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a b s t r a c t

Novel soluble and non-soluble polymers based on methacrylic acid, ethylene glycol diglycidyl ether and
pyrazole, triazole or imidazole were obtained by a one-spot synthetic strategy. The new materials were
characterized by spectroscopic techniques (FT-IR, and solution- and solid-state NMR). Evidence on the
covalent binding of the different heterocycles to the non-soluble matrix was given by the unequivocal
assignment of the 13C solid-state NMR spectra. Proton relaxation times in the rotating frame and two-
dimensional wideline separation (1H-13C WISE) NMR spectra were used to assess their molecular
dynamics. The higher synthetic yield of polyampholytes bearing triazole or pyrazole correlated with
a lower molecular motion and a higher cross-linking degree. The polyelectrolyte effect of these materials
was exhaustively explored through the acid-base properties, swelling and zeta potential. The quaterni-
zation of heterocyclic residues, responsible for adsorptive properties, was studied taking into account
that these materials are attractive for analytical, environmental and biotechnological processes.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Polymers containing ionic groups are among the most impor-
tant classes of macromolecules. These materials may be divided
into two groups: polyelectrolytes and polyzwitterions. Poly-
electrolytes contain anionic or cationic groups, whereas poly-
zwitterions contain both anionic and cationic groups. The
polyzwitterions that specifically possess the charged groups in
differentmonomer units are named polyampholytes. There are four
different subclasses of polyampholytes based on their responses to
changes in pH, where the anionic and/or cationic groups may be
neutralized and/or may be insensitive to changes in pH [1e4]. A
characteristic of polyelectrolytes is chain expansion in deionized
water due to Coulombic repulsions. The addition of low molecular
weight electrolyte or changes in the solution pH screens the
repulsive electrostatic forces, and the polymer coil shrinks. This is
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known as the polyelectrolyte effect [5]. Polyampholytes have the
ability to demonstrate both polyelectrolyte and antipolyelectrolyte
behavior depending on the composition of the solution in contact.
Another characteristic feature of polyampholytes, in particular
those composed of weak acid and base species, is that they possess
an isoelectric point, defined as the pH at which the polyampholyte
is electrically neutral.

Non-soluble ionic polymers find a huge variety of applications in
analytical and synthetic fields in solid-phase development for ion-
chromatography, protein separation, molecular imprinting, catal-
ysis and chemical sensors [6e9]. In the sameway, the development
of polymers containing nitrogen as donor atoms is particularly
strong due to the applications as destabilizing negative colloids in
effluents and water clarification [10], recovery of trace metal ions
[11], and biotechnology issues [12,13], among others [14]. Poly-
vinylimidazole is an example of great relevance because it is rela-
tively simple to synthesize and can generate permanent positive
charge densities by controlled quarternization [15].

In this work, we present the non-soluble polyampholytes
Poly(EGDE-MAA-PYR) and Poly(EGDE-MAA-TRZ), together with the
polyelectrolytes Poly(EGDE-IM) and Poly(EGDE-2MI) based on
ethylene glycol diglycidyl ether (EGDE), methacrylic acid (MAA)
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Table 1
Monomer composition, apparent diameter (Dapp) and surface area of the particles
for the different materials.

Polymer Monomer Dapp

(mm)
Surface areab

(m2 g�1)
EGDE MAA HETa

EGDE-2MI 0.83 e 0.17 59.2 260
EGDE-IM 0.70 e 0.30 65.4 243
EGDE-MAA-TRZ 0.41 0.46 0.13 30.1 274
EGDE-MAA-PYR 0.61 0.26 0.13 1.6 216
EGDE-MAA-IM 0.49 0.35 0.16 67.7 367
EGDE-MAA 0.35 0.65 e 35.1 83

a Heterocyclic ring depending on the polymer material.
b Surface areas obtained from water adsorption.
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and/or nitrogen-heterocycle monomers (IM ¼ imidazole, 2MI ¼ 2-
methylimidazole, PYR ¼ pyrazole, or TRZ ¼ triazole) obtained by
a one-spot synthetic strategy. The selection of these heterocycle
units was based on the possibility of modulating the acid-base
properties and the isoelectric point of the polymer matrices
obtained, because it is a critical factor that should be taken into
account when a material is used as a solid phase for extraction, for
instance for protein uptake [16e18]. These kinds of materials have
been proved to be efficient matrixes for ion and macromolecule
adsorptionwith potential applications in environmental protection
and analysis [19,20]. The new materials were characterized by
spectroscopic techniques such as SEM, FT-IR and solid-state NMR.
In addition, other NMR techniques such as wideline separation
(1H-13C 2D-WISE) and proton relaxation times in the rotating frame
(TH1r) were used to assess their molecular dynamics. The poly-
electrolyte effect of these materials was exhaustively explored
through the acid-base properties, swelling and zeta potential
dependence on pH. The quaternization of imidazole, triazole or
pyrazole residues, an important factor to characterize charged
materials, was also studied.

2. Materials and methods

2.1. Polymer synthesis

Thenovel polyampholytes Poly(EGDE-MAA-TRZ) and Poly(EGDE-
MAA-PYR) were synthesized with 1.0 mL of methacrylic acid (MAA)
purified by vacuum distillation, 2.0 mL of ethylene glycol diglycidyl
ether (EGDE; 50 wt% in ethylene glycol dimethyl ether) and the
corresponding heterocycle (1.02 g of 1H-1,2,4-triazole¼ TRZ 98wt%
or 830 mg of pyrazole ¼ PYR 98 wt%) were mixed with 10.0 mL of
acetonitrile. After that, 30 mg of benzoyl peroxide was added to the
reaction. The solutionswere placed in a tube glass and thermostated
at 60 �C for 24 h. Thematerialwas placed at 20 �C,milled inparticles,
washed three times with distilled water and dried. The elemental
analysis for Poly(EGDE-MAA-TRZ) showed that: N, 7.7%; C, 49.5%; H,
7.4%;whereas that forPoly(EGDE-MAA-PYR) showed that:N, 5.5%;C,
53.8%; H, 7.6%.

The non-soluble polyelectrolytes Poly(EGDE-IM or 2MI) were
synthesized in the same way, with EGDE (2.0 mL) and the corre-
sponding functional monomer (820mg of imidazole¼ IM 99wt% or
1gof 2-methylimidazole¼2MI99wt%) in 8.0mLof acetonitrile. The
solutions were placed in a tube glass and thermostated at 60 �C for
24 h. The material was placed at 20 �C, milled in particles, washed
three timeswithdistilledwateranddried. Theelemental analysis for
Poly(EGDE-IM) showed that: N, 5.9%; C, 51.9%; H, 8.0%; whereas that
for Poly(EGDE-2MI) showed that: N, 5.7%; C, 51.7%; H, 8.0%.

The soluble Poly(EGDE-IM)sol was synthesized with EGDE
(1.0 mL) and imidazole (820 mg) in 8.0 mL of acetonitrile. The
solution was placed in a tube glass and thermostated at 60 �C for
24 h. The material was placed at 20 �C, dissolved with 2.0 mL of
distilled water, and the resulting solution then washed with chlo-
roform (3 � 2.0 mL). Finally, the aqueous solution were lyophilized
for 48 h and studied by solution-state NMR and high resolution ESI-
MS experiments.

The polyampholytes Poly(EGDE-MAA-IM or 2MI) and the poly-
electrolyte Poly(EGDE-MAA) were synthesized according to
previous reports [20].

2.2. Experimental section

2.2.1. General
Elemental analysis was performed with a CE440 Exeter Analyt-

ical device. A nitrogen adsorption isothermwas collected at 77 K on
a Micromeritics Gemini 2360 system. The adsorption of water was
made in a hygrostat at 55% of relative humidity, thewater content in
the monolayer was determined by gravimetry, and the surface area
of adsorptionwas calculated taking into account the surface area of
a water molecule (10.6 � 10�20 m2). Particle size determination (1%
w/w water suspension) was performed by dynamic light scattering
measurements using the Brookhaven 90Plus/Bi-MAS Multi Angle
Particle Sizing, operating at l ¼ 635 nm, 35 mW-solid state laser,
scattering angle 90�, 25 � 0.1 �C. The determination only gives an
apparent equivalent sphere diameter (Dapp). FT-IR spectra were
recorded on a Nicolet 360 spectrometer using KBr pellets. SEM
images were carried out with a scanning electronmicroscope (Zeiss
Gemini DSM 982) operated at a 0.3 kV acceleration voltage. The
solution-state NMR experiments were performed on a Bruker
Avance-II 500 MHz. The high resolution ESI-MS spectra were
determined on a Bruker micrOTOF-Q II. Zeta (z) Potential measure-
mentswere performedwith a Zeta Potential Analyzer ZetaPlus from
Brokhaven Instruments Corporation at 25 �C and constant ionic
strength of 10�3 M KCl. Potentiometric titrations of the solvated
functional groups were carried out with a HANNA Instrument pH
meter model HI8424 supplied with a combined glass electrode,
according to previous reports [20]. Equilibrium swelling measure-
ments were performed according to previous reports [20].

2.2.2. Solid-state NMR
High-resolution 13C solid-state spectra for the polymers were

recorded using the ramp {1H}/{13C} CP-MAS (cross-polarization
and magic angle spinning) sequence with proton decoupling
during acquisition. All the solid-state NMR experiments were per-
formed at room temperature in a Bruker Avance II-300 spectrom-
eter equipped with a 4-mm MAS probe. The operating frequency
for protons and carbons was 300.13 and 75.46 MHz, respectively.
Glycine was used as an external reference for the 13C spectra and to
set the Hartmann-Hahn matching condition in the cross-
polarization experiments. The recycling time was 4 s. The contact
time during CPwas 1.5ms for the polymermaterials. The two-pulse
phasemodulation (TPPM) or the SPINAL64 sequenceswere used for
heteronuclear decoupling during acquisition with a proton field
H1H satisfying u1H/2p ¼ gHH1H ¼ 62 kHz [21,22]. The spinning rate
for all the samples was 10 kHz.

Proton spin lattice relaxation time in the rotating frame, TH1r, was
measured through carbon spectra at the proton spin-lock field:u1H/
2p¼ 40 kHz. The variable time s ranged from10 ms to 7.5ms. Contact
time between carbon and protons was 100 ms, allowing the 13C
polarization to be dominated only by the 1H directly bound to the
carbons. The 2D 1H-13CWISE (wideline separation) experimentwas
performed following the pulse sequence developed by Schmidt-
Rohr et al. at room temperature [23]. The proton magnetization
was transferred to 13Cusing a short CP contact timeof 200ms in order
to avoid equilibration of the proton magnetization due to spin
diffusion. TheMAS frequencywas set to 4.5 kHz in order not to affect
the proton lineshape. In our experiment, 32 increments of 3 ms were



Scheme 1. Representative chemical structures of the novel polyampholytes.
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collected in the indirect 1H dimension. HETCOR spectrum in the
solid statewas recorded for Poly(EGDE-2MI) following the sequence
presented by van Rossum et al. [24]. The contact time for the CPwas
200 ms to avoid relayed homonuclear spin-diffusion-type processes.
The magic angle pulse length was 2.55 ms. To obtain the 1H spectra,
64 pointswere collectedwith a dwell timeof 35.5ms. The acquisition
time was 1.14 ms and the spinning rate was 10 kHz.
3. Results and discussion

3.1. Synthesis and characterization of non-soluble ionic polymers,
Poly(EGDE-MAA-TRZ), Poly(EGDE-MAA-PYR) and Poly(EGDE-2MI)

Although we have previously reported the synthesis and char-
acterization of ionic polymers bearing imidazole units, the
synthetic yield was affected by the ionic pair formed between the
methacrylic acid (MAA) and the imidazole ring, which reduced the
reactivity of the monomers [20]. The analysis of the pKa values for
the MAA (pKa ¼ 4.66) and the protonated species: imidazole
(pKa ¼ 7.18), pyrazole (pKa ¼ 2.5) and triazole ring (pKa ¼ 2.39)
showed that only the imidazole derivatives had the disadvantage of
the formation of the ionic pair between the mentioned monomers
with MAA. In the new materials reported here, the yields were
increased to 80-90% using pyrazole or triazole respectively. Table 1
shows the polymer composition for the different materials studied.

The novel non-soluble polyampholytes were synthesized in
a one-step batch synthetic strategy using methacrylic acid (MAA),
ethylene glycol diglycidyl ether (EGDE) and pyrazole (PYR) or tri-
azole (TRZ) in the presence of benzoyl peroxide. Scheme 1 exhibits
the most representative chemical structures of these products.
Three parallel reactions take place in these polymer materials:
radical polymerization of MAA, which gives linear segments, like
Scheme 2. Synthesis o
Poly(MAA), condensation between EGDE and MAA monomers, and
reaction of some epoxy-units with pyrazole or triazole, which
results in N1-substituted units. These N1-substituted azole units
may react with other oxirane ring to give rise to N1,N3-disubstituted
triazole units or N1,N2-disubstituted pyrazole units. Furthermore,
linear Poly(MAA) segments interact with azole moieties of the
EGDE-PYR or EGDE-TRZ fragments, giving some kind of interpoly-
meric complex, which results in an interesting system with inter-
penetration of linear and cross-linked polymers.

Finally, the synthesis of Poly(EGDE-2MI or IM) was carried out
to improve the NMR assignment of the 13C CP-MAS spectra and for
the zeta potential studies that are discussed below in the manu-
script. In agreement with the kinetic results obtained by Barton
[25] and Chiu et al. [26] for the curing of epoxy resins using
different concentrations of imidazole, we postulated a possible
mechanism of reaction (Scheme 2). Initially, the pyridine-type
nitrogen of 2-methylimidazole (2MI) causes the opening of the
epoxy group present in the EGDE molecule with the concomitant
proton transfer and the generation of a new pyridine-type
nitrogen, which subsequently reacts with a new EGDE molecule
(Scheme 2, Step A), giving rise to a N1,N3-disubstituted 2MI unit
and an alkoxide intermediate. The latter generates cross-linking
between EGDE chains through a polyesterification mechanism
(Scheme 2, Step B). In particular, the new polyelectrolyte mate-
rials, Poly(EGDE-IM or 2MI), were rendered as slack materials,
indicative of a low cross-linking degree, with a yield of around
60-70%.
3.2. Surface and FTIR characterization

SEM images were obtained without surface modifications
(Fig. 1). Particularly, the SEM image of Poly(EGDE-MAA-TRZ) was
f Poly(EGDE-2MI).



Fig. 1. SEM images for Poly(EGDE-2MI) (A) and Poly(EGDE-MAA-TRZ) (B).
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regular in contrast with the surface of Poly(EGDE-2MI). The latter
was a soft resin that cannot be milled as powdered particles as in
the case of the polyampholytes bearing EGDE, MAA and the
nitrogen heterocyclic units. The surfaces in the polymers were non-
porous (absence of mesopores) in agreement with the information
obtained from the BET adsorption isotherms, which also indicated
a low specific surface area around 0.5e1 m2 g�1. The surface areas
determined by adsorption of water vapor gave values of around
80e300m2 g�1. In particular, Poly(EGDE-MAA) presented 83m2 g�1

of water vapor surface against 243m2 g�1 presented by Poly(EGDE-
2MI), indicating a higher density of charged and polar groups in the
latter. The accurate determination of the specific surface area is not
straightforward due to the high density of functional groups on the
particles surface. Nitrogen could neglect polar surface sites due to
its non-polar character and was not the best probe for this purpose.
The water molecule can measure a more realistic specific surface
area because of the interactions between the probe molecule and
the polar surface sites (Table 1).

Poly(EGDE-MAA-PYR) and Poly(EGDE-MAA-TRZ) exhibited
a particularly high surface area/Dapp ratio. In addition, Poly(EGDE-
MAA-PYR) particles are expected to present outstanding size-
related properties such as high adsorption capacity for ions and
biomolecules, with many potential applications in environmental
and industrial fields.

The FT-IR spectra of Poly(EGDE-2MI), Poly(EGDE-MAA-TRZ) and
Poly(EGDE-MAA-PYR) are shown in Fig. 2, together with those of
Poly(EGDE-MAA-IM) reported previously [20]. The bands at 1724,
1630/1445, 1570 and 1100 cm�1 were attributed to the stretching
Fig. 2. FT-IR spectra of Poly(EGDE-2MI) (A), Poly(EGDE-MAA-IM) (B), Poly(EGDE-MAA-
TRZ) (C) and Poly(EGDE-MAA-PYR) (D).
vibration of C¼O, C¼C/N (heterocyclic rings), R-CO�
2 and C-O

respectively. The bending vibrations of the triazole, pyrazole and
imidazole moieties and their torsion stretching were present at
around 900 and between 750e600 cm�1 respectively.
3.3. Solution- and solid-state NMR characterizations

The 13C CP-MAS spectra of the new polyampholytes bearing
triazole or pyrazole units together with the new polyelectrolyte
Poly(EGDE-2MI) are shown in Fig. 3. Table 2 displays the corre-
sponding chemical shifts, where the numbers of the assignments
correspond to those in Fig. 3. The 13C CP-MAS spectra were
compared to those of Poly(EGDE-MAA) and Poly(EGDE-MAA-IM or
2MI) previously reported [27].

The new materials showed differences in the region between
110e160 ppm. In particular, the 13C CP-MAS spectrum of the matrix
containing pyrazole (Fig. 3E) shows that the three carbons of the
heterocycle were well resolved in comparison with the materials
bearing imidazole units (Fig. 3B, C and D). The 13C CP-MAS spec-
trum for Poly(EGDE-2MI) showed only one type of carbon around
40-60 ppm (Fig. 3 and Table 2) in contrast with the two distinct
carbon signals for the oxirane ring in reported monomers used for
the synthesis of the epoxy system in solid-state NMR [28], and, in
the case of our results, for the EGDE monomer presented in the
Electronic Supplementary Material. In addition, the splitting
observed in the correlations involving C8 and C10 in the 2D 1H-13C
HETCOR spectrum of Poly(EGDE-2MI) sensed that the imidazole
moieties were in different environments (Fig. 4).

In order to clarify the assignments in these kinds of polymeric
systems, solution- and solid-state experiments were performed
taking into account that in all the materials the presence of C9 was
the evidence of the covalent binding between the heterocyclic ring
and the EGDE segments. This C9 was generated after the opening of
the epoxy ring by the nucleophilic character of the nitrogen atom in
the different heterocyclic monomers used (imidazole, triazole and
pyrazole). In solid state, the problem was that the chemical shift
corresponding to C9 was, in general, very close to that of the
methylene signal of the methacrylic segment (C4) (Fig. 3).

The assignment of C9 in reported polymeric materials contain-
ing imidazole has not been made either by omission or overlapping
of different signals [20,27,29,30]. We identified the chemical shift of
C9 performing solution-state NMR experiments using a new soluble
system denominated Poly(EGDE-IM)sol. This material was obtained
by using lower amounts of the cross-linking molecule (EGDE) and
imidazole in a molar relation of 0.5:1 respectively. By comparing
HSQC of EGDE and Poly(EGDE-IM)sol, the chemical shift of C9 was
clearly identified (see Electronic Supplementary Material). The
signal of C9 in the 13C CP-MAS spectrum of Poly(EGDE-2MI), where
C4 was absent, helped us to identify this resonance in the rest of the



Fig. 3. 13C CP-MAS spectra for Poly(EGDE-MAA) (A), Poly(EGDE-2MI) (B), Poly(EGDE-MAA-2MI) (C), Poly(EGDE-MAA-IM) (D), Poly(EGDE-MAA-PYR) (E) and Poly(EGDE-MAA-TRZ) (F).
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new materials. In the case of Poly(EGDE-MAA-PYR or TRZ), the C9
and C4 chemical shifts were obtained from the deconvolution of the
13C CP-MAS NMR spectrum (Fig. 5).

Note that the chemical shifts for C9 were distinctive for each
heterocyclic unit attached to it, even in the case of IM or 2MI
(Table 2). The correct assignment of C9 in the solid state was the
evidence that the heterocyclic rings were attached to a non-soluble
matrix through a covalent bond and not by a complexation
with MAA.

3.4. Molecular mobility studied by solid-state NMR

The 1H-13C 2D-WISE NMR experiments were carried out to
study the dynamics in the solid polymers. With this technique, the
Table 2
13C CP-MAS chemical shifts corresponding to the polyampholytes.

d 13C (ppm)

Polyampholytesb Polyelectrolytesc Carbona

TRZb PYRb IMb 2MIb MAAc 2MIc

e e e 12.4 e 12.2 (10)
16.8 16.7 17.1 19.6 16.0 e (6)
45.0 44.4 45.8 46.4 45.1 e (5)
48.9 54.2 53.2 52.5 e 49.0 (9)
55.8 54.2 57.8 56.8 55.3 e (4)
69.1 69.2 71.3 71.0 70.9 70.1 (3)
e e e e e 78.1 (3a)
e 131.2 e 123.6 e e (8a)
e 138.6 123.7 e e 122.0 (8)
144.8 105.7 137.8 146.3 e 144.8 (7)
178.3 177.5 180.0 180.3 179.4 e (2)
183.7 181.9 185.0 184.4 187.2 e (1)

a The assignment corresponds to those in Fig. 3.
b Poly(EGDE-MAA-TRZ or PYR or IM or 2MI).
c Poly(EGDE-MAA) and Poly(EGDE-2MI).
information about the dynamic behavior within the system can be
qualitatively assessed by examining the proton linewidths associ-
ated with the different carbons in the polymer host [23]. In
a previous work, we demonstrated that Poly(EGDE-MAA) and Pol-
y(EGDE-MAA-IM) were non-homogeneous, presenting regions
with different molecular mobility. This was confirmed taking into
account that the 1H projections associated with the signal at
w70 ppm (C3) in the carbon dimension had contributions of two
Fig. 4. 1H-13C HETCOR spectrum of Poly(EGDE-2MI) in the solid state. The 1H chemical
shift values (in ppm) extracted from each correlation are indicated in parenthesis. The
dot-line circles show the carbon signals that present splittings.



Fig. 5. Deconvolution of the 13C CP-MAS spectra of Poly(EGDE-MAA-TRZ) (R2: 0.9958) (A) and for Poly(EGDE-MAA-PYR) (R2: 0.9963) (B), experimental data (black line), decon-
volution from the experimental data (red line) and Gaussian lines from each resonance peak (blue lines). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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lines with different widths [27]. In general, this signal is selected
due to its good signal-to-noise ratio, which allows comparing
between the different materials.

The high values for the full width at half height (FWHH) of the
1H projections corresponding to C3 in the new synthesized poly-
ampholytes, Poly(EGDE-MAA-TRZ or PYR), indicate a lower
molecular motion than that in Poly(EGDE-MAA) (Fig. 6 and Table 3).
The lower mobility of the polymeric segments may arise from the
interaction among the triazole or pyrazole units, which reinforced
the contact among the different polymeric chains. However, the
soft Poly(EGDE-2MI) material presented a higher FWHH than the
rigid Poly(EGDE-MAA). In Poly(EGDE-MAA), the EGDE segment was
more mobile than in Poly(EGDE-2MI). Even when the methacrylic
segments are involved in the reticulation degree, the imidazole was
responsible for the lower molecular mobility in a micro scale,
probably resulting from the interaction between the aromatic units,
but it was not enough to produce a reticulation similar to that in
Poly(EGDE-MAA). According to these results, the EGDE segments
provided mobile regions but the heterocyclic units together with
the methacrylic acid were responsible for the high cross-linking
degree in these polymer materials.

These results indicate that the EGDE segment was a sensitive
parameter to analyze the molecular mobility in a bulk amorphous
polymer when the methacrylic acid or the imidazole residues are
covalently attached to this segment.

Another evidence of the lowmolecular motion in these systems
was the measure of the proton spin-lattice relaxation time in the
Fig. 6. 1H projection for the C3 extracted from the 1H-13C 2D WISE experiments in the
indicated polymer materials.
rotating frame (TH1r). In general, carbon magnetization in the MAA
and imidazole segments in all the compounds had a single expo-
nential decay according with Equation 1. On the other hand, the
carbon magnetization in the EGDE segment (signal at w70 ppm)
followed a two-exponential behavior according with Equation 2.

MCðsÞ ¼ M0 � e�
s
s1 (1)

MC

M
ðsÞ ¼ A� e�

s
s1 þ ð1� AÞ � e�

s
s2 (2)
0

The decay of the magnetization of C3 was indicative of a non-
homogeneous material having regions with different mobility.
Here, as themagnetizationwas normalized, the numbers A and 1-A,
from Equations 1 and 2 can be directly interpreted as a measure of
the percentage of the sample giving s1 and s2 respectively. The
values of TH1r are shown in Table 4.

The TH1r values observed for the different carbons in eachmaterial
were similar due to the spin diffusion process. The long values of the
TH1r in all the fractions of Poly(EGDE-MAA-TRZ or PYR) indicate that
the general mobility was more affected than in the rest of the poly-
mer materials. Fast or effective relaxations (short values for TH1r)
corresponding to mobile fractions (7e13%) were detected for the
EGDE segment (C3) in both Poly(EGDE-MAA-TRZ) and Poly(EGDE-
MAA-PYR), although lower than the values for Poly(EGDE-MAA) and
Poly(EGDE-MAA-IM) (Table 4). These results indicate that the
heterocycleunitsused, triazoleandpyrazole, causedadecrease in the
generalmolecularmobility, togetherwith the reticulation inducedby
the MAA, explaining the high rigidity of the resulting polymers.
3.5. Acidebaseproperties of thepolyampholytes andpolyelectrolytes

The thermodynamic data for the protonation of the heterocyclic
nitrogen and the carboxylate group in the polymers were obtained
and the polyelectrolyte character was explored. Each poly-
ampholyte was placed together with a measured excess of HCl
Table 3
Full width at half height (FWHH) corresponding to the 1H
projection from the C3 signal at 70 ppm extracted from the 2D
WISE experiment in the indicated polymers.

Polymer FWHH (kHz)

EGDE-MAA [27] 90
EGDE-2MI 120
EGDE-MAA-IM [27] 125
EGDE-MAA-PYR 124
EGDE-MAA-TRZ 140



Table 4
TH1r (in ms) measured in the indicated polymers. The values were obtained by fitting
the experimental data of 13C magnetization vs. s to Equation 1 or 2. In the case of the
two-exponential decay, the fractions corresponding to the short TH1r are displayed in
parentheses.

Polymer TH1r (ms)

C3a C4
b C5b C6b C7

c C8c C9d

EGDE-MAA [27] 3.3 0.5 (37%) 3.4 2.9 3.1 e e e

EGDE-MAA-IM [27] 3.3 0.6 (26%) 3.0 2.6 e 2.8 2.8 e

EGDE-MAA-PYR 5.3 0.3 (13%) 6.0 6.4 e 5.3 e

EGDE-MAA-TRZ 5.7 0.3 (7 %) 6.2 e e 6.2 e

EGDE-2MI 2.5 0.5 (17 %) e e e 2.3 2.7

a Carbon signals of the EGDE segments.
b Methacrylic segments.
c Heterocyclic units.
d The methylene from the EGDE segments attached to the heterocycle units

according with the numbering in Fig. 3.

Fig. 7. pK values as a function of ai for R-CO2H (A) and for HetHþ (B).
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standard solution. In this condition, the polyampholyte was
considered as a polymeric acid bearing two types of ionizable
groups and titrated with a NaOH standard solution [31,32]. Two
acid dissociation reactions can be defined for the fully protonated
polymeric unit (H2Pþ):

H2P
þ þ H2O#HP� þH3O

þ Ka1 ¼
�
HP�

�� ½H3O
þ�

½H2P
þ�

HP� þ H2O#P� þ H3O
þ Ka2 ¼

�
P�

�� ½H3O
þ�

½HP��
H2Pþ represents the polymer bearing both R-CO2H and HetHþ

(protonated heterocycle); HP� represents the neutral polymer,
whereas P� represents the polymer with R-CO�

2 and Het. Then, in
order to analyze the electrostatic interaction between charged
groups, the modified Henderson-Hasselbalch equation (Equations
3 and 4) can be used [33,34].

pH ¼ pK� þ n� log
ai

1� ai
(3)

pK ¼ pK� þ ðn� 1Þ � log
ai

1� ai
(4)
The empirical parameters of acidity obtained from them are
shown in Table 5: ai represents the acid dissociation degree for the
carboxylic group (a MA� ¼ [R-CO�

2 ]/Ctotal MAA) or the protonated
heterocycle (a Het ¼ [Het]/Ctotal Het), pK is the apparent acid
dissociation constant for each type of acidic group, and pK� is the
pK value at ai ¼ 0.5. The n parameter gives a measure of the
deviation of the studied polymers from the behavior of small
(generally soluble) molecules showing sharp dissociation constants
and n ¼ 1 [35,36]. The variation of K with a is known as the poly-
electrolyte effect. The magnitude of n reflects this effect and can be
seen as an index of the accessibility of protons in the reversible
Table 5
Results obtained from the potentiometric titrations of the polymers.

Polymer R-CO2H R-Het pK�

mmol g�1 R-CO2H n R-HetHþ n

EGDE-MAA-TRZ 0.68 1.11 6.85 1.11 4.57 1.10
EGDE-MAA-PYR 1.22 nd 6.89 1.27 nd e

EGDE-IM e 1.42 e e 7.07 1.61
EGDE-MAA [20] 0.92 e 8.01 1.81 e e

EGDE-MAA-IM [20] 1.1 1.3 4.7 1.07 7.17 1.46
EGDE-MAA-2MI [20] 1.39 1.41 4.52 1.41 7.82 1.31
dissociation reaction from weak functional groups [37]. n values
greater than 1 indicate that the dissociation of protons from the
network becomes more difficult as ai increases. The corresponding
pK increased progressively with ai due to a greater electrostatic
field force produced by the overall negative charge density in the
macromolecule.

Fig. 7 shows the results obtained from the plot of pK values as
a function of ai for the ionizable groups in the differentmaterials for
the carboxylic acid unit (Fig. 7A) or the heterocyclic unit (Fig. 7B).
Fig. 8. Experimental zeta potential curves for the indicated materials.



Scheme 3. Changes in the pKa values of the pyrazole and triazole residues in the
polyampholytic matrixes. The methacrylic segments are not shown to clarify the
analysis.
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Table 5 displays the n values for the polyampholytes and
polyelectrolytes.

For the carboxylic groups, the electrostatic attraction between
Hþ and the increasing negative charges on the network would
account for the increase in pK values with ai (Fig. 7A). The effect
was particularly stronger for the polyelectrolyte Poly(EGDE-MAA),
due to a possible distribution of R-CO�

2 in clusters where the
basicity was enhanced by the vicinity of groups of the same charge.

The polyelectrolyte effect was less marked in our poly-
ampholytes than in polyelectrolytes and betaines with close
neighbors of opposite charge [38]. For carboxylic residues, we
found two opposite effects: on the one hand, that the high negative
charge density from R-CO�

2 makes the dissociation of Hþ more
difficult, and, on the other hand, that the polyampholyte presents
HetHþ groups and non-neutralizable positive charges from disub-
stituted Het residues (Hetþ), which exert repulsion on the Hþ

interacting with R-CO�
2 groups.

For HetHþ groups, Poly(EGDE-IM) also presented a strong
polyelectrolyte effect (Fig. 7B). In this case, the pK values were
lower than those in the corresponding polyampholyte, Poly(EGDE-
MAA-IM), attributed to the absence of negative charge.

The polyelectrolyte effect and the zeta potential values were
specially low for Poly(EGDE-MAA-TRZ) (Fig. 8). In this material, we
found the lowest amount of R-CO2H and titrable Het groups.

Then, the pK� values were analyzed taking into account the
dependence on the chemical environment surrounding each type
of ionizable group (Table 5). The pK� for HetHþ did not change
significantly respect to the pK of the monomer, except in the case of
triazole, where the pK� was more than two units higher as
a consequence of the arrangement illustrated in Scheme 3. For the
R-CO2H groups, the pK� in Poly(EGDE-MAA-Het) was similar to the
pK of MAA (4.66) when Het was IM and 2MI, but increased
substantially in the polyampholytes with weak basic Het residues
and in Poly(EGDE-MAA). These high pK� could be attributed to an
Table 6
Isoelectric points obtained by potentiometric titration and by zeta potential measureme

Polymer Total Het
(mmol g�1)

Titrable Het
(mmol g�1)

pIa

EGDE-MAA-TRZ 1.83 1.11 (60.5%) 5.84
EGDE-MAA-PYR 1.96 nd nd
EGDE-IM 2.12 1.42 (67%) e

EGDE-2MI 2.03 1.55 (76%) e

EGDE-MAA-IM 2.28 1.3 (57%) 5.8
EGDE-MAA-2MI 2.39 1.41 (59%) 6.40

a Isoelectric point obtained by potentiometric titration.
b Isoelectric point obtained by zeta potential.
c Determined by substraction of the HetHþ groups (determined from titration with a

groups (determined from titration with a HCl standard solution).
increase in the cross-linking degree in the network and/or to
a more hydrophobic environment [34,37,39,40].

The 2D-WISE NMR experiments (Fig. 6) and TH1r values (Table 4)
showed that the 1H-1H dipolar couplings in the network were
smaller for Poly(EGDE-MAA) than for the other polymers, indi-
cating a lower cross-linking degree for this polyelectrolyte. Then,
the higher pK� in this case could be directly attributed to a more
hydrophobic environment, where polar heterocycles were absent.

In the cases of Poly(EGDE-MAA-TRZ) and Poly(EGDE-MAA-PYR),
the high pK� values for the R-CO2H groups could be explained by
a higher degree of cross-linking and hydrophobicity. In the first
case, the unexpectedly low polyelectrolyte effect might be associ-
ated with the opposite effect of the non-neutralizable Hetþ and the
negative charge of carboxylate, together with a high amount of lone
R-CO2

� spread over the side chains of the network.
In the case of Poly(EGDE-IM), a departure from the linearity for

a higher than 0.5 can be seen for the plot of pH vs. log(a/(1-a)). This
fact and the S-shaped profile in pK vs a might be associated with
the presence of two types of HetHþ groups (Fig. 7B) [41]. In addi-
tion, the 1H-13C HETCOR spectrum of Poly(EGDE-2MI) indicated
that some imidazole moieties were in different environments,
which may explain the presence of heterogeneity of the HetHþ

groups (Fig. 4).

3.6. Isoelectric point determination

The zeta potential values measured for the particles of poly-
ampholytes and polyelectrolytes are depicted in Fig. 8 and Table 6.

In the case of Poly(EGDE-MAA), the zeta potential was zero at
pH values below 4, becoming negative at pH higher than 4, as
expected for a weak polyelectrolyte. Poly(EGDE-IM) adopted only
a positive charge, giving a zeta potential of þ20 mV at pH values
lower than 6.5, and a zeta potential close to þ10 mV at pH values
between 6.5 and 11. The decrease in the zeta potential profile with
an inflection at pH ¼ 6.5 was the result of the neutralization of
IMHþ, remaining positive beyond 6.5 due to the permanent charge
from IMþ.

An isoelectric point (pI) for the polyampholytes can be deter-
mined using this technique. These pI values were significantly
different from those obtained indirectly by potentiometric titration
of the acid form of the polymers (Table 6) [18,20]. To explain this
difference we must focus on the nature of the ionic and ionizable
sites. These particles have carboxylate and hydroxyl groups and
heterocycle residues that can be monosubstituted (Het) or disub-
stituted (Hetþ). The Het units are weak bases that can be proton-
ated giving HetHþ, and the Hetþ units bear a permanent positive
electric charge. Only R-CO2H and HetHþ were determined by
titration of the acid form, which leads to a theoretical pI lower than
this experimental value. The amount of Hetþ was determined
indirectly taking into account the pI obtained from the zeta
nts, and degree of disubstitution of the Het groups obtained from these results.

pIb a at pIb Disubstituted Het
(mmol g�1)

Non-accessible
Het (mmol g�1)

8.5 1 0.68 (37%) 0.04
3.7 0.01 0 nd
e e 0.26 (12%)c 0.44 (21%)
e e nd nd
8.0 0.90 0.86 (38%) 0.12
8.2 0.83 0.91 (38%) 0.07

NaOH standard solution) to the total of protonable Het and disubstituted HetþOH�



Table 7
Equilibrium swelling and water content of the polymers. Dependence on pH and
ionic strength (I).

Polymer pH 3.0 I < 0.001 pH 3.0 I ¼ 0.5 pH 9.8 I ¼ 0.5

Swelling
(g g�1)

Water
content
(%)

Swelling
(g g�1)

Water
content
(%)

Swelling
(g g�1)

Water
content
(%)

EGDE-MAA 1.09 52 1.05 51 1.50 60
EGDE-2MI 3.10 76 2.21 69 1.92 66
EGDE-MAA-

IM
4.90 83 3.20 76 3.60 78

EGDE-MAA-
2MI

5.30 84 4.60 82 4.20 81

EGDE-MAA-
PYR

2.80 74 2.17 68 3.09 76

EGDE-MAA-
TRZ

3.55 78 2.53 72 3.05 75
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potential, the dissociation degree of the polymer at pH ¼ pI [18,20],
the number and type of protonated groups, and the charge balance
in that situation. This estimation implied the absence of chem-
isorbed charged species on the surface of the particles. It was
assumed that the error in this assumption was small because the
charged species present in the solutions were Cl�, Naþ and Kþ,
acting predominantly as counterions of the functional groups.

For instance, at pH ¼ pI ¼ 8.2, the dissociation degree of Poly(-
EGDE-MAA-2MI) was close to 0.83, with 1.39 mmol g�1 of R-CO�

2 ,
0.93 mmol g�1 of 2MI and 0.48 mmol g�1 of 2MIHþ. At this point,
the amount of positive charge in the polymer should equal the
negative charge of the carboxylate, in accordance with the
measurements of zeta potential. The “missing” positive charge for
neutrality (0.91 mmol g�1) could only be explained by the
permanent positive charges of the 2MIþ units. In the same way, at
pH ¼ pI ¼ 8.0, the dissociation degree of Poly(EGDE-MAA-IM) was
0.90 with 1.1 mmol g�1 of R-CO�

2 , 1.06 mmol g�1 of IM and
0.24 mmol g�1 of IMHþ. In this case, the “missing” positive charge
for neutrality (0.86 mmol g�1) could be explained by the perma-
nent positive charges of the IMþ units.

The total numberof heterocycle residues in thepolymers deduced
from the elemental analysis was compared with the number of
titrableHet andofHetþ. Fromthis analysis,weobserved that a certain
number of residues was not detected (“non accessible Het”).

For Poly(EGDE-MAA-TRZ), the TRZHþ group was more acidic
than R-CO2H. Poly(EGDE-MAA-TRZ) exhibited zero charge at
pH ¼ 8.5, and the dissociation degree was 1.0. Again, the presence
of positive charges at a pH much higher than the pKa� of R-CO2H
(6.85) was due to the disubstitution of the units of heterocycles. At
pH values higher than 8.5, the zeta potential values were close to
zero because the number of TRZþ units was similar to that of R-CO�

2
(0.68 mmol g�1) (Fig. 8).

For Poly(EGDE-MAA-IM), the zeta potential profile at pH values
higher than pI was also close to zero because the maximal negative
net charge was relatively small (0.24 mmol g�1).

For Poly(EGDE-MAA-PYR), the PYRHþ group was expected to be
more acidic than R-CO2H. Its pI was 3.7, significantly lower than
that for the other polyampholytes, and the profile of zeta potential
was very similar to that of Poly(EGDE-MAA), which is a poly-
electrolyte bearing R-CO�

2 groups. These features, analyzed
together with the number of carboxyl groups and the amount of
nitrogen found from the elemental analysis, suggest the absence of
disubstitution and the absence of permanent positive charges.

The lack of permanent positive charges associated with the
presence of heterocycles is the probable cause of a significantly low
Dapp for Poly(EGDE-MAA-PYR) particles. This outstanding feature
will be object of further research to clarify the relationship and to
handle the particle size.

In summary, the N1,N3-disubstitution in triazole units created
a permanent positive charge which affected the resulting zero
charge point. The evolution to a N1,N2-disubstituted pyrazole ring
was less probable, because the reaction of a N1-substituted pyrazole
unitwith an epoxy ringwould generate a positive permanent charge
adjacent to a nitrogen atom. In contrast, the 1H-1,2,4-triazole has
one pyrrolic type nitrogen (N1) and two pyridinic-type nitrogen
atoms (N2,4), one of which is similar to the pyrazole (N2) and the
other which is similar to the imidazole ring (N4). Therefore, the N1-
substituted triazole has two potential nitrogen atoms to react with
another EGDE molecule, being more likely to occur through the N4
than through the N2, as described in the case of pyrazole.

3.7. Swelling degree of the polymers

The water content of polyampholytes and polyelectrolytes is
related to charge solvation. The repulsive forces among fixed
charges and the osmotic pressure due to counterions induce
network expansion [42,43]. The results for these new materials are
summarized in Table 7. First, the ionic strength of the solution in
contact with the polymers was varied at pH ¼ 3.0. As expected, in
all the materials ionized at pH ¼ 3.0, there was a decrease in water
content upon addition of salt. At a low ionic strength, the osmotic
pressure in the external solution was lower than that in the inner
solution in contact with the ionized groups of the network. The
solvation of these charges and their counterions induced the
swelling of the polymer. When the ionic strength of the external
solution was increased, the difference in osmotic pressure was
lower and the salt of low molecular weight screened the network
charged electrostatically, forcing the polymer to shrink. Then, the
ionic strength was kept constant with NaCl at pH ¼ 3.0 and 9.8 to
study the effect of pH on the swelling degree.

In the polyelectrolytes, the swelling followed a profile similar to
that of the zeta potential. For Poly(EGDE-MAA), the swelling was
minimal at pH ¼ 3.0, not affected by the ionic strength because R-
CO2H was not dissociated, and the water content increased at
pH ¼ 9.8. In Poly(EGDE-2MI), the swelling was low at pH ¼ 9.8 and
slightly increased at pH ¼ 3.0, where the 2MI units were proton-
ated. Comparing both polyelectrolytes, it can be observed that the
second one exhibited a higher swelling degree and water content,
associated with a more polar environment given by 2MI, 2MIHþ

and 2MIþ.
The polyampholytes swelled both in acidic and alkaline condi-

tions. The higher water content of Poly(EGDE-MAA-IM) and Poly(-
EGDE-MAA-2MI) was due to the higher number of total ionic and
ionizable functional groups. In Poly(EGDE-MAA-PYR) (pI ¼ 3.7), the
water content and swelling degree were higher at pH ¼ 9.8 than at
pH ¼ 3.0. Here we must take into account the absence of perma-
nent positive charges from the heterocycle, and the absence of
negative charge at pH ¼ 3.0. For Poly(EGDE-MAA-TRZ) (pI ¼ 8.5),
the water content was slightly higher at pH ¼ 9.8, even if there
were more ionized groups at acid pH.

4. Conclusions

Polyampholytes and polyelectrolytes bearing N-heterocycles,
ethylene glycol diglycidyl ether and/or methacrylic acid were
successfully synthesized in a simple one-spot strategy.

NMR experiments in the solid state (13C CP-MAS and 1H-13C
HETCOR), together with experiments in the solution state (HSQC),
were crucial to confirm the covalent binding of the heterocyclic ring
to the polymer backbone through the nitrogen atom. In particular,
the signal around 50 ppmwas unambiguously assigned to C9 in the
spectra of the materials containing imidazole, 2-methylimidazole,
triazole and pyrazole.
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2D-WISE NMR experiments, together with the TH1r experiments,
gave relevant information about the proton network and the
dynamic behavior of the polymers.

The higher synthetic yieldwas correlatedwith a lowermolecular
motion and a higher cross-linking degree for the polyampholytes
bearing triazole or pyrazole, associated with the lower tendency of
these monomers to form ionic pairs with methacrylic acid.

We carried out a comprehensive study of the properties of poly-
electrolytes and polyampholytes in the different polymericmaterials
synthesized. Zeta potential measurements allowed determining the
isoelectricpoint in thepolyampholytes.On theotherhand, the results
of potentiometric titrations brought qualitative and quantitative
information on the weak acid and basic residues. Finally, the simul-
taneous analysis of these two features allowedus to assess the degree
of disubstitution of the heterocyclic residues in these materials. The
quaternization of imidazole and triazole residues was confirmed.

Our synthetic strategy leads to the production of non-soluble
functionalized polymers. The outstanding adsorption capacity for
polar species related to the high density of binding sites makes
these materials attractive for analytical, environmental and
biotechnological processes.
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