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Received 23 February 2006; received in revised form 23 June 2006; accepted 28 June 2006
Available online 4 July 2006

bstract

Steady state fluorescence technique was used to study small molecule diffusion into polyacrylamide (PAAm) gels at various temperatures.
yranine (Py), dissolved in water was introduced as a probe and fluorescence emission (Ip) from Py was monitored during diffusion. Scattered light

ntensities, I from PAAm gel was also monitored to observe structural variations during diffusion process. Increase in I intensity was attributed
sc p

o Py diffusion into PAAm gel. On the other hand decrease in Isc intensity was interpreted as the variation of the spatial heterogeneities in the
ystem. Li-Tanaka and Fickian models were used to quantify the swelling and diffusion experiments and diffusion coefficients were produced in
oth cases. Related activation energies were also calculated from the corresponding physical processes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The diffusion and swelling kinetics of gels are very impor-
ant in various fields of industry: in the pharmaceutical industry
n designing slow-release devices for drugs, in the agricultural
ndustry for producing storable foods, and in medical industry
n developing artificial organs.

The imperfections in the hydrogel structures have been
nown to influence the solvent permeability, the diffusion of
mall and large molecules and more indirectly the swelling prop-
rties of gels. In the swollen state these imperfections manifest
hemselves in a non-uniformity of polymer concentration. Con-
iderable work has been done on the characterization of the
el inhomogeneities. It was shown that high permeability of
olyacrylamide (PAAm) gels is related to the inhomogeneous
ross-link distribution (Weiss et al., 1979). The effect of inho-
ogeneities of the polymer network on the swollen state of
crylamide gels and on the diffusion of water molecules within
he gels were examined (Hsu et al., 1983). When an ionized
crylamide gel is allowed to swell in water, an extremely inter-
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sting pattern appears on the surface of the gel and the volume
xpansion increases by adding some amount of sodium acrylate
Tanaka et al., 1987). If acrylamide gels are swollen in acetone-
ater mixture, gel aging time plays an important role during

ollapse of the network (Tanaka, 1978).
The kinetics of swelling of acrylamide gels was studied by

ight scattering and the cooperative diffusion coefficient of the
etwork was measured (Tanaka and Filmore, 1979; Bastide et
l., 1984). Small angle X-ray and dynamic light scattering were
sed to study the swelling properties and mechanical behavior of
crylamide gels (Ilavsky, 1982; Patel et al., 1989). Photon trans-
ission technique was used to study the existence of frozen

lob clusters in acrylamide gels, which caused strong light
cattering during swelling (Pekcan et al., 1998). The same tech-
ique was used to study gelation and swelling process of PAAm
here transmitted light intensity decreased and increased dur-

ng gel formation and swelling processes, respectively (Kara and
ekcan, 2000; Pekcan and Kara, 2001, 2002). Similar technique
as employed to study N-isopropylacrylamide gels (Kara et al.,
002; Pekcan and Kara, 2003). On the other hand time resolved

nd steady state (SSF) fluorescence techniques were employed
n our laboratory for studying swelling and diffusion processes
n PMMA gels (Erdoğan and Pekcan, 2001; Yılmaz and Pekcan,
998).

mailto:pekcan@isikun.edu.tr
dx.doi.org/10.1016/j.ijpharm.2006.06.043


8 urnal

(
i
w
o
c
t
t
c
a
s

2

2

r
c
p
t
r
s
w
b
t
t
b

w
l
D
d
u
P
s
h
c
o
n
d
a
b
b
m
1

δ

E
t
r

w
E
i
r

l
d

u

u

w
s
a
i
a
a

I
h
k(

s
m
H
t
a
F
s
e
f
2
t

D

w
a
g
i

2

d

G.A. Evingür et al. / International Jo

In this paper in situ steady state fluorescence experiments
SSF) were reported during the diffusion of water molecules
nto PAAm gels at various temperatures. Pyranine (Py) in water
as used as a fluorescence probe to monitor diffusion. It was
bserved that the fluorescence emission intensities, Ip increased
ontinuously as water molecules diffused into gels. In the mean
ime scattered intensities, Isc from the gel was also monitored
o detect the variation in the gel structure during diffusion pro-
ess. Decreased in scattered light intensity, Isc from the gel was
ttributed to the spatial inhomogeneities which disappear during
welling process. Ip intensities were measured by SSF technique.

. Theoretical considerations

.1. Kinetics of swelling

Swelling experiments of disc shaped gels have shown that the
elative changes of diameter and thickness are the same, indi-
ating that the gel swelling processes are not pure diffusional
rocesses. In fact the equality of the relative changes of diame-
er thickness stems from the non-zero shear modulus, μ which
esults; the change of the total shear energy in response to any
mall change in shape that maintains constant volume element
ithin the gel should be zero. The high friction coefficient, f,
etween the network and the solvent overdamps the motion of
he network, resulting in a diffusion like relaxation. The equa-
ion of the motion of a network element during the swelling can
e given by (Li and Tanaka, 1990):

∂�u
∂t

= Dc �∇2�u (1)

here �u is the displacement vector measured from the final equi-
ibrium location after the gel is fully swollen (u = 0 at t = ∞).

c = (K + 4μ/3)/f is the collective diffusion coefficient. Here t
enotes the time and K is the bulk modulus. Eq. (1) has been
sed with some success to study the swelling of gels (Yılmaz and
ekcan, 1998). However, these studies did not properly treat the
hear deformation that occurs within a gel during swelling, and,
ence, cannot explain, for example, the isotropic swelling of a
ylindrical gel. This shortcoming was due to the shear modulus
f the network keeping the system in shape by minimizing the
on-isotropic deformation. For a disc shaped gel, any change in
iameter is coupled to a change in thickness. The total energy of
gel can be separated into a bulk energy and a shear energy. The
ulk energy is related to the volume change, which is controlled
y diffusion. The shear energy, Fsh, on the other hand, can be
inimized by readjusting the shape of the gel (Li and Tanaka,

990):

Fsh = 0 (2)

ach small diffusion process determined by Eq. (1) must couple
o a small shear process given by Eq. (2) producing the following

elation for a disc shaped gel:

ur(r, t)

r
= uz(a, t)

a
(3)

e
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here r is the radius and a is the half thickness of the disc gel.
q. (3) indicates that the relative change in shape of the gel is

sotropic, i.e. the swelling rates of a disc in the axial (z) and
adial (r) directions are the same.

Simultaneous solution of Eqs. (1) and (2) produces the fol-
owing equations for the swelling of a gel disc in axial and radial
irections (Li and Tanaka, 1990):

z(z, t) = uz(z, ∞)
∑

n

Bn exp

(
− t

τn

)
(4a)

r(r, t) = ur(r, ∞)
∑

n

Bn exp

(
− t

τn

)
(4b)

here the axial and the radial displacements are expressed as
eries of components, each of them decaying exponentially with
time constant, τn. The first terms of the expressions are dom-

nant at large t that is at the last stage of swelling. Eq. (4) can
lso be written in terms of vapor and solvent uptakes W and W∞
t time t and at equilibrium, respectively, as follows:

W∞ − W

W∞
=

∞∑
n=1

Bn exp

(
− t

τn

)
(5)

n the limit of large t, or if τc is much larger than the rest of τn, all
igher terms (n ≥ 2) in Eq. (5) can be omitted and the swelling
inetics is given by the following relation:

1 − W

W∞

)
= B1 exp

(
− ts

τc

)
(6)

It should be noted from Eq. (5) that
∑

Bn = 1, therefore B1
hould be less than 1. B1 is related to the ratio of the shear
odulus, μ and longitudinal osmotic modulus, M = (K + 4μ/3).
ence, once the value of B1 is obtained, one can determine

he value of R = μ/M. Here we have to note that Eq. (6) can
lso be obtained by using the theoretical results (Tanaka and
ilmore, 1979), in the case of R → 3/4 (μ/K → ∞), time con-
tant τc ≈ (3/4 − R)−1 goes to infinity and all Bn’s go to zero
xcept Bx, which goes to unity. The dependence of B1 on R
or a disc can be found in the literature (Erdoğan and Pekcan,
001). τc is related to the collective diffusion coefficient Dc at
he surface of a gel disc by:

c = 3a2

τcα
2
1

(7)

here α1 is a function R only and is given the literature (Tanaka
nd Filmore, 1979), and a stands for the half thickness of the
el in the final equilibrium state. Hence, Dc can be calculated,
f one obtains τc values from the swelling experiments.

.2. Fickian diffusion

According to Fick’s law, the equation for diffusion in one
imension, when the diffusion coefficient D is constant, is

xpressed (Crank and Park, 1968) as

∂c

∂t
= ∂

∂x

(
D(c)

∂c

∂x

)
= D

∂2c

∂x2 (8)
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Fig. 1. Fluorescence cell and the gel positions (a) before and (b) after, the
diffusion process has started. I0 and Ip represent the excitation and emission
intensities, respectively, Isc is the scattered light intensity.
G.A. Evingür et al. / International Jo

here c is the concentration of diffusing species at time, t. For
plane sheet geometry and keeping the initial concentration of
ater constant, the solution of the Fick’s equation is given by

he following equation:

M

M∞
= 1 −

∞∑
n=0

8

(2n + 1)2π2
exp

(
−D(2n + 1)2π2t

d2

)
(9)

here d is the thickness of the specimen and M and M∞ are the
asses of water sorbed or desorbed at times t and ∞, respec-

ively.

. Materials and methods

Each gel was prepared by using 0.71 × l0−3 kg (AAm) and
.008 × l0−3 kg (APS) as an initiator by dissolving them in
× l0−3 l of water in which 8 �l of tetramethylethylenediamine
as added as an accelerator. N′-Methylenebis(acrylamide) (Bis)

0.01 × l0−3 kg) was used as a cross-linking agent. This stock
olution was deoxygenated by bubbling nitrogen through it for
0 min just before the polymerization process. It was transferred
nto round glass tubes of 0.99 × l0−2 m internal diameter. Free
adical cross-linking copolymerization (FCC) was performed
for each sample) at room temperature.

Steady-state fluorescence measurements were carried out
sing a Perkin-Elmer Model LS-50 spectrometer, equipped with
emperature controller. All measurements were made at the 90◦
osition and slit widths were kept at 5 nm. In situ swelling and
iffusion experiments were performed in round glass tubes of
.99 × l0−2 m internal diameter at various temperatures. Cylin-
rical gels obtained from FCC were placed at the bottom of the
lass tube. Pyranine (Py) solution (10−4 M) was then poured on
op of the gel sample, as shown in Fig. 1a. The glass tube then
as placed in the spectrometer and fluorescence emission was
onitored at a 90◦ angle so that during swelling and diffusion

xperiment only the gel was illuminated by the excitation light.
ere the fluorescence emission from Py molecules which are
iffused into the swelling gels was monitored. Fig. 1a and b
resent the fluorescence cell and the gel positions before and
fter the diffusion process has started, respectively.

During the swelling and diffusion experiments the cell was
lluminated with 340 nm. excitation light and Py intensity, Ip was

onitored at 512 nm. In these experiments no shift was observed
n the wavelength of maximum intensity of Py. Transparencies of
he gels were detected by monitoring the scattered light intensity,
sc of the excitation during swelling and diffusion experiments.
ypical spectra from a gel, after started and the end of swelling
nd diffusion processes are presented in Fig. 2a and b, respec-
ively. In swelling experiments continuous volume transition is
xpected which should result continuous decrease in Isc due to
isappearance of lattice heterogeneities during swelling. On the

ther hand, during diffusion experiments one should expect an
ncrease in Ip, due to increasing amount of Py molecules in the
el. Swelling and diffusion experiments were performed sepa-
ately at 20, 30, 40, 50, and 60 ◦C temperatures.

Fig. 2. Fluorescence emission Ip and scattered light, Isc spectra of PAAm gel (a)
after started and (b) the end of swelling and diffusion process have completed.
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are calculated, and found to be 24.69 and 2.29 kJ mol−1. These
values of activation energies are much smaller than the produced
activation energy for PMMA in chloroform in the same temper-
ature region (Erdoğan and Pekcan, 2001). From here one may
ig. 3. Scattered light intensity, Isc curves against swelling time, t, for the gels
ept at 20, 40 and 60 ◦C temperatures.

. Results and discussion

.1. Swelling

Scattering intensity, Isc versus swelling time, t is plotted in
ig. 3 for the gels swell at various temperatures. The nos. in
ig. 3 corresponds to temperatures in ◦C. It is seen in Fig. 3

hat, Isc decreases by increasing swelling time, indicating that
attice heterogeneities disappear during water uptake of the gel
nder consideration. It should be noted that water uptake is much
aster in gels at high temperatures. These results can be quanti-
ed by assuming that the water uptake, W is proportional to the

ransmitted light intensity, Itr = 1 − Isc. During swelling, as more
ater molecules enter into the gel, structural heterogeneities are
isappeared as a result Isc decreases as W increases. Under this
ssumption Eq. (6) can be written in terms of Isc in the logarith-
ic form, i.e.

n(Isc) = ln B1 − t

τc
(10)

Linear regression of curves in Fig. 4a–c provides us with B1
nd τc values from Eq. (10). Fits are shown in Fig. 4. Taking
nto account the dependence of B1 on R one obtains R values
nd from α1–R dependence, α1, values were produced (Li and
anaka, 1990). Then using Eq. (7) cooperative diffusion coef-
cients, Dc were determined for PAAm gels. Experimentally
btained parameters, τ1 and B1 together with a and Dc values are
ummarized in Table 1 for various temperatures. Here one should

ave noticed that measured Dc values present larger numbers at
igh temperature. This result is expected, since swelling process
s much faster at higher temperatures. Fig. 5 shows the Arrhe-
ius treatment of Dc from which the activation energies, �E1

able 1
xperimentally produced swelling time constants τc, preexperimental factors B,
nd collective diffusion coefficients Dc

(◦C) τ1 (s) B Dc (×10−8 m2 s−1) a (×10−2 m)

0 526.31 0.98 0.864 0.51
0 434.78 0.98 0.905 0.55
0 322.5 0.97 0.918 0.56
0 285.71 0.96 1.045 0.62
0 169.49 0.94 1.378 0.625

is the half thickness of PAAm gels at the final equilibrium state.
F
t

ig. 4. Linear regression of the curves given in Fig. 3. The intercept and the
lope of the curves produce B1 and τ1 parameters.

nd �E2 at low and high temperature regions for gel swelling
ig. 5. Arrhenius treatment of Dc values. The slopes of the straight lines produce
wo different activation energies, namely �E1 and �E2 for gel swelling.
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Experimentally produced diffusion coefficients Ds and Dl

T (◦C) Ds (×10−8 m2 s−1) Dl (×10−8 m2 s−1) d (×10−2 m)

20 1.37 4.01 1.02
30 1.87 4.87 1.11
40 3.94 10.45 1.12
50 4.05 14.65 1.24
6
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ig. 6. The behavior of Py intensity, Ip vs. time of Py diffusion into PAAm gels,
ept at 20, 40 and 60 ◦C temperatures.

onclude that the energy need for hydrogel swelling is very small
ompared to the organic solvent base systems. This behavior of
AAm gel may be explained with its low Tg values. Two different

alues of activation energies may indicate two different regimes
f swelling process. At low temperature region swelling needs
uch lower energy than at high temperature region, as expected.

ig. 7. Linear regression of the data in Fig. 6. The slope of the straight lines
roduce D values.

l

F
w

0 7.28 28.84 1.25

is the thickness of PAAm gels at 20, 30, 40, 50 and 60 ◦C.

.2. Diffusion

Fig. 6 presents the results of the diffusion experiments where
y intensity, Ip increases as diffusion time increased for the all
el samples. Here nos. represents the temperatures. Since Ip is
irectly proportional to the number of Py molecules enter into
he gel, the behavior of the intensity curves in Fig. 6 suggest that
y molecules are absorbed much faster at higher temperatures.
nder this picture the diffusion process can be treated using the
ickian diffusion model. Curves in Fig. 6 also support this sug-
estion where they show purely Fickian behavior. Here PAAm
els are assumed to be as thin slabs, then the logarithmic form
f Eq. (9) for n = 0 can be given as follows:
n

(
1 − Ip

Ip∞

)
= ln

(
8

π2

)
− Dπ2

d2 t (11)

ig. 8. Arrhenius treatment of (a) short and (b) long time diffusion coefficients,
hich produced �Es and �El activation energies, respectively.
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ig. 9. Comparison of swelling (Itr(Isc)) and diffusion (Ip) curves of PAAm gels
ept at 20, 40 and 60 ◦C temperatures.

he fit of the Eq. (11) to the data in Fig. 6 are given in Fig. 7, from
here D values are produced and are listed Table 2. As expected,
values for the gels at high temperature are found to be much

arger than they are at low temperature. Here it is seen in Fig. 7,
hat diffusion of Py molecules has two distinct regions, namely
hort and long times, produces two different diffusion coeffi-
ients as Ds and Dl, respectively. Arrhenius treatment of the
iffusion coefficients produced two different diffusion activa-
ion energies as shown in Fig. 8a and b from where �Es and �El
alues were obtained and found to be 30.9 and 40.6 kJ mol−1,
espectively. Here one may suggest that Py diffusion into PAAm
el is a two stage mechanism. At short times, diffusion is slow
nd needs less energy; however, at longer times diffusion speeds
p with higher energy need. In both cases diffusion activation
nergies are much higher than swelling activation energies indi-
ating that these two processes have different origins.
On the other hand if one compares the swelling Itr(Isc) and
iffusion Ip curves of the gels at a given temperature, it can be
een that there is a delay between these processes. Fig. 9 shows
hat swelling process takes places latter than diffusion i.e. there

Y
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s a delay between diffusion and swelling processes. In other
ords diffusion process is much faster than swelling process

nd takes place at early times, which then need higher energy to
e performed.

. Conclusion

These preliminary results have shown that the direct fluo-
escence method can be used for real time monitoring of the
welling and diffusion processes. In this novel method in situ
uorescence experiments are easy to performed and provide
s quite sensitive results to measure the swelling and diffusion
arameters.
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