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ABSTRACT: An organogel was prepared by chemically cross-linking a
poly(styrene-block-4-vinylpyridine) diblock copolymer using dibromododecane
in dimethylformamide. Analysis of the prominent structure peak in small-angle
X-ray scattering along with the results of light scattering and rheological profile
suggests the bridging of the spherical micelles to one another to form an
interconnected network after gelation. The use of this organogel as a selective BB BG
adsorbent for removing anionic dyes from individual aqueous dye solutions and
in a mixture of cationic and anionic dye solutions has shown more than 90%
removal of the anionic dyes within 2 h. The regeneration and reusability studies
showed that even after 20 cycles, the adsorption property of the organogel holds
extremely well still beyond 90%. These results are indicative of the potential use
of poly(styrene-block-4-vinylpyridine) organogel for the anionic ions removal in

wastewater treatment.

B INTRODUCTION

Contamination of water bodies by untreated textile effluents
containing organic/inorganic dyes pose a severe threat to
aquatic life and the dwellers, especially in developing countries
relying on these water bodies. In particular, water contami-
nated with reactive textile dyes having azo groups are of
significant concern as it can transform into carcinogenic
aromatic amines. Also, the dyeing of textiles demands a
surplus amount of water. Thus, appropriate measures for textile
effluent treatment and efficient water-recycling can significantly
reduce the discharge of harmful dyes into the water bodies.
Over the years, several effective treatment processes for dye
removal, such as photo—de§radation,2_5 bio-de%radation,é_9
membrane-based filtration,'"*? adsorption,M_1 etc., have
been reported. Among these methods, dye removal by
adsorption is advantageous due to its relatively simple
adsorption mechanism, removal efficiency, economic feasi-
bility, and flexibility in the process involved. Persistent
scientific efforts have been devoted to increasing the dye
removal efficiency using various adsorbents based on
polymers,'”™** gels,”"**~*° thin films,’*~** nanocompo-
sites, 71533 clays, * etc. Given a myriad of adsorbents, selecting
an effective adsorbent is quite challenging as concerns
regarding their reusability, adsorption capacities, amount of
adsorbent required, and dye removal rates are to be quizzed.

Due to the three-dimensional network and its associated
porosity and high surface area, gels can quickly and effectively
adsorb dye molecules. Reusability, selectivity, and recovery of
the adsorbent are also crucial for large-scale deployment of the
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treatment process. Gel-based adsorption thus will have
promising applications in dye removal from wastewater for
the reasons mentioned above. These adsorbents can remove
both anionic and cationic dyes”"** or can be specific to one
particular ion.”*">” Most of the gel adsorbents investigated are
based on hydrogels;”*>***7** there are also a few reports
where rnicrogels,1 ionic liquid gels,zs’”_42 metallogels,%’44
aerogels,45 etc., are tested for dye adsorption. Of late, there has
been a growing interest in the preparation of organogels, which
are polymeric networks swollen in an organic solvent. Owing
to their network structure and capability to trap small
molecules, organogels have been utilized for adsorption of
pollutants,46 oil molecules,”” and drug delivery;48 however,
their application in effluent treatment remains much unex-
plored.

Here, we report the preparation of an organogel from a
quaternized poly(styrene-block-4-vinylpyridine) (PS-b-P4VP)
diblock copolymer using 1,12-dibromododecane (DBD) as the
cross-linker in N,N-dimethylformamide (DMF). Upon heating
at 70 °C, the micelles of the PS-b-P4VP diblock copolymer are
bridged together by DBD, which arrests the dynamics of the
micelles and forms a gelled network, which we define here as
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Scheme 1. RAFT synthesis of PS-b-P4VP Diblock Copolymer and its Cross-Linking with DBD to form the Quaternized
Organogel”
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“The inset shows the photograph of the 2 wt % PS-b-P4VP before and after gelation. Gelation is observed after 4 h heating the 2 wt % PS-b-P4VP
with 0.8 wt % DBD at 70 °C.
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Figure 1. Molecular structure of the anionic and cationic dyes used in this study.
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Figure 2. (a) SAXS profile of 2 wt % PS-b-P4VP for different concentrations of DBD. The individual scattering curves are shifted to improve their
visibility (shift factors 1, 1, 2, and 6 along the y-direction). Symbols represent the experimental data, and lines are fits to eq 3. The inset shows the
structure peak after decoupling the form factor from the SAXS profile, and (b) correlation functions, g,(q, ) — 1, as a function of delay time at q =
0.01926 nm™" for various percentage additions of DBD to the 2 wt % PS-b-P4VP block copolymer.

an organogel. There is no report on a PS-b-P4VP organogel or
its related applications to the best of our knowledge. This
organogel is anion-specific; we have validated its applicability
as an adsorbent for anionic dyes by performing dye adsorption
studies using four anionic organic dyes, two of which contain
an azo group and the other two has a triphenylmethane
backbone. Due to the pyridinium group’s presence and the
long-chain alkyl halide in the organogel, favorable molecular
interaction occurs when these groups are in contact with the
dye molecules. Interestingly, the organogel not only removes
the dye but can be recycled, regenerated, and reused for more
than 20 cycles without much deterioration in the dye removal
efficiency.

B EXPERIMENTAL SECTION

Materials and Characterizations. Styrene (Sigma-Aldrich, 99%)
was washed and extracted three times with 5% sodium hydroxide to
remove the inhibitor and dried over anhydrous Na,SO, under
vacuum. 4-Vinylpyridine (Sigma-Aldrich, 98%) was purified by
passing through an alumina column to remove the inhibitor. Chain-
transfer agent CTA, 2-(dodecylthiocarbonothioylthio)-2-methylpro-
pionicacid (DDMAT, Sigma-Aldrich, 98%) and initiator 2,2’-azobis-
(2-methylpropionitrile) (AIBN, Sigma-Aldrich, 98%) were recrystal-
lized from methanol before use. DBD (Sigma-Aldrich, 98%) was used
as the cross-linker. All of the solvents and the dyes were used as
received. Reversible addition—fragmentation chain transfer (RAFT)
polymerization technique** ™" was followed to synthesize the block
copolymer.

Synthesis of Poly(styrene-block-4-vinylpyridine) Diblock
Copolymer (PS-b-P4VP). A two-step procedure was adopted for
the synthesis of PS-b-P4VP by RAFT polymerization. First, PS-CTA
was prepared. In a typical protocol, styrene/DDMAT/AIBN
(325:6:1) was dissolved in 10 mL of 1,4-dioxane, and the reactants
were taken in a Schlenk flask fitted with a stir bar. The flask was
hermetically sealed, and the mixture was degassed at 0 °C for 30 min.
Polymerization was carried out at 70 °C for 24 h. After
polymerization, the reaction mixture was quenched by rapid cooling
in an ice bath. Finally, the crude mixture was precipitated thrice into
excess cold diethyl ether and dried under vacuum overnight. PS-CTA
was recovered as a yellow powder.

In the second step, the PS-b-P4VP-CTA diblock copolymer was
synthesized following the same protocol as that used for PS-CTA
except that a different reagent ratio was utilized with PS-CTA as the
precursor and DMEF as the solvent. The ratio of 4-VP/PS-CTA/AIBN
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was 300:100:1. After polymerization, the reaction mixture was
quenched by rapid cooling in an ice bath. PS-b-P4VP-CTA was
precipitated in cold hexane and dried under vacuum. The collected
PS-b-P4VP-CTA powder had an orange color. The trithiocarbonate
group (CTA) was removed from the polymer chain by treating it with
hydrogen peroxide for 2 h, followed by thorough washing using cold
water/hexane mixture. The resulting pale, whitish PS-b-P4VP powder
was stored under vacuum.

Preparation of PS-b-P4VP Organogel. About 2 wt % diblock
copolymer and 0.8 wt % DBD were dissolved in DMF and kept
undisturbed at 70 °C for 4 h. The obtained PS-b-P4VP organogel was
washed with cold diethyl ether to remove the unreacted chemicals.

The steps for synthesizing the PS-b-P4VP diblock copolymer and
its subsequent cross-linking with DBD to form the organogel are
given in Scheme 1. The inset in the scheme shows the photograph of
the PS-b-P4VP block copolymer before and after gelation. It is also
worth mentioning that leaving the diblock copolymer solution with
0.8 wt % DBD undisturbed for about two weeks resulted in gelation.
However, heating at 70 °C was found to quicken the process of
gelation.

The molecular weight of the polystyrene-CTA (PS-CTA) and
poly(styrene-b-vinylpyridine) (PS-b-P4VP) diblock copolymer and
their corresponding polydispersities were determined from advanced
polymer chromatography (APC) (ACQUITY, Waters) using DMF as
the eluent at a flow rate of 0.5 mL min~". The 'H NMR analysis was
performed on a JEOL 400 MHz spectrometer using CDCl; as the
solvent. The block copolymer and the organogel were dissolved in the
CDCl, solvent. The 'H NMR spectra of the solutions in CDCl; were
calibrated to tetramethylsilane as the internal standard (SH 0.00).
Fourier transform infrared (FTIR) spectra of the block copolymer and
the organogel were recorded on a Bruker spectrophotometer.

Small-angle X-ray scattering (SAXS) measurements were per-
formed on a pinhole camera (Ganesha 300 XL, SAXSLAB, Denmark),
covering a q range from 0.003 to 2.5 A™". The block copolymer
solutions were loaded in 1.3 mm diameter quartz glass capillaries
(Hilgenberg), and a specially designed “cell” was used for loading the
organogel; the organogel was sandwiched between two circular mica
plates. The samples were measured at a temperature of 20 °C, which
was controlled by an external recirculating water bath (Julabo,
Seelbach, Germany). The scattering intensity was corrected to an
absolute scale by calibrating against DMF. The scattered intensity
profiles have been obtained by circular integration of the two-
dimensional intensity profiles. Dynamic light scattering (DLS) was
carried out using a three-dimensional (3D) LS spectrometer (LS
Instruments AG, Fribourg, Switzerland) with a Cobolt DPSS laser
light source (660 nm, 100 mW) in the 3D cross-correlation
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configuration. For the nonergodic samples, the samples were rotated
during the measurements to obtain the ensemble-averaged intensity
correlation function.>” Oscillatory shear experiments were carried out
at 25 °C using a stress-controlled MCR 301 rheometer (Physica,
Anton Paar, Austria). A parallel plate geometry of 25 mm diameter
was used for the measurements at a gap of 0.5 mm. Strain sweep
experiments were carried out by varying the strain amplitude from 0.1
to 1000% at a frequency of 1 rad s™. Frequency dependencies of the
storage (G’) and loss (G”) moduli were determined by performing
frequency sweep measurements on the samples from 0.1 to 100 rad
s™". Dye adsorption studies have been carried out using a UV—vis—
NIR spectrophotometer (JASCO V-670, Japan).

Dye Adsorption Experiments. Dye adsorption studies have
been carried out using 2 wt % pellets of the organogel in various
anionic dye solutions and in a mixture of anionic and cationic dyes as
well. The molecular structure of the dyes is shown in Figure 1. The
pellets of the organogel (weighing 20 mg) were obtained by cutting
from the bulk of the organogel using a scalpel. Anionic dyes Congo
red (CR), brilliant blue R-250 (BB), methyl orange (MO),
bromocresol green (BG), and cationic methylene blue (MB) and
malachite green (MG) were used for the study. The concentration of
the dyes used in the experiments was 0.1 g L™". The time evolution of
the UV—vis absorption spectrum was monitored after 15 min of
contact of the dye solution with the organogel. The residual dye
concentration was estimated from the quantitative analysis of UV—vis
absorption. Regeneration experiments were carried out by immersing
the dye-adsorbed organogel into S mL of ethanol. After 10 min, the
organogel was recovered, and after drying, the reusability of the
organogel was ratified by repeating the dye adsorption and subsequent
dye removal (desorption) cycles.

The equilibrium adsorption capacity of the organogel is given by

(CO - Ce) X
m

Q.= v

(1)

where C; and C, are the initial and equilibrium dye concentrations,
respectively, V is the volume of the dye solution, and m is the weight
of the adsorbent.

B RESULTS AND DISCUSSION

The molecular weights of PS-CTA and PS-b-P4VP were
determined by APC analysis, M, spc, and the respective APC
curves are given in Figure S1. The obtained values were then
compared with the theoretically calculated value, M, 4, using eq
2

[M],
CTA],

n(theor) — [ X Mm X conversion + MCTA

2)
where M, and Mcr, are the molecular weights of the
monomer and the CTA and [M], and [CTA], are the initial
concentrations of the monomer and the CTA, respectively.
The obtained values of molecular weights are shown in Table
1. Using eq 2 and from the experimentally determined APC
values, PS-CTA and PS-b-P4VP synthesized by RAFT
polymerization proceed to 61.6 and 92% conversions,
respectively.

Spectral Characterization. The chemical shifts for the
PS-CTA (Figure S2i) occurs at § = 0.8—2.1 ppm (—CH,—)
and § = 6.3—7.3 ppm (s, —C4H;); in addition to the above
chemical shifts, the PS-b-P4VP-CTA RAFT terminal (Figure
S2ii) exhibited a shift at § 8.0—8.6 ppm (m,
—CH,CHC H,N). The CTA end was removed from the
block copolymer, and this was confirmed by the disappearance
of the RAFT terminal at § = 0.8—1.1 ppm (Figure S2iii).
Bridging between the two pyridine groups of the block
copolymer with DBD is confirmed by the § at 4.2—4.5 ppm
(Figure S2iv). The FTIR spectrum (Figure S3) exhibited the
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Table 1. Estimate of the Molecular Weight of the PS-CTA
and PS-b-P4VP Diblock Copolymer

M, (kg mol™)
label [M]o/[CTALy/[1], conversion % M,4" Myapc” DS
PS-CTA 325:6:1 61.6 20.6 12.6 1.06
PS-b-P4VP 300:100:1 92 65.9 60.9 1.32

“Theoretical molecular weight determined by monomer conversion,
according to eq 2. “Molecular weight determined by APC analysis. “D
(M,,/M,) values determined by APC analysis.

characteristic bands before and after gelation of PS-b-P4VP.
The sample before gelation (Figure S3a) showed peaks at
1600—2000 cm™' corresponding to the aromatic C=C
stretching; the peaks at 2950 and 3023 cm™' correspond to
the C—H asymmetric aliphatic stretching and C—H asym-
metric stretching of the aromatic ring, respectively. Upon
gelation (organogel) (Figure S3b), the sample exhibited an
asymmetric aliphatic C—H stretching peak at 2923 cm™' and a
sharp aromatic symmetric stretching peak at 1644 cm™". Here,
the conversion of pyridine to pyridinium ion is seen as a broad
asymmetric N*—C stretching peak at 810—1145 cm™.

Scattering Analysis. To investigate the detailed spatial
information on the PS-b-P4VP before and after gelation, SAXS
measurements were performed. All of the measurements were
carried out at 20 °C, and the resulting SAXS profile is shown in
Figure 2a. The experimental data for 0.1, 0.4, and 0.8 wt %
addition of DBD before gelation has been fitted with a polymer
micelle model form factor,>’ P,.(q), with corrections
accounted for the background

P,.(q) = N°f°E(q) + NB’E(q) + 2N’AfS.(q)
+ N(N - 1)8°S.(q) 3)

Here, N is the aggregation number of the micelle and F,(q)
and F.(q) are self-correlation for the sphere with radius R and
the Gaussian chain with a radius of gyration R, respectively. f
and f, are the total excess scattering lengths of a block in the
spherical core and in the corona, respectively; s and ¢ denote
the spherical core and corona, respectively. S,. defines the
interference cross term between the spherical core and the
chains, and S_. defines the interference cross term between the
chains in the corona. We used the SasView program, and the
resulting fit lines are shown in Figure 2a (red lines). The core
radius, R, of the particles determined from the fits using eq 3 is
2.7 nm for all three concentrations of DBD. However, slight
decreases in the R, values are noted upon increasing the DBD
concentration, i.e,, 7.8, 7.2, and 6.9 nm for 0.1, 0.4, and 0.8 wt
% DBD. Upon heating the 0.8 wt % sample to 70 °C, the SAXS
profile develops spatial correlations; see the black stars in
Figure 2a. In this case, the scattering pattern, I(q), is influenced
both by the form factor, Ppm(q) , and the structure factor,

Spm(9)
I(q) ~ B(q)S,m(q) (4)

The line going through the data points for the sample after
heating is the form factor with the same parameters as those in
the non-heated samples. This shows that the formed particles
retain their shape and size also after heating. By dividing the
intensity curve, I(q), with Ppm(q), only the structure factor is
left, which gives information on the spatial structure in the
system; see the inset in Figure 2a. From the peak maxima, the
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average interparticle spacing is found to be 20 nm, which is
almost twice the total radius of the spherical micelles, R, = R,
+ R,, formed before heating the sample. This indicates that the
most probable distance between two micelles in the gel almost
touches each other. In the micelles, the polystyrene chain
forms the core, and the vinylpyridine groups form the
corona.”” Since there is no contraction in volume or any
associated phase separation during the heating of the sample
and its subsequent gelation, the system goes through a space-
filling gelation mechanism. The heating of the sample results in
the bridging of the outer P4VP chains of the spherical micelle
and the long-chain DBD, assisting in reorientation of the
randomly spaced spherical micelles. We believe that the
structure of the organogel is an interconnected network of
spherical micelles organized in a random percolated network
structure, where the most probable distance between micelles
is 20 nm. The electrostatic bridging of the micelles and the
DBD chains are strong enough that the sample turns non-
flowing and forms a rigid network. At this time, we have no
proper model to fit the structure factor of the network formed
in the sample. Attempts to fit the data with a Percus—Yevick
approximation or an RMSA model yield an overestimation of
the concentration. This, we believe, comes from the percolated
network.

The light scattering experiments were performed at a
constant temperature of 20 °C, between scattering angles of
30—150°. The intensity autocorrelation function g,(gq, t) — 1
for PS-b-P4VP as a function of DBD concentration is shown in
Figure 2b. The intensity autocorrelation function g(g, t) — 1
for PS-b-P4VP with 0.1 and 0.4 wt % DBD before gelation
shows a dominating single decay corresponding to a hydro-
dynamic radius of 9 nm. This corresponds well with the size of
the total micelle radius, R,,, determined with SAXS. After
heating the 0.1 and 0.4 wt % DBD samples (no gelation), only
a slight shift in the decay time and a small addition on the
baseline can be seen. This means that the DBD concentration
used in this sample is not sufficient to bridge the micelles to
form a continuous network, but only a few aggregates are
formed. These two samples do not show full dynamic arrests of
the network fluctuation, reflecting the insufficient amount of
DBD required to arrest the dynamics. However, the 0.8 wt %
sample before gelation shows an apparent two-step decay and
not fully relaxed g,(q, t) — 1, i.e., the baseline at the large time
does not decay to zero. This indicates that already before
heating, a substantial amount of cross-linking occurs in the
sample creating clusters, where the micelles are restricted to
move. Upon heating this sample, g,(g, ) — 1 exhibited a strong
nonergodic behavior, where just a small proportion of the
correlation function at fast time decays. This implies the
complete arrest of the movement in the sample; the sample
becomes non-flowing, where only the fast-local fluctuations can
be monitored. This behavior correlates well with the SAXS
results of the organogel, where we found a clear structural
correlation for the 0.8 wt % DBD after heating but not in any
of the other samples. The formation of spherical micelles with
radii closely matching SAXS and DLS data is further confirmed
by cryo-TEM imaging on the 0.1 wt % DBD added block
copolymer after heating at 70 °C (Figure S4).

Rheological Properties of the Organogel. The
rheological properties of the block copolymer in DMF with
cross-linker DBD, before and after gelation, were characterized
using dynamic oscillatory shear experiments. Figure 3a shows
the variation of (G’) and (G”) with frequency in the linear
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viscoelastic limit for the PS-b-P4VP block copolymer in DMF
with DBD, before and after heating at 70 °C. Before heating,
the block copolymer—cross-linker mixture exhibits a typical
behavior of a viscoelastic fluid. In the frequency range probed,
G" is higher than G, indicating the viscous nature of the
copolymer—cross-linker mixture. However, after heating, both
G' and G” are independent of frequency, with G’ being an
order of magnitude larger than G”. This indicates the solid-like
nature of the gels formed due to heating.

Insights into the large deformation behavior of the organogel
were obtained by performing large amplitude oscillatory shear
(LAOS) experiments. The variation of G’ and G” as a function
of strain amplitude for the organogel with 2 wt % block
copolymer and 0.8 wt % DBD is shown in Figure 3b. The
organogel exhibits a plateau for G’ and G”, with G’ an order of
magnitude larger than G”, at small strain amplitudes (<5%), up
to the linear viscoelastic limit. At a strain amplitude of 10%, an
overshoot is observed in G”, which can be attributed to the
breaking of the bridges formed between the cross-linker DBD
and the block copolymer micelles. A similar observation was
reported for poly(ethylene oxide)—poly(propylene oxide)—
poly(ethylene oxide) (PEO—PPO—PEO) triblock copolymer
solutions, where the close-packed micelles break into layers
that can slide over each other.> We also noticed that, with a
further increase in strain amplitude, a strain thinning regime is
seen where both G" and G” decreases. This could be attributed
to the alignment of the micelles along the direction of shear,
similar to that observed for block copolymer gels with micellar
structures.”>*® The vyield point is determined from the
maximum of the stress curve’’ (blue stars), and the
characteristic stress and strain values at the yield point are o,
= 500 Pa and y, = 13.3%, respectively. The onset of the liquid-
like behavior from a solid-like behavior is the point at which G’
= G”, and the corresponding stress and strain values are o,
437 Pa and y,, = 23.7%.

The stability of the organogel at various solution environ-
ments such as pH, ionic strength, and temperature was
evaluated. The mass change of the organogel as a function of
time at three different pH levels (3, 7, and 9) and NaCl
concentration was studied by placing the organogel in the
respective solutions and allowed the organogel to rest in these
solutions. The mass of the organogel was measured at regular
intervals, and the obtained values are plotted in Figure S5a,b.
Only a very slight increase in the organogel mass was observed
(~4%), and thus, this organogel is found to be stable
irrespective of the solution environment (pH, ionic strength).
The stability of the organogel with temperature is studied by
performing a temperature sweep using a rheometer at constant
strain and frequency (Figure SS5c). The G’ and G” remained
constant throughout the temperature sweep, implying the
stable nature of the organogel. Further, the organogel exhibited
a self-sustainable nature,””**' i.e., stood by itself without any
support and retained the cylindrical shape after pulling it from
the vial in which it was synthesized. Besides, the or§anoge1 also
exhibited excellent load-bearing characteristics’”> and could
withstand metal weights of S, 10, 20, and SO g (Figure S6)
placed on top of it.

Dye Adsorption Studies. The anionic dye adsorption
potential of the PS-b-P4VP organogel was demonstrated using
four types of anionic dyes. A pre-weighed 20 mg pellet of the
organogel was added to a solution containing the anionic dyes,
and the contact-time-dependent UV—vis absorption spectra
were recorded (Figure 4). As can be seen from the spectra
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Figure 3. (a) Linear viscoelastic spectrum of the 2 wt % PS-b-P4VP block copolymer with 0.8 wt % DBD. G’ (filled symbols) and G” (open
symbols) are presented as a function of angular frequency at a constant strain amplitude of 1%. Blue symbols correspond to measurements before

heating, while black symbols are from measurements performed after heating (formation of the organogel). (b) Dynamic strain sweep at constant @
=1 rad s™' to determine the linear viscoelastic range of the 2 wt % block copolymer with 0.8 wt % DBD (organogel). Arrows indicate the yield
strain 7y, and the onset of liquid-like behavior, 7.
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Figure 4. UV—visible spectral evolution with time of the various dye solutions in contact with the organogel: (a) methyl orange, (b) Congo red, (c)
brilliant blue R-250, and (d) bromocresol green. Insets in the figure show the photographs of the various dye solutions before and after the removal
of the dyes by the organogel (top row) and the color change of the organogel after 60 min of contact with the dye solution (bottom row).

(Figure 4a—d), there is a remarkable dye uptake by the

organogel

for all four anionic dyes. MO and BB had a single

absorption maximum at 465 and 555 nm, whereas CR and BG

exhibited

two peaks: at 342, 500 nm and 437, 618 nm,

respectively. An almost clear water-like solution is observed

after 60 min of contact with the organogel. Generally, gel-
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based selective adsorption occurs either via chemisorption or
by electrostatic interaction between the reactive sites on the gel
and the ionic groups on the dye molecules. In our study, the
removal of the anionic dyes by the PS-b-P4VP organogel can
be justified by the high electrostatic attraction between the
pyridinium cations in the organogel and the anionic sulfonate
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Table 2. Variation in pH of the Dye Solution before and
after the Addition of the Organogel

pH of the dye  pH (after adding the =~ pH (after 120 min of

dyes solution organogel) adsorption)

MO 4.86 S.11 6.29

CR 5.71 6.02 6.73

BB 5.18 5.42 6.35

BG 3.85 4.36 6.12

100
—e— MO
—e—CR
98 |

96 I

94

Removal efficiency (%)

92 |-

90

Y- AU S S R R R E R S R
10 12 14

Number of Recycles

Figure 5. Removal efficiency of the organogel for the anionic CR,
MO, BB, and BG dyes as a function of the number of recycle times.

groups of MO, CR, BB, and BG. This adsorption behavior is in
agreement with studies using an imidazolium-based supra-
molecular gel adsorbent system, where dye adsorption for
eosin yellow (EY) and MO proceeds via the electrostatic
interaction between the positively charged imidazolium cation
and the carboxylate/sulfonate anion group of the dye
moelcules.”* No significant variation is noted in the 'H
NMR and FTIR spectra of the pure organogel and the
organogel regenerated after dye adsorption (Figure S7).

Apart from the decrease in intensities with time, an
additional red shift in the absorption maxima is noted for
CR and BB. A similar red shift is noted during sonolysis of
BB and in the adsorption of CR using iron nanoparticles.>”
The red shift noticed for CR is attributed to the shift in pH to
acidic conditions® during its degradation. We thus monitored
the pH of the dye solution upon contact with the organogel
and found that in our study; instead, the pH increases upon
contact with the organogel (Table 2). This again corroborates
the lowering of the acidic contribution from the sulfonate
groups in the dye molecules upon contact with the organogel
due to their electrostatic association with the N* group of the
organogel. Further, no detectable aggregation was observed in
all four dye solutions during the dye adsorption. At this
moment, we are unsure of what could have led to the red shift,
but studies are being undertaken to understand the complex-
ation behavior escalation due to the presence of NH, and OH
groups in CR and BB, respectively, and the role of 7—n
stacking between dye molecules.

The photographs of the four dye solutions before and after
adsorption by the organogel (top row) and the color change of
the organogel after 60 min of contact with the dye solution
(bottom row) are shown as insets in Figure 4. Importantly, we
have used only a meager amount of the organogel (2 wt %) for
the adsorption studies; upscaling the quantity of the organogel
can significantly shorten the adsorption time.

The adsorption efficiency of the organogel calculated from
eq 1 is found to be 600, 531, 570, and 580 mg g_1 for the MO,
CR, BB, and BG dyes, respectively (Figure S8). The dye
adsorption behavior of the PS-b-P4VP organogel was evaluated
using Langmuir (eq S1) and Freundlich isotherm (eq S2)
models. The correlative fitted plots of Langmuir and
Freundlich isotherms for the various dyes are shown in Figure
S9a,b, respectively. The Langmuir isotherm model follows
homogenous surface adsorption and the Freundlich isotherm
model follows the heterogeneous surface with different types of
surface adsorption. Here, we compared both models and
obtained the best fit for the Freundlich isotherm, and thus, the
adsorption proceeds via a heterogeneous process.

The absorption spectra as a function of dye (50, 100, 200,
and 300 ppm for all of the dyes) and organogel (0.5, 1,2, and 3

—— Methyl Orange
" —— Methylene Blue

—— Mix A - 0 min

—— Mix A - 60 min
L —— Mix A - 120 min
Mix A - 180 min

Absorbance (a.u)

(C))

T T T
| —— Malachite Green (b)
— Mix B 0 min
—— Mix B 120 min

500 600 700

Wavelength (nm)

500 600
Wavelength (nm)

400 700

Figure 6. Time evolution of the UV—visible spectra for dye solutions in contact with the organogel: (a) mixture A containing methylene blue and
methyl orange and (b) mixture with cationic dye malachite green and anionic dyes MO, CR, BB, and BG. Insets in the graphs show the color

change of the dye solution before and after dye adsorption.
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Table 3. % Removal Efficiency Reported by Various Research Groups for a Few Dyes Using Gel-Based Materials

type of gels dyes % dye removal
poly(N-isopropylacrylamide) microgels' orange II 73.1
methylacryloyloxyethyltrimethylammoniumchloride zwitterionic hydrogel*' acid red 95
quinoline yellow 95
methyl violet 10
methylene blue 10
metal—organic gels™ Congo red 95
rhodamine B 92
methylene blue 85
chrome azurol S 97
methyl violet 94
amido black 10B 67
imidazolium-based supramolecular gels** eosin yellow 80
supramolecular ionic liquid gels*® rhodamine B 95
poly(acrylic acid)-based nanocomposites hydrogel*® methylene blue 98
lithocholic acid-based hydmgel26 methyl orange 35
amido black 96
rhodamine 65G 35
chrome azurol S 35
poly(epichlorohydrin-ethylenediamine) hydrogel®® DR 23 99
AR1 99
AO7 98
AY36 99.8
DB1S 100
folic acid—polyaniline hybrid hydrogel® eosin yellow 98
poly(acrylic acid)-kaolin hydrogel® brilliant green 99.3
tripeptide-based hydrogels*® rhodamine B
direct red 80 ~9§
reactive blue 4
alginate/polyaspartate hydrogel®” methylene blue 97
methyl orange 3
malachite green 90
N,,Ng-bis(3-(pyridin-2-yl)-1H-pyrazol-5-yl)- pyridine-2,6-dicarboxamide-based metallogel** methyl orange 90
terpyridine-based smart organic—inorganic hybrid gel®> basic blue 41 97.4
bromocresol green 415
crystal violet 94.2
poly(acrylic acid-co-hydroxyethyl methacrylate) interpenetrating network hydrogels® Congo red 97.6
methyl violet 95
low-molecular-weight amphiphilic dipeptides®* crystal violet 96
phenylalanine-based low-molecular-weight gelator®® rhodamine-6G 95
methyl orange 95
glutamic acid-derived organogels®® crystal violet 99
malachite green 97
rhodamine B 27
uranine 4
quaternized polystyrene-b-4-vinylpyridine organogel™ "™ methyl orange 96
Congo red 91
brilliant blue R-250 86
bromocresol green 94
wt %) concentrations (Figures S10—S13) were also recorded. R=100x 9= C
It is observed that as the concentration of the organogel G (5)

increased, the dye removal efficiency also increased. It took
about 90 min for the 0.5 and 1 wt % pellet of the organogel to
show dye adsorption above 85%. For the 2 and 3 wt %
organogel, more than 85% of the dye removal occurred within

30 min of contact time.
The dye removal efficiency (R, %) of the organogel was

calculated using the following equation

4003

where C; and C; are the initial and final concentrations (mg
L") of the dye after adsorption. Quantitative analysis of the
UV—vis spectra was performed by monitoring the main peak
intensity and from eq S. From the peak intensity, about 90%
MO, 72% CR, 76% BB, and 89% BG were removed within 60
min of contact with the organogel (Figure 4a—d). Increasing
the contact time to 120 min showed 98% MO, 90% CR, 88%
BB, and 96% BG removal (Figure 4a—d).
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Regeneration of the Adsorbent and Recycling
Studies. Regeneration and reuse of the adsorbent are
promising for the large-scale and cost-effective effluent
treatment process. Also, the recovered dyes can be reused
for the further dyeing process, and this will significantly reduce
the continuous feed of dyes required for textile dyeing. This
may also prohibit secondary contamination.’’ To investigate
the regeneration of the organogel, the dye absorbed mass was
immersed in 5 mL of ethanol solution. After ensuring that no
detectable dye remains on the gel (by recoding the UV—vis
spectrum), the dye adsorption experiments were repeated. The
regeneration and reuse studies were carried out for about 20
cycles on the four anionic dyes. Interestingly, the organogel
retained its remarkable dye adsorption characteristics with
removal efficiencies similar to the first use (Figure 5), weighing
out the organogel as a promising adsorbent for anionic dyes.
The organogel retained its original appearance with no visual
deformation in shape.

Dye Specificity. For studies on dye specificity, a pre-
weighed 20 mg pellet of the organogel was added to a solution
containing a mixture of dyes, and the UV—vis spectra were
recorded. Two different mixtures have been used in the study.
Mixture A had anionic methyl orange and cationic methylene
blue, and mixture B had four types of anionic dyes (MO, CR,
BB, and BG) and one cationic dye (malachite green). The
resulting UV—vis spectra with the progress of time are
illustrated in Figure 6. For mixture A (Figure 6a), the broad
but intense absorption maxima for MO exhibited signs of
adsorption within 60 min of contact with the organogel, and at
180 min, the MO peak vanished; the absorption maxima of
methylene blue remain almost unaltered during the adsorption
process. In mixture B (Figure 6b), all of the anionic dyes were
adsorbed, and the malachite green dye was recovered after 120
min of contact with the organogel (photograph in the inset).
Here, we noticed that the activity of the organogel is almost
similar to that noted for individual dye solutions. Irrespective
of the difference and number of anions, the potential of N* to
adsorb the anionic dyes is found to be superior. The anion
specificity of the organogel aids in the separation of a mixture
of cationic and anionic dyes; at the same time, the recovered
dyes can be used for further applications.

B CONCLUSIONS

This work describes the synthesis of an organogel of a
poly(styrene-block-4-vinylpyridine) block copolymer using
dibromododecane as the cross-linker. From 3D light-, small-
angle X-ray scattering and rheological measurements, the
cross-linking of the block copolymer into a gel is confirmed.
Due to the presence of N* ions, the organogel acts as an
adsorbent for anionic dyes and also exhibits anion selectivity in
a mixture of cationic and anionic dyes, which is driven by
electrostatic attraction between the positively charged gel and
negatively charged dye molecules. This organogel is highly
cost-effective as it can be recycled, reused, and regenerated
with a very high throughput removal of anionic dyes within a
short period—the performance of the organogel is expected to
remain unaltered for long-term water treatment applications.
The PS-b-P4VP organogel is high performing as compared
with other reported gel-based absorbents. In Table 3, we have
shown the removal efficiency of several gel-based adsorbents.
Comparing our work with the results summarized in Table 3,
with a mere 2 wt % adsorbent used and much quicker times for
dye removal, the organogel of PS-b-P4VP shows excellent
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potential for applications in effluent water treatment. We
strongly believe that the adsorption performance of the
organogel will not deteriorate with time and remain unaltered
for long-term effluent water treatment applications. Future
work will address the use of this organogel as a filtration
membrane for the removal of anions from salty water.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.Jangmuir.1c00288.

APC spectra of the PS-CTA and PS-b-P4VP block
copolymer; '"H NMR spectra of PS-CTA, PS-b-P4VP-
CTA, PS-b-P4VP, and the organogel; FTIR spectra of
PS-b-P4VP and the organogel; cryo-TEM image;
stability of the organogel; load-bearing characteristics
of the organogel; "H NMR and FTIR spectra of the pure
and regenerated organogel; equilibrium dye adsorption
isotherms; Langmuir and Freundlich isotherm models;
time evolution of UV spectra as a function of organogel
and dye concentrations (PDF)

B AUTHOR INFORMATION

Corresponding Author
Brijitta Joseph — Soft Matter Laboratory, Centre for
Nanoscience and Nanotechnology, Sathyabama Institute of
Science and Technology, Chennai 600119, Tamil Naduy,
India; Division of Physical Chemistry, Department of
Chemistry, Lund University, 221 00 Lund, Sweden;
orcid.org/0000-0001-8550-2023; Email: brijitta@

live.com

Authors

Sanjeevi Prasath Sridhar — Soft Matter Laboratory, Centre
for Nanoscience and Nanotechnology, Sathyabama Institute
of Science and Technology, Chennai 600119, Tamil Nadu,
India

Jacob John — Department of Chemical Engineering, Indian
Institute of Technology Madras, Chennai 600036, Tamil
Nadu, India

Peter Holmgqvist — Division of Physical Chemistry,
Department of Chemistry, Lund University, 221 00 Lund,
Sweden

Ulf Olsson — Division of Physical Chemistry, Department of
Chemistry, Lund University, 221 00 Lund, Sweden;

orcid.org/0000-0003-2200-1605

Saravanan Chandran — Soft Matter Laboratory, Centre for
Nanoscience and Nanotechnology, Sathyabama Institute of
Science and Technology, Chennai 600119, Tamil Naduy,
India

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.1c00288

Author Contributions

The manuscript was written through the contribution of all the
authors. All authors have approved the final version of the
manuscript.

Notes

The authors declare no competing financial interest.

https://doi.org/10.1021/acs.langmuir.1c00288
Langmuir 2021, 37, 3996—4006


https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00288?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c00288/suppl_file/la1c00288_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brijitta+Joseph"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8550-2023
http://orcid.org/0000-0001-8550-2023
mailto:brijitta@live.com
mailto:brijitta@live.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanjeevi+Prasath+Sridhar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacob+John"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Holmqvist"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ulf+Olsson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2200-1605
http://orcid.org/0000-0003-2200-1605
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saravanan+Chandran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00288?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00288?rel=cite-as&ref=PDF&jav=VoR

Langmuir

pubs.acs.org/Langmuir

B ACKNOWLEDGMENTS

This work was supported by the Department of Science and
Technology, India, Grant No. SR/FTP/PS-046/2012. The
authors thank Prof. Raja Shunmugam and Rajan Kumar, IISER
Kolkata, for polymer synthesis and characterization facilities,
Prof. Abhijit Deshpande, IIT Madras, for rheological measure-
ments, and Dr. Alessandro Gulotta, Lund University, for useful
discussions. This work benefited from the use of the SasView
application, originally developed under the NSF award DMR-
0520547. SasView contains the code developed with funding
from the European Union’s Horizon 2020 Research and
Innovation Programme under the SINE2020 project, grant no.
654000.

B REFERENCES

(1) Parasuraman, D.; Serpe, M. ]J. Poly (N-Isopropylacrylamide)
Microgel-Based Assemblies for Organic Dye Removal from Water.
ACS Appl. Mater. Interfaces 2011, 3, 4714—4721.

(2) Saravanakumar, K.; Muthuraj, V.; Jeyaraj, M. The Design of v

Visible Light Driven Ag/CdO as Smart Nanocomposite for
Photodegradation of Different Dye Contaminants. Spectrochim. Acta,
Part A 2018, 188, 291-300.
_(3) Lucic Skori¢, M,; Terzi¢, L; Milosavljevic, N.; Radetic, M;
Saponji¢, Z.; Radoicic, M.; Kalagasidis Krusic, M. Chitosan-Based
Microparticles for Immobilization of TiO2nanoparticles and Their
Application for Photodegradation of Textile Dyes. Eur. Polym. ]. 2016,
82, 57—70.

(4) Sharma, R; Singhal, S. Photodegradation of Textile Dye Using
Magnetically Recyclable Heterogeneous Spinel Ferrites. J. Chem.
Technol. Biotechnol. 2015, 90, 955—962. .

(5) Lonlarevi¢, D.; Dostani¢, J.; Radonji¢c, V.; Zivkovi¢, L.;
Jovanovic, D. M. Simultaneous Photodegradation of Two Textile
Dyes Using TiO2 as a Catalyst. React. Kinet,, Mech. Catal. 2016, 118,
153—164.

(6) Sharma, R.; Kaith, B. S.; Kalia, S.; Pathania, D.; Kumar, A.;
Sharma, N.; Street, R. M.; Schauer, C. Biodegradable and Conducting
Hydrogels Based on Guar Gum Polysaccharide for Antibacterial and
Dye Removal Applications. J. Environ. Manage. 2015, 162, 37—45.

(7) Gajera, H. P.; Bambharolia, R. P.; Hirpara, D. G.; Patel, S. V,;
Golakiya, B. A. Molecular Identification and Characterization of
Novel Hypocrea Koningii Associated with Azo Dyes Decolorization
and Biodegradation of Textile Dye Effluents. Process Saf. Environ. Prot.
2015, 98, 406—416.

(8) Daissi, D.; Rodriguez-Couto, S.; Nasri, M.; Mechichi, T.
Biodegradation of Textile Dyes by Immobilized Laccase from
Coriolopsis Gallica into Ca-Alginate Beads. Int. Biodeterior. Biodegrad.
2014, 90, 71-78.

(9) Ali, H. Biodegradation of Synthetic Dyes - A Review. Water. Air.
Soil Pollut. 2010, 213, 251-273.

(10) Zheng, Y; Yao, G; Cheng, Q; Yu, S; Liu, M; Gao, C.
Positively Charged Thin-Film Composite Hollow Fiber Nano-
filtration Membrane for the Removal of Cationic Dyes through
Submerged Filtration. Desalination 2013, 328, 42—50.

(11) Riera-Torres, M.; Gutiérrez-Bouzan, C.; Crespi, M. Combina-
tion of Coagulation-Flocculation and Nanofiltration Techniques for
Dye Removal and Water Reuse in Textile Effluents. Desalination
2010, 252, 53—59.

(12) Aouni, A; Fersi, C.; Cuartas-Uribe, B.; Bes-Pia, A.; Alcaina-
Miranda, M. L; Dhahbi, M. Reactive Dyes Rejection and Textile
Effluent Treatment Study Using Ultrafiltration and Nanofiltration
Processes. Desalination 2012, 297, 87—96.

(13) Amini, M;; Arami, M.,; Mahmoodi, N. M.; Akbari, A. Dye
Removal from Colored Textile Wastewater Using Acrylic Grafted
Nanomembrane. Desalination 2011, 267, 107—113.

(14) Gk, O.; Ozcan, A. S.; Ozcan, A. Adsorption Behavior of a
Textile Dye of Reactive Blue 19 from Aqueous Solutions onto
Modified Bentonite. Appl. Surf. Sci. 2010, 256, 5439—5443.

4005

(15) Chinoune, K.; Bentaleb, K.; Bouberka, Z.; Nadim, A.; Maschke,
U. Adsorption of Reactive Dyes from Aqueous Solution by Dirty
Bentonite. Appl. Clay Sci. 2016, 123, 64—75.

(16) Hassani, A.; Khataee, A.; Karaca, S.; Karaca, M.; Kirangan, M.
Adsorption of Two Cationic Textile Dyes from Water with Modified
Nanoclay: A Comparative Study by Using Central Composite Design.
J. Environ. Chem. Eng. 2018, 3, 2738—2749.

(17) Hassani, A.; Soltani, R. D. C,; Karaca, S; Khataee, A.
Preparation of Montmorillonite-Alginate Nanobiocomposite for
Adsorption of a Textile Dye in Aqueous Phase: Isotherm, Kinetic
and Experimental Design Approaches. J. Ind. Eng. Chem. 2015, 21,
1197-1207.

(18) Van Hoa, N.; Khong, T. T.; Thi Hoang Quyen, T.; Si Trung, T.
One-Step Facile Synthesis of Mesoporous Graphene/Fe304/
Chitosan Nanocomposite and Its Adsorption Capacity for a Textile
Dye. J. Water Process Eng. 2016, 9, 170—178.

(19) Dai, M,; Li, H. X; Lang, J. P. New Approaches to the
Degradation of Organic Dyes, and Nitro- and Chloroaromatics Using
Coordination Polymers as Photocatalysts. CrystEngComm 2018, 17,
4741—-4753.

(20) Wang, F,; L, F. L; Xu, M. M.; Yu, H;; Zhang, J. G.; Xia, H. T,;
Lang, J. P. Facile Synthesis of a Ag(i)-Doped Coordination Polymer
with Enhanced Catalytic Performance in the Photodegradation of Azo
Dyes in Water. J. Mater. Chem. A 2018, 3, 5908—5916.

(21) Wei, R; Song, W.; Yang, F.,; Zhou, J.; Zhang, M.; Zhang, X;
Zhao, W.; Zhao, C. Bidirectionally PH-Responsive Zwitterionic
Polymer Hydrogels with Switchable Selective Adsorption Capacities
for Anionic and Cationic Dyes. Ind. Eng. Chem. Res. 2018, 57, 8209—
8219.

(22) Yang, X; Liu, H. Diphenylphosphine-Substituted Ferrocene/
Silsesquioxane-Based Hybrid Porous Polymers as Highly Efficient
Adsorbents for Water Treatment. ACS Appl. Mater. Interfaces 2019,
11, 26474—-26482.

(23) Hong, Y.; Gao, Z.; Chen, M.; Hao, J.; Dong, S. Metal-Organic
Gels of Catechol-Based Ligands with Ni(II) Acetate for Dye
Adsorption. Langmuir 2018, 34, 9435—9441.

(24) Cheng, N; Hu, Q; Guo, Y,; Wang, Y.; Yu, L. Efficient and
Selective Removal of Dyes Using Imidazolium-Based Supramolecular
Gels. ACS Appl. Mater. Interfaces 2015, 7, 10258—1026S.

(25) Rizzo, C.; Marullo, S.; Campodonico, P. R.; Pibiri, I;
Dintcheva, N. T.; Noto, R;; Millan, D.; D’Anna, F. Self-Sustaining
Supramolecular Ionic Liquid Gels for Dye Adsorption. ACS
Sustainable Chem. Eng. 2018, 6, 12453—12462.

(26) Hu, X.-S.; Liang, R; Sun, G. Super-Adsorbent Hydrogel for
Removal of Methylene Blue Dye from Aqueous Solution. . Mater.
Chem. A 2018, 6, 17612—17624.

(27) Song, S.; Feng, L.; Song, A.; Hao, J. Room-Temperature Super
Hydrogel as Dye Adsorption Agent. J. Phys. Chem. B 2012, 116,
12850—12856.

(28) Li, D.; Li, Q.; Bai, N; Dong, H.; Mao, D. One-Step Synthesis of
Cationic Hydrogel for Efficient Dye Adsorption and Its Second Use
for Emulsified Oil Separation. ACS Sustainable Chem. Eng. 2017, S,
5598-5607.

(29) Das, S.; Chakraborty, P.; Ghosh, R; Paul, S.; Mondal, S.; Panja,
A; Nandi, A. K. Folic Acid-Polyaniline Hybrid Hydrogel for
Adsorption/Reduction of Chromium(VI) and Selective Adsorption
of Anionic Dye from Water. ACS Sustainable Chem. Eng. 2017, §,
9325-9337.

(30) Sreedhar, M; Brijitta, J.; Reddy, I. N.; Cho, M.; Shim, J.; Bera,
P.; Joshi, B. N,; Yoon, S. S. Dye Degradation Studies of Mo-Doped
TiO<inf>2</Inf>thin Films Developed by Reactive Sputtering. Surf.
Interface Anal. 2018, 50, 171—179.

(31) Sreedhar, M.; Neelakanta Reddy, 1; Reddy, C. V.; Shim, J.;
Brijitta, J. Highly Photostable Zn-Doped TiO2 Thin Film
Nanostructures for Enhanced Dye Degradation Deposited by
Sputtering Method. Mater. Sci. Semicond. Process. 2018, 85, 113—121.

(32) Ghosh, A;; Mondal, A. Fabrication of Stable, Efficient and
Recyclable p-CuO/n-ZnO Thin Film Heterojunction for Visible Light

https://doi.org/10.1021/acs.langmuir.1c00288
Langmuir 2021, 37, 3996—4006


https://doi.org/10.1021/am201132x
https://doi.org/10.1021/am201132x
https://doi.org/10.1016/j.saa.2017.07.022
https://doi.org/10.1016/j.saa.2017.07.022
https://doi.org/10.1016/j.saa.2017.07.022
https://doi.org/10.1016/j.eurpolymj.2016.06.026
https://doi.org/10.1016/j.eurpolymj.2016.06.026
https://doi.org/10.1016/j.eurpolymj.2016.06.026
https://doi.org/10.1002/jctb.4409
https://doi.org/10.1002/jctb.4409
https://doi.org/10.1007/s11144-016-0990-0
https://doi.org/10.1007/s11144-016-0990-0
https://doi.org/10.1016/j.jenvman.2015.07.044
https://doi.org/10.1016/j.jenvman.2015.07.044
https://doi.org/10.1016/j.jenvman.2015.07.044
https://doi.org/10.1016/j.psep.2015.10.005
https://doi.org/10.1016/j.psep.2015.10.005
https://doi.org/10.1016/j.psep.2015.10.005
https://doi.org/10.1016/j.ibiod.2014.02.006
https://doi.org/10.1016/j.ibiod.2014.02.006
https://doi.org/10.1007/s11270-010-0382-4
https://doi.org/10.1016/j.desal.2013.08.009
https://doi.org/10.1016/j.desal.2013.08.009
https://doi.org/10.1016/j.desal.2013.08.009
https://doi.org/10.1016/j.desal.2009.11.002
https://doi.org/10.1016/j.desal.2009.11.002
https://doi.org/10.1016/j.desal.2009.11.002
https://doi.org/10.1016/j.desal.2012.04.022
https://doi.org/10.1016/j.desal.2012.04.022
https://doi.org/10.1016/j.desal.2012.04.022
https://doi.org/10.1016/j.desal.2010.09.014
https://doi.org/10.1016/j.desal.2010.09.014
https://doi.org/10.1016/j.desal.2010.09.014
https://doi.org/10.1016/j.apsusc.2009.12.134
https://doi.org/10.1016/j.apsusc.2009.12.134
https://doi.org/10.1016/j.apsusc.2009.12.134
https://doi.org/10.1016/j.clay.2016.01.006
https://doi.org/10.1016/j.clay.2016.01.006
https://doi.org/10.1016/j.jece.2015.09.014
https://doi.org/10.1016/j.jece.2015.09.014
https://doi.org/10.1016/j.jiec.2014.05.034
https://doi.org/10.1016/j.jiec.2014.05.034
https://doi.org/10.1016/j.jiec.2014.05.034
https://doi.org/10.1016/j.jwpe.2015.12.005
https://doi.org/10.1016/j.jwpe.2015.12.005
https://doi.org/10.1016/j.jwpe.2015.12.005
https://doi.org/10.1039/c5ce00619h
https://doi.org/10.1039/c5ce00619h
https://doi.org/10.1039/c5ce00619h
https://doi.org/10.1039/c5ta00302d
https://doi.org/10.1039/c5ta00302d
https://doi.org/10.1039/c5ta00302d
https://doi.org/10.1021/acs.iecr.8b01027
https://doi.org/10.1021/acs.iecr.8b01027
https://doi.org/10.1021/acs.iecr.8b01027
https://doi.org/10.1021/acsami.9b07874
https://doi.org/10.1021/acsami.9b07874
https://doi.org/10.1021/acsami.9b07874
https://doi.org/10.1021/acs.langmuir.8b01065
https://doi.org/10.1021/acs.langmuir.8b01065
https://doi.org/10.1021/acs.langmuir.8b01065
https://doi.org/10.1021/acsami.5b00814
https://doi.org/10.1021/acsami.5b00814
https://doi.org/10.1021/acsami.5b00814
https://doi.org/10.1021/acssuschemeng.8b03002
https://doi.org/10.1021/acssuschemeng.8b03002
https://doi.org/10.1039/C8TA04722G
https://doi.org/10.1039/C8TA04722G
https://doi.org/10.1021/jp3066025
https://doi.org/10.1021/jp3066025
https://doi.org/10.1021/acssuschemeng.7b01083
https://doi.org/10.1021/acssuschemeng.7b01083
https://doi.org/10.1021/acssuschemeng.7b01083
https://doi.org/10.1021/acssuschemeng.7b02342
https://doi.org/10.1021/acssuschemeng.7b02342
https://doi.org/10.1021/acssuschemeng.7b02342
https://doi.org/10.1002/sia.6355
https://doi.org/10.1002/sia.6355
https://doi.org/10.1016/j.mssp.2018.06.005
https://doi.org/10.1016/j.mssp.2018.06.005
https://doi.org/10.1016/j.mssp.2018.06.005
https://doi.org/10.1016/j.matlet.2015.10.148
https://doi.org/10.1016/j.matlet.2015.10.148
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00288?rel=cite-as&ref=PDF&jav=VoR

Langmuir

pubs.acs.org/Langmuir

Driven Photocatalytic Degradation of Organic Dyes. Mater. Lett.
2016, 164, 221-224.

(33) Jia, L.; Zhou, T.; Xu, J.; Li, X;; Dong, K.; Huang, J.; Xu, Z. The
Enhanced Catalytic Activities of Asymmetric Au-Ni Nanoparticle
Decorated Halloysite-Based Nanocomposite for the Degradation of
Organic Dyes. Nanoscale Res. Lett. 2016, 11, No. 72.

(34) Huang, P,; Xia, D.; Kazlauciunas, A.; Thornton, P.; Lin, L;
Menzel, R. Dye-Mediated Interactions in Chitosan-Based Polyelec-
trolyte/Organoclay Hybrids for Enhanced Adsorption of Industrial
Dyes. ACS Appl. Mater. Interfaces 2019, 11, 11961—11969.

(35) Shirsath, S. R;; Patil, A. P; Patil, R;; Naik, J. B.; Gogate, P. R;
Sonawane, S. H. Removal of Brilliant Green from Wastewater Using
Conventional and Ultrasonically Prepared Poly(Acrylic Acid) Hydro-
gel Loaded with Kaolin Clay: A Comparative Study. Ultrason.
Sonochem. 2013, 20, 914—923.

(36) Adhikari, B.; Palui, G.; Banerjee, A. Self-Assembling Tripeptide
Based Hydrogels and Their Use in Removal of Dyes from Waste-
Water. Soft Matter 2009, S, 3452—3460.

(37) Jeon, Y. S.; Lei, J.; Kim, J. H. Dye Adsorption Characteristics of
Alginate/Polyaspartate Hydrogels. J. Ind. Eng. Chem. 2008, 14, 726—
731.

(38) Kuddushi, M.; Rajput, S.; Shah, A;; Mata, J.; Aswal, V. K; El
Seoud, O.; Kumar, A; Malek, N. I Stimuli Responsive, Self-
Sustainable, and Self-Healable Functionalized Hydrogel with Dual
Gelation, Load-Bearing, and Dye-Absorbing Properties. ACS Appl.
Mater. Interfaces 2019, 11, 19572—19583.

(39) Rizzo, C.; Marullo, S.; D’Anna, F. Carbon-Based Ionic Liquid
Gels: Alternative Adsorbents for Pharmaceutically Active Compounds
in Wastewater. Environ. Sci. Nano 2021, 8, 131—145.

(40) Rizzo, C.; Marullo, S.; Dintcheva, N. T.; Gambarotti, C.; Billeci,
F.; D’Anna, F. Tonic Liquid Gels and Antioxidant Carbon Nanotubes:
Hybrid Soft Materials with Improved Radical Scavenging Activity. J.
Colloid Interface Sci. 2019, 556, 628—639.

(41) Kuddushi, M.; Mata, J.; Malek, N. Self-Sustainable, Self-
Healable, Load Bearable and Moldable Stimuli Responsive Ionogel for
the Selective Removal of Anionic Dyes from Aqueous Medium. J. Mol.
Lig. 2020, 298, No. 112048.

(42) Kuddushi, M.; Patel, N. K; Rajput, S.; Shah, A; El Seoud, O.
A.; Malek, N. I. Thermo-Switchable de Novo Ionic Liquid-Based
Gelators with Dye-Absorbing and Drug-Encapsulating Characteristics.
ACS Omega 2018, 3, 12068—12078.

(43) Karan, C. K; Bhattacharjee, M. Self-Healing and Moldable
Metallogels as the Recyclable Materials for Selective Dye Adsorption
and Separation. ACS Appl. Mater. Interfaces 2016, 8, 5526—S5535.

(44) Sengupta, S; Mondal, R. A Novel Gel-Based Approach to
Wastewater Treatment-Unique One-Shot Solution to Potentially
Toxic Metal and Dye Removal Problems. J. Mater. Chem. A 2014, 2,
16373—16377.

(45) Abramian, L.; El-Rassy, H. Adsorption Kinetics and
Thermodynamics of Azo-Dye Orange II onto Highly Porous Titania
Aerogel. Chem. Eng. ]. 2009, 150, 403—410.

(46) Maatar, W.; Alila, S.; Boufi, S. Cellulose Based Organogel as an
Adsorbent for Dissolved Organic Compounds. Ind. Crop. Prod. 2013,
49, 33—42.

(47) Pourjavadi, A,; Doulabi, M; Soleyman, R. Novel Carbon-
Nanotube-Based Organogels as Candidates for Oil Recovery. Polym.
Int. 2013, 62, 179—183.

(48) Vintiloiu, A.; Leroux, J. C. Organogels and Their Use in Drug
Delivery - A Review. J. Control. Release 2008, 125, 179—192.

(49) Sanjeevi Prasath, S.; Brijitta, J.; Tata, B. V. R; Joshi, R. G;
Chennakesavulu, K.; Gupta, D. K. Optical and Rheological Studies on
Weak Gel-Sol Transition in Aqueous Solutions of Poly(N-
Isopropylacrylamide)-Block-Polystyrene. Express Polym. Lett. 2017,
11, 589-599.

(50) Dan, M; Huo, F.; Zhang, X.,; Wang, X.; Zhang, W. Dispersion
RAFT Polymerization of 4-Vinylpyridine in Toluene Mediated with
the Macro-RAFT Agent of Polystyrene Dithiobenzoate: Effect of the
Macro-RAFT Agent Chain Length and Growth of the Block

4006

Copolymer Nano-Objects. J. Polym. Sci, Part A: Polym. Chem.
2013, 51, 1573—1584.

(51) Lee, J. M;; Lee, B. H; Choe, S. The Effect of Polystyrene-
Block-Poly(4-Vinylpyridine) Prepared by a RAFT Method in the
Dispersion Polymerization of MMA. Polymer 2006, 47, 3838—3844.

(52) Pham, K. N.; Egelhaaf, S. U; Moussaid, A.; Pusey, P. N.
Ensemble-Averaging in Dynamic Light Scattering by an Echo
Technique. Rev. Sci. Instrum. 2004, 75, 2419—2431.

(53) Pedersen, J. S.; Gerstenberg, M. C. Scattering Form Factor of
Block Copolymer Micelles. Macromolecules 1996, 29, 1363—1365.

(54) Nunes, S. P; Behzad, A. R; Hooghan, B.; Sougrat, R;
Karunakaran, M.; Pradeep, N.; Vainio, U,; Peinemann, K. V.
Switchable PH-Responsive Polymeric Membranes Prepared via
Block Copolymer Micelle Assembly. ACS Nano 2011, S, 3516—3522.

(55) Hyun, K.; Nam, J. G.; Wilhellm, M.; Ahn, K. H.; Lee, S.J. Large
Amplitude Oscillatory Shear Behavior of PEO-PPO-PEO Triblock
Copolymer Solutions. Rheol. Acta 2006, 45, 239—249.

(56) Hamley, I. W.; Pople, J. A; Fairclough, J. P. A; Ryan, A. J;
Booth, C.; Yang, Y. W. Shear-Induced Orientational Transitions in the
Body-Centered Cubic Phase of a Diblock Copolymer Gel. Macro-
molecules 1998, 31, 3906—3911.

(57) Frohm, B.; Denizio, J. E.; Lee, D. S. M.; Gentile, L.; Olsson, U.;
Malm, J; Akerfeldt, K. S; Linse, S. A Peptide from Human
Semenogelin i Self-Assembles into a PH-Responsive Hydrogel. Soft
Matter 2015, 11, 414—421.

(58) Rayaroth, M. P.; Aravind, U. K; Aravindakumar, C. T.
Sonochemical Degradation of Coomassie Brilliant Blue: Effect of
Frequency, Power Density, PH and Various Additives. Chemosphere.
2015, 848—85S.

(59) Kim, S. H.; Choi, P. P. Enhanced Congo Red Dye Removal
from Aqueous Solutions Using Iron Nanoparticles: Adsorption,
Kinetics, and Equilibrium Studies. Dalton Trans. 2017, 46, 15470—
15479.

(60) Yaneva, Z.; Georgieva, N. Insights into Congo Red Adsorption
on Agro-Industrial Materials- Spectral, Equilibrium, Kinetic, Thermo-
dynamic, Dynamic and Desorption Studies: A Review. Int. Rev. Chem.
Eng. 2012, 4, 127—146.

(61) Guo, Z.; Chen, Q; Gu, H.; He, Z.; Xu, W.; Zhang, J.; Liu, Y,;
Xiong, L.; Zheng, L.; Feng, Y. Giant Microgels with CO2-Induced
On-Off, Selective, and Recyclable Adsorption for Anionic Dyes. ACS
Appl. Mater. Interfaces 2018, 10, 38073—38083.

(62) Kang, J. K; Cho, E. J.; Han, W. S,; Jeong, L. Y.; Jung, J. H.; Lee,
S. J. Terpyridine-Based Smart Organic—Inorganic Hybrid Gel as
Potential Dye-Adsorbing Agent for Water Purification. Tetrahedron
Lett. 2007, 49, 1076—1079.

(63) Mandal, B.; Ray, S. K. Synthesis of Interpenetrating Network
Hydrogel from Poly(Acrylic Acid-Co-Hydroxyethyl Methacrylate)
and Sodium Alginate: Modeling and Kinetics Study for Removal of
Synthetic Dyes from Water. Carbohydr. Polym. 2013, 98, 257—269.

(64) Kar, T.; Debnath, S.; Das, D; Shome, A; Das, P. K.
Organogelation and Hydrogelation of Low-Molecular-Weight Am-
phiphilic Dipeptides: PH Responsiveness in Phase-Selective Gelation
and Dye Removal. Langmuir 2009, 25, 8639—8648.

(65) Mohar, M.; Das, T. Phenylalanine-Based Low-Molecular-
Weight Gelator for the Removal of Metal Ions and Dyes from
Wastewater. Soft Mater. 2019, 17, 328—341.

(66) Sar, P; Roy, S. G; De, P.; Ghosh, S. Synthesis of Glutamic Acid
Derived Organogels and Their Applications in Dye Removal from
Aqueous Medium. Macromol. Mater. Eng. 2020, 305, No. 1900809.

https://doi.org/10.1021/acs.langmuir.1c00288
Langmuir 2021, 37, 3996—4006


https://doi.org/10.1016/j.matlet.2015.10.148
https://doi.org/10.1186/s11671-016-1252-9
https://doi.org/10.1186/s11671-016-1252-9
https://doi.org/10.1186/s11671-016-1252-9
https://doi.org/10.1186/s11671-016-1252-9
https://doi.org/10.1021/acsami.9b01648
https://doi.org/10.1021/acsami.9b01648
https://doi.org/10.1021/acsami.9b01648
https://doi.org/10.1016/j.ultsonch.2012.11.010
https://doi.org/10.1016/j.ultsonch.2012.11.010
https://doi.org/10.1016/j.ultsonch.2012.11.010
https://doi.org/10.1039/b905985g
https://doi.org/10.1039/b905985g
https://doi.org/10.1039/b905985g
https://doi.org/10.1016/j.jiec.2008.07.007
https://doi.org/10.1016/j.jiec.2008.07.007
https://doi.org/10.1021/acsami.9b01129
https://doi.org/10.1021/acsami.9b01129
https://doi.org/10.1021/acsami.9b01129
https://doi.org/10.1039/d0en01042a
https://doi.org/10.1039/d0en01042a
https://doi.org/10.1039/d0en01042a
https://doi.org/10.1016/j.jcis.2019.08.108
https://doi.org/10.1016/j.jcis.2019.08.108
https://doi.org/10.1016/j.molliq.2019.112048
https://doi.org/10.1016/j.molliq.2019.112048
https://doi.org/10.1016/j.molliq.2019.112048
https://doi.org/10.1021/acsomega.8b01984
https://doi.org/10.1021/acsomega.8b01984
https://doi.org/10.1021/acsami.5b09831
https://doi.org/10.1021/acsami.5b09831
https://doi.org/10.1021/acsami.5b09831
https://doi.org/10.1039/c4ta03919j
https://doi.org/10.1039/c4ta03919j
https://doi.org/10.1039/c4ta03919j
https://doi.org/10.1016/j.cej.2009.01.019
https://doi.org/10.1016/j.cej.2009.01.019
https://doi.org/10.1016/j.cej.2009.01.019
https://doi.org/10.1016/j.indcrop.2013.04.022
https://doi.org/10.1016/j.indcrop.2013.04.022
https://doi.org/10.1002/pi.4274
https://doi.org/10.1002/pi.4274
https://doi.org/10.1016/j.jconrel.2007.09.014
https://doi.org/10.1016/j.jconrel.2007.09.014
https://doi.org/10.3144/expresspolymlett.2017.56
https://doi.org/10.3144/expresspolymlett.2017.56
https://doi.org/10.3144/expresspolymlett.2017.56
https://doi.org/10.1002/pola.26527
https://doi.org/10.1002/pola.26527
https://doi.org/10.1002/pola.26527
https://doi.org/10.1002/pola.26527
https://doi.org/10.1002/pola.26527
https://doi.org/10.1016/j.polymer.2006.03.033
https://doi.org/10.1016/j.polymer.2006.03.033
https://doi.org/10.1016/j.polymer.2006.03.033
https://doi.org/10.1063/1.1753105
https://doi.org/10.1063/1.1753105
https://doi.org/10.1021/ma9512115
https://doi.org/10.1021/ma9512115
https://doi.org/10.1021/nn200484v
https://doi.org/10.1021/nn200484v
https://doi.org/10.1007/s00397-005-0014-x
https://doi.org/10.1007/s00397-005-0014-x
https://doi.org/10.1007/s00397-005-0014-x
https://doi.org/10.1021/ma971561m
https://doi.org/10.1021/ma971561m
https://doi.org/10.1039/c4sm01793e
https://doi.org/10.1039/c4sm01793e
https://doi.org/10.1016/j.chemosphere.2014.08.037
https://doi.org/10.1016/j.chemosphere.2014.08.037
https://doi.org/10.1039/c7dt02076g
https://doi.org/10.1039/c7dt02076g
https://doi.org/10.1039/c7dt02076g
https://doi.org/10.1021/acsami.8b13448
https://doi.org/10.1021/acsami.8b13448
https://doi.org/10.1016/j.tetlet.2007.11.212
https://doi.org/10.1016/j.tetlet.2007.11.212
https://doi.org/10.1016/j.carbpol.2013.05.093
https://doi.org/10.1016/j.carbpol.2013.05.093
https://doi.org/10.1016/j.carbpol.2013.05.093
https://doi.org/10.1016/j.carbpol.2013.05.093
https://doi.org/10.1021/la804235e
https://doi.org/10.1021/la804235e
https://doi.org/10.1021/la804235e
https://doi.org/10.1080/1539445X.2019.1600548
https://doi.org/10.1080/1539445X.2019.1600548
https://doi.org/10.1080/1539445X.2019.1600548
https://doi.org/10.1002/mame.201900809
https://doi.org/10.1002/mame.201900809
https://doi.org/10.1002/mame.201900809
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00288?rel=cite-as&ref=PDF&jav=VoR

Surfaces and Interfaces 21 (2020) 100800

ELSEVIER

Contents lists available at ScienceDirect
Surfaces and Interfaces

journal homepage: www.sciencedirect.com/journal/surfaces-and-interfaces

Check for

Temperature Responsive Poly(N-isopropylacrylamide-block-styrene) Block [
Copolymer Coatings with Tunable Hydrophilicity

Sanjeevi Prasath Sridhar“, Ajith Kumar Soman *", Tripura Sundari Sankaran ¢,

Saravanan Chandran?, Brijitta Joseph *

& Centre for Nanoscience and Nanotechnology, Sathyabama Institute of Science and Technology, Chennai 600 119, Tamil Nadu, India
b Centre of Excellence for Energy Research, Sathyabama Institute of Science and Technology, Chennai 600 119, Tamil Nadu, India
¢ Surface and Nanoscience Division, Indira Gandhi Centre for Atomic Research, Homi Bhabha National Institute, Kalpakkam 603 102, Tamil Nadu, India

ARTICLE INFO ABSTRACT

Keywords:
Responsive polymer
Block copolymer
Contact angle
Spectroscopy

Films

Responsive polymers have been explored for both fundamental and applied studies due to their ability to un-
dergo conformational and chemical changes upon receiving an external stimulus. In this work, we report the
wetting behavior of thermoresponsive poly(N-isopropylacrylamide-block-styrene) diblock copolymer films,
below and above the lower critical solution temperature of poly(N-isopropylacrylamide) studied using contact
angle measurements. The water contact angle determined for the 2 wt% films at 27°C is found to be 24° and 57°

at 40°C. Though the water contact angle showed a systematic increase with increasing temperature, it never
crossed to the hydrophobic domain. This infers that the PNIPAM chains lie in the corona of the poly(N-iso-
propylacrylamide-block-styrene) micelles. Here, we show that a temperature tunable surface can be obtained by
coating a surface with poly(N-isopropylacrylamide-block-styrene) block copolymer; however, the response lies
within the limits of hydrophilicity.

1. Introduction

Responsive polymers based on poly(N-isopropylacrylamide) (PNI-
PAM) exhibits solubility changes in response to external stimuli such as
temperature, pH, ionic strength, osmotic pressure, etc.'”. The response,
in particular, the temperature (T), lies in the architecture of the
monomer-isopropylacrylamide, which has a hydrophilic amide linkage
and a hydrophobic isopropyl group. Below the lower critical solution
temperature (LCST), the amide groups on the PNIPAM chains form
hydrogen bonds water and favours polymer-solvent (water) interaction.
Above the LCST of PNIPAM, the hydrogen bonding between water and
the amide groups is broken; this increases the entropy of the system
resulting in favorable polymer-polymer interactions. Thus the juxtapo-
sition of the transition in hydrogen bonding ability below and above the
LCST of PNIPAM with other polymers in block copolymer systems will
allow for developing surfaces that can exhibit controllable switchable
wetting characteristics. The advantage of coating surfaces with block
copolymers is, the combination of the different properties of the blocks
and the formation of new morphologies that depend on conditions like

T, solvent conditions, chemical composition, nature of the surface, etc.
Thus, polymers with switchable wettability (manipulating hydrophilic-
ity and hydrophobicity) will have applications in smart coatings, tex-
tiles, sensors, etc. The wetting behavior of a surface can be determined
by measuring the water contact angle. Four different surfaces can be
recognized based on the incongruous behavior of water on a solid sur-
face. If the water contact angle (¢) made with the surface is 9 = 10 < 90,
then the surface is hydrophilic; if § = 90 > 150, then it is a hydrophobic
surface and if 6 = 0 < 10 and 6 = 150 > 180, the surfaces are termed
superhydrophilic and superhydrophobic respectively®.

The choice of selecting monomers that can be coupled to PNIPAM
and thus forth forming block copolymers with switchable wettability lies
in the polymer architecture. Controlled radical polymerization tech-
niques, such as atom transfer radical polymerization (ATRP), nitroxide-
mediated polymerization (NMP), and reversible addition-fragmentation
chain transfer (RAFT) has enabled the facile synthesis of a variety of
responsive block copolymers’ '*. RAFT polymerization is interesting as
it yields controlled block copolymers with a predefined and narrow
range of molecular weights'® than conventional free radical
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polymerization conditions and is compatible with a wide range of
monomers.

In a previous study, we reported the synthesis of low molecular
weight  poly(N-isopropylacrylamide)-b-polystyrene  (PNIPAMg7-b-
PS,7)'C. Light scattering studies have shown that micelles are formed in
0.005 wt% in aqueous solutions. We also observed a weak-gel and a sol
state below and above the LCST, respectively. Below the LCST (31.6°C)
of the polymer, the weak gel state arises from the entanglement of mi-
celles with one another, whereas disentanglement of the micelles above
the LCST results in viscoelastic liquid behaviour. In this work, we syn-
thesized poly(N-isopropylacrylamide)-block-polystyrene (PNI-
PAM;96-b-PSqp) by RAFT polymerization and fabricated a surface by dip
coating on glass substrates. By investigating the wetting characteristics
of the PNIPAM; g6-b-PSq thick films as a function of temperature, here
we show that the films can serve as switchable wetting surfaces within
the limits of hydrophilicity.

2. Experimental Section
2.1. Chemicals

N-isopropylacrylamide (NIPAM, 97%), styrene (99%), 2,2'-azobis(2-
methylpropionitrile) (AIBN, 98%), 1,4-dioxane (99.8%) and 2-(dode-
cylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT) (98%)
were purchased from Sigma Aldrich. NIPAM was recrystallized in n-
hexane before use. Styrene was purified before use to remove the sta-
bilizer 4-tert-butylcatechol. All glassware was precleaned and dried
before use.

2.2. Synthesis of poly (N-isopropylacrylamide-block-styrene)
(PNIPAM96-b-PSop)

PNIPAM-b-PS was synthesized as described previously'’. In brief, the
macro poly(N-isopropylacrylamide)-chain transfer agent (PNI-
PAM-CTA) was prepared by dissolving a 325:6:1 ratio of NIPAM,
DDMAT, and AIBN in 10 mL of 1,4-dioxane. This solution was degassed
by three freeze-pump-thaw cycles and reacted at 70°C for 60 hrs under
nitrogen atmosphere. After polymerization, the reaction mixture was
cooled to room temperature and precipitated from cold ether and pu-
rified thrice by thorough washing using cold water/hexane mixture.
Next, the PNIPAM-b-PS was synthesized using macro PNIPAM-CTA,
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styrene, and AIBN in the ratio 300:7:1, dissolved them in 1, 4-dioxane
and polymerized at 70°C for 24 hrs. The trithiocarbonate group (CTA)
was removed from the polymer by treating it with hydrogen peroxide for
2 hours and purified thrice by thorough washing using cold water/-
hexane mixture. The synthesis of the PNIPAM-b-PS block copolymer
outlined in scheme 1 includes the sequential RAFT synthesis of the
PNIPAM-CTA, PNIPAM-b-PS-CTA and CTA terminated PNIPAM-b-PS
block copolymer.

2.3. Film preparations

Clean glass substrates were prepared by soaking them in aqua regia,
followed by washing in ultrapure water. Different weight fractions (1, 2,
and 5wt/wt%) of the PNIPAM-b-PS copolymer were dissolved in water
and deposited on the glass substrate by dip-coating. Films were dipped
and pulled out with a uniform pulling rate of 10 mm/s, allowing a dry
time of two minutes after every dip. After the deposition, the films were
dried at 25°C for 12 hours; the dried films were stored under vacuum.

3. Characterization Techniques

The proton nuclear magnetic resonance (lH NMR) spectra were
recorded on a JEOL 400 MHz NMR spectrometer using CDCl3 as a sol-
vent. The molecular weight of the homopolymer and diblock copolymer
and the polydispersity indices were determined from advanced polymer
chromatography (APC) (ACQUITY, Waters) using DMF as the eluent at
the flow rate 0.5 mLmin~! and polymethylmethacrylate (PMMA) as the
calibration standard. Fourier transform infrared (FTIR) spectra of the
polymers were recorded on a Bruker Instrument (USA) using the KBr
pellet technique. Thermogravimetric Analysis (TGA) on the PNIPAM-b-
PS block copolymer was carried out using a TGA/SDTA851e thermog-
ravimetric analyzer (Mettler Toledo, Switzerland). The temperature was
varied from 40 to 600 C at a heating rate of 10 C /min. Raman spec-
troscopy (Renishaw, InVia Reflex confocal Raman Microscope, UK). The
spectra were recorded using an excitation wavelength of 512 nm with
1800 mm™! grating coupled with an optical microscope (Leica, Ger-
many) under ambient conditions. The film thickness was measured
using a stylus Profilometer (Dektak XT, Bruker, USA). AFM imaging is
carried out with a NTEGRA Prima NT-MDT system (Ireland) at 25°C
using the tapping mode. The contact angle variation with temperature
was measured by the sessile liquid drop method using a KRUSS advance
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Scheme 1. Sequential RAFT synthesis of PNIPAM-CTA, PNIPAM-b-PS-CTA, and CTA terminated PNIPAM-b-PS block copolymer.
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drop size analyzer (DSA)-100 (Germany) with a temperature-controlled
environmental chamber.

4. Results and Discussion

PNIPAM-CTA and PNIPAM-b-PS were synthesized by RAFT poly-
merization technique using DDMAT as the RAFT agent and AIBN as the
initiator. Figure 1a shows the 'H NMR spectrum of PNIPAM-CTA and
PNIPAM-b-PS recorded under the same instrumental conditions. The
chemical shifts of the RAFT terminal of PNIPAM-CTA occur at 0.99-1.30
(m, 3H, -CH3), 1.39-2.25 (m, -CH (CH3), and -CH2-CH- on the polymer’s
main chain), 3.1-3.77 (-CH5S), 3.96 (s, -NHCH (CH3)5); whereas for the
PNIPAM-b-PS block copolymer in addition to the above chemical shifts,
shifts at 0.9-3.5 (m, -CH (CHs)z and -CH3-CH- on the polymer’s main
chain), 3.97 (s, -NHCH (CH3)2), 6.07-7.1 (m, C¢Hs of styrene) were
detected. From the FTIR spectrum (Fig. 1b), the formation of PNIPAM-
CTA is confirmed by the peaks at 1070-1246 cm ' (stretching vibra-
tion of C=S and -C-S-C-), the peak at 1640 cm ' shows the secondary
amide C=0 of the acid group (COOH) and the CHs; asymmetric
stretching vibration bands appear at 2970 cm™!. The peaks at 3292
em™! correspond to the secondary amide N-H stretching cm™. The
peaks identified at 615 -879 cm ™! (aromatic C-H bending), 1500 - 1700
em™! (aromatic C=C bending), CH, asymmetric and symmetric tension
at 2875 - 2976 cm™ b and the peaks at 3076 cm~!(C-H aromatic tension)
confirms the formation of PNIPAM-b-PS. The molecular weight of the
PNIPAM-CTA and PNIPAM-b-PS obtained from APC analysis was found
to be 22.5 KDa and 31.9 KDa, respectively. The details of the molecular
weight and related calculations are shown in table 1, and the APC curves
are given in Fig.S1. The theoretical molecular weight, My (theory), iS
calculated using equation (1).

M, (theory) = X Mumono X conversion + Mcra (€H)

where [M]g and [CTA]q are the initial concentration of the monomer
and CTA, Mpono, and Mcra are the molecular weight of the monomer
and CTA, respectively. The degree of polymerization calculated based on
the molecular weights indicates about 196 PNIPAM and 90 PS blocks.
The PNIPAM-b-PS is thusr referred to as PNIPAM; 9¢-b-PSq in this paper.

The bonding characteristics of PNIPAM-CTA and PNIPAM;g6-b-PSgg

(a) . PNIPAM-CTA
a b ¢ 4 f
. e« CH
CH; (H;C)yoCH, s\ﬁ/s\l\/t?\;ﬁgm_, ah
S o= 3
h

Intensity (a.u)

Chemical Shift (ppm)

Transmittance (%)
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Table 1
Molecular weight of PNIPAM-CTA and PNIPAM;g4-b-PSgo
Polymers [M]o:[CTAly:  Time Conv. Ma, (kg mol) Pe
[o ) (%) My, M,
theory APC
PNIPAM-CTA 325:6:1 24 92.5 24.3 22.5 1.02
PNIPAM; 9¢-b- 300:100:1 24 62.0 51.4 31.9 1.05
PSqo

be (My/M,) determined by APC analysis. (M,-weight average molecular
weight; My-number average molecular weight).

were investigated by Raman spectroscopy and is shown in Fig. 2. The
strong bands at ~2950 cm~ ! and ~2890 cm™! are assigned to the
symmetric and asymmetric CHy valence vibrations, respectively. The
sharp peak at ~1012 cm™ " is assigned to the aromatic ring and C-H
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Figure 2. Raman spectra of PNIPAM-CTA and PNIPAM;g6-b-PSgo

diblock copolymer
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Figure 1. (a) 'H NMR spectrum of PNIPAM-CTA and PNIPAM, gg-b-PSqq, (b) FTIR spectrum of the PNIPAM, og-b-PSqo diblock copolymer.
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breathing mode. The intense bands at 1447 cm ! (C-C=0), 1650 cm !
(N-H,bending), and 1720 em™! (C=0, stretching) confirms the presence
of the amide group in both the polymers. It is interesting to note here
that the N-H stretching vibration band has overlapped with the O-H
stretching bands; this is because both the bands fall under the same
range of stretching frequencies. The spectrum also evidenced the pres-
ence of aromatic polystyrene at 1645 cm ™!, which emanates from the
C=C (ring) bonding in styrene.

The Raman spectra of PNIPAM-CTA shows additional vibration
modes at ~389 cm ™! (C-S symmetric), 470 em ! (C-S stretching) for the
dithioester functional group in the polymer. However, we see an
absence/weak intensity for the above Raman lines for the PNIPAM; g6-b-
PSgp polymer. This indicates that the polymer has no CTA group left
after treating it with hydrogen peroxide. The shift in the frequency of the
characteristic bands connected with the amide groups can thus help to
elucidate the change in their physical structure. Interestingly, a slight
frequency shift corresponding to the amide functional group (1650 cm ™!
N-H-bending, 1720 em~! C=0) of the PNIPAM196-b-PSqg towards lower
wave number suggested that the molecule can be influenced by the
water molecules (H-O-H) on the surface. It is reported that amide
vibrational modes may strongly influence the intermolecular in-
teractions between the amide bond and surface H/O bonding of water. It
is suggested that the hydrogen bonds also selectively affect the confor-
mational changes of the amide group as the relative intensities of PNI-
PAM;96-b-PSgg polymer dominated over PNIPAM-CTA. The observation
has a good agreement with Dybal et al.'®; they suggested that hydrogen
bonding affects the more extended CO-H-N bond, which shifts the
stretching frequency to the lower region. As the Raman experiments
were carried out under an ambient atmosphere (~21°C, 48% humidity),
the water molecules present as moisture can interact with the active
amide functional group in the PNIPAM film. It is reported that nearly
65% of the amide groups can maintain hydrogen bonding with atmo-
spheric water'®. Therefore, the relative Raman intensities of the PNI-
PAM-b-PS dominated over PNIPAM-CTA due to the weak intermolecular
interactions between the amide groups and water molecules in the
dip-coated film.

The thermal stability of the block copolymer was evaluated by TG
and DTG studies. The TG and DTG curves obtained by the thermal
degradation of the PNIPAM;g6-b-PSgy polymer are shown in Figure. 3.
The decomposition curve of the PNIPAM;gs-b-PSg( exhibits a multistep
decomposition mechanism. The first step occurs with a mass loss of
approximately 11% in the temperature range of 25 to 200 °C. The sec-
ond and third steps were observed in the temperature range between
325 °C to 525 °C, with a mass loss of 84%. Charlene et al'” reported that
the PNIPAM decomposed in a single step in the range of 325 °C to 450

100

——TG Curve
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Figure 3. TG-DTG curves obtained by the thermal degradation of PNIPAM; g¢-
b-PSgg block copolymer.
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°C. In our study, the decomposition follows multistep, and this confirms
the presence of styrene molecule in the main chain of the polymer.
Next, we prepared polymer films by dip-coating on precleaned glass
substrates; the concentration of the polymer used for dip-coating is 1, 2,
and 5 wt/wt%, respectively. The average thickness of the films was
measured using a stylus profilometer. Here, the thickness of the film is
taken as the difference in height between the uncoated surface and the
coated surface. The thickness variation of the PNIPAM;j9g-b-PSgg block
copolymer film with dipping is shown in Fig. 4. Visual as well as surface
profiling inspection of the film showed that the 1 wt/wt% polymer had
an uneven distribution of the polymer, and the 2 wt/wt% sample had an
even thickness throughout the scanned regions of the sample. The 5 wt/
wt% films had an uneven distribution of film thickness, and this we
assume could be due to the non-uniform drying of the sample as the
viscosity of the sample was high compared to the 2 wt/wt% sample.
The surface morphology of the 1, 2, and 5wt% block copolymer film
surface was investigated by AFM and is shown in Figure 5. Though we
did not observe any phase segregation, the 1 and 5 wt% films had a non-
uniform surface (Fig. 5a, ¢) with a surface roughness 0.30 nm + 0.25nm
and 1.63 nm + 0.51nm respectively. The image (Fig. 5b) of the 2 wt%
films with 10 dips shows a uniformly coated homogeneous surface with
a good coating coverage and with no evidence of phase segregation of
the PNIPAM and PS blocks. The surface roughness of the 2 wt% films is
found to be 0.41 nm + 0.02nm. After ensuring the homogeneity, the
thermoresponsive PNIPAM;g6-b-PSqq surface coating is assessed by the
water contact angle (CA) measurement using the sessile drop method
(Fig 6). Multi-layered dip-coating will increase the uniformity and
thickness of deposited films. The investigated films were obtained by 10
dips and are used for the contact angle studies. If the thickness of the
films is less, we observed that the water droplet quickly penetrates the
film, and even after attaining equilibrium swelling, the water contact
angle measured was not a reliable value. In the case of films with 7-8um
thickness, the films retained the water droplet, and the measured con-
tact angle was almost the same, even in different regions of the film.
Equilibrium condition is achieved by immersing the films in water
for 2 hours. The contact angle measurements were performed by placing
100 pL of water on the films and the films were monitored for their
swelling. Ten independent measurements were made by placing the
water droplet on the film surface, and the average contact angle values
are provided. The contact angles for the 1, 2, and 5wt% measured at
various temperatures are given below (Fig 6). The contact angle
measured for the 2 and 5wt% samples were similar; however, the 1wt%
had a significant error of +-8°. This we assume could be because of the

18
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Figure 4. Film thickness change with the number of dipping for the PNI-
PAM,94-b-PSqp at different polymer concentrations.
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Figure 5. 3D AFM images of the PNIPAM;94-b-PSgo block copolymer films recorded in tapping mode at 25 °C for the 1, 2, and 5wt% films which were dipped

10 times.
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Figure 6. Equilibrium water contact angle of the 1, 2, and 5wt% PNIPAM]; g¢-b-
PSg films as a function of temperature.

uneven film thickness, where the water dropped on the surface could
easily move through the pores of the film. The 2 and 5 wt/wt% films had
an average thickness of 10 and 14 um, and it was observed that at this
film thickness, the contact angle measured is free of any influence from
the substrate. Below LCST, the water contact angle is found to be 19.5°
at 27°C; whereas above the LCST, the CA increased to about 57° at 40°C.
Unlike the sudden and sharp transition observed across the LCST, we
instead observed only a gradual increase in the water CA from 27 to 40
°C. For the 5wt% films, the CA was ~ 20° at 27°C; whereas above the
LCST, the CA increased to about 61° at 40°C.

In temperature, and pH-sensitive poly(N-isopropylacrylamide)-
block-poly(4-vinylpyridine) (PNIPAM-b-P4VP) block copolymer, mi-
celles with PNIPAM corona and a P4VP core was formed when the
temperature was lower than the LCST and pH was above 4.7'%. In the

case of poly(N-isopropylacrylamide)-b-poly(acrylic acid) (PNI-
PAM-b-PAA), at pH < 4.5 and at T< LCST, the PAA chains in the micelles
forms the core, and PNIPAM forms the corona. However, at pH > 4.5
and at T> LCST, the PNIPAM chains turn hydrophobic and forms the
core, whereas the PAA chains form the corona'®. In a previous study, we
reported that poly(N-isopropylacrylamide-b-styrene) (PNI-
PAMg7-b-PS57) diblock copolymer could form micelles beyond a critical
concentration'’. The critical micelle concentration was 0.005 wt/wt%,
and the hydrodynamic diameter of the micelles was 85.2 + 5.66 nm at
25 °C. In the block copolymer micelles, if the PNIPAM chains lie in the
corona, then an inclement possibility of these chains to form hydrogen
bonds with the surrounding solvent molecules arises and exhibit
swelling changes with change in the solvent temperature.

Here, we present evidence that the PNIPAM chains form the corona
in the PNIPAM;96-b-PSg micelles below and above the LCST. A hydro-
phobic angle is expected if the polystyrene chains are in the corona.
Nevertheless, we observed only a hydrophilic contact angle even above
the LCST of the PNIPAM polymer. Though the monomer NIPAM has an
isopropyl group, it tends to concentrate near air and other hydrophobic
phases; however, the PNIPAM polymer all together presents only hy-
drophilic domains to water”’. In the micelles below the LCST, the PNI-
PAM chains can associate with the water molecules forming hydrogen
bonds. Though increasing the temperature beyond the LCST lowers the
chain association of PNIPAM to the water molecules due to compaction;
still, the PNIPAM moiety stays hydrophilic, as evidenced by the hydro-
philic contact angle of 57° at 40°C (Fig 6). The PNIPAM;jqs-b-PSgg
coatings thus present a temperature tunable hydrophilic surface.

5. Conclusion

In summary, the PNIPAM;96-b-PSqp block copolymer was synthe-
sized by RAFT polymerization and characterized it for the structure,
molecular weight, and wetting nature. We developed a polymer film
from PNIPAM;g96-b-PSgy block copolymer via dip coating on glass
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substrates and studied the film’s wetting behaviour as a function of
temperature and achievied tunable and controlled wettability. The
water contact angles of the block copolymer films measured as a func-
tion of temperature from 27°C to 40°C showed only hydrophilic contact
angles. The films used in this study offer a stable and peel-free surface
even after wetting. Our studies present evidence for the core-corona
nature of the micelles formed by the PNIPAM;g4-b-PSgy block copol-
ymer with the PNIPAM chains forming the corona and the PS chains
staying in the core.
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