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ABSTRACT: Disk-shaped acrylamide (AAm) gels were prepared from AAm
with various N,N’-methylenebisacrylamide (Bis) contents as cross-linker in the
presence of ammonium persulfate as an initiator by free-radical cross-linking
copolymerization in water. Polyacrylamide (PAAm) gels were dried before using
for swelling experiments. Steady-state fluorescence spectrometer was employed
during the swelling of PAAm hydrogels in water. Pyranine was introduced as a
fluorescence probe. Fluorescence intensity of pyranine from various Bis content
gel samples was measured during in situ swelling process. It was observed that
fluorescence intensity decreased as swelling has proceeded. Gravimetric and
volumetric experiments were also performed. The Li-Tanaka equation was used
to determine the swelling time constants, 7., and cooperative diffusion
coefficients, D,, from intensity, weight, and volume variations during the
swelling processes. It was observed that swelling time constants, 7., increased
and diffusion coefficients, D,, decreased as the cross-linker content was
increased. © 2010 Wiley Periodicals, Inc. Adv Polym Techn 28: 215-223, 2009;
Published online in Wiley InterScience (www.interscience.wiley.com). DOI
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SWELLING OF HYDROGELS AT VARIOUS CROSS-LINKER CONTENTS

I Introduction

H ydrophilic gels, called hydrogels, are cross-
linked materials absorbing large quantities of

water without dissolving. Hydrogel swelling is di-
rectly related to the viscoelastic properties of the gel.
The gel elasticity and the friction between the net-
work and solvent play an important role on the ki-
netics of the gel swelling.!=® It has been known that
the relaxation time of swelling is proportional to the
square of a linear size of the gel,! which has been
confirmed experimentally.®> One of the most impor-
tant features of the gel-swelling process is that it is
isotropic. The elastic and swelling properties of per-
manent networks can be understood by considering
two opposing effects, the osmotic pressure and the
restraining force. Usually the total free energy of a
chemically cross-linked network can be separated
into two terms: the bulk and the shear energies. In
a swollen network, the characteristic quantity of the
bulk free energy is the osmotic bulk modulus, K. The
other important energy, the shear energy, keeps the
gel in shape by minimizing the nonisotropic defor-
mation. The characteristic coefficient of these forces
is the shear modulus, G, which can most directly be
evaluated by stress—strain measurements.*® Li and
Tanaka® developed a model in which the shear mod-
ulus plays an important role that keeps the gel in
shape as a result of coupling of any change in differ-
ent directions. This model predicts that the geometry
of the gel is an important factor and that swelling is
not a pure diffusion process.

The equilibrium swelling and shrinking pro-
cesses of polyacrylamide (PAAm) gels in solvent
have been extensively studied.”~® It has been re-
ported that acrylamide (AAm) gels undergo con-
tinuous or discontinuous volume phase transitions
with temperature, solvent composition, pH, and
ionic composition.” pH-induced volume transitions
of AAm gels in an acetone/water mixture were
studied using fluorescence technique. When an ion-
ized AAm gel is allowed to swell in water, an ex-
tremely interesting pattern appears on the surface
of the gel, and the volume expansion increases by
adding some amount of sodium acrylate.” If AAm
gels are swollen in the acetone/water mixture, gel
aging time plays an important role during collapse
of the network.” The kinetics of swelling of AAm
gels was studied by light scattering, and the co-
operative diffusion coefficient of the network was
measured.!''? Small-angle X-ray and dynamic light

scattering were used to study the swelling prop-
erties and mechanical behavior of AAm gels.!!12
A pyrene (Py) derivative was employed as a fluo-
rescence probe to monitor the polymerization, ag-
ing, and drying of aluminosilicate gels,'® using the
fluorescence technique, where peak ratios in emis-
sion spectra were monitored during these processes.
The volume phase transitions of PAAm gels were
monitored by fluorescence anisotropy and lifetime
measurements of densely groups.'* Steady-state flu-
orescence (SSF) measurements on swelling of bulk
gels formed by free-radical cross-linking copolymer-
ization (FCC) of methyl methacrylate and ethylene
glycol dimethacrylate have been reported, where
Py was used as a fluorescence probe to monitor
swelling process.'>!® We also reported PAAm hy-
drogel swelling for various temperatures by using
the SSF technique.!”

In this work, we studied swelling pro-
cess of PAAm hydrogels at various N,N'-
methylenebisacrylamide (Bis) contents by using SSF
technique. The Li-Tanaka equation was used to de-
termine the swelling time constants, 7., and cooper-
ative diffusion coefficients, D,, for the swelling pro-
cesses. It was observed that swelling time constant,
7., increased and cooperative diffusion coefficients,
D, decreased as the Bis content was increased. Sup-
porting gravimetric and volumetric swelling exper-
iments were also performed by using similar gel
samples.

I Theoretical Considerations

It has been suggested® that the kinetics of swelling
and shrinking of a polymer network or gel should
obey the following relation:

Wi
__1_§ B, et/ 1
W, — n€ 1)

n

Here W, and W, are the solvent uptakes at time
t and at infinite equilibrium, respectively. W; can
also be considered as volume differences of the gel
between the time t and zero. Each component of the
displacement vector of a point in the network from
its final equilibrium location, after the gel is fully
swollen, decays exponentially with a time constant
7,, which is independent of time t. Here B, is given
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by the following relation®:

2(3 - 4R)
o2 — (4R —1)(3 — 4R)

B, = (2)

Here R is defined as the ratio of the shear and the lon-
gitudinal osmotic modulus, R = G/M. The longitu-
dinal osmotic modulus, M, is a combination of shear,
G, and osmotic bulk moduli, K, M = K + 4G/3, and
o, is given as a function of R as follows:

_1 o1 Jo(er1)
S v B

Here [y and [, are the Bessel functions.

In Eq. (1), 7, is inversely proportional to the col-
lective cooperative diffusion coefficient, D, of a gel
disk at the surface and given by the relation®

(4)

Here the cooperative diffusion coefficient, D, is
givenby D, = M/f = (K +4G/3)/f, where f is the
friction coefficient describing the viscous interaction
between the polymer and the solvent and a rep-
resents half of the disk thickness in the final infi-
nite equilibrium, which can be experimentally de-
termined.

The series given by Eq. (1) is convergent. The
first term of the series expansion is dominant at
large ¢, which corresponds to the last stage of the
swelling. As it is seen from Eq. (4) 7, is inversely
proportional to the square of «,,, where s are the
roots of the Bessel functionals. If n > 1, then «,, in-
creases and 7, decreases very rapidly. Therefore, ki-
netics of swelling in the limit of large ¢ or if 7y is
much larger than the rest of 7,'8, all high-order terms
(n > 2)in Eq. (1) can be dropped so that the swelling
and shrinking can be represented by the first-order
kinetics.'® In this case, Eq. (1) can be written as

W,
W—f =1—Bje /™ ()

]

Eq. (5) allows us to determine the parameters B; and
T.

Here it is important to note that Eq. (5) satisfies
the following equation:

dW; 1
X r—C(Woo - W) (6)

which suggests that the process of swelling should
obey the first-order kinetics. The higher order terms
(n > 2) can be considered as fast decaying pertur-
bative additions to the first-order kinetics of the
swelling in the limit of large .

IMaterials and Methods

Gels were prepared by using 2 M AAm (Merck,
Germany) with various Bis (Merck) contents by dis-
solving them in 25 mL of water in which 2 uL of
tetramethylethylenediamine was added as an accel-
erator. The initiator, ammonium persulfate (Merck),
was recrystallized twice from methanol. The initiator
and pyranine concentrations were kept constant at 7
x 107> M and 4 x 10~* M, respectively, for all experi-
ments. All samples were deoxygenated by bubbling
nitrogen for 10 min, just before the polymerization
process.’

The swelling experiments of disk-shaped PAAm
gels were performed at various cross-linker contents.
Details of the samples are listed in Table I (a;, ay, r;,
and 7 ¢ are half thickness and radius of disk shape of
gels before and after swelling).

The fluorescence intensity measurements were
carried out using the model LS-50 spectrometer of
Perkin-Elmer, equipped with a temperature con-
troller. All measurements were made at 90° posi-
tion, and slit widths were kept at 5 nm. Pyranines
in the PAAm hydrogels were excited at 340 nm dur-
ing in situ swelling experiments. Emission intensi-
ties, lem, of the pyranine were monitored at 427 nm
as a function of swelling time. Here, it has to be
mentioned that pyranine bonding to PAAm during
the FCC causes the blue shift in the emission wave-
length of fluorescence intensity of pyranine from 512
to 427 nm.? Disk-shaped gel samples were placed
on the wall of 1 x 1 quartz cell filled with water for
the swelling experiments. The position of the gel and
the incident light beam for the fluorescence measure-
ments are shown in Fig. 1 during swelling in water,
where I, and I are the incident and scattered light
intensities, respectively. Here one side of the quartz
cell is covered by black cartoon with a circular hole
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TABLE | ||
Experimentally Measured Parameters of PAAm Hydrogels for Various Bis Content During Swelling Process
ax1072 a x1072 r;x1072 r; x102 1y Dgx10"% 1w Dewx10"9 o Dg x 1079
Bis (M) (m) (m) (m) (m) (min)  (M2s™ ')  (min) (M2s ')  (min) (M2s)
0.013 0.09 0.16 0.62 0.98 11.42 52.9 37.5 16.1 65 9.3
0.019 0.08 0.15 0.62 0.93 23.0 24.6 50 11.3 70 8.1
0.026 0.07 0.14 0.5 0.9 28.3 17.5 60 8.2 85 5.8
0.032 0.07 0.14 0.48 0.88 29.0 15.9 100 4.6 250 1.8

a;: Half of the disk-shaped gels thickness in the initial infinite equilibrium; & : half of the disk-shaped gels thickness in the final infinite
equilibrium; r;: radius of the disk-shaped gels in the initial infinite equilibrium; rf: radius of the disk-shaped gels in the final infinite
equilibrium; z: fluorescence time constant; ., gravimetric time constant; z.,: volumetric time constant; D: fluorescence cooperative
diffusion coefficient; D.,,: gravimetric cooperative diffusion coefficient; D.,: volumetric cooperative diffusion coefficient.

to collimate the light beam in order to minimize the
effect of changes in the volume.

IResults and Discussion

Figure 2a—c show the variations of the corrected
pyranine intensities, I(= Iem/Isc) of PAAm versus
swelling time during hydrogel swelling for 0.013,
0.019, and 0.032 M Bis content samples, respectively.
Here scattered intensity, I, is measured at the exci-
tation wavelength 340 nm simultaneously with the
emission intensity, lem, which appears in the same
spectra for each swelling step. The reason behind
the correction is the variation of turbidity of the gel
during the swelling process, which was monitored

fo: Excitation light beam
fem: Fluorescence intensity from pyranine in the gel
Ise: Scattered light intensity

FIGURE 1. Position of PAAm hydrogel in the
fluorescence cell during swelling in water. /g is excitation,
lem is emission, and /g is scattered light intensities at
340 and 427 nm, respectively.

by using scattered intensity. If gel goes from the het-
erogeneous to homogeneous state, then scattering
light intensity decreases by obeying the Rayleigh
model depending on the size of the scattering cen-
ter. During swelling, any structural fluctuation can

1= e}

I=(ledlsc)

(ol lsc)

i

|
80
Swelling time, { (min)

40

FIGURE 2. Corrected fluorescence intensities of
pyranine, /(= lem/!sc), during the swelling process for
(a) 0.013 M, (b) 0.019 M, and (c) 0.032 M Bis content
samples.
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be eliminated by using I, i.e., one has to produce
the corrected fluorescence intensity, I, by dividing
emission intensity, I.n, to scattering intensity, I, to
eliminate the effect of physical appearance of the
gel and produce the meaningful results for the fluo-
rescence quenching mechanisms. It can be observed
that as the swelling time, ¢, is increased, quenching
of excited pyranines increases due to water uptake.
It has also to be noted that quenching becomes more
efficient at higher cross-linker contents. To quantify
these results, the collisional type of quenching mech-
anism may be proposed for the fluorescence inten-
sity, I, in the gel sample during the swelling process,

where the following relations are given?!:

I' =1, + kol Ql 7)

Here, k; is the quenching rate constant, 7 is the life-
time of fluorescence probe, and Q is the quencher.
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FIGURE 3. Plots of water uptake, W(1), versus swelling
time, t, for PAAm hydrogels swollen in water for (a)
0.013 M, (b) 0.019 M, and (c) 0.032 M Bis content
samples.

For low-quenching efficiency, (nok,[Q] < 1),
Eq. (7) becomes

I'~ Io(1 - kyw[QI) ©)

If one integrates Eq. (8) over the differential vol-
ume (dv) of the gel from the initial, ao, to final, 2.,
thickness, and then, reorganization of the relation
produces the following useful equation:

W=<1—£>L 9)

IO kq 70

Here water uptake, W, was calculated over differen-
tial volume by replacing Q with W as

W= / ™ Widw (10)

where v is the swollen volume of the gel at
the equilibrium swelling, which can be measured

In(1={(WiW.,))

In(1=(WiW,,))

(b)
100 120

In(1={(WIW..)
]

(©
T T T T
0 20 40 80 80 100 120

Swelling time, { (min)

FIGURE 4. Fitting of the data in Fig. 3 to Eq. (5) for
PAAm hydrogels swollen in water for (a) 0.013 M,
(b) 0.019 M, and (c) 0.032 M Bis content samples.
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experimentally. k; was obtained from separate mea-
surements by using Eq. (9) where the infinity equi-
librium value of water uptake, W, was used for
each Bis content sample. Since 7y(~5 ns) is already
known from the dry gel, measured values of v can be
used to calculate k; for each sample separately. The
average value of k, is found around 8.28 x 107 M~
s~ L. Once k, values are measured, the water uptakes,
W, can be calculated from the measured t values at
each swelling step. Here, it is assumed that k, val-
ues do not vary during swelling processes, i.e., the
quenching process solely originates from the water
molecules.

Plots of water uptake, W;, versus swelling time are
presented in Fig. 3. The logarithmic forms of the data
in Fig. 3 are fitted to the following relation produced
from Eq. (5)

00 Tal

ln(l—wﬂ> :lnBl—i (11)

Here, 7 is the time constant measured by the fluo-
rescence technique. Using Eq. (11), linear regressions

Wx=1072 (kg)
o
=)
|

0.05 @)
000 T T T T T 1
0 50 100 150 200 250 300
2
7
=)
%
=
! D)
DUS 1 I 1 | 1 I
0 50 100 150 200 250 300

Wx1072 (kg)

0 50 100 150 200 250 300
Swelling time, t (min)

FIGURE 5. Plots of the water uptake, W, measured by
gravimetrically, versus swelling time, ¢, for PAAm
hydrogels swollen in water for (a) 0.013 M, (b) 0.019 M,
and (c) 0.032 M Bis content samples.

of curves in Fig. 4 provide us B; and 1 values. Tak-
ing into account the dependence of B; on R, one
obtains R values and from «; — R dependence o4
values were produced.® Then using Eq. (4), cooper-
ative diffusion coefficients, D,, were determined for
these disk-shaped hydrogels and found to be around
107" m? s~!. Experimentally obtained 74 and Dg
values are summarized in Table I, where a and r (ra-
dius) values are also presented for each gel sample.
It should be noticed that Dy values decrease as the
Bis content is increased.

The plots of the solvent uptake, W, versus
swelling time measured by gravimetrically for
PAAm hydrogels, swollen in water are shown in
Fig. 5. These are typical solvent uptake curves, obey-
ing the Li-Tanaka equation Eq. (5). The logarithmic
forms of the data in Fig. 5 are fitted to the following
relation produced from Eq. (5):

W t
ln(l—— =InB — — (12)
WOO TCW
1}
-2
=
s -4
-
T8
(a)
-8 T T T
200 250 300
(b)
-8 T T T T T
0 50 100 150 200 250 300
1]
SRR
g 2
=
o
=
(c)
=B T T T T T
1] 50 100 150 200 250 300

Swelling time, f (min)

FIGURE 6. Linear regressions of the data in Fig. 5
according to Eq. (12) for PAAm hydrogels swollen in
water for (a) 0.013 M, (b) 0.019 M, and (c) 0.032 M Bis
content samples.
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FIGURE 7. Plots of the volume, v, and variation versus
swelling time, t, for PAAm hydrogels swollen in water for
(a) 0.013 M, (b) 0.019 M, and (c) 0.032 M Bis content
samples.

The fitting of the data is presented in Fig. 6, from
which B; and gravimetric time constant, 7., are
produced. Then using Eq. (4), gravimetric cooper-
ative diffusion coefficients, D,, were determined
and are listed in Table I with 7., values. A simi-
lar decrease in D, is observed as the Bis content is
increased.

The variations in volume, v, of PAAm hydro-
gels during the swelling process are also measured.
The plots of the volume, v, versus swelling time for
PAAm hydrogels, swollen in water are presented in
Fig. 7, which are again typical solvent uptake curves,
obeying the Li-Tanaka equation Eq. (5). The loga-
rithmic forms of the data in Fig. 7 are fitted to the
following relation produced from Eq. (5).

1n<1—i)=1n31—i (13)

v oo TCV

Here it is assumed that the relation between W and v
is linear. The fitting of the data is presented in Fig. 8,
from which B; and 1., volumetric time constants,

a
04 (e}
=54
B

-3 4

In(1=(V.))

-t - o
=5 T T T T
1} 50 100 150 200 250

_41 I I I

T
0 50 100 150 200 250
Swelling time, { (min)

FIGURE 8. Linear regressions of the data in Fig. 7
according to Eq. (13) for PAAm hydrogels swollen in
water for (a) 0.013 M, (b) 0.019 M, and (c) 0.032 M Bis
content samples.

are produced. Then using Eq. (4), volumetric coop-
erative diffusion coefficients, D,,, were determined
and are listed in Table I with 7., values. Here it is
seen in Table I that D. values measured by using
fluorescence technique are only one order of magni-
tude larger than the values measured by volumetric
and gravimetric techniques, which may present the
different behaviors of the gel. It is obvious that the
fluorescence technique measures the behavior of the
microstructure of the gel, i.e., segmental motion of
the gel network can be monitored by using fluo-
rescence intensity because pyranine molecules are
bounded to the polymer chains and monitors the
swelling at a molecular level. However, volumet-
ric and gravimetric measurements may provide us
with the information of the macroscopic behavior
(i.e., bulk environment). According to the above-
presented argument, one may suggest that chain
segments move much faster than the bulk polymeric
material during the swelling process. The behav-
ior of the cooperative diffusion coefficients against
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FIGURE 9. Cooperative diffusion constants versus Bis
content measured by (a) fluorescence, (b) gravimetric,
and (c) volumetric techniques.

the Bis content, measured from fluorescence, gravi-
metric, and volumetric techniques is presented in
Figs. 9a and 9b, and c, respectively. It is interesting
to note that segmental behavior of D, value is ex-
ponential; however, macroscopic D, values present
linear behavior against the Bis content. A similar
argument can be raised from the time constant, .,
values. In other words, segmental motion of the gel
seems to be much quicker than the bulk motion of
the system.

I Conclusion

These results have shown that the direct fluores-
cence method can be used for real-time monitor-
ing of the hydrogel swelling process. The Li-Tanaka
equation can be used to determine the swelling time
constants, 7., and cooperative diffusion coefficients,
D, for the swelling processes. In this method, in
situ fluorescence experiments are easy to perform
and the cross-linker content was increased with quite
sensitive results to measure the swelling parameters
in hydrophilic environments.

Several studies related to swelling of polymer
hydrogels with various Bis contents have been
reported in the literature.??~2* Hu and others® stud-
ied the change in microenvironments and dynam-
ics of PAAm gels during the volume phase tran-
sition in the acetone/water mixture by measuring
the fluorescence spectra, lifetime, and rotational co-
efficient of a probe. Their results showed that rota-
tional diffusion coefficient decreased as the cross-
linker content increased. On the other hand, in our
laboratory, the fast transient fluorescence technique
(FTRF), which uses the strobe master system (SMS),
was employed to study the swelling of disk-shaped
PMMA gels and the Li-Tanaka equation was used
to determine the cooperative diffusion coefficients,
D..?® FTRF for studying swelling of gels at various
cross-linker contents and exposed to organic vapor
has been reported.”” Comparison of gel swelling un-
der organic vapor and in organic solvent was per-
formed using FTRFE.?® Cooperative diffusion con-
stants were found to be in the range of (0.37-4) x
10~ m? s7!, which are considerably smaller than
our findings (1.8-52.9) x 10~ m? s~!. The differ-
ence between literature values and our findings most
probably originates from the solvents at which the
gels were swelled. From this one can conclude that
D, values decreased as the cross-linker content was
increased.
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