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ABSTRACT: The layer-by-layer (LbL) codeposition of polyelectrolyte-polyelectrolyte complexes (PECs)
and free polyelectrolytes with oppositely charged polyelectrolytes for the fabrication of polymeric films has
been systematically investigated. Aqueous dispersions containing positively charged diazoresin (DAR)-
poly(acrylic acid) (PAA) complexes (denoted asDAR-PAA) and freeDARwere used as the dipping solutions
for LbL film fabrication with PAA. Simultaneous deposition of DAR-PAA complexes and free DAR with
PAA took place under a nondrying LbL deposition process that produced bilayered thick polymeric films
with the hierarchical PAA/DAR-PAA coatings rooting in the underlying continuous PAA/DAR films. The
structure of the bilayered polymeric films depends largely on the ratio of DAR-PAA complexes to free DAR
in the dipping solution. The more rapid deposition of PAA/DAR-PAA coatings than that of the PAA/DAR
films accounts for the formation of bilayered polymeric films because DAR-PAA complexes have larger
dimensions than DAR in solution. The bilayered polymeric coatings with hierarchical structures rooting in
continuous films have enhanced adhesion with the underlying substrates because of the increased contacting
area. After chemical vapor deposition of a layer of fluoroalkylsilane, the bilayered polymeric coatings can be
easily converted into superhydrophobic. In contrast, the LbL codeposition of DAR-PAA complexes and
DAR with PAA produces thin and compact films without bilayered structures when a N2 drying step is
conducted after each layer deposition. The present study is meaningful in deeply understanding the
deposition behavior and structure tailor of LbL assembled films using PECs as building blocks.

Introduction

The layer-by-layer (LbL) assembly technique, which was
developed by Decher and coworkers in the early 1990s, has been
demonstrated to be a convenient and versatile method to fabri-
cate film materials with precise control of the chemical composi-
tion and architecture on micro- and nanoscales.1,2 The LbL
assembly technique is particularly suitable for film deposition
on nonflat surfaces with large areas.3 Up to now, various kinds of
materials, including almost all kinds of polyions, inorganic
materials,4 dendrimers,5 oligo-charged organic molecules,6 mi-
celles,7 and biomacromolecules8 have been successfully incorpo-
rated into LbL assembled films. These films can find multiple
applications in areas such as antireflection coatings,4b,7c,9 super-
hydrophobic surfaces,10 nonlinear optics,11 biosensors,12 cell
adhesion or resistance coatings,2b,13 drug delivery systems,3e,14

proton exchangemembrane,15 solar-energy conversion,16 separa-
tion membranes,17 and so forth. The search for new building
blocks is a prerequisite for the fabrication of LbL assembled
advanced functional film materials, which is of the same im-
portance as the exploration of driving force for LbL assembly
technique. In general, polymeric building blocks possessing
versatile structures in solution are helpful to obtain polymeric
films with well-tailored structures as well as functionalities. For
instance, LbL assembled polymeric films composed of weak
polyelectrolytes have more diverse and easily tailored film struc-
tures than those of strong polyelectrolytes because the config-
urations of weak polyelectrolytes are more easily tailored in
solution and films than strong ones.9a,18 Therefore, materials

with diverse and highly controllable structures in solution are
always favored for the fabrication of LbL assembled functional
film materials.

Polyelectrolyte-polyelectrolyte complexes (PECs), formed
mainly by electrostatic interactions between oppositely charged
macromolecules, represent a special class of polymeric compounds
possessing versatile and easily tailored compositions and struc-
tures in solution.19 Comparedwith simplex linear polymers, PECs
have an abundance of compositions, relatively large dimensions,
and diverse structures, which can all be easily tailored by changing
the parameters such as mixing ratio, concentration, solution pH,
ionic strength, temperature, and so on during or after the forma-
tion of PECs.19 In the past several decades, much effort has been
expended to use PECs in various fields, such as nanocarriers for
the delivery of drugs, water purification, cosmetics, and so forth.20

Nonstoichiometric PECs, which can be either positively or nega-
tively charged depending on the excessive component, can be used
as building blocks for LbL assembled film fabrication.21 In our
previous study, we proved that the use of PECs as building blocks
for LbL film fabrication has at least two advantages: (i) PECs
provide a facile way to well tailor the structures as well as the
functionalities of the LbL assembled films because of the easily
tailored structures of PECs in solution or even in films through
post film treatments.22 (ii) The large dimensions of PECs enable
the rapid fabrication of LbL assembled functional films, especially
for those with micrometer thickness.7e,23

Although PECs are practically useful for the fabrication of
LbL assembled functional filmmaterials, the precise understand-
ing of the deposition behavior and structural tailoring of LbL
assembled films using PECs as building blocks remains challen-
gingbecause of the complexity ofPECs in solutions.For instance,
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free polyelectrolytes usually exist in the dispersions of PECs
because there is a balance between the PECs and free polyelec-
trolytes, especially for those with one kind of polyelectrolyte
being in excess.19a,24 The separation of the free polyelectrolytes
may break the balance and induce the partial dissociation of the
PECs.24 In this case, the particles of the PECs and free polyelec-
trolytes are involved simultaneously in the LbL deposition with
partner species to producemultilayer films.The elucidation of the
simultaneous LbL deposition behaviors of PECs and the coex-
isted free polyelectrolytes is not only academically important but
also helpful for designing functional film materials. The present
work aims to understand the deposition behavior and structural
tailoring of the LbL assembled films when PECs and free
polyelectrolytes coexist in the dipping solutions. To do so,
positively charged PECs of diazoresin (DAR) and poly(acrylic
acid) (PAA) (denoted as DAR-PAA) with a molar excess of
DAR were prepared and alternately deposited with PAA to
fabricate LbL assembled polymeric films. Simultaneous LbL
deposition of positively charged DAR-PAA complexes and free
DAR with negatively charged PAA were observed with system-
atically changing the amount of free DAR in the dipping
solution. As a result, polymeric coatings with the hierarchical
structures of PAA/DAR-PAA rooting in the underlying contin-
uous PAA/DAR films were produced. These kinds of films, with
the hierarchical structures on the top and continuous film on the
bottom, are believed to have strong adhesion with the underlying
substrate and can be used as superhydrophobic coatings after
chemical vapor deposition of a layer of fluoroalkylsilane.

Experimental Section

Materials. Poly(diallyldimethylammonium chloride) (PDDA,
Mw ca. 100 000-200 000), poly(acrylic acid) (PAA,Mw ca. 1800
and 100 000) were purchased from Sigma-Aldrich. 1H,1H,2H,
2H-perfluorooctyltriethoxysilane (POTS) was purchased from
Degussa. All chemicals were used without further purification.
DAR was synthesized according to the literature procedure.25

The chemical structure of DAR is shown in Scheme 1a. The
molecular weight (Mn) of DAR was ∼2500. Deionized water
was used for all of the LbL film fabrication.

Preparation of DAR-PAA Dispersions. Positively charged
DAR-PAA dispersions were prepared by dropwise adding
1 mg/mL PAA (Mw ca. 1800) solution in 1 mg/mL DAR
solution under intense stirring. TheDAR-PAAdispersions with
different mixing ratio were prepared with the feed monomer
molar ratio of DAR to PAA being 1:0.4, 1:0.2, and 1:0.1, respe-
ctively. For simplicity, they were denoted as DAR-PAA0.4,
DAR-PAA0.2, and DAR-PAA0.1 dispersions, respectively.

To evaluate the amount of free DAR in aqueous DAR-PAA
dispersions, we dialyzed the as-preparedDAR-PAAdispersions
by using dialysis membrane with a MWCO of 3500 in pH 3.0
water, which had the same pH as that of the DAR-PAA
dispersions. The dialysate was collected to determine the
amount of uncomplexed DAR in the original DAR-PAA dis-
persions. The DAR-PAA complexes after dialysis were denoted

as DAR-PAAd for short. It is worth noting that the dialysis was
carried out in the dark to prevent the photolysis of DAR.

Coating Preparation. A substrate of silicon wafer or quartz
was immersed in a slightly boiled piranha solution (1:3 mixture
of 30% H2O2 and 98% H2SO4) for 20 min. Caution: Piranha
solution reacts violently with organic materials and should be
handled carefully. After being rinsed with ample water and dried
with N2 flow, the resulting substrate was immersed in aqueous
cationic solution of 1 mg/mL PDDA for 20 min to obtain a
positively charged surface. The LbL assembled films using
aqueous DAR-PAA dispersions as the dipping solutions are
denoted as [PAA/(DAR-PAAþDAR)]*n (n refers to the num-
ber of deposition cycles) films because the aqueous dispersions
contain both DAR-PAA complexes and free DAR. The LbL
deposition of PAA/(DAR-PAAþDAR) films was conducted in
the dark automatically by a programmable dipping machine.
The PDDA-modified silicon wafer or quartz was first immersed
in an aqueous PAA solution (pH 3.5, 1 mg/mL,Mw ca. 100 000)
for 15 min, followed by rinsing with water three times for 1 min
each time. Then, the substrate was immersed in aqueous DAR-
PAA dispersion (pH 3.0) for another 15 min and rinsed in three
water baths for 1 min each time. No drying step was used in the
deposition procedure unless it was in the last layer. Multilayer
films of [PAA/(DAR-PAAþDAR)]*n can be fabricated by
repeating these steps in a cyclic fashion. In a control experiment,
LbL assembled PAA/(DAR-PAAþDAR) films with drying
steps after each layer deposition were fabricated in a similar
way as those of PAA/(DAR-PAAþDAR) films, except that a
drying step using N2 flow was performed after the substrate was
washed in water.

Photo-cross-linking of the LbL assembled PAA/(DAR-
PAAþDAR) films was conducted by irradiating the films with
a 250 W UV lamp at a distance of 5 cm from the source for
20 min (5 min for each time to prevent the films from high
temperature) to ensure that the reaction proceeded completely.
Under UV irradiation, diazonium groups of DAR in LbL
assembled PAA/(DAR-PAAþDAR) films decompose to pro-
duce cationic phenyl groups that react with nucleophile groups
of carboxylate in PAA to form carboxylate esters (Scheme 1b).26

Therefore, covalently cross-linked PAA/(DAR-PAAþDAR)
films were obtained after UV irradiation.

Chemical VaporDeposition of POTS.The substrate deposited
with PAA/(DAR-PAAþDAR) coatings was placed in a sealed
vessel, and a fewdrops of POTSwere dispensed on the bottomof
the vessel. Therewas nodirect contact between the substrate and
the drops. The vessel was put in an oven at 120 �C for 2 h to
enable the vapor of POTS to react with the-OH groups on the
substrate surface. Finally, the substrate was taken out of the
vessel and placed in an oven at 150 �C for another 2 h to
volatilize the unreacted POTS molecules on the substrate.

Characterization.Dynamic light scattering (DLS) studies and
ζ-potential measurements were carried out on aMalvern Nano-
ZS zetasizer at room temperature. The measurements were
made at a scattering angle of θ= 173� at 25 �C using a He-Ne
laser with a wavelength of 633 nm. UV-vis absorption spectra
were recorded with a Shimadzu UV-2550 spectrophotometer.
Multilayer film fabrication was conducted by Dipping Robot
DR-3, Riegler & Kirstein GmbH at room temperature. Scan-
ning electron microscopy (SEM) images were obtained on a
XL30 ESEMFEG scanning electron microscope. The height of
the hierarchical structures derive from the LbL deposition of
DAR-PAA complexes with PAA was calculated from the sur-
face of the substrate and was the average value obtained from
three separate cross-sectional SEM images. For each SEM
image, 40 equidistant positions were measured. Therefore, the
height of the hierarchical structures was the average value of
120 positions. A dektak 150 surface profiler using a 5 μm stylus
tip with 3 mg stylus force was used to characterize the topo-
graphy and the root-mean-square (rms) roughness of the LbL
assembled coatings (500 � 500 μm2). The static contact angles

Scheme 1. (a) Chemical Structure of DAR and (b) Photoreaction of
DAR and PAA
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and sliding angles were measured with a commercial contact
angle system (DataPhysics, OCA 20) at ambient temperature
using a 4 μL water droplet as the indicator.

Results and Discussion

Preparation of DAR-PAA Dispersions. Excessive polyca-
tion DAR was used to complex with polyanion PAA by
electrostatic interaction as a main driving force. The pH of
the aqueous DAR-PAA dispersions was adjusted to 3.0, at
which the aqueous DAR-PAA dispersions were stable and
homogeneous. Increasing the pH of the aqueous DAR-PAA
dispersions to 4.0 would cause the precipitation of the DAR-
PAA0.4 complexes because PAA contains more carboxylate
groups and has a stronger interactionwith positively charged
DAR.When the pH of the aqueous DAR-PAA dispersion is
decreased to 2.0, stable DAR-PAA complexes cannot form
because PAA contains a few carboxylate groups at such a
low pH. Therefore, aqueous DAR-PAA dispersions with a
pH of 3.0 were prepared for LbL film fabrication. Electro-
phoresis measurements show that the DAR-PAA0.4, DAR-
PAA0.2, and DAR-PAA0.1 dispersions at pH 3.0 are posi-
tively charged with their corresponding ζ potentials being
þ22.6, þ26.4, and þ37.5 mV, respectively, which further
demonstrates that DAR ismolar excessive in the DAR-PAA
dispersions. DLS measurements were used to characterize
the size distribution of theDAR-PAAdispersions. As shown
in Figure 1a, the DLS curve of DAR-PAA0.4 dispersion
exhibits bimodal size distributions with the hydrodynamic
diameter of the smaller particles center at 78.8 nm and the
larger ones with a broad distribution having a maximum at
342.0 nm. Similarly to DAR-PAA0.4 dispersion, two size
fractions have also been observed for the freshly prepared
DAR-PAA0.2 and DAR-PAA0.1 dispersions, with the smal-
ler particles maximized at 68.1 and 75.2 nm and the larger
ones at 295.3 and 255.0 nm, respectively (Figure 1b,c).
Dialysis was conducted to separate free DAR from the
DAR-PAA dispersions. After 2 min of dialysis, character-
istic UV-vis absorbance of DAR could be observed for the
dialysates of the DAR-PAA dispersions with mixing ratio of

0.4, 0.2, and 0.1, which confirms the existence of freeDAR in
the DAR-PAA dispersions. Therefore, the as-prepared
DAR-PAA dispersions can be considered to be a compli-
cated system consisting of excessive freeDAR, small primary
complex particles, and large complex particles of DAR-
PAA.

After dialysis for 1 week in the dark, the dialysates were
collected, and the amount of excessive DAR in the as-
prepared DAR-PAA dispersions was calculated because
the absorbance of DAR in aqueous solution obeys the
Lambert-Beer law. After dialysis, about 46, 66, and 78%
of the whole DAR were removed from the as-prepared
DAR-PAA dispersions with a mixing molar ratio of DAR
to PAA being 1:0.4, 1:0.2, and 1:0.1, respectively. The
dialyzed DAR-PAA complexes are still nonstoichiometric
and have an excess of DAR, with the ζ potentials of DAR-
PAAd0.4 and DAR-PAAd0.2 being þ10.3 and þ12.0 mV,
respectively. The excessive DAR can prevent the accumula-
tion or precipitation of theDAR-PAA complexes in aqueous
dispersions. DLS measurements show that after dialysis, a
single well-resolved peak around 190.1 and 141.8 nm is
observable for DAR-PAAd0.4 and DAR-PAAd0.2, respec-
tively (Figure 1d,e). The dialyzed DAR-PAA complexes
became smaller and more uniform in size than their corre-
sponding complexes before dialysis. With the gradual re-
moval of free DAR, the balance between free DAR and
DAR-PAA complexes in their aqueous dispersions is bro-
ken, which leads to the dissociation of the original DAR-
PAA complexes. The DAR-PAA complexes with smaller
sizes are easier to dissociate than larger ones because of their
higher surface-to-volume ratio. The absence of theDLSpeak
around 70 nm indicates the complete dissociation of the
small DAR-PAA complexes. Meanwhile, the dissociation of
the large DAR-PAA complexes leads to the decrease in their
particle size. DLS measurements show that no particles can
be detected in the DAR-PAA0.1 dispersion after dialysis.

LbL Fabrication of PAA/(DAR-PAAþDAR) Coatings.
Aqueous DAR-PAA dispersions comprising free DAR and
nonstoichiometric DAR-PAA complexes can be used as
dipping solutions for LbL film fabrication with polyanion
PAA based on electrostatic interaction as the main driving
force. No drying step was used during the film deposition
procedure until it was in the last layer. All films were
characterized after they were cross-linked under UV irradia-
tion. SEMwas used to characterize the surfacemorphologies
of the PAA/(DAR-PAA0.2þDAR) films with different de-
position cycles. The surface of the UV-irradiated [PAA/
(DAR-PAA0.2þDAR)]*15 film is mainly scattered with
separated and aggregated particles (Figure 2a,b). As con-
firmed later, these particles are DAR-PAA complexes and
aggregates of DAR-PAA complexes glued by PAA. With
increasing number of film deposition cycles, the amount of
the deposited particles increase, and these particles associate
more intimately to form larger aggregates (Figure 2c-f).
Take the [PAA/(DAR-PAA0.2þDAR)]*50 film, for in-
stance, hierarchical structures with lateral dimensions of
several micrometers are observed (Figure 2e,f). The enlarged
SEM image in Figure 2f clearly discloses that the hierarchical
structures are composed of multistep-aggregated particles of
DAR-PAA complexes glued by PAA. The 3D topographies
of the PAA/(DAR-PAA0.2þDAR) films with different de-
position cycles were further investigated by surface profiler
because the size and height of the microstructures on the
films were too large to measure by AFM. 3D profilometry
measurements demonstrate that islandlike structures appear
on the surface of the LbL deposited PAA/(DAR-PAA0.2þ
DAR) films. The density and dimension of islands increase

Figure 1. Hydrodynamic diameter distribution curves of DAR-PAA
dispersions with mixing ratio of DAR to PAA being (a) 1:0.4, (b) 1:0.2,
and (c) 1:0.1, respectively. Hydrodynamic diameter distribution curves
of (d) DAR-PAAd0.4 and (e) DAR-PAAd0.2 complexes.
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with increasing number of film deposition cycles. Figure 3
indicates that the root-mean-square (rms) roughness of the
PAA/(DAR-PAA0.2þDAR) films increases with increasing
number of film deposition cycles.

The structures of the PAA/(DAR-PAA0.2þDAR) films
with different deposition cycles are further disclosed by their
cross-sectional SEM images. As shown in Figure 4, all
PAA/(DAR-PAA0.2þDAR) coatings are recognized by
their bilayer structures, which comprise the underlying con-
tinuous layer that is flat and uniform and the top discontin-
uous layer, which has hierarchical structures. As summa-
rized in Figure 4e, the thickness of the continuous films and
the height of the hierarchical structures increase almost
linearly with increasing number of film deposition cycles,
with an increment of 1.9 ( 0.3 and 14.0 ( 2.4 nm per
deposition cycle for the continuous film and the hierarchical
structures, respectively. This result confirms the simulta-
neous deposition of the continuous films and the hierarchical
structures. We conclude that the continuous films originate
from the LbL deposition of PAA with free DAR in the
aqueous DAR-PAA0.2 dispersion, whereas the hierarchical
structures correspond to the alternate deposition of PAA
with the positively charged DAR-PAA complexes. The LbL
deposition of DAR-PAA complexes with PAA leads to a
discontinuous and thick coating with hierarchical structures
because of the loosely stacked sphere-like DAR-PAA com-
plexes. The deposition of PAA/DAR films takes place

simultaneously with the deposition of PAA/DAR-PAA dis-
continuous films but proceeds more slowly than that of
PAA/PAA-DAR because of the smaller dimensions of free
DAR than DAR-PAA complexes. Therefore, PAA/DAR
films occupy the interstices of PAA/DAR-PAA coatings. As
a result, polymeric coatings with the hierarchical structures
of PAA/DAR-PAA rooting in the underlying PAA/DAR
films were finally obtained. The thickness increment of 1.9(
0.3 nm per deposition cycle for the continuous PAA/DAR
film is consistent with the thickness of one bilayer of PAA/
DAR reported in our previous publication,26 endorsing
further that the LbL assembled PAA/DAR films correspond
to the underlying films in the bilayered PAA/(DAR-
PAA0.2þDAR) films. The height of one cycle of the PAA/
DAR-PAA film is smaller when compared with the hydro-
dynamic diameters of DAR-PAA complexes in solution
because deformation and shrinkage of the complexes usually
occur when deposited on a solid surface.23 Meanwhile, the
low surface coverage of the DAR-PAA complexes, as dis-
closed in Figure 2, also suppresses the thickness increase in
the PAA/DAR-PAA films.

Dependence of Film Structures on Mixing Ratio of DAR-
PAA Dispersions. We further investigated the simultaneous
LbL deposition of positively charged DAR-PAA complexes
and DAR with negatively charged PAA by systematically
changing the amount of free DAR in the aqueous DAR-
PAA dispersions. The cross-sectional SEM image shown in
Figure 5a indicates that the [PAA/(DAR-PAA0.4þDAR)]*50
film has a similar bilayer structure as that of [PAA/(DAR-
PAA0.2þDAR)]*50 film, where the hierarchical structures of
PAA/DAR-PAA root in the continuous PAA/DARcoating.
As shown in Figure 5b, the aggregated structures in the
[PAA/(DAR-PAA0.4þDAR)]*50 film have larger dimen-
sions and higher density than those in [PAA/(DAR-
PAA0.2þDAR)]*50 film. The thickness of the underlying
PAA/DAR and height of the PAA/DAR-PAA0.4 hierarch-
ical structures in PAA/(DAR-PAA0.4þDAR) films with
different deposition cycles are summarized in Figure 5c.

Figure 3. Dependence of rms roughness of the PAA/(DAR-PAA0.2þ
DAR) (curve a) and PAA/(DAR-PAA0.4þDAR) (curve b) coatings as
a function of the number of coating deposition cycles. Films with a
scanning area of 500 � 500 μm2 were measured.

Figure 4. Cross-sectional SEM images of UV-irradiated PAA/(DAR-
PAA0.2þDAR) coatings with deposition cycles being (a) 15, (b) 30,
(c) 40, and (d) 50, respectively. (e) Dependence of the height of the
hierarchical structures (9) and the thickness of the continuous films (O)
as a function of the number of coating deposition cycles.

Figure 2. Top-view SEM images of the UV-irradiated PAA/(DAR-
PAA0.2þDAR) coatings with deposition cycles of (a,b) 15, (c,d) 30, and
(e,f) 50.
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A linear increase of 1.6 ( 0.4 nm per deposition cycle is
obtained for the underlying PAA/DAR films. This value is
smaller than that of the PAA/DAR films fabricated using
DAR-PAA0.2 dispersion because of the lower concentration
of free DAR in DAR-PAA0.4 dispersion than in DAR-
PAA0.2 dispersion. With increasing number of film deposi-
tion cycles, the height of the PAA/DAR-PAA0.4 in PAA/
(DAR-PAA0.4þDAR) films increases more rapidly than
that of PAA/DAR-PAA0.2 in PAA/(DAR-PAA0.2þDAR)
films because of the larger dimensions of DAR-PAA0.4

complexes than DAR-PAA0.2 complexes in their correspon-
ding aqueous dispersions. For instance, the height of the
hierarchical structures in [PAA/(DAR-PAA0.4þDAR)]*50
and [PAA/(DAR-PAA0.2þDAR)]*50 films are 1144.5 (
201.2 and 700.4 ( 98.2 nm, respectively. Three-dimensional
profilometry measurements in curve b of Figure 3 indicate
that the rms roughness of the PAA/(DAR-PAA0.4þDAR)
films increases more rapidly than those of PAA/(DAR-
PAA0.2þDAR) films, which is consistent with the larger
dimensions of DAR-PAA0.4 complexes than those of
DAR-PAA0.2 complexes in their corresponding dispersions.

The aqueous DAR-PAA0.1 dispersion has the highest
ratio of free DAR to DAR-PAA complexes. LbL assembled
PAA/(DAR-PAA0.1þDAR) films fabricated using aqueous
DAR-PAA0.1 dispersion have the highest thickness for the
underlying PAA/DARand the lowest height for PAA/DAR-
PAA0.1 when compared with the coatings fabricated using
aqueous DAR-PAA0.2 and DAR-PAA0.4 dispersions. The
highest concentration of free DAR and the smallest hydro-
dynamic diameter of DAR-PAA0.1 complexes account for
this result. The cross-sectional SEM image of the PAA/
(DAR-PAA0.1þDAR)*50 film in Figure 6a shows that the
underlying (PAA/DAR)*50 film has a thickness of 113.4 (
1.5 nm, whereas the structures of (PAA/DAR-PAA0.1)*50
only protrude out of the underlying (PAA/DAR)*50 film.
The aggregations, which are DAR-PAA0.1 complexes glued
by PAA, have small sizes and low density (Figure 6b). The
structures of LbL deposited PAA/(DAR-PAAþDAR) films
can be systematically tailored by changing themixing ratio of
aqueous DAR-PAA dispersions. Meanwhile, the depen-
dence of film structure on ratios of free DAR to DAR-
PAA complexes supports the fact that simultaneous deposi-
tion of free DAR and DAR-PAA complexes with PAA

produces the unique coatings with hierarchical structures
of PAA/DAR-PAA rooting in continuous PAA/DAR films.

Dialyzed DAR-PAAd0.4 complexes were LbL assembled
with PAA to verify further that free DAR and DAR-PAA
complexes are important for producing bilayered PAA/
(DAR-PAAþDAR) films. The cross-sectional and top-view
SEM images of a (PAA/DAR-PAAd0.4)*70 film are shown in
Figure 6c,d. The (PAA/DAR-PAAd0.4)*70 film, which has
an average thickness of 247.8 ( 65.7 nm, is macroporous
without a bilayer film structure. The macroporous (PAA/
DAR-PAAd0.4)*70 films originate from the loosely depos-
ited sphere-like PAA/DAR-PAAd0.4 complexes with PAA.
The thickness of the (PAA/DAR-PAAd0.4)*70 films is much
thinner than that of the [PAA/(DAR-PAA0.4þDAR)]*50
films because of the following: (i) The hydrodynamic dia-
meter of ∼190 nm for DAR-PAAd0.4 complexes is smaller
than that of∼342 nm for DAR-PAA0.4 complexes. (ii) The ζ
potential of the DAR-PAAd0.4 complexes is þ10.3 mV,
which is much lower than that of þ22.6 mV for DAR-
PAA0.4 complexes before dialysis. The low ζ potential
reduces the electrostatic interaction between DAR-PAAd0.4

complexes and PAA. Therefore, the deposition of DAR-
PAAd0.4 complexes on PAA layer becomes difficult. The
macroporous PAA/DAR-PAAd0.4 films fabricated from
alternate deposition of PAA with DAR-PAA complexes
without free DAR validate our proposed mechanism for
the fabrication of PAA/(DAR-PAAþDAR) films with hier-
archical structures rooting in continuous films.

Influence of Drying Steps on Film Fabrication. The drying
steps used after each layer deposition can produce a dramatic
influence on structures of LbL assembled PAA/(DAR-
PAAþDAR) films. The cross-sectional and top-view SEM
images of [PAA/(DAR-PAA0.2þDAR)]*30 and [PAA/
(DAR-PAA0.4þDAR)]*30 films fabricated with drying
steps after each layer deposition are shown in Figure 7.
The [PAA/(DAR-PAA0.2þDAR)]*30 and [PAA/(DAR-
PAA0.4þDAR)]*30 films have an average thickness of
66.2 ( 2.3 and 71.0 ( 3.5 nm, respectively, with one cycle
of film being 2.2 and 2.4 nm, respectively (Figure 7a,b). The
aggregated particles, which are the LbL assembled PAA/
DAR-PAA, are observable but have much lower height and
are less aggregated (Figure 7c,d) compared with those in
their corresponding films fabricatedwithout drying steps. As
demonstrated in our previous publications, hydrated water
in PECs is very important to keep their spherical structures
when PECs are deposited on a solid surface.23 Once the
hydrated water is removed, the PECs would collapse. A N2

drying step can remove most of the hydrated water from the
DAR-PAA complexes. Concomitantly, the N2 drying step

Figure 5. (a) Cross-sectional and (b) top-view SEM images of UV-
irradiated [PAA/(DAR-PAA0.4þDAR)] *50 coatings. (c) Dependence
of the height of the hierarchical structures (9) and the thickness of the
continuous films (O) of the PAA/(DAR-PAA0.4þDAR) films as a
function of the number of coating deposition cycles.

Figure 6. Cross-sectional and top-view SEM images of UV-irradiated
(a,b) [PAA/(DAR-PAA0.1þDAR)] *50 and (c,d) (PAA/DAR-
PAAd0.4)*70 coatings.
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can produce a lateral shear force to spread the DAR-PAA
complexes. Consequently, the deposited spherical DAR-
PAA complexes collapsed and spread to form a relatively
smooth and thin layer after N2 drying, which slows down the
deposition of PAA/DAR-PAA coatings to a speed that is
similar to that of PAA/DAR films. Therefore, the LbL
codeposition of DAR-PAA complexes and DAR with
PAA produces thin and compact films without obvious
bilayer structures when a N2 drying step is used after each
layer deposition.

Fabrication of Superhydrophobic Coatings. The LbL code-
position of free DAR and DAR-PAA complexes with PAA
produces polymeric coatings with well-tailored PAA/DAR-
PAA hierarchical structures rooting in continuous PAA/
DAR films. The continuous PAA/DAR films are believed to
enhance the adhesion of the whole films with the underlying
substrates because of the increased contacting area with the
substrates when compared with hierarchical structures de-
posited directly on solid substrates. Polymeric coatings
with well-tailored surface hierarchical structures are widely
useful in designing solid surfaces with special wetting proper-
ties,23a,27 structure-related optical devices,28 and cell or
protein adhesion/resistance coatings,13,29 just to mention a
few. We believe that the PAA/(DAR-PAAþDAR) coatings
with PAA/DAR-PAA hierarchical structures rooting in
continuous PAA/DAR films have multiple applications
because their structures can be tailored conveniently. We
demonstrated herein that the PAA/(DAR-PAAþDAR)
films with hierarchical structures can be readily converted
to be superhydrophobic after chemical vapor deposition of a
layer of POTS. The wettability of the PAA/(DAR-PAA0.2þ
DAR) and PAA/(DAR-PAA0.4þDAR) films with different
deposition cycles was characterized by the contact angle
instruments using a 4 μL water droplet as the indicator. As
shown in Figure 8a, the water contact angle (CA) of the
PAA/(DAR-PAA0.2þDAR) films increases gradually with
increasing number of film deposition cycles. The increased
CA is highly related to the gradually increased surface
roughness withmore layers being deposited. After 30 deposi-
tion cycles, the CA of the PAA/(DAR-PAA0.2þDAR) film
reaches 153.9�. The [PAA/(DAR-PAA0.2þDAR)]*30 film
exhibits a high superhydrophobic adhesive property toward
water. A 4 μL water droplet on the surface of [PAA/(DAR-
PAA0.2þDAR)]*30 film canmaintain the sphere shapewhen
the surface is faced up or even turned upside down (inset in
Figure 8a). Superhydrophobic surfaces with high adhesive
force to liquids, which mimic the gecko mechanism, show
their potential applications in the areas such as liquid
transportation with no lost volume, traced analysis, and

innovative design of microfluidic devices.30 When the num-
ber of film deposition cycles exceeds 40, the PAA/(DAR-
PAA0.2þDAR) films become superhydrophobic with low
sliding angles. The [PAA/(DAR-PAA0.2þDAR)]*40 and
[PAA/(DAR-PAA0.2þDAR)]*50 films have a CA of 155.4
and 155.6�, respectively. The sliding angle of such coatings is
as low as 1�. The CA of PAA/(DAR-PAA0.4þDAR) films
shows a similar trend as that of PAA/(DAR-PAA0.2þDAR)
films as the number of film deposition cycles increases
(Figure 8b). The PAA/(DAR-PAA0.4þDAR) films become
superhydrophobic with low sliding angles of 1� when the
number of film deposition cycles exceeds 30. The [PAA/
(DAR-PAA0.4þDAR)]*30 film has a CA of 155.5� and
sliding angle of 1�, demonstrating a more rough surface of
[PAA/(DAR-PAA0.4þDAR)]*30 films than [PAA/(DAR-
PAA0.2þDAR)]*30 films.

We examined the stability of a superhydrophobic
[PAA/(DAR-PAA0.4þDAR)]*50 coating by rubbing the
coating with a piece of filter paper under different pressures.
The superhydrophobic coating was rubbed by dragging the
coating along the filter paper to a distance of 5 cm each time.
After rubbing for 20 times, its wettability was measured.
Under a pressure of 400 Pa, the rubbed [PAA/(DAR-
PAA0.4þDAR)]*50 coating still keeps its superhydrophobi-
city with a CA of 152� and a sliding angle <5�. When the
pressure applied on the coating reaches 500 Pa, part of the
hierarchical structureson the [PAA/(DAR-PAA0.4þDAR)]*50
coating can be destroyed, and the coating is superhydropho-
bic, but the water droplet cannot roll away. Further increas-
ing the rubbing pressure can completely damage the
superhydrophobicity of the coating. The rubbing test shows
that the superhydrophobic [PAA/(DAR-PAA0.4þDAR)]*50
coating has a satisfactory mechanical robustness because of
the covalently cross-linked coating structures. The stability
of a superhydrophobic [PAA/(DAR-PAA0.4þDAR)]*50
coating was also examined by sonicating the coating in water
with a power of 0.15 W/cm2. The superhydrophobic [PAA/
(DAR-PAA0.4þDAR)]*50 coating shows no decrease in
superhydrophobicity after being sonicated in neutralized or

Figure 7. Cross-sectional and top-view SEM images of UV-irradiated
(a,c) [PAA/(DAR-PAA0.2þDAR)]*30 and (b,d) [PAA/(DAR-PAA0.4þ
DAR)]*30 coatings prepared by a N2 drying process.

Figure 8. Dependence of contact angles of UV-irradiated (a) PAA/
(DAR-PAA0.2þDAR) and (b) PAA/(DAR-PAA0.4þDAR) coatings
as a function of film deposition cycles. Inset in part a shows a 4 μLwater
droplet on the surface of a [PAA/(DAR-PAA0.2þDAR)]*30 coating
when the coating is faced down and turned upside.
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pH 2.0 water for 5 min. This result also verifies that the
[PAA/(DAR-PAA0.4þDAR)]*50 coating has a strong adhe-
sion with the underlying substrate.

Conclusions

In the present study, the LbL deposition behaviors of PECs
and the coexisted free polyelectrolytes for LbL film fabrication
have been elucidated. By using aqueous dispersions containing
positively charged DAR-PAA complexes and free DAR as
dipping solutions, PAA/(DAR-PAAþDAR) films were fabri-
cated by LbL deposition of positively charged DAR-PAA com-
plexes and free DAR with polyanion PAA. Under a nondrying
LbL deposition process, the codeposition of DAR-PAA com-
plexes and DAR with PAA produces bilayered thick polymeric
films with the PAA/DAR-PAA hierarchical structures rooting in
the underlying continuous PAA/DAR films because of the more
rapid deposition of PAA/DAR-PAA than DAR/PAA. In con-
trast, thin and compact films are obtained when a N2 drying step
is conducted after each layer deposition because N2 drying can
slow down the deposition of the PAA/DAR-PAA. Our previous
studies verified that the diverse and easily tailored structures of
PECs in solution are helpful in fine tailoring the structure of the
LbL assembled films comprising alternately deposited PECs. The
present study confirms affirmatively that the structural tailoring
of the LbL assembled films using PECs as building blocks can
benefit from the addition of free polyelectrolytes in the dipping
solutions of PECs. The bilayered polymeric films with hierarch-
ical structures rooting in the underlying continuous films are
expected to have diverse functionalities because of their unsym-
metrical film structure and easily tailored surface morphologies.
In particular, when used as superhydrophobic coatings, the
increased contacting area provided by the underlying layer can
enhance the adhesion of the coatings with the substrates.
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