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Electrostatic stretching of grafted maleic acid copolymer
chains
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Abstract. We report on the swelling behaviour of thin maleic acid copolymer films in dependence of pH and ionic strength.
The response of the polymer films was studied by quartz crystal microbalance with dissipation monitoring. It was found
that solution’s pH and ionic strength can be separately used to adjust the swelling of the maleic acid copolymer films. While
the pH affects the degree of dissociation of the maleic acid groups, ionic strength triggers the interaction of the resulting
charges along the polymer chains. The dominance of electrostatic interactions in the system was obvious from the maximal
extension of the grafted polymer chains at very low ionic strength. Tuning the expansion of grafted polymer chains by pH
and ionic strength can be utilized in various applications of biointerfacial research to adjust the physicochemical properties
of polymer thin film coatings.
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1. Introduction physical adsorption of biomolecules with different
Maleic acid copolymer films are versatile polymer anchorage strength [1, 3, 5].
platforms [1] that can be applied to study many The kinetic and static swelling of maleic acid
aspects in biointerfacial science such as blood com-  copolymer films in phosphate buffered saline
patibility [2], protein adsorption [3], cell and tissue  (pH 7.4 and pH 3) was subject of an earlier study
engineering [4, 5], and supported lipid bilayer [7]. It was found that the different time stages of
membranes [6]. This versatility stems from several —swelling could be described according to polymer
facts: the maleic anhydride is highly reactive theory [8] of free polymer chains pointing to a very
towards primary amines and alcohols, the maleic low number of grafting points per polymer chain.
acid functionalities can be reversibly converted into  The low number of grafting points was also sup-
maleic anhydride moieties, and the density of anhy-  ported by the observed scaling laws in dependence
dride moieties can be adjusted by the choice of the on molecular weight of the polymer chains at high
comonomer [1]. The reactivity of the anhydride and low pH. These scaling laws correlated very
groups offers exciting options for the covalent well to swelling of free polymer chains in good and
attachment of proteins and other biomolecules bad solvent conditions [9, 10]. An intermediate
while the hydrolyzed copolymers allow for the swelling step was found to be affected by the chem-
ical conversion of the maleic anhydride to the

*Corresponding author, e-mail: pompe-tilo@ipfdd.de
© BME-PT and GTE

33



Renner et al. — eXPRESS Polymer Letters Vol.3, No.1 (2009) 33-38

maleic acid moieties which accelerated the
swelling kinetics. The swelling kinetics of polymer
films readily accounted for the variation in
hydrophilicity and polarity of the polymer chains
due to the variation of the comonomer and were in
excellent agreement with swelling studies of maleic
anhydride copolymers in solution [11].

The response of the copolymer films to varying
properties of aqueous environments is of crucial
importance for intended further applications in
biointerfacial science [14]. In addition to the varia-
tion of the pH changes of the ionic strength often
occur and need to be considered when applying
thin polymer films e.g. in biosensor devices to gain
the optimum activity of immobilized enzymes
within a copolymer-supported lipid bilayer mem-
brane. Therefore we set off to address the question
how maleic acid copolymer films swell at varied
ionic strength. The swelling behavior was analyzed
for buffer solutions across a broad range of differ-
ent ionic strength at pH 7 using a quartz crystal
microbalance with dissipation monitoring. The
observed layer thickness changes revealed an elec-
trostatically driven expansion of the grafted poly-
mer chains causing almost fully stretched polymer
molecules at the conditions of maximum repulsion.

aminosilane
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b)
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2. Experimental section
2.1. Polymer thin film preparation

Thin films of poly(propene-al/t-maleic anhydride)
(PPMA) (Leuna-Werke AG, Germany) (MW
6 000, 0.06%) and poly(ethene-alt-maleic anhy-
dride) (PEMA) (Aldrich, Munich, Germany) (MW
125 000, 0.1-0.3%) were produced by spin-coating
(RCS5, Suess Microtec, Garching, Germany)
copolymer solutions in methylethylketone (Fluka)
or THF/acetone (Acros Organics, Geel, Belgium)
mixture with a ratio of 1:1, respectively, on top of
quartz crystals (Q-Sense AB; Gothenburg, Swe-
den) with 50 nm SiO2 coatings (GeSiM GmbH,
Dresden, Germany). Before polymer coating the
SiO, surface was freshly oxidized in a mixture of
aqueous solutions of ammonia (Acros Organics,
Geel, Belgium) and hydrogen peroxide (Merck,
Darmstadt, Germany) and were subsequently sur-
face-modified with 20 mM 3-aminopropyl-tri-
ethoxy-silane (ABCR, Karlsruhe, Germany) in
isopropanol/water (9:1) for 2 h prior to spin-coating
of the copolymer solutions to allow a covalent
attachment of the thin copolymer films. Stable
covalent binding of the polymer films to the crys-
tals was achieved by a heating step at 120°C for
2 h. To adjust the grafting density of PEMA chains

0. _0__0O HO  OH
+H,0 o= lo]
HC—CH-CH-CH; HC—CH-CH-CH;
R +120°C, 2h R
n
n
maleic anhydride maleic acid
R=H ethene
R=CH, propene

Figure 1. Schematic view of the covalently immobilized maleic acid copolymer layers (a), the reversible hydrolysis
between maleic acid and anhydride functionalities (b). The side chains R vary with the type of comonomer unit

(propene or ethene) (c).

Table 1. A summary of maleic anhydride copolymer film properties taken from [1, 7]

PPMA PEMA
RMS roughness! 0.34 nm 0.8 nm
thickness? pH 3 (0.5 nm) (hydrolyzed) 20 nm 45 nm
COOH group surface density3 7-1014 cm2 1.2-1015 cm2
water contact angle* (3 deg) 38° 26°
isoelectric point> (1 mM KCI) 1.9 1.9

ldetermined by scanning force microscopy; Zellipsometry measurements; *determined by XPS after methionine amide conversion;
4measurement of hydrolyzed copolymer surfaces; Selectrokinetic measurements
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the PEMA solution concentrations were adjusted to
0.03, 0.1, and 0.3%. The polymer films were thor-
oughly characterized with respect to water contact
angle, film thickness, surface roughness, and chem-
ical composition in dry and wet conditions, as
recently published [1, 7]. A schematic of the poly-
mer platform is given in Figure 1. Important film
properties are summarized in Table 1.

2.2. Quartz Crystal Microbalance with
Dissipation Monitoring (QCM-D)

Swelling studies were performed on a QCM-D 300
(Q-Sense AB) with dissipation monitoring. The
method is described in detail elsewhere [12]. In
short, frequency changes are directly correlated to
mass changes. Dissipation is attributed to dissipa-
tive energy losses of the attached layers on an oscil-
lating crystal surface. The frequency and dissipa-
tion data were fitted to the Voigt-Voinova model to
calculate the corresponding thickness changes [13].

2.3. Swelling studies

To test the influence of different ionic strengths and
pH on the thickness of polymer films distinct solu-
tions have been applied. The substrates have been
immersed in HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) buffer in order to change
the ionic strength, HEPES buffer (pH 7.2) was
diluted 1:10 (10-! HEPES), 1:100 (10-2 HEPES), or
1:1 000 (103 HEPES) at room temperature.
Swelling of the thin copolymer films was further
determined in dependence on the solution’s pH
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using phosphate buffered saline (PBS) at pH 7.4
(Sigma, Munich, Germany) or unbuffered saline
solution at pH 4 using the same ionic strength.

3. Results and discussion

QCM-D measurements on PPMA and PEMA poly-
mer films in aqueous solutions were performed to
unravel the influence of pH and ionic strength of
buffer solutions on the swelling of the polymers. As
found in earlier studies [14] switching from low pH
(pH 4) to high pH (pH 7) increases the charge den-
sity along the polymer chain due to an increased
dissociation of the carboxylic acid groups. The
charged moieties on the polymer chains are
shielded by counterions in the solution over dis-
tances (Debye screening lengths) that exponentially
decrease with increasing ionic strength of the solu-
tion. Therefore, we expect a substantially stronger
electrostatic repulsion between charged polymer
chains at lower ionic strength. It is furthermore
hypothesized that the increased electrostatic repul-
sion between the negatively charged carboxylic
acid groups should affect the balance between elec-
trostatic and entropic forces of the polymer chains.
Infinitely small solution concentrations of ions
cions — 0 may lead to a maximum extension of the
polymer chains.

This hypothesis was scrutinized by QCM-D experi-
ments. The effect of ionic strength variations is
demonstrated on hydrolyzed PPMA and PEMA
films (Figure 2a and 2b, respectively). The corre-
sponding thickness values are listed in Table 2 and
given in Figure 3. The data show a minor decrease
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Figure 2. QCM-D measurements on (a) 0.06% PPMA and (b) 0.1% PEMA films depending on pH and ionic strength.
The conditions have been varied in the following order: (1) swelling in PBS pH 7.4, (2) pH 4 solution, (3)
HEPES buffer pH 7.2, (4) 10x diluted HEPES, (5) 100x diluted HEPES and (6) 1 000x diluted HEPES. After
each step the solution was recalibrated with HEPES buffer (solution 3).
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Table 2. Thickness variations of copolymer films PPMA and PEMA with various grafting density in dependence of pH and
ionic strength of the solution. For the study of the influence of ionic strength HEPES buffer was diluted
10x (HEPES 10x), 100x (HEPES 10x), and 1 000x (HEPES 1 000x)

Thickness [nm]

Polymer Film PBS pH 4 HEPES HEPES 10x HEPES 100x | HEPES 1 000x
PPMA 0.06% 9 7 9 12 14 14
PEMA 0.03% 12 8 6 8 14 14
PEMA 0.1% 34 28 28 36 40 40
PEMA 0.3% 170 137 150 175 212 225

in the film thickness occurring upon changing from
pH 7.4 (PBS) to pH 4 (unbuffered saline solution).
This is in excellent agreement with scanning force
microscopy data reported earlier [7]. Both pH solu-
tions closely resembled each other with respect to
ion concentration and ionic strength. Hence, the
change in the layer thickness can be attributed to
the partial protonation of the carboxylic acid
groups. As reported in an earlier study [14] the pK,
values of the two adjacent carboxylic acid groups
of maleic acid (pK,1 =3 and pK., = 7) explain an
only partial dissociation of the acidic groups at
pH 4. Therefore, the electrostatic repulsion along
(and between) the grafted polymer chains is low-
ered at pH 4 which leads to the reported change
from good solvent conditions to bad solvent condi-
tions [7].

The impact of electrostatic repulsion on the
swelling of the thin polymer films was further
shown by changing the ionic strength of the buffer
solution. This was accomplished by diluting the
HEPES buffer. When changing from PBS to
HEPES buffer a slight change in thickness was
observed at first, which was attributed to the differ-
ent electrolyte compositions of the two buffer solu-
tions. The dilution of HEPES buffer led to sudden
and significant thickness increases (Table 2). Inter-
estingly, the change from 100x dilutions to 1000x
dilution did not lead to a further increase in the film
thickness, which points to a saturation behaviour:
The stretching of the grafted polymer chains was
already maximized at the ionic strength of 100x
buffer dilution and the repulsive electrostatic inter-
actions fully overwhelm the entropic contributions.
In earlier studies [1, 7] PEMA films spin coated
from 0.3% solutions and PPMA films from 0.06%
solutions, respectively, were concluded to contain
polymers with very few grafting points per chain
only. At these concentrations the grafting-to
process occurring during spin-coating resulted in

the highest possible packing density with singular
grafting points per polymer chain to the substrate.
Thus, the layer thickness data of the swollen films
can be compared with a theoretical chain length of
the polymer molecules. The contour length of an
ideal polymer chain with the number of repeating
units N (compare Table 1) can be calculated with
simple geometrical considerations Dy =
N-l-cos(6/2) assuming no steric hindrance between
the polymer chains [15]. For PEMA with a molecu-
lar weight of 125 000 and PPMA with a molecular
weight of 6000 this would lead to a maximum con-
tour length Dy of 506 and 22 nm, respectively,
assuming a distance of 1.54 A and a tetrahedral
bond angle of 6 = 68° between C—C bonds [16].
The maximum thickness values of the swollen
polymer films correspond to almost one half of the
length of a fully stretched polymer chain. As
pointed out earlier the polymer chains in the
reported case are grafted by very few grafting
points to the surface. An estimation for one grafting
point per chain which is randomly distributed along
the chain would exactly give a mean effective chain
length of the grafted chains of one half of the calcu-
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Figure 3. Thickness of the PEMA polymer films as a
function of the polymer solution concentration
during spin coating (resulting in varied grafting
density), the applied pH, and ionic strength
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lated fully stretched polymer chain. Hence, our
findings clearly indicate that electrostatic repulsion
determines the polymer chain conformation result-
ing in fully stretched chains at low ionic strength
and high pH values. The results furthermore con-
firm the very low density of grafting points per
polymer chain.

This interpretation is supported by the measure-
ments of polymer films prepared out of different
spin-coating concentrations. As found earlier [7]
the decreased concentration of polymer chains in
the solution leads to a larger available space for the
adsorbed molecules on the substrate surface during
the spin-coating process. The higher spreading of
the adsorbed molecules was found to increase the
number of grafting points per polymer chain.
Hence, it is expected that the effective free chain
length which can expand upon swelling should be
lowered. Our results of the PEMA film swelling at
low ionic strength perfectly match with this expec-
tation, see Table 2. While the maximum layer
thickness was significantly lower than for the high-
est spin-coating concentration it was again found
that in HEPES buffer diluted more than 100x the
film swelling does no longer increase pointing to
the maximum possible stretch of the polymer
chains.

4. Conclusions

In this work different maleic acid copolymer films
were analyzed regarding their swelling behaviour
in dependence on grafting density and solvent
interactions. In aqueous solutions around neutral
pH the maleic acid functionalities are completely
de-protonated leading to a high charge density
along the polymer chain. Because of that electro-
static repulsion governs the stretching of the
grafted polymer chains resulting in a full expansion
at low ionic strength. In this context the grafting
density of polymer chains on the substrate (affect-
ing the number of grafting sites per chain) modu-
lates the swollen film thickness by variation of the
effective free polymer chain length. The reported
findings extend our knowledge about important
structural characteristics of a versatile set of poly-
mer grafted surfaces.
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