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Chemical Fixation of Polyelectrolyte Multilayers on Polymer Substrates
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Abstract: A simple chemical fixation method for the fabrication of layer-by-layer (LbL) polyelectrolyte multilayer
(PEM) has been developed to create a large area, highly uniform film for various applications. PEM of weak poly-
electrolytes, i.e., polyallylamine hydrogen chloride (PAH) and poly(acrylic acid)(PAA), was assembled on polymer
substrates such as poly(methyl methacrylate} PMMA) and polycarbonate (PC). In the case of a weak polyelectro-
Iyte, the fabricated thin film thickness of the polyelectrolyte multilayers was strengly dependent on the pH of the
processing solution, which enabled the film thickness or optical properties to be controtled. On the other hand, the
environmental stability for device application was poor. In this study, we utilized the chemical fixation method using
glutaraldehyde (GA)-amine reaction in order to stabilize the polyelectrolyte multilayers. By simple treatment of GA
on the PEM film, the inherent morphology was fixed and the adhesion and mechanical strength were improved. Both
surface tension and FT-IR measurements supported the chemical cross-linking reaction. The surface property of the
polyelectrolyte films was altered and converted from hydrophilic to hydrophobic by chemical modification. The

possible application to antireflection coating on PMMA and PC was demonstrated.
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Introduction

In recent years, the ability of plastics to function as optical
devices, semiconductors, diodes has been interested in large
area processing and patterning without the use of vacuum
technology. Among the possible various techniques, fabri-
cation of layer-by-layer (LbL) polyelectrolyte multilayer
(PEM)' has received much attention as a simple and versa-
tile technique for this purposes. PEM method can afford to
assemble ultra-thin film for various applications such as
anti-reflection coatings,” micro-patterning,™ organic elec-
troluminescence device®!! and membrane,”* humidity sensor,'”
ete. Typically, oppositely charged polyelectrolytes are able
to be alternatively adsorbed on glass, Si-wafer or polymer
substrate. The use of weak polyelectrolytes in LbL PEM
assembly process gives additional versatility to control
thickness, morphology, swellability of PEM film depending
on pH of the processing solution.'® Many of these applica-
tions make use of the micro-structural change due to the
phase separation behavior upon changing pH. For example,
when poly(allylamine hydrogenchloride) (PAH) and poly
(acrylic acid)(PAA) have been used to make PEM, PAH/
PAA film can be easily assembled under certain pH condi-
tion. Subsequent exposure of PAH/PAA film to more acidic
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condition induces the morphological structure change or
film removal. It have been attributed to the breaking of elec-
trostatic interaction between cationic and anionic moiety
within PAH/PAA film resulting in micro-phase-separated or
water-soluble film.'

Although the micro-structural change of PEM offers the
application advantages in one aspect, the environmental
meta-stability as device applications may be a drawback in
another aspect. Several methods have been employed to
overcome this structural meta-stability. One of the well
known methods is the amide formation between the amine
group of PAH and the carboxylic acid group of PAA by
thermal'™'® or chemical method.”®* Although the thermal
amide formation is simple and easy, it requires high temper-
ature and may not be used for polymer substrate which is
one of most important material for commercial optical
application. Whereas chemical cross-linker such as 1-ethyl-
3-(3-dimethyl-aminopropylcarbodiimide (EDC) is commonly
used to form amide bonding, especially in aqueous solution.
However, the cost of EDC is rather expensive and becomes
crucial for large area commercial application purpose.
Another method to stabilize the PEM structure is to use the
photo-crosslinker which is embedded in polyelectrolyte
moiety by chemical modification. Sun et al.** have demon-
strated that PEM film containing diazo-resin and PAA was
used to prevent the selective film etching by UV-induced
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photo-linking. Park ez al.** adopted benzophenone-modified
poly(acrylic acid) and poly(allylamine hydrochloride) and
they prepared the stable PEM films with pH-switchable ion
permselectivity by photo-crosslinking. Similarly, Olugebe-
fola et al* reported the alternative chemistry to modify
PAA with photocross-linkable vinyl benzyl side group and
successfully demonstrated to create 2-D and 3-D patterning.
These methods, however, required substantial chemistry to
modify polyelectrolytes.

In this study, we utilized the chemistry of aldehyde and
amine reaction to stabilize the micro- or nano structured
film without perturbing integrity. Glutaraldehyde (GA) has
been known for a long time to fix the living tissue or pro-
tein® It may be chemically cross-linked with PAH in
proper pH range and mild reaction condition since PAH has
amine moiety as shown in Scheme 1. To demonstrate this
method is easy and simple, anti-reflection film with PAH/
PAA was fabricated on polymer substrates and compared
with and without the treatment of GA.

Experimental

Commercially available polymer substrates such as poly
(methyl methacrylate)}(PMMA), polycarbonate (PC) were
used as received. PAH (M, ~70,000) was purchased from
Aldrich Chemical. PAA was synthesized and obtained in
aqueous solution as described earlier.” Poly(acrylic acid)
(PAA) was prepared by polymerization of acrylic acid in
1,4-dioxane using AIBN as an initiator at 65 °C for 12 h
under a nitrogen atmosphere. The solution was poured into
an excess of petroleum ether to precipitate PAA. PAA was
dried at room temperature under vacuum. Its viscosity-aver-
age molecular weight was measured in 1, 4-dioxane at 30 °C
and was determined to be M,~100,000. Glutaraldehyde (GA)
as cross-linker was purchased from Sigma-Aldrich. All
chemicals were used without farther purification. 20 mM
polyelectrolyte dipping solutions based on the repeat unit
molecular weight were prepared from 18 MQ deionized
water. pH of PAH and PAA solution was adjusted to pH 7.5,
3.5, respectively.

The layer-by-layer deposition technique involves the repeated
sequential dipping of a substrate (PMMA; PC; Si-wafer)
into dilute polycation and polyanion solutions with rinsing
between each deposition step as described earlier.'**” One
bilayer in this paper denotes each PAH and PAA layer
deposition. The substrates such as PMMA and PC were
surface-modified by O, plasma or mixture of LIOH/MeOH/
H,0, 3% for 4 h. Si wafer was cleaned by Piranha solution
for 12 h. After the desired number of layers had been
assembled, the substrates were dried with filtered air and
subsequently oven-dried at 80 °C at least 2 h. In order to
have anti-reflection film, the PEM film was further treated
with MgCl, according to the literature.” To stabilize PAH/
PAA film, it was immersed in aqueous glutaraldehyle (GA)
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2.5% solution for the desired time at 30 °C.

The Phoenix 300 system was used to measure the contact
angle of water on films. The contact angles presented in this
paper are advancing contact angle. Two different types of
PEM film were prepared to measure the contact angle: One
for as-prepared and the other for vacuum dried at 60°C for
1 h and stored in ambient air for 12 h. Three different loca-
tions on each sample were measured to ensure a representa-
tive value of the contact angle.

Buker [FS66V Fourier transform infrared (FT-IR) spectro-
photometer was used to confirm the reaction between GA
and PAH. For IR measurement, 200 gm Si wafer was used
as substrate. After PEM film was deposited onto Si wafer, it
was further treated as described above. To enhance the
intensity of FT-IR spectra, the multilayer films were
deposited up to 40 bilayers. FI-IR measurements were
carried out for the samples before and after cross-linking
with GA for desired time. UV-Vis spectroscopy was used to
measure the transmittances of the PEM film at near-normal
incidence. SIS AFM system was used to obtain AFM image.

Results and Discussion

In order to assemble PEM film on the polymer substrates,
it is better to generate the surface charge on the substrate by
either chemical or physical means. In the case of PMMA, it
is often treated with basic LiOH/methano! solution for sev-
eral hours to hydrolyze the ester group of PMMA. Accord-
ing to the contact angle measurement, however, O, plasma
treatment gave better hydrophilic surface. Figure 1 shows
the water contact angle difference of PMMA and PEM
coated film. Both bare PMMA gave high contact angle
close to 75° whereas the O, plasma treatment makes poly-
mer surface hydrophilic. The initial contact angle of O,
plasma treated substrate became 18.7° and increased to
35.6° after 2 h heat-treatment at 60 °C. To have fresh surface
of substrate, all polymer substrates were immediately used
after O, plasma treatment. Since the treated surface became
negatively charged, the substrate was immersed first in PAH
solution and subsequently in PAA solution. The 9.5 bilayer
denotes the outmost layer is PAH whereas 9 bilayer means
PAA is a surface layer. The contact angle of layered PEM is
dependent upon the outmost layer of polyelectrolyte due to
its characteristics as shown in Figure 1. We found that the
contact angle is very much dependent on how to prepare the
PEM sample. This is because polyelectrolyte has the mois-
ture-absorbing character. Sample was vacuum-dried at
60 °C for 1 h and stored in ambient air for 12 h to have con-
sistent contact angle measurement. The contact angle 0of 9.5
bilayer was initially 23.2° although not shown in Figure 1
and then became 55.8° after drying process. All reported
values on Figure 1 are given after this process. Contact
angle of PAH was observed slightly larger than that of PAA,
which is previously reported by others.”’” The value of
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Figure 1. Contact angle measurements of various conditions on
PMMA substrate.

reported contact angle is slightly different from ours. This is
because of sample treatment difference.

After 9.5 bilayer deposition, the sample was immersed in
pH 2.3 solution in order to induce the phase-separation of
PEM film and subsequently treated with MgCl, as reported
previously by Rubner et a/..* This process makes the contact
angle changed quite much because of the morphology trans-
formation by pH and the electrostatic effect by Mg ion.
Figure 2(A) shows the surface image of PEM film. With pH
2.3 treatment, the morphology of the PEM surface became
porous due to the phase separation. Since the phase separa-
tion behavior is kinetically controlled, the overall porosity
depends on how long the film exposes to pH 2.3 solution.
Rubner et al.” has clearly shown that PAH/PAA multilayers
became reversibly erasable nanoporous anti-reflection coat-
ings by pH cycling treatment and MgCl, solution. We have
also observed similar results. The overall porosity and sur-
face roughness of PEM film became larger as the dipping
time on pH 2.3 solution increased. With 1 min treatment of
pH 2.3, the contact angle was significantly changed from
55.8°t0 20.1° and the porosity as well as surface roughness
of film changed due to phase-separation as shown in Figure
2(B). This porosity and roughness increment results in the
reduction of density as well as refractive index of PEM film,
which in fact is one of main conditions of anti reflection
film as described earlier. Prolonged treatment of pH 2.3
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Scheme 1. Reaction of glutaraldehyde and polyallylamine.

solution will further increase the porosity and surface
roughness although not shown.

pH and MgCl, treated PEM is unstable againt environ-
mental condition although it is anti-reflective. In order to
stabilize the anti-reflective film, it is necessary to lock the
porous structure. For this purpose, glutaraldehyde and
amine reaction was utilized. Glutaraldehyde (GA) treatment
on PEM film makes significant change in contact angle
from 20.1° to 51.3° as shown in Figure 1. Since GA and
amine reaction takes place according to Scheme I, hydro-
philic amine moiety of PAH layers becomes less. It makes
PEM film more hydrophobic. However, as compared with
Figure 2(B), the overall morphology and surface roughness
of PEM film seems not to perturb very much as shown in
Figure 2(C). In fact, this observation may be proved indi-
rectly by transmission measurements of PEM films before
and after GA treatment, which will be discussed later.

In order to show the reaction between GA and amine, IR
spectroscopy was utilized with 200 £m Si wafer as substrate and
40 bilayered PEM film on Si wafer was used to have enough
IR intensity. As shown in Figure 3, free acid, base and salt
form such as COOH (1713 em™), COO" (1561, 1398 cm™),
NH, (1627 cm™) and NH;" (1318, 850 cm™) peaks were
observed even though the PEM film was treated with pH
2.3. When PEM film was assembled, salt form from anionic
-COO and cationic -NH;" moieties was formed and not
easily dissolved at acidic or basic condition except extreme
condition. Otherwise, the IR spectra of both pH 2.3 and 11.0

Figure 2. AFM images of 9.5 bilayered PAH/PAA film: (A) as-prepared, (B) pH 2.3 and MgCl, treatment for 1 min, (C) GA treated after

pH 2.3 and MgCl, treatment.
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Figure 3. After dipping on pH 2.30 solution, FT-IR spectra ot
forty-bilayer PAH/PAA films untreated and treated with glutaral-
dehyde for given hours as indicated.

are almost identical. This is because COOH/COO- ratio is
almost constant above pH 4.0." However, below pH 1.75,
PEM film could be dissolved easily.'® With GA treatment,
available free amine group may react with aldehyde of GA.
Consequently, IR peak of amine diminished and imine peak
appeared in 1635 cm™ as shown in Figure 3 although it is
small. As the reaction proceeded, the -COOH peak became
dominant which was buried and weakly shown on the -NH,
shoulder before GA treatment. The reaction rate with GA at
pH 11.0 seemed to be slightly faster than at pH 2.3 although
it was not shown here. This may due to the abundance of
free amine group at high pH. Also, CH, stretching vibration
peaks at 2925 and 2862 cm™ became apparent due to the
incorporation of methylene group from GA.

Knowing that GA really reacted with amine group of
PAH, antireflection coating films on PMMA and PC were
prepared. As shown in Figure 4, bare PMMA has about
90% transmission and 6.5 bilayer of PAH/PAA on PMMA
has slightly improved in transmission. With pH and MgCl,
treatment, T% of 9.5 bilayer increases substantially up to
nearly 99%. According to Rubner et al.,” the porous features
of anti-reflection film can be advantageously controlled by
varying the pH of the porosity-inducing steps, as well as by
the addition of low concentrations of various salts, such as
NaCl and MgCl,, to the acidic bath. Without added salt, the
phase separation proceeded slowly. Hence, it is rather diffi-
cult to control porosity and antireflection condition.

PEM film treated with GA gave about 1% reduced
transmission compared with pH and MgCl, treated sample.
As shown in Figures 2(b) and 2(c), the overall structure did
not seem to change very much and is persistent after cross-
linking. The apparent 1% transmission reduction after
crosslinking may come from aldehyde and amine reaction
inside of porous structure. It may result in density as well as
refractive index increase although PEM film preserves the
porous structure. In order to have perfect antireflection coating,
it requires the following two conditions: 7~ (1, 1a)"” and
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Figure 4. (a) Transmission spectra of PMMA substrate before
and after PAH/PAA multilayer coatings with various treatments. (b)
A photograph image of 9.5 bilayers/MgCL/GA 30 min treated
sample.

T~Al4n, where ng, Ryp, Hay Tj; A denote refractive indices of
antireflection film, substrate, air, film thickness and wavelength,
respectively. Since refractive index (RI) of air is 1 and RI of
substrate is in the range of 1.4 to 1.5, RI of film needs to be
about 1.22 and film thickness about 100~160 nm, which
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Figure 5. Transmission spectra of 9.5 bilayer of PAH/PAA on PC
substrate before and after various treatments. pH and MgCl,
denoted pH and MgCl, treatment. GA were treated for given time
as indicated.
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Table L. Stability Test of PEM Films

Treatment Test Conditions
pH23 pH 11 GA treatment at 30 °C Dipping in 1 M HCI Cotton rubbing with 1 M HCI
X X X removed removed
1 min 1 min X removed removed
X X 05;1;2h stable stable
1 min 2 min 05;1;2h stable stable
1 min 2 min 05,1,2h stable stable

requires porous film to fulfill the requirement for most of
substrates.” Cross-linking of PEM film somewhat fills up
the porous voids by GA. RI of GA treated film will slightly
increase and hence its transmission will decrease. The
observation of Figure 4 is in accord with expectation. In
order to have perfect antireflection film, it needs to match
the conditions for overall wavelength range. However, this
is beyond the scope of this work. In the case of PC substrate,
similar results were obtained as shown in Figure 5.

To test the film stability, several samples were prepared.
The test summary was given in Table [. As-prepared or pH
2.3 or 11.0 treated samples were not stable against 0.1 M
HCI and completely removed as soon as acid solution was
touched on the surface of PEM film. However, the PEM
film treated with GA for 30 min remained intact with 0.1 M
HC1 solution whether the films were pre-process with either
pH 2.3 or 11.0 not. This indicated the chemical fixation of
PEM film on polymer substrate works readily within
30 min. Further test was performed under the cotton swab
rubbing condition with 0.1 M HC! and the GA cross-linked
PEM film remained stable and intact. Also, the adhesion
test gave much better result. With GA treatment, PEM film
was not able to remove from the substrate by simple Scotch
tape peel test whereas some part of the film was removed
without GA treatment. It indicates that GA treatment improved
mechanical and chemical stability as well as adhesion by
cross-linking.

Conclusions

We have demonstrated that layer-by-layer assembled mul-
tilayers of the weak polyelectrolytes PAH and PAA can be
further stabilized by glutaraldehyde. The chemical cross-
linking of PEM did not alter the morphology of film very
much but the surface tension of film changed quite much
due to the elimination of amine moiety by GA. IR spectra of
PEM film on Si substrate did not change even after the film
was treated on different pHs such as 2.3 and 11.0, which
indicates the formed PAH/PAA complex cannot dissolve in
this pH range. Also, it was clearly shown that GA can easily
react with PAH according to IR spectra. With this chemical
treatment, antireflection films on PMMA and PC substrates

Macromol. Res., Vol. 16, No. 4, 2008

have been shown to be environmentally stable such as pH or
mechanical rubbing. Fhis simple treatment may be used to
fabricate large area AR film using various polymer sub-
strates.
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