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ABSTRACT: An electrostatic self-assembly technique
was applied to prepare ion complex polymer layers on
polyacrylonitrile with acrylic acid segments {poly(acryloni-
trile-co-acrylic acid) [P(AN-co-AA)]}. For the ionic complex
layers, quaternary ammonium salts, such as cetyl trimethyl
ammonium chloride (CTAC) and tetramethyl ammonium
chloride (TMAC), were used as cationic species, and also,
poly(acrylic acid) (PAA) was used as an anionic species.
These cationic and anionic species were self-assembled
alternately on the surface of the P(AN-co-AA) membrane.
Fourier transform infrared spectroscopy, AFM, and water
contact angle measurements of the membrane surface
were used to confirm the formation of the multilayer com-
posites on the P(AN-co-AA). The permeabilities of water

and macromolecules of different molecular weights were
evaluated by a membrane filtration technique. The values
of permeability strongly depended on the formation layer
by layer of these ion composites on the base P(AN-co-AA).
Through the measurement of the values of the contact
angle of water, it was clear that surface nature of the base
membrane treated by CTAC or TMAC and PAA dramati-
cally changed. We concluded that such an electrostatic
self-assembly technique is useful for the preparation of
multicomposite layers to modify the surface of base P(AN-
co-AA) membranes. VVC 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 110: 3234–3241, 2008
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INTRODUCTION

For the preparation of composite membranes, dip
coating, spray coating, and spin coating are common
techniques in addition to interface polymerization,
filling polymerization, and plasma polymerization
on the surface of polymer membranes. However,
such procedures are complicated, and the surface
structures of the treated membranes are often uncon-
trollable. Multilayer composites made by electro-
static attraction is a technique for deposited
molecules and nanoparticles to form thin composite
layers on a solid substrate. Designated as an electro-
static self-assembly (ESA) technique, Decher and co-
workers1–4 proposed that such a technique easily
makes composite layers with a nanohierarchy struc-
ture. For the preparation of polymer films with good
thermal stability and mechanical performance, the
ESA technique has been applied. Usually, the com-

posite layer is formed by the electrostatic attraction
of the opposite ions on the base polymer surface.
Additionally, a low-cost and simple procedure is ad-
vantageous in addition to alternative surface modifi-
cation by the formation of a simple ion complex
layer on the base polymer surface. So far, studies of
ESA multilayers have been carried out to separate
membranes for gasses, ions, and liquids.5–9 For
example, self-assembled polyelectrolyte layers with
nanostructured units on the base membrane were
applied for solvent dehydration by pervaporation.
The membrane material had good separation proper-
ties of isopropyl alcohol from a water mixture. Also,
the composition layers of polyvinylammonium salt
and poly(vinyl sulfate) were alternated by the for-
mation of ESA layers, which was the main approach
used to report uses of the composite membrane for a
metal-ion complex as the transport target.5 We
followed the field of investigation for more back-
ground information about selective ion transports
across self-assembled polyelectrolyte membranes and
films.10,11 It was reported that multilayers with
self-assembled polyelectrolytes improved ethanol/water
mixture12–14 and self-assembled DNA composite
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membranes.15,16 However, there have still been few
examples of the combination of such ion complexes
to develop novel functionality with such alternative
surface treatments on separation membranes.
Because the approach of another alternating amphi-
philic quaternary ammonium ion and polyanion
has been limited in the ESA technique, such combi-
nations seem to show a good opportunity to meet
specific surface modification by the ESA technique
for the functionality of separation membranes.

In an effort to develop a novel type of separation
membrane, the purpose of this study was to adopt
such an ESA technique to prepare alternative com-
posite surfaces on the base membrane support. A
polyacrylonitrile copolymer with acrylic acid (AA),
poly(acrylonitrile-co-acrylic acid) [P(AN-co-AA);
Scheme 1(a)], was used as the base membrane mate-
rial. The quaternary ammonium salt was used as a
cation to prepare the ESA multilayers of amphiphilic
quaternary ammonium ions and polyanions on the
P(AN-co-AA) membrane. The evidence showed that
the properties of the alternative ion complex layers
on the membrane surface were influenced by the
amphiphilic nature of the quaternary ammonium
salt used for the ESA technique.

EXPERIMENTAL

Materials

The base membrane material, P(AN-co-AA), was
synthesized with acrylonitrile (AN) and AA mono-
mers (AN/AA molar ratio ¼ 90 : 10) by radical
polymerization with dimethyl sulfoxide as the sol-
vent and azobisisobutyronitrile as the initiator.17 Here,
AN was a membrane-formation segment and AA
was a functional segment that provided negatively
charged sites on the base membrane. Cetyl trimethyl
ammonium chloride [CTAC; Scheme 1(b)] and tetra-
methyl ammonium chloride [TMAC; Scheme 1(c)]
were used as cations to alternate with poly(acrylic

acid) (PAA) anions [Scheme 1(d)]. The average mo-
lecular weight of the PAA (Nakarai, Tokyo) was
250,000. Poly(ethylene glycol) (PEG; Nakarai) was
purchased with molecular weights of 1540, 10,000,
and 20,000, and dextran had molecular weights of
6000, 70,000, 500,000, and 2,000,000. They were used
without further purification for membrane filtration.

Preparation of the multilayer
composite membranes

The base membrane made of P(AN-co-AA) was pre-
pared by the phase-inversion method.17 An aqueous
solution with 10�2 M concentrations of CTAC,
TMAC, and PAA was prepared and used for dip-
ping solutions on the surface of the P(AN-co-AA)
membrane. The water used was 18.2 mX/cm�1

(Millipore water) throughout whole experiment. The
preparation procedure consisted of the following
four steps: (1) immersion of the base membrane in
the CTAC or TMAC solution (concentration ¼ 1 g/
L), (2) immersion of the membrane in pure water to
wash out the excessive cation, (3) immersion in the
PAA solution (concentration ¼ 1 g/L), and then (4)
immersion in pure water to wash out the excessive
PAA anion. These steps were repeated to form mul-
tiple layers of CTAC and PAA by alternate deposi-
tion on the base P(AN-co-AA) (Scheme 2).

Measurements

Fourier transform infrared (FTIR) spectra of the
P(AN-co-AA) without and with ESA treatment were
measured with an FTIR spectrophotometer (IR Pres-
tige-21, Shimadzu, Japan). The surface morphology
of the treated P(AN-co-AA) was taken with an atom
force microscope (Nanopics 1000s) with a dynamic
force microscopy cantilever in contact mode. Image
analyses were performed with supplied software
(Data Analysis Program for Three Dimensions, Ver-
sion 1.2, Seiko Instruments Inc., Japan). The contact
angle of water of the treated surface was measured

Scheme 1 Chemical structures of P(AN-co-AA), CTAC,
TMAC, and PAA.

Scheme 2 Preparation procedure of the ESA multilayer
on the polymer membrane with a negative charge.
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with a contact-angle goniometer at 25�C. The drop-
let view was observed, and the contact angles of
water on the membranes could be read through the
goniometer window. For each sample, four drops
were analyzed, and the obtained values of the con-
tact angles were of standard deviation. The droplet
volume was about 2 lL for each measurement. In
the filtration measurements, water flux and rejec-
tion were measured with PEG and dextran with an
applied pressure of 0.4 kgf/cm2 with ultrafiltration
cell (Amicon 8010, 50-mL volume). The concentra-
tion of the PEG and dextran was 30 mg/L in aque-
ous solution.

RESULTS AND DISCUSSION

FTIR analyses of the multilayer
composite polymers

As shown in Scheme 2, the ESA technique for
CTAC/PAA would be applicable for different sur-
face natures by the repetition of these alternating
compositions. To estimate the deposited layers of
CTAC and PAA on the base P(AN-co-AA) mem-
brane, we determined the increase in the deposited
weight of the CTAC or PAA layer by weighing the
membrane. Table I lists the deposited layer amounts
for CTAC or TMAC and PAA. The value of the de-
posited layer amount (mmol/g) was calculated as
Dm/Fw, where Dm is the increment weight of the
deposited layer and Fw is the molar mass, Fw ¼ 319
and 72 g/mol for CTAC and PAA, respectively. The
obtained values were approximately 1.4 mmol/g for
the CTAC/PAA system and 1.6 mmol/g for the
TMAC/PAA system. To confirm the chemical com-
ponent of the deposited layer, FTIR spectroscopy
was applied. Figure 1 shows the IR spectra of the
base P(AN-co-AA), the P(AN-co-AA)/CTAC mono-
layer composite, and the P(AN-co-AA)/CTAC/PAA
multilayer composite. Shown in Figure 1(c) is the
spectrum of the base P(AN-co-AA). Figure 1 also
shows the spectrum of the P(AN-co-AA)/CTAC
monolayer [Fig. 1(d)] and the P(AN-co-AA)/CTAC/
PAA [Fig. 1(e)], P(AN-co-AA)/CTAC/PAA/CTAC
[Fig. 1(f)], and P(AN-co-AA)/CTAC/PAA/CTAC/
PAA [Fig. 1(g)] composites. As shown in Figure 1(c),
there was a wide and strong absorption peak near
3500–2800 cm�1, which was assigned to the dimer

formed by hydrogen bonds between the carboxylic
acids of the AA segments of the P(AN-co-AA). Also,
the dissociated carboxylic group was assigned as a
characteristic absorption peak at 1645 cm�1. As
shown in Figure 1(d), the band peak for the hydro-
gen bond of a part of the dimer was reduced after
CTAC was deposited on the surface of the base
polymer. Thus, the absorption strength at 3500–2800
cm�1 became weak. In addition, the strong CAH
absorption strength at 1454 cm�1 increased. The
C¼¼O absorption strength at 1737 cm�1 was some-
what lower than that of the ACBN strength at 2300
cm�1. This was because part of the carboxylic group
dissociated to react with CTAC by electrostatic
attraction.
Because of the electrostatic interaction between the

CTAC and AA segments of the base P(AN-co-AA)
and a second interaction between the CTAC and AA
groups of PAA, the treated surface properties
changed. To compare each IR spectra, the value of
the ratios of the iC¼¼O bands at 1737 and 1654 cm�1

are shown in Figure 2. The band intensity of the
iC¼¼O group decreased as the CTAC was deposited
and increased as the was PAA deposited. Because a
part of the carboxylic group of the AA segment
associated electrostatically with CTAC after CTAC
was deposited, the value of the iC¼¼O band intensity
decreased with the formation of the CTAC layer
between layer numbers 0 and 1 and increased after
PAA was deposited between numbers 1 and 2.
When the PAA layer was the top layer of the

TABLE I
Deposited Layer Amounts (mmol/g) of CTAC or TMAC

and PAA on the Base Membrane by Each Cycle

Cycle 1 2 3 4 5 6

CTAC/PAA 1.4 1.4 1.3 1.5 1.4 1.4
TMAC/PAA 1.6 1.6 1.6 1.6 1.6 1.6

Figure 1 Comparison of the FTIR spectra of the base
P(AN-co-AA) and the multilayer CTAC/PAA composites
on the base P(AN-co-AA). The layer numbers of each spec-
trum are represented as 0, 1, 2, 3, and 4 for P(AN-co-AA),
P(AN-co-AA)/CTAC, P(AN-co-AA)/CTAC/PAA, P(AN-
co-AA)/CTAC/PAA/CTAC, and P(AN-co-AA)/CTAC/
PAA/CTAC/PAA, respectively.
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composite layer, the carboxylate peak at 1654 cm�1

decreased significantly. This strongly indicated that
the interference of dissociation of the carboxylic acid
groups of the P(AN-co-AA) was caused on the sur-
face. There were tendencies for the CAH absorption
at 1454 cm�1 to increase with the increasing number
of composite layers. Therefore, multilayers of CTAC
and PAA were repeatedly formed on the surface of
the base polymer.

Relative to amphiphilic CTAC, TMAC contains
similar cationic properties except for long alkyl
chains on the quaternary ammonium site. The FTIR
spectra of the base P(AN-co-AA), P(AN-co-AA)/
TMAC monolayer, and multiple composites having
TMAC/PAA on the P(AN-co-AA) are shown in Fig-
ure 3. Apparently, the dimer band at 3500–2800
cm�1 was changed through the formation of the
TMAC layer on the P(AN-co-AA) and then the PAA
layer on the P(AN-co-AA)/TMAC. Also, the ratio of
iC¼¼O absorption at 1737 cm�1 to that of the dissoci-
ated carboxylic group at 1645 cm�1 increased as the
TMAC and PAA were deposited. This was because
a part of the dissociated carboxylic group was neu-
tralized with TMAC after the weak base TMAC
layer was deposited on the dissociated carboxylic
layer of PAA. The FTIR data showed that the CAH
absorption around 2920 cm�1 increased slightly as
the TMAC layer increased. Moreover, the character-
istic absorption peak of TMAC around 950 cm�1

appeared in the spectra of the following P(AN-co-
AA)/TMAC/PAA multilayer composites, even
though the changes were small relative to P(AN-co-
AA)/CTAC/PAA.

Surface properties of the base and multilayer
composite polymers

To observe the surface morphologies of the ESA
layers on the base P(AN-co-AA), atomic force mi-
croscopy (AFM) was used. Figure 4 shows 20 � 20
lm2 squares for the surface images of the multilayer
composites. To follow the changes in surface mor-
phology, the formation of the CTAC/PAA or
TMAC/PAA layers was on the base P(AN-co-AA)
membrane. Here, the four steps for the preparation
of such layers are described as 1, 2, 3, and 4 proc-
esses, as described in the Experimental section. By
analyzing the AFM data, the surface area of the 20
� 20 lm2 squares were 401 and 406 lm2 for cycles 0
and 6, respectively. The surface average height (Ra)
of the base P(AN-co-AA) layer on the base mem-
brane was about 16 nm. Then, the value indicated
that the surface changed to be rough when CTAC
and PAA were deposited on the surface (Fig. 5). The
CTAC layer deposited by cycle 1 had an Ra of about
24 nm and was lower than those of cycles 3 and 5
for about 29 and 43 nm, respectively. Also, the PAA
top layer on the CTAC layer showed Ra’s of 35, 48
and 66 nm for cycles 2, 4, and 6, respectively. After
the PAA layer was deposited on the CTAC layer,
there was tendency toward a rough surface, as
shown in the side view of the surface. This tendency
was significant when the layer number increased.
For example, the value of the average roughness of
the P(AN-co-AA)/CTAC/PAA/CTAC/PAA/CTAC/
PAA layer increased Ra ¼ 66 nm. In comparison
with the Ra of the CTAC/PAA system, the TMAC/
PAA system showed similar changes through cycles

Figure 3 Comparison of the FTIR spectra of the base
P(AN-co-AA) and P(AN-co-AA)/TMAC/PAA multilayer
composites. The layer numbers are the same as those
described in Figure 1.

Figure 2 Absorption ratios of the 1737-cm�1 C¼¼O band
to the 1645-cm�1 C¼¼O band assigned to carboxylic acid
and the dissociated carboxylic acid, respectively, in the IR
spectra obtained for the (~) P(AN-co-AA)/CTAC/PAA
and (l) P(AN-co-AA)/TMAC/PAA multilayer composites.
The layer numbers are the same as those described in
Figure 1.
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1–6, but the Ra value was lower than that of each
layer number for the CTAC/PAA system.

To investigate the surface properties of the elec-
trostatic self-assembled surface by CTAC/PAA and
TMAC/PAA, the contact angle of water was mea-
sured. Here, a water droplet having a volume of
2 lL was on the surface at 25�C. Figure 6 presents
values of the contact angles measured for each
cycle. We observed that the base P(AN-co-AA) sur-
face showed a water contact angel of 60 � 2�. How-
ever, after the CTAC layer was deposited on the
surface of the base membrane, the value changed to

70 � 1� at cycle 1. This meant that CTAC layer was
exposed to air on the surface of the membrane.
Then, when the PAA layer was formed on the
CTAC layer, the value decreased to 58 � 2�, which
indicated that the surface nature became much
more hydrophilic with the deposition of the PAA
layer. Therefore, as shown in Scheme 3 for P(AN-
co-AA)/CTAC/PAA, the hydrophilic part of the
ACOOH groups of PAA were exposed to air on the
surface and the hydrophobic parts of the main
chains of PAA contacted the cetyl layer groups of
CTAC. The value of the contact angle again
changed, as the CTAC layer was recovered on the
PAA layer with similar tendencies in cycles 1 and

Figure 4 AFM images (20 � 20 lm2 square and 600 nm
high) for the CTAC/PAA system cycled 0 to 6 in the ESA
technique.

Figure 5 Surface average roughness of the resultant
P(AN-co-AA) membrane with different numbers of com-
posite layers of CTAC/PAA on the surface.

Figure 6 Contact angle of water on the resultant P(AN-
co-AA) membrane with different numbers of composite
layers obtained in (~) P(AN-co-AA)/CTAC/PAA and (l)
P(AN-co-AA)/TMAC/PAA.
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2. As the cycle numbers increased, the values of the
contact angle decreased. This indicated that the
CTAC and PAA layers deposited alternately on the
base P(AN-co-AA) surface by the ESA technique.
Plotted in Figure 6 are the contact angles when the
TMAC and PAA layers were deposited. Less
enhancement of the change of the contact angles
was observed as TMAC was deposited. However,
in cycle 2, the values increased 70 � 3� and slightly
decreased to 66 � 3� in cycles 3–6. This meant that
the PAA layer for cycle 2 electrostatically interacted
with the TMAC layer on the P(AN-co-AA)/TMAC/
PAA membrane. Therefore, the anionic groups of
PAA seemed to form ion complex with cationic
TMAC and expose the hydrophobic main chains of
PAA to the air side.

Application of the multilayer composite surfaces
for permeable membranes

As the ESA technique has been applied to prepare
several membranes for material separation, high per-
meability and high separation capability have been
achieved for gas and pervaporation.5–9 However, lit-
tle has been known about ultrafiltration membranes
containing quaternary ammonium salt/polymer
anions. In this study, a P(AN-co-AA) base membrane
was prepared by the phase-inversion method
according to our previous studies.17–19 As shown in
Figure 7, scanning electron microscopy (SEM) pic-
tures showed that the membranes used for these
experiments had an asymmetric porous structure.
This indicated that the membrane had a typical mor-
phology as an ultrafiltration membrane20,21 and
showed a high permeable flux. Because CTAC/PAA
multilayers were formed on the base P(AN-co-AA),
actually, the permeate flux was influenced by the
formation layer by layer of CTAC/PAA.
As we expected, the permeability of water through

such composite membranes depended on the forma-
tion of the ESA layers. After the CTAC or TMAC
layer was deposited on the surface of the base
P(AN-co-AA) membrane, the roughness of the mem-
brane surface decreased when the PAA layer and
CTAC or TMAC layer was deposited alternately.
Figure 8 shows the changes in volume flux of water
passed through the P(AN-co-AA) membranes with
the layer-by-layer composites. The values of the

Scheme 3 Illustration images of P(AN-co-AA)/CTAC/
PAA and P(AN-co-AA)/TMAC/PAA layer by layer.

Figure 7 SEM pictures of the (a,b) P(AN-co-AA) base membrane, (c) P(AN-co-AA)/CTAC monolayer, and (d) P(AN-co-
AA)/CTAC/PAA multilayer deposited on the base P(AN-co-AA) membrane.
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water flux decreased as the multilayers formed on
the top surface of the membrane. The value of water
flux decreased as the first three layers were depos-
ited. Then, cycles of such decreases or increases
were observed after layer numbers 3 and 4. In par-
ticular for the P(AN-co-AA)/CTAC/PAA membrane,
when the third and fourth layers were deposited,
the value of volume flux of water increased and
decreased alternately (Fig. 8). For the P(AN-co-AA)/
CTAC/PAA membrane, the values of water flux
tended to decrease relative to those of P(AN-co-
AA)/TMAC/PAA. The cause of a such large dis-
crepancy in CTAC/PAA and TMAC/PAA might
have been the hydrophobic nature of the quaternary
ammonium salt. As shown in Scheme 3, the depos-
ited CTAC layer on the P(AN-co-AA) exactly formed
a hydrophobic layer made of the aggregated cetyl
groups of CTAC on the membrane surface. It is rea-
sonable to consider that such domain formation on
the membrane surface disturbed the infiltration of
water in P(AN-co-AA)/CTAC/PAA.

To determine permeability of PEG and dextran,
molecular weight cutoff curves were measured.
With different molecular weights of PEG and dex-
tran, we probed the permeability of the resultant
membranes. Figure 9 shows the rejection of the base
P(AN-co-AA) membrane and P(AN-co-AA)/CTAC/
PAA multilayer membranes to such macromolecular
solutes with different molecular weights. The values
of rejection increased as the layer numbers
increased. The rejection of PEG with a molecular
weight of 20,000 and dextran with a molecular
weight of 500,000 were about 100% for the P(AN-co-
AA)/CTAC/PAA/CTAC membrane. This implied
that the pore size of the resultant membranes
decreased as the multilayers containing CTAC/PAA
were formed on the base membrane. Therefore, the

rejection data indicated that the ESA multilayers
bridged over the pores of the base P(AN-co-AA)
membrane. As result, the technique could be applied
to control the macromolecular permeability, which
indicated that excellent rejection of the permeability
of macromolecular solutes was achieved with only a
few layers of CTAC/PAA/CTAC on the P(AN-co-
AA) membrane.

CONCLUSIONS

The surface properties of multilayer composites
made of CTAC and PAA were investigated with the
ESA technique on a base P(AN-co-AA) membrane.
FTIR spectroscopy, AFM, SEM, and contact angle
techniques were used to evaluate the surfaces. The
surface morphology and properties were changed
alternately by the formation of multilayers of
CTAC/PAA. As an application, the permeability of
the resultant membrane also strongly depended
upon the formation of the multiple composite layers
for water permeability and PEG and dextran rejec-
tion. We concluded that this alternative technique
has potential for several applications relating to such
membrane fields. This would promise reproducible
and improved separation membranes. In future
studies, the ability of the ESA technique will be
studied for the functionalization of metal-ion rejec-
tion by such layer-by-layer composites.
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