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Monomers N, N-(dimethyl) amine ethyl methacrylate (DMAEMT) and N-[3 - (dimethylamine) propyl]
methacrylamide (DMAPMD) were co-polymerized with 1-vinylimidazole (VI) in different proportions
and crosslinked with N,N’-methylenebisacrylamide (BIS) in aqueous phase, to yield highly resistant
hydrogels. The polymeric products were studied by swelling kinetics, solvent diffusion within the
crosslinked network, thermal decomposition, infrared spectroscopy (FTIR), variable pressure scanning
electron microscopy (VP-SEM), and mechanical and rheological tests. The incorporation of VI in the
polymerization reaction led to beneficial changes in the properties of the final materials such as
improvement in the resistance of the materials and increase in the percentage of deformation capable of
withstanding elongation before breaking. All VI-containing products were mechanically strong with respect
to homo-polymers (DMAPMD 100% and DMAEMT 100%). The most resistant products were DMAPMD-
co-VI 60% and DMAEMT-co-VI 60%. A synergistic effect with the addition of VI is revealed by Young'’s
modulus that increases 5 and 10 times regarding the hydrogels yielded from pure monomers, respectively.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction

[1—7]. Functionalized hydrophilic crosslinked materials capable of
absorbing large amounts of water and containing functional groups

Functionalized polymers can be obtained by co-polymerization
of monomers having different functional groups, or by post-
modification of formed products in polymerization reactions
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(carboxylic acids, amines, hydroxyls, etc.) have been promising in
their application as controlled-release systems for drugs, mechan-
ical actuators, supports for tissue engineering, biomembrane sys-
tems, biosensors, chromatographic supports, metal ion complexing
agents [8—12], among others. The application of these materials is
sometimes restricted due to poor mechanical properties [13—15]. It
mostly consists of water, which does not contribute to the
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mechanical strength of the gel. Due to their high water-holding
capacity, polymer chains are widespread with low capacity for
responding to an applied force, turning into particularly fragile
materials [16—18]. However, the strength of the hydrogels can be
improved by using different strategies. Some consist of increasing
the density of crosslinks [19] or adding hydrophobic monomers to
the polymer architecture [20], in order to generate higher-density
areas or a larger amount of intermolecular interactions that
contribute to increasing the module or stiffness of the hydrogels
[21,22]. These modifications result in reducing the amount of water
absorbed, for which compositions should be formulated by
compromise between optimization of hydrophilicity and excellent
mechanical properties [17]. For instance, gelatin films were stabi-
lized by crosslinking with natural crosslinker genipin [23]; nano-
sized attapulgite fibril was used to enhance the mechanical prop-
erties of polymeric hydrogels [24]; 2-vinyl-4,6-diamino-1,3,5-
triazine was used in a co-polymerization to strengthen the me-
chanical properties of the hydrogel formed by self-hydrogen
bonding of diaminotriazine [25]; ionically crosslinked alginate
and covalently crosslinked polyacrylamide were mixed to yield
extremely stretchable and tough hydrogels [26]; poly-(2-
acrylamido-2-methyl-1-propane sulfonic acid) was combined
with polyacrylamide [27] to yield double-network with excellent
mechanical properties [28].

Other alternative to reinforce the structures of the hydrogel is
the use of aromatic functional groups (in the constitutive mono-
mers). In these systems, aromatic interactions play an important
role [7] in maintaining the mechanical properties of the resulting
hydrogels due to the rigidity of the backbone and the hydropho-
bicity of the aromatic segment [29]. Hence, obtaining a crosslinked
structure with high strength, stiffness and toughness to resist
failure would be advantageous over currently used materials
[6,30—32].

1-vinylimidazole (VI) is a monomer with promising properties
for modification of hydrogels [33]. Its aromatic structure and pH
response have attracted the attention of researchers for numerous
applications such as catalytic agent, metal-ion complexation,
counter ion and dye binding [34,35]. Most of these applications
have been tested with linear [36—41] and crosslinked polymers,
using, however, VI as the constitutive monomer [42—46]. In addi-
tion, VI has not been almost used in those types of networks as a
modifier capable of improving the texture or mechanical properties
of the final materials [47]. The incorporation of VI into hydrogel
structures has been regularly used especially in the formation of
polymer-metal complexes used as immobilized catalysts [48—51].

The use of acrylate and acrylamide-based monomers is wide-
spread in crosslinked materials [52]. In particular, 2-(dimethyla-
mino) ethyl methacrylate (DMAEMT) and N-[3-(dimethylamino)
propyl] methacrylamide (DMAPMD) are quite similar, except in
their functionality (ester and amide, respectively). Hence, DMAEMT
acts as a hydrogen-bond acceptor and DMAPMD acts as both
hydrogen-bond acceptor and donor [53]. The aim of this paper thus
focused on the analysis of the changes on properties based on the
different possible interactions with VI, which could maximize
structural freedom in highly steric environments [54].

Now, in general, of all possible applications, the use of hydrogels
as complexing metal ions is highlighted since, once the polymer-
metal complex ion is obtained, these can be used as supports for
the immobilization of biomolecules, such as enzymes [55]. In turn,
the study of ligands and polymers with supported metal complex
derivatives is relevant in the field of catalytic and bio-organic
chemistry [25].

Thus, the objective of the present study was the preparation of
crosslinked hydrophilic co-polymers with specific functional
groups in their structures using DMAPMD, DMAEMT and VI as

monovinyl monomers and N,N'-methylenebisacrylamide (BIS) as a
crosslinking agent. Different proportions of VI were incorporated
into the polymer structures in order to yield mechanically strong
hydrogels. A complete physico-chemical characterization of all the
products was carried out with the purpose of using them in metal
ion retention in future works.

2. Material and methods
2.1. Reagents

The following chemicals were used as purchased: N,N-
dimethylaminoethyl methacrylate (DMAEMT; Sigma); N-[3-
(dimethylamino)propylJmethacrylamide (DMAPMD; Aldrich); 1-
vinylimidazole (VI; Aldrich); N,N'-methylenebisacrylamide (BIS;
Sigma); ammonium persulphate (APS, Anedra); N,N,N’,N’-tetra-
methylethylenediamine (TEMED; Anedra); glacial acetic acid
(CH3COOH, Cicarelli); phosphoric acid (H3POy4, Cicarelli); boric acid
(H3BO3, Cicarelli) and sodium hydroxide (NaOH, Cicarelli). Britton
Robinson (BR) buffers were prepared according to reference [56].
The pH of each solution was adjusted at 3.02, 5.01, 7.00, 9.00 and
11.06.

2.2. Hydrogel synthesis

All matrices were prepared by free-radical cross-linking poly-
merization. The procedure for co-polymerization can be described
as follows: monovinyl monomers (DMAEMT; DMAPMD and VI) and
cross-linker (BIS) were dissolved in 4 mL of Milli-Q water in glass
test tubes. The solution was mixed for 5 min and sonicated until
complete homogenization. The polymerization solution was
deoxygenated with N for 5 min. To initiate the polymerization
reaction, APS and 50% aqueous solution of TEMED were added to
the reaction mixture and transferred to disposable syringes. The
reaction was allowed to proceed for 1 day at room temperature. The
synthesized hydrogels in rod form were cut into discs and thor-
oughly washed with Milli-Q water. They were then dried until
constant weight. Table 1 summarizes the experimental conditions
to prepare the hydrogels, and Fig. 1 shows monomer structures. The
final products were named DMAPMD 100%; DMAPMD-co-VI 20%;
DMAPMD-co-VI 60%; VI 100%; DMAEMT 100%; DMAEMT-co-VI 20%
and DMAEMT-co-VI 60%, depending on molar co-monomer
composition.

2.3. Swelling properties: dynamic, equilibrium and pH-response
studies. Cycles of swelling and deswelling

The swelling indexes in equilibrium, g, were determined ac-
cording to Eq. (1) where Mg and My are the mass of water-swollen
hydrogel at equilibrium and the dry mass, respectively. To register

Table 1

Experimental conditions for the synthesis of hydrogels.
Hydrogel® DMAPMD DMAEMT VI

(mol 10~3) (mol 1073) (mol 10~3)

DMAPMD 100% 5.60 — —
DMAPMD-co-VI 20% 4.48 — 1.12
DMAPMD-co-VI 60% 224 — 3.36
VI 100% — - 5.60
DMAEMT 100% - 5.60 -
DMAEMT-co-VI 20% — 448 1.12
DMAEMT-co-VI 60% — 2.24 3.36

3 BIS: 1.1 x 1073 mol; APS: 0.0128 g; 50% aqueous solution of TEMED: 0.5 mL;
water: 4 mL.
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Fig. 1. Monomers used to prepare the hydrogels.

DMAEMT

the kinetics of swelling in Eq. (1), Ms is replaced by M; and
measured every 10 min during the first 2 h and then every 30 min
until constant weight.

qw = Ms/Mgq (1)

The percentage of swelling ratio (% SR, Eq. (2)) in Milli-Q water
versus time was plotted. M is the mass of water that diffused into
the matrix at time t.

% SR = [(M; — My)/M,)x100 )

The water diffusion rate within the hydrogels was determined
using Eq. (3), where M,, is the mass of water that diffuses into the
matrix at the equilibrium, k is a constant associated with the
network structure, and exponent n is a number related to the type
of diffusion. This equation is applicable during the initial stages of
swelling (<60%). The diffusion type (n) and k were calculated from
the slope and intercept of the straight line, respectively, obtained
from the plot of In Fvs In t.

F=M;/My = kt" 3)

From previous values, the diffusion coefficient (D) of water
through the network can be obtained from Eq. (4) where r is the
radius of the hydrogel in the dry state.

D = xr?(k/4)!/" (4)

The determination of the density of the hydrogels was per-
formed by measuring the weight in n-heptane using the Archi-
medes principle.

To study the swelling in response to changes in the pH, the
hydrogels were swollen at equilibrium in BR buffers [56] with a
range of pH 2-11. The values of q,, were determined at each pH and
plotted vs pH.

The swelling and deswelling cycles were determined by
weightening dried hydrogel disks and placed to swell until swelling
equilibrium in Milli-Q water. Subsequently, they were dried at
28 °C. This procedure was repeated systematically.

All the measurements were in triplicate and the values given by
their averages.

2.4. Infrared spectroscopy (FTIR)

The samples in dry state were mixed with KBr and the infrared
spectra (FTIR) were obtained on a Nicolet 5-SXC FTIR Spectrometer.

2.5. Rheological properties

The rheological characterization was performed using a rota-
tional rheometer (Anton Paar-Physica MCR 301). The different tests
were carried out using an 8 mm parallel plate. All assays were
performed at 20 °C using a variable gap depending on the sample.
The elastic (G’) and the viscous (G”) moduli of the materials were
measured using small amplitude oscillatory experiments.

The stress sweeps at a constant frequency of 10 Hz were per-
formed on each sample to determine G’ and G” values and the
linear viscoelastic region (LVR) profiles of each material by shearing
them until the structure breakdown. Frequency sweeps at a con-
stant stress were then applied to the samples over a wide range of
frequencies (0.1—-100 Hz) to study the viscoelastic performance of
the hydrogels. No evidence of dehydration was found during the
tests. All the measurements were in triplicate and the values given
by their averages.

2.6. Compression test

The mechanical properties were analyzed with an Instron
equipment (model 3342, Norwood, MA, USA). Cylindrical samples
of gels (10 mm in diameter and variable height) were placed be-
tween flat metal surfaces fitted to Instron. The gels were com-
pressed at 0.1 mm/s with compression force of increasing intensity
up to the total breakdown of each sample. Then, real strain vs real
stress was registered. The gel strength was characterized by failure
strain, failure stress and initial Young's modulus. This last was
calculated from the slope of the real strain vs real stress plot (stress
not higher than 6%). All the measurements were performed in
septuplicate and the values given by their averages.

2.7. Thermogravimetric analysis (TGA)

TGA was determined using dry samples (4—6 mg) at a scanning
rate of 10 °C/min and analyzed in the range of 10—600 °C. The
analyses were performed using a Hi-Res-TGA 2950, TA-
Instruments, equipped with Universal analysis NT specific software.

2.8. Variable pressure scanning electron microscopy (VP-SEM)
study

Samples were assembled in the sample holder and observed
unmetallized. Micrographs were obtained with the aim of
analyzing the morphology at a magnification of 400x. LEO 1450VP
equipment was used.

3. Results and discussion

Novel hydrogels were synthesized by varying the ratio of co-
monomers used: DMAPMD 100%; DMAPMD-co-VI 20%;
DMAPMD-co-VI 60%; VI 100%; DMAEMT 100%; DMAEMT-co-VI 20%
and DMAEMT-co-VI 60%. Table 1 summarizes the experimental
conditions. All polymers were obtained in rod form and were able
to maintain the macroscopic structure after extraction from the
reactors.

3.1. FTIR study

To characterize and analyze the hydrogels, FTIR spectra were
performed (Fig. 2). The products formed by DMAPMD as base
monomer have a strong signal at 1680 cm~! corresponding to the
vibration of C=0 of amide group. Moreover, DMAEMT-based
hydrogels have a strong signal at 1730 cm~! corresponding to the
vibration of C=0 of the carbonyl of ester group. The signal at
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1680 cm ™! can also be observed in the latter because the cross-
linker BIS contains amide group and is part of all the products
(Fig. 1). In all cases, except in 100% VI, the peaks at 2800 and
2900 cm~! can be detected (vibration of N—CH, and N—CHj,
respectively).

For spectra of VI-containing products, the relative increase in
the signals at 1430 and 610 cm ™! (stretching of C=N of the ring and
C—N—C of VI, respectively) as percentage of VI increases can be
observed. Furthermore, at greater proportions of DMAPMD or
DMAEMT, the peaks at 2800 and 2900 cm ™' (N—CH, and N—CHj3
stetching, respectively) can be more clearly observed. In the spectra
of products with increasing proportions of VI, especially in the case
of DMAEMT-co-VI 60%, the signals at 1230 cm™! (also present in VI
100%) are clearly observed, due to C—N bond stretching (of VI ring)
and deformation (in plane) of CH (of VI ring). In addition, the signals
at 1110 and 1084 cm ™! can be seen by the stretching of C—H bond of
the ring.

3.2. Swelling properties and water diffusion parameters

In Table 2, both swelling properties and water diffusion
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parameters are shown. With respect to swelling indexes in equi-
librium state, q,,, DMAPMD-containing hydrogels generally present
higher swelling values in water. For the lower swelling value
determined for VI 100%, it could be inferred that the chains are
further compacted, as a result of the interaction between the imi-
dazoline rings. While VI is being incorporated into the DMAPMD-
co-VI structures, the swelling index decreases, due to structural
changes that produce the aromatic rings, which probably causes
decrease in pore size with respect to DMAPMD 100%.

Table 2

Swelling properties and water diffusion parameters for hydrogels.
Hydrogel p(gmL™") qw n D(10°8m?s71)
DMAPMD 100% (1.11 £ 0.01) (44+1) 0.89 1.46
DMAPMD-co-VI 20% (1.13 £ 0.01) (30+2) 0.79 1.97
DMAPMD-co-VI 60% (1.15 £ 0.01) (18+1) 0.76 0.86
VI 100% (1.18 £ 0.05) (5x£2) 0.86 0.08
DMAEMT 100% (1.10 £ 0.01) (17 £2) 0.60 0.93
DMAEMT-co-VI 20% (1.12 £ 0.01) (14+1) 0.58 0.75
DMAEMT-co-VI 60% (1.16 £ 0.01) (10+1) 0.71 043
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Fig. 2. FTIR spectra of (a) DMAPMD, (b) DMAEMT and co-polymers with VI.
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DMAEMT-containing hydrogels were less swellable in water as
compared with those containing DMAPMD. The incorporation of VI
produced less marked decreases in swelling than that of previous
ones.

The swelling kinetics in Milli-Q at 25 °C and neutral pH allows
identifying the time for which the matrix and the solvent reach
equilibrium swelling at those conditions. As shown in Fig. 3,
DMAPMD-containing products and VI 100% hydrogels reached
their maximum swelling rate at 1500 min (24 h approximately),
while DMAEMT-containing products reached it in 2800 min (about
48 h).

Furthermore, knowing the diffusion coefficient (D) and the type
of water (n) diffusion within the hydrogel involves important pa-
rameters for determining the interaction that occurs between the
swelling solvent and the polymer chains. Table 2 lists the calculus of
parameter n, which can take different values: n = 0.45 corresponds
to Fickian-type diffusion (diffusion), 0.45 < n < 0.89 corresponds to
non-Fickian diffusion (diffusion and relaxation), 0.89 < n < 1 re-
sponds to a diffusion type II (relaxation) and n > 1 corresponds to a
super type II (plasticization). In the samples analyzed, n ranged
between 0.58 and 0.89 indicating that the mechanism of penetra-
tion of water is controlled by diffusion and polymer chain relaxa-
tion (non-Fickian) [57]. Hydrogels in dry state have mostly
hydrophobic chain—chain interactions. Upon contact with them,
water molecules must break these interactions to favor the
water—polymer interactions and generate more access or incor-
poration. Thus, each water molecule entering into the matrix pro-
duces a net pressure on the overall structure. Hydrogel chains must
take time to respond to the swelling pressure and order themselves
to reorder water molecules that enter and allow the entrance of
more water within the structure.

The values of D (Table 2) have several orders of magnitude lower
than those commonly found for free electrolyte in solution
(10°% m? s~1) [58]. In these systems, water molecules have to
diffuse into a polymer matrix, thus hindrance often occurs with the
consequent decrease in D. VI 100% has the lowest diffusion coeffi-
cient and this could be produced by the strong interactions taking
place between the imidazoline chain rings.

Table 2 shows the density measurements for the products.
Density increases with the addition of VI possibly due to the

] " o0 /Ci:/
aann ® 750 /?/
1600 0:40
L 05 30
1400 4 - = 20
1 - 10
1200 . o P
1 " 012345678910
1000 4 b Time (min)
x ] .
(/,) " toe .
N 800 A e
600 oo
1 .
400 4 H o oooco
° aooo O0o o
200 #,88008 00000000000 oo Co
RaaBRRasanannsssa AAAL AAD A 4 hosss
-&C*k*tttxttt * * * Kk Kk kK K * kKKK
B ya
0 ) T T T — 7/7 T ' T K T g T '
0 200 400 1500 2000 2500 3000

Time (min)

Fig. 3. Swelling kinetics determined in Milli-Q water for (l) DMAPMD 100%; (@)
DMAPMD-co-VI 20%; ( A ) DMAPMD-co-VI 60%; (1) DMAEMT 100%; (O) DMAEMT-
co-VI 20%; (A) DMAEMT-co-VI 60% and (%) VI 100%.

favored hydrophobic interactions that generate a greater chain
compaction, resulting in a higher ratio on the amount of material
per volume unit.

3.3. Swelling pH-response

The macroscopic response of the hydrogels at different pHs is
found in Fig. 4. As the pH increases, the products show a marked
decrease in size. The major change in volume was observed for
DMAEMT-co-VI 20%, in the range of pH 7-11. Regarding the func-
tional groups in each matrix (Fig. 1), the imidazole and amide
functional groups are protonated at pH < 7, generating electrostatic
repulsions and causing further stretching of the polymer chains due
to the net charge that must be supported; at very low pH values,
they suffer major stretching. From Fig. 4, it can be noted that the
repulsion generated by the functional groups at a low pH is high
enough to yield a high degree of fragmentation (rupture). Except
for DMAEMT-based products, at pH < 7 it was not possible to
perform studies such as swelling index (q,,) due to loss of material
in the process of surface drying.

Fig. 5 shows the swelling behavior of the products with the pH
change. By increasing the pH, the hydrogels retain less water.
Regular volume decrease was also observed with increasing pH in
the homo-polymer DMAPMD 100% and when polymerized with VI,
while a sharp drop in volume between pH 7 and 9 was observed for
DMAEMT 100% and co-polymers DMAEMT-co-VI.

For DMAEMT-based hydrogels, pH variation generates different
responses. The difference in q,, for the entire range of pH measured
allows concluding that DMAEMT-based materials are less hydro-
philic as compared with those based on DMAPMD.

The reversible response of products versus the applied force
(LVR) can be particularly analyzed. Variation in pH did not produce
significant changes in the LVR for DMAPMD 100%, DMAPMD-co-VI
20% and DMAPMD-co-VI 60% as shown in Fig. 6. Incorporating VI
into the products generates a marked decrease in the LVR. In this
case, VI would increase the elastic modulus G'; yet, the decrease in
the LVR in concomitant form could indicate attractive short-range
interactions between VI and DMAPMD (not electrostatic, since
they are independent of pH). The LVR of DMAEMT 100% presents a
rising response when pH increases. The incorporation of VI into
DMAEMT-containing hydrogels decreases the LVR and the sensi-
bility for pH variation. The combined effect of imidazole and
acrylate in DMAEMT-co-VI 20% changes the materials conferring
the capacity of resisting an applied force at great strain values.

LVR of DMAPMD-co-VI 60% depicts a minor extension as pH

Fig. 4. Macroscopic response by (a) DMAPMD-co-VI 20% and (b) DMAEMT-co-VI 20%
submitted to pH changes.
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increases since imidazoline aromatic rings produce a dominant
effect as well as the ability to change shape against pH. DMAPMD-
co-VI 60% and DMAEMT-co-VI 60% present particularly low values
of reversible deformation. Irreversible deformation was detected
up to 68.1 and 46.4%, respectively. The response observed could be
attributed to the fact that aromatic rings produce a strong resonant
planar interaction, decreasing chain flexibility. Thus, the three-
dimensional network is highly compacted and constrained to
displacement: when interactions break, the effect spreads
throughout the structure causing its breakdown.

The high content of aromatic rings can produce a cooperative
effect between them: once the resonant interaction between chains
is interrupted by the force applied, they can again be rapidly rear-
ranged by the high content of the functional groups and overcome

the force applied reaching values in which the force is so great that
the cooperative effect is lost and the material collapses completely.

3.4. Swelling and deswelling cycles

It is particularly important to know the possibility of reusability
of the products compared to their ability to retain and expel water
from the structure. Fig. 7 shows dry and swell weight of each ma-
terial after several swelling/deswelling cycles.

At various cycles, DMAEMT-containing products proved more
resistant than those formed by DMAPMD. This could be due to the
low hydrophilic power of DMAEMT whose products presenting low
swelling in water possess structures which not show significant
changes from one state to another, thus the force that undergoes
the polymeric chains in each process is less than that supported by
the polymeric chains within DMAPMD-containing hydrogels. This
produces low tolerarance to cycles, because of high levels of frac-
ture (upper Fig. 7). Furthermore, the addition of VI develops lower
resistance at the swelling / deswelling cycles generating ruptures in
a fewer number of cycles. DMAEMT 100% and DMAEMT-co-VI 20%
are capable of tolerating up to 16 swelling/deswelling cycles
without significant changes in original mass and shape.

3.5. Rheological studies

Fig. 8 shows the amplitude sweep of DMAPMD-co-VI co-poly-
mers. It could be seen that the addition of VI produces an increase
in the storage module G’ with respect to DMAPMD 100% and VI
100%. This indicates that, when both monomers are incorporated
into the structures, the stiffness of the material increases, since G/
values increase and more energy is required to deform it.

On comparison, two important aspects can be emphasized

Weight

3
Cycles

Fig. 7. Swelling/deswelling cycles in Milli-Q water for () DMAPMD 100%; (@)
DMAPMD-co-VI 20%; ( A ) DMAPMD-co-VI 60%; (00) DMAEMT 100%: (O) DMAEMT-
co-VI 20%; (A) DMAEMT-co-VI 60% and (x) VI 100%. (Odd Cycle) Dry hydrogel;
(Even Cycle) Swelling hydrogel. Up: Swelling hydrogels (a) DMAPMD 100%; (b)
DMAPMD-co-VI 20% and (c) DMAPMD-co-VI 60%.
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when DMAPMD 100% is modified with VL. First, the addition of VI
increases LVR, which is expected considering that the aromatic
rings of imidazoline type would provide more resistance to the
deformation force as a consequence of the increased interaction
between chains. Second, the viscous module G” increases by the
addition of VI as a co-monomer, remaining independent of the
proportion. This response can be attributed to the low probability
of chains to flow as a result of the interaction between imidazoline
rings producing this effect even at low concentrations.

Fig. 9 shows the amplitude sweep of DMAEMT-co-VI co-poly-
mers. In this case, the storage module also increases when VI is
added as a co-monomer. The incorporation of VI in 60% of pro-
portion leads to better mechanical properties. While the addition of
co-monomer increases the strength capable of withstanding
deformation, LVR decreases with respect to non-copolymerized
materials. In turn, the general tendency is maintained in G”
mentioned in the case of DMAPMD-based products.

By performing a comparative analysis of both types of hydrogels,
it was observed that DMAEMT 100% showed greater resistance to
deformation and LVR as compared to DMAPMD 100%. Indepen-
dently of the nature of the lateral chain, an increase in elasticity was
observed for VI-containing co-polymers (particularly those con-
taining 60% of VI) compared to DMAEMT 100% and DMAPMD 100%.
It is worth mentioning that the elasticity of hydrogels with 60% of
VI is higher than that of VI 100%. Hence, it could indicate the
presence of favorable interactions between imidazole rings in the
presence of amide or acrylate functional groups as hydrogen-bonds
[54].

Figs. 10 and 11 show the response of each product according to
the variation in the frequency of the oscillating force applied.

The complex viscosity (n*) decays in proportion to the fre-
quency, indicating that the elastic component of the material is
greater than the viscous modulus. Thus, the materials exhibit
marked solid component relative to the liquid, and are both inde-
pendent of the frequency applied. Moreover, compared with the
addition of VI, the same response can be seen in the analysis of
amplitude sweeps, which confirms the increase in the resistance of
the materials as co-polymers.

VI 100% deserves a particular analysis because, at very high
frequencies, G’ decays, rising then abruptly, while G” is not detec-
ted. Although this behavior is atypical, it could be the result of the
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resistance provided by the imidazoline rings in the materials. At a
high frequency, chains suffer a rearrangement process, causing an
increase in the solid component as a result of the great stability of
the inter-chain interactions generated by the rings. Initially, the
drop could be attributed to the fact that the frequency oscillatory
could generate motion between chains producing repulsion by the
high electron density of imidazoline rings. Then, stability could be
predominant on the repulsive effect, leading to an increase in the
solid component (and hence in n*) mentioned above. Finally, the
materials do not show significant variation versus frequency in the
force applied. Thus, the above discussion based on amplitude
sweeps could apply to other frequency values between 0.1 and
100 Hz, not only to w = 10 Hz.

3.6. Mechanical properties

Due to the viscoelastic nature of materials, mechanical charac-
terization is important since it reveals relevant information. Table 3
shows the mechanical characteristics resulting from the different
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hydrogels. It can be seen that the higher Young's moduli are
reached by DMAEMT-based materials, and that as the proportion of
VI into the structures is higher, this parameter increases. The
moduli notably improve the mechanical properties produced by
the addition of VI. The imidazoline ring could produce a greater
interaction between the polymer chains of the materials by reso-
nant effect, generating a reversible increase in resistance at a given
compression force.

Moreover, from Fig. 12 it can be noted that the incorporation of
VI improves the resistance of the materials and increases the per-
centage of deformation capable of withstanding elongation before
total material breakdown. Table 3 details the strain to failure that
can yield the products. The most resistant products were
DMAPMD-co-VI 60% and DMAEMT-co-VI 60%. A synergistic effect
with the adittion of VI is marked. Their Young’s modulus increases 5
and 10 times with respect to the hydrogels yielded from pure
monomers, respectively.

3.7. VP—SEM study

Considering the morphology of each material (Fig. 13), it can be
stated that DMAPMD-containing hydrogels (Fig. 13 (a), (b) and (c))
have pores larger than those containing DMAEMT (Fig. 13 (d), (e)
and (f)). In turn, the incorporation of VI into the products generate a
large decrease in pore size until complete collapse of VI 100%,
where no pore formation is observed.

DMAPMD-containing hydrogels have the higher g, values
(Table 2) in agreement with higher pore sizes observed in Fig. 13.
With the addition of VI, q,, and pore size decrease. DMAEMT-
containing hydrogels have smaller pores and q,, than those con-
taining DMAPMD, reflecting their structural architecture. Thus,
pore size can be related to the space available to the entrance of
water into the material. Pore size observed by VP-SEM is in
agreement with the diffusion coefficients shown in Table 2. VI 100%
has the higher density (Table 2) and this property decreases with
the incorporation of the co-monomer. This agrees with Fig. 13 (g):
in a given volume, the amount of matter in VI 100% is compacted
and higher than in those materials with porous structure. To
summarize, Table 2 and Fig. 13 show the consequence of incorpo-
rating VI in the porosity of products. VI creates attractive in-
teractions in the hydrogels containing DMAPMD and DMAEMT and,

Table 3
Mechanical properties determined for the materials.

Hydrogel Young modulus (kPa) Failure strain (kj/m?)
DMAPMD 100% 522.5 69.5
DMAPMD-co-VI 20% 609.0 529.6
DMAPMD-co-VI 60% 2602.5 12,6109
DMAEMT 100% 635.8 5349.0
DMAEMT-co-VI 20% 664.4 8542.7
DMAEMT-co-VI 60% 3515.6 11,977.8
VI 100% 3344 377.7

Stress (kPa)

0 20 40 60 80 100
Strain (%)

Fig. 12. Mechanical response for (a) DMAPMD 100%; (b) DMAPMD-co-VI 20%; (c)
DMAPMD-co-VI 60%; (d) DMAEMT 100%; (e) DMAEMT-co-VI 20%; (f) DMAEMT-co-VI
60% and (g) VI 100%.

as a consequence, pore size decreases with the incorporation of this
CO-monomer.

Thus, data shown in Table 2 are consistent with those from
studies of the morphology of each material. The specific structure
determines the final properties of each material independently of
chemical composition.

3.8. TGA study

Although the three-dimensional structure of the hydrogels and
their properties correspond to the swollen state, knowing their
thermal stability is important for certain applications where
products may be exposed to high temperature. Starting from dry
products, Table 4 shows that all present 13.5—2.2% of water strongly
retained (depending on the specific composition) is not likely to be
removed by drying at 28 °C possibly due to solvatation of polymer
chains or by diffusional impediments. Furthermore, the higher
hydrophilicity of DMAPMD with respect to that of DMAEMT can be
clearly noted since DMAPMD-containing products present higher
values of gy (Table 2) and lower elastic modulus values (Section
3.5). Additionally, DMAPMD-containing hydrogels exhibit higher
loss of water at 100 °C compared to those formed from DMAEMT.

As shown in Table 4, VI 100% retained the larger percentage of
water. Nevertheless, swelling indexes did not show the same
response (Table 2), indicating the strong attractive interactions
between the polymer chains in the hydrogel structure. The incor-
poration of VI into network structures to form co-polymers also
increases the capacity of water retention. The g,, does not reflect
hidrofilicity increase, thus attractive interactions are greater than
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Table 4
“Decomposition study (temperature and percentages) of the products.

Hydrogel Water Decomposition Decomposition
strongly temperature (%)
retained (%) (°C)
DMAPMD 100% 7.92 277.01 83.10
DMAPMD-co-VI 20% 9.60 267.15 85.23
MAPMD-co-VI 60% 9.60 241.05 80.41
VI 100% 13.54 293.52 58.41
DMAEMT 100% 2.19 201.16 370.68 87.15

DMAEMT-co-VI 20% 2.86
DMAEMT-co-VI 60% 7.11

197.12
174.29

351.07 84.52
336.81 81.48

2 TGA spectra on supplementary information.

those with water molecules.

After materials suffer loss of water strongly retained at tem-
peratures near 100 °C, the structures remain stable over a wide
range of temperatures. Their decomposition temperatures are
summarized in Table 4. The decomposition of DMAPMD 100% and
DMAEMT 100% occurs in one and two steps, respectively.

All hydrogels except VI 100% suffer approximately 85% of matter
loss with respect to their original weight. Thus, it is concluded that
DMAEMT- or DMAPMD-containing hydrogels form a large amount
of volatiles with respect to VI 100%, indicating increased stability of
this last product to at least 500 °C.

4. Conclusions

The preparation of crosslinked hydrophilic co-polymers with
specific functional groups in their structure using DMAPMD and
DMAEMT as monovinyl monomers and BIS as a crosslinking agent
was performed. Different proportions of VI were incorporated into
the polymer structures in order to yield mechanically strong
hydrogels. The strength of failure, Young's modulus and elastic
modulus (G') increase when VI fraction is 0.6, whether or not the
other co-monomer is DMAEMT or DMAPMD. The g, values
decrease with the increase in the mole fraction of VI independently
of the co-monomer, indicating that interactions between chains are
intensified by the presence of VI. The addition of VI increases the
amount of water retained for both amide and acrylate based-co-
polymers. This not only indicates that VI favors attractive in-
teractions, it is also favored with the solvent.

Probably, the synergistic effect is not caused by amides or ester
groups present in DMAPMD and DMAEMT, respectively (since in-
crease is similar in both cases). It is likely that favorable interactions
occur between VI and DMAPMD and DMAEMT monomers because
the determinations of failure strength resulted higher than their
respective homo-polymers. The observed proportion of greater
synergy, which is 3: 2 (VI:co-monomer), would indicate another
probable cause. Therefore, DMAEMT or DMAPMD could act as
spacers of the imidazole rings, increasing Young's module and
failure strength. However, the swelling-deswelling effect can pro-
duce great changes between the distance of the chains. This could
explain the presence of the lower viscoleastic range based on the
short range of VI ring interactions.

These optimized materials, with highly proved synergistic ef-
fect, are being tested in application such as metal ion complexation
agent, enzyme immobilization and hydrogen peroxide decompo-
sition. The results will be shown in a future work.
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