water. Langmuir 24, 13376-13382.
doi: 10.1021/1a802598z

Hu, Y., Miles, B. T., Ho, Y. L. D., Taverne, M. P. C,, Chen, L., Gersen, H., et al.
(2017). Toward direct laser writing of actively tuneable 3D photonic crystals.
Adv. Opt. Mater. 5:1600458. doi: 10.1002/adom.201600458

Huang, L., Hu, J., Lang, L., Chen, X., Wei, Y., and Jing, X. (2007). Synthesis
of a novel electroactive ABA triblock copolymer and its spontaneous
self-assembly in water. Macromol. Rapid Commun. 28, 1559-1566.
doi: 10.1002/marc.200700252

Inamdar, A. I, Kim, Y. S., Sohn, J. S., Im, H., Kim, H., Kim, D. Y., et al. (2011).
Supercapacitive characteristics of electrodeposited polyaniline thin films grown
on indium-doped tin-oxide substrates. J. Korean. Phys. Soc. 59, 145-149.
doi: 10.3938/jkps.59.145

Jatsch, A., Schillinger, E. K., Schmid, S., and Bauerle, P. (2010). Biomolecule
assisted self-assembly of w-conjugated oligomers, J. Mater. Chem. 20,
3563-3578. doi: 10.1039/b926594e

Kim, H., Jeong, S. M., and Park, J. W. (2011). Electrical switching between vesicles
and micelles via redox-responsive self-assembly of amphiphilic rod-coils. J. Am.
Chem. Soc. 133, 5206-5209. doi: 10.1021/ja200297j

Kutikov, A. B., and Song, J. (2015). Biodegradable PEG-based amphiphilic block
copolymers for tissue engineering applications. ACS Biomater. Sci. Eng. 1,
463-480. doi: 10.1021/acsbiomaterials.5b00122

Li, X., Wolanin, P. J., MacFarlane, L. R., Harniman, R. L., Qian, J., Gould, O. E.
C., etal. (2017). Erratum: uniform electroactive fibre-like micelle nanowires for
organic electronics. Nat. Commun. 8:15909. doi: 10.1038/ncomms15909

Liua, T, Lia, J, Lib, X, Qiua, S, Yea, Y., Yang, F, et al. (2019).
Effect of self-assembled tetraaniline nanofiber on the anticorrosion
performance of waterborne epoxy coating, Prog. Org. Coat. 128, 137-147.
doi: 10.1016/j.porgcoat.2018.11.033

Lombardo, D., Kiseley, M. A. Magazt, S., and Calandra, P. (2015).
Amphiphiles self-assembly: basic concepts and future perspectives of
supramolecular approaches. Adv. Condens. Matter Phys. 2015:151683.
doi: 10.1155/2015/151683

Lv, W., Feng, J., and Yan, W. (2015). Electrochemical potential-responsive
tetra(aniline) nanocapsules via self-assembly. RSC Adv. 5, 27862-27866.
doi: 10.1039/c5ra03834k

Lyu, W., Alotaibi, M., Bell, O. A., Watanabe, K., Harniman, R., Mills, B. M., et al.
(2018). An addressable packing parameter approach for reversibly tuning the

Frontiers in Chemistry | www.frontiersin.org

July 2019 | Volume 7 | Article 518


https://www.frontiersin.org/articles/10.3389/fchem.2019.00518/full#supplementary-material
https://doi.org/10.1021/jacs.5b06892
https://doi.org/10.1021/mz500424t
https://doi.org/10.1039/c6cp05221e
https://doi.org/10.1021/acs.langmuir.8b00779.
https://doi.org/10.1038/srep26638
https://doi.org/10.1088/1757-899x/87/1/012072
https://doi.org/10.1002/chem.201406094
https://doi.org/10.1021/ma801697w
https://doi.org/10.1016/j.jorganchem.2016.07.003
https://doi.org/10.1021/ar500162a
https://doi.org/10.1039/c5nr02448j
https://doi.org/10.1021/bm500246w
https://doi.org/10.1039/b517993a
https://doi.org/10.1021/la802598z
https://doi.org/10.1002/adom.201600458
https://doi.org/10.1002/marc.200700252
https://doi.org/10.3938/jkps.59.145
https://doi.org/10.1039/b926594e
https://doi.org/10.1021/ja200297j
https://doi.org/10.1021/acsbiomaterials.5b00122
https://doi.org/10.1038/ncomms15909
https://doi.org/10.1016/j.porgcoat.2018.11.033
https://doi.org/10.1155/2015/151683
https://doi.org/10.1039/c5ra03834k
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Mushtag et al.

Electroactive PEGylated Tetra(Aniline) Based Nanostructures

assembly of oligo(aniline)-based supra-amphiphiles. Chem. Sci. 9, 4392-4401.
doi: 10.1039/c85c00068a

Magnieto, J. B., Solsona, M. T., Escuder, B., and Surina, M. (2017). Self-assembled
hybridhydrogels based on an amphipathic low molecular weight peptide
derivative and a water-soluble poly(para-phenylene vinylene). RSC Adv. 7,
9562-9566. doi: 10.1039/c6ra26327e

Molla, M. R., and Ghosh, S. (2014). Aqueous self-assembly of chromophore-
conjugated amphiphiles. Phys. Chem. Chem. Phys. 16, 26672-26683.
doi: 10.1039/c4cp03791j

Pangborn, A. B., Giardello, M. A., Grubbs, R. H., Rosen, R. K., and Timmers, F. J.
(1996). Safe and convenient procedure for solvent purification. Organomettalics
15, 1518-1520. doi: 10.1021/0m9503712

Park, K. Choi, D., and Hong, J. (2018). Nanostructured polymer
thin films fabricated with brush-based layer-by-layer self-assembly
for site-selective construction and drug release. Sci. Rep. 8:3365.

doi: 10.1038/s41598-018-21493-9

Ram, S., and Ehrenkaufer, R. E. (1984). A general procedure for mild and
rapid reduction of aliphatic and aromatic nitro compounds using ammonium
formate as a catalytic hydrogen transfer agent. Tetrahedron Lett. 25, 3415-3418.
doi: 10.1016/S0040-4039(01)91034-2

Shao, Z., Rannou, P, Sadki, S., Fey, N., Lindsay, D. M., and Faul, C.
F. J. (2011). Delineating poly(Aniline) redox chemistry by using tailored
oligo(aryleneamine)s: towards oligo(aniline)-based organic semiconductors
with tunable optoelectronic properties. Chem. Eur. J. 17, 12512-12521.
doi: 10.1002/chem.201101697

Shao, Z., Yu, Z., Hu, J., Chandrasekaran, S., Lindsay, D. M., Wei, Z., et al.
(2012). Block-like electroactive oligo(aniline)s: anisotropic structures with
anisotropic function. J. Mater. Chem. 22, 16230-16234. doi: 10.1039/c2jm3
2278a

Sun, L., Zheng, C., and Webster, T J. (2017). Self-assembled peptide nanomaterials
for biomedical applications: promises and pitfalls. Int. J. Nanomed. 12, 73-86.
doi: 10.2147/ijn.s117501

Townsend, E. J., Alotaibi, M., Mills, B. M., Watanabe, K., Seddon, A. M., and Faul,
C. F. J. (2018). Electroactive amphiphiles for addressable supramolecular
nanostructures. ChemNanoMat. 4, 741-752. doi: 10.1002/cnma.2018
00194

Udeh, C. U, Fey, N,, and Faul, C. F. J. (2011). Functional block-like structures
from electroactive tetra(aniline) oligomers. J. Mater. Chem. 21, 18137-18153.
doi: 10.1039/c1jm12557e

Udeh, C. U.,, Rannou, P., Brown, B. P.,, Thomas, J. O., and Faul, C. F.
J. (2013). Tuning structure and function in tetra(aniline)-based rod-coil-
rod architectures. J. Mater. Chem. C 1, 6428-6437. doi: 10.1039/c3tc3
1088d

Valkama, S., Ruotsalainen, T., Nykinen, A., Laiho, A., Kosonen, H., Ten Brinke, G.,
et al. (2006). Self-assembled structures in diblock copolymers with hydrogen-
bonded amphiphilic plasticizing compounds. Macromolecules 39, 9327-9336.
doi: 10.1021/ma060838s

Wang, H., Guo, P., and Han, Y. (2006). Synthesis and surface morphology
of tetraaniline-block-poly(L-lactate) diblock oligomers. Macroml. Rapid
Commun. 27, 63-68. doi: 10.1002/marc.200500601

Wang, Y., Liu, J., Tran, H. D., Mecklenburg, M., Guan, X. N,, Stieg, A. Z., et
al. (2012). Morphological and dimensional control via hierarchical assembly
of doped oligoaniline single crystals. J. Am. Chem. Soc. 134, 9251-9262.
doi: 10.1021/ja301061a

Wei, Z., and Faul, C. F. J. (2008). Aniline oligomers-architecture, function and
new opportunities for nanostructured materials. Macromol. Rapid Commun.
29, 280-292. doi: 10.1002/marc.200700741

Winiewska, M., Bugajska, E., and Poznanski, J. (2017). ITC-derived binding affinity
may be biased due to titrant (nano)-aggregation. Binding of halogenated
benzotriazoles to the catalytic domain of human protein kinase CK2. PLoS ONE
12:¢0173260. doi: 10.1371/journal.pone.0173260

Yang, Z., Wang, X., Yang, Y. Liao, Y., Wei, Y., and Xie, X. (2010).
Synthesis of electroactive tetraaniline-PEO-tetraaniline triblock copolymer and
its self-assembled vesicle with acidity response. Langmuir 26, 9386-9392.
doi: 10.1021/1a100382s

Zhang, W. ], Hong, C. Y., and Pan, C. Y. (2019). Development of low-
molecular-weight gelators and polymer-based gelators. Polym. J. 46, 776-782.
doi: 10.1002/marc.201800279

Zhao, Y., Stejskal, J., and Wang, J. (2013). Towards directional assembly of
hierarchical structures: aniline oligomers as the model precursors. Nanoscale
5,2620-2626. doi: 10.1039/c3nr00145h

Zhou, J., Yu, G., and Huang, F. (2017). Supramolecular chemotherapy based on
host-guest molecular recognition: a novel strategy in the battle against cancer
with a bright future. Chem. Soc. Rev. 46, 7021-7053. doi: 10.1039/c6¢s00898d

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Mushtaq, Akhter and Shah. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

10

July 2019 | Volume 7 | Article 518


https://doi.org/10.1039/c8sc00068a
https://doi.org/10.1039/c6ra26327e
https://doi.org/10.1039/c4cp03791j
https://doi.org/10.1021/om9503712
https://doi.org/10.1038/s41598-018-21493-9
https://doi.org/10.1016/S0040-4039(01)91034-2
https://doi.org/10.1002/chem.201101697
https://doi.org/10.1039/c2jm32278a
https://doi.org/10.2147/ijn.s117501
https://doi.org/10.1002/cnma.201800194
https://doi.org/10.1039/c1jm12557e
https://doi.org/10.1039/c3tc31088d
https://doi.org/10.1021/ma060838s
https://doi.org/10.1002/marc.200500601
https://doi.org/10.1021/ja301061a
https://doi.org/10.1002/marc.200700741
https://doi.org/10.1371/journal.pone.0173260
https://doi.org/10.1021/la100382s
https://doi.org/10.1002/marc.201800279
https://doi.org/10.1039/c3nr00145h
https://doi.org/10.1039/c6cs00898d
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Tunable Self-Assembled Nanostructures of Electroactive PEGylated Tetra(Aniline) Based ABA Triblock Structures in Aqueous Medium
	Introduction
	Experimental Section
	Materials
	Methods
	Synthesis
	Synthesis of NH2/NH2 Boc-Protected Tetra(Aniline) TANI (1)
	Tosylation of mPEG350
	Synthesis of PEGylated Tetra(Aniline) ABA Type Triblock Structure (PEG)8-TANI-(PEG)8 (2)
	Deprotection of 2 (2-LEB)
	Oxidation State Switching and Doping
	Preparation of Microstructures


	Results and Discussion
	Synthesis and Characterization of PEGylated Tetra(Aniline) ABA Type Coil-Rod-Coil Triblock Structure (PEG)8-TANI-(PEG)8 (2)
	Solubility
	Optoelectronic Properties
	Aqueous Self-Assembly
	Critical Micelle Concentration
	Morphology and Size


	Conclusions
	Data Availability
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


