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Synthesis of Water-Soluble Oligomers From
Imidazole, Ethyleneglycol Diglycidyl Ether,
and Methacrylic Acid. An Insight Into the
Chemical Structure, Aggregation Behavior
and Formation of Hollow Spheresa
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The synthesis of non-soluble polyampholytes wasmodi
fied to obtainwater-soluble oligomers,
by a sequential reaction at 60 8C of imidazole (IM), ethyleneglycol diglycidyl ether (EGDE) and
methacrylic acid (MAA). The hydrogel Poly(EGDE-IM) with disubstituted imidazole (IMþ)
residues, enhanced its solubility inwater by functionalizationwith Poly(MAA). NMR andmass
spectrometry evidenced ester groups, Poly(MAA) chains, Poly(EGDE), and IMþ links. Capillary

electrophoresis evidenced populations with positive
net charge at pH lower than 9, due to IMþ and
protonatable residues (IMHþ). Water-soluble aggre-
gates of oligomers were detected by size exclusion
chromatography. The product aggregatedwith cations
such as Fe(II) adsorbing anionic compounds, and
formed hollow spheres when citric acid was present.
aSupporting Information is available from theWiley Online Library or
from the author.
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1. Introduction

Polymers and oligomers, bearing a mixture of positively

andnegativelychargedmonomersubunits, belongtosmart

materialswith response to temperature, pH, ionic strength,

water–organic solvent composition, electrical field, among

other stimuli.[1] A characteristic feature of those so called

polyampholytes (inparticular those composedofweakacid

and base species) is that they possess an isoelectric point

(IEP) defined as the pH at which the polyampholyte is

electrically neutral.[1]

It is known that block polyampholytes (where homopol-

ymer subunits are linked by covalent bonds) in solution

behave different from random polyampholytes. Depending

on the block length ratios and solubilities, such polymers

form large molecular aggregates of well-defined size

micelles with a core formed by the oppositely charged
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blocks and a corona with part of the higher charged

block.[2–4] The stabilizing factor which prevents the

formation of infinite aggregate with increasing polymer

concentration is the electrostatic repulsion between mole-

cules if they carry the net uncompensated charge.

These functionalizedpolymershave foundapplication in

areas such as manufacture of lithographic films, drag

reduction, ion adsorption, membrane-based biosepara-

tions, cryoprotection, manufacture of water-based coat-

ings, papermaking, skin care, controlled drug release, and

tissue engineering.[5–10]

The physico-chemical properties and therefore the

applicabilityof thesepolymericmaterialshavebeenproved

tobe related to the cationic groups toanionicgroups ratio in

the resulting product, the density of charged groups in the

network, and the cross-linking degree of the chains,[1,11] as

expected. In this sense, a huge variety of practical examples

evidence the dependence of the resulting polymeric

properties on the rational functionalization of the network

about the proportion of ionizable groups.

Zwitterionic hydrogels, betaines, and mixed charge

systemcontainingahomogeneousmolecular levelmixture

of positively and negatively charged regions have demon-

strated non-fouling characteristics, i.e., the elimination of

non-specific protein adsorption.[11–13]

There are many successful examples where the resulting

features of thepolymericmaterial are strongly related to the

proportion of ionizable functional groups in the feed ratio.

Using the one-pot synthetic strategy of random copoly-

merization, our group has previously obtained non-soluble

polyampholytes by mixing methacrylic acid (MAA) with

imidazole (IM) or derivatives around the charge balance

point at high concentration, plus the addition of ethyl-

eneglycol diglycidyl ether (EGDE).[14–17] The epoxy groups of

the lastmonomerwereopenedupbybothcarboxylicgroups

ofMAAand thepyridine-typenitrogenof theN-heterocycle,
and a peroxide-initiated radical polymerization of MAA

segments covalentlybound toEGDEfinally gavea statistical

copolymer, non-soluble in water. This copolymer was

obtained as a monolith that swelled in contact with water,

and could bemilled into particles. When different function-

ality ratios were tested, the synthesis did not succeed.

The final distribution and density of the functional

groups promoted the adsorption of proteins and ionic

compounds with considerably high loading capacity.[18,19]

This resultparticularly contrasted theexpectedanti-fouling

feature mentioned above: in our development, the homo-

geneousmolecular level of positive andnegative charges in

the feed mixture enhanced protein adsorption. The uptake

of biomolecules was observed at pH values above the IEP,

where both molecules (polyampholyte and protein) bore

negative net charge.[15,19] The presence of positive and

negativedomains inboth compoundswould account for an

interaction between dipoles. In this case, desorption took
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place in salinemedium, evidencing the electrostatic nature

of the binding. Nevertheless, the release of protein from

polyampholyte—protein associates can take place at the

IEP of polyampholytes due to realization of the ‘‘isoelectric

effect,’’ that is if the cooperativity of the intrachain

interaction of acidic and basic groups within a single

macromolecule predominates over those for the interchain

interaction.[20]

In this work, we present the results of varying the

synthetic strategy on the solubility of the product and on

themonomer distribution in the network, keeping the feed

ratio, and concentration of the reactive monomers. The

innovation consisted in mixing IM and EGDE in a first step

making them react at 60 8C, then adding MAA in a second

step and incubating at 60 8C for more than 12h before

the radical polymerization induced by benzoyl peroxide.

The product separated from the reaction organic solvent,

giving a latex-type material soluble in distilled water. A

mixture of oligomers was formed in this simple and non-

expensive synthetic procedure. In this article, we present

the characterization of this product and explore the

potential applications: co-precipitation with anionic dyes

for textile industrial wastewater treatment, and formation

of hollow spheres that dissolve at pH above 7.0.

About the environmental application chosen in this

work,we studied the decolorization of aqueous solutions of

Direct Blue 273 (DB273), an azo-dye usually employed in

paper industry whose decolorization has been recently

reported.[21] It is well known that synthetic dyes with azo

bonds represent the largest group of industrial colorants

produced annually, and are resistant to the biodegradation

in aerobic conditions.[22] On the other hand, the azo bond

can be reduced by biotreatment in anaerobic conditions,

giving rise to aromatic amines which can be toxic and

carcinogenic.[23] Here, we make an approach of efficient

decolorization by phase separation.

About the preparation of hollow spheres, which consist

of organic and inorganic composites, they have attracted

considerableattentiondue to theirpotential applications in

drug delivery, artificial cells, catalysis, and optical sensing,

among others.[24–27] This study has demonstrated the

possibility of forming hollow spheres by interfacial

coordination of the new oligomers with Fe(II)/citric acid

in a single step.
2. Experimental Section

2.1. Materials and Reagents

Ethylene glycol diglycidyl ether (EGDE; 50wt% in ethylene glycol

dimethyl ether; MW: 174.197; 12.1% oxirane oxygen; SW: 1.1891)

was from TCI America. Imidazole (IM; 99wt%; MW: 68.077) and

methacrylic acid (MAA; 99wt%; MW: 86.09; SW: 1.015) were

purchased from Sigma–Aldrich. Benzoyl peroxide was from Fluka.
: 10.1002/mame.201500276
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Acetonitrile from Baxter was of HPLC grade. Direct Blue 273 (CAS

number: 76359-37-0; chemical formula: C33H20CuN5O11S3. 3Na;

MW:891.26)was fromClariant.Waterwasdistilledwitha FIGMAY

glass apparatus (C�ordoba, Argentina). All other reagents were of

analytical grade.
2.2. Instruments

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 nuclear magnetic resonance (ss-

NMR) experiments were performed at room temperature in a

Bruker Avance II-300 spectrometer equipped with a 4mm MAS

probe. The operating frequencies for protons and carbons were

300.13 and 75.46MHz, respectively.[28] The solution NMR experi-

ments were performed in a Bruker Advance II-500 spectrometer.

Different number of scanswas performed for the acquisition of the
13C-NMR spectra in the samples.

The FTIR spectra of the polymers and their complexes were

recorded on a Nicolet 380 spectrometer using KBr pellets, or Smart

Multi-Bounce HATR (horizontal attenuated total reflexion) with

ZnSe crystal and 458 angle of incidence (4000–650 cm�1) for

solutions or non-crystalline samples. Elemental analysis was

performed with a Carlo Erba EA 1108 device. Potentiometric

titrations of three synthesis batches of the polymer were carried

out in triplicatewithaHANNAInstrumentpHmetermodelHI8424

supplied with a combined glass electrode, using HCl standard

solution as titrant after deprotonation with 0.1M NaOH. UV–

visible spectra were obtained with an Evolution Array UV–visible

Spectrophotometer Thermo Scientific.

Capillaryelectrophoresis separationswereperformed inaP/ACE

MDQ (Beckman Coulter, Brea, CA, USA), equipped with a UV–VIS

absorbance detector. Datawere processed by 32 KaratTM software

(Beckman Coulter).

Zeta potential measurements were performed with a Zeta

Potential Analyzer ZetaPlus from Brokhaven Instruments Corpo-

ration, as a function of pH at 25 8C and constant ionic strength of

10�3MKCl.DynamicviscositywasmeasuredwithaBrookfieldDV-

IIþ device, at different pH values.

For size exclusion chromatography (SEC) in aqueous medium, a

Waters HPLC system connected to a Waters 2414 (model 410)

differential refractometerwas used at 30 8C. A set of three columns

Ultrahydrogel (Waters, 7.8�300mm2) was used; pore sizes: 120–

250–500 Å; fraction limits: 5� 103, 8�104, and 4�105 g �mol�1.

Volumesof 20mL sampleswere injectedbyaModel 7010Rheodyne

injector; the flow rate was 0.8mL �min�1.

Ultraviolet matrix-assisted laser desorption–ionization mass

spectrometry (UV–MALDI MS) was performed on the Bruker

Ultraflex Daltonics Time-of-Flight/Time-of-Flight (TOF/TOF) mass

spectrometer (Leipzig, Germany).
2.3. Synthesis of Water-Soluble (EGDE-IM-co-MAA)

Oligomers

The reaction proceeded without stirring, except when some

reagent was added. In a first step, an aliquot of 6.0 g (88mmol)
Macromol. Mater. Eng. 2015, DO
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of IMwasdissolved in24mLof acetonitrile ina round-bottomflask.

Then, 12mL of EGDE (108mmol oxirane oxygen) was added to the

mixture, the endof the neckwas coveredwith a piece of aluminum

foil and it was thermostatted at 60 8C for 24. Itmust be pointed out

that themixturewas not deoxygenated. In a second step, 6.0mL of

MAA (71mmol) was poured into the mixture and the reaction

continued for other 24h at 60 8C. In a third step at 60 8C, aliquots of
0.2and0.3 gofbenzoylperoxidewereadded, thesolutionbecoming

opalescent and a white elastic material separating from the

solution. The reaction was brought at room temperature after

60min, the supernatant was discarded and the solid was washed

with three portions of acetonitrile. Then, the solid product was

slowly dissolved in aminimumvolume of distilledwater to obtain

solutions of around 300mg �mL�1, determined by lyophilization

and weight. Some fractions of the solutions obtained from the

different production batcheswere dialyzed against distilledwater,

using 12 kDa-cutoff cellulose bags from Sigma–Aldrich.
2.4. NMR Experiments

The bulk productwas studied by 13C CP-MASand by solution-NMR.

Besides, an aliquot of 0.15 g of (EGDE-IM-co-MAA) oligomers

dissolved in 5.0mL of water was mixed with 2mL of methanol or

2mL of acetonitrile. Fractions of the material precipitated in both

cases and were dried at room temperature. 13C CP-MAS spectra

were obtained for characterization of the organic solvent-

aggregated fractions.

The product precipitatedwith acetonitrile slowly redissolved in

D2O, and the solution was used for the 1H NMR and 13C NMR

spectra. The product precipitated with methanol could not be

redissolved in water.
2.5. Capillary Electrophoresis Analysis

The native and the dialyzed solutions were then analyzed by

capillary zone electrophoresis (CZE) in order to determine the

eventual presence ofmonomers, and thenet charge of thedifferent

populations of products as a function of pH.

Separation conditions: background electrolyte (BGE): 0.050M

sodium phosphate, pH: from 4.0 to 9.0; capillary: fused silica

(Polymicro Technologies, Phoenix, AZ, USA) of 50mm id� 365mm

od, 31 cm in length (effective length 21 cm); applied voltage: 5 kV,

normal polarity; sample introduction: 5 s at 3.45 kPa; detection:

214nm; electroosmotic flow (EOF) marker: 5�10�3M dimethyl-

formamide (DMF); system temperature: 25 8C. Between runs, the

capillary was washed with water for 3min, and BGE for 3min.
2.6. Size Exclusion Chromatography (SEC) in Water

The mobile phase, 0.050M tris(hydroxymethyl) aminomethane

(TRIS) buffer containing 1.00M (mobile phase I: MPI) or 0.10M

(mobile phase II: MPII) KCl at pH 8.5 was freshly prepared and

filtered through0.45mmMilliporenylonfilterprior touse.Volumes

of 2mL of 10mgmL�1 product solutionswere prepared by diluting

the samples in themobile phase. Theproduct sampleswerefiltered

once through 0.2mm Millipore nylon filters.[29] The molecular

weight calibration curve was performed with pullulan standards.
I: 10.1002/mame.201500276
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2.7. UV-MALDI MS Experiments

Theywere performedwith threematrixes: 9H-pyrido[3,4-b]indole,

norharmane, nHo (Sigma–Aldrich): 1mg �mL�1, acetonitrile:water

(1:1); a-cyano-4-hydroxycinnamic acid, CHCA (Sigma–Aldrich):

1mg �mL�1, acetonitrile:water. 0.1% trifluoroacetic acid (3:7); 2,5-

dihydroxybenzoic acid, gentisic acid, DHBA (Sigma–Aldrich):

1mg �mL�1 water. The sample dilutions tested were 1/10, 1/100,

and 1/1000.
2.8. Decolorization of DB273 Solutions

A DB273 solution of absorbance close to 1.0 was prepared in

distilled water from the concentrated commercial solution, reach-

ing a concentration of 76mMDB273 (8.1mg or 9.1mmol in 120mL).

An aliquot of 55.4mg of dissolved (EGDE-IM-co-MAA) oligomers

was mixed under stirring. After the addition of 2mmol (111.7mg)

of Fe(II) from FeSO4 solution, aliquots of the sample at different

timeswerecentrifuged,and theabsorbanceof thesupernatantwas

monitored at 588nm. A control was made with 300mg of IM

monomer instead of the oligomer sample. Besides, in additional

control experiments, each reagent was alternatively replaced by

distilled water.
2.9. Hollow Spheres Preparation

Citric acid was dissolved in 0.1M NaOH solution to make a 1M

solution of pH 2.1. An aliquot of 1mL of 1M citric acid/monobasic

citrate was mixed with 0.1mL of 0.1M FeSO4 solution. Then, a

300 g � L�1 oligomer solutionwasaddeddropwise to themixture, to

form hollow spheres.
3. Results and Discussion

3.1. Synthesis

EGDE, IM, and MAA were combined to obtain the water-

soluble product mixture. As it will be demonstrated in this

work, this mixture is mainly constituted by oligomers. The

particular features of the first and second steps of synthesis

determined the differences in solubility between the

former polyampholytes and this new material.

3.1.1. First Step

This initial step in the synthesis of (EGDE-IM-co-MAA)

oligomers startedwith the reactionofEGDEwith IMfor24h

at 60 8C to form the Poly(EGDE-IM) hydrogel,[16,30] after the

opening of the epoxy groups present in the EGDEmolecules

by the nucleophilic character of the nitrogen in the IM

molecule (Scheme 1). A detailed ATR-FTIR analysis, which

evidences structural changes in the IMmolecule attributed

to its covalent binding to the network, is presented in

Figure 1, Figure S1, and Table S1 in Supplementary data.

It is important tomention that N1-monosubstituted (IM)

and N1-N3-disubstituted (IMþ) IM units are respectively
Macromol. Mater. Eng. 2015, DOI
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generated with a transient or permanent positive charge

during the process. The N1-monosubstituted IM units can

be protonated with acidic solutions giving rise to IM

protonated species (IMHþ), which are pH-sensitive.

At this point, the previously reported synthesis of

Poly(EGDE-MAA-IM) (a non-soluble polyampholyte)[16]

and the synthesis of Poly(EGDE-IM) should be compared.

In thefirst case, since IMHþMA–ionpairsare formedprior to

EGDE addition, polyetherification is faster than adduct

formation due to the low concentration of IMmonomer.[30]

The higher amount of polyether leads to polyampholytes

that are non-soluble in most solvents.[14–16] Instead, when

the Poly(EGDE-IM) hydrogel is synthesized, adduct for-

mation (Scheme 1, stage A) prevails over polyetherification

(Scheme 1, stage B), bringing a highly solvated integral

polyelectrolytewithpositive electric charge evenatpH11.0

due to disubstituted IM (IMþ) units.[16]

3.1.2. Second Step

Then in a second step, the addition of MAA to the

Poly(EGDE-IM)mixture at 60 8Cwas thekeyof the synthetic

process. If the reactionwas carriedout for less than12h, the

final product was non-soluble in water; but if the heating

was longer than 12h and followed by the third step

(addition of benzoyl peroxide, Scheme 1), a water-soluble

product was produced. Thus, in our experiments, incuba-

tionwas carried out for 24h, followed byATR-FTIR analysis

(Figure S2 in Supplementary data).

After the addition of the MAA monomer, the faster

reaction was the formation of a ionic pair between MAA

and IM (acid–base reaction with free monomer or with

monosubstituted IMmoieties in the Poly(EGDE-IM) hydro-

gel), and the slower reactions were the opening of the

remaining epoxy groups to form esters of MAA, in parallel

with the esterification of the hydroxyl groups in the

Poly(EGDE-IM) hydrogel by the carboxylic acid of MAA.

Here, the dispersion of the MAA monomer in the Poly-

(EGDE-IM) contributed to the water solubility of the

final product after the polymerization of theMAAsegments

with the addition of benzoyl peroxide. Thus, the correct

functionalization of the positive network with negative

domains from Poly(MAA) is fundamental only when some

of the MAA monomers are chemically bound to the

hydrogel. Otherwise, the non-soluble character of Poly-

(EGDE-IM)wouldprevail, evenwhenfreemonomersofMAA

still remained in the reaction mixture for less than 12h.

3.1.3. Third Step

The third step consisted in the addition of benzoyl peroxide

at 60 8C to initiate the radical polymerization of vinyl

groups from MAA residues. In this step, the significant

variables were as follows: temperature, convection, and

amount of peroxide. As it is well known, if the temperature
: 10.1002/mame.201500276
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Scheme 1. Synthesis of the water-soluble (EGDE-IM-co-MAA) oligomers.
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is below 60 8C and the peroxide is at low proportion (and

thus the sample is not deoxygenated), the radical polymer-

ization does not start. In addition, the opalescence as initial

evidence of the chemical reactionwas only observed in the

absence of stirring.

The final reaction mixture was kept at 60 8C for 60min,

meanwhile the network grew and separated from the

solvent. The liquid was finally drained and the solid was

washed with three portions of acetonitrile to remove the

remainingmonomers. The solidwas then analyzed byATR-

FTIR: the bands of vinyl groups from MAA (806, 942, and

1630 cm�1) were affected (Figure S2 and S3 in Supplemen-

tary data). The solid product was finally dissolved in the

minimum amount of water, reaching concentrations of

300mg �mL�1.
Macromol. Mater. Eng. 2015, DO
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Yield, determined by lyophilization of the aqueous

solution and weigh of the solid, was around 43%. The

elementalanalysisof thebulkproductpresented inTableS2

in Supplementary data indicates an average amount of

6.0mmolN � g�1 and 3.0mmol IMg�1. Besides, the percen-

tages of the other elements were consistent with a

stoichiometry of 3.0mmolMAAg�1, 2.5mmol EGDE g�1

and 5mmol H2Og�1 in the final bulk product. It must be

pointedout that thecompositionfor thedifferentbatchesof

bulk product and for their acid fractions (Table S2 in

Supplementary data) is reproducible.

Scheme 1 summarizes the probable structures obtained

at each synthesis step, showing themain functional groups

attached to the network of (EGDE-IM-co-MAA) oligomers.

Evenwhen equivalent amounts of IMandMAAwere found
I: 10.1002/mame.201500276
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Figure 1. ATR-FTIR spectra of IM (A) and EGDE (B) in acetonitrile,
reactionmixture of EGDE and IM in acetonitrile at t: 0 (C) and at t:
24 h (D) at 60 8C. Pellet FTIR of bulk (EGDE-IM-co-MAA) oligomers
(E) and hollow spheres (F).
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in the bulk product, a mixture of networks with different

block ratios was obtained, as will be demonstrated in this

work.

The ATR-FTIR spectrum of this oligomericmaterial (from

a three-step synthesis) was comparedwith the spectrumof

the non-soluble polyampholyte Poly(EGDE-MAA-IM)

obtained in the one-pot synthetic strategy (Figure S3 in

Supplementary data). The profilewas similar in both cases,

indicating that the functional groups bound to the

networks were the same even if the solubility of each

material depended on the synthetic strategy.
3.2. NMR Characterization

The material was structurally characterized by solution-

and ss-NMRexperiments. First, to analyze different product

fractions raised from the synthetic process, the bulk (EGDE-

IM-co-MAA) oligomers were precipitated with acetonitrile

or methanol and both solids were characterized by ss-NMR

techniques. Then, the solids were treated with D2O to be

studied by solution-NMR; however, it was possible to re-

dissolveandstudyonly theaggregate fromacetonitrile. The
13C CP-MAS spectra (Figure 2I) of the solids obtained

presented similar signals associated with the correspond-

ing monomers. The polymerized MAA segments were at

17.1 (CH3–, C6), 45.7 (>C<, C5), 55.9 (–CH2–, C4), and

183.8 ppm(–CO2H,C1and–CO2R, C2), and the IMmoieties at

123.8 (N–CH¼CH–N, C8) and 137.8 ppm (N¼CH–N, C7)

covalently bound to the EGDE segments at 51.2 ppm (N–

CH2–EGDE, C9). The rest of the EGDE signals canbe observed

at 70.6 ppm (–CH2–O– and >CH–O–, C3).
Macromol. Mater. Eng. 2015, DOI
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An important structural difference between this new

material and previous hydrogel materials was that the

chemical shifts of the carbons of the carboxylic acid and

ester groups in (EGDE-IM-co-MAA) oligomers were over-

lapped at 183.8 ppm and there were not two well-resolved

signalsat180.0and185.0 ppmas thoseobserved inthenon-

soluble polyampholyte Poly(EGDE-MAA-IM) obtained in

the one-pot synthetic process (Figure S4 in Supplementary

data).[16] This indicates that the environments of these

carbons were modified by this new methodology.

The solid obtained from methanol (spectrumC in

Figure 2I) presented a significant decrease in the signals

coming from the IM and EGDE segments, whereas the

polymerized MAA regions were practically not affected,

when compared with the bulk material or the solid

obtained from acetonitrile (spectra A and B in Figure 2I).

Even when 13C CP-MAS experiments are not quantitative,

the 13C CP-MAS spectra were acquired in the same

conditions and the reduction of all the signals coming

from the EGDE and IM (C3–7–8–9) was affected in the same

way, since the IM residues are only bound to the EGDE

segments. These behaviors explain the solubility or

insolubility in water of the corresponding solids from

acetonitrile ormethanol, indicating that the higher content

of polymerized MAA segments is the main reason of

insolubility inmethanol and evidencing that the synthetic

process produced at least two significant populations: one

with a lower content of polymerized MAA segments

(soluble inwater, after beingprecipitatedwith acetonitrile)

and the other with a higher content of polymerized MAA

segments (non-soluble in water, after being precipitated

with methanol).

Then, the bulk (EGDE-IM-co-MAA) oligomers and the

soluble fraction in D2O (from acetonitrile) were studied

through solution-NMR spectroscopy, and the results are

shown in Figure 2II and 3. The 13C- and 1H-signals were

unequivocally assigned by comparison with 2D-NMR

experiments previously reported in similar materials[16]

since, in the 13C solution-state NMR, the signals corre-

sponding to the polymerized MAA segments (C4 and C5)

were shifted and the quaternary carbon (C5) was decreased

in comparison with the solid-state spectrum (Figure 2). In

the 13C-NMR in D2O, the resolution of the NMR signal was

increased and two-well resolved signals corresponding to

the carbonyl groups C1 and C2 were observed. The inset in

the 13C-NMR spectrum for the bulk oligomer in D2O clearly

shows the visualization of the C4 and C5 signals (Figure 2II).

In addition, the 13C-NMR spectrum of the bulk oligomer in

D2O presents a higher number of resonance signals coming

from the imidazole moieties (C7–8) together with the

methylene carbons of the EGDE segments bound to the

nitrogenof the imidazole rings (C9), in contrastwith the 13C-

NMR spectrum of the material precipitated with acetoni-

trile, where C9 and C7–8 were particularly affected. These
: 10.1002/mame.201500276
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Figure 2. 13C CP-MAS spectra for the bulk (EGDE-IM-co-MAA) oligomers (A), precipitated material with acetonitrile (B) or with methanol
(C) from an aqueous oligomer solution. Hollow spheres material (D) (I). 13C-NMR spectra for the bulk (EGDE-IM-co-MAA) oligomers in
D2O (A) and the precipitated material with acetonitrile from an aqueous oligomer solution and then dissolved in D2O (B) (II). The residual of
acetonitrile signals are indicated with asterisks.

Figure 3. 1H-NMRspectra forthebulk (EGDE-IM-co-MAA)oligomers
in D2O (A) and precipitated material with acetonitrile from an
aqueous oligomer solution and then re-dissolved in D2O (B). The
residual of acetonitrile is indicated as ACN.
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observations are related to important differences observed

at around 7–9ppm in the 1H-NMR spectra for the bulk

oligomer and the material precipitated with acetonitrile,

being indicative that there are at least two significant

oligomer domains in terms of chemical structure that can

be clearly studied and characterized from the solution- and

solid-state NMR spectra (Figure 2 and 3).

Also, the 1H-NMR spectrum in Figure 3 shows the signals

corresponding to the different segments that form (EGDE-

IM-co-MAA)oligomers; theprotonscorresponding to the IM

(N¼CH–N and N–CH¼CH–N, H7–8), EGDE (–CH2–O– and

>CH–O–, H3), and polymerized MAA (–CH2–, H4/CH3–, H6)

segments were at 7.58–7.42, 3.51–3.72, and 1.80/1.05 ppm,

respectively.

The H9 in Figure 3 corresponds to protons of the

methylene bound to the IM ring at 4.27–4.40 ppm after

the opening of the epoxy groups in the EGDE molecules. In

particular, the 1H resonance lines corresponding to the

methyl and methylene of the polymerized MAA segments

were broadened due to the heterotactic and syndiotactic

configurations.[31] In addition, it was possible to estimate

that the monomeric composition of the bulk oligomer and

thematerial precipitated in acetonitrilewas 1.1:1.0:1.2 and

1:1:2, respectively, in terms of IM:EGDE:MAA. With these

evidences, the relative polymerized MAA content was

higher when the material was precipitated in acetonitrile;

however, the bulk oligomer material presented a similar

relative content of eachmonomer.Also, the remainingnon-

polymerized MAA monomers were lower than 0.05%,
Macromol. Mater. Eng. 2015, DO
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having into account the characteristic proton resonance

lines at 5.59 and 5.28 ppm (indicated with asterisks in

Figure 3). In the 13C-NMR or 13C CP-MAS spectra, the signals

corresponding to the non-polymerized MAA monomers

could not be observed due to the lower sensitivity of these

experiments.
I: 10.1002/mame.201500276

bH & Co. KGaA, Weinheim 7

T the final page numbers, use DOI for citation !! R



www.mme-journal.de

L. V. Lombardo Lupano, J. M. L�azaro-Martı́nez, N. M. Vizioli, D. I. Torres, V. Campo Dall’ Orto

8

REa
3.3. Capillary Electrophoresis

Theaqueoussolutionbehaviorofoligomersbearingacidand

basic groups is dictated by Coulombic interactions between

anionic and cationic species located on different monomer

units. Capillary zone electrophoresis (CZE) is a powerful and

simple tool to characterize the charge density of soluble

polymers[32] even if the polymerization degree and hydro-

phobicity clearly affect their electrophoretic behavior.[33]

Samples of the aqueous solutionswere dialyzed using 12

kDa-cutoff cellulose bags, to eliminate residues of solvent

and eventually of monomers, and then analyzed together

with the native non-dialyzed oligomer solutions by CZE

withnormalpolarityatdifferentpHvalues. TheCZEprofiles

of theoligomersatdifferentpHvalues in the rangebetween

4.0 and 9.0 exhibited the presence of at least three main

bands, which were resolved at pH 7.0 (Figure 4). The band

attributed to themost positively charged species ran before

the EOF marker (DMF) at all the pH values tested.

Considering the equal amounts of MAA and total IM in

thebulkmixture, a possible explanation for thepositivenet

charge of an oligomer population even at pH 9.0 is the

existence of Poly(EGDE-IM) blocks that are larger than the

Poly(MAA)blocks in thesemolecules,withapreponderance

of positive permanent sites.

The other two bands became neutral at a pH close to 8,

sharing the retention time (tr) with the neutral marker

at pH 9.0.

At pH values between 4.0 and 6.0, a fraction of the

oligomer mixture precipitated from the solution and the
Figure 4. CZE of (EGDE-IM-co-MAA) oligomers soluble fraction in
0.05M phosphate solution at different pH values. * DMF peak
(added neutral marker). Insert: CZE at pH 7.0 of non-dialyzed (A)
and 2 d-dialyzed oligomer sample (B). The non-dialyzed solution
was diluted 1 in 25mL (the final concentration at pH 6.0 or higher,
was 12mg � mL�1), and the dialyzed solutionwas diluted 1 in 2mL.
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supernatantwas thenfiltered tobeanalyzed.A singlebroad

band had a tr shorter than that of DMF, indicating a

difficulty to separate the positively charged networks with

different mass to charge ratio. Besides, the tr of DMF was

significantly affected by the sample, becoming larger with

the number of runs. This effectwas a strong evidence of the

interaction between the positively charged residues on the

oligomer and the capillary wall, which tended tominimize

the EOF upon charge neutralization.[32]

When the sample was run in reverse mode at pH 9.0, no

peaks were detected at 214nm during the 70min of

observation. Besides, a standard of 35mg �mL�1 sodium

polyacrylate (PA) was analyzed with normal polarity,

obtaining a very small peak with a tr longer than that of

DMF. The lowextinction coefficient of PA (andeventually of

polymethacrylate) would explain the absence of bands

with negative net charge at alkaline pH in the sample

electropherograms, expected for oligomer fractionswithan

important excess of Poly(MAA) blocks in their structure.

Another explanation will be discussed in Section 3.6.

When the non-dialyzed sample was run against a

standard of IM monomer, a very small peak was detected

at 3.5min indicating two things: the IMmonomer content

in the solid bulk product was negligible, and the eventual

excess of IM predicted by the yield results remained in the

synthesis solvent and was discarded.

The native non-dialyzed sample was compared with the

dialyzed product and with the external solution of the

dialysis after 24h of purification: similar CZE profiles were

found, indicating that the size of the oligomeric products

was below 12kDa (Figure S5 in Supplementary data). Here,

we confirmed that the bulk product was a mixture of

oligomers.
3.4. Acid–Base Properties

To study the acid–base properties, the oligomeric material

was placed together with a measured excess of an NaOH

standard solution. In this condition, the material was

considered as an oligomeric base bearing two types of

protonatable functional groups (–COO– and monosubsti-

tuted IM residues), and was titrated with an HCl standard

solution.When the pH recorded at the titrationwas close to

6.0, the solution became turbid and some aggregation was

observed after additional HCl.

The titration curve is exhibited in Figure 5A: only two

inflexion points were obtained for different synthesis

batches of this material, suggesting that only an average

acid–base behavior was observed. The volumes of the HCl

standard solution at the inflection points were used to

calculate the density of protonatable sites, which was

determined to be 3.6mmol � g�1 (S.D.: 0.3), a value

significantly higher than the density of titrable sites in
: 10.1002/mame.201500276
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Figure 5. Titration curve of the basic form of (EGDE-IM-co-MAA) oligomers (A). Zeta potential values (^) and viscosity (*) as a function
of pH for (EGDE-IM-co-MAA) oligomers. The oligomer concentration was 15mg �mL�1 for z measurements and 200mg � g�1 for viscosity
measurements (B).

Synthesis of Water-Soluble Oligomers

www.mme-journal.de
the non-soluble polyampholyte containing the same

monomers.[14–17]Details about theeffectsof the interaction

between charged groups on the apparent acid dissociation

constant value arepresented in Figure S6 in Supplementary

data.

The results of elemental analysis, together with those of

NMR and CZE, gave some additional information about the

ionizable groups. The integration of 1H-NMR signals of the

final oligomeric bulk gave an IM:EGDE:MAA monomer

composition of 1.1:1.0:1.2. The elemental analysis showed

that thebulkwouldhave3mmolofMAAg�1 and3mmolof

IM g�1; the monomer ratio would be IM:EGDE:MAA

1.2:1.0:1.2. Besides, the total sum of fixed sites that could

exchange protons should be equal to 3.6mmol � g�1,

meaning that those groups were not completely detected

by acid–base reactions. In fact, IM residues could be either

monosubstituted (IM) and protonatable (IMHþ), or disub-
stituted with a positive permanent charge (IMþ). The fixed
IMþ could bind OH– as a counterion at the beginning of

titration, when NaOHwas added but, since the neutraliza-

tion of this boundOH– could not be distinguished from free

OH– by potentiometry, these sites were not included in the

3.6mmol � g�1. MAA moieties would be part of Poly(MAA),

where carboxyl groups would participate in acid–base

reactions as well as in ester-type unions with Poly(EGDE-

IM) blocks, in accordance with 13C-NMR evidence.
3.5. Zeta Potential, Viscosity, and Studies of

Solubility

Although the CZE experiments did not evidence the

existence of negatively charged structures, the presence
Macromol. Mater. Eng. 2015, DO
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of equivalent amounts of acid and basic groups in the bulk

product, together with the spectroscopic evidence of

Poly(MAA) blocks, would predict the existence of an IEP

for theoligomermixture. Figure 5Bpresents thedata of zeta

potential (z) as a function of pH, from which an IEP of 5.7

was estimated for the bulk product.

The z spectra obtained at pH close to 6.0 exhibited two

signals corresponding to a positive and a negative

population. Besides, the spectra obtained below the IEP

presented several broad bands at the time that phase

separation was evolving, whereas those obtained at pH

above the IEP presented a predominant bandwith negative

net charge and a small neutral band.

The viscosity profile as a function of pH between 6.0 and

12.0 followed the same tendency as z, with a marked

decrease close to pH 6.0 due to the precipitation of an

oligomer fraction (Figure 5B).

Although it was possible to detect an IEP by z measure-

ments for the bulk material, the solubility as a function

of pH indicated that the product was not a polyampholyte

but a mixture of oligomers with a variable ratio between

acid groups and basic groups.

Lowe and McCormick explained that statistical poly-

ampholytes tend to be soluble at the IEP, whereas block

polyampholytes tend tobe soluble aboveandbelowthe IEP,

but precipitate at/around this critical pH.[1] Instead, the

generic (EGDE-IM-co-MAA) oligomers were soluble only at

a pH above 6.0, a stable suspension was formed when

the pH was brought between 4.0 and 6.0, and a latex-type

solid separated from the solution at a pH below 4.0.

The solubility of the generic (EGDE-IM-co-MAA) oligom-

ers was studied in different environments. Some oligomer

fractions aggregated and precipitated from the aqueous
I: 10.1002/mame.201500276
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solution under certain experimental conditions such as

simple dilution with distilled water, in mixture with

methanoloracetonitrile, atpHbelow6.0, or inmixturewith

Fe(II) (Figure S7 in Supplementary data).

Considering all the experimental results, we can

conclude that the fractions of product that precipitated

by addition of acetonitrile or methanol exhibited a high

content of MAA monomer, being even higher for the solid

from methanol. This monomer could be involved in the

esterification with EGDE residues and/or bound by radical

polymerization throughvinyl groups. These fractions could

also have lower content of IM residues, since the signals at

832 and 1510 cm�1 from the heterocycle bound to EGDE

were missing (Figure S8 in Supplementary data). These

structures with higher proportion of MAA residues are

expected to bear negative net charge over a wide pH range

(if esterification does not predominate in the network), and

were detected by z measurements at pH values above the

IEP.

No phase separation was observed in alkaline medium.

Besides, at pH 9.0 the pKa (negative logarithm of the

apparentaciddissociationconstantofprotonatable sites)of

the bulk (EGDE-IM-co-MAA) oligomers was close to 8.0 and

the acid dissociation degree (a1) was 0.92, indicating that

theamountof IMHþ residueswouldbe low. So, thenegative

charge from –COO– would be compensated mostly by

permanent IMþ in the oligomer populations that reached

neutralityatpH9.0,detected inCZEmeasurements (Figure4

and Figure S6 in Supplementary data). Surprisingly, these

neutral molecules remained soluble in aqueous solution

at pH 9.0.

When the bulk material was dissolved in water, the pH

value varied between 6.2 and 6.5 between synthesis

batches. At this pH range, the bulk oligomer had negative

net charge with a small z but enough to account for the

stability of the solution.

At a pH below 6.0, a fraction of the material separated

from the solution, meanwhile other fractions remained

soluble. Additional information can be found in the

elemental analysis depicted in Table S2 in Supplementary

data for both the bulk material (lyophilized) and its acid

form obtained by precipitation with HCl: the acid fractions

exhibited higher proportion of MAA and lower IM residues

in the backbone.

To understand this behavior, the probable structure of

diblock oligomers (Scheme 1), where the size of the blocks

could be different in each particular molecule, should be

considered. On the one hand, it is a fact that Poly(EGDE-IM)

blocks were formed in the first step of synthesis.[16,30,34,35]

Regarding MAA, a fraction of those MAA residues could be

involved in ester groups. On the other hand, the estimated

pKa of the bulk product was around 6.5 at acid pH, and a1

was 0.22 at pH 6.0 and 0.14 at pH 5.7 (Figure S6.B and C in

Supplementary data), indicating that most free carboxylic
Macromol. Mater. Eng. 2015, DO
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groups from MAA would be present in the neutral form,

possibly being part of inner H-bridges.[36] This particular

conformation in the regions of (relatively) large acid blocks

would significantly affect the solubility of a fraction of the

oligomeric samplewithexcessofMAAgroups (even though

it supported positive charges from IMHþ and IMþ) and

possibly forming regions where the hydrophilicity was

substantially diminished. In agreement, it has been

reported that the strong interactions between carboxyl

groups in polymer chains cause the formation of thick

interfacial films in oil-in-water emulsions at low pH

values.[37]

The probable structure of the water-soluble diblock

oligomers is consistentwith the synthetic strategy applied,

since IM reacts with EGDE in a first step forming blocks of

EGDE-IM adducts, followed by the addition of MAA (where

ester groups could be formed) and a final treatment with

benzoyl peroxide to polymerize vinyl groups from free and

esterified MAA. This structure would be configurationally

different from the non-soluble statistic polyampholytes

obtained by a one-potmixture of the reagents and reported

in previous articles,[14–16] but keepingmost functionalities.

In non-soluble polyampholytes, polyetherification would

prevail over EGDE-IM adducts.

In summary, although the different populations of

oligomers presented asymmetry in the size/length of each

constitutive block, it was possible to determine an IEP for

the bulk product. Besides, the solid separated from the

solution at a pH below 4.0 exhibited an excess of MAA

groups, whereas the neutral molecules detected by CZE at

a pH above 6.0 were stable in solution.
3.6. Assessment of the Molecular Weight of the

Oligomers

Preliminary information regardingthemolarmassofall the

oligomers was obtained from dialysis: the cellulose bags of

12 kDa-cutoff were permeable to all the oligomeric

fractions.

Analysis by size exclusion chromatography (SEC) was

performed in aqueous solution according to previous

reports for polyampholytes derived from MAA and amine

groups.[29] When 10mg �mL�1 oligomer aqueous solutions

were injected in the SEC system at pH 8.5, bands around

300–400kg �mol�1 (based on pullulan standards), were

detected in two different synthetic batches (Figure S9 and

Table 1). These bands were also present in the solutions of

the oligomers that had previously precipitated in acetoni-

trile or methanol.

These results would evidence the formation of water-

soluble aggregates of oligomer molecules, being the

aggregation number detected (n): 2, 20, 35, and 60, when

the smallest peak (15.0 kg �mol�1)was taken as a reference.
I: 10.1002/mame.201500276
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Table 1. Molecular masses for peaks eluting from SEC column.
Mobile phase I (MPI) was 0.050M TRIS buffer, pH 8.50, 1.00M
KCl; mobile phase II (MPII) was 0.050M TRIS buffer, pH 8.50,
0.10M KCl.

Molar mass (kg �mol�1)

Sample Peak MPI MPII

Batch I 1 344 337

Batch II 1 739 716

2 414 432

3 28.3 n.d.

4 15.0 n.d.

Batch I treated

with acetonitrile
1 339 311

Batch I treated

with methanol
1 213 n.m.

n.d.: non-detected n.m.: non-measured

Scheme 2. Chemical structure of Direct Blue 273 (DB273).
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Duringthedialysis, thesewater-solubleaggregateswould

breakdownasa consequenceofdilution in thebags, and the

single molecules would permeate to the external medium.

We also observed that the size of the water-soluble

aggregates increased with the age of the solution.

Thestabilityof these solubleaggregates couldbeaffected

in CZE experiments, where the samples were analyzed

under a 5-kV perturbation (against 145V inmeasurements

of z). It has been reported that in strong electrical fields, the

functionalized polymers stretch out to a highly extended

form, for which only a small fraction of the material is still

organized.[38] This fact could also account for the particular

behavior of these samples at pH above the bulk IEP, where

positive mobility was observed in some fractions by CZE;

further studies must be carried out to completely under-

stand this aspect.

Additional information was provided by MALDI spectra

(Figure S10 in Supplementary data). Oligomers in the low

mass range at masses between 300 and 900 were detected.

Thoseofm/z: 483, 551, and607wereparticularly abundant.

The expected structureswere consistentwith the proposed

mechanism of synthesis, mainly involving reactions such

as esterification of MAA monomers with EGDE by epoxy

ring opening and esterification of MAA with the –OH

groups from EGDE formed after epoxy ring opening. The

most abundant peak corresponding to m/z 551 was

consistent with an ion pair structure, formed at the second

step after the addition of MAA. We can conclude that a

fraction of this intermediary compound was not attacked
Macromol. Mater. Eng. 2015, DO
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by free radicals at the third step and remained in the

mixtureasaby-product. Thestructureofm/z735confirmed

the existence of less hydrophilic networks due to some

extent of polyetherification that occurred when IM mono-

mer concentration decreased in the reaction.

Although larger-mass Poly(EGDE-IM) attached to Poly-

(MAA) bulk productswere not detected by thismethod, the

existence of (EGDE-IM) adducts would account for all the

properties described in this manuscript. We must consider

that Poly(EGDE-IM) was actually formed in the first step,

that the (EGDE-IM) adducts were identified in a previous

work[16] by ESI-MS (even if there was no evidence by

MALDI), and that positive networks were here detected by

CZE.
3.7. Application in Decolorization Processes

The interaction between oligomers and cations can be

driven by electrostatic attraction and/or by coordination

throughelectrondonorgroupsattached to thenetwork. The

particles arisen from the interaction between Fe(II) and the

soluble (EGDE-IM-co-MAA) oligomers (Figure S7IV in

Supplementary data) had huge adsorption capacity and

affinity for ionic pollutants when theywere formed in-situ

in the medium to be decontaminated.

We used an anionic azo dye to demonstrate the

outstanding efficiency of the in-situ formed Fe(II)-(EGDE-

IM-co-MAA) oligomers particles in the removal of the

pollutant from its aqueous solution. We chose the azo dye

Direct Blue 273 (DB273) as amodel of wastewater from the

textile industry (Scheme2). Thedye removalwas studiedon

a76mMor67.7mg � L�1 ofDB273solutionafter theaddition

of 0.46 g � L�1 oligomer solution and 0.017M of Fe(II).

(Figure 6).

A fast decay in DB273 concentration was observed,

showing a decrease of 73% after 3.3min of reaction. The

binding to less–accessible sites continued with a pseudo-

first order kinetic constant k of 0.041� 0.016 min�1 until

the dye remaining in the solution was 7% of the initial
I: 10.1002/mame.201500276
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Figure 6. DB273 concentration profile as a function of time, in the
presence of (EGDE-IM-co-MAA) oligomers after addition of Fe(II).
Insert: images of 76mM DB273 (I); the suspension obtained in the
presence of (EGDE-IM-co-MAA) oligomers and Fe(II) at equilibrium
(II and III).
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amount. After 55min, near 93%of the dyewas adsorbed on

the non-soluble macroaggregates.

Controls made with IM monomer instead of the

oligomeric mixture, and replacing alternatively each

reagent by water, demonstrated that the interaction

between these macromolecules with Fe(II) was necessary

for the phase separation (Figure S11 in Supplementary

data).

The wastewater depuration was optimized, by reducing

almost 400 times the amount of polymer and eight times

the amount of Fe(II) required to reach the same efficiency in

decolorization obtained in the kinetic experiment, working

with a 760mM DB273 solution. Under these conditions,

around 30mmol (27 g) of DB273 per gram of oligomer was

removed from the solution.

This adsorption capacity can be compared with that of

non-soluble polyampholytes based on EGDE, MAA, and 2-

methylimidazole (2MI).[21] The adsorption obtained exper-

imentally was 280mg � g�1, the maximal estimated by

Langmuir model was 403mg � g�1, and that estimated by

Dubinin–Radushkevich model was 430mg � g�1. This

means that the depuration efficiency was improved 100

times with the in-situ precipitation of the adsorbant.

The Fe(II)-(EGDE-IM-co-MAA) oligomers aggregated

material before and after adsorption of DB273 was studied

by FTIR (Figure S12 in Supplementary data).

When Fe(II) was used for aggregation, the band at

1510 cm�1 shifted to 1522 cm�1. This signal is attributed to

vibrational modes of C═N from the IM units when the

pyridinic N is protonated, since the band was preserved in

the spectrum of both the native bulk material and the acid
Macromol. Mater. Eng. 2015, DO
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form. In this case, the shift might be an indication of

interaction between the heterocycle and Fe(II). Besides, the

signal at 1560 cm�1 shifted to1590 cm�1, possibly due toan

interaction of the cation with –COO– and/or IM residues,

and the bands of this composite were clearly more intense

andmuchbetter resolved thanthose fromthe lyophilizedor

acid form of the polymer, which is expected in a

coordination reaction.

The bands corresponding to the main functional groups

of the oligomer were not shifted by the adsorption of the

dye. Moreover, the bands at 1590, 1448, and 1198 cm�1

were more intense in the DB273-Fe(II)-(EGDE-IM-co-MAA)

oligomers composite due to the contribution of the

stretching vibrational modes of N–H, N¼N, and S═O of

the dye, respectively.

However, two strong bands from DB273 at 1300 and

1036 cm�1, the first attributed to C–N and the second to the

stretching of S═O coming from the sulfonate group, were

missing in the composite. This change could be assumed as

evidence that the anionic functional groups of the dye

interacted electrostatically with the positive sites on the

aggregate. The loss of the C–N band could be related to H-

bond formationbetween the dye and theO–Hgroups of the

oligomer.

When DB273 was adsorbed on non-soluble Poly(EGDE-

MAA-2MI) particles, the loss of the band at 1300 cm�1 was

also evident, but the signal at 1036 cm�1 could be

overlapped to the main signal of C–O–C from EGDE

residues.[21] In this sense, we could say that the nature of

the interaction of DB273 with the solid particles based on

macromolecules derived from imidazolic compounds,MAA

and EGDE, was essentially electrostatic combined with H-

bond formation.
3.8. Application in Preparation of Hollow Spheres

The oligomers aggregated and precipitated in the presence

of a series of metal ions, but formed hollow spheres when

Fe(II) was used in combination with citric acid. When Fe(II)

was omitted, an amorphous precipitate was formed in the

presence of citric acid.

Here, we tested the drop wise addition of a viscous

oligomer solution to a less viscous Fe(II)/citric acid solution

atpH2.1 in the formationof interfacial spheresunderacidic

conditions (Figure 7A–C).

We studied the effect of different concentrations of

oligomer and Fe(II)/citric acid solution on the shape and

stability of the capsules formed.

The best conditionwas achievedwith amixture of 0.9M

citric acid/monobasic citrateatpH2.1and9� 10�3MFeSO4

solution. A 300 g � L�1 oligomeric solution was added drop

wise to the mixture using a 1-mL automatic pipette,

forming hollow spheres that were mechanically stable in
I: 10.1002/mame.201500276
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Figure 7. Imagesofhollowspheres inacidmedium(A),andonaglasssurface (Band
C). The sphere radius as a function of Fe(II) concentration was decreasing from left
to right (C).
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time. When the experiment was performed with sodium

citrate instead of the citric acid/monobasic citrate

solution pH 2.1, no spheres were obtained.

The spheres were removed from the solution and cut

into two pieces to confirm that they were actually

hollow.

Other lower concentrations of Fe(II) and citric acid only

formed a cloudy suspension. Higher concentrations of the

oligomeric mixture were also tested, but the viscosity was

too high to form spherical capsules, resulting in a teardrop-

like shape or structures with ‘‘tails.’’ In this sense, Driver

et al. obtained the same results when one of the polymeric

solutions used was too viscous.[27]

The sphere radius decreased as a result of Fe(II)

consumption, until the solution became exhausted. As

observed in Figure 7C, the spheres on the left were formed

with the highest Fe(II) concentration.

When a 1.0mL aliquot of Fe(II)/citric acid solution was

used, four sphereswithaverage radiusof4.0� 0.4mmwere

obtained. Afterward, the radius decreased by 19% for the

next four structures and by 35% for the last four spheres

(Figure 7C). At the end of the process, the spheres were too

soft to be withdrawn from the solution.

The sphereswere dried at 37 8C to be characterized by ss-

NMRandFT-IR spectroscopy. Thesestructures collapsedasa

consequence of dehydration.

The 13C CP-MAS spectrum for thematerial of the spheres

is seen in Figure 2D. The chemical shifts and relative peak

intensities were similar to the profile of bulk (EGDE-IM-co-

MAA) oligomers, indicating that thematerial was included

in the structure.

The FT-IR spectrum of the hollow spheres in KBr pellet

showed a decrease in the band intensity at 1510 cm�1

(Figure 1F) when compared with the spectrum of the bulk

material (Figure 1E), indicative of interaction between the

heterocycle and Fe(II). The C═O stretching band at

1715 cm�1 and the asymmetric stretching of carboxylate

at 1570 cm�1 were relatively more intense.

The band at 1640 cm�1 decreased in intensity when

comparedwith the spectrumof the acid form. This could be

due to some loss of inner H-bonds in carbonyl groups from
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regions of Poly(MAA) now involved in Fe(II)

coordination (FigureS8 inSupplementarydata).

To analyze the chemical stability, the capsu-

leswere transferred to solutions of different pH

values at low stirring (60 rpm), resulting

completely dissolved at pH 7.0 or higher. These

results evidenced the combined effect of

interfacial aggregation by protonation of Poly-

(MAA) blocks and by coordination of Fe(II) with

electron donors from the oligomers. The only

presence of Fe(II) or of carboxylic groups was

not enough to stabilize the tridimensional
network in the sphere.

The mechanical properties of these spheres limit the

possibilities of their application in reactors under contin-

uous agitation for biotechnological or environmental

applications. This limitation could be related to their

relatively large size and could be eventually improved by

working on the development of smaller structures.
4. Conclusion

The sequential addition of the reactants and the incubation

for more than 12h before the radical polymerization

determined the solubility in water of the oligomers

synthesized based on EGDE, IM, and MAA. The first step

of the reaction produced the Poly(EGDE-IM) hydrogel, in

which the disubstitution of IM moiety originated the

permanentpositive charge in themolecule.After that,MAA

was added to the mixture, forming an ion pair with the

basic sites and slowly reacting with the functionalities of

the network to form a low amount of ester groups. Finally,

the vinyl polymerization of MAA formed polyanionic

blocks that remained attached to Poly(EGDE-IM) by

means of those esters. The attachment of polyanionic

blocks to the Poly(EGDE-IM) gel by means of ester unions

was fundamental to enhance the water solubility of the

finalproduct. The incubationofPoly(EGDE-IM)withMAAat

60 8C for more than 12h was necessary to form those ester

groups.

The experimental evidence supported the probable

chemical structure based on block oligomers, where the

size of each block can be variable but always lower than

12 kDa. The solution- and ss-NMR characterization of the

bulk (EGDE-IM-co-MAA) oligomers and fractions that

precipitated upon organic solvent addition showed the
13C and 1H signals expected for the covalent binding of IM

moiety to the EGDE molecule. The findings show that the

aromaticity of the heterocycle was preserved and that the

oxirane ring was open. The formation of esters between

MAA and EGDE was confirmed by 13C-NMR, and also

evidenced by MALDI, together with the existence of

Poly(MAA) and Poly(EGDE).
e.201500276
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It is important to recall that the existence of Poly(EGDE-

IM) has been demonstrated in previous works.[14,16] The

prevalence of EGDE-IM adduct formation over polyether-

ification has been studied by ESI-MS, and 500-Da

oligomers have been identified in a particular water-

soluble fraction.

The enhancement inwater solubility at pH values above

the IEP could be related to the formation of Poly(MAA)

blocks, in association with the higher density of proto-

natable groups, low degree of polyetherification, the

existence of permanent positive charge in oligomers with

large Poly(EGDE-IM) to Poly(MAA) blocks ratio, and the

possibility of forming highly solvated macro-aggregates.

The soluble oligomers were sensitive to Hþ concen-

tration. When –COO– groups were neutralized by Hþ at pH

values below the IEP, the formation of inner H-bonds

between –COOH would account for the decrease in

solvation of the chains in large Poly(MAA) blocks attached

to smaller Poly(EGDE-IM), leading to the formation of latex-

type aggregates.

The properties described in this manuscript could be

explained by the asymmetry in the size/length of the

constitutive blocks for each oligomeric population present.

The neutral fractions found at pH above 6.0 in CZE

experiments would remain soluble, possibly being part of

water-soluble macro-aggregates. The formation of these

soluble macro-aggregates of oligomer molecules, whose

size increasedwith the age of the solution, was detected by

SEC.

Regarding the environmental applicability of this novel

material, the Fe(II)-(EGDE-IM-co-MAA) oligomer aggregates

presented an extraordinary capacity of anion uptakewhen

precipitated in the presence of an anionic azo dye,

representing a potential use of eco-friendly chemistry.

This oligomeric mixture formed hollow spheres when

dropped into an Fe(II)/citric acid solution. The combined

effect of Fe(II) coordination and oligomer interfacial

aggregation determined the morphology of these struc-

tures. Their solubility at pH values above 7.0 makes these

capsules potentially adequate for intestinal release in drug

delivery.

Here,we characterized an oligomericmixturewhichwas

synthesized to be used without further purifications.

Additional experiments must be carried out to identify

each component of the bulk product for an eventual

application of any particular oligomeric fraction.
Appendix

FTIR spectra, 13C CP-MAS spectra, MALDI spectra, CZE

electropherograms, potentiometric titration curve, pKa

analysis of the oligomer synthetic batches, SEC, viscosim-

etry, and tables with the results of elemental analysis, FTIR
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assignments, zeta potential, size of soluble aggregates.the
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