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a b s t r a c t

In this study, new hydrogels in rod shape were prepared from N-acryloyl-tris-(hydroxy-
methyl)aminomethane (NAT) using three different crosslinking agents: poly(2-methyl-2-
oxazoline) bismacromonomer (BM), ethylene glycol dimethacrylate (EGDMA) and N,N0-
methylenebisacrylamide (BIS). Dimethylformamide (DMF) was used as solvent and
2,20-azobisisobutyronitrile (AIBN) as initiator. Polymeric matrices with different properties
were obtained by free radical polymerization by changing the crosslinker (BM, EGDMA or
BIS) or the concentration of BM. The hydrogel structures were characterized by high resolu-
tion magic angle spinning (HRMAS) NMR technique. Swelling experiments and rheological
studies were used to test the water absorption capacity and viscoelastic properties of the hydro-
gels, respectively.For a givenNAT/crosslinkingagent molar ratio, thehydrogel synthesized with
BM displays higher water absorptive capacity and larger range of linear viscoelasticity than
those synthesized with BIS or EGDMA. The relatively larger hydrophilic character of the former
and the lower crosslinking density generated by the longer molecules of BM might be the cause
of this behavior. The results also reveal that water diffuses into the network following a non-Fic-
kian mechanism. This is concluded from the value of the diffusion exponent n, which is higher
than 0.50. The elastic modulus and the equilibrium water content (EWC) measurements sug-
gest that these materials may have potential application as biomaterials.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogels, which are three-dimensional water-swella-
ble crosslinked structures with physical integrity, have
many potential applications [1–4]. It is well known that
these applications are closely related to the intrinsic prop-
erties of the polymeric networks [5]. In this sense two main
characteristics of hydrogels should be specially considered,
the chemical structure of the components and the morphol-
ogy of the network. The former affects the hydrophilic/

hydrophobic ratio of the gel and, consequently, the water
retention and absorption capacity of them. In general,
monomers and crosslinking agents with polar functional
groups increase the hydrophilic nature of the gel. Therefore,
monomers such as 2-hydroxyethylmethacrylate (HEMA),
acrylamide (AA), acrylic acid (AAc), and crosslinkers such
as ethylene glycol dimethacrylate (EGDMA) and N,N0-meth-
ylenebisacrylamide (BIS) are commonly used for the syn-
thesis of hydrogels with high water retention capacity.
The other characteristic, the morphology of the network,
exerts influence on the mechanical and rheological proper-
ties of the network since these properties are affected by
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the stiffness/flexibility of segments between crosslinks and
crosslink density. Consequently, considering the possible
applications of hydrogels are important to analyze both,
the swelling index and the elastic modulus. Hydrogels with
high water retention capacity and different elastic modulus
may have diverse macroscopic physical properties related
to damping of vibrations, deformability, mechanical
strength, and so forth which may give place to several
applications [6–12]. However, hydrogels rarely possess
high values of both parameters simultaneously [4].

Different chemical and physical crosslinking methods
have been reported for the production of hydrogels [3].
Several works have also described the synthesis of new
macromonomers [13–19] and crosslinkers [20–22] to be
used in the manufacture of polymeric networks. Different
swelling and mechanical properties are observed in hydro-
gels according to the nature and concentration of the
crosslinking agent and to the nature of the swelling med-
ium used in the preparation [4].

N-acryloyl-tris-(hydroxymethyl)aminomethane (NAT)
is a hydrophilic monomer rarely used in the synthesis of
hydrogels. Only few papers report the employ of this
monomer. NAT has been utilized as a component of multi-
functional polyacrylamides [23] and in gels for electropho-
resis and electrofocusing applications where BIS was used
as crosslinking monomer [24]. A quasi-interpenetrating
network formed by poly(NAT) and polyvinylpyrrolidone
was used as separation matrix for double-stranded DNA
and single-stranded DNA fragments by capillary electro-
phoresis with UV detection [25]. Additionally, hydrogels
in rod shape have been prepared utilizing NAT and HEMA
or AAc as comonomers. Some of the final products of these
polymerizations were selected to perform urea release as-
says, conducted through swelling-controlled release [6].

Moreover, the polymerization of 2-substituted 2-oxazo-
lines has been intensively studied by several research
groups since the 1960s and reviewed in many references
[26,27]. Different structures can be easily synthesized
using these monomers, for example, block and graft
copolymers, telechelics and hydrogels [28–32]. In particu-
lar, Rueda et al. have reported non-ionic hydrogels that
were synthesized by the radical homopolymerization of
vinylterminated poly(2-methyloxazoline) bismacromono-
mer (BM) and by radical copolymerization of this telechelic
with 1-vinyl-2-pyrrolidone [30].

In this work, new hydrogels synthesized with NAT as
the hydrophilic monomer and three different crosslinking
agents: BM, BIS and EGDMA, are discussed. The matrices
were characteristized by high resolution magic angle spin-
ning (HRMAS) NMR and infrared spectroscopy (FT-IR).
Swelling behavior in water and linear viscoelasticity were
compared and analyzed to gain insights into the influence
of the crosslinker agent on these hydrogel properties.

2. Experimental section

2.1. Reagents and equipment

The following chemicals were used as purchased:
N-acryloyl-tris-(hydroxymethyl) aminomethane (Aldrich),

N,N0-methylenebisacrylamide (Mallinckrodt), ethylene gly-
col dimethacrylate (90%, Fluka), 2,20-azobisisobutyronitrile
(AIBN) (Aldrich) and sodium iodide (Merck). Dimethyl-
formamide (DMF) (p.a., Cicarelli) was purified through vac-
uum distillation (84 �C/90 mm Hg); diethyl ether (Aldrich)
and chloroform (Merck) were used as received. Chlorom-
ethylstyrene (CMS) [mixture of meta- (70 mol-%) and para-
(30 mol-%) isomers] was distilled before use. 2-methyl-2-
oxazoline (MeOXA) and N-(4-vinylbenzyl)piperazine
(VBP) were synthesized according to literature procedures
[33,34]. Acetonitrile was distilled twice from calcium
hydride (CaH2) and stored under a dry nitrogen atmo-
sphere. Fourier transform infrared spectra (FT-IR) were ob-
tained on a Nicolet 5-SXC FT-IR spectrometer on potassium
bromide (KBr) discs. A Bruker DRX 500 spectrometer and a
rotational rheometer RDA-II from Rheometrics were used to
characterize the hydrogels. The NMR spectrum of poly
(NAT) was obtained using a Bruker 200 MHz NMR
spectrometer.

2.2. Synthesis of vinylterminated poly(2-methyl-2-oxazoline)
bismacromonomer

Poly(2-methyl-2-oxazoline) bismacromonomer (BM)
was synthesized according to reference [30]. 2-Methyl-2-
oxazoline (28.20 mmol) and sodium iodide (11.26 mmol)
were dissolved in acetonitrile (15 ml) and chloromethyl-
styrene (5.63 mmol) was added to the mixture. The system
was closed and stirred under dry nitrogen atmosphere at
85 �C for 7 h. The system was then cooled and N-(4-vinylb-
enzyl)piperazine (VBP) (11.26 mmol) was added. The reac-
tion mixture was stirred at 25 �C for 12 h. The acetonitrile
was then evaporated and the excess of VBP in the polymer
was extracted exhaustively with diethyl ether. The synthe-
sized polymer was dissolved in chloroform, and potassium
carbonate was added to the solution and stirred for 12 h at
room temperature. The mixture was filtered, the chloro-
form evaporated and the polymer was finally dried under
vacuum. A 95% monomer conversion was attained. The
BM was characterized by NMR and its Mn was determined
from the 1H NMR spectrum by end group analysis.

2.3. Synthesis of products

Five hydrogels were prepared by free radical crosslink-
ing polymerization: H1, H2, H3, H4 and H5. The procedure
used during the copolymerizations can be described as fol-
lows: the NAT monomer and the crosslinking agent (BM,
EGDMA or BIS) were dissolved in DMF in glass tubes
(14 mm internal diameter and 15 cm long) used as poly-
merization reactors. Then, the initiator (AIBN) was added
to each solution which was stirred during 75 min in an
ultrasonic bath and left to react for 2.5 h at 65 �C. The
experimental conditions used to prepare all the synthe-
sized materials are summarized in Table 1.

After breaking the tubes, the yielded matrices of long
cylindrical shape were cut into pieces (3 mm thick and
14 mm diameter) and immersed twice in a large excess
of distilled DMF at room temperature for 24 h. Finally the
discs were exhaustively washed with water and methanol,
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dried under vacuum to constant weight, and stored at
room temperature.

Besides, NAT was also homopolymerized without cross-
linking agent (Table 1). In this case, NAT was dissolved in
DMF in a glass tube. Then AIBN was then added and the
solution was stirred for 75 min in an ultrasonic bath and
left to react for 2.5 h at 65 �C. A soluble poly(NAT) product
was attained, which was later purified, dried and later
characterized by 1H NMR.

2.4. HRMAS NMR and FT-IR characterization

For the FT-IR characterization, the polymers were pow-
dered and mixed with KBr. Because the hydrogels are
insoluble but swellable, they were characterized by high
resolution magic angle spinning (HRMAS) technique
[29,30,35]. The samples (ca. 3 mg) were packed into a 4-
mm HRMAS rotor and D2O was directly added to the
hydrogels inside the rotor. The samples were spun with
4.5 kHz at 303 K. The 500 MHz 1H NMR spectrum of the
BM was recorded with the same spectrometer using
CDCl3/DMSO-d6 (4:1 v/v) as solvent. The spectrum was cal-
ibrated on the DMSO-d5 signal (2.5 ppm).

2.5. Swelling experiments

Dried samples of hydrogels were placed in distilled
water and kept at room temperature in order to determine
their swelling behavior. Swollen samples removed from
the water bath at regular intervals were superficially dried
with tissue paper, weighed at an electronic balance and
placed back in the water bath. The measurements were re-
peated until a constant weight was achieved for each sam-
ple. The weight swelling ratio at time, qw, the weight
equilibrium swelling ratio, qw,e, the degree of swelling,
DS, and the equilibrium water content, EWC, were calcu-
lated according to the following equations:

qw ¼ swollen mass at time=dry mass ð1Þ
qw;e ¼ swollen equilibrium mass=dry mass ð2Þ
DS ¼ ðswollen equilibrium mass-dry massÞ=dry mass ð3Þ
EWC ¼ ðswollen equilibrium mass-dry massÞ=

swollen equilibrium mass ð4Þ

To determine the mechanism of diffusion of water into
the matrices, the data were fitted with Fick’s law [36]:

F ¼ Mt=M1 ¼ ktn ð5Þ

where Mt denotes the amount of water diffused into the
matrix at time t (swollen mass at time t – dry mass), M1
corresponds to the amount of water that has diffused into
the matrix at equilibrium (swollen mass at equilibrium –
dry mass) and k is a constant related to the structure of
the network. The exponent n is the number that deter-
mines the type of diffusion mechanism. When Eq. (5)
was applied to the initial stages of swelling, the plots of
ln F as a function of ln t yielded straight lines up to values
of qw of approximately 0.6. From the fitting of these curves
to Fick’s law, n and k values were determined from the
slope and the intersection of the lines, respectively.

2.6. Rheological characterization

The elastic, G0, and the viscous, G0 0, moduli of the matri-
ces were measured in a rotational rheometer using parallel
plates of 25 mm in diameter and gaps of approximately
2 mm. The dynamic moduli were measured in small-
amplitude oscillatory shear flow at room temperature. Dy-
namic strain sweeps at a frequency of 10 s�1 were per-
formed on each sample to determine the strain range of
linear response of each material. Then, dynamic frequency
sweeps were applied to the samples in a 0.1–400 s�1 range.
No evidence of dehydration during the tests was found
when a second frequency sweep was applied to some of
the samples.

3. Results and discussion

In this study, free radical polymerization process was
used to synthesize new gel-like materials derived from
NAT monomer and three different crosslinking agents:
BM, BIS and EGDMA. Fig. 1 shows the chemical structure
of the start materials.

3.1. Synthesis of vinylterminated poly(2-methyl-2-oxazoline)
bismacromonomer

The bismacromonomer BM was synthesized by the
‘‘living” cationic ring-opening polymerization of MeOXA,
through the successive application of ‘‘initiating” and
‘‘end-capping” methods. Iodomethylstyrene and
N-(4-vinylbenzyl)piperazine were used as polymerization
initiator and termination agent as described in the litera-
ture [30]. Due to the ‘‘living” character of the polymeriza-
tion of the 2-methyl-2-oxazoline, it is possible to adjust
the polymer molecular weight by the molar ratio between

Table 1
Experimental reaction conditions used in the synthesis of the products

Producta Cross-linking agent Crosslinking agent(g) Crosslinking agent (mmol) Rb Type of product

Poly(NAT) – – – – Soluble
H1 BM 0.0960 0.137 0.030 Insoluble
H2 BM 0.1465 0.209 0.046 Insoluble
H3 BM 0.1954 0.279 0.061 Insoluble
H4 EGDMA 0.0552 0.278 0.061 Insoluble
H5 BIS 0.0420 0.273 0.060 Insoluble

a All products were obtained using 0.8 g (4.57 mmol) of NAT and 0.066 g (0.40 mmol) of AIBN. Reaction conditions: 2.5 h at 65 �C in 2.5 mL DMF.
b R = total moles of crosslinking agent/total moles of monomer.
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monomer to initiator. The synthesized BM, with a molecu-
lar weight of Mn = 750 g/mol, was obtained with a mono-
mer conversion of 95% and a polymerization degree of
x = 4.7. The value of x is in agreement with the theoretical
value of 5 calculated from the ratio [MeOXA]/[CMC] with
100% conversion.

In agreement with its hydrophilic nature, BM is soluble
in polar solvents.

The structure of BM was confirmed by its 1H NMR spec-
trum, which is depicted in Fig. 2.

3.2. Synthesis of products

As a first step, NAT monomer was homopolymerized un-
der the experimental reaction conditions listed in Table 1.
Poly(NAT) remained soluble in the medium of reaction. Its
1H NMR spectrum in DMSO-d6 showed the ACH2AOH meth-

ylene group signal of NAT at 3.80 ppm and ACH2A and
ACHA of the backbone structure as broad signals at 1.64
and 2.26 ppm, respectively.

Afterwards, hydrogels from NAT monomer and dif-
ferent crosslinking agents were synthesized by free rad-
ical copolymerization. Due to the double vinyl
functionality and the oligomeric character of the bisma-
cromonomer BM, this element played the role of a
‘‘macro-crosslinker” in the polymerization reaction.
Three hydrogels (H1–H3) were prepared using different
concentrations of BM (see Table 1). A crosslinking
agent/NAT molar ratio (R) larger than 0.045 was neces-
sary to obtain a stable three-dimensional network.
Lower ratios led to soluble or unstable networks (H1).
The other two synthesized matrices, H4 and H5, were
prepared using EGDMA and BIS as crosslinking agents,
respectively.
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3.3. HRMAS NMR and FT-IR characterization

The chemical structural characterization of the hydro-
gels was done by FT-IR and 1H HRMAS NMR. The FT-IR
spectra showed the bands confirming the presence of the
functional groups of NAT (polymeric association OAH:
3230–3400 cm�1; amide C@O: 1660 cm�1; and primary
alcohol C-O: 1049 and 1380 cm�1). However, the bands
associated to the crosslinking agents were not noticeable
in the spectra, surely due to the low content of these com-
ponents in the structure of the networks. No evidence of
the absorption bands of vinyl groups, present in both, the
monomer and the crosslinkers (905 and 990 cm�1), was
found in all spectra, which suggest that complete reaction
of polymerization has occurred in all cases.

From the analysis of the 1H NMR spectra of all samples
swollen in D2O, it can be observed that the signals of the
poly(NAT) structure are well resolved (see Fig. 3). In accor-
dance with the 1H NMR spectrum of NAT homopolymer,
the ACH2AOH methylene group signal at 3.80 ppm is the
strongest one. The ACH2A and ACHA signals of the back-
bone structure appear in the region of 1.4–2.5 ppm as indi-
cated in Fig. 3b. The corresponding 13C NMR signals appear
at 36–40 (CH2), 44–46 (CH), 63.3 (CH2OH), 65.2 (C) and
180.1 ppm (C(O)NH). The proof of the crosslinking agents
by their NMR signals is hampered by the low content of
crosslinker and by the restricted mobility at the crosslink-
ing points resulting in larger signal broadening. For H1, H2
and H3 the incorporation of BM in the gels is confirmed by

the 1H NMR signals of the polyoxazoline backbone at
2.15 ppm (CH3C(O)A) and 3.62 ppm (NCH2) (Fig. 3a) and
also by 13C NMR spectra. Compared to the intensity of
the –CH2AOH methylene group signal of NAT the intensity
of the assigned BM signals increase from H1 to H3 as ex-
pected from the crosslinker feed concentration. However,
a quantification of both components was not possible
due to signal overlap. Vinyl group signals, which would
indicate dangling chain ends, could not be detected. A phe-
nyl signal corresponding to the relatively more hydropho-
bic styrene of the crosslinks could be observed at
�7.3 ppm, showing the mobilizing effect of the well sol-
vated and mobile polyol backbone units on the isolated
crosslinking points.

In H4 and H5, the crosslinking points introduced by
EGDMA and BIS are separated by just 7 and 6 bonds,
respectively. This separation, apparently, is not large en-
ough to achieve sufficient chains mobility to obtain detect-
able NMR signals by swelling and MAS. So, whether neither
the OCH2 nor the NCH2N moiety was proven. However, a
signal of the free rotating methyl group of EGDMA ap-
peared both in the 1H NMR (1.12 ppm, Fig. 3b) and in the
13C NMR (�21.3 ppm) spectra.

3.4. Swelling experiments

The swelling behavior of the hydrogels constitutes one
of the most important characteristics when evaluating
the ability of a polymeric gel to function in a particular
application [3,5,37]. As already explained, the swelling
behavior of the prepared hydrogels in water was gravimet-
rically determined.

Table 2 lists the measured values of the equilibrium
paremeters, qw,e, DS and EWC, of the matrices. As expected,
in the case of the hydrogels based on BM, the increase in
crosslinking density, produced by the increase in concen-
tration of the crosslinking agent, results in a reduction of
the amount of water retained by the hydrogel. Thus, the
three parameters, DS, qw,e and EWC, decrease when R in-
creases. In addition, EWC values of the hydrogels (0.81–
0.92) are higher than the value of water content found in
most human tissues (about 0.6) [7]. This result suggests
that the analyzed NAT hydrogels may have biomedical
applications.

The swelling behavior of the hydrogels is affected by
several characteristics of the crosslinker agents, such as
hydrophilicity, length and reactivity. Higher hydrophilicity
and larger distance between crosslinking points formed
lead to the increase of water retention capacity, while

Fig. 3. 1H HRMAS NMR spectra of hydrogels H3 (a) and H4 (b) in D2O. (*)
Residual methanol from synthesis.

Table 2
Results of swelling tests

Hydrogel R qw,e DS EWC n

H1 0.030 a a a a

H2 0.046 12.74 11.74 0.92 –
H3 0.061 9.03 8.03 0.89 0.85
H4 0.061 6.65 5.65 0.85 0.70
H5 0.060 5.15 4.15 0.81 0.66

a H1 was very swellable in water. It was not possible to determine with
precision the parameters qw,e, DS and n was impossible.
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higher reactivity of the crosslinker produce the contrary ef-
fect due to the increase of crosslinking degree. Conse-
quently, for equal monomer and crosslinker
concentrations, it should be expected that the hydrogels
synthesized with bismacromonomer BM (DP = 4.7) must
have larger absorptive capacity than those synthesized
with BIS or EGDMA. Effectively, BM, the largest crosslinker,
which also contains methyl oxazoline groups (polar
groups), leds to the hydrogel with the largest water reten-
tion capacity (see Table 2).

Fig. 4a shows the time-dependent swelling behavior
curves of materials H3, H4 and H5 while Fig. 4b displays
the same curves in the first stages of swelling up to
120 min. This figure depicts the difference in hydrogel
swelling speed. The larger the final swelling capacity of
the hydrogels, the higher the swelling speed was reached.
However, for the three samples, the equilibrium weight
swelling ratio qw was reached after approximately 6 h.

The fitting of Eq. (5) to the data of the initial stages of
swelling was carried out to determine the mechanism of
diffusion of water into the hydrogels. For samples of cylin-
drical shape the diffusion is Fickian if n is in the range of
0.45–0.50, whereas the diffusion is non-Fickian type if

0.50 < n < 1.00. In Table 2 are listed the values of the diffu-
sion exponents n calculated for H3, H4 and H5. These val-
ues are larger than 0.50, indicating that in the three cases
the diffusion of water into the hydrogels follows a non-Fic-
kian mechanism (diffusion-relaxation controlled process).
This behavior is caused by the relatively slow relaxation
rate of the polymeric matrix, which is similar to the diffu-
sion rate of the solute [38]. This means that the chains
need relatively large times to adapt themselves to the pen-
etration of water molecules and to adopt new equilibrium
conformations according to the swelling pressure [36].

3.5. Rheological characterization

Fig. 5a displays the elastic modulus of the five hydrogels
obtained during dynamic strain sweeps at ambient tem-
perature using a frequency of 10 s�1. This test determines
the strain range of linear response of polymeric materials
[39]. The data show that the family of hydrogels based
on BM present larger range of linear viscoelastic behavior.
Moreover, H3, prepared with practically the same concen-
tration of crosslinking agent than H4 and H5, has a critical
strain (limit of linear response) �4 times larger than the

Fig. 4. (a) Time-dependent swelling behavior of hydrogels H3 (–j–), H4
(–d–) and H5 (–N–). (b) Time-dependent swelling showing the data
corresponding to the first 120 min.
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critical strain of these two hydrogels. At the light of the dif-
fusion results, the smaller size of the region of linear visco-
elasticity of H4 and H5 might be related to the smaller size
of the network pores and consequent larger crosslinking
density of the matrices prepared with BIS and EGDMA.

The rheological characterization was completed with
dynamic frequency sweeps performed at ambient temper-
ature using strains smaller than the critical one for each
material (in the range 0.1–4% depending on the polymer).
The elastic and viscous moduli are displayed in Fig. 5b as
a function of frequency. The rheological behavior of all
samples is characteristic of lightly crosslinked polymer
[39]. The elastic modulus is larger than the viscous one
at low frequencies and has a value practically constant.
As expected, the elastic modulus of the hydrogels based
on BM increases as the concentration of crosslinking agent
increases. The viscous modulus is much less affected by R,
therefore, the phase angle (G0 0/G0 = tan d) decreases as the
crosslinking density increases. Interestingly, the elastic
moduli of the three swollen matrices prepared with similar
amounts of different crosslinking agents are quite similar.
However, the viscous modulus of H3 is smaller than those
of H4 and H5 giving place to a much lower tan d for this
material. The results suggest that, even though the matrix
based on BM might have smaller crosslinking density, the
stretched state of its water-swollen pores produces a
crosslinked system that shows an elastic behavior similar
to that of H4 and H5 but with a smaller amount of energy
dissipated during the flow [39].

4. Conclusions

In this work, hydrogels based on NAT monomer and dif-
ferent crosslinking agents, BM, BIS and EGDMA were syn-
thesized. The structure of the hydrogels was analyzed
using HRMAS NMR and FT-IR spectroscopy. Swelling and
rheological measurements were used to characterize the
synthesized materials. For a given monomer and cross-
linker concentration the hydrogel synthesized with bisma-
cromonomer BM has larger water absorptive capacity than
those synthesized with BIS or EGDMA. The relatively high-
er hydrophilicity of BM and the relatively larger size of the
network pores due to the greater length of BM may be the
reason of this.

The water diffuses into the networks following a
non-Fickian mechanism. This is concluded from the va-
lue of the diffusion exponents n which are larger than
0.50.

The hydrogels based on BM present a larger range of
linear viscoelasticity than those prepared with BIS and
EGDMA. The frequency dependence of the dynamic moduli
is typical of lightly crosslinked polymer, i.e. the elastic
modulus is larger than the viscous one at low frequencies
and has a value practically constant. As expected, the elas-
tic modulus of the hydrogels based on BM is more affected
than the viscous one by increasing of the concentration of
the crosslinking agent. Additionally, the elastic moduli of
the three swollen matrices prepared with the same con-
centration of different crosslinking agents are quite similar
whereas the viscous modulus of H3 is smaller than that of
H4 and H5. This behavior may result from the stretched

state of the water-swollen pores of the more hydrophilic
H3 that, according to the G0 0 results, dissipates less amount
of energy than the other two matrices in an equivalent
flow.

Furthermore, the hydrogels developed in this study ex-
hibit fluid contents (EWC) and viscoelastic properties sim-
ilar to those of soft body tissues, suggesting that they have
potential biomedical applications.
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