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Here, we report a novel water-soluble polythiophene graft block copolymer i.e.; polythiophene-graft-poly(cap-
rolactone-block-dimethylaminoethyl methacrylate)(PTh-g-PCL-b-PDMAEMA, P1) using combined polymerization
techniques e.g. oxidative polymerization, ring-opening polymerization (ROP), atom-transfer radical polymeri-

Zelf::e";:hért zation (ATRP), and click chemistry; where n-conjugated polythiophene (PTh) is situated as the main chain and
P property polycaprolactone-block-poly(dimethylamino ethyl methacrylate) remains anchored from the PTh backbone. The
Conductivity

final polymer was characterized by 'H NMR and FT-IR spectroscopy. Self-assembly behavior of the P1 polymer is
investigated by high resolution-transmission electron microscopy and dynamic light scattering. Interestingly,
both UV-vis and fluorescence emission peaks are shifted gently towards higher wavelength region for decreasing
pH from 10 to 3, plausibly due to extension of PTh backbone caused by the repulsion of protonated -NMe, group
of grafted PDMAEMA segment. The results show variation of nanostructures from micelle to vesicle to multi-
vesicular assembly with the variation of pH from 3 to 7 to 10. The dc-conductivity values at pH 3, 7, 10 are
0.40 + 0.09, 0.11 + 0.04, and 0.12 + 0.04 pS/cm, respectively and the highest value at pH 3 is for the uncoiled
polythiophene chain arising from the ionic repulsion of protonated -N(CHs)2 group of grafted PDMAEMA block.
The I-V characteristic data shows semiconducting nature with signature of organic mixed electronic and ionic
conductivity (OMEIC) at pH3.

OMEIC behavior

1. Introduction

The self-assembly of amphiphilic block copolymers (ABCPs) has
attracted significant attention for several decades because it exhibits a
wide range of ordered structures including spheres, vesicle, cylinders,
bi-continuous structures, lamellae, toroidal, and many other complex or
hierarchical assemblies both in the solution and in the bulk phase [1-3].
These architectures are mostly governed by hydrophobic and hydro-
philic block lengths and this wide variation of morphologies of ABCPs,
make them suitable for various potential applications [4,5]. Among the
different block copolymer systems, block copolymers with n-conjugated
segments are very useful because of their tunable optoelectronic prop-
erties, mechanical flexibility, and enhanced solubility [6-12]. These
systems are broadly used in the fabrication of organic thin film

* Corresponding author.
E-mail address: psuakn@iacs.res.in (A.K. Nandi).
1 Equal contribution of both the authors.
2 Department of Chemistry, Presidency University, Kolkata 700 073, India.

https://doi.org/10.1016/j.eurpolym;j.2022.111124

transistors (OTFTs) [13], organic solar cells [14,15], organic light-
emitting diodes (OLEDs) [16], and sensors [17,18]. In this regard, pol-
ythiophene (PTh) derivatives were extensively investigated among the
other conjugated systems as an organic semiconducting polymer due to
their outstanding physical and chemical features, solubility of its de-
rivatives, tunable electrochemical behavior, and ease of chemical and
structural modification. These outstanding features made them suitable
for diverse optoelectronic applications [19].

So, the development of PTh-based graft copolymers connected with
flexible, hydrophobic, hydrophilic polymer chains, have major research
interest to improve the optoelectronic properties [20,21]. Over the past
few years our group had synthesized a series of water-soluble PTh
grafted amphiphilic copolymer consisting of various stimuli-responsive
monomers such as N, N-dimethylaminoethyl methacrylate
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(DMAEMA), uracil etc. using combination of electron transfer poly-
merization (ETP) and atom-transfer radical polymerization (ATRP)
techniques [22,23]. Recently, Aleman and his research group synthe-
sized PTh-based polymer with poly(ethylene glycol, PEG) or poly-
caprolactone (PCL) side chains via electrochemical copolymerization
technique, and successfully revealed bioactive cellular matrices and
electroactive bioadhesive surfaces pertinent for biomedical and
biotechnological applications [24,25]. The same group has recently
developed a new heterografted rod-coil statistical copolymer, having
n-conjugated PTh main chain and polar polyethylene glycol (PEG2gg0)
and oligo-caprolactone side chains showing two different types of supra
molecular structures e.g. porous spherical particles and rod-like struc-
tures [26].

On the other hand, stimuli-responsive polymers with environmental
sensitivities (such as pH, temperature, light, redox, voltage, ions, etc.)
have earned significant research attention over the last few decades for
their various potential applications particularly in sustain drug-delivery
and other similar applications [27-29]. Among the various stimuli, pH is
the most significant chemical stimuli not only, for its inherent chemical
features to make easily tunable systems but also, for its enormous role to
control the self-assembly of various nanostructures, control drug de-
livery, solar cell, sensing, etc. [30-32]. Due to such novelty, scientists
are engaged in synthesizing different pH responsive copolymer, block
copolymer, and graft copolymers for specific purposes. Among the
different systems, pH-responsive polythiophene block copolymers are
quite interesting as it can tune the self-assembly by manipulating the
hydrophobic and/or hydrophilic blocks influencing the opto-electronic
properties. Several poly(3-alkyl thiophene)(P3AT) -based rod-coil
block copolymers were synthesized for different optoelectronic appli-
cations [33-35] but, report on PTh grafted pH-responsive block copol-
ymer is comparatively low [18,19,24]. Chen et al reported nitroxy
mediated polymerization of styrene from poly(3-hexyl thiophene) and
then reacted with Cgp to yield a soluble graft, rod-coil polymer. The
polymer films displayed a bi-continuous phase structure and showed
good optical properties for extensive z-delocalization [36]. Therefore, it
would be really exciting to synthesize polythiophene graft block
copolymer with hydrophobic and hydrophilic blocks and to examine the
overall self-assembly and optoelectronic properties in aqueous media.

Considering these facts in mind, we have synthesized a novel hetero
grafted block copolymer of n-conjugated PTh main chain where PCL and
PDMAEMA blocks remain anchored as the side chain of the copolymer
(PTh-g-PCL-b-PDMAEMA) (P1). Here both PTh and PCL blocks are hy-
drophobic in nature and PDMAEMA block acts as hydrophilic unit
showing pH sensitivity via protonation/deprotonation of its -N(CHgs)s
group. Thus interesting pH sensitive self-assembly and optoelectronic
properties of the P1 in aqueous medium is expected. Amazingly, the self-
assembling behavior of P1, examined by HRTEM study at various pH,
indicates that at pH 3 it adopts micellar structure but at pH 7 the P1
block-copolymer takes the shape of a vesicle and at pH-10 multi-vesic-
ular aggregates are produced. The UV-vis and fluorescence peaks show a
gentle shift towards higher wavelength on decreasing the pH from 10 to
3, probably due to uncoiling of the polythiophene chain caused by the
repulsion of protonated —NMe; group of grafted PDMAEMA block. This
induces dc-conductivity values of P1 films to increase at lower pHs and
also influences the current-voltage (I-V) characteristic data. At pH7 the
-V data exhibit purely semiconducting nature but at pH3, an interesting
organic mixed electronic and ionic conductivity (OMEIC) nature is
noticed arising from the conductivity of protons at higher voltage apart
from the electronic conductivity of the PTh main chain.

2. Experimental
2.1. Materials

Prior to the polymerization, the monomer N, N dimethylaminoethyl
methacrylate (DMAEMA) were passed through a small plugged basic
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alumina column to remove the ppm level of free radical inhibitor.
Caprolactone monomer (Sigma Aldrich) was used as received. Cuprous
chloride was purchased from Sigma Aldrich and was purified as
mentioned in literature [22,23]. The solvents such as N, N dimethyl
formamide, diethyl ether, anisole, dichloromethane (DCM), chloroform,
methanol, hexanes (mixture of isomers) were purified by distillation.
NMR solvent, CDCl3 (99.8% D) was purchased from Sigma and was used
for 'H NMR spectroscopic investigations. All other reagents of the
highest purity were obtained from commercial sources, and were used as
received without any further purification. De-ionized distilled water was
used for the preparation of different pH solutions.

2.2. Synthesis of compound 1

Hydroxyl end of thiophene moiety at 3-position was tosylated using
one step nucleophilic substitution reaction with tosyl chloride in the
presence of triethyl amine in DCM (Scheme-1). The compound was
synthesized according to the earlier literature reports [37]. The
observed NMR (Fig. Sla,b,c) data was nicely matched with the reported
values. The 'H NMR data (Fig. Sla,b, 500 MHz, in CDCl3) involved
characteristic chemical shifts at  (ppm): 6.96 (—SCH—C—,1H, s, peak
a), 7.21 (—SCH—C—, 1H, 5, peak b), 6.86 (—SCH—CH—, 1H, d, peak c),
2.97 (—O—CH,—CH,—, 2H, t, peak d), 4.21 (—O—CHy—CHy—, 2H, t,
peak e), 7.71 (phenyl protons, 2H, dd, peak f), 7.32 (phenyl protons, 2H,
dd, peak g), and 2.44 (—CH3—, 3H, s, peak h). The 13¢ NMR peaks are
assigned in Fig. Slc; § (ppm): 144.84, 136.54, 133.15, 129.69, 127.99,
127.14, 122.24, 70.06, 29.94, 21.55, 14.24.

2.3. Synthesis of compound 2

Prior to the insertion of FeCls into the round bottom (250 ml) single
necked flask, dry Ny was flushed into it for 10 min to make the system
inert. Then, anhydrous fresh FeClz (15 mmol) was dispersed in 30 ml dry
chloroform and was transferred to the flask. The compound 1 (3.5 mmol
in 30 ml of dry chloroform) was added at a time into the reaction
mixture and was stirred overnight at 20 °C. After predetermined time,
the reaction mixtures were added into the excess amount of methanol
with continuous stirring. The solid precipitate was separated, washed
with excess methanol repeatedly and finally it was soxhlet extracted
with methanol followed by DCM. The extract was dried under high
vacuum at 40 °C for 12 h. A red colored solid was obtained as a final
product (yield: ~85%). The corresponding NMR spectra of the com-
pound 2 was depicted in Fig. S2.

2.4. Synthesis of Poly(A)

Azide end-linked polythiophene was obtained via one step bi-
molecular nucleophilic substitution reaction. Typically, Compound 2
(100 mg) was dissolved in 3 ml anhydrous DMF in 20 ml septa sealed
polymerization vial equipped with a small magnetic bead and was
stirred at room temperature. To the stirred solution, sodium azide (~10
times excess with respect to compound 2) was added instantly and was
stirred for further 24 h at the same temperature. Finally, the polymer
was precipitated twice with excess amount of methanol. The purity of
the compound was judged by 'H NMR spectra (Fig. 1a). FT-IR spectra is
carried out for poly(A) (Fig. S3), and a sharp absorption streching
fequency at 2100 cm ™! indicate presence of azide group.

2.5. Synthesis of compound 3

Alkyne-terminated oligo-caprolactone (Alkyne-PCL) macromonomer
was synthesized using metal catalyzed ring-opening polymerization
techniques. Typically, 0.02 g of 3-butyn-1-ol and 4.0 ml caprolactone
(CL) were taken in a 40-mL septum-sealed polymerization vial. Then,
catalytic amount of Sn(Oct), (1 ml) was injected into the vial under Ny
atmosphere. The sealed vial was immediately placed in a preheated oil
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Fig. 1. H NMR spectrum of compound (a) Poly(A) (b) Poly(B) and (c) P1 in CDCl3 Asterisk may indicate trapped solvent resonance.
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bath at 90 °C. After 10 h, the vial was cooled to room temperature.
Finally, the viscous product was diluted with DCM and was precipitated
in cold diethyl ether (3 times). The final product was dried under vac-
uum at 30 °C for 24 h. The purity of the polymer and the chain-end of the
polymer was nicely depicted in 'H and '3C NMR spectra shown in Fig. $4
(a-c) and the 'H NMR peak position at ~2 ppm (Fig. S4a,b) supports the
yne terminated polycaprolactone (PCL) formation and the '*C NMR
spectra (Fig. S4c) also demonstrate the sharp peak at ~77 ppm for yne
carbons in compound 3.

2.6. Synthesis of compound 4

Typically, compound 3 (1 gm) was dissolved in dry DCM (30 ml) in a
100 ml round-bottom flask. Then, triethylamine (1.5 equivalent with
respect to compound 3) was added into the reaction mixture and was
stirred continuously at 0 °C under nitrogen atmosphere. 2-bromoisobu-
tyryl bromide (BIB, 1.2 mmol), diluted with 10 ml dry DCM, was added
into the reaction mixture drop wise using a pressure-equalizer and was
stirred for 24 hrs. Finally, the polymer was precipitated with cold diethyl
ether (twice) to get a light-yellow solid polymer. The formation of the
Compound 4 was confirmed by 'H NMR spectroscopy (Fig. S5).

2.7. Synthesis of Poly(B)

Compound 4 (25 mg), anisole (2 ml), CuBr (10 mg) were taken in a
Ny purged reaction vessel (8 x 2.5 cm). The monomers DMAEMA (1.0
ml) were then injected into the reaction tube under nitrogen purged
condition. The ligand HMTETA (30 pL) was finally inserted into the
reaction mixture and the reaction was allowed to stir for 12 h at 80 °C.
The reaction mixture was then precipitated into the excess petroleum
ether. The precipitated polymer was isolated, re-dissolved in THF and
was re-precipitated into excess petroleum ether. This process was
repeated for three times to remove any trace amount of monomer
entrapped within the polymer. Then the polymer was dissolved in THF
and was passed though silica column to remove the copper catalyst.
Finally, by evaporating the solvent, the alkyne terminated PCL-b-
PDEMAEMA polymer was obtained (Fig. 1b).

2.8. Synthesis of polymer (polythiophene-graft- PCL-b-PDMAEMA, P1)

To obtain the target final polymer, P1, Poly(A) was coupled with
Poly(B) using a well-known copper catalyzed click reaction [38]. Ina 20
ml septa-sealed polymerization vial, both the pre-polymer was dissolved
in 4 ml anhydrous THF. Then, the catalytic amount of CuBr and
HMTETA ligand was added under an inert atmosphere and was stirred
for 24 h at room temperature. Finally, the target polymer was collected
after removing the Cu metal by passing it through small plugged basic
alumina column. After getting the final polymer, it was further precip-
itated by cold hexane (twice). The resulting polymer was dried under
room temperature and was characterized thoroughly using NMR spec-
troscopy (Fig. 1c). The peak at § 7.5 (peak d) ppm was assigned to the
hydrogen atoms present in the 5-membered triazole ring formed by the
azide-alkyne click reaction of poly A and poly B. This is also supported
from the absence of 2100 cm ™! FTIR peak of poly(A) in FTIR spectrum of
P1 (Fig. S6).

2.9. Instrumentation

The characterization of the monomer, pre-polymers, and final
polymers were monitored by various spectroscopic tools. The details of
these instruments are systematically described below.

2.10. 'H NMR spectra

The 'H NMR (*H nuclear magnetic resonance) study was conducted
using 500 MHz Bruker instrument.'>C NMR Spectra was carried out in
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400 MHz Bruker NMR instrument. CDCl3 was used as NMR solvent and
tetramethylsilane (TMS) was used as an internal standard. The mea-
surement was carried out at 298 K.

2.11. UV-vis and photoluminescence (PL) Spectroscopy

The UV-vis and photoluminescence (PL) spectra of the samples were
studied using a UV-vis spectrophotometer (Hewlett-Packard, model
8453) and Fluoromax-3 instrument (Horiva Jovin Yvon), respectively.
Both the measurements were carried out at 30 °C using solutions at
different pH. For PL measurement, the sample was excited at 415 nm
and the emission scans were recorded from 440 to 800 nm using a slit
width of 1.5 nm with an increment of 1 nm wavelength having an
integration time of 0.1 s.

2.12. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of all the solid samples were performed in a Shi-
madzu FTIR instrument (model 8400S) from KBr pellets. Whereas, the
liquid samples were carried out in dedicated IR plate.

2.13. Dynamic Light Scattering (DLS)

The DLS experiments of the P1 polymer solutions (0.10% w/v) at
three different pHs were performed using a Malvern instrument with a
He-Ne laser at an angle 173° at 25 °C. To measure the surface charge, the
zeta potential values of the aqueous solution of polymer samples (0.15%
w/Vv) were measured using the same DLS instrument at 25 °C at different
pH.

2.14. Transmission Electron Microscopy (TEM)

Various nanostructures of polymer samples at different pH values
were monitored by HRTEM instrument (JEOL, 2010EX) operated at an
acceleration voltage of 200 kV fitted with a CCD camera. Polymer so-
lutions at different pH were gently deposited on a carbon-coated copper
grid via drop casting method, dried in air at 30 °C and was finally pre-
served at vacuum for 1 day before the TEM analysis.

2.15. Conductivity and current -voltage (I-V) measurements

The DC conductivity were measured with Keithley source meter
(model 2410) using films casted from solutions at different pH on ITO
strip and was sandwiched with another ITO electrode. The lower pH is
made from HCI solution, pH 7 is made from distilled water and the
higher pH is made from NH4OH solution monitoring from a pH meter.
For both the conductivity and I-V measurement the films were dried
after keeping in vacuum for 2 days at 30 °C to eliminate any moisture
effect.

3. Result and discussion

The detailed synthetic route for the preparation of polythiophene-
graft-poly(caprolactone-block-dimethylaminoethyl methacrylate) (i.e.;
PTh-g-(PCL-b-DMAEMA)) copolymer, named P1, is depicted in scheme
1. To obtain the target desired polymer P1, a couple of polymerization

methods along with click chemistry are adopted. Initially, hydroxyl
group at 3-position of thiophene moiety is transformed into tosyl group
in the presence of slight excess of tosyl chloride and EtsN in dry DCM,
yielding compound 1. To confirm the purity of the compound 1, 'H NMR
(Fig. Sla,b) and 13¢ NMR (Fig. S1c) experiments were conducted. All the
characteristic proton and '3C NMR signals, marked on the structure of
compound 1 are assigned in Fig. S1(a,b,c). Then, tosyl linked thiophene
unit is oxidatively polymerized with anhydrous ferric chloride (FeCls)
initiator in dry chloroform. The yield of the polythiophene (PTh) ho-
mopolymer (named compound 2) was quantitative (yield: 90%) and



U. Haldar et al.

OH

O:U):O

TsCI FeCl3

CHCI

/ \
S Et;N, DCM

oy o

WOH +

Bulk

0 Sn(Oct),
——

European Polymer Journal 168 (2022) 111124

Pon(A)

(o}

Wo’(lj\/wo)‘n H

3
0

B
r)l\I(Br Et;N, DCM

W /\/\/\ﬁ)o\/v J\fro\/\”/

CuCI HMTETA, Anisole /\/\o‘él\/\/\/ )‘[]JQ

Poly(B)

Poly(A)+ Poly(B)

o /\/\/\lf) V\‘/\ —\/@ﬂ
CuBr, HMTETA, THF
> (o]

N

Scheme 1. The detail synthetic route of P1.

carries tosyl group at every thiophene segments. To assure the successful
formation of compound 2, 'H NMR study was carried out. It was found
that, NMR signals of compound 2 becomes broadened compared to those
of thiophene derivative, suggesting the polymer formation and all the
characteristic signals of compound 2 are assigned in Fig. S2. Interest-
ingly, the peak position at b and ¢ appearing at the region ~3-4 ppm
exhibits clear splitting due to the presence of regio-irregularity in the
linkages (head-head, H-H and tail- tail, T-T) of the thiophene moieties
in the polythiophene backbone of compound 2 [39-41]. The signals at
~3.75 ppm and ~3.25 ppm may be attributed to the 'by.t’ and ’by.y’
respectively [40,41]. The degree of regio-irregularity is therefore
measured from the signal area ratio of these two methylene signals
which gives H-T regioregularity of polythiophene chains with about
32% abundance. So there is large amount of stereo regioirregularity
(~68%) and the reason for such large amount of regioirregularity in
polythiophene backbone is unknown. Probably it may arise from the
bulkier tosyl side chain that may hinder the formation of regioregular H-
T linkages in the polymer.

Then, the tosyl group of PTh is converted into the azide groups in
presence of excess amount of sodium azide in anhydrous DMF, leading
to the formation of PTh-N3 (named PolyA). Notably, tosyl proton signals
appearing at the aromatic region of compund 2 (Fig. S2) completely
disapper as evident from the NMR spectrum (Fig. 1a), indicating the
successful formation of Poly(A). For further confirmation, FT-IR meas-
uement (Fig. S3) is carried out, and a sharp absorption streching
fequency at 2100 cm™! appears due to the vibraton band of azide
functionality.

Once we have azide terminated PTh in our hand, we have synthe-
sized alkyne terminated polycaprolactone-block-polydimethyl amino-
methacrylate via dual controlled polymerization techniques i.e.; ring-
opening polymerization (ROP) followed by atom-transfer radical poly-
merization (ATRP) under ambient reacton condition. Firstly, ROP of
caprolactone was carried out in the presence of 3-butyn-1-ol as an
initiator and Sn(Oct), as heterogeneous catalyst at 70 °C with the con-
centration ratio [monomer]/[initiator] = 25. To know the strucrual

purity, 'H NMR spectroscopy was carried out, and it was found that all
the important signals belonging to PCL units are clearly visualised and
are assigned nicely (Fig. S4a,b). The acetylene protons appears at (2.02
ppm, peak i) and 13C NMR spectra (Fig. S4c) shows a sharp peak at ~77
ppm for yne carbons in compound 3. The intregal ratio of acetylne
proton at (2.02 ppm, peak i) and methylene protons next to ester
functionality (2.25-2.32 ppm, peak f) help us to calculate the degree of
polymerization (DP) of the resulting polymer and the obtained DP is
about18.

In the next step, the free hydroxy end of alkyne terminated PCL was
reacted with a-bromo isobutyryl bromide (ATRP initiator) in the pres-
ence of EtsN. It was noticed that, NMR signal of methylene proton next
to hydroxyl end of former polymer has shifted to lower field region after
functionilzation with ATRP intiator, indicating the successful synthesis
of compound 4 (Fig. S5). Then, the compound 4, having the alkyne
group at one end and ATRP initiator on the other end, is employed as
macro-initiator for the ATRP polymerization of DEMAEMA in the pres-
ence of HMTETA and CuCl, which acts as a ligand and catalyst for the
polymerization. 'H NMR spectrum shows NMR signals belonging to both
the PCL and PDMAEMA, and are nicely assigned in Fig. 1(b). To deter-
mine the DP of PDMAEMA block, the proton NMR signals of methylene
protons of PCL (intregated area of peak e & g) was compared with the
pronton NMR signal of -N(Me), protons appearing at 2.24 ppm. The
calculated DP of PDMAEMA units of poly(B) was found around 33.

Finaly, poly(B) having free alkyne end was coupled with poly(A)
using well-known click chemistry with CuBr as catalyst and HMTETA as
ligand [38], resulting the target polymer polythiophene-graft-poly(cap-
rolactone-block-dimethylaminoethyl = methacrylate) = PTh-g-(PCL-b-
DMAEMA) copolymer; P1. The resulting polymer, P1, was thoroughly
characterized by 'H NMR spectroscopy. All the proton NMR signals
belonging to PTh, PCL, and PDMAEMA were nicely assigned in Fig. 1c.
The important signals of triazole ring (resulting from the alkyne azide
click reaction) at 7.45 ppm strongly suggest the successful grafting by
click reaction. Furthermore, we did not find the free alkyne and azide
part, which also assure us the coupling reaction was pretty quantitative.
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Additionally, the FTIR spectrum (Fig. S6) of the final polymer P1 in-
dicates the complete absence of azide vibration peak at 2100 cm ™! of
Poly A supporting the complete transformation of Poly A into P1 via
click reaction with Poly B.

3.1. Morphology

The HRTEM images of P1 at different pHs are presented in Fig. 2 and
it is evident from Fig. 2a that at pH-3 in each object there is black core
and a corona surrounding it indicating the micelle formation. The black
core is produced from n-stacked polythiohene backbone along with
hydrophobic PCL blocks while the surrounding corona is produced from
the PDMAEMA block with protonated side chains formed from dimethyl
amino group at this acidic pH facilitating to remain solvated by sur-
rounding water dipoles. Columbic repulsion between the positively
charged dimethyl amino groups solvated in aqueous medium cause
spreading of it surrounding the black core producing the corona of
micellar structure. To prove this assertion a comparison of EDX analysis
at the core and surface of the micelle (Fig. S7a,7b) is made indicating
higher amount of sulphur (5.07 atom%) at the core than at the surface
(4.49 atom%) and higher amount of nitrogen (1.97 atom%) at the sur-
face than that at the core (1.00%). A slightly higher amount of oxygen
percentage (0.6 atom%) at the surface than that of the core may arise
from carboxyl oxygens of PDMAEMA block present in the corona of
micellar structure. This proves that the black core is produced from
n-stacked polythiophene backbone along with the hydrophobic PCL
blocks while the surrounding corona is produced from the PDMAEMA
block with protonated side chains formed from dimethyl amino group at
this acidic pH. However, it may be noted that there are objects with two
different contrast in Fig. 2a and it may arise for objects present in
multiple layers; the upper part becomes well focused whereas the lower
part is in somewhat off-focused state. Certainly, the images in Fig. 2a
and b has some difference. A careful look on the objects in Fig. 2b in-
dicates that at the centre there is a blank space surrounded by a black
border in most of the objects and this is characteristics of vesicular
morphology. The central blank space, filled by solvated water during its
formation, became empty when dried to deposit onto the TEM grid and
the surrounding black part arises from the aggregated hyrophobic pol-
ythiophene and polycaprolactone chain along with the collapsed
PDMAEMA unit at this pH (pH-7). At this pH the collapsing of pendent
unprotonated dimethyl amino group to the hyrophobic polythiophene
backbone and polycaprolactone block occurs holding some water mol-
ecules adhered to the -N(CH3s)2 group with water dipoles for solvation;
thus water molecules remain entrapped and on drying the central blank
space is produced. The inset image in Fig. 2b is the image of an object
observed at a part of the same TEM grid at higher magnification clearly
demonstrating the representative of a vesicle formed in P1 at pH7.

At pH-10 (Fig. 2c), these vesicles tend to aggregate as the outer
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grafted chains totally collapse producing the multi-vesicular aggregates.
This is because at the centre of each vesicle of the aggregate blank space
is noticed and this aggregation occurs, as there is practically no charge
remains (cf. Fig. 3d) for interaction of the collapsed grafted PDMAEMA
chains with water dipoles, facilitating vesicle surfaces to overlap
through =n-stacking and hydrophobic interactions causing the multi-
vesicular assembly formation. The average diameter of P1 at pH = 3, 7
and 10, measured from the TEM images, are 42 + 8,63 + 15and 111 +
25 nm, respectively and this increase may be attributed to the aggre-
gation of particles with increase of pH due to collapsing of the grafted
chains with increase of pH.

From the DLS plots (Fig. 3a-c) it is evident that there is also an in-
crease of hydrodynamic diameter from 50 nm at pH3 to 69 nm at pH7
and reaches to 164 nm at pH10. This increase is similarly attributed to
the aggregation of particles with increase of pH and the sizes are higher
than the respective average TEM sizes, as expected due to solvation of
the particles in the solution state. This increase of sizes with increase of
pH is caused from the decrease of positive charges (cf. Fig. 3d) facili-
tating better aggregation of polymer particles thus increasing the hy-
drodynamic volume. The decrease of positive charges with increase of
pH is very much evident from the decrease of zeta potential with in-
crease of pH (Fig. 3d) and the charge is almost zero at pH10. This sup-
ports the above explanation of morphology transformation from micelle
to vesicle to multivesicular aggregate. At pH 3, the DLS data of PI in
aqueous medium indicate that the hydrodynamic size is 7 nm larger than
the TEM size and this is similar to that of pH7. As DLS data are measured
in aqueous media so there reside some immobilized water due to sol-
vation both at the surface and also at the interior of the particles. In case
of pH3 it may be called as *swollen’ micelles and the hydrodynamic size
is larger by 8 nm from the average TEM size. In case of pH7 the vesicles
also get solvated at the surfaces increasing the size. The hydrodynamic
volume of PI at pH10 is relatively higher (53 nm) than the average TEM
size and it may arise for the solvation of aggregated vesicles where
solvation is relatively larger compared to others because of solvation of
each vesicle to produce the multivesicular self-assembly.

3.2. Optical property

The UV-vis spectra of the grafted block copolymer P1 at pH 3,7 and
10 are presented in Fig. 4a and it is evident from the Fig. 4 that the n-n*
transition of the conjugated polythiophene chains appear at 400 nm at
pH = 3 and this peak becomes blue shifted to 395 nm at pH = 7 and pH
= 10. This is because at lower pH (pH = 3) the polythiophene main chain
of P1 remains more extended than that at pH 7 and pH10, due to
repulsion between protonated grafted PDMAEMA chains of P1, thus
increasing the conjugation length causing lower band gap. The fluo-
rescence spectra of P1 (Fig. 4b) also exhibit similar blue shift of the
emission peak from 575 nm at pH = 3 to 566 nm with increasing pH to

=
A
( )ﬁ..

Fig. 2. HRTEM images of P1 at (a) pH3, (b) pH7 and (c) at pH10.



U. Haldar et al.

European Polymer Journal 168 (2022) 111124

18 Dh =50 nm Dh =69
la . —=—pH=3.0 254 b n " [Ca_pH=70
16 W\ /
4 | ]
14 / \ 20- .
4 | ]
—~ 124 [ ] _
2 5
< 104 \ 8 15
2 . 2
Z g / . "
£ 1 £ 10- \
£ 6 £
=] " \ = T u
4 . 5 \
24 / \ L]
4 u ] \I
OHIIIIIIIIIIIIIIIIIIIII/ T —— 04|.........................‘ 'll-lll.......
-2 AR T T T T R T
1 10 100 1000 1 10 100 1000
Hydrodynamic diameter (nm) Hydrodynamic diameter (nm)
0] ¢ Dh = 164
. 304 d
25- <
é 254
37 S 204
s =
> @
5 n e 5 151
[«
3 o
£ 10 ©
°\o 5 10'
N
5+ 54
|
0 TIIIIIIIIIIllllllllllllllllllllll ([ ] ] 0 - T + -+ + + - -
12 3 4 5 6 7 8 9 1 1112

pH 7 and pH10. This is due to the fact that at pH3 the comparatively
longer extended chain of polythiophene has lower band gap thus emit-
ting lower energy (higher wavelength) than that at pH 7 and 10. Also,
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Fig. 3. DLS plot of P1 (a) at pH 3, (b) at pH 7, (c) at pH 10, and (d) Zeta potential of P1 at different pH.
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Fig. 4. (a) UV-vis, and (b) FL emission spectra of P1 at pH 3, 7, and 10 respectively. Concentration of the polymer was 1074 M.

there is some decrease in PL- intensity with gradual increase of pH and it
may be attributed to the aggregation induced quenching at these higher
pH values.
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3.3. Conductivity

The dc -conductivity values of P1 films casted at pH 3, 7 and pH 10,
measured by two probe method, are 0.40 + 0.09, 0.11 + 0.04, and 0.12
+ 0.04 pS/cm, respectively indicating the semiconducting nature of the
samples. The statistical analysis of dc-conductivity measurement for 10
different experiments of all three pHs is also presented in Fig. S8. The dc-
conductivity values of these samples may be attributed to the flow of
electrons along the polythiophene backbone [42]. Actually oxidative
polymerization of compound 1(scheme-1) using FeCls in 1:4 mol ratio
may result in doping by residual FeCls [43] and evidence of radical
molecular cations present in polythiophenes made by oxidative poly-
merization with FeCls was also previously reported from MALDI mass
experiment [44]. This may be the reason for the generation of electronic
conductivity in the P1 graft copolymer. At pH-3 dc-conductivity of P1 is
~4 times higher from that of neutral pH (pH-7) indicating that the acid
in pH3 is helping in protonation which may be termed as secondary
doping. The protonation of the -N(CH3), groups of PDMAEMA block of
P1 graft copolymer makes positively charged —NH'(CH3)s groups.
These charged pendent groups repel each other causing the PTh chain
more uncoiled which increases it’s conjugation length resulting in four
times increase of dc- conductivity. In case of pH10 the slight higher dc-
conductivity than that of pH-7 may arise for the aggregated vesicular
morphology where delocalization of « electrons increases slightly due to
overlapping of PT chains.

3.4. Current (I)-Voltage (V) property

The pH dependent current (I)-voltage (V) property of polythiophene-
graft- PCL-b-PDMAEMA, (P1) films casted at different pHs (Fig. 5 and
Fig. S9) is very interesting. In all pHs (pH = 3,7,10), the I-V curves of P1
shows semiconducting nature and at pH7 (inset of Fig. 5 and Fig. S9) the
P1 shows purely electronic conductivity arising from the conjugated
backbone of polythiophene showing the lowest current at each voltage
compared to those of other pHs. At pH 3 the -N(CHs); group of
PDMAEMA becomes protonated with H" ion which increases the elec-
tronic conductivity by uncoiling of conducting P3HT chain due to
repulsion between positive charges. It also promotes ionic conductivity,
possibly by the interchain hopping of protons [45,46] which increases
through the protonated -N(CHs), groups of PDMAEMA blocks with in-
crease of voltage showing the maximum conductivity of 1.4 x 107> A at
+5 Volt. A comparison of conductivity values at +5 V of P1 at pH3 and
that at pH7 indicates about four orders increase of conductivity due to
contribution of mostly ionic conductivity arising from the hopping of
protons and it is also true for the negative bias. A careful look on the I-V
plot of pH3 indicates that at the initial voltage range (—1.5 to +1.5 V)
the current is nonvariant, then with an increase of voltage, P1 shows a
sharper increase of current than the I-V plots of pH 7 at both positive and
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Fig. 5. I-V plot of polythiophene-graft- PCL-b-PDMAEMA at different pH.
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negative bias. This is quite an interesting phenomenon and it may arise
for the greater flow of charges along the PT chain indicating that it
almost behaves like a diode. This type of I-V plot resembles to that in the
blends of polymer electrolytes with conjugated polymers where the
movement of ions of the electrolyte causes sharp hike in conductivity
[47]. It is also observed in the poly(3-thiophene acetic acid)-NaDNA
hybrid where Na+/ H+ possibly contributes to the sharp hike of con-
ductivity[48] at the higher voltages. Similar type of I-V curve is also
recently noticed by us in a polymer-peptide conjugate where the
contribution of both electronic and ionic conductivity of iodide ions of
the cationic polythiophene have been established [42]. Thus the present
system is a good example of organic mixed ionic-electronic conductors
(OMIECs) [49-51], where both the electronic and ionic conductivity
contribute to the I-V plot. At pH-3 the —N(CHj3), group of P1 got pro-
tonated which may result in the generation of ionic conductivity and it
increases with increase of voltage through proton hopping mechanism
[45,46] and the electronic conductivity arises from the flow of electrons
through the conjugated polythiophene chain. This OMEIC property
present in the polymer P1 is very interesting for the development of
next-generation bio-electronic, opto-electronic and energy storage de-
vices [50,51]. At pH 10, P1 also shows an initial nonvariant I-V plot,
then it increases sharply with increase of voltage and the conductivity at
+5V (~1.2 x 1077 A) is two times higher than the conductivity (elec-
tronic) of pH7 (0.6 x 1077 A) at +5 V. This two-times higher conduc-
tivity arises due to ionic contribution and possibly during drying of the
ammonium hydroxide, used to make pH10, few NH4" ions remain
entrapped at —N(CHzs); centers via co-ordination and contributes to the
ionic conductivity at +5 V. Thus at pH10, P1 is also showing some
OMEIC characteristics but it is lower than that of pH3. The bulkier size of
ammonium ion experiences some restricted mobility [45,52] with in-
crease of voltage compared to that of H' in pH3, so contribution of ionic
conductivity is lower at this pH compared to that at pH3. Also at pH10
there is a signature of rectification property (rectification ratio = 1.4).
The small rectification ratio arises here due to p/n junction formation
from the intimate mixing of the trapped charges on the surface of
aggregated vesicles.

4. Conclusion

So we have been able to make a tailor made synthesis of PTh-g- (PCL-
b-PDMAEMA), (P1) using combined polymerization techniques such as
oxidative polymerization, ring-opening polymerization (ROP), click
chemistry and atom-transfer radical polymerization (ATRP), with
n-conjugated polythiophene chain as the backbone and PCL-b-
PDMAEMA as the grafted chain. The polymer is characterized well by
'H NMR spectra and has the composition PTh-g-PCL;g -b-PDMAEMA33,
The graft copolymer is water soluble, highly pH-responsive and shows
pH- dependent aggregation showing micelle to vesicle to multivesicular
aggregate formation with increase of pH from 3 to7 to10. The change in
particle size arising from the self assembly is also evident from DLS study
and the Zeta potential plot with pH shows a clear decrease of positive
charge with increase of pH. Both UV-vis and fluorescence spectra shows
gentle blue shift in their respective peak positions with increase of pH
due to coiling of polythiophene main chain with increase of pH. The dc
-conductivity values of P1 film at pH3 is ~4 times higher than that of
pH7 and the I-V curve clearly indicates the property of organic mixed
electronic and ionic conductivity (OMEIC) at pH3 but it is absent at pH7.
The OMEIC behavior has been attributed to the protonation of -N(CH3),
group contributing to the ionic conductivity apart from the electronic
conductivity of the main PTh chain. The OMEIC property in the present
system is very interesting for the development of next-generation bio-
electronic, opto-electronic and energy storage devices.
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