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Abstract—Layer-by-layer (LbL) assembly has been rigorously applied to the construction of superhydrophobic sur-
faces. Typically, this involves generating a hierarchical porous structure which is then coated with a low surface energy
compound. In this study, a porous LbL film was constructed from poly(allylamine hydrochloride) (PAH)/poly(acrylic
acid) (PAA) using a PAA solution with a bimodal molecular weight distribution. This solution was prepared by mix-
ing two PAA solutions with different average molecular weights (100,000 and 15,000 g/mol). The mixing ratio was
adjusted for fine control of the porous structure, which was induced by acid treatment at pH 2.0-2.4. Generally, surface
pore structure was weakened as the 15,000 g/mol PAA ratio increased. However, the surface roughness decreased or
increased as the 15,000 g/mol PAA ratio increased depending on the acid treatment pH and time. The porous LbL
films were coated with fluorinated silane to make them hydrophobic. When the acid condition was pH 2.4 for 5 min,
the water contact angle decreased significantly from 132° to minimum of 105° as the amount of 15,000 g/mol PAA
increased. However, at pH 2.0 for 5 min, the water contact angle decreased smaller from 148° to 139° as the amount of

15,000 g/mol PAA increased.
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INTRODUCTION

There has been significant interest in systematic control of the
wetting properties of surfaces due to the wide range of applications.
Superwetting surfaces such as superhydrophilic, superhydrophobic,
superoleophobic, and liquid-infused slippery surfaces have been
extensively studied for a variety of applications such as antifogging
[1], self-cleaning [2], drag reduction [3], anti-icing [4], anti-corro-
sion [5], and oil/water separation [6]. There are numerous excel-
lent reviews concerning superwetting surfaces [7-10].

A surface is superhydrophobic if it exhibits a water contact angle
greater than 150° with contact angle hysteresis below 5° or 10°. The
discovery that superhydrophobicity of lotus is accomplished by micro
and nanoscale hierarchical structure with low surface energy leading
to extensive research into the synthesis of superhydrophobic sur-
face. Various techniques such as etching [11], anodization [12], elec-
trochemical deposition [13], sol-gel [14], hydrothermal reaction [15],
and electrospinning [16] have been employed to produce hierarchi-
cal structures. However, many of these approaches are rather expen-
sive, difficult to scale up, or require harsh chemical environments.

LbL assembly technique has been recognized as a simple and ver-
satile way to fabricate superwetting coatings [17-21]. Nanoscale mul-
tilayer films are constructed through electrostatic interaction, hy-
drogen bonding, and covalent bonding. Adjusting the assembly,
post-assembly condition along with a wide selection of material
allows the surface chemistry and topography to be controlled at a
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molecular level. Furthermore, LbL assembly is suitable for an aque-
ous based processing and it is a conformal coating method that can
be used to coat any shape of substrate.

Superhydrophobic surface has been fabricated by constructing
hierarchical surface which is then coated with a low surface energy
compound. The majority of research has concentrated on prepar-
ing proper hierarchical structure, and fluorinated or alkyl silanes
are typically used for low surface energy compounds. Several ap-
proaches have been used to fabricate superhydrophobic coatings
using LbL assembly technique. The most popular method incor-
porates nanoparticles in the LbL film for hierarchical structure. Sil-
ica, graphene, carbon nanotube, metal oxide, and wax nanoparticles
or nanomaterials have been used extensively. LbL films of polymer/
nanoparticle and nanoparticle-only have been reported. Shiratori
et al. prepared nanoparticle-only superhydrophobic surface via calci-
nation of polylectrolyte/nanoparticle LbL film [22]. Guo et al. pro-
duced electrically conductive superhydrophobic fabric by coating
PET fiber with LbL film made from carbon nanotube and polye-
lectrolyte which was then coated with polydimethylsiloxane [23].
In addition, a transparent superwetting LbL film with enhanced
durability has been prepared using polyelectrolyte and fluorinated
silsesquioxane nanoparticles [24].

Another approach involves fabricating the film without nano-
particles. One such method involves constructing an LbL film using
polymer/polymer or polymer/surfactant complex [25,26]. These
complexes aggregate on the LbL film to form a very rough surface.
A superhydrophobic surface has also been prepared by fluorinat-
ing hierarchical surface obtained from exponential growth of poly-
electrolyte multilayer [27-29]. Alternatively, a porous structure has
been used to fabricate hierarchical topography. Although there are
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some reports that porous structure is formed during reactive LbL
assembly of azlactone functionalized polymers [30,31], most porous
LbL films have been constructed by post-assembly treatment. Expos-
ing a weak polyelectrolyte system such as poly(allylamine hydro-
chloride) (PAH)/poly(acrylic acid) (PAA) [32-34] or poly(ethylene
imine)/PAA [35,36] to acidic or basic solution results in micro- or
nanoscale pores depending on assembly and post acid treatment
condition. The proposed mechanism underlying pore formation is
as follows [37]. When immersed in acid, an LbL film swells as pro-
tonation of the acid group causes breakage of the ionic crosslinks.
Subsequent immersion in neutral water cause the film to contract
as the ionic crosslinks reform and micro- or nanoscale water pockets
are created. When the film is dried, porous structure is obtained.

Rubner et al. were the first to employ porous PAH/PAA LbL film
to prepare stable superhydrophobic coating [38]. First, a honey-
comb like multilayer surface was prepared by 6h two-stage post
acid treatment. Then, silica nanoparticles were deposited, and finally,
it was treated with fluorinated silane. Zacharia et al. also applied
two-staged post acid treatment of branched poly(ethylene imine)/
PAA IbL film to prepare porous hierarchical structure [27]. These
films were used for liquid-infused slippery surface with additional
deposition of silica nanoparticles. Recently; Lee et al. prepared super-
hydrophobic surface by fluorinating synchronously generated nano-
and microscale hierarchical porous PAH/PAA multilayer without
the use of nanoparticles [39]. It is desirable to avoid additional de-
position of nanoparticle because it makes the fabrication process
more complex and time-consuming. They showed that an appro-
priate acid treatment condition and PAH/PAA molecular weights
are critical for the synchronous generation of nano- and microscale
hierarchical structure.

Inspired by the superhydrophobic surface prepared by using
hierarchical porous PAH/PAA without nanoparticles, this study
investigated porous multilayer using a PAA solution with bimodal
molecular weight (MW) distribution. Pore sizes of 0.3-2 pm have
been reported when PAA of relatively high molecular weight of
~100,000 g/mol was used in PAH/PAA LbL assembly [32,33]. How-
ever, it has been shown that large pores in excess of 5 pm are formed
when PAA with a low MW of 1,000-10,000 g/mol [40,41]. In this
work, bimodal MW PAA solution was prepared by mixing two
PAA solutions with average MWs of 100,000 and 15,000 g/mol in
order to achieve fine control of the porous structure. The surface
morphologies of acid-treated porous LbL films were explored and
the water contact angles of fluorinated porous LbL films were inves-
tigated. The aim is to show that it is possible to control the surface
morphology and water contact angle of LbL films by controlling the
post acid treatment pH and time as well as the PAA mixing ratio.
To our knowledge, this is the first report of a porous LbL film being
produced using polyelectrolyte with a bimodal MW distribution.

EXPERIMENTAL

1. Materials

Poly(allylamine hydrochloride) (PAH) (160,000 g/mol) was pur-
chased from Alfa Aesar. Poly(acrylic acid) (PAA) (100,000 g/mol
(100K) and 15,000 g/mol (15K)) and Trichloro(1H,1H,2H,2H-per-
fluoroocctyl silane) (TCPES) were obtained from Aldrich. All the

polymer solutions were prepared at the concentration of 10 mM
based on the molar mass of the repeat unit by dissolving the poly-
mers in deionized water. The pH values of the solutions were ad-
justed using HCI or NaOH.
2. Fabrication of LbL Film

LbL films were coated on slide glasses using a programmable
multiple dip-coater (HT-17, Hantech). The slide glasses were cleaned
by sonicating in acetone, methanol, and water for 10 min each. They
were then dried in an oven at 80 °C and oxygen plasma-treated for
10 min immediately before LbL assembly using plasma cleaner (Har-
rick, 32G). For the LbL assembly, the slide glasses were immersed
in PAH solution (pH 7.5) for 15 min and then rinsed in a water
bath three times for 2, 1, and 1 min each. Next, they were immersed
in PAA solution (pH 3.5) for 15min and then rinsed in a water
bath as before. This process was repeated to yield 20.5 bilayers of
(PAH/PAA),,PAH. The samples were dried in an oven at 80 °C for
15 min. PAA solution was prepared by mixing 100K and 15K PAA
solution at five volume ratios: 100:0, 75:25, 50:50, 25:75, and
0:100.
3. Post Acid Treatment and Hydrophobic Treatment

The as-prepared PAH/PAA LbL films were exposed to acidic
solution of pH 2.0-2.4 for 5min or 1h, and then rinsed with deion-
ized water for 2 min. Next, the samples were dried in convection
oven at 80 °C for 15 min, then heated at 180 °C for 2 h to crosslink
porous structure [20,38]. Then, TCPFS was deposited on the sur-
face of the crosslinked samples through chemical vapor deposition
under atmospheric conditions. The films were put into a 150 ml
sealed bottle containing 90 UL of TCPFES, and the bottle was left
for 6 h at room temperature [42,43].
4. Characterization

The thickness and root mean square surface roughness was meas-
ured using a profilometer (Alphastep D-100, KLA-Tencor). Scan-
ning electron microscopy (SEM) images of surface morphologies
of acid-treated samples were obtained using Quanta 600 micro-
scope (Hitachi) at an accelerating voltage of 15kV. An 8 nm thick
layer of Pt was sputtered onto the film to suppress charging. Water
contact angles were measured by drop shape analysis of 4 UL water
droplet dispensed on the film at five different positions using Phe-
onix-150 (SEO).

RESULTS AND DISCUSSION

The thickness and roughness of LbL films were measured prior
to post acid treatment (Fig. 1). As 15K PAA ratio increased from
0% to 75% (i.e., 100K PAA decreased from 100% to 25%), the film
thickness increased from 1,087 to 2,000 nm. As for the roughness,
when the solution was 100% 100K PAA, the roughness was approxi-
mately 50 nm. However, as the 15K PAA ratio rose above 50%, the
roughness decreased to 10 nm. These results suggest that the PAA
composition of the LbL film changed according to the mixing ratio
of solution. Porous structure was not observed prior to acid treat-
ment. The increase in film thickness and decrease in roughness
with the increase in the amount of 15K PAA was attributed to faster
adsorption and less coiled chain conformation of 15K PAA com-
pared to 100K PAA [44]. At assembly pH of 3.5, the degree of ion-
ization of PAA is low and electrostatic interaction between PAA
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Fig. 1. Thickness and roughness of the as-made LbL films.

and PAH on the film surface is relatively weak. Therefore, as the
MW of PAA increases, the adsorption of PAA onto the film surface
is slowed due to the poor chain mobility, which results in slow film
growth. In addition, more coiled conformation due to the higher MW
of PAA coupled with ionization results in high surface roughness.
The as-made LbL films were immersed in acidic solution to
generate the porous structure. The effects of 100K/15K PAA ratio
and acid treatment pH on the surface morphologies of the acid-
treated LbL films were examined. For acid treatment time, 5 min
and 1 h were selected. According to the previous studies, time less
than 5 min was frequently used to generate small nano- or micro-
pores, and time longer than 1h was used to generate larger pores
or hierarchical structure. Fig. 2 shows the SEMS images of acid-
treated LbL films at varying pH for 5min. When the films pre-
pared using 100% 100K PAA (1* column) were treated at pH 2.4,
pores with diameter of 0.5-3 um were observed. However, when
pH decreased to 2.2 or 2.0, crater-like pores of ~5 pum were observed.

100K (%) 100
15K (%)

pH 2.4

Next, we examined the effect of increasing 15K PAA ratio on the
surface morphology at each pH (rows in Fig, 2). At pH 2.4, the pores
became smaller and surface became smoother as the amount of
15K PAA increased until 75%. At 100% 15K PAA, it was difficult
to see clear pores. At pH values of 2.2 and 2.0, increasing the
amount of 15K PAA had a similar effect. However, for 15K PAA
ratios of 25%, 50%, and 75%, the pores in the films treated at pH
2.2 were more distinct and clear than those treated at pH 2.4. At
pH 2.0, crater-like pores were observed until the 15K PAA ratio
reached 25%, but distinct pores were not observed once the ratio
exceeded 50%. Overall, when 100% 15K PAA was used, a clear
porous structure was not observed.

The surface morphology of LbL films was also examined when
the acid treatment time was increased to 1h (Fig. 3). Overall, the
pore size increased compared to the films treated for 5 min. At pH
24 and 2.2, the pores were between 300 nm and 5 pm in diame-
ter, regardless of 15K PAA ratio. This was in contrast to the results
for an acid treatment of 5 min where pore size decreased as the
15K PAA ratio increased. However, at pH 2.0, smaller pores of
100-500 nm were observed in all the films except those assembled
with 100% 100K PAA. For the films treated at pH 2.0 for 5min,
these small pores were hardly visible.

The roughness of acid-treated samples was measured with a
profilometer (Fig. 4). At pH 24 and a treatment time of 5min,
roughness decreased from 311 nm to minimum of 116 nm as the
15K PAA ratio increased. When the treatment time was increased
to 1h, the roughness decreased from 383 nm to 300 nm as the
15K PAA ratio increased. Overall, the films treated for 1 h showed
greater roughness than those treated for 5min. At pH 2.2, rough-
ness was highly influenced by both the 15K PAA ratio and acid
treatment time. When the acid treatment time was 5 min, rough-
ness decreased from 462 nm to 173 nm as the 15K PAA ratio in-
creased. However, when the treatment time was 1 h, roughness in-

Fig. 2. SEM images of acid-treated LbL film at different pH and 15K PAA ratio with an acid treatment time of 5 min. The scale bar for all the

images is 10 pm.
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Fig. 3. SEM images of acid-treated LbL films at different pH values and 15K PAA ratios with an acid treatment time of 1h. The scale bar for
all the images is 10 pm.
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Fig. 4. Roughness of PAH/PAA LbL film treated at (a) pH 2.4, (b) pH 2.2, and (c) pH 2.0. The same scale of roughness applies to all the figures.
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Fig. 5. (a) Film thickness and (b) pore volume of the acid-treated PAH/PAA IbL film. The legend applies to both figures.
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creased significantly from 385 nm to 880 nm as the 15K PAA ratio
increased. In contrast, at pH 2.0 the roughness decreased when
treatment time was increased from 5 min to 1 h for the 15K PAA
ratios between 25% and 75%, contrary to the observation for pH
2.4. Overall, the effect of 15K PAA ratio, pH, and treatment time
on roughness is fairly consistent with the surface topography ob-
served in SEM images.

The thickness of acid-treated film was measured (Fig. 5(a)). In
general, film thickness increased as the acid treatment time increased
from 5min to 1 h. At 5min, the film thickness did not change much
as the 15K PAA ratio increased. Furthermore, pH did not have a
significant effect on the film thickness, although thickness was a
little higher at pH 2.0 than pH 2.4 and 2.2 when the 15K PAA
ratio was 25% or 50%. However, if acid treatment time increased
to 1h, the pH and 15K PAA ratio both had a great effect on the
film thickness. In particular, at pH 2.0, film thickness increased from
2,300 nm to 11,800 nm as the 15K PAA ratio increased from 0%
to 100%.

Using the thickness data of the as-made (Fig. 1) and acid-treated
(Fig. 5(a)) films, pore volume (%) was calculated using the follow-
ing equation [38].

(thickness after acid treatment
— thickness before acid treatment)
x 100

Pore volume (%)= thickness after acid treatment

The pore volume (%) was presented as a function of acid treat-
ment pH and the 15K PAA ratio (Fig. 5(b)). As a whole, at a given
15K PAA ratio, the films treated for 1 h had a higher pore volume
than those treated for 5 min, regardless of pH. Furthermore, for a
given acid treatment time, 5min or 1 h, pore volume increased as
the acid treatment pH increased. For example, when the 15K PAA
ratio was 75% and treatment time was 1 h, pore volumes were 30%,
63%, and 80% when the pH was 2.4, 2.2, and 2.0, respectively.

The effect of PAA mixing ratio on the pore volume at acid treat-
ment time of 1h is of particular interest. When 100% 100K PAA
was used, pore volume was 67-76%, which was not greatly influ-
enced by acid treatment pH. However, as the 15K PAA (%) in-
creased, pore volume became highly dependent on the pH. At pH
2.4, pore volume decreased from 74% to 35% as the 15K PAA ratio
increased. At pH 2.2, pore volume decreased slightly from 76% to
62%. In contrast, at pH 2.0, pore volume (%) increased from 67%
to 85%. Therefore, at 100% 15K PAA, pore volume varied between
35% to 85% depending on the acid treatment pH, contrary to the
small variation in pore volume when 100% of 100K PAA was used.

The pH dependence of pore volume according to PAA mixing
ratio was verified using the cross-sectional images of acid-treated
samples (Fig. 6). For both samples prepared using both 100% 100K
and 100% 15K PAAs, pore structure could not be effectively iden-
tified when treated at pH 2.4 for 5 min. However, when the acid
treatment time was increased to 1 h, a difference in the pore struc-
ture was detected. For the samples prepared using 100% 100K
PAA, pores with 1-5 um in diameter were clearly visible for both
pH 2.4 and 2.0. However, for the samples prepared using 15K PAA,
pore structure depended on acid treatment pH. At pH 2.4, pores
were collapsed rather than spherical and pore volume was rela-
tively small. On the other hand, at pH 2.0, pores ranged from 1-
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Fig. 6. SEM images of cross-section of PAH/PAA LbL films treated
at varying pH and time. The scale bar is 10 pm.

2.5 um, and antisymmetric pore structure with smaller pores near
the substrate and larger pores near the film surface was observed.
These cross-sectional images are consistent with the pore volumes
calculated from the change in film thickness.

To make a hydrophobic surface, porous LbL films were coated
with fluorinated silane, TCPES, and water contact angle (WCA) was
then measured (Fig. 7). At pH 2.4, the WCA generally decreased
as the 15K PAA ratio increased (Fig. 7(a)). At the treatment time
of 5min, the WCA decreased from 132° to 105-116° as the 15K
PAA ratio increased. At a treatment time of 1h, the WCA de-
creased from 143° to a minimum 117-128° as the 15K PAA ratio
increased. As noted in Figs. 3, 4 and 5, roughness and pore vol-
ume decreased a little, and the surface texture was weakened as
the 15K PAA ratio increased at the pH 2.4 condition. Thus, the
decrease in WCA with the increase in 15K PAA ratio is likely due
to weakening of porous structure and decrease of roughness rather
than pore volume effect. Another possibility is stability of contact
angle. We found that WCA decreased with measurement time
when 100% 15K PAA was used in LbL assembly, while WCA was
fairly constant when 100% 100K PAA was used. It is associated
with the facile penetration of water droplet or reorganization of
polymer chains on the surface due to the 15K PAA. This will be
discussed later in Fig. 8. Furthermore, at a given 15K PAA ratio,
the films that were acid-treated for 1h showed a higher WCA
than those acid-treated for 5 min. The increase in the WCA with
treatment time corresponds to the increase in surface roughness.

At pH 2.2, the 15K PAA ratio and acid treatment time had a
different effect on the WCA (Fig. 7(b)). When the acid treatment
time was 5 min, the WCA decreased from 147° to 115° as the 15K
PAA ratio increased from 0 to 100%. In contrast, when the acid
treatment time was 1 h, the WCA decreased slightly from 144° to
140° as the 15K PAA ratio increased. At acid treatment of pH 2.2
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for 1h, both roughness and pore volume decreased with the in-
crease in 15K PAA ratio. At pH 2.2 for 1 h, roughness of LbL film
increased significantly and pore volume decreased as the 15K PAA
ratio increased. Therefore, while the WCA decreased 32° at acid
treatment time of 5 min due to the decrease in roughness with the
increase in 15K PAA ratio, the WCA decreased slightly, around 4°,
due to the significant increase in roughness when the films were
treated at pH 2.2 for 1 h.

The WCA was also measured for the films treated at pH 2.0
(Fig. 7(c)). One important observation is that the WCA did not
decrease substantially as the 15K PAA ratio increased, regardless
of the treatment time. The WCA decreased from ~150° to ~140°

as the 15K PAA ratio increased. At acid treatment time of 5 min,
roughness decreased above 25% of 15K PAA ratio. The surface
became relatively smooth without distinct pore structure as con-
firmed by SEM images. Pore volume also decreased with the in-
crease in 15K PAA. At the treatment time of 1h, film became
smooth with small roughness value with the increase in 15K PAA
ratio. However, pore volume increased from 65 to 80% as the 15K
PAA ratio increased from 0 to 100%. Thus, decrease in WCA with
increasing 15K PAA ratio was significantly suppressed although
the roughness decreased for both acid treatment time of 5min
and 1h. The suppression of decrease in WCA cannot be due to
the pore volume effect because pore volume either increased or
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decreased depending on acid treatment time. Smooth dense sur-
face over large pore structure seems to inhibit the water penetra-
tion or rearrangement of polymer chain on the surface.

To study the effects of 15K PAA ratio and pH on the WCA fur-
ther, the WCA was measured as a function of time under differ-
ent acid treatment conditions (Fig. 8). Samples assembled with
100% 100K and 15K PAA were compared. For the films assem-
bled with 100% 100K PAA, the WCA did not change substantially
over time, regardless of acid treatment conditions. In contrast, the
WCA of the film assembled with 100% 15K PAA was dependent
on the pH and treatment time. At pH 2.4 and 2.2 for 5 min, the
WCA decreased by 16° and 10° respectively. At pH 2.2 and pH
2.0 for 1 h, the WCA did not change substantially over time. The
WCA decreased by 6° and 2°, respectively.

The decrease in the WCA over time is attributed to partial pen-
etration of water into the film [4546] or rearrangement of the poly-
mer chain segments on the surface [47,48]. Thus, it can be inter-
preted that LbL films prepared with 15K PAA facilitate the pene-
tration of water or surface rearrangements compared to those pre-
pared with 100K PAA. However, the decrease in the WCA over
time was suppressed as the acid treatment conditions became severe.
When the films were treated at pH 2.2 for 1h, the roughness in-
creased with increasing 15K PAA ratio, which suppressed the de-
crease of WCA. In contrast, when the films were treated at pH 2.0
for 1h, the decrease of WCA was suppressed although the films
surface was fairly smooth. Smooth dense surface might have inter-
fered the water penetration into the large pores inside the LbL film
or hindered polymer chain rearrangement on the surface. There-
fore, severe acid treatment played a role to alleviate the decrease of
WCA.

CONCLUSION

This study demonstrates that surface morphology and rough-
ness can be controlled by adjusting the 100K/15K PAA ratio during
film assembly and the post assembly acid treatment conditions,
pH and time. At an acid treatment time of 5 min, the porous sur-
face structure became smoother as the 15K PAA ratio increased.
However, at a treatment time of 1 h, the effect of the 15K PAA ratio
on the surface morphologies and surface roughness was influ-
enced by the acid treatment pH. At pH 2.4 and pH 2.0 the rough-
ness decreased as the 15K PAA ratio increased, but the roughness
increased significantly at pH 2.2. Furthermore, the relationship
between the pore volume and 15K PAA ratio was greatly affected
by the pH and treatment time. In particular, at an acid treatment
time of 1h, the pore volume decreased as the 15K PAA ratio in-
creased at pH 2.4, but the pore volume increased as the 15K PAA
ratio increased at pH 2.0.

Furthermore, the WCA of porous LbL films treated with TCPES
was affected by the 15K PAA ratio and the pH treatment condi-
tion. At pH 2.4, the WCA decreased 15-26° as the 15K PAA ratio
increased for acid treatment times of 5 min and 1 h. At pH 2.2, the
WCA decreased by 32° as the 15K PAA ratio increased for an acid
treatment time of 5 min; however, it only decreased by 4° as the
15K PAA ratio increased when the acid treatment time was 1h.
At pH 2.0, the WCA decreased by approximately 10°, regardless of
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the acid treatment time. The stability of the WCA over time was
affected by the molecular weight of the PAA. The WCA was fairly
stable when the films were assembled with 100K PAA. However,
when they were assembled with 15K PAA, the stability depended
on the acid treatment conditions. At mild acid treatment condi-
tions, the WCA decreased over time and the WCA became stable
as the pH decreased and treatment time increased. In summary; it
is possible to control the surface morphology of porous LbL films
and subsequently the WCA of the fluorinated surface can be man-
aged by adjusting the 100K/15K PAA ratio and the acid treatment
conditions.
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