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Random copolymer gels of N-isopropylacrylamide
and N-ethylacrylamide: effect of synthesis solvent
compositions on their propertiest

Qiao Wang,? Chandra Sekhar Biswas,?® Massimiliano Galluzzi,?® Yuhang Wu,?
Bing Du* and Florian. J. Stadler*®

Random copolymer gels of N-isopropylacrylamide (NIPAM) and N-ethylacrylamide (NEAM) were
synthesized using a 1 : 1 monomer molar ratio in different methanol-water (x,, = 0, 0.06, 0.13, 0.21, 0.31
0.43, 0.57, 0.76, where x., = mole fraction of methanol) mixtures. The samples were characterized using
different techniques like Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), swelling ratio measurements, deswelling kinetics study, atomic force microscopy (AFM), and
rheology. We found that, with the variation of the solvent composition (methanol-water mixtures) the
properties of the gels varied significantly. These results can be explained on the basis of the interactions
of the two different kinds of monomers with different methanol-water mixtures, their different kinds of
thermoresponsiveness and hydrophilicity, and their different cononsolvent properties toward methanol—

www.rsc.org/advances water mixtures.

Introduction

Thermo-responsive water-soluble poly(N-isopropylacrylamide)
(PNIPAM) has received significant attention due to its low crit-
ical solution temperature (LCST) (around 33 °C), as first re-
ported by Heskins and Guillet." PNIPAM undergoes phase
separation when increasing the temperature beyond the LCST
value, where the polymer chains change from a random coil to
a globular state.>” Phase separation can also happen when
a specific water-miscible organic solvent is mixed with water at
a certain range of compositions, for example, methanol,*®
ethanol,’®"* tetrahydrofuran (THF),"»** dimethyl sulfoxide
(DMSO),'*> known as cononsolvency,® a phenomenon where
a mixture of two good solvents behaves as a poor solvent for
a polymer at particular compositions. Winnik et al. studied
cononsolvency of linear PNIPAM chains in different methanol-
water mixtures and explored different aspects of cononsolvency
of PNIPAM in those solvents.”® Tanaka et al. studied con-
onsolvency of linear PNIAM in methanol-water mixture based
on a competitive hydrogen bond model formed between water-
polymer and methanol-polymer.’® Hore et al studied
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cononsolvency of linear PNIPAM in ethanol-deuterated water
mixture.”” Kojima et al. studied cononsolvency of PNIPAM
microgels in methanol-water mixture.”® Scherzinger et al
compared cononsolvency of PNIPAM (linear, microgel and
macrogel) in methanol-water mixtures.*®

Hofmeister® showed that salts in aqueous solution can have
a profound effect on solubility as well. In recent years, it was
reported that the physico-chemical properties of polymer solu-
tions (spectroscopic properties, viscosity, temperature depen-
dency, ...) change upon addition of salts.”** While at a first
glance the Hofmeister and cononsolvency effects are not related
to each other, they have several common points: (1) addition of
a second material in the solute leads to worsening (in case of
chaotrope materials) of the solubility, (2) the effect depends on
concentration and type of this additive. The clear difference
between these effects is that salts are not solvents themselves
and that they are ions in solution, thus, having particularly
strong interactions with ionic materials.

Due to its unique thermoresponsive properties, PNIPAM is the
most important thermo-responsive polymer. For this reason, it
became very important in applied fields like, bio-separation,*>¢
controlled release,” water capturing,® sensors,*** etc. There
are several reports available on PNIPAM gels and homopolymers.
Wu and Zhou reported the swelling properties of PNIPAM
microgels in water,” and phase transition in water of swollen
microgels.* Shirota et al. reported the effect of deuterium isotope
on phase transition temperature of PNIPAM gels prepared in
water.*® Kratz, et al. prepared PNIPAM microgels in water with
different cross-linker density and investigated their different
behavior at swollen and collapsed state in water by various
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methods.*® Lynch and Dawson investigated the effect of poly-
meric additives on pore size distribution and deswelling kinetics
of PNIPAM hydrogel in water.*” Liu et al. prepared PNIPAM
hydrogels by reversible addition fragmentation chain transfer
(RAFT) polymerizations, and investigated the swelling properties
in water.*® As porous structures are very important for swelling
properties and their applications, lots of efforts have been given
to synthesize them in water miscible organic solvents (con-
onsolvent medium), like methanol,>* ethanol,***' acetone,"**
1,4-dioxane,' THF,"” or DMSO.*

Recently, we reported the synthesis and characterization of
the PNIPAM hydrogels by tuning the stereoregularity of the
PNIPAM gels by using the rare earth Lewis acid Y(OTf); in
different methanol-water mixtures.*>**

Atomic force microscopy (AFM) is an effective instrument for
the characterization of mechanical properties of gels. There are
few studies regarding measurement of mechanical properties of
PNIPAM using AFM technique. Matzelle et al** used AFM tech-
nique to study the effect of cross-linking density on elastic prop-
erties in water of PNIPAM and polyacrylamide (PAM) hydrogels at
different temperatures. Goodman et al. reported AFM measure-
ment of polymer brushes of PNIPAM, poly(N,N-dimethylacryla-
mide) (PDMA), or poly(methoxyethylacrylamide) (PMEA) grafted
on polystyrene (PS) seed in sodium chloride solution and at pH =
7. Sui et al. used AFM technique to understand the effect of both
cononsolvency in methanol-water and grafting density on the
collapse dynamics of PNIPAM brushes.*

Rheology is another powerful tool for characterization of
mechanical and solution properties of polymers and gels. For
example, we can get the idea about their mechanical properties
from compression test. At the same time, we also get the
information about LCST by measuring the temperature sweep
experiment.””"* Puleo et al. investigated rheological properties
of PNIPAM crosslinked hydrogel in water.*® One of our group
studied rheological properties of supramolecular gel based on
NIPAM and catechol acrylamide copolymer in water.>*

PNEAM is another important thermoresponsive polymer in
the family of N-alkylacrylamides, which shows an LCST in water
in a wide range of temperatures, e.g. in between 62 °C and 82 °C
(there is some literature disagreement on the exact LCST and
possibly there are additional factors influencing the LCST of
PNEAM, which have not been discovered so far).**** Although it is
not as studied as PNIPAM so far, still there are many researchers
are interested about it due to its growing importance nowadays.
Lowe et al. investigated physio-chemical properties of PNEAM
microgels in water in absence or presence of sodium chloride in
water.” Xue et al. investigated swelling behaviors, polymer-
solvent interaction parameters and elastic moduli of PNEAM
hydrogels in water with different cross-linking density.** Cai and
Gupta studied the properties of PNEAM hydrogels synthesized in
absence or presence of acrylic acid (AA) and NEAM copolymer
microgel particles and studied their application for lignin sepa-
ration.” Hirano et al. synthesized NEAM and N-n-propylacryla-
mide (NnPAM) copolymers with different stereoregularity in
toluene to investigate its effect on LCST.*® Savoji et al. synthesized
block random copolymers using NEAM and NnPAM with
different chemical composition, and investigated the phase
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transition behavior.”” They also reported the formation of
micelles in water with dually-responsive diblock random copol-
ymers consists of NEAM, NnPAM and 2-(diethylamino)ethyl
methacrylate.®® Nichifor and Zhu copolymerized styrene with
NEAM and studied their LCSTs with respect to chemical
composition, molecular weight and polymer concentration in
water.” Recently, the effect of stereoregularity on thermores-
ponsive properties was investigated for PNEAM gels prepared in
methanol-water mixtures,* and the effect of synthesis solvent
compositions on stereoregularity of PNEAM gels in presence of
Y(OTf); in methanol-water mixtures.**

So far to the best of our knowledge, there is no report con-
cerning synthesis of random copolymer gels using 1 : 1 NIPAM
and NEAM molar ratio in different compositions of methanol-
water mixtures. In this study, we synthesized a series of such
random copolymer gels and studied their swelling (deswelling,
cononsolvency, swelling ratio, etc.), morphological, mechanical,
and rheological properties in detail.

Experimental section

Materials

NIPAM (98%) was recrystallized from n-hexane. NEAM (Sigma-
Aldrich, 99%) was purified by passing through column
(neutral aluminum oxide filled). Methanol was dried and
distilled over calcium oxide. N,N,N',N'-Tetramethylethylenedi-
amine (TEMED, Aladdin, 98%), N,N'-methylenebisacrylamide
(BIS) and ammonium persulfate (APS) were used as received. All
chemicals are of analytical grade, and are purchased from
Macklin, Shanghai, China, unless specifically mentioned.
Double distilled water was used for all experiments.

Synthesis of copolymer gels

A slightly modified procedure was used based on literature:**°
three stock solutions were prepared: (i) an aqueous solution of
TEMED (107 mmol 17%); (ii) a methanolic solution of TEMED
(107 mmol 1™Y); and (iii) an aqueous solution of APS (84 mmol
1Y) was used to synthesize copolymer gels. First, required
amount of NIPAM, NEAM, BIS, water, methanol, TEMED solu-
tion (as specified in Table 1) were added to a 30 ml glass vial
fitted with a rubber septum. The solutions were purged with
nitrogen for 30 min and then immersed in a thermal bath
maintained at 10 °C. The APS solution in water (maintained at
10 °C) was also purged with N, for 30 min and then added to the
pre-gel mixture with degassed syringe, mixed them well
immediately by tilting the vials up and down and allowed them
to react at 10 °C for 12 hours. The prepared gels were cut into
small square types pieces (8 x 8 mm?®) having approximately
same size followed by dialysis in deionized water for 7 days to
remove all unreacted chemicals. After the dialysis, the gels were
dried under vacuum at 50 °C for 72 h. The conversion of the
obtained gels was determined gravimetrically.

FTIR characterization

FTIR spectra of the gels were taken in the range of 400-4000
em~ ' range by making pellet with KBr.

This journal is © The Royal Society of Chemistry 2017
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Surface morphology

Gels were first swollen in deionized water at 20 °C for 24 h to
reach the equilibrium swelling conditions. They were then
frozen in liquid nitrogen and freeze-dried in vacuo. The surface
morphology of these freeze-dried hydrogels were analyzed by
field emission scanning electron microscopy (FESEM,
HITACHI-SU-70, JAPAN) at 5 kV voltage.

Cononsolvency study

Cononsolvency study of different gels at different temperatures
were done by dipping the samples in different methanol-water
mixtures (x,, = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40,
0.45, 0.50, 0.55, 0.60, 0.80, and 1; where x,, = mole fraction of
methanol) for 24 h to get equilibrium swelling conditions were
measured gravimetrically. The swelling ratio (Ws/W,) was taken
as the ratio of the weight of the equilibrium swollen gel (W) to
that of the dried gel (Wy).

Temperature dependence of swelling ratio in water

Swelling ratios of the different hydrogels at 20, 25, 30, 35, 40, 43,
46, 50, 55, 60, 70, 80, and 85 °C were measured gravimetrically.
The pre-weighed dry gels (W4) were immersed into deionized
water at the desired temperatures for 24 h to reach its equilib-
rium state, their weights (W;) were taken after removing surface
water with moistened filter paper. Swelling ratio (SR) was
calculated using the ratio of W to Wy as:

SR = W/ W, (1)

Temperature dependent deswelling kinetics at 85 °C

Deswelling kinetics of the gels in water at 85 °C obtained after
immersing in water at 20 °C for 24 h were measured gravimet-
rically. The pre-weighed equilibrium swollen gel in water at
20 °C were quickly transferred into water at 85 °C. At definite
time intervals, the gels were taken out, wiped the surface water
out with moistened filter paper, weighed the gels (W), and
immerse the gels back in the water at 85 °C. Percentage of water
retention (WR) was calculated using following equations:

% of WR = 100 x (W, — W)l(Ws — Wy) (2)
Deswelling rate (DR) was calculated using eqn (3):

Rate of water release = (100 — WR)/¢ (3)

Measurements of mechanical properties by AFM

AFM measurements of the gels were performed using
a commercial AFM Dimension Icon (Bruker, USA) in Force
Volume (FV) mechanical imaging mode.”*® The mechanical
analysis on hydrogels series were performed with medium
resolution during imaging (64 x 64) but higher resolution in
force curves (4096 points), which allows for much clearer,
quantitative evidence. All samples were imaged, while being
immersed in deionized water at room temperature (7 = 23 °C).

RSC Adv., 2017, 7, 9381-9392 | 9383
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Spherical colloidal probes (Novascan) with 2500 nm radius and
spring constant k = 0.08 N m~ " were used for all measure-
ments. The exact geometry of every tip used in experiments was
analyzed by scanning electron microscopy. The elastic spring
constant was calibrated for each tip in air using thermal tuning
method.

Rheological properties

Rheological properties of the gels are measured by using an
Anton Paar MCR 302 rheometer using 8 mm parallel plates with
a Peltier temperature control device. Two types of measure-
ments were performed on the gels; temperature sweep and
compression test. For both measurements, the gels were
swollen first to obtain equilibrium conditions at respective
temperatures. For temperature sweep, the gels were glued
between the 8 mm parallel plates of the rheometer by superglue.
Next, the measurement vessel was filled with water, followed by
the temperature sweep from 1 °C to 90 °C and 90 °C to 1 °C at
a heating rate ¢ = 1 K min . For the compression tests at 20 °C,
i.e. well below the LCST of the gels, the gels were placed between
two 8 mm plates and compressed from an initial height of 3-4
mm until a final height of 0.1 mm at a speed of 0.01 mm s "
The experiment was stopped automatically, if the force excee-
ded 18 N, to avoid damage to the air bearing of the rheometer.
However, the force required for breaking all samples was
significantly below this threshold.

Result and discussion

Synthesis

The random copolymer gels of PNIPAM and PNEAM gel
synthesis conditions and their characterization data are given
in Table 1. The observed yields (%) were varied in between 65
and 98%. Conversion is low for the gels synthesized in the
presence of maximum methanol amount (x,, = 0.76, run X -,
Table 1). This may be due to the lower solubility of the initiator
APS in methanol-rich solvents. Appearance of the as prepared
hydrogels changed from transparent to translucent depending
on the solvent compositions. The observed transparency of the
gels X'y (pure PNIPAM gel synthesized in water), X, (copolymer
gel synthesized in water), X, s (copolymer gel synthesized in
0.06 mole fraction of methanol), X, 5, (copolymer gel synthe-
sized in 0.57 mole fraction of methanol), and X, ;¢ (copolymer
gel synthesized in 0.76 mole fraction of methanol), is due to the
homogeneous and highly solvated coiled conformation of
PNIPAM and PNEAM chains in the gel owing to the strong
interaction of polymer chains with the solvent. The observed
translucency of the gels X, 13 (copolymer gel synthesized in 0.16
mole fraction of methanol), X,.,; (copolymer gel synthesized in
0.21 mole fraction of methanol), X, 3, (copolymer gel synthe-
sized in 0.31 mole fraction of methanol), and X, 43 (copolymer
gel synthesized in 0.43 mole fraction of methanol), is due to the
effect of cononsolvency of both PNIPAM and PNEAM towards
these synthesis solvent compositions.

In Fig. 1, the FTIR spectra of all the gels are shown. From the
FTIR-spectra, we see that all the spectra are almost identical,
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indicating that all the gels have almost the same chemical
compositions. To confirm it further, we have also done
elemental analysis of the gels and it proves that all gels have
identical chemical compositions within the experimental
accuracy, as proven by the elements contents of C, N, O and H.
The C to N ratio is also identical within the experimental
accuracy in all cases and are very close to the expected value.
The figure is shown in Fig. SI1.}

Surface morphology and swelling at room temperature

The surface morphology of the gels is shown in Fig. 2. From the
morphology images it is evident that, the gel prepared in water
using pure NIPAM [Fig. 2(a), X,] does not show any visible pores,
as the synthesis is done in highly homogeneous solvent. The gel
synthesized using 1:1 NIPAM-NEAM (molar ratio) in pure
water (x, = 0) is slightly porous [Fig. 2(b), X,] due to presence of
NEAM owing to slightly different interactions with the solvent.
The gel synthesized at x,,, = 0.06 is also slightly porous due to
the presence of methanol in the synthesis solvent upon addition
to PNEAM [Fig. 2(c), Xo.06), due to cononsolvency on PNEAM and
PNIPAM alike. The gels, synthesized at x,,, = 0.13, 0.21 and 0.31
[Fig. 2(d), run X, 13; Fig. 2(e), run X, ,1; and Fig. 2(f), run X, 3,
respectively] show considerable porosity due the heterogeneity
of the solvent media during synthesis owing to the con-
onsolvency effect. Cononsolvency is prominent both for PNI-
PAM and PNEAM in these solvent compositions.**® This will be
described in the cononsolvency discussion part in more detail.
With the further increase in the x,, value from 0.43 through 0.57
to 0.76 [run X 43, Fig. 2(g); run X, s;, Fig. 2(h); and run X, -
(figure not shown here)] cononsolvency does not play a signifi-
cant role during the synthesis specially for X, s, and X, 6. As
a result, the porosity of the gels is not significant in this region.
Hence, the porosity of the gels can be facilely tailored by
changing the synthesis solvent compositions.

The swelling ratios of the gels prepared using 1 : 1 monomer
ratio in different methanol-water mixture at 20 °C (Table 1) are
shown in Fig. 3 as a function of synthesis solvent composition
[here mole fraction of methanol (x)]. It, the swelling ratio

X0.06

X0.13
onm
X0.31
on.n
W’(a.m
WXOJG

T T T T
4000 3000 2000 1000
wave number (cm)”

Fig. 1 FTIR spectra of all the gels.
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Fig. 2 Surface morphology of the gels: (a) X'o, (b) Xo, (¢) Xo.06, (d) X013, (€) X021, (f) X031, (9) X043, and (h) Xo 57.

mainly depends on the porosity of the gels and molecular volume
of synthesis solvent. The higher the porosity, and hydrophilicity
of the gels are, the higher are their swelling ratios. Higher
molecular volume of the synthesis media is also favorable for
high swelling ratio.®® As the molar ratio of both PNEAM and
PNIPAM is constant throughout the gel compositions, the effect
of hydrophilicity of monomers and their interactions with
solvents at high methanol rich region (x,, > 0.40, outside of
cononsolvency region) are comparable. So the main role on the
swelling ratio variations of the gels depend on the porosity of the
gels and the molecular volume of the synthesis media. Hence,
with the increase in x,, value from 0 to 0.21, the swelling ratio
value increased steeply from 16 to 23, as porosity also increased
significantly [Fig. 2(a)-(d)]. Further increase of methanol content

—n
24+ u —n
/./
1 [ |

22 -
2 1
=
S 20
o
£ ] [ ]
17 18 4

| |
16 -/
L] v 1 v 1 M ) v 1
0.0 0.2 0.4 0.6 0.8

Mole fraction of methanol (x ) during synthesis

Fig. 3 Comparison of swelling ratio of the gels at 20 °C as a function
of solvent composition during synthesis when immersed in water.

This journal is © The Royal Society of Chemistry 2017

in synthesis solvent x,,, led to an approximately constant swelling
ratio between 23 and 24.5. For the conclusive evidence, we have
measured the BET isotherms for four of the samples (Xo, Xo.21,
Xo.43 and X, 76). The BET results confirm the SEM observations -
that is, a significantly higher pore volume and surface area for the
gel synthesized in the cononsolvency region (X,,;). The gels
synthesized outside of the cononsolvency region have much
lower pore volume and surface area. It confirms that the higher
swelling ratios of the gels synthesized at methanol rich solvents
are mainly due to their lower chain density and not due to
porosity. The results are shown in Fig. SI2.T Therefore, this effect
cannot be explained by the porosity alone. Hence, its discussion
and explanation is moved to the conclusions.

In these solvents compositions, the gel networks present in
more expanded form compared to those synthesized with low
xm value. It is interesting to note that these gels are apparently
nonporous [Fig. 2(g) and (h)] but the large molecular volume of
methanol has played the dominant role for the determination
of swelling ratio value than the porosity. Similar kind of results
were also observed before.® This result is in contradictory, with
the result we reported earlier with PNIPAM gels where the
maximum swelling ratio was observed in cononsolvency zone.

These results need to be interpreted together with the
mechanical data, in order to get a coherent molecular picture.
Hence, the discussion of these results is moved to the
conclusions.

Cononsolvency study

Fig. 4(a) shows cononsolvency phenomenon of all the gels in
different methanol-water mixtures. From the figure it is clear
that, swelling ratio of all the gels started to decrease with the
increase in the methanol content, passing through a minimum
and then again increasing at high methanol region.

The rate of decrease of swelling ratio is significant after x,,, =
0.06. This is in agreement with previous reports,*'® where it

RSC Adv., 2017, 7, 9381-9392 | 9385
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showed that at very low methanol concentration (x,, = 0.05)
methanol is not effective enough to induce cononsolvency. All
gels show minimum swelling ratio value at x,,, = 0.30 (except X',
which shows its minimum SR at x,, = 0.20; and X”,, which
shows negligible cononsolvency at this temperature) and all of
them show similar trend in the cononsolvency region. It indi-
cates that the change in the synthesis solvent composition while
keeping the molar ratio of monomer fixed does not affect the
cononsolvency trend much. Only the depth of the minimum
varies with the change in the synthesis solvent. It also proves
that, the molar ratio of monomers in the synthesized gels are
equal as the x,, value of minimum swelling ratio observed is
also same. Similar kinds of results also observed before with
PNIPAM system in methanol-water mixtures.’

This is easily understood by the fact that the cononsolvency
interactions between polymer and solvent do not depend on the
exact morphology significantly. However, the morphology
determines the overall swelling degree together with the
mechanical properties.

For the gel prepared in pure water in presence of NIPAM (X')
the trend of cononsolvency is quite different from other gels
prepared with different 1 : 1 molar ratio of monomers. It indi-
cates that, the change in the synthesis solvent composition does
not affect the cononsolvency much but the change in monomer
ratio does.

254
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Fig. 4 Comparison of (a) cononsolvency of the gels in methanol-
water mixture at 20 °C and (b) Xmin, dmin aNd Smin With X, value.
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Fig. 4(b) shows these trends in more detail. The mole frac-
tion at the minimum position (xyi,) (left y-axis) remains
constant, indicating the abovementioned constant value of
hydrophilicity. However, the values of the minimum Sy,
themselves are somewhat more difficult to grasp, as the
swelling of all samples follow a non-trivial pattern. For this
reason, it was assumed that the reference for the minimum is
chosen by fitting a linear relation through the values for pure
water and pure methanol. The expected value Sexp(Xmin) for the
swelling is calculated from this linear interpolation at the
solvent composition of the minimum (x,,;,). The relative depth
of the minimum value d.,;, is calculated from eqn (4).

dmin =1- Smin/Sexp(xmin) (4)

Fig. 4(b) shows that S,,;, depends slightly on synthesis
solvent compositions. Firstly, it shows a slight increase with
increase in xy,, which can be attributed to the overall lowering of
conversion with increasing x,,, as well as the lower volumetric
concentration of monomers with increasing x,,, due to the lower
density of methanol in comparison to water. The former thins
out the network due to incomplete reaction of the monomers,
the latter further dilutes the network density by lowering the
monomer concentration per volume in the synthesis mixture.
As a second trend, the samples synthesized in the con-
onsolvency region, having the strongest porosity show a signif-
icantly higher S, than the rest of the samples, which can be
explained by the fact that macroporous network cannot eject the
solvent as well as a continuous network when under con-
onsolvency conditions.

If we analyze the d,,;, with respect to x,, value, we see that,
with increasing x,, value, the relative depth of the minimum
remains almost constant throughout the synthesis solvent
compositions with little fluctuation [Fig. 4(b)]. The fluctuations
may arise from experimental errors. This means, polymer
solvent interactions of the gels synthesized with different x,,
values are similar at particular solvent compositions, hence the
relative depth of the minimum and thus the intensity of the
cononsolvency is almost unaffected by solvent composition.

To understand the effect of the temperature on the con-
onsolvency, we measure the swelling ratio of the gel prepared
using 50 : 50 molar ratios of PNIPAM to PNEAM in 1 : 1 meth-
anol-water mixture (v/v) (X, .31) were determined at 5, 10, 20, 30,
40, and 50 °C (Fig. 5(a)). It is observed that, the depth of the
minimum gradually increases with the increase in temperature
and the onset of cononsolvency shifts towards lower x,,-value
with the increase in the temperature from 5 °C to 50 °C. At
50 °C, the minimum at cononsolvency observed at x,,, = 0.10,
which is very close to the swelling ratio value in water, indicates
that, with the increase in the temperature, there is dramatic
change in the nature of cononsolvency. This is mainly due to the
change in the preferential adsorption where it is observed that
early onset of cononsolvency happened with the increase in
temperature as minimum gradually shifted towards lesser xy,
value for PNIPAM system."® At higher temperatures, the proba-
bility of preferential adsorption is also high due to higher
competitive hydrogen bonding among solvent and polymer
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molecules and it is methanol which most preferentially adsor-
bed as observed before.'® With the increase in the temperature,
swelling ratio of the gel in water decreases gradually and after
specific temperature (68 °C) it undergoes phase separation. As
aresult, the onset of cononsolvency is shifted to lower methanol
contents as the temperature goes up. This can be compre-
hended as the consequence of the cononsolvency in combina-
tion with the LCST, which shows its onset already significantly
below the determined LCST-temperature of ca. 68 °C. The
gradually increasing hydrophobicity of the gels affect the solu-
bility at high water content (low methanol content) more than at
lower water content. Hence, it is logical that x;, shifts as
a function of temperature.

To understand the effect of temperature on cononsolvency
clearly, we plotted the Xyin, @min, and Spin value of this sample
against temperatures and is shown in the Fig. 5(b). The figure
clearly shows that with increase in the temperature, x,;, line-
arly decreases with the increase in temperature, as discussed
above. The d,,;, remains almost constant up to 20 °C and then
started to increase with the temperature and shows high value
at 40 and 50 °C. It means at higher temperature the preferential

32 (a)
281
2
E 20 4
o
f=
= 16
g ] —a—5°C
@ 12 —0—10°C
8 1 —A—20 °C
| —%—30°C
4- —9—40°C
1 —8-50°C
0 T M T M T M T v T M L]
0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of methanol (x,,)
1.0 18
- 16
0.8
- 14
0.6+ 12
£ -10
£ £
\.50'4- L8 U)E
£
x -6
0.2+
-4
0.0 -2
1 ! Ll J \J 0
0 10 20 30 40 50

Temperature (°C)

Fig. 5 Comparison of (a) swelling ratio of Xy 3, as a function of mole
fraction of methanol at different temperatures and (b) Xmin, dmin, and
Smin at different temperatures.
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adsorption is maximum due to increase in hydrophobicity of
the polymer network, consequently, it shows higher d.;, value.
Smin gradually decreases with the increase in temperature as
expected due to the increase in hydrophobicity owing to the
predominance of preferential adsorption. At higher tempera-
ture the rate of decrement of S.,;, is more prominent than at
lower temperatures. In other words, temperature has a very
significant effect on cononsolvency, which can be explained by
the influence of the LCST.

Temperature dependence of swelling ratio in water

Swelling ratio measurements of all the gels at different
temperatures are shown in Fig. 6, showing that the swelling
ratio of all the gels gradually decreases with increasing
temperature. This is mainly due to the increasing dominance of
hydrophobic interactions among isopropyl groups of PNIPAM,
ethyl groups of PNEAM and polymer backbones over hydro-
philic interactions between water and amide group. The trend
of swelling ratio of all the gels at 20 °C was already explained in
the Synthesis section. All the gels show almost in totally
collapsed state at around 60 °C (except X'y, and X", which have
their LCST at 33 °C and 81 °C respectively), while the LCST
determined from rheology study is slightly higher (about 68 °C)
than this. It means the gels were still in slightly swollen state
after 60 °C and complete collapse happened at around 68 °C. It
can be concluded that, LCST does not depend on the synthesis
solvent compositions when the monomer compositions are
constant, which is due to the fact that the chemical composition
and thus the chemical potential does not change with solvent
during synthesis. Similar types of results we observed before for
the PNIPAM systems.*’ But if the monomer composition varied,
they would show significant changes as observed here.

Temperature dependent deswelling kinetics at 85 °C

Fig. 7 shows the deswelling kinetic study of all the gels at 85 °C.
Deswelling rate of the pure NIPAM gel prepared in pure water

—&=X;

- N N
a o (5]
1 1 Il

Swelling ratio [-]
2

Temperature (°C)

Fig. 6 Swelling ratio as a function of temperature.
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(X'o) is slow; after 60 min only about 50% of total water released
after deswelling. The gel prepared using 50 : 50 molar ratios of
NIPAM and NEAM in water (X,) show higher deswelling rate
compared to X'. This is mainly due to the increase of porosity of

< X,
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Fig. 8
Gaussian distribution fit of the gels Xo, Xo.31 and Xp.76.
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the gel compared to X,. The gel synthesized with only PNEAM in
water (X’o) shows lesser deswelling rate compared to X,
(morphology not shown here) as it is less porous and more
hydrophilic compared to the later one. Deswelling rate of X, o6 is
almost identical to X,. This mainly due to almost similar
porosity [Fig. 2(b) and (c)] with similar chemical compositions
of the gels. Deswelling rate keeps increasing further with the
increase in the x,, value from X o6 to X, 13, due to increase in the
porosity [Fig. 2(c) and (d)] owing to the effect of cononsolvency
during synthesis. With further increase in the x;, value from
0.13 to 0.21, the porosity increases further due to the very
significant effect of cononsolvency on the gel [Fig. 2(c) and (d)]
and show fastest rate of deswelling among all the gels. The gel
prepared at x,, = 0.31(Xy.31), also shows very rapid deswelling
due to high porosity [Fig. 2(e)] owing to the highly cononsolvent
medium, but is significantly slower than X; ,; in terms of water
release. Deswelling rates keep decreasing thereafter signifi-
cantly with increasing x,,, from 0.31 to 0.76 with X, 5; and X, 7¢
having the slowest deswelling rates observed - even slower
than X',

There are two main reasons behind this observation:
firstly, the gels were almost nonporous [Fig. 2(g) and (h)] and
secondly the equilibrium swelling ratio of the gels are very
high (Fig. 3). As a result, these gel pose very little resistance to
swelling, which in turn also means that they cannot eject
water effectively. So, by simply tuning the synthesis solvent
compositions, we can vary the deswelling rates of the gels at
our will.

In Fig. 7(b), the rate of water release of the gels with time is
plotted. The rates of release are calculated by using eqn (3).
While the absolute values of the water release rate depend on
the time, their dependencies on x,, are similar for short times
(<5 min). For longer times, one can see 2 regimes, in which the
water release rates are fairly constant. For x,, <0.31 higher
release rates are found than for x,, >0.31, which again can be
explained with the lower porosity of the gels synthesized in
methanol dominated solvents as well as with their higher initial
swelling, corresponding to a lower release tendency of the
water.

2000
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1500 Gaussian fit
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(a) Force (nN) vs. indentation (nm) graph and (b) quantitative analysis using histograms of Young's modulus values in log normal scale with
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Measurements of mechanical properties by AFM

In Fig. 8(a), force (nN) vs. indentation (nm) are given for 3
selected examples. The quantitative analysis using histograms
of Young's modulus values in log normal scale with Gaussian
distribution fit of three gels synthesized are shown using X,
Xo.31, and X, ;¢ [Fig. 8(b)]. It is evident from the figure that the
change in the solvent compositions during the synthesis of
hydrogel leads to clear modification in the mechanical proper-
ties. A spherical probe, negligible adhesion between probe and
sample, sample homogeneity and linearity, allowed using the
Hertz-model® to fit the force-indentation curves [Fig. 8(a)] with
good approximation. Gels with low porosity show a more
compact and homogeneous structure; hence, more force is
required to indent those sample surface [Fig. 8(a)], leading to an
increase of Young's modulus distribution values [Fig. 8(b)].

A comparison of mechanical properties in terms of Young's
modulus with the solvent composition of the gels is shown in
Fig. 9. The elastic modulus of the gels prepared in different
compositions of methanol-water mixture decreases with the
increase in the x,, in the gel up to 0.21. This is the consequence
of the porosity of the samples due to the cononsolvency of the
synthesis solvent as discussed above, being more pronounced
for the samples synthesized in cononsolvency region. Although
the spherical probe has a great performance for mechanical
measurements, the morphology is highly convoluted, due to the
micrometric size of the probe, leading to an underestimation of
surface roughness. The data for the roughness measurement
are not considered. As seen in the SEM-images, the higher
porosity was observed for the gels prepared at x,,, = 0.13, 0.21
and 0.31 respectively, [Fig. 2(d)-(f)]. As a result, the modulus of
this gel is also decreasing very rapidly from x,,, = 0 to 0.21. After
that, modulus remains almost constant with further increase in
Xm value from 0.21 to 0.31. It is understandable that that X, 5,
and X, 3; both are highly porous, so their mechanical proper-
ties should be similar. With further increase of x,,, value from
0.31 to 0.43, the Young's modulus increases slightly as the
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with x, value at 23 °C.

porosity decreases as expected. With further increase of x,,
from 0.43 to 0.76, the Young's modulus decreases significantly.

Rheological properties

In Fig. 10(a), LCST comparison of all the gels are plotted against
the synthesis x, value, which shows that LCST is virtually
independent of the solvent compositions. This is logical, as the
LCST depends on local interactions (in the range of several nm)
between solvent molecules and polymer chains.®* Hence, the
identical chemical composition determines the LCST, while the
different morphology has a negligible influence. Similar kinds
of result we observed before with PNIPAM.*°

In Fig. 10(b), the comparison of storage modulus (G') at 23 °C
and compression modulus are plotted against x,,,. G’ follows
almost similar trend like the G’ obtained from AFM. ie. it
decreasing significantly with the increase in x,, value from 0 to
0.21, then slightly increased up to 0.43 and after that it
decreased again. Compression modulus also followed almost
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similar trend like storage modulus, i.e. with the increase in x,
value it decreased significantly and at high x,, value, it shows
much lesser value. This again confirmed that the mechanical
properties are varied significantly with the synthesis solvent
compositions mainly due to the formation of gels of different
porosities and due to the formation of softer gels in presence of
methanol owing to its lower density and larger molecular
volume.

The compression data show that the compression at break
increases slightly from ca. 70% to 75% with increasing meth-
anol content in synthesis solvent x,, (Fig. SI3T). This is due to
the lower network density. However, as the breaking processes
are highly random and the differences between the different
samples are not large, the statistical scatter of the results
comparable to the size of the effect. Hence, this quantity cannot
be regarded as sufficiently reliable. Consequently, also the
stress at break cannot be interpreted (Fig. SI4T). This can be
seen from the random slope « of stress with increasing defor-
mation x [Fig. SI5T].

However, the stress at 65% strain, i.e. before the break of all
samples can be evaluated (Fig. SI6t). The resulting trend is
almost identical to that of the compression modulus. This is not
surprising, as covalent hydrogels in general follow rubber-like
behavior almost ideally®® and, hence, their behavior can be
described by hyper elastic models, essentially only requiring the
elastic modulus to describe the behavior until break.

Conclusions

Random copolymer gels of PNEAM and PNIPAM of 1:1
monomer compositions in different methanol-water mixture
are prepared by free radical polymerization. FTIR analysis of the
gels show that all the gels have almost identical chemical
compositions. Elemental analysis results support these obser-
vations. The observed morphologies of the SEM images vary
from non-porous to highly porous structure depending on the
compositions of the synthesis solvent compositions are sup-
ported by BET analysis. Cononsolvency study of the gels at 20 °C
shows that, the gels have similar types of cononsolvency
behavior. Only relative depth of the minimum varies depending
on the synthesis solvent compositions. However, with the vari-
ation of temperature, cononsolvency show very interesting
change in the behavior. As temperature increases, the
minimum in the cononsolvency region becomes deeper and
shifts towards lower x,,. Swelling ratio value of the gels at 20 °C
shows that the gels synthesized at x,,, show higher swelling
ratio values. Swelling ratio value gradually decreases with
increase in the temperature and undergoes phase separation
around 60-65 °C. LCST values of the gels are very close to each
other irrespective of solvent compositions. Deswelling rates of
the gels are high with the gels synthesized in cononsolvent
medium and low with the gels synthesized with higher x,, value,
both being related primarily to porosity. Mechanical properties
of the gels vary significantly with synthesis solvent composi-
tions. AFM measurements show that, Young's modulus is very
high for the gel synthesized in water (X,) then decreases
significantly up to X, ,,, after that pass through a plateau up to
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Xo.43 and then decreases again. Quantitative analysis of the gels
by AFM using histograms of Young's modulus shows a Gaussian
type distribution.

When looking at Fig. 9 and 10(b), it becomes obvious that the
data look like an inverted version of Fig. 3. This similarity aids
the interpretation of both measurements by utilizing the SEM-
images and the understanding of the synthesis conditions.

The first important contribution is the poor solubility of the
initiator (APS) in methanol, which can be clearly seen from the
poor conversion for the gels synthesized in methanol rich
solvent. That alone leads to a significantly lower modulus for
obvious reasons. Furthermore, one has to consider that a lower
concentration of slower growing polymer chains (the duration
of the crosslinking reaction was significantly higher for meth-
anol rich gels) means that the likeliness of forming crosslinks is
lower again, thus, leading to a less crosslinked system than
what was achieved in water rich solutions. The conversion drop
is significantly lower than 100% for X, 31, X, 57, and X 7 but not
for X, 43. The low conversion of X, 3, is due to the high porosity
of the gels (leading to a loss of transparency); this gel consists of
isolated gel particles in the matrix of loosely connected particles
that can be washed out of the gel, ultimately leading to an
apparently low conversion, which, however is an artefact of
purification. The situation is different for X, 5, and X, s, as here
the gels are macroscopically transparent and virtually non-
porous, which leads to the conclusion that washing out gel
particles is not a significant contributor to the lower conversion
but that simply not enough APS was present in solution to fully
polymerize the gel. That in turn leads to a significantly lower
concentration of polymer in the original gel.

Such a lower polymer concentration has the consequence
that the average distance between 2 crosslinking points is lower
and thus the resistance to swelling is lower. At the same time,
the driving force for the ejection of water from the gel, when e.g.
crossing the LCST, is significantly weaker, which leads to the
finding that X, 5, and X, ;¢ eject water significantly slower than
the other samples including X'y, which is also non-porous due
to the absence of any visible pores but has a lower LCST and,
hence, a higher hydrophobicity.

For this reason, we can conclude that there are two physically
different processes increasing the swelling at 20 °C in water,
modifying the deswelling kinetics as well as lowering the
modulus in AFM, compression as well as in shear rheology.

Furthermore, also the physical properties of methanol could
be partially responsible for the trend as follows: the high
concentration of methanol used for the synthesis of the gels
produces networks with highly expanded form as they have
large molecular volume and low density. Their high swelling
ratio in comparison with low concentration of methanol (Fig. 3)
confirms mechanical results, highlighting a network loosely
connected.
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