Materials Letters 272 (2020) 127854

journal homepage: www.elsevier.com/locate/mlblue

Contents lists available at ScienceDirect

Materials Letters

materials letters

Chemically crosslinked poly(N-isopropylacrylamide-block-4-
vinylpyridine) organogel with myriad applications

Check for
updates

Sanjeevi Prasath Sridhar?, Jacob John ", Rajan Kumar ¢, Raja Shunmugam ¢, Saravanan Chandran?,

Brijitta Joseph **

2 Centre for Nanoscience and Nanotechnology, Sathyabama Institute of Science and Technology, Chennai 600 119, Tamil Nadu, India
b Department of Chemical Engineering, Indian Institute of Technology Madras, Chennai 600 036, Tamil Nadu, India
€ Polymer Research Centre, Department of Chemical Sciences, Indian Institute of Science Education and Research Kolkata, Mohanpur 741 246, West Bengal, India

ARTICLE INFO ABSTRACT

Article history:

Received 27 January 2020

Received in revised form 6 April 2020
Accepted 18 April 2020

Available online 23 April 2020

Keywords:
Polymers

FTIR
Spectroscopy
Viscoelasticity

We report the synthesis of a poly(N-isopropylacrylamide-block-4-vinylpyridine) (PNIPAM-b-P4VP) block
copolymer and its subsequent chemical crosslinking to form a quaternized organogel. Oscillatory shear
measurements are indicative of a robust elastic network in the organogel, and the critical gel point is
found to be 8 wt% block copolymer with 0.8 wt% crosslinker. Interestingly, the myriad applications of
the organogel across domains, including anionic dye adsorption, heavy metal removal, and antibacterial
activity, suggest a new paradigm for wastewater treatment.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Over the past few years, there have been significant develop-
ments in creating new and multi-functional soft materials based
on polymeric gels such as the self-oscillating gels [1,2], lipophilic
polyelectrolyte gels [3], color-changing gels [4,5], etc. Polymeric
organogels capable of imbibing organic solvent are used in drug
delivery [6], dye removal [7], sensing devices [8], etc. Upon reac-
tion with a suitable crosslinker, it is possible to convert block
copolymers into organogels by making use of the van der Waals
interactions [9], hydrogen bonding [10], dipole interactions [11],
or T-T interactions [12,13].

In this contribution, we report the synthesis of a PNIPAM-b-
P4VP diblock copolymer by reversible addition-fragmentation
chain-transfer polymerization (RAFT) and its subsequent conver-
sion to form a quaternized organogel by chemical crosslinking. This
is the first report on the synthesis of this novel organogel and its
related application. Oscillatory shear measurements suggest the
gelation of the block copolymer at a composition of 8 wt% PNIPAM-
b-P4VP with 0.8 wt% DBD. As the organogel has quaternary ammo-
nium groups in its network, and due to its anion specific nature,
the PNIPAM-b-P4VP organogel significantly removed anionic dyes
and toxic heavy metals such as arsenic and chromium (arsenite
and chromate anions). Also, the quaternary ammonium groups
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with intrinsic positive charges are known to exhibit antibacterial
activity [14], and this is confirmed by carrying out antibacterial
studies on two bacterial species.

2. Methods and techniques

The PNIPAM-b-P4VP is synthesized using 2-(dodecylthiocarbo
nothioylthio)-2-methylpropanoic acid (DDMAT) as the RAFT agent
and o, o/-azobisisobutyronitrile (AIBN) as the initiator. First, the
poly(N-isopropylacrylamide)-chain transfer agent (PNIPAM-CTA)
is synthesized by dissolving NIPAM, DDMAT, and AIBN in 1,4-
dioxane in the ratio 325:6:1, followed by degassing the solution.
The reaction is carried at 70 °C for 24 h under an inert atmosphere
followed by precipitating the PNIPAM-CTA using cold diethyl
ether. In the second step, the PNIPAM-b-4VP diblock copolymer
is synthesized by dissolving PNIPAM-CTA, 4-vinylpyridine, and
AIBN in DMF in the ratio 300:100:1, polymerized and precipitated
under conditions applied for PNIPAM-CTA. Next, the PNIPAM-b-
P4VP is chemically crosslinked to DBD by dissolving it in DMF
and heating it at 70 °C for 4 h. Fig. 1 shows the scheme for the orga-
nogel synthesis and the photographs of the block copolymer before
and after gelation.

The molecular weight of the PNIPAM-CTA and PNIPAM-b-P4VP
is determined from advanced polymer chromatography (APC)
(ACQUITY, Waters) using DMF as the eluent at a flow rate of
0.25 mLmin~! and polymethylmethacrylate as the calibration stan-
dard. The "H NMR analysis is performed on a JEOL 400 MHz NMR
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Fig. 1. Scheme for the organogel synthesis and photograph of the block copolymer before and after gelation.

spectrometer using CDCls as the solvent. Fourier transform infra-
red (FTIR) spectra of the polymers are recorded on a Bruker spec-
trophotometer using the KBr pellet technique. Rheological
measurements are carried out using a stress-controlled Physica
rheometer MCR 301 (Anton Paar, Germany) in the parallel plate
geometry. The storage modulus G'(w) and loss modulus G"(w)
are determined from the amplitude strain and angular frequency
sweep measurements in the range 0.1-1000% and 0.1-100 rad/s,
respectively. Anionic dye adsorption is studied using a UV-Vis-
NIR spectrophotometer (JASCO V-670, Japan). Arsenic and chro-
mium content before and after 24 h of contact time with the orga-
nogel is measured using an inductively coupled plasma optical
emission spectrometer (ICP-OES, Perkin Elmer Optima 5300 DV).
Dye and heavy metal (arsenic, chromium) adsorption studies are
carried out in aqueous solutions of the adsorbate with 2 wt% of
the organogel. Antibacterial studies have been performed by the
disc diffusion method on gram-positive (Staphylococcus aureus,
S. aureus) and gram-negative (Pseudomonas aeruginosa, P. aerugi-
nosa) bacteria.

3. Results and discussions

The PNIPAM-CTA (Fig. S1a, black lines) showed chemical shifts
at 1.10-1.17 (m, —-CH»-CH3), 1.70-2.50 (m, —-CH»-CH-), 3.18 (-CH,S),
3.09 (m, -CH (CH3), and -CH,-CH- on the polymer’s main chain),
6.50 (s, -NHCH (CH3),). The PNIPAM-b-P4VP (Fig. S1a, red lines)
showed additional chemical shifts at 1.08-1.37 (m, -CH»-CH3), 2.9
- 4.0 -CH,-CH- on the polymer’s main chain), 6.35 (s, -NHCH
(CH3)5), 7.9-8.2 (m, vinyl group). The chemical shift at 4.7 confirms
the bridging of the pyridine groups of the block copolymer with
DBD (Fig. S1a, blue lines). For the organogel, the peaks at 1085
and 565 cm™! in the FTIR spectrum (Fig. S1b) corresponds to the

asymmetric and symmetric stretching of the quaternary ammo-
nium ion. These peaks confirm the N*-C bonding [15]. The theoret-
ical molecular weight (Mp(theory)) Of the PNIPAM-CTA and PNIPAM-
b-P4VP closely matches with the values experimentally deter-
mined from APC (Table S1).

The Winter-Chambon criterion is used to determine the gel
point of the PNIPAM-b-P4VP copolymer/DBD crosslinker system
[16]. The damping factor, tand, (tané = G”/G’) is plotted as a func-
tion of the polymer concentration for different angular frequencies
(w) (Fig. 2a). The convergence of the tané is observed at a PNIPAM-
b-P4VP concentration of 8 wt% when the crosslinker DBD is 0.8%, as
shown in Fig. 2a. The evolution of the storage and loss moduli dur-
ing the gel formation has been studied by time sweep measure-
ments at 70 °C. A crossover from viscoelastic liquid-like to
viscoelastic solid-like behavior is observed after 28 min for the
8 wt% PNIPAM-b-P4VP solution containing 0.8 wt% DBD, as shown
in Fig. 2(b). Frequency sweep measurements show the linear vis-
coelastic behavior of PNIPAM-b-P4VP with various polymer-cross-
linker ratios (Fig. 2¢). A frequency-independent behavior of G’ and
G” for the composition with 8 wt% PNIPAM-b-P4VP and 0.8 wt%
DBD indicate the solid-like behavior of the organogel in the fre-
quency range probed [17]. For other compositions, 4 and 6 wt%,
the frequency-dependent nature of the G’ and G” indicate the
absence of a volume spanning network in the sample or the exis-
tence of a weak gel network [18] (Fig. 2¢). The results thus suggest
that the critical concentration for the formation of the organogel
requires 8 wt% of PNIPAM-b-P4VP with 0.8 wt% of the crosslinker
DBD.

Dye adsorption studies have been carried out using 2 wt% pellet
of the PNIPAM-b-P4VP organogel for the anionic dyes methyl
orange (MO) and Congo red (CR). Fig. 3(a) and 3(b) shows the
absorbance spectra of the PNIPAM-b-P4VP organogel towards MO
and CR. Significant dye adsorption is noted with about 95% of
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Fig. 2. (a) Variation of tan ¢ as a function of PNIPAM-b-P4VP concentration at different , (b) time sweep measurement for 8 wt% PNIPAM-b-P4VP and 0.8 wt% DBD at 70 °C,
and (c) angular frequency sweeps for different PNIPAM-b-P4VP and DBD concentrations at a shear strain of 1%.
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Fig. 3. UV-visible spectra of the dye solutions in contact with the organogel (a) methyl orange (b) Congo red, and (c) inhibition of the bacterial growth zone by the organogel
against S. aureus and P. aeruginosa; chloramphenicol solution is used as the control. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

MO and 87% of CR removal after 60 min of contact with the orga-
nogel. The reusability of the organogel is tested by regenerating the
organogel (by dissolving the adsorbed dye in 5 mL ethanol) and
repeating the dye adsorption measurements (Fig. S2, recycling for
15 times). The experimental evaluation of As and Cr removal by
the organogel from aqueous solutions containing sodium arsenite
(AsNa303) and potassium dichromate (K,Cr,07) has been carried
out, and a very high adsorption is noted. The concentration of As
and Cr decreased from 100 mg/L to 34.13 mg/L and 28.20 mg|/L,
respectively. This remarkable metal adsorption will be useful for
water treatment in regions where arsenic levels in groundwater
are very high and in the treatment of tannery effluent containing
chromium. The antibacterial activity of the organogel is carried
out by disk induction testing using chloramphenicol solution as
the control. In Fig. 3(c) the zone formation for S. aureus and P. aerug-
inosa is observed, suggesting bactericidal properties of the
organogel.

4. Conclusions

We report the synthesis and application of a novel PNIPAM-b-
P4VP organogel, which exhibited superior dye, heavy metal
adsorption, and bactericidal properties. This unique feature of a
single gel material showing multiple application potential can be
used for water treatment applications.
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