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The contraction of poly[(methacrylic acid)-co-(methyl methacrylate)] [P(MAA-co-MMA)] gel induced by
complexation with linear poly(ethylene glycol) (PEG) is quite different from that of poly(acrylic acid) (PAA) or
poly(methacrylic acid) (PMAA) gels. The effects of molecular weight and concentration of PEG, cross-linking
density and composition of the gel, and the pH of the external solution on the conformational transitions of
P(MAA-co-MMA) gels were investigated. A special feature of the conformational transitions for the P(IMAA-
co-MMA) gel/PEG system is the absence of a certain range of PEG concentrations where a reswelling of the
collapsed gel is observed. The strong hydrophobicity of PMMA units will improve the PEG/network
hydrophobic interactions and thereby stabilize the formed complex inside the gel network.

Introduction

Interpolymer complexation is the non-covalent association
between groups on different polymer chains.! These macro-
molecular complexes form under conditions in which the
polymers are thermodynamically compatible. The gels of
poly(methacrylic acid) (PMAA) can form stable interpolymers
with linear poly(ethylene glycol) (PEG) due to hydrogen bond-
ing between carboxy groups of PMAA and ether oxygens of
PEG.>*

In three-dimensional polymer networks, complexation can
significantly affect the network structure. As a result, the
swelling behavior, mechanic properties and solute transport
characteristics will vary dramatically between complexed and
uncomplexed networks.>™® This behavior can be of pro-
nounced practical interest, including applications in areas such
as desalination and ultra-filtration membranes, chemo-
mechanical systems, biosensors, molecular imprinting and
drug delivery devices.” 3

In our laboratory we recently observed'* shape memory
behavior exhibited by poly[(acrylic acid)-co-(methyl methacry-
late)]/cetyltrimethylammonium bromide [P(AA-co-MMA)/
C6TAB] complexes. The principle of shape memory behavior
in this type of complex is based on a reversible order-disorder
transition due to the formation of crystalline aggregates
among the long alkyl chains of C;(TAB in the complexes. In
our previous paper,’® we synthesized complexes of poly-
[(methacrylic acid)-co-(methyl methacrylate)] [P(MAA-co-
MMA)] networks with poly(ethylene glycol) (PEG) stabilized
by hydrogen bonds and found that this complex shows shape
memory behavior due to a large difference in storage modulus
below and above the glass transition temperature.

The swelling behavior of PMAA gels in PEG solution was
thoroughly reported in previous papers.>*!1® However, there
are no reports on the formation of complexes between copoly-
mer networks and PEG because of the complexity of such sys-
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tems. In this paper, we present the conformational transitions
and swelling behavior of PIMAA-co-MMA) gels in solution of
linear PEG. Investigation of the specific features of the
P(MAA-co-MMA) gel/PEG complexes is of substantial prac-
tical interest because of their potential applications as shape
memory materials as evoked above.

Experimental

Materials

Methacrylic acid (MAA), methyl methacrylate (MMA), 2,2'-
azobis(isobutyronitrile) (AIBN) and N,N’-methylenebis(acryl-
amide) (MBAA) were analytical grade from Chengdu Reagent
Factory. Poly(ethylene glycol) (PEG) with catalog number
average molecular weights of 400, 800, 1000, 2000, 4000,
8000, 10000 and 20000 (Aldrich) was used as received.
MAA monomer and MMA monomer were distilled under
reduced pressure before use. AIBN, used as a radical initiator,
was recrystallized from ethanol solution. MBAA, a cross-
linker, was used without further purification.

Preparation of gels

P(MAA-co-MMA) gels were prepared by radical copolymer-
ization. An 18 wt-% dimethyl sulfoxide solution (100 mL) of
the reaction mixture with the desired comonomer molar ratio
and cross-linking density was bubbled with nitrogen for 15
min to remove oxygen in the reaction mixture. The cross-
linking density of the networks in this study uses only the
initial crosslinker concentration in the feed and was simply
calculated as the molar ratio of cross-linking agent to the
total monomer. A 1 mL amount of 10 wt-% AIBN solution
was added to the mixture. The final solutions were injected
into the space between two glass plates separated by poly-
ethylene spacers (3 mm thick) or into a cylindrical glass tube
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of 7 mm diameter. Gelation was carried out at 60 °C for 24 h.
After polymerization, the crosslinked P(IMAA-co-MMA) was
immersed in 2000 mL of an ethanol-water mixture (50/50
wt-%) for 1 week to remove the monomers and uncrosslinked
polymers, then in a large amount water for 3 weeks, until
equilibrium was reached. The sample was divided into two
parts. One represented as P(MAA-co-MMA) network was
left immersed in water. The other part was put in PEG solu-
tion (3 mL of the solution per 1 mg of swollen network). The
pH of the initial PEG solution was regulated by dropping
35.0 wt-% HCI solution. The samples were thermostated at
25°C for 1 week, then immersed in water to remove PEG
absorbed on the surface of the P(IMAA-co-MMA)/PEG com-
plex. All specimens were dried under vacuum at room tem-
perature for 7 days.

Composition of complexes

To obtain information on copolymer composition and poly-
mer yield, a sample of the prepared gels was quenched, then
dried under vacuum at room temperature for 10 days and at
80°C for another 10 days to remove solvent and unreacted
monomers. The weight loss, except for the solvent, during
the drying process was negligible, indicating that monomer-
to-polymer conversion was nearly 100% and that the molar
ratio of PMAA to PMMA in the copolymer was close to
the comonomer molar ratio. The composition of the com-
plexes was characterized as follows: by knowing the weight
of the dried gel before complexation, the weight of the com-
plexes equilibrated with water (the water on the surface of the
complex disks was adsorbed before weighing) and the weight
of the dried complexes, we could calculate the ratio u (the
binding degree) of the PEG/PMAA repeating units in the
gel. The relative mass of the sample was characterized by
the m/my ratio, where m is the mass of the complex at the
equilibrium state and mi is the mass of the gel equilibrated
with water.

Differential scanning calorimetry (DSC)

The thermal analyses were carried out with a differential scan-
ning calorimeter (Du Pont 9900) over a temperature range
from —40°C to 160°C at a heating rate of 10°C-min "', purged
with nitrogen gas (N, purge rate = 50 mL-min~'), and
quenched with liquid nitrogen. The cell was calibrated using
an indium standard. About 5-10 mg of the sample was placed
in a hermetic aluminum pan and tested immediately after seal-
ing. From repeated measurements, the data reported has a
standard deviation of +0.05°C.

Results and discussion

Four series of P(MMAA-co-MMA) gel/PEG complexes were
processed and compared to a standard P(MAA-co-MMA)
gel system without complexation. First, the effect of pH of
the PEG solution on the conformational changes and swelling
behavior of P(MAA-co-MMA) gels was investigated. In the
second and third series, P(MAA-co-MMA) gels were immersed
in the PEG solutions having various concentrations and mole-
cular weights, respectively, and the fourth series combined the
use of a MBAA cross-linker with increasing cross-linking den-
sity. In all the above systems the comonomer molar ratio was
1:1. The Influence of the composition of copolymer on the
conformational changes and swelling behavior of P(MAA-
co-MMA) gels was studied in the final series. The samples
and their characteristics are presented in Tables 1 and 2 for
the five series.
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Table 1 Sample identification and compositions of P(MAA-co-
MMA)/PEG complexes with an equimolar MAA:MMA ratio

Formulation of initial PEG solution

Cross-linking

Sample density (%) MW Cp* (%) pH
Al 1 4000 8 1
A2 1 4000 8 2
A3 1 4000 8 3
A4 1 4000 8 4
A5 1 4000 8 5
Bl 1 4000 1 2
B2 1 4000 3 2
B3 1 4000 5 2
B4 1 4000 7 2
B5 1 4000 9 2
B6 1 4000 11 2
B7 1 4000 13 2
B8 1 4000 20 2
B9 1 4000 30 2
B10 1 4000 40 2
Cl 1 2000 8 2
C2 1 4000 8 2
C3 1 6000 8 2
C4 1 8000 8 2
C5 1 10000 8 2
Co6 1 15000 8 2
Cc7 1 20000 8 2
D1 0.5 4000 8 2
D2 1 4000 8 2
D3 3 4000 8 2
D4 5 4000 8 2
D5 7 4000 8 2
D6 10 4000 8 2

“ The initial concentration of PEG.

Influence of pH of PEG solution

When PAA or PMAA gel is put in an aqueous solution of
PEG, it can drastically change its dimensions with infinitesimal
variation of external parameters such as temperature, pH and
the concentration of the PEG solution. This phenomenon is
called polymer gel collapse, which may be the reason why
research work concerning the mechanical properties of com-
plexes has not been presented previously. Starodubtzev
et al.>'7 showed that the absorption of PEG leads to the con-
traction of the PMAA or PAA gel, and a small change of pH
induces a drastic jumplike conformational transition accompa-
nied by a 30-fold shrinking of the network. However, only a
slight contraction is observed for the P(MAA-co-MMA) gel.
Fig. 1 (curve 1) illustrates the dependence on pH of the relative
mass of the P(IMAA-co-MMA)/PEG complexes, series A, in
initial PEG solution. The obtained results show that the rela-
tive mass slightly increases with increasing pH value, while a

Table 2 Sample identification and compositions of P(MAA-co-
MMA)/PEG complexes with various comonomer molar ratios

Formulation of initial
PEG solution

Cross-linking ~ MAA:
Sample  density (%) MMA MW Cp” (%) pH
El 1 1:3 4000 8 2
E2 1 1:2 4000 8 2
E3 1 1:1 4000 8 2
E4 1 2:1 4000 8 2
E5 1 3:1 4000 8 2

“ The initial concentration of PEG.
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Fig. 1 Dependence on pH of the relative mass m/my (1) and binding
degree u (2) of the PIMAA-co-MMA)/PEG complexes, series A, in
initial PEG solution.

critical pH value at which a drastic jumplike conformational
transition takes place does not exist. Apparently, this appears
to be due to the difference in hydrophobic character of the net-
work. P(MAA-co-MMA) is highly hydrophobic compared
with PAA or PMAA because it has the MMA component in
its backbone chain, thus it contains less water in the polymer
network. At pH 4, a small amount of H' ions arising from
the dissociation of the COOH groups of PMAA produces
the osmotic pressure in the swollen network, which leads to a
lowering of the amplitude of the P(MAA-co-MMA) gel
contraction.

It is to be noted that the contraction of the gel in the solu-
tion of the linear polymer takes place as a result of the forma-
tion of an intermacromolecular gel/polymer complex on the
basis of hydrogen bonding.!”'® Fig. 1 (curve 2) illustrates the
dependence of the binding degree (1) on pH in initial PEG
solution. The u value decreases with increasing pH. This gives
an explanation for the conformational changes of series A gels
as mentioned above. It has been suggested'>'? that the driving
forces of the aggregation of the complexes are partly due
to hydrophobic interactions, and that these hydrophobic
interactions between the CH, groups of PEG and the CHj;
groups of PMAA stabilize the complex. For P(MAA-co-
MMA)/PEG complexes, MMA units are able to participate
in interactions between their hydrophobic group and the main
chain of PEG as well as participating in hydrogen bonding,
which is the main interacting force. The resulting complexes
are more stable and the cooperativity on complexation is lar-
ger. The influence of hydrophobic interactions on complexa-
tion is discussed in detail later in this paper. Meanwhile, it is
found that the relative mass and binding degree undergo a sig-
nificant change at pH 3 as shown in Fig. 1. This phenomenon
may be associated with the dissociation of the COOH groups
of PMAA. In the region of pH > 3, more carboxylic groups
on the polymer chain dissociate and the complexation between
PEG and PMAA is suppressed.

Influence of PEG concentrations

It has been shown that PMAA gel can undergo two conforma-
tional transitions in PEG solution.>® The first transition of
PMAA gel from the swollen to a collapsed state is observed
at very low PEG concentrations (< 5 wt-%). The second tran-
sition—the reswelling of the collapsed network—proceeds at
relatively high concentrations of PEG in the external solution
(5— < 10 wt-%). The reswelling of PAA or PMAA gels in PEG
solution is accompanied by a jump-like penetration of PEG in
the gel, leading to an equalization of the PEG concentrations
inside and outside the gel.® It is then interesting to investigate
the P(IMAA-co-MMA)/PEG system. Fig. 2 (curve 1) illustrates
the dependence of the relative mass of the series B P(IMAA-co-
MMA)/PEG complexes on the initial concentration of PEG
4000 (Cp). We see that the increase of Cp up to 20 wt-% leads
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Fig. 2 Dependence of the relative mass m/mq (1) and binding degree
u (2) of the PAIMAA-co-MMA)/PEG complexes, series B, on the initial
concentration of PEG (Cp).

to a further contraction of the P(MAA-co-MMA) gel. Then,
in a broad range of PEG concentrations (20-40 wt-%), the
relative mass of the gel changes insignificantly. For the
P(MAA-co-MMA) gel system, reswelling of the slightly con-
tracted network does not take place, which is explained by
the absence of excess PEG in the network as discussed later.

When the concentration of PEG increases to 13 wt-%, there
is a fair amount of PEG that is not complexed with PMAA or
PAA in the gel.® It would be of interest to study the P(MAA-
co-MMA)/PEG system. Differential scanning calorimetry
(DSC) is extensively used to investigate miscibility in polymer
blends or complexes. A single compositionally dependent glass
transition is an indication of full miscibility on a dimensional
scale between 20 and 40 nm.'>?° DSC results in Table 3 sug-
gest that no excess PEG is present and that there is only the
PEG/PMAA complex phase, even in complex B10 formed in
a solution having Cp = 40 wt-%. Fig. 2 (curve 2) illustrates
the dependence of pof the series B complexes on initial concen-
tration of PEG 4000. With increasing Cp of the PEG solution,
the u value increases simultaneously.

Influence of PEG molecular weight

It is known that complexation is subject to a dramatic chain-
length dependence, which suggests that complexation proceeds
by “cooperative interaction” between two macromolecules.?!
In Fig. 3, we can distinguish two types of m/mq vs. Cp depen-
dence. The swelling curves of P(MAA-co-MMA) gel in the
solutions of PEG having molecular weights of 400, 800 and
1000 belong to the first group. The common feature of these
curves is a slight increase in m/mg value with increasing initial
concentration of PEG. We suppose that PEG with low mole-
cular weight does not interact with the P(MAA-co-MMA)
network as evidenced by the previous DSC results.'> A slight
increase of the relative mass of the gel can be explained by a
penetration of PEG molecular into the network. In the second
group of swelling curves (PEG with molecular weights of 2000,
6000 and 10000) a gradual decrease in the gel dimensional is
observed with an increase of PEG concentration.

Table 3 DSC data of P(MAA-co-MMA)/PEG complexes, series B¢

Sample Tl /°C Sample T,/°C
Bl 83.6 B6 72.6
B2 86.9 B7 70.5
B3 78.8 B8 71.8
B4 76.3 B9 68.8
B5 78.1 B10 70.3

“ Endothermic peaks due to the melting of PEG crystallites cannot be
observed for all complexes. ® Glass transition temperature.
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Fig. 3 Variation of the relative mass m/mgof the P(MAA-co-
MMA)/PEG complexes on the initial concentration of PEG (Cp).
Molecular weight of PEG: 400 (1), 800 (2), 1000 (3), 2000 (4), 6000
(5)and 10000 (6). The compositions of the P(MAA-co-MMA) gel
and the pH of the initial PEG solution are the same as in Fig. 2.

Fig. 4 shows the dependence of the binding degree u of ser-
ies C complexes on the molecular weight of PEG. It can be
seen that up to a molecular weight of 8000, the u value gradu-
ally increases with the increase of PEG molecular weight. A
further increase of the molecular weight results in a decrease
of the binding degree. There is a defined range of PEG mole-
cular weights where the stable complexes exist, below and
above which the conditions of complete complexation will
be disrupted. When the molecular weight is increased above
8000, the decreasing p values can be attributed to steric hin-
drance in the interaction of the long PEG chain with PMAA,
arising from the relatively small mesh size of the polymer
network, as evidenced by experiments showing that higher
cross-linking density (corresponding to smaller mesh size) of
P(MAA-co-MMA) networks hinder PMAA complex forma-
tion with PEG.

Influence of gel cross-linking density

It is common knowledge that the degree of cross-linking density
is one of the principal factors influencing the conformational
lability of a complex.'®?? Fig. 5 (curve 1) shows the swelling
behaviors of PIMAA-co-MMA) gels with various cross-linking
densities, which is a function of PEG concentration in the exter-
nal solution. It can be seen that the conformational changes
decreased with increasing cross-linking density of network.
The complex is formed by the interaction between PMAA
and PEG inside the three-dimensional (3D) gel network. An
increase in the cross-linking density of the network for PEG
with a fixed chain length or in the PEG chain length for a net-
work with a fixed mesh size could prevent PEG molecules from
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Fig. 4 Dependence of the binding degree u of the P(MAA-co-
MMA)/PEG complexes, series C, on the molecular weight of PEG.
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Fig. 5 Dependence of the relative mass m/mq (1) and binding degree
1 (2) of the POMAA-co-MMA)/PEG complexes, series D, on the cross-
linking density of the network.

forming complexes inside the 3D gel network. Meanwhile, the
interpolymer complex formed by a network with a small mesh
size must have first developed on the surface layer.>?® This will
prevent further interactions of the segments not involved in the
complexation process. The above reasons explain that the u
value sharply decreases with increasing cross-linking density
of the network as shown in Fig. 5 (curve 2).

Influence of copolymer composition

Iliopoulos and coworkders®** studied the complexation of

linear PAA at varying degrees of ionization with PEG. The
copolymer is a partially neutralized PAA. The neutralized
groups of PAA cannot form hydrogen bonds and so behave
like structure defects. It was found that the presence of struc-
ture defects, even in a small amount, largely influence the
formation and the stoichiometry of the complex.?* It is
then interesting to investigate the P(IMAA-co-MMA) network.
Fig. 6 (curve 1) shows the swelling behavior of the P(MAA-
co-MMA) gels as a function of the comonomer molar ratio p
of MAA to MMA. The contraction degree of the gels increases
with increasing molar ratio p. Obviously, the hydrophobic
character of PMMA is responsible for this effect. From Fig.
6 (curve 2), we see that P(MAA-co-MMA) network El can
also form complexes with linear PEG even though its comono-
mer ratio is 1:3. We assume that the different complexation
phenomena of P(IMAA-co-MMA) and the copolymer of par-
tially neutralized PAA studied by Iliopoulos and Audebert®*
could be associated with the difference in the hydrophobic
character of the inactive groups (structural defects). In the case
of the crosslinked P(MAA-co-MMA), the MAA units are not
miscible with MMA units due to their hydrophilicity, which
brings about a loss in interfacial energy. Meanwhile, the strong
hydrophobicity of the MMA units will improve the PEG /net-
work hydrophobic interaction and thereby stabilize the formed
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Fig. 6 Variation of the relative mass m/my (1) and binding degree u
(2) of the P(MAA-co-MMA)/PEG complexes, series E, as a function
of the comonomer molar ratio p of MAA to MMA.
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complex inside the 3D gel network. In contrast, the acrylate
groups on the copolymer of partially neutralized PAA are
hydrophilic and cannot be complexed; thus, the presence of
the inactive groups takes on a great importance in the com-
plexation reaction. The above results allow us to make the
assumption that the hydrophobicity of network gels also plays
an important role in driving the formation of complex inside
the gel network. This is evidenced by the fact that E4 shows
a higher p value than ES5, as shown in Fig. 6 (curve 2), though
it contains many more PMMA units. In addition, we believe
that there are other two possible reasons for the big difference
in binding degree i between P(MAA-co-MMA) and the
copolymer of partially neutralized PAA: (1) the decrease in
apparent dissociation constant of PAA by crosslinking and
(2) the local concentration effect of PEG near the P(MAA-
co-MMA) network.

Conclusion

The contraction of P(MAA-co-MMA) gel immersed in PEG
solution occurs in a different way from that of PAA or PMAA
gels. The obtained results show that the relative mass of
P(MMAA-co-MMA)/PEG complex slightly increased with
increasing pH value. With increasing Cp of PEG solution,
the u value increases simultaneously. However, no excess
PEG is observed in the P(MAA-co-MMA)/PEG complex,
even when Cp reaches 40 wt-%. The u value is the highest at
MW = 8000 and gradually decreases with increasing molecu-
lar weight of PEG. The hydrophobicity of network gels also
plays an important role in driving the formation of complex
inside the gel network.
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