
A Study on Swelling and Complex Formation
of Acrylic Acid and Methacrylic Acid
Hydrogels with Polyethylene Glycol 

Acrylic acid and methacrylic acid hydrogels were prepared by N,N’- methylene bis
acrylamid as a cross-linking agent in aqueous solution. The rate of swelling of pre-
pared hydrogels in different buffers were studied and their molar mass and densi-

ty of cross-linking were determined. The results indicated that at higher pHs, the acrylic
acid hydrogels have higher degree of swelling than the methacrylic acid hydrogels. The
complex formation between polyethylene glycol and either of acrylic and methacrylic acid
hydrogels at various pHs were also studied. It was found that methacrylic acid hydrogels
can form stronger complexes with polyethylen glaycol, than acrylic acid hydrogels, and
the acidic pHs promote the complex formation. However the complexed hydrogels indi-
cated lower degree of swelling.
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In recent years much attention has
been directed toward poly-elec-
trolyte-type hydrogels such as poly-
acrylic acid (PAA) and poly-
methacrylic acid (PMAA) that
undergo controllable volume
changes in response to small varia-

tion in solution conditions [1-9].
Temperature- and pH-sensitive

gels have been suggested for use in a
variety of novel applications includ-
ing controlled drug delivery [10],
immobilized enzyme systems [11],
and separation process [12].
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One of the basic parameters that governe the struc-
ture of an electrolyte and a non-electrolyte-type hydro-
gels is <Mc>, the molar mass between cross-links. This
parameter describes the average molar mass of polymer
chains between two consecutive junctions. These junc-
tions may be chemical cross-links, physical entangle-
ments, crystalline regions, or even polymer complexes
[13-16].

Several theories have been proposed to calculate
the molar mass between cross-links in polymeric net-
works. The earliest theory to describe the equilibrium
swelling characteristics of networks was developed by
Flory and Rehner [17-18] for a cross-linked polymer
system where the polymer chains were reacted in the
solid state, and the macromolecular chains exhibited a
Gaussian distribution. This theory deals with neutral
polymer chains and tetra-functional cross-linking with-
in the polymer gel.

Poly ethylene glycole (PEG) hydrogels have been
used in drug delivery, wound healing, and a variety of
other biomedical applications [19-21]. These hydrogels
are often used in combination with other polymers to
produce an appropriate biomaterial [22].

Interpolymer complexes are the non-covalent asso-
ciation between groups on different polymer chains.
These macromolecular complexes form under condi-
tions in which the polymers are thermodynamically
compatible. Polymer complexes form due to van der
Waals interactions, polyelectrolyte association and
hydrogen bonding [23-29].

Complex formation is promoted by a negative free
energy of association between repeating units. This
association is also promoted by an exothermic reaction
of the functional groups or by a large positive entropy
change upon complex formation [24-27].

Some examples of polymer systems which form
complexes due to hydrogen bonding are poly(acrylic
acid) and poly(acryl amid) [30], poly(acrylic acid) and
poly(vinyl alcohol) [31-32], poly(acrylic acid) and
poly(ethylene glycol) [33-35], poly(methacrylic acid)
and poly(ethylene glycol) [36-41], and
poly(methacrylic acid) and poly(vinyl pyrollidone)
[42-43].

In this work polyacrylic acid (PAA) and poly-
methacrylic acid (PMAA) hydrogels were synthesized
by radical polymerization in solutions. Also, the
swelling and adsorption rate of polyethylene glycol

(PEG, Mw=15000) on the synthesized hydrogels were
investigated.

MATERIALS AND METHODS

Materials
All reagents were purchased from the Merck. Acrylic
acid and methacrylic acid monomers were distilled
under a reduced pressure of 5-10 mmHg at 40-45oC to
remove the inhibitor; hydroquinone monomethyl ether
[44]. PEG (Mw = 15000) and other reagents was used
without further purification.

Hydrogels Synthesis
Polyacrylic acid (PAA) and polymethacrylic acid
(PMAA) hydrogels were synthesized by free-radical
polymerization of monomers (0.1 mole each) and N,N’-
methylene bis acrylamid (2 × 10-4, 1 × 10-4, 3 × 10-5

mole, respectively) as a cross-linking agent in aqueous
solution. A 50:50 by weight ammonium persulfate and
sodium bisulfate (6.84 × 10-5 mole) were added as the
redox initiator. Gelation was carried out in pettry dishes
at 40oC for 24 h. The cylindrical shaped polymer sam-
ples were dried in air and cut into 0.5 mm thick disks
using a cutter instrument. The gels were immersed in
deionized water (changed daily) for 3 days to remove
unreacted monomer, initiator and sol fractions. The IR
spectra of hydrogels approved the molecular structure
of hydrogels and formation of hydrogen bonding in the
complex formation process and also indicated that the
dissolved oxygen has no significant effect on these
processes.

Complex Formation between PEG (Mw=15000) and
Hydrogels
To study the PAA-PEG and PMAA-PEG interactions
the gel samples were put in solutions without PEG at
different pH, until equilibrium was reached. Then, they
were taken out from the solutions and put in other solu-
tions with the same pHs containing an appropriate
amount of PEG. 

After attainment of equilibrium the concentration
of PEG in solution was measured by the method
described in literature [40,45]. This method is based on
spectrophotometric measurement of complex formed
between PEG and barium iodide. The main points in
this experimental procedure are; 4 mL of PEG solution
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was added to 1 mL of 5 %(w/v) barium chloride in 1N
HCl. To this mixture was added 1 mL of solution pre-
pared by dissolving 1.27 g of iodine in 100 mL of
2% (w/v) potassium iodide. Colour was allowed to
develop for 15 min at room temperature and the optical
density was registered at 535 nm against a reagent
blank prepared as above but substituting buffer for the
sample. For IMC formed in PEG solutions of initial
concentrations less than 0.1%(w/v), the PEG content
was calculated by subtraction of the equilibrium con-
centration of PEG in the surrounding solution from the
initial concentration of PEG. 

To determine the composition of IMC formed in the
PEG solutions of initial concentrations higher than
1% (w/v), the gel samples were extracted from solu-
tions and dried to constant mass. Then the mass of PEG
in the IMC was calculated by subtraction of the initial
mass of the dried network from the total mass of the
dried residue.

RESULTS AND DISCUSSION

Swelling Studies
The equilibrium swelling behaviour of PAA and
PMAA hydrogels were studied as a function of pH. The
ability of a polymer network to absorb water was sig-
nificantly hindered by the presence of cross-links.
Because of the carboxylic acid side groups, the
swelling behaviour of the poly acrylic acid and poly
methacrylic acid hydrogels is highly dependent on the
pH of the surrounding medium. In higher pH medium
the carboxylic acid groups on the PMAA and PAA
became progressively more ionized. In these cases, the
hydrogels swelled more rapidly due to a large swelling
force created by the electrostatic repulsion between the
ionized acid groups and the osmotic pressure resulted
from different concentrations of free ions within ionic
network and the surrounding solution [46].

The pH was adjusted by preparation of buffers (1-
7) [47]. Dried hydrogels were left to swell in a solution
of desired pH. Swollen gels removed from the solution
at regular intervals and weighed. The measurement was
continued until a constant weight was repeated for each
sample. The constant weight of swellen gels at equilib-
rium was reproducible to (±0.1g) on repeating the same
measurements three times. Figures 1 and 2 show the

typical water uptake of an initially dry network at
known pH values. This weight was used to calculate Q,
the equilibrium degree of swelling (EDS):                     

and Φ, the volume fraction of polymer in a given gel
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Figure 1. Degree of swelling (Q) of PAA hydrogels vs. pH at

25oC.

Figure 2. Degree of swelling (Q) of PMAA hydrogels vs. pH

at 25oC.
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sample as:                                                                   

where, ρp and ρw are the densities of swollen gel and
water, respectively (1.22 g/cm3 for PAA and
1.285 g/cm3 for PMAA)[48]. At 25oC, it was observed
that the time taken to achieve equilibrium swelling of
the hydrogels decreased with increasing molar propor-
tion of cross-linking agent (Figures 1 and 2). 

It was obvious that the rate of water uptake was sig-
nificantly faster for the polymer network in solutions
with pH>5 than for the network in lower pH. Since
pKas of acrylic acid and methacrylic acid are between
4.5-5.0, PAA and PMAA hydrogels swell significantly
above pH= 5. However, they do not swell significantly
below pH= 4  [12].

Determination of Mc and ρρx Values of Hydrogels
The important structural parameter for characterizing
cross-linking in polymer is <Mc>, the average molar
mass between cross-links which is directly related to
the cross-link density. The magnitude of <Mc> signifi-
cantly affects the physical and mechanical properties of
cross-linked polymers. Therefore, its determination is
of great practical importance.

Because of the networks variations, only average
values for the cross-linking density and the molar mass
between cross-links can be obtained experimentally or
theoretically. According to the Flory and Rehner, for the
network that upon rearrangement yields the Peppas and

Merrill model [17, 18] the following equation is hold:

Where, <Mn> is the number average molar mass of the
uncross-linked linear polymer (1.97 × 105 g/mole for
PMAA and 1.65 × 105 g/mole for PAA as determined
by an independent polymerization study in the absence
of cross-linking agent), υ is the specific volume of the
polymer (that is equal to the density of polymer divid-
ed to its molar mass), ν1 is the molar volume of water
(=18 cm3mol-1), Φ is defined as the polymer volume
fraction after equilibrium swelling (swollen polymer
volume fraction), and χ is the Flory polymer-solvent
interaction parameter (0.45 for PAA and 0.95 for
PMAA)[49]. In eqn (3) N is defined as:

and represents the number of bond vectors per chain,
where Mr is the molar mass of monomers. Also the
cross-linking density can be expressed as:

It should be noted that the factor <C> expressed as:

is the correction factor for network imperfection resulting
from chain ends. This factor reduces to one for perfect
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Table 1. The results of calculation for hydrogels. The number of vector per chain, N, the volume frac-

tion,Φ, the number average molar mass between cross-links, <Mc>, cross-linking density, ρx and the

correction for network imperfection, <C>.

Cross-linker N Φ <Mc> ρ
x (× 10-6) <C>

0.005 (g) (AA)

0.015 (g) (AA)

0.03 (g) (AA)

0.005 (g) (AA)

0.015 (g) (AA)

0.03 (g) (AA)

9.01

6.53

5.96

8.85

6.45

5.28

0.298

0.505

0.585

0.041

0.0653

0.0877

324.527

235.214

214.816

381.122

277.641

227.282

2.2825

3.1492

3.4482

1.7149

2.3541

2.8757

0.99607

0.99715

0.99740
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0.99718

0.99769
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networks [50]. Table 1 shows typical results of the cal-
culation for the number average molar mass between
cross-links, <Mc>, and cross-linking density, ρx, for
synthesized PAA and PMAA hydrogels.

Complex Formation
Formation of complex is the result of temporary physi-
cal cross-linking due to hydrogen bonding between the
PEG grafts and PMAA and PAA pendant groups. This
hydrogen-bonded complex caused the polymer net-
work to be less hydrophilic because the carboxylic acid
groups on the PMAA and PAA main chains participat-
ed in the complex formation.

The contraction of the hydrogels in the presence of
PEG is probably due to the formation of hydrophobic
interpolymer macromolecules via hydrogen bonds
between gels and PEG. But a small amount of H+ ions
arising from the dissociation of COOH groups of gels
produce excessive osmotic pressure in the swollen net-
work which prevents the collapse of the gel.

In the acidic solution, the dissociation of the gels
suppressed. This leads to the lowering of the osmotic
pressure in the swollen network and to collapse of the
gel. Figures 3-9 represent the deswelling of hydrogels,
after forming complexes with PEG. Figure 5 shows that
deswelling did not occur because, in this pH acrylic
acid hydrogels could not form complexes with PEG.  

It has been shown that when the hydrogels of

PMAA and PAA have been put in an aqueous solution
of PEG, the linear polymer penetrates into the network
and the adsorption of PEG by hydrogels results in the
decrease of PEG concentration in the aqueous solution
[33-43]. The content of PEG in the gel phase increase
with time and reaches its limiting value. The absorption
of PEG leads to the contraction of the gel. For of cross-
linked hydrogels complexes with PEG as well as for
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Figure 3. Deswelling rate of PAA hydrogels in PEG (Mw=

15000) solutions at pH= 1 and 25oC.

Figure 4. Deswelling rate of PAA hydrogels in PEG (Mw=

15000) solutions at pH= 3 and 25oC.

Figure 5. Deswelling rate of PAA hydrogels in PEG (Mw=

15000) solutions at pH= 3.8 and 25oC. 
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linear polymer complexes of linear polymers with PEG,
the carboxyl groups of hydrogels do not participate in
the formation of hydrogen bonds even in excess of PEG
and in case of intermolecular complex formation.

It is evident that the ratio of PMAA, PAA, and PEG
repeating units in the gel do not depend significantly on

the cross-linking density. In regions of low pH all
hydrogels contained some degree of interpolymer com-
plexes which are stabilized by hydrogen bonding
between protonated pendant groups and the ether
groups of the PEG grafts chains. Also, stabilized inter-
polymer complex formation between polyacids and

Figure 6. Deswelling rate of PMAA hydrogels in PEG (Mw=

15000) solutions at pH= 1 and 25oC.

Figure 7. Deswelling rate of PMAA hydrogels in PEG (Mw=

15000) solutions at pH= 3 and 25oC.

Figure 8. Deswelling rate of PMAA hydrogels in PEG (Mw=

15000) solutions at pH= 3.8 and 25oC.

Figure 9. Deswelling rate at PMAA hydrogels in PEG (Mw=

15000) solutions in distilled water of 25oC.
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neutral electron donating polymers are thermodynami-
cally favorable structures in acidic media.

Thus, as pH rose, the complexation did not occur
(Figures 10-15). These figures represent that acidic pHs
promote the formation of complex. The electron donor
group in PMAA hydrogels is larger than PAA hydro-

gels. Therefore, there is a stronger tendency for ioniza-
tion and thereby complex formation in the former
hydrogels. 

Swelling Studies of Complexed Hydrogels
Equilibrium swelling studies of samples containing

Figure 10. Adsorption rate of PEG (Mw= 15000) onto PAA

hydrogels at pH= 1 and 25oC.

Figure 11. Adsorption rate of PEG (Mw= 15000) onto PAA

hydrogels at pH= 3 and 25oC.

Figure 12. Adsorption rate of PEG (Mw= 15000) onto PMAA

hydrogels at pH= 1 and 25oC.

Figure 13. Adsorption rate of PEG (Mw= 15000) onto PMAA

hydrogels at pH= 3 and 25oC.
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various ratios of [PMAA]/[PEG] and [PAA]/[PEG]
showed that the extent of swelled networks in the
uncomplexed state generally increased as the amount
of PMAA and PAA in the copolymer increased. These
behaviours are presented in Figures 16 and 17. These
figures show, that the complexes formed by hydrogels

and PEG in acidic media are stronger. Also, the results
indicate that PMAA complexes are stronger than the
PAA complexes. For the PMAA gels in low pH solu-
tions, the decrease of the network mesh size is only due
to hydrophobic nature of PMAA chains conformation
thus, the swelling ability of PAA is more than PMAA [7].

Figure 14. Adsorption rate of PEG (Mw= 15000) onto PMAA

hydrogels at  pH= 3.8 and 25oC.

Figure 15. Adsorption rate of PEG (Mw= 15000) onto PMAA

hydrogels in distilled water and 25oC.

Figure 16. Swelling rate of complexed PAA hydrogels at

25oC.

Figure 17. Swelling rate of complexed PMAA hydrogels at

25oC.



A Study on Swelling and Complex Formation of ...Jafari S. et al. 

Iranian Polymer Journal / Volume 14 Number 10 (2005) 871

CONCLUSION

In this work polyacrylic acid (PAA) and poly-
methacrylic acid (PMAA) hydrogels were synthesized
by radical polymerization in solutions. The swelling
and adsorption rate of polyethylene glycol (PEG,
Mw=15000) onto the synthesized hydrogels were
investigated. The results indicate that the swelling
ability of hydrogels is very pH dependent and varied
considerably. 

It was found that PMAA hydrogels can absorb PEG
(Mw=15000) rather than PAA ones also, in acidic
media adsorption is better than basic media.

Cross-links densities and average molar mass
between consequent cross-links were determined by
using the swelling data. The degree of cross-linking
and the effective molar mass between cross-links were
calculated for the gels swollen in distilled water. By
increasing cross-links in hydrogels� molar mass
between consequent cross-links decreased but cross-
links densities increased.

The change in the network structure in response to
interpolymer complexation was examined using the
swelling data. The formation of complexes due to
macromolecular associations in polymer networks has
significant effect on the of hydrogels structure and
properties. The reduced swelling capacity to imbibe
water into the network was due to presence of addition-
al physical cross-links in the form of hydrogen bond. 
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