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Surface modification of polymers using cationic polyelectrolyte solutions*
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Surface modification of polystyrene and Nafion™ films with a cationic polyelectrolyte
poly(diallyldimethylammonium chloride), or PDADMAC, through adsorption of the
polyelectrolyte from its aqueous solutions was studied. It was established that the
PDADMAC adsorption layers strongly adhere to the polystyrene films, thus hydrophiliz-
ing their surface. Attempts to modify the surface of Nafion™ films revealed that PDADMAC
is localized in channels of the swollen polymer film without any noticeable effect on the

characteristics of the film surface.

Key words: Nafion™, polystyrene, wetting, adsorption, modification, polyelectrolyte,

surface energy.

Modification of solid surfaces with surfactant
adsorption layers is widely used to control wetting
and adhesion in many technological processes. One
of the most important colloid chemistry methods for
changing these properties is based on adsorption of
surfactants from solutions on the surface solids. The
adsorption layers change the surface properties of
materials by imparting them a necessary degree
of surface hydrophilization or hydrophobization.!
Measurements of the contact angles of various liquids
on the modified surfaces allow one to calculate
various physicochemical characteristics, e.g., the
roughness factor, the surface coverage, the specific
free surface energy, the interfacial energy at the
solid—solution interface, and to compare the results
obtained with the corresponding parameters of un-
treated surfaces.?

Modification of high-energy solid surfaces in-
volves strong immobilization of surfactant molecules
on substrates. This can be done by either chemical
bonding of surfactants with the surface3 or physisorp-
tion. In the latter case the adsorbate—adsorbent bond
can be comparable in strength with chemical bond-
ing depending on the type of intermolecular interac-
tions.4 Monolayer coverage of the surface with an

* Based on the materials of the XVIII International Research
and Development Conference "Novel Polymeric Composites.
Mikitaev Readings" (July 4—9, 2022; p. Elbrus, Kabardino-
Balkarian Republic, Russia).

adsorption layer causes hydrophobization of the
initially hydrophilic substrate. An increase in the
surfactant concentration can be followed by the
formation of a bilayer which is not strongly bound
to the monolayer and can be removed with ease from
the surface by, e.g., washing the sample. A particular
position is occupied by the modification of high-
energy surfaces (metals, quartz, glasses) with
self-assembling monolayers (SAMs) of thiols and
disulfides® as well as organosilicon compounds.®
Chemisorbed (covalently bonded) modifier mole-
cules form ordered structures that are strongly ad-
hered to the surface. Adsorption is performed from
solutions or from the vapor phase and can involve
variation of the modifier concentration and the time
of its contact with the surface. The surface properties
of substrates can be finely tuned depending on the
nature of the terminal functional groups in the
modifier molecules. For instance, by coating the
surface of gold with thiol and disulfide SAMs one
can go from the high-energy surface of the un-
treated substrate (e.g., gold with the surface energy
ogy = 1650 mJ m~2) to the SAM-covered surfaces
that simulate low-energy surfaces, e.g., Teflon™,
paraffin, polyimides, and polycarbonates with the
surface energy ogy = 18—40 mJ m—2.3
Modification of low-energy (hydrophobic) sur-
faces with adsorption layers of low-molecular-weight
surfactants affords hydrophilized substrates; however,
the adsorption layers are loosely bound to the surface
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and can be completely removed upon washing in
water. This also holds for nonionic high-molecular-
weight surfactants, e.g., Pluronics®; however, their
adsorption layers stabilize polymer suspensions un-
der the conditions of heterophase polymerization.”

Adsorption layers of high-molecular-weight sur-
factants, e.g., natural polyelectrolytes (proteins),
strongly adhere to both high- and low-energy sur-
faces, thus being universal modifiers of solid surfaces.
Specific features of their modifying action are due
to the presence of hydrophilic and hydrophobic frag-
ments in the protein macromolecule. It was demon-
strated that hydrophilic substrates covered with
protein adsorption layers become water-resistant
while hydrophobic substrates are hydrophilized.8 The
modifying action of gelatin, a-chymotrypsin, and
bovine serum albumin has been best studied. Gelatin
was shown to be the best modifier of solid surfaces
of different nature, especially, when its macro-
molecules adopt a coil conformation.

Synthetic polyelectrolytes have been less studied
as modifiers of solid surfaces. It was reported that
modification of Teflon™ with solutions of polyacrylic
and polymethacrylic acids® was followed by irrevers-
ible adsorption of the modifiers and by weak hydro-
philization of the polymer surface. The modifying
action of polyelectrolytes in regard to polymeric
materials is of undoubtful interest because these
substances are widely used in various practical ap-
plications (e.g., biomedicine and membrane tech-
nologies) and seem to be rather promising for solving
particular problems. Indeed, polymers are used as
biocompatible materials for, e.g., manufacturing of
implants and auxiliary medical facilities.!® Such
materials must meet severe requirements, viz., they
should be stable, bioinert, and nontoxic, as well as
possess stable mechanical properties under operating
conditions. All these factors are traditionally referred
to as "biocompatibility of polymeric materials", i.e.,
the ability of a material to exist in contact with
a biological medium without being harmful or toxic.

To a first approximation, a material is suitable for
medical purposes if the contact angle of water on its
surface is nearly 60°.10 Most polymers are hydro-
phobic compounds, therefore, various methods are
used for hydrophilization of their surface. These
include grafting of hydrophilic monomers, partial
oxidation of the surface, modification with lipids,
poly(ethylene glycol), efc.1! Surface modification of
polymers with polyelectrolytes aimed at solving the

problem of biocompatibility of materials was not
carried out so far.

In the development of criteria for biocompatibil -
ity!2 it was revealed that the behavior of the polymer
in the biological medium is governed by the equilib-
rium interfacial energy at the polymer—water inter-
face (Ogw(w)) which should be close to the cell—blood
plasma interfacial energy (1—3 mJ m~2).12 This ap-
proach takes into account (i) structural rearrange-
ment of the surface of the material due to conform-
ational lability of polymer chains in the surface layer
in the case of long-term contact with the biological
medium, (ii) the fact that no proteins are adsorbed,
and (iii) retention of the mechanical properties of
the polymer. However, polymeric materials used in
medicine are characterized by a wider range of agww)
values. Namely, a polymer can be treated as biocom-
patible one even at ogyw) ~ 1 mJ m~2 provided that
its mechanical properties deteriorate only slightly
and the material in not dispersed in the biological
medium.

Currently utilized surface modifiers (proteins,
phospholipids, Pluronics®) responsible for the throm-
boresistant properties of biomaterials!! are efficient
for certain polymers only. The range of such agents
can be extended using synthetic polyelectrolytes.

In this work we studied the modifying action
of poly(diallyldimethylammonium chloride)
(PDADMAC) in regard to the surfaces of two poly-
meric materials, viz., polystyrene (PS) and Nafion™
using an original procedure developed earlier!3 as
part or research into modification of various solid
surfaces with adsorption layers of classical low-
molecular-weight surfactants.
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Although PS is a widely used component of
materials for biomedical applications, it is charac-
terized by the interfacial surface tension values:
Osw(w) > 1—3 mJ m~2. Note that modification of
the PS surface with natural polyelectrolyte bovine
serum albumin does not cause these agyw, values
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to decrease.1? Therefore, it was of interest to answer
the question whether or not can this problem be
solved using a synthetic polyelectrolyte.

At present, Nafion™ is the most in-demand
membrane material which is widely used in various
modern technologies (separation of liquids and gases,
catalysis, fabrication of ion-selective membranes).
Unique chemical structure of Nafion™ provides not
only high chemical stability and mechanical proper-
ties of the polymer, but also high proton conductiv-
ity and high water uptake.!4 The transport properties
of Nafion™ membranes are modified using different
types of surfactants both during and after the fabrica-
tion step; 1% in the latter case, the finished membranes
are immersed into surfactant solutions.1é Although
numerous experimental data are available, the effect
of the nature of surfactants on the water uptake and
proton conductivity of Nafion™ membranes still
remains debatable; however, it was established that
modification of Nafion™ membranes with cation-
active surfactants can change their transport proper-
ties.17 The use of just a cationic polyelectrolyte for
these purposes is of specific interest.

Experimental

Fabrication of polymer films. Polystyrene (Federal
Research Center of Problems of Chemical Physics and
Medicinal Chemistry, Russian Academy of Sciences) and
Nafion™117 (Sigma—Aldrich) were used. The character-
istics of PS were as follows: the weight-average molecular
weight M, = 4.3- 104, the weight-average-to-number-
average molecular weight ratio M, /M, = 2.1, and the
residual amount of monomer was 0.2—0.3%. The char-
acteristics of Nafion™ 117 are as follows: the equivalent
weight EW = 1100 g mol~! and the density p=1.5gcm™3.
Polystyrene films were cast from a 0.5% solution of PS
in toluene onto a solid substrate. Nafion™ films were
fabricated using a 5% solution of the polymer in aque-
ous solutions of aliphatic alcohols with the density
p = 0.874 g cm—3. The advancing and receding contact
angles of water on the surface of the PS films measured
after evaporation of the solvent were 6, = 86° and 6, = 84°,
respectively. A small contact angle hysteresis (A6 =6, —6,)
of 2° suggests that the PS film surfaces are rather uniform.
The Nafion™ films were also characterized by a small
contact angle hysteresis (A6 = 0, — 0, = 83° — 80° = 3°).
The thickness of the PS and Nafion™ films determined by
the piezoelectric microbalance (PM) method!3 was 200 nm
and 1.5 um, respectively.

Surface modification of polymer films. The surface of
polymer films was modified with poly(diallyldimethyl-

ammonium chloride) (PDADMAC, Wako Chemicals)
with M=10°, EW=161.7 gmol™!,and p=1.22 gcm3.
Solutions (pH 6.5) containing from 0.1 to 1.0% of the
cationic polyelectrolyte were prepared by diluting the
starting 20% aqueous PDADMAC solution.
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The surface modification of the PS films was performed
as follows. The films were kept in the PDADMAC solu-
tions for 30 min, dried, and the amount of the polyelec-
trolyte adsorbed on the surface of the films was measured.
Then, the films were washed with water, dried, and the
amount of adsorbed PDADMAC was measured again. The
advancing and receding contact angles of water on the
surface of the PS films were measured in all stages of the
experiment.

Nafion™ membranes are characterized by high water
uptake.!8 Therefore, the surface modification of the poly-
mer films was preceded by measurements of their water
absorption (W (%)), that is, the ratio of the weight of
water in the swollen membrane (m,,) to the weight of the
dry film (mgy)

W= [(myer — Myry)/Mgryl * 100. (1)

as function of the duration of film contact with water.

The Nafion™ films were kept in water for 2—48 h,
dried, and the water absorption was calculated. Based
on the results obtained, samples fully saturated with
water were selected for further experiments. The selected
Nafion™ films were modified by keeping them in
a PDADMAC solution with C = 3.5-10~> mol L~! for
a certain time. Then, the films were washed in water, dried,
and the residual amount of adsorbed cationic polyelectro-
lyte was determined. We also carried out experiments with
the films which were not preliminarily brought in contact
with water.

The quartz crystal microbalance (QCM) method. The
amount of PDADMAC adsorbed on the polymer surface
was determined following a procedure we have developed
earlier.13 It involves measurements of (i) the amount of
substance adsorbed on the polymer surface using the same
samples film by the highly sensitive QCM method and (ii)
the contact angles of various fluids in order to control the
formation of adsorption layer on the solid surface (deter-
mination of the preferred orientation of molecules in the
adsorption layer and the specific free surface energy of the
modifier layers). The QCM method is a direct gravimetric
method based on the dependence of the eigenfrequency
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(f) of the quartz resonator (sensor) of a microbalance on
the amount of substance (m) supported on the resonator
surface!?:

Af=—c; +Am, 2)

where Af'is the frequency shift (Hz), c;is the weight sen-
sitivity coefficient, which depends on the properties of the
quartz crystal and on the resonator eigenfrequency (fy),
and Am is the change in the weight per unit area (g cm~2)
of the electrode surface.l® High sensitivity of the QCM
method (to 10~12 g) allows one to measure the adsorption
values at low solution concentrations. This method was
used to measure the adsorption of surfactants on solid
surfaces and its correctness was confirmed by other relev-
ant techniques.4

The sensor of the microbalance is a thin disk-shaped
quartz crystal (d = 5—16 mm) coated by thermally sprayed
metal (gold, silver, aluminum, chromium, and platinum)
electrodes on both sides. The weight-sensitive region of
the quartz disk matches the surface of the electrode. In
this work we used AT-cut quartz crystals with an eigen-
frequency, f; of 5 MHz andsilver electrodes 200 nm thick.
The weight sensitivity coefficient of the quartz crystal was
cp=56.75+10° Hz cm? g—1.13

To determine the adsorption, the eigenfrequency (f;)
of the quartz crystals was first measured. Next, the resona-
tor surface was coated with the polymer film, dried to
remove the solvent, and the oscillation frequency (f;) was
measured. The film thickness was calculated using the
frequency shift Af = f; — £, and the known values of the
polymer density. Then, the quartz crystals coated with the
films were kept in PDADMAC solutions, washed in water
(3%50 mL), dried in air for 24 h, and the oscillation fre-
quency (f;) of the quartz crystals coated with the polycation
adsorption layer was measured. The amount adsorbed
(I, g cm™~2) was calculated by the equation:

I'=—1.76Af-10-8, 3)

where Af = f, — f].

The quartz crystal oscillation frequency was measured
using a Ch3-54 electronic frequency meter (Electropribor,
Russia) in a thermostatted chamber at 20 °C with an ac-
curacy of =1 Hz. The error in the determination of adsorp-
tion was 1078 g cm—2.

Determination of the surface characteristics of polymer
films. Rather large surface area of the quartz crystal elec-
trodes (~0.5 cm?) allows one to measure the contact angles
which provide information on the state of the solid surface
(degree of surface coverage with the adsorption layer,
preferred orientation of molecules in the adsorption layer,
specific free surface energy of the modifier layers)2? using
the same samples.

The contact angles were measured under the advanc-
ing (0,) and receding (6,) conditions. In the former case,
a water drop was released from a microsyringe onto the
surface. In the latter case, an air bubble approached the
surface immersed in water. The measurements were carried
out in closed cells at room temperature for 2—3 drops
(bubbles). The volume of the drop (bubble) was 2 uL.

The specific free surface energies (ogy) of the starting
polymer films and those of the films modified with the
polycation adsorption layers were calculated with inclusion
of the contributions of the dispersion (09y) and non-
dispersion (oPgy) components ogy = odsv + oPgy (see
Ref. 21) using the molecular theory of wetting in the
Owens—Wendt—Calbley approximation.22 The calcula-
tions were performed using the advancing contact angles
0; and 0, of the test fluids (water (8;), hexadecane, or
methylene iodide (8,)), the known values of the surface
tension oy y(jy and Oy y(y) (subscripts “1" and "2" stand for
water and organic fluid, respectively), and the values of
the dispersion 09}y and polar 6Py, components23 (Table
1). The accuracy in determination of the surface energy
(ogy) was £0.8 mJ m~2. Calculations for pairs of fluids,
H,0/CH,l, or H,O/hexadecane, were carried out by
solving the system of equations (4):

opy(l + cos0)) = 2(0%Ly(1)0%sy) /2 + 2(0Py(1)0Psy) /2
4)

opv(1 + c0s0,) = 2(091y(2)0%V)!1/2 + 2(PLy(p)0Psy) /2

This approach is widely used to determine the surface
energy of solids, surfactant adsorption layers on solid
substrates, SAMs of organic molecules on solid surfaces,2?
and organic films.24

The equilibrium polymer—water interfacial energy was
calculated following E.Ruckenstein using the results of
measurements of the advancing and receding contact
angles and selective wetting.12:25 The receding contact
angles of water were measured under water using an air
bubble (Byw) and an octane drop (Bgw) brought to the
surface of a sample which was preliminarily equilibrated
in water for 24 h.12

Table 1. Surface tension of test fluids (o)
determined with inclusion of the contribu-
tions of dispersion (04} y) and polar (cP| y)

components

Fluid OLy O'dL\/ OpLV
mJ m2

H,0 72.6 21.8 50.8

CH,l, 50.8 48.5 2.3

Hexadecane 27.6 27.6 ~0
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Table 2. Adsorption of PDADMAC (/) on the surface of polystyrene films and the con-
tact angles (0,) of water on the modified surface

C(%) —Af/Hz TI-10°/molm=2 @,/deg —Af/Hz TI-10%/mol m~2 9,/deg
before washing after washing
0.1 149 0.26 80 69 0.12 80
0.2 244 0.43 70 95 0.17 75
0.4 265 0.47 65 99 0.18 72
0.5 306 0.54 61 110 0.19 70
0.8 354 0.62 55 120 0.21 68
1.0 400 0.71 56 133 0.23 68

Results and Discussion

Large differences between the amounts of
PDADMAC adsorbed on the PS films before and
after washing in water (Table 2, Fig. 1) suggest that
a considerable proportion of the polycation modifier
layer is removed from the polymer surface upon
washing.

A comparison of the contact angles of water on
the untreated and on the modified surfaces of the PS
films also showed that a firmly adhered polycation
adsorption layer is present on the surface even after
washing in water. These results agree with the pub-
lished data,8 according to which macromolecules of
the first polyelectrolyte layer are strongly and irre-
versibly adsorbed on the solid surface with retention
of the ability to change their conformations. The
bonding of macromolecules with the polymer sur-
faces is driven by hydrophobic interaction, being
essentially entropic in nature.26

At C > 0.1%, the amount of adsorbed substance
depends only slightly on the concentration of

I+10%/mol m—2
0.8 |

0.6

0.4

0.2

0.2 0.4 0.6 0.8

C (%)

Fig. 1. Adsorption isotherms of PDADMAC on polystyrene
surface: no washing (/) and after washing (2) of samples in water.

the modifier solution, being on the average equal
to I' = 0.2-10% mol m~2, which corresponds to
a PDADMAC adsorption layer thickness of 19.3 nm.
This value is close to the size of the PDADMAC coil
in 0.5 M NaCl solution (R, = 11 nm),27 being con-
sistent with the assumption that the size of polyelec-
trolyte coils in the adsorption layers at different in-
terfaces and in solutions decreases as the ionic
strength increases.

Surface modification of PS films with the
PDADMAC adsorption layers is accompanied by
hydrophilization of the starting film (Table 3). The
surface energy of PS calculated using the experimen-
tal contact angle values of the test fluids (H,O and
CH,l,) is in good agreement with the published
data.?3 Surface modification with the PDADMAC
adsorption layer causes the ogy value to increase
owing to an increase in the polar component of the
surface energy. It follows that the outer part of the
modifier layer is enriched with polar groups.

The surface area ratio of the polar and nonpolar
regions on the surface of the PDADMAC modifier
layer can be calculates using the theory of wetting of
heterogeneous surfaces.? Since the surface is made

Table 3. Contact angles (0) of test fluids (H,O and CH,I,) and
the energy characteristics of polystyrene (o) after 24 h of contact
with water and with PDADMAC solutions

Surface 0, 0, 0 ogy oy oPgy
deg mJ m2

PS 86 84 32 43.6 422 1.4

PS¢ 83 80 30 442 42.1 2.1

PS + PDADMAC 68 65 25 48.2 40.1 8.1

PS + PDADMAC* 65 56 20 50.5 41.2 93

4 H,0.

b CH,1,.

¢ After equilibration in water for 24 h.
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up of regions with different wettability, the equilib-
rium contact angle 0 is determined by the Rebinder—
Cassie—Baxter equation:

cosO = x cosO; + (1 — x) cos,, (5)

where x and (1 — x) are the fractions of the surface
area occupied by the Type-1 and Type-2 regions,
respectively, while 68, and 0, are the contact angles
of water on the uniform Type-1 and Type-2 regions,
respectively.

The adsorption layer which completely screens
the surface of PS films contains both polar (hydro-
philic) and nonpolar (hydrophobic) groups. Assume
that the polar regions are completely wetted with
water, i.e., 0; = 0 and cos®; = 1. The contact angle
of water on the nonpolar regions formed by hydro-
carbon radicals is the same as that on paraffin, i.e.,
0, =105° and cosB, = —0.26. The contact angle of
water on the modified surface 6 = 68° and cos6 = 0.37
(see Table 2). From Eq. (5) one gets x = 0.58, i.e.,
58% of polar groups of the polycation are arranged
in the outer part of the modifier layer.

Note that equilibration of the PS films in water
for 24 h has little effect on the energy characteristics
of the film surface (see Table 3). It follows that the
conformational lability of PS macromolecules brought
in long-term contact with water is low and no struc-
tural rearrangements occur in the near-surface layer
of the polymer.

The surface tension of the water-equilibrated
polymer surface at the interface with the aqueous
phase, Ogw(w), Was calculated using the experimen-
tal values of the contact angles, namely, Oyyw = 80°
and Oy = 145° for the untreated surface of PS films
and Oy = 56° and Oy = 135° for the PDADMAC-
modified surface of PS films. Surface modification
of the PS films with the polycation causes the O'SW(VQ
value to decrease from 18.3mJ m—2 (PS) to 3.4 mJ m~
(PDADMAC-modified PS). Thus, the PDADMAC-
modified PS can be recommended for further studies
as a material for biomedical applications.

The content of water in the Nafion™ membrane
reaches a constant value at equilibration times (7)
longer than 24 h (Table 4, Fig. 2). The water uptake
W calculated from Eq. (1) is 44%, which agrees with
the published data.28 A study on the kinetics of
PDADMAC sorption by water-saturated Nafion™
membranes showed that the amount of the polycation
increases with increasing time of membrane contact

Table 4. Kinetics of water and PDADMAC absorp-
tion by the Nafion™ film

t/h Amount in Nafion™ film/+ 10~% mol
H,0 PDADMAC*

0.5 —

1.0 —

2.0 0.37 0.020

4.0 1.10 0.035

6.0 1.40 0.040

12.0 1.80 0.038

18.0 2.10

24.0 2.40 0.120

40.0 2.50

48.0 2.40 0.120

*Nafion™ films were preliminarily equilibrated in
water for 24 h.

with the PDADMAC solution and reaches a constant
value after 12 h (Table 5).

The Nafion™ films modified with the PDADMAC
solution for 24 h were not preliminarily kept in water.
It was established that the amount of the polycation
in the bulk of such films is six times lower than in the
films preliminarily brought in contact with water,
being equal to 0.02+10~% mol after 24 h; note that
one had W= 19% at that time. One can assume that
PDADMAC is sorbed in the near-boundary Nafion™
layers and blocks the sulfonic groups in the perfluor-
inated matrix of the polymer, thus reducing the
water uptake and, therefore, the proton conductivity.
This follows from a comparison of the size of the
"squeezed" PDADMAC coil with the pore size in the
Nafion™ film brought in contact with aqueous solu-
tion, namely, from 20 nm (see Ref. 29) to 100 nm

N-108/mol
2.5 Q
2.0
1.5
1.0
0.5
, ®
0 10 20 t/h

Fig. 2. Amount of water (/) and PDADMAC (2) absorbed by the
Nafion™ film as function of modification time (7).
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Table 5. Contact angles of the test fluids H,O (6,) and
hexadecane (6,) as functions of the duration of contact
of the Nafion™ films with water and the calculated
values of the polar (ogP) and dispersion (ogy4) compo-
nents of the surface energy (ogy) of these films

t/h 0, 0, odgy  oPgy Osy
deg mJ m—2
0 83 35 22.8 6.7 29.5
0.5 82 35 22.8 7.1 29.9
1.0 82 35 22.8 7.1 29.9
2.0 80 35 22.8 8.1 30.9
4.0 58 18 26.8 19.7 46.5
6.0 52 18 23.3 23.7 50.0
12.0 53 18 23.3 23.0 49.3
24.0 53 18 26.3 23.0 49.3
40.0 52 16 26.5 23.6 50.1
48.0 53 16 26.5 22.9 49 4

(see Ref. 30) depending on the degree of swelling of
the film. Nevertheless, localization of PDADMAC
in the bulk of the film cannot be excluded too, espe-
cially, in the case of long-tern contact with aqueous
polyelectrolyte solutions. A comparison of the size
of the "squeezed" PDADMAC coil with the size of
channels in the swollen Nafion™ film suggests an
anchoring mechanism of the polyelectrolyte coil
immobilization in the bulk of the film. Thus, pre-
liminary swelling of the Nafion™ membranes in
water provides a higher sorption of PDADMAC.

Bringing Nafion™ films in contact with water
leads to saturation of the polymer and the surface
layer of the membrane with water. The specific free
energy increases owing to an increase in the polar
component ogyP (Table 6).

A comparison of the contact angles of the test
fluids on the Nafion™ films kept in water and in the

Table 6. Contact angles of the test fluids H,O (0,) and
hexadecane (0,) and the energy characteristics of the
surface of the PDADMAC-modified Nafion™ film pre-
liminarily equilibrated in water for 24 h

#/h 0 0, odgy  oPgy Osy
deg mJ m2

2 52 18 23.3 23.7 50.0

6 52 18 23.3 23.7 50.0

12 52 15 26.7 23.5 50.2

24 53 15 26.7 22,8 49.5

24b 55 18 26.3 21.7 48.0

4 Modification time.
b No preliminary equilibration in water.

PDADMAC solutions and the specific free surface
energies (0Ogy) calculated from Eq. (4) with inclusion
of the contributions of the dispersion (osvd) and
non-dispersion (0gyP) components allows one to
assume that the surface of the films is free from the
polycation (see Tables 5 and 6). This assumption is
qualitatively confirmed by the fact that the modified
Nafion™ film did not turn blue under the action of
the Bradford reagent.3!

Probably, such a different behavior of PDADMAC
in regard to modification of PS and Nafion™ films
is due to different character of the interaction be-
tween the polycation with the surface polymers
and, as a consequence, to the influence of some
other factors on the localization of the adsorbed
PDADMAC.

It was reported that at pH 7 and at concentrations
C > 0.01%, the polyelectrolyte macromolecules
represent coils (aggregates) and are adsorbed on solid
surfaces in just the same state as their state in solu-
tion.8 A convenient model for aggregates is provided
by a "brush heap" type branched structure where
macromolecules contact at random points.3% Strong
immobilization of the cationic polyelectrolyte on the
surface of a PS film is due to hydrophobic interac-
tions. However, the PS macromolecules can contain
carboxyl terminal groups that are formed upon
oxidation by the initiator and can contribute to
the surface charge.33 Indeed, the C-potential of
the PS surface in the range of neutral pH values is

~ —(40—60) mV. 34

The surface of Nafion™ films is characterized by
¢ = —5 mV (isoelectric point pH 8).35 In this case,
the low C-potential does not promote the interaction
between PDADMAC and the membrane surface. If
the contacting phases have different polarities, one
deals with physisorption of the polycation on the
surface of the Nafion™ film, but the modifier layers
are not tightly bound to the surface and can be
removed with ease by washing in water. Swelling
in water improves the transport properties of the
Nafion™ membranes and increases the affinity to
water owing to reorientation of sulfonic groups
toward the aqueous phase. Joint action of the con-
centration gradient and capillary forces promotes
diffusion of PDADMAC in the Nafion™ membrane.
An increase in the C-potential in the film microchan-
nels compared to the macroscopic surface of the film
due to an increase in the concentration of sulfonic
groups per unit area cannot also be ruled out.
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The results obtained showed that PDADMAC is
an efficient surface modifier of PS films. The poly-
electrolyte adsorption layers are strongly immobilized
on the surface of the PS films and equilibration of
the modified surface with water allows one to reach
a ogw(w) value of nearly 3 mJ m~2, which suggests
a potential biocompatibility of this surface.

In the case of Nafion™ membranes, PDADMAC
does not modify the surface, being incorporated into
the bulk of the polymer. The conditions were deter-
mined under which PDADMAC influences the
water uptake of the Nafion™ membranes, which al-
lows one to control the mass transfer across the
membranes to the aqueous medium.3! It should be
noted that modification with PDADMAC can be
a promising route to membranes for separation of
gas mixtures containing CO, using specific interac-
tion between the carbon dioxide molecules and the
polyionic complex.36 At present, data on the perme-
ability and separation of gases by polyionic mem-
branes are scarce; therefore, information on localiza-
tion of the modifier in the polymer film obtained in
this work is topical for modern membrane materials
science.
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