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Abstract

The linear swelling ratio a and the effective network chain length N of a series of poly(N,N-dimethylacrylamide)
(PDMAAm) hydrogels were investigated as a function of the gel preparation concentration m0

2. PDMAAm hydrogels were
prepared at a fixed cross-linker ratio but at various initial monomer concentrations. It was found that a is not a monotonic
function of m0

2. As m0
2 is increased, a first decreases up to about m0

2 ¼ 0:10 and remains constant in a narrow range of m0
2, but

then it increases continuously. The m0
2-dependence of a is due to the variation of the network chain length N depending on

the gel preparation concentration. In the range of m0
2 below 0.1, N follows the scaling relationship N � m0

2

� ��2
, while at

higher concentrations, N varies only slightly with m0
2. The increase of a with N obeys the relation a � m0

2N
� �1=5

, as predicted
by the Flory–Rehner theory.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogels are cross-linked materials absorbing
large quantities of water without dissolving. Investi-
gations of the swelling behavior of acrylamide
(AAm)-based hydrogels have received considerable
attention in the last four decades. These hydrogels
are prepared by free-radical cross-linking copoly-
merization of AAm monomer with a small amount
of a hydrophilic cross-linker, e.g., N,N 0-methylene-
bis(acrylamide) (BAAm). Since both AAm and
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BAAm are solid at the usual polymerization temper-
ature, it is necessary to carry out the cross-linking
reactions in an aqueous solution of the monomers.

Several studies showed that the hydrogel struc-
ture and thus, the hydrogel properties strongly
depend on the initial monomer concentration of
the reaction solution in which the polymer network
is formed [1–11]. Thus, the description of a hydrogel
structure requires not only information about the
present state of gel, but also information about its
history, i.e., about the state of the gel preparation.
The state of gel preparation is usually given in terms
of the polymer network concentration just after the
gel preparation m0

2. Decreasing m0
2 causes the polymer

chains to disentangle so that the network formed in
.
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a dilute solution can swell highly when exposed to a
good solvent. On the other, decreasing m0

2 increases
the probability of intramolecular cross-linking reac-
tions during polymerization, so that a large fraction
of the cross-linker is lost in ineffective cross-links
[12,13]. As a result, the network structure formed
becomes increasingly loose as the degree of dilution
increases. No continuous network is formed above a
critical amount of solvent [12].

The equilibrium swelling of gels is often
described in terms of the Flory–Rehner theory, in
which the swelling equilibrium is determined by a
competition between the volume interactions of seg-
ments and the gel rubber-like elasticity [14]. Accord-
ing to the theory of rubber elasticity of Gaussian
chains, the free energy of elastic deformation DGel

scales with the deformation ratio as [14,15]:

DGel � N�1a2 ð1Þ

where N is the number of segments between two
successive cross-links, i.e., the network chain length,
and a is the linear deformation ratio relative to the
after preparation state of gel. On the other hand, the
free energy of volume interactions DGint scales with
a as [14,16,17]:

DGint � Bm0
2=a

3 þ 2C m0
2=a

3
� �2 ð2Þ

where B and C are the second and third virial coef-
ficients, respectively. Balancing the two opposite
free energy contributions represented by DGel and
DGint by minimizing their sum with respect to a,
one obtains [17]:

a5 ¼ Bm0
2N þ 2C m0

2

� �2
N=a3 ð3Þ

For highly swollen gels in a good solvent, since
a� 1, B > 0, and C ffi 0, Eq. (3) becomes

a � m0
2N

� �1=5 ð3aÞ

which indicates, for a fixed value of m0
2, a scaling

parameter of 0.2 between the linear deformation ra-
tio of gels and the network chain length. Under h-
conditions where the second virial coefficient van-
ishes, Eq. (3) reduces to Eq. (3b) and the scaling
parameter becomes 0.125:

a � m0
2

� �1=4
N 1=8 ð3bÞ

Baker et al. [5] studied a series of poly(acrylam-
ide) (PAAm) gels formed at a fixed cross-linker ratio
but at varying m0

2 between 0.11 and 0.30. They found
that the degree of swelling decreases while the elastic
modulus increases with increasing m0

2. Shibayama
et al. [18] observed that the linear swelling ratio a
of swollen poly(N-isopropylacrylamide) (PNIPA)
hydrogels is independent of the initial monomer
concentration in the range of m0

2 ¼ 0:03–0:08. The
invariance of a with m0

2 was explained with chain
entanglements acting as additional cross-link points,
whose number increases with increasing concentra-
tion. However, our experimental data with
poly(N,N-dimethylacrylamide) (PDMAAm) as well
as with poly(acrylic acid) gels showed that, a
increases linearly with increasing monomer concen-
tration in the range of m0

2 ¼ 0:1–1 [19,20]. Bromberg
et al. [21] studied systematically the equilibrium
swelling degree of PDMAAm gels formed at various
initial monomer concentrations. Assuming that the
network chain length N is inversely proportional
to the cross-linker ratio, they derived a scaling
parameter between a and N, which deviates from
that predicted by Eq. (3a). Furukawa [8] presented
an equation predicting the equilibrium swelling of
gels depending on the initial monomer concentra-
tion. However, there are six adjustable parameters
in the Furukawa�s equation so that it does not allow
a definitive conclusion regarding the suitability of
the model. Kinetic theories connecting the initial
conditions of the gel forming systems to the final
gel properties also require a large number of kinetic
parameters [22].

In most of the experimental works testing the
validity of the theories, however, the network chain
length N is taken as an adjustable parameter or, N is
assumed to be inversely proportional to the cross-
linker concentration. Thus, fitting the existing theo-
ries only to the swelling data of hydrogels does not
allow definitive conclusions regarding the suitability
of the theories. Such conclusions are more appropri-
ately obtained from independent swelling, elasticity,
and gravimetric measurements, leading to the exper-
imental values of a, N, and m0

2, respectively.
In this note, we generalize the discussion about

the monomer concentration dependence of the lin-
ear swelling ratio a and demonstrate that a is not
a monotonic function of m0

2. Further, we show that
the scaling relation given by Eq. (3a) is valid for
non-ionic gels formed over the entire range of the
monomer concentration. We prepared a series of
gels based on N,N-dimethylacrylamide (DMAAm)
monomer at various polymer network concentra-
tions m0

2 but at a fixed chemical cross-link density.
The selection of DMAAm as a monomer is due to
the fact that it is a liquid at room temperature and
is fully miscible with water. Thus, PDMAAm
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hydrogels could be prepared in aqueous solutions
over the whole range m0

2. PDMAAm hydrogels were
characterized by swelling tests as well as by the elas-
ticity tests at a state just after their preparation. It
should be noted that, in our previous work, the
lower limit of m0

2 of PDMAAm hydrogels studied
was 0.10 [19], whereas in the present work it is
0.03. As will be seen below, hydrogels formed in
dilute solutions below m0

2 ¼ 0:10 exhibit different
swelling behavior compared to those formed at
higher polymer concentrations.
2. Experimental

2.1. Materials

N,N-Dimethylacrylamide (DMAAm, Fluka),
N,N 0-methylenebis(acrylamide) (BAAm, Merck),
ammonium persulfate (APS, Merck), and N,N,
N 0,N 0-tetramethylethylenediamine (TEMED) were
used as received. PDMAAm gels were prepared
by free-radical cross-linking copolymerization of
DMAAm and BAAm in aqueous solution at 5 �C
in the presence of 3.51 mM APS initiator and 0.25
v/v % TEMED accelerator. The cross-linker ratio
X (mole ratio of the cross-linker BAAm to the
monomer DMAAm) was fixed at 1/83. The details
about the preparation of the hydrogels have been
published elsewhere [19].

2.2. Characterization

The degree of dilution of the networks after their
preparation was denoted by m0

2, the volume fraction
of cross-linked polymer after the gel preparation. In
order to determine m0

2, PDMAAm hydrogels after
preparation were first swollen in water to extract
nonpolymerizable or soluble components and then
dried to constant mass. m0

2 was calculated as:

m0
2 ¼ 1þ qF � 1ð Þq

d1

� ��1

ð4Þ

where qF is the dilution degree after the gel prepara-
tion (mass of gel after preparation/mass of dried
gel), q is the polymer density (1.21 g/ml) and d1 is
the solvent density (1.00 g/ml).

Equilibrium swelling measurements of the hydro-
gels in the form of rods of 4 mm in diameter were
carried out in water at 24 ± 0.5 �C. In order to
reach swelling equilibrium, the hydrogels were
immersed in water for at least two weeks replacing
the water every other day. The swelling equilibrium
was tested by measuring the diameter of the gel
samples. To achieve good precision, three measure-
ments were carried out on samples of different
length taken from the same gel. The linear swelling
ratio with respect to the state of preparation, a, as
determined by measuring the diameter of the hydro-
gel samples after equilibrium swelling in water D

and after synthesis D0 by a calibrated digital com-
pass (Mitutoyo Digimatic Caliper, Series 500, reso-
lution: 0.01 mm). a as calculated as:

a ¼ D=D0 ð5Þ
Uniaxial compression measurements were per-
formed on gel samples just after their preparation.
All the mechanical measurements were conducted
in a thermostated room of 24 ± 0.5 �C. The stress–
strain isotherms were measured by using an appara-
tus previously described [23]. The elastic modulus G
was determined from the slope of linear dependence
f = G (k � k�2), where f is the force acting per unit
cross-sectional area of the undeformed gel speci-
men, and k is the deformation ratio (deformed
length/initial length). For a network of Gaussian
chains, the elastic modulus of gels just after their
preparation, G0, is related to the effective cross-link
density me by [14,15]:

G0 ¼ AmeRT m0
2 ð6Þ

where the front factor A equals to 1 for an affine
network and 1 � 2// for a phantom network, where
/ is the functionality of the cross-links, R and T are
in their usual meanings. The network chain length N

is related to the effective cross-link density me by:

N ¼ meV 1ð Þ�1 ð7Þ
where V1 is the molar volume of segment, which is
taken as the molar volume of water (18 ml/mol).
Since the gels prepared in this study were highly
swollen, we used phantom network model (/ = 4)
to calculate the network chain length of PDMAAm
hydrogels.

3. Results and discussion

PDMAAm hydrogels with at a fixed chemical
cross-link density (X = 1/83) were prepared at vari-
ous polymer concentrations ranging from dilute to
concentrated solutions. In Fig. 1, the filled symbols
show the linear swelling ratio a of the hydrogels in
water plotted as a function of the cross-linked poly-
mer concentration at the gel preparation m0

2. For
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Fig. 2. Network chain length N of PDMAAm hydrogels with
X = 1/83 (filled symbols) and of PAAm hydrogels (open symbols)
shown as a function of m0

2. Data for PAAm hydrogels were taken
from the literature [24,25]. X = 1/50 (s), 1/61.5 (n), 1/66 (,),
and 1/100 (h). The dotted line was calculated using Eq. (9).
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Fig. 1. Linear swelling ratio a of PDMAAm hydrogels with
X = 1/83 (filled symbols) and of PAAm hydrogels (open symbols)
shown as a function of m0

2. Data for PAAm hydrogels were taken
from the literature [24,25]. X = 1/50 (s), 1/61.5 (n), 1/66 (,),
and 1/100 (h). The dotted lines were calculated using Eqs. (11a)
and (11b). The corresponding slopes are shown.
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comparison, swelling data reported for PAAm
hydrogels of cross-linker ratios X varying between
1/50 and 1/100 are also shown in figure by the open
symbols [24,25]. It is seen that a is not a monotonic
function of the polymer concentration m0

2. Depend-
ing on the initial monomer concentration, the
dependence of a on m0

2 exhibits three different
regimes:

1. For m0
2 < 0:10, a is a decreasing function of m0

2.
Thus, in this regime, increasing the initial mono-
mer concentration results in decreased expansion
ratios of gels with respect to after preparation
state.

2. In a rather narrow range of m0
2 around 0.10, a is m0

2

independent. The constancy of a in this regime is
in agreement with the observation of Shibayama
et al. [18] on PNIPA gels.

3. For m0
2 > 0:10, a increases continuously with

increasing m0
2 up to the bulk polymerization con-

dition. This regime was also observed before in
PDMAAm hydrogels [19].

In Fig. 2, the filled symbols show the effective
network chain length N of PDMAAm hydrogels
plotted as a function of m0

2. As m0
2 is increased, N
decreases first rapidly up to about m0
2 ¼ 0:3, but

then, N changes only slightly with m0
2. The slight var-

iation of N in this high concentration regime is due
to the reducing reactivity of pendant vinyl groups
during cross-linking as well as due to the increasing
extent of chain entanglements [19]. Literature data
reported for PAAm gels are also shown in the figure
by the open symbols [24,25]. It is seen that both gels
exhibit similar behavior in the range of m0

2 below 0.3.
Thus, the effective cross-link density of hydrogels is
very sensitive to the initial monomer concentration
if m0

2 is below 0.3. One may explain this behavior
with decreasing probability of cyclization as the
monomer concentration during polymerization is
increased.

In order to quantify the above results, we con-
sider the gel growth process during polymerization
as a set of random walks of the growing radicals,
as proposed by Bromberg et al. [21]. The process
of gel growth is schematically illustrated in Fig. 3.
The random walk of the propagating radical, shown
in the figure by the solid curve, occurs between two
successive hits of the radical center with the other
kinetic chains, i.e., between A and B, B and C, etc.
Each random walk is succession of g steps, during
which the radical adds the monomer AAm, the
cross-linker BAAm and involves cyclization reac-
tions with the pendant vinyl groups located on the
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Fig. 4. Linear swelling ratio a of PDMAAm hydrogels with
X = 1/83 (filled symbols) and of PAAm hydrogels (open symbols)
shown as a function of Nm0

2. Data for PAAm hydrogels were
taken from the literature [24,25]. X = 1/50 (s), 1/61.5 (n), 1/66
(,), and 1/100 (h). The solid line was calculated using Eq. (3a).
The corresponding slope is shown.
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Fig. 3. Gel growth during free-radical cross-linking copolymer-
ization. The random walk of a propagating radical is shown by
the solid curve. The growing chain hits another chains at A, B,
and C. The dot represents a cross-link point.
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same chain. Since in a random walk the path length
R (the end-to-end distance) of a chain after g steps is
g1/2, the polymer segments concentration m0

2 during
the cross-linking copolymerization scales with g/
g3/2 = g�1/2, or [21]:

g � m0
2

� ��2 ð8Þ

After g steps, i.e., at point A, B, or C, the growing
chain will hit another chains. The probability p that
the radical end will meet a cross-linker unit on an-
other chain is proportional to the cross-linker con-
centration, i.e., to the cross-linker ratio X. After 1/
p hits, the growing chain will succeed to form an
effective cross-link, for example at point C in
Fig. 3. The network chain length N will then be
equal to:

N ¼ g
p
¼ m0

2

� ��2
X�1 ð9Þ

which indicates a scaling parameter of �2 between
the network chain length of gels formed at a fixed
cross-linker ratio and the polymer concentration
m0

2. The dotted line in Fig. 2 represents N versus m0
2

dependence predicted by Eq. (9). It is seen that the
theoretical line is in good agreement with the exper-
imental data of gels formed below m0

2 ¼ 0:1. Eq. (9)
is valid if the number of steps g per random walk of
the growing radical is large enough and if the chain
is Gaussian. For larger values of m0

2, g becomes too
small due to the high polymer concentration in the
reaction system, where the chains during polymeri-
zation are strongly entangled. In this case, the
end-to-end distance R, i.e., the path length of a
growing chain between two successive collisions
with the other chains cannot be described by the
Gaussian statistics. For example, assuming that R
scales with g as R � g1/3 instead of it R � g1/2,N be-
comes independent of m0

2. The relation R � g1/3

means that the chain portion between two succes-
sive hits during polymerization is compressed very
strongly or, in other words, it is collapsed [17]. As
a consequence, N is m0

2 invariant because the poly-
mer chains represent approximately homogeneous
spheres. Moreover, in dilute reaction solutions, the
path length of the growing chain becomes very long
so that the radical end would have an enhanced
probability to involve cyclization reactions. One
may expect that if m0

2 � 1, the radical end cannot
make a favorable collision with the pendant vinyl
group on the other chains so that no macroscopic
network forms after the reaction.

In Fig. 4, the linear expansion ratio a of both
PDMAAm and PAAm hydrogels is plotted as a
function of the product Nm0

2 on logarithmic coordi-
nates. The solid curve in the figure is the best fitting
curve to the experimental data of the hydrogels. It
can be seen that while both the initial monomer con-
centration and the cross-linker ratio vary greatly, all



960 N. Orakdogen, O. Okay / European Polymer Journal 42 (2006) 955–960
the data of the gels fall onto a single curve with a
scaling parameter 0.20 ± 0.01, as predicted by
Eq. (3a). It should be noted that a versus N plot
for each set of gel is non-linear, indicating the
importance of the gel preparation concentration in
the treatment of the swelling and the elasticity
behavior of hydrogels. Using the elasticity data of
PDMAAm hydrogels, we can now explain the
monomer concentration dependence of the swelling
ratio a. Differentiating Eq. (3a) with respect to m0

2,
we obtain:

d ln a
d ln m0

2

� 1

5
þ 1

5

d ln N
dm0

2

ð10Þ

Since N � m0
2

� ��2
at low polymer concentrations, we

arrive

a � m0
2

� ��1=5 ðfor m0
2 < 0:1Þ ð11aÞ

while at high polymer concentrations, since N is
nearly m0

2 independent, we obtain

a � m0
2

� �1=5 ðfor m0
2 > 0:1Þ ð11bÞ

The dotted lines in Fig. 1 represent the scaling
parameters �0.2 and 0.2 predicted by Eqs. (11a)
and (11b), respectively. It is seen that the dotted
lines agree well with the experimental swelling
behavior of the hydrogels.

4. Conclusions

The equilibrium swelling degrees and the elastic-
ity of PDMAAm hydrogels were studied at various
gel preparation concentrations m0

2. The increase of
the linear swelling ratio a with the network chain
length N follows the relationship a � m0

2N
� �1=5

, as
predicted by the Flory–Rehner theory. In the range
of m0

2 below 0.1, N varies depending on the gel prep-
aration concentration as N � m0

2

� ��2
, while at higher

concentrations, N varies only slightly with m0
2. The

results can be explained with the concentration
dependence of the probability of cross-link forma-
tion during the free-radical cross-linking reactions.
The linear swelling ratio a first decreases but then
increases as the gel preparation concentration is
increased. The m0

2-dependence of a is due to the var-
iation of the network chain length N depending on
the gel preparation concentration.
Acknowledgement

This work was supported by the Istanbul Techni-
cal University Research Fund.
References

[1] Dusek K. In: Haward RN, editor. Developments in poly-
merization 3. London: Applied Science; 1982. p. 143.

[2] Ilavsky M, Prins W. Macromolecules 1970;3:425.
[3] Dusek K. In: Chompff AJ, Newman S, editors. Polymer

networks. Structure and mechanical properties. NY: Ple-
num Press; 1971.

[4] Oppermann W, Rose S, Rehage G. Br Polym J 1985;17:175.
[5] Baker JP, Hong LH, Blanch HW, Prausnitz JM. Macro-

molecules 1994;27:1446.
[6] Hooper HH, Baker JP, Blanch HW, Prausnitz JM. Macro-

molecules 1990;23:1096.
[7] Naghash HJ, Okay O. J Appl Polym Sci 1996;60:1971.
[8] Furukawa H. J Mol Struct 2000;554:11.
[9] Okay O. Prog Polym Sci 2000;25:711.

[10] Dubrovskii SA. Polym Gels Networks 1996;4:467.
[11] Hasa J, Janacek J. J Polym Sci C 1967;16:317.
[12] Okay O, Kurz M, Lutz K, Funke W. Macromolecules 1995;

28:2728.
[13] Funke W, Okay O, Joos-Muller B. Adv Polym Sci

1998;136:139.
[14] Flory PJ. Principles of polymer chemistry. Ithaca: Cornell

University Press; 1953.
[15] Treloar LRG. The physics of rubber elastic-

ity. Oxford: University Press; 1975.
[16] Huggins ML. J Phys Chem 1941;9:440.
[17] Grosberg AYu, Khokhlov AR. Statistical physics of macro-

molecules. NY: American Institute of Physics Press; 1994.
[18] Shibayama M, Shirotani Y, Hirose H, Nomura S. Macro-

molecules 1997;30:7307.
[19] Gundogan N, Okay O. Macromol Chem Phys 2004;205:814.
[20] Yazici I, Okay O. Polymer 2005;46:2595.
[21] Bromberg L, Grosberg AY, Matsuo ES, Suzuki Y, Tanaka

T. J Chem Phys 1997;106:2906.
[22] Okay O. Polymer 1994;35:796.
[23] Sayil C, Okay O. Polymer 2001;42:7639.
[24] Kizilay MY, Okay O. Macromolecules 2003;36:6856.
[25] Kizilay MY, Okay O. Polymer 2004;45:2567.


	Effect of initial monomer concentration on the  equilibrium swelling and elasticity of hydrogels
	Introduction
	Experimental
	Materials
	Characterization

	Results and discussion
	Conclusions
	Acknowledgement
	References


