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ABSTRACT: A polyimminium gel, Dimedone-[N, N0
melaminium] butyrocarboxylate copolymer, comprising of
zwitterionic carboxybetaine repeat units was synthesized
via a catalyst free facile polycondensation approach. The
polymer was studied for its photoluminescence, thermal,
and swelling behavior. Swelling behavior was investigated
in different solvent mixtures as well as in pure solvents.
The extent of swelling was dictated by solvent composi-
tion, such as dielectric constant, pH, ionic strength, and
other variables for instance, temperature and crosslinking

density. Gel was soluble in alkali and could be regener-
ated on treatment with an acid. This pH responsive behav-
ior could find various industrial applications, especially in
wastewater treatment. A preliminary study on sorption of
dyes was also carried out. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 122: 241–248, 2011
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INTRODUCTION

A gel is a crosslinked polymer network immersed in
a fluid. It is an important state of matter found in a
wide variety of biomedical and chemical systems.
Phase equilibria of gels have been extensively studied
theoretically and experimentally.1,2 The conformation
of macroionic gels is strongly affected by the electro-
static attraction between macroions and their counter-
ions and by the repulsive interactions between a
macroion and other macroions and between similarly
charged ionic groups on a polymer.

The specific properties of polyelectrolyte gels are
related to the ionic nature of the chains and have
been under intensive investigation.3–5 Polyzwitteri-
ons are polyampholytes in the isoelectric state with
two charges of opposite signs located on a monomer
unit. They are now recognized as well defined
classes of polymeric materials showing a broad spec-
trum of specific and unique properties in solution
and in the bulk, arising from the highly dipolar
character of their functional unit (dipole moment
values in the range 20–30 D).6–9 The antipolyelectro-
lytic behavior, the absence of counterion condensa-
tion and the negligible Donnan effect in polyz-
witterionic solutions, and gels characterize them as

polyampholytes in the isoelectric state. A subgroup
of zwitterionic polymers is the carboxybetaine polye-
lectrolytes, bearing carboxylate as the anionic
moiety, was reviewed by many authors.10–12 The bio-
mimetic nature of the zwitterionic structure of car-
boxybetaines has recently been applied for wide
range of biomedical applications. The poly(carboxy-
betaine methacrylate) was grafted on gold surface,
which resisted protein adsorption and was capable of
immobilizing certain biological ligands. The biocom-
patibility of carboxybetaine layer was approved by
a number of publications recently.13–20 Studies of
polycarboxybetaine properties, such as charge inter-
actions, solubility investigation, viscosity measure-
ments, pH and electrolyte responsiveness, thermal
analysis, X-ray studies, potentiometric titrations, laser
light scattering, etc.10,21–27 have revealed their unique
and specific properties making them a suitable candi-
date for technological applications including biomedi-
cal devices and other applications requiring biocom-
patible materials. The ability of charged gels to
transition, in response to an environmental trigger,
from a collapsed to swollen configuration or vice
versa may be utilized for various technological
applications. Swelling of polyelectrolyte gels can be
induced through such stimuli as changes in pH,
salinity, ionic strength, etc. For example, gels have
been widely examined as drug delivery agents,
where the swelling trigger leads to the release of
pharmaceuticals entrapped in the collapsed gel. But
successful utilization of charged gel requires under-
standing and control of the swelling transition
mechanism.
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Flory-Rhener theory explains the swelling charac-
teristics of ionic gels.28 Peppas and Merrill29 custom-
ized the theory to go well with crosslinked gels.
Polymer-solvent mixing free energy is the driving
force for swelling of a polymer network bearing
fixed charges assisted by the translational entropy of
mobile ions whose distribution is governed by
Donnan equilibrium theory.30 At equilibrium, the
mixing and ionic contributions to swelling keep in
balance with the elastic response of the polymer net-
work, which opposes swelling.31 Manning theory32

suggests that ionic polymers cannot sustain a charge
density exceeding a critical value. With univalent
charges, it leads to a maximum charge density in
aqueous solution at 25�C, corresponding to 1 ionic
charge per 7.14 Å (the Bjerrum length) of the fully
extended chain. With a shorter distance between
fixed charges, the counterions condense on them,
preventing any further increase of charge density.
Tamura et al.33 studied the swelling behavior
of charged polymeric gels in water/organic solvent
mixtures. The dielectric constant and composition
of solvent was found to coordinate the swelling
behavior.

Keeping abreast of such superior properties of
zwitterionic polyampholytic gels compared with
those of the pristine polyelectrolytes, and the spe-
cific utility in removing toxic heavy metal ions
and organic compounds from sewage and indus-
trial wastewater, we were interested to prepare a
series of novel carboxybetaine polymeric gel and
examine their stimuli responsive behavior in vari-
ous media with varying pH, temperature, ionic
strength, etc.

EXPERIMENTAL

Materials

The reagents melamine (pure), dimedone (pure),
and c- butyrolactone were procured from Loba
Chemie Di(ethylene glycol diacrylate) (DEGDA) was
from Sigma Aldrich Co. Other chemicals were of
analytical grade.

Synthesis

Dimedone-[N, N0 melaminium] butyrocarboxylate
copolymer

A solution of melamine [1.26 g (0.01 mol) in 25 mL
DMSO] and dimedone [2.10 g (0.015 mol) in 25 mL
DMSO] were prepared separately. The solutions
were mixed and stirred at 45�C for 48 h. This clear
reddish purple reaction mixture was treated with
c- butyrolactone [1.5 mL (0.015mol) in 10 mL
DMSO] and left for 24 h. Again this reaction mix-
ture was subsequently treated with varying amount

of DEGDA as crosslinker. Table I describes the
ratio of monomers to crosslinker for various gel
samples. Anal. Calcd for C31H52N6O10S3 (G25): C
48.7%, H 6.8%, N 11.0%. Found: C 48.5%, H 6.8%,
N 11.2%. The purity of the sample was checked
by TLC in solvent mixture: benzene 14 mL: acetic
acid: 1 mL. The corresponding structure is shown
in Figure 1.

Swelling measurements

Samples of known weight were immersed in excess of
solvent and kept in a sealed container which were
placed in temperature-control bath with 6 0.5�C accu-
racy until equilibrium was reached. The samples were
removed and blotted dry. The swelling ratio of the co-
polymer gels was determined gravimetrically. The
equilibrium weight of the swollen samples at each
temperature was determined. The swelling ratios of
the copolymer gels were calculated from the ratio of
the weight of the equilibrated gel to the dry weight,

Swelling:Ratio ¼ ws � wd=wd � 100

where ws ¼ Weight of the swollen gel, wd ¼ Weight
of the dry gel sample.

Equipments

Elemental analyses were performed with CE 400
CHN Analyzer. The FTIR of the samples was
recorded with JASCO FT/IR 5300 in KBr from 400 to
4000 cm�1. Thermogravimetric analyses (TGA/DTA)
were performed using Perkin–Elmer Diamond TG/
DTA at 10.00�C/min. Scanning electron microscopy
was performed by FESEM Quanta 200F at 5 KV in
low vaccum. Potentiometric titrations were carried out
on Systronics lpH system. Conductometric titrations

TABLE I
Compositional Data of Various Gel Samples

Sample Crosslinker (%) Yield (%) Gelation period

G10 10 0 No gelation
G25 25 10 Gelation (72 h)
G45 45 30 Gelation (48 h)
G65 65 55 Gelation (8 h)
G85 85 75 Gelation (spontaneous)

Figure 1 Structure of the polycarboxybetaine.
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were carried on CM 180 conductivitymeter. The
absorption spectrum was recorded on Varian Cary50
Bio UV-visible spectrophotometer. The photolumi-
nescence studies were performed using 266 nm exci-
tation wavelength from a Nd:YAG laser (Inndas,
Spitlight 600, Germany). The fluorescence spectra
were recorded in the 400–900 nm region using fluo-
rescence spectrometer (QE6500, Ocea-Optics) and
Horibu Flouromax 4 spectrophotometer. Swelling
studies were performed on high precision water
bath (error 6 0.5�C).

RESULTS AND DISCUSSION

Melamine, a nitrogen rich, triazine derivative (2,4,6-
triamino-s-triazine) was condensed with a diketone,
5,5-dimethyl-1,3-cyclohexanedione (dimedone) via
the nucleophilic addition–elimination reaction. The
electronegative substituent can participate in delocal-
ization of the imine double bond and raises the
energy of the LUMO, making it less susceptible to
nucleophilic attack. Here, the aromatic group from
the melamine facilitates the delocalization of the
probable charge centers on the C atom of imine
groups.34 The resulting polyimine was treated with
c- butyrolactone followed by DEGDA as a cross-
linker in varying ratio. The extent of gelation as well
as the time period needed for gelation depends on
the amount of crosslinker, as shown in Table I, signi-
fying the major role of crosslinking chemistry in the
formation of gel.

The infrared spectrum of the copolymer is shown
in Figure 2. The absorption due to imine group
appears at 1552 cm�1 and those for carboxylate
group are at 1655 (asym) and 1315 (sym) cm�1. The
other characteristic absorptions are 3004 (asym m-CH
2), 2918 (symm-CH2), 1763 (m-COO), 1435 (m-aCH2

bending), 1177 (mACAC bending), and 1024 (m-CO)
cm�1. The hygroscopic nature of the polymer was
evinced by broad absorptions around 3406 cm�1.
The NAH stretch of amine at one end of the mela-
mine is overlapped by broad OH peak.

The image is shown in Figure 3. Surface morphol-
ogy of the gel G85 was investigated by scanning
electron microscopy (SEM) technique that showed
grooved structure with large pores Figure 3a. The
pore size estimated from SEM image was 3.57 lm. Fig-
ure 3b is the image showing the gel like morphology
of the crosslinked polymer after synthesis taken by a
digital camera.
The thermogravimetric (TG) curve (Fig. 4) shows a

gradual decrease in the weight with temperature up
to � 400�C. A broad endothermic region in the tem-
perature range 100–400�C is due to the degradation
of solvent entrapped in the pores of gel. The gel has
lost 20% weight up to 200�C and 50% weight is lost
at � 395�C. In DTA curve a small endothermic peak
was observed at 436�C with DH ¼ 301 J/g represent-
ing change in functional group orientations involv-
ing a heat change. The gel is completely decom-
posed at temperatures >450�C.
The absorption spectrum of the G85 gel sample

showed peak at 265 nm. The absorption may be due to
n!p* transition of the chromophores (C ¼¼ O, C ¼¼ N,
and COO) in the polymeric chain. The fluorescence
spectrum of the G85 gel was observed at kex ¼ 266 nm

Figure 2 FTIR of the polycarboxybetaine G25.

Figure 3 (a) SEM-EDAX of G85 showing the pore size
3.57 lm. (b) The gel like morphology of G85. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com].
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and emission was obtained at kem ¼ 540 nm as shown
in Fig. 5.

The response of G25, G45, G65, G85 gel samples
were examined toward swelling in different media.
Table II shows the extent of swelling in some of the
solvents where the swelling was comparatively more
appreciable. As it can be discerned from the Table II,
the sample G25 showed highest swelling in chloro-
form:methanol (2 : 1) and the extent of swelling
decreased as the concentration of crosslinker in the
feed mixture was increased. But the situation was
reversed in ethanol:water (1 : 1) and also in the alkai
NaOH (N/10). As observed by Hiroki et al.,35 in the
study of the effect of alcohol on swelling, the cross-
linking increases the hydrophobicity, breaking the
clustering tendency of ethanol and/or water, thus
increasing the interaction between the polymer chain

and solvent molecules. Hence, as the crosslinking
increased from G25 to G85, the swelling also shows a
rise from 35 to 200%. But in NaOH (N/10), the gel
shows swelling to a larger extent in comparison to
alcohol-based solvent compositions and ultimately
the gel dissolves completely in alkali. In G25 to G85,
as the ratio of carboxybetaine to crosslinker falls
down, it takes longer to dissolve in NaOH. The elec-
trostatic interactions between the opposite charges
present on the polymer chain keep them in gel state.
But in NaOH, Naþ/OH� ions shield the respective
charge centers and break the interionic interaction to
dissolve them.24 As the ratio of neutral crosslinks was
increased, it took longer for alkali to dissolve them.
G85 was found to be most suitable for further ex-

ploration in a few more solvents, viz. 1,4-dioxane,
chloroform, acetonitrile, dimethylsulfoxide (DMSO),
ethanol:water (1 : 1), chloroform:methanol (2 : 1),
and an alkali, i.e., NaOH (N/10) as well as an acid
(N/10 HCl). Figure 6 shows the swelling response in
these solvents. Being a highly polar system the gel
(G85) shows the respective response as the dielectric
constants of the media varies. Figure 6 shows lesser

Figure 4 Thermogravimetric Analysis (TGA) and Differ-
ential Thermal Analysis (DTA) showing the stability of the
polymer upto 450�C.

TABLE II
Swelling Response of Gel Samples in Various Solvent

Mixtures at Room Temperature

Sample

Swelling (%)

Ethanol:
Water (1:1)

Chloroform:
Methanol

(2:1)
NaOH
(N/10)

1h 24h 1h 24h 1h 24h

G25 15 15 192 192 40a Soluble in 5h
G45 15 15 83 83 42a Soluble in 8h
G65 15 15 65 65 48a Soluble in 26h
G85 40 40 41 41 90a Soluble in 48h

a Transluscent

Figure 5 Fluorescence spectrum of the polyzwitterion at
kex ¼ 266 nm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com].
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swelling in the media with lower e, i.e., dioxane and
chloroform but acetonitrile and DMSO with interme-
diate range e, show more swelling. However, in the
alkali (N/10 NaOH, pH ¼ 12), the charged centers
are shielded by respective Naþ / OH� ions, break-
ing the interionic interaction, thus allowing more
and more solvent molecules to enter into the poly-
meric network, making them more swollen.

In Figure 7, the effect of temperature on swelling
in NaOH (N/10) is shown. With the temperature,
the extent of swelling also rises and it takes lesser
time to attain equilibrium. The maximum swelling is
observed at 45�C, on still higher temperature (60�C),
the gel disrupts and dissolves in alkaline solution in
only 15 min.

Both the ionic centers of the carboxybetaine gel
are in ionized form at pI, and thus, are under
electrostatic interaction with each other, which get
disrupted on addition of NaOH. On raising the tem-
perature from 30 to 45�C, the swelling increases
from � 75 to 220%. But on enhancing the tempera-
ture even further, the gel starts dissolving in the
alkali. At 50�C, it takes only � 30 min to dissolve
completely but at 60�C, it dissolves in 15 min only.

Solution of the gel in N/10 NaOH was titrated
with N/10 HCl; on addition of N/10 HCl, the gel
was regenerated and characterized by IR spectros-
copy. The process was repeated again and again,
i.e., the regenerated gel redissolved in NaOH and
regenerated again on addition of HCl. The quater-
nary imminium and carboxyl groups are under cou-
lombic interaction with each other thus forming gel
morphology. In HCl, the imminium as well as car-
boxyl groups are protonated completely. As they get
protonated, they are discharged, thus breaking their
interionic coulombic interaction to extend the chain
and also breaking interchain ineraction, which might

have been formed, hence extending the polymeric
chain in HCl or at low pH illustrating high swell-
ability with translucent character. However, in alka-
line medium, as we add NaOH to the system, the
Naþ and OH� ions shielded the respective carboxyl
and ammonium charge centers to break their inter-
actions, solubilizing the gel at high pH also. This pH
responsive behavior could be exploited for various
applications. To name a few, wastewater treatment,
especially in removing the toxic materials from the
affluent of textile industry or other technical/indus-
trial applications.
In the conductivity titration curve of polymer G85

three regions were observed (Fig. 8). In the first
region, the conductivity of the solution decreased
with neutralization of excessive Hþ or OH� ions
that were present due to preacidification or prealkal-
ization. In the second region, ionization of acidic or
basic groups in the polymer caused an increase in
conductivity, and hence, the slope of curve conduc-
tivity versus volume of titrant. In the third region,

Figure 7 Swelling response of the G85 in NaOH (N/10)
at (a) 40�C, (b) 45�C, and (c) 50�C [standard deviation ¼
6 0.33].

Figure 6 Swelling response of G85 in various solvents
in 48 h.
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the slope was equal to the theoretical conductivity of
the titrant. At higher volume of HCl (titrant), it was
observed that white film like material deposited at
the base which is the regenerated polymer. Potentio-
metric titrations were carried out by pretreating the
gel with NaOH and titrating with HCl and vice versa,
i.e., by treating the gel with HCl and titrating with
NaOH respectively. In both the cases, sigmoid curve
was obtained with pI value 7.3 (Fig. 8).

To explore the effect of pH in detail, the swelling
of G85 gel in water at different pH was studied. The
pH effect was studied in two regions, in pH <7 and
pH >7 as shown in Figure 9. As the carboxyl groups
were protonated more and more, the swellability
decreases, it is observed to be more at pH 6, lesser at
pH 5, and least swelling at pH 4. But in pH >7, it is
maximum at pH 11, when carboxyl groups are sup-
posed to be completely stripped off all the protons
and ionizes completely to show more hydrophilicity.
The optimum pH at which the gel attains maximum
swelling is 12. The pI of the gel (estimated by poten-
tiometric titration) is 7.3. The zwitterionic species
shows least solubility at its pI. The aqueous solution
of zwitterionic polymer chains exists as a combination
of interchain aggregates as well as individual chains.
The addition of NaOH or any electrolyte leads to a
higher ionic strength, weaker electrostatic attraction,
breaking interchain and intrachain associations. How-
ever, it also decreases both electrostatic repulsion and
solvation and makes the polymer chains more hydro-
phobic. The hydrophobic attraction results in intra-
chain contraction and interchain aggregation.

To further explore the behavior of this alkali solu-
ble/swellable carboxybetaine gel, the effect of ionic
strength in qualitative aspects were examined
(Fig. 10). Three salts with common anion, Cl� were
chosen for this study. In the presence of any salt or
say due to enhanced ionic strength, the swellabilty
falls down. The charged centers were shielded by
respective ions of opposite charge of the salt thus ren-

dering the gel with lesser charge density, permitting
lesser solvent/water molecules to enter into the gel
network. The extent of swelling is dictated by the
composition of swelling medium. The addition of KCl
into the solution further dissociates the interchain

Figure 10 Swelling response of G85 in NaCl (D), KCl
(*), and MgCl2 (&)at room temperature.

Figure 9 (a) Swelling response of G85 in NaOH (N/10)
at pH 4 (^), pH 5 (n) and pH 6 (~) [standard deviation
¼ 6 0.25]; (b) Swelling response of G85 in NaOH (N/10)
at pH 8.5 (^), pH 10 (n) and pH 11 (~) [standard devia-
tion ¼ 6 0.25].

Figure 8 Conductometric curve of G85 dissolved in N/10
NaOH and titrated against N/10 HCl.
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association, because of higher ionic strength
and weaker electrostatic attraction between ¼ NþR2

and -COO� groups. The electrostatic attraction, indu-
ces interchain and intrachain associations, but electro-
static repulsionleads to the solvation of the polymer
chains. Therefore, suppressing electrostatic interac-
tions by the addition of electrolyte propagates a
change from dissociation-and-extension to aggrega-
tion-and-contraction. Addition of KCl or NaCl pro-
vides competition for the water molecules hydrating
the polybetaines chains. Dehydration of the polybe-
taine chain results in deswelling. The overall swelling

is the net effect of that due to salt imbibed within the
gel (which increases continuously with time) and that
because of solvent molecules taken into the gel. The
quaternary ammonium/imminium and carboxylate
ions are surrounded by a sheath of Cl� and Kþ ions
(in KCl solution), respectively. Hence, zwitterionic
character is retained. The possibility of strong intra-
chain or interchain interactions is restored, i.e., break-
age of such interactions to allow ingress of water is
reduced. Disruption and desolvation of the (ANH2,
COO�) -solvent weak, noncovalent bonds permits
attractive interchain hydrophobic interactions and
hydrogen bonding to dominate. Thus, the gel deswells
and contracts. Whereas, in the salt solutions of the
divalent electrolytes, the swellability enhances in com-
parison to that in monovalent salt solutions. The diva-
lent cations are more effective in curtailing the charge
centers, thus enhancing the water uptake by hydro-
philic groups of the polymer chain. The divalent ions
facilitated the disruption of crosslinks formed between
COO� of one chain with cationic center of another
chain by electrostatically binding two of the carboxy-
betaine groups of a chain simultaneously. This disrup-
tion of crosslinks between chains assists in better swel-
ling. Here, three different electrolytes having common
anion (Cl�), NaCl, KCl, MgCl2 have been studied.
Among them, Kþ has least charge density and Mg2þ

has most. The presence of Naþ and Kþ ions deswell
the polymeric gel, being incapable of breaking strong
attractive forces between the permanent charges of the
polymeric backbone. The electrostrictional effect is
curtailed encouraging the solvophobicity of the poly-
meric chain providing pockets to accommodate more
and more water molecules. Moreover, the smaller
hydration sphere of bigger cations is able to penetrate
the gel crosslinks, whereas the smaller ions (Naþ, Kþ)
with larger hydration spheres were unable to pene-
trate the gel network, thus deswelling the gel. The
levelling of the curves in Figure 11 shows that the con-
centration of 0.01N itself seems to be sufficient to
balance the forces responsible for swelling, when the
osmotic pressure of the solvent is balanced with the
subchain stretching energy within the gel framework.
The swollen G85 sample in NaOH was studied for

its deswelling behavior at different temperatures.
The swollen sample was taken out of the solvent and

Figure 11 Swelling response of G85 in (a) NaCl, (b) KCl,
and (c) MgCl2 at the concentration 0.01N (^), 0.02N (n),
0.04N (~) and 0.05N (x) at room temperature.

TABLE III
Sorption Parameters Estimated for Various Dyes

S.No.
Dye
(kmax) pH

Swelling
(%)

Conc. of dye
(g/l) before extraction

Conc. of dye
(g/l) after extraction

Amount adsorbed
(g/l) Adsorption (%)

1. Crystal violet (590 nm) 7.50 209 46 � 10�3 40 � 10�3 2.70 � 10�3 13.04
2. Methylene blue (662 nm) 7.12 70 64 � 10�3 21 � 10�3 7.64 � 10�3 67.18
3. Phenophthalein (560 nm) 7.42 530 118 � 10�3 97 � 10�3 33.08 � 10�3 17.79

Contact period of each dye is 60 min.
Amount of dye adsorbed by 10 mg of polymer is reported.
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kept at 50�C for 1 h in an oven. The sample showed
no change, neither in its morphology nor on the
weight of the swollen sample, i.e., it did not deswell
at 50�C. On further increasing the temperature to
80�C, for 1h, the gel deswells upto 24%, i.e., the
entrapped solvent was evaporated to some extent
but the morphology was not altered. At 100�C, 46%
weight was lost but the morphology was still intact.
But at 120�C, the gel was denatured and became
fragile.

The sorption chemistry of gel was studied using
the representative of three classes of dye. The dyes
used are phenolphthalein, a xanthein dye, crystal
violet, a triphenylmethane dye and methylene blue
consisting of a phenothiazine ring. The known
weight of polymer was added to each dye solution.
After mixing dye vigorously in solution of water:e-
thanol (1 : 1) for desired period, the concentration of
the remaining dye was determined. The pH of dye
solution was also checked. The sorption of methylene
blue was maximum. The dye loading capacity was
calculated from the initial and final concentration of
dye corresponding to calibration curve. Table III rep-
resents the swelling and adsorption capacity of poly-
mer in different dyes. The difference in the extent of
adsorption may be due to the ability of the dye to
interact with the groups of the polymer, the relative
molecular size of the dye and the morphology of the
gel (pore size of the gel is fairly large enough to
accommodate dye molecules).

In conclusion, a novel responsive carboxybetaine
gel is presented. Its sensitivity toward the composi-
tion of swelling medium and its physical parameters
could be useful in biomedical devices, in drug deliv-
ery, and also in wastewater effluents treatment.

The authors acknowledge Prof.GVS. Sastry (SEM) for kind
help.
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