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S
elf-assembly of molecules through
noncovalent interactions provides a
sophisticated way to construct supra-

molecularmaterialswithuniquepropertiesand
functions, such as stimuli-responsiveness,1�4

self-healing,2,5 adaptation,6�8 recognition,9,10

transport,11,12 and catalysis.13,14 In the past
two decades, new concepts have been con-
tinuously introduced to promote the pro-
gress of molecular self-assembly, thereby
leading to supramolecular assemblies with
high levels of precision and complexity and
also unprecedented properties.1,6,15�18 Cur-
rently, multilevel assembly, which comprises
several sequential subassemblies within the
main assembly, has been the subject of
extensive research because it enables the
progressive buildup of more complex supra-
molecular assemblies in a precisely defined
way.6,18�20 In practice, the implementation
of a multilevel assembly requires progressive
control over themolecular interactions in both
spatial (structural) and temporal (dynamic)

levels, which are governed by the diversity
and the dynamic nature of the noncovalent
interactions and the information encoded
in molecular building blocks.6,18�20 The
hierarchical self-assembly is an example of
a multilevel assembly that uses the subunits
produced in each assembly to generate
larger and more complex assemblies in
the next one.15,19�22 In nature, hierarchical
self-assembly of small components creates
numerous complex structures, such as the
tobacco mosaic virus,23 natural collagen,24

and cellulose.25 Taking inspiration from
examples in nature, multilevel assembly
has been purposely employed by material
scientists to design complex artificial
materials with advanced properties and
functions by using synthetic species. Such
synthetic species include, but are not
limited to, block copolymers,26,27 hyper-
branched polymers,20 small organic mole-
cules,28 organic�inorganic hybrids,29 and
colloidal particles.4,30
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ABSTRACT In this study, we demonstrate multilevel and multi-

component layer-by-layer (LbL) assembly as a convenient and generally

applicable method for the fabrication of nanofibrillar films by exploiting

the dynamic nature of polymeric complexes. The alternate deposition of

poly(allylamine hydrochloride)�methyl red (PAH-MR) complexes with

poly(acrylic acid) (PAA) produces nanofibrillar PAH-MR/PAA films, which

involves the disassembly of PAH-MR complexes, the subsequent assembly

of PAH with PAA, and the PAA-induced assembly of MR molecules into MR

nanofibrils via aπ�π stacking interaction. The aqueous solution of weak

polyelectrolyte PAA with a low solution pH plays an important role in fabricating nanofibrillar PAH-MR/PAA films because proton transfer from acidic PAA

to MR molecules induces the formation of MR nanofibrils. The generality of the multilevel and multicomponent LbL assembly is verified by alternate

assembly of complexes of 1-pyrenylbutyric acid (PYA) and PAH with PAA to fabricate PAH-PYA/PAA films with organized nanofibrillar structures. Unlike the

traditional static LbL assembly, the multilevel and multicomponent LbL assembly is dynamic and more flexible and powerful in controlling the interfacial

assembly process and in fabricating composite films with sophisticated structures. These characteristics of multilevel and multicomponent LbL assembly

will enrich the functionalities of the LbL-assembled films.
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The layer-by-layer (LbL) assembly, which involves
sequential deposition of components with comple-
mentary interactions into multilayers, is a convenient
and versatile method for fabricating composite films
with precisely controlled structures.31�34 After two
decades of worldwide research, numerous advanced
films have been produced by LbL assembly, which
include antireflection coatings,35 superhydrophobic
surfaces,36,37 actuators,38 self-healing films,37,39 drug
delivery systems,40,41 separation membranes,42,43 and
so forth.44�48 The rapid progress of LbL assembly
mainly benefited from enriching interactions that
drive the multilayer formation,32,49,50 broadening
types of materials that can be manipulated by LbL
assembly,51,52 and developing a rapid LbL assembly
technique that enables the convenient fabrication of
thick films.37,53�56 However, the LbL assembly technol-
ogy requires further development to continuously
support the production of films with more complex
structures and unprecedented functions. Inspection
of the current LbL assembly reveals a gap between
the latest developments in self-assembly and the LbL
assembly. The integration of new concepts in self-
assembly into themethod of LbL assembly will provide
a practical way to further promote the progress of
the LbL assembly technique.57 Up to now, the majority
of LbL-assembled films are fabricated by using
dipping solutions with one component in each solu-
tion. In our previous work, we have demonstrated
that nonstoichiometric polymeric complexes can be
LbL-assembledwith complementary partner species to
produce composite films with self-healing ability,37,58

enhanced mechanical robustness,59 high loading
capacity,60 and conveniently tailored micro- and nano-
structures.37,51,58 These functional films benefit from
the increased composition and structural diversity of
polymeric complexes compared with uncomplexed
polymers.53 However, the dynamic nature of polymeric
complexes, despite theirmultiple components, has not
been used in the manipulation of multilevel assembly
for the fabrication of films with more complicated
structures because these previously used polymeric
complexes are relatively stable and act as a whole in
LbL assembly.37,51,58�60 The inability of these stable
polymeric complexes to dynamically disassemble to
participate in assembly with subsequently deposited
components prevents the occurrence of multilevel
LbL assembly. Therefore, to undergo multilevel LbL
assembly, polymeric complexes should show dynamic
property, which requires these polymeric complexes
to be supported by multiple interactions involving
differential forces. The multilevel LbL assembly of
polymeric complexes will provide a platform to further
tailor structures and enrich functionalities of the LbL-
assembled films.
In this study, as a proof-of-concept for multilevel and

multicomponent LbL assembly,wedemonstrate that the

alternate deposition of poly(allylamine hydrochloride)�
methyl red (PAH-MR) complexes with poly(acrylic acid)
(PAA) produces nanofibrillar films. When the deposited
PAH-MR complexes are immersed in aqueous PAA
solution, the disassembly of PAH-MR complexes and
the reassembly of PAH with PAA lead to the liberation
of MR molecules. The liberated MR molecules further
self-assemble into nanofibrils within the PAH/PAA film,
inwhichPAAprovides an acidicmicroenvironment. The
multilevel andmulticomponent LbL assembly is further
extended to fabricate composite films comprising
1-pyrenylbutyric acid (PYA) nanofibrils by LbL assembly
of PAH-PYA complexes with PAA, demonstrating its
generality for fabricating films with enriched structures.

RESULTS AND DISCUSSION

Fabrication of PAA/PAH-MR0.2 Nanofibrillar Films. The che-
mical structures of PAH and MR are shown in the inset
of Figure 1. PAH complexes with MR through the
electrostatic and hydrogen-bonding interactions be-
tween amine groups of PAH and carboxylic acid groups
of MR. With a feed monomer molar ratio of PAH to MR
of 1:0.2, the aqueous solution of PAH-MR0.2 complexes
with a pH of 7.5 is stable at room temperature for at
least 2 months. As shown in Figure 1, the dynamic light
scattering (DLS) curve of a PAH-MR0.2 aqueous solution
exhibits a polydisperse but monomodal distribution
with a z-average hydrodynamic diameter of ∼92 nm.
The PAH-MR0.2 complexes have a ζ-potential of
þ50.7 mV, indicating that the outer surface of the
complexes has a high amount of PAH. The positively
charged PAH-MR0.2 complexes (pH 7.5) can be LbL
assembled with PAA (pH 3.5) to produce (PAA/PAH-
MR0.2)*n films. The (PAA/PAH-MR0.2)*30 film appears
red, indicating the successful incorporation of MR
molecules into the film (Figure 2a). The scanning elec-
tron microscopy (SEM) images in Figure 2b and c
indicate that the surface of the (PAA/PAH-MR0.2)*30 film
is covered with randomly aligned nanofibrils with an
average diameter of 58.3( 17.3 nm. The enlarged SEM
image in Figure 2c clearly shows that polymeric films are
present in the interstices of nanofibrils, which glue or

Figure 1. Hydrodynamic diameter distribution curve of
PAH-MR0.2 complexes in aqueous solution with a pH of 7.5.
The inset presents the chemical structures of PAH and MR.
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wrap neighboring nanofibrils together. The cross-
sectional SEM in Figure 2d and e further reveal that
not only the film surface but the entire film is composed
of nanofibrils. These nanofibrils lie horizontally on the
substrate surface and randomly stack into a continuous
nanofibrillar film.

To understand the factors that govern the forma-
tion of nanofibrillar films, the pH of the PAA dipping
solution was changed from 3.5 to 7.5 to fabricate the
(PAA-7.5/PAH-MR0.2)*n film (7.5 after PAA indicates the
pH of the PAA dipping solution). As shown in Figure 2f,
a smooth (PAA-7.5/PAH-MR0.2)*20 filmwith a thickness
of 70.8 ( 9.6 nm was obtained, indicating that the
fabrication of nanofibrillar PAA/PAH-MR0.2 films is de-
pendent on the pH of the PAA dipping solution. Mean-
while, the characteristic absorbance of MR molecules
at 428 nm is relatively low in the (PAA-7.5/PAH-
MR0.2)*20 film (Supporting Information, Figure S1a).
When the deposited PAH-MR0.2 complexes were trans-
ferred into an aqueous PAA solution with higher pH,
MR molecules were protonated and their electrostatic
interaction with PAH was weakened. Therefore, the
release of the already deposited MR molecules be-
comes prominent, thereby leading to a low loading
amount of MR into the (PAA-7.5/PAH-MR0.2)*20 film.
In another controlled experiment, an aqueous PAA
solution with a pH of 3.5 is replaced with an aqueous
PSS solution (1 mg/mL) with the same pH value. The
(PSS-3.5/PAH-MR0.2)*n films are fabricated follow-
ing the same procedure used for the fabrication of
(PAA/PAH-MR0.2)*n films. Instead of nanofibrils, nano-
particles with an average size of 430 nm are observed
on the surface of the (PSS-3.5/PAH-MR0.2)*20 film
(Figure 2g). The UV�vis absorption spectrum of the

(PSS-3.5/PAH-MR0.2)*20 film confirms the incorpora-
tion of MR molecules in the films (Supporting Informa-
tion, Figure S1b). The nanoparticles are aggregates of
PAH-MR0.2 complexes gluedwith PSS. These controlled
experiments confirm that weak polyelectrolyte PAA
with a low solution pH serves an important function in
the fabrication of nanofibrillar films.

MR Nanofibrils in Aqueous Solutions and Solid Films. Pre-
viously reported PAA/PAH films fabricated by LbL
assembly do not contain any nanofibrils.35,38 Thus,
the formation of nanofibrils in (PAA/PAH-MR0.2)*30
is believed to be highly related to the MR molecules.
An aqueous HCl solution is added into the aqueous MR
solution (2mM)with a starting pH of 7.5, and flocculent
red MR precipitates appear immediately when the
solution pH drops to lower than pH 7.0. SEM images
in Figure 3a and b show that the precipitates are MR
nanofibrils with an average diameter of 60.1( 10.4 nm.
Moreover, red MR nanofibrils also precipitate from
aqueous PAH-MR0.2 solution (2 mM, pH 7.5) with the
addition of an aqueousHCl solution. TheMRnanofibrils
have an average diameter of 58.4 ( 8.4 nm (Figure 3c
and d), and those produced in aqueous MR solution
have nearly the same average diameter. Therefore,
the complexation of MR with PAH cannot prevent
the formation of MR nanofibrils. Close examination of
SEM images in Figure 3 reveals that the MR nanofibrils
prepared in MR solution are randomly arranged, and
the nanofibrils prepared in PAH-MR0.2 solution have a
radial structure with clearly recognizable radial centers.

X-ray diffraction (XRD) measurements were per-
formed on MR nanofibrils prepared from aqueous MR
and PAH-MR0.2 solutions to characterize their struc-
tures. The diffraction peaks indicate that the MR nano-
fibrils are composed of MR nanocrystals (Figure 4a, I
and II). The diffraction peak at 25.2� (Figure 4a), which
corresponds to a d spacing of 3.5 Å, matches well with
the π�π stacking distance of typical π-conjugated
molecules.61 This result suggests that theMRnanofibrils

Figure 3. SEM images of MR nanofibrils produced in aque-
ous MR solution (a, b) and PAH-MR0.2 complex solution
(c, d). The arrows in (c) indicate the radial centers of the
nanofibrils.

Figure 2. (a) Photograph of a (PAA/PAH-MR0.2)*30 film. (b, c)
Top-view SEM images of a (PAA/PAH-MR0.2)*30 film. (d, e)
Cross-sectional SEM images of a (PAA/PAH-MR0.2)*30 film.
(f, g) Top-view SEM images of a (PAA-7.5/PAH-MR0.2)*30 film
(f) and a (PSS-3.5/PAH-MR0.2)*30 film (g).
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are constructed via aπ�π stacking interaction. TheXRD
patterns of the (PAA/PAH-MR0.2)*30 film show the same
crystal structure in the nanofibrils prepared in aqueous
MR andPAH-MR0.2 solutions (Figure 4a III). However, the
diffraction peak at 25.2� in the (PAA/PAH-MR0.2)*30 film
is broader and weaker than that in nanofibrils prepared
in MR and PAH-MR0.2 solutions, thereby indicating that
the crystallinity of MR nanofibrils decreases with the
introduction of PAA and PAH polyelectrolytes. Differ-
ential scanning calorimetry (DSC) measurements show
that the melting temperatures of MR nanocrystals
decrease in the sequence of nanofibrils prepared in
MR solution, in PAH-MR0.2 solution, and in (PAA/PAH-
MR0.2)*30 film, further confirming that the introduction
of polyelectrolytes decreases the crystallinity of the MR
nanofibrils (Supporting Information, Figure S2). The MR
nanofibrils prepared fromMR solution have the highest
crystallinity and are selected for further examination
by transmission electron microscopy (TEM). Figure 4b
shows the low-magnification TEM image of the MR
nanofibrils, whose morphology is consistent with that
observed by SEM. The (HR)TEM image in Figure 4c
further indicates that the MR nanofibrils are composed
of tiny MR nanocrystals and amorphous MR. Therefore,
the formation of theMRnanofibrils in solutions and solid
films involves a crystalline process. In an aqueous solu-
tion of PAH-MR0.2 complexes, MR crystalline nuclei are
producedwithin the complexes when the solution pH is
decreased. TheMR nuclei are confined to the PAH-MR0.2
complexes; thus, nanofibrils growing from these nuclei
have a radial structure. By contrast, the homogeneously
distributedMR crystalline nuclei in aqueous MR solution
result in randomly oriented nanofibrils. This explains the
morphological difference of MR nanofibrils prepared in
aqueous MR and PAH-MR0.2 complex solutions.62

Process for the Formation of Nanofibrillar PAA/PAH-MR0.2
Films. The morphologies of the (PAA/PAH-MR0.2)*n
films with different deposition cycles were investigated
with SEM to clarify the formation of the nanofibrillar
films. Before the fourth deposition cycle, continuous
PAA/PAH-MR0.2 films with granular aggregates instead
of nanofibrils are observed. The typical aggregates in
the (PAA/PAH-MR0.2)*4 films are composed of parti-
cles that are 50.9 ( 10.2 nm in size, and these are
assumed to be PAH-MR0.2 complexes glued with PAA
(Figure 5a). The shrinking of PAH-MR0.2 complexes in

the aggregates compared with those in aqueous solu-
tion is caused by the partial loss of hydrated water.
Dandelion-like aggregates of MR nanofibrils radiating
from the granular aggregates appear starting from the
fifth deposition cycle (Figure 5b). In the (PAA/PAH-
MR0.2)*5.5 film (Figure 5c), the deposition of PAA is
recognized by the wormlike aggregates on the contin-
uous film (Figure 5c3), and such aggregates are not
observed in the (PAA/PAH-MR0.2)*5 film with the PAH-
MR0.2 complexes as the outermost layer (Figure 5b2).
Comparedwith the (PAA/PAH-MR0.2)*5 film, thedeposi-
tion of the PAA layer does not change the density
and size of the nanofibrils, indicating that the growth
of nanofibrils takes place in the dipping solution of
PAH-MR0.2 complexes. After immersion of the (PAA/
PAH-MR0.2)*4.5 film in an aqueous solution of PAH-
MR0.2 complexes for 1 min, incomplete dandelion-like
aggregates ofMR nanofibrils with sizes less than∼8 μm
were obtained (Supporting Information, Figure S3).
The growth of the MR nanofibrils continues up to
15min immersion in PAH-MR0.2 solution, and thereafter
no nanofibril growth was observed even when immer-
sionwas extended to 2 h.With an increasing number of
film deposition cycles, the MR nanofibrils grow longer
and newMR nanofibrillar aggregates are also produced
(Figure 5d, e, and f). The neighboring MR nanofibrillar
aggregates are gradually interwoven fully to produce
a continuous nanofibrillar film (Figure 5f). Although
the length of the MR nanofibrils depends on the
number of film deposition cycles, the diameter of the
MR nanofibrils remains unchanged with increasing
number of film deposition cycles. UV�vis absorption
spectra show that MR molecules leach out into the
PAA dipping solution during LbL assembly of the nano-
fibrillar (PAA/PAH-MR0.2)*n films. The MR molecules in
the PAA dipping solution can suppress the further
dissolution of the MR molecules from PAA/PAH-MR0.2
films and accelerate the deposition process of the
(PAA/PAH-MR0.2)*n films. In a control experiment, a
(PAA/PAH-MR0.2)*15 film was fabricated by replacing
the PAA dipping solution with a fresh one after each
film deposition cycle. The thickness of the (PAA/PAH-
MR0.2)*15 film with the PAA dipping solution being
replaced corresponds to that of the (PAA/PAH-
MR0.2)*12 film without the PAA dipping solution being
replaced. However, the diameter of the MR nanofibrils

Figure 4. (a) XRD patterns of MR nanofibrils prepared from aqueous MR solution (I), PAH-MR0.2 complex solution (II), and
(PAA/PAH-MR0.2)*30 film (III). (b, c) TEM (b) and HRTEM (c) images of MR nanofibrils prepared from an aqueous MR solution.
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shows no difference for the (PAA/PAH-MR0.2)*15 films
with and without the PAA dipping solutions being
replaced.

To confirm the existence of PAA and PAH in the
nanofibrillar PAA/PAH-MR0.2 films, a (PAA/PAH-MR0.2)*30
film was etched in ethanol to selectively dissolve MR
nanofibrils. After immersion in ethanol for 1 h, the red
color of the film completely disappeared, thereby con-
firming the removal of MR nanofibrils from the film.
Then, the resultant film was heated at 180 �C for 2 h.
The Fourier transform infrared (FT-IR) spectrum of
the thermally treated film shows the amide I peak at
∼1650 cm�1, indicating that thermal treatment leads
to the formation of amide bonds between the amine
and carboxylic acid groups (Supporting Information,
Figure S4).38 The MR molecules are removed from the
film. Thus, the amide originates from the cross-linkage
of PAHaminegroups and thePAA carboxylic acid groups,
verifying the co-deposition of PAA, PAH, and MR in
the PAA/PAH-MR0.2 films. Moreover, thermogravimetric
analysis (TGA) measurements were performed on
PAA/PAH-MR0.2 and PAA/PAH films scratched from
substrates andMRnanofibrils that are directly prepared
from aqueous MR solution. The MR nanofibrils show
faster decomposition behavior than the PAA/PAH film
(Supporting Information, Figure S5). The PAA/PAH-MR0.2

film shows the characteristic decomposition behaviors
of MR nanofibrils and a PAA/PAH film in temperature
ranges of 200 to 250 �C and 400 to 470 �C, respectively.
This result also confirms the existence of PAA, PAH, and
MR in the PAA/PAH-MR0.2 films. Previous studies have
demonstrated that microporous films can be created by
immersing PAA/PAH films into acidic aqueous solution
because of the pH-induced phase separation.63,64 When
(PAA/PAH-MR0.2)*20 films were immersed into one of
the acidic aqueous solutions (pH2.4, 2.5, and 2.6) for 60 s
and then rinsed with neutral water for about 15 s, no
microporeswere developed on the (PAA/PAH-MR0.2)*20
films. This might be because the PAA/PAH films are thin
and confined in the interstices of MR nanofibrils.

Mechanism for the Formation of Nanofibrillar Films. On the
basis of the above-mentioned results, we can confirm
that the formation of the nanofibrillar PAA/PAH-MR0.2
films involves the crystallization of MR nanofibrils,
which requires the assistance of acidic PAA. Therefore,
the mechanism of the formation of nanofibrillar PAA/
PAH-MR0.2 films is proposed as follows (Figure 6). In the
initial deposition cycles (within 4 deposition cycles),
the alternate deposition of PAH-MR0.2 complexes
and PAA gradually induces the formation of MR crystal
nuclei (Figure 6a), which are important for MR nano-
fibril growth. When the substrate with the MR crystal

Figure 5. SEM images of (PAA/PAH-MR0.2)*n films with n = 4 (a), 5 (b), 5.5 (c), 7 (d), 9 (e), and 15 (f).
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nuclei is immersed in acidic aqueous PAA solution,
protonated PAA is deposited onto PAH-MR0.2 com-
plexes based on electrostatic and hydrogen bond
interactions (Figure 6b). The subsequent deposition
of PAH-MR0.2 complexes leads to complexation of PAA
with PAH, which deprotonates acidic PAA and con-
comitantly replaces MR molecules in the PAH-MR0.2
complexes. The protons in PAA are thereby transferred
toMRmolecules in thedepositedPAH-MR0.2 complexes
(Figure 6c). The proton transfer during the formation of
MR nanofibrils was supported by the following facts. (i)
The formation of MR nanofibrils in aqueous solution
requires the addition of an aqueous HCl solution. (ii)
The LbL assembly of PAH-MR0.2 complexes with either
neutral PAA or acidic PSS fails to produceMRnanofibrils
because neither neutral PAA nor acidic PSS can transfer
protons to MRmolecules in the films. Upon acceptance
of protons, carboxylate groups of MR molecules are
protonated and the electrostatic repulsion between
them is significantly reduced. Therefore, π�π interac-
tion amongMRmolecules is enhanced, thereby driving
the formation of MR nanofibrils (Figure 6d). The proton
transfer process is verified by FT-IR spectra (Supporting
Information, Figure S6). The formation of MR crystal
nuclei in the initial deposition cycles follows the same
procedure as the formation of MR nanofibrils.

Therefore, a multilevel and multicomponent LbL
assembly process is involved in the fabrication of nano-
fibrillar PAH-MR0.2/PAA films. The assembly of PAH
and MR in aqueous solution produces PAH-MR0.2 com-
plexes. Then, the assembly of PAH-MR0.2 complexes
with PAA produces PAA-PAH films and simultaneously
releasesMRmolecules. Proton transfer from PAA to the
releasedMRmolecules induces the subsequent assem-
bly of MR molecules into nanofibrils. These nanofibrils
have electrostatic and hydrogen-bonding interactions
with PAA-PAH films and are incorporated into PAA-
PAH matrix films. The repeated deposition of PAA and
PAH-MR0.2 complexes produces thick PAH-MR0.2/PAA
nanofibrillar films. By replacing PAH with branched

polyethylenimine (bPEI), nanofibrillar bPEI-MR0.2/PAA
films similar to PAH-MR0.2/PAA films are fabricated
(Supporting Information, Figure S7). The bPEI-PAA
matrix in the nanofibrillar bPEI-MR0.2/PAA film is more
recognizable than the PAH-PAA matrix in the nano-
fibrillar PAH-MR0.2/PAA film. Compared with the pre-
viously reported traditional LbL assembly of polymeric
complexes, themultilevel-LbL assembly providesmore
opportunities to fabricate films with more sophisti-
cated structures.

Generality of Multilevel and Multicomponent LbL Assembly.
To demonstrate the generality of multilevel and multi-
component LbL assembly in fabricating composite
films with sophisticated structures, the LbL assembly
of PAA with complexes of PAH and 1-pyrenylbutyric
acid (PAH-PYA) is conducted. The PAH-PYA complexes
(Figure 7a), which have a monomer molar ratio of
PAH to PYA of 1:0.3, were denoted as PAH-PYA0.3.
DLS measurement shows that PAH-PYA0.3 complexes
(pH 8.5) have an average hydrodynamic diameter of
approximately 154 nm. Similar to PAH-MR0.2 complexes,
PAH-PYA0.3 complexes are positively charged with a
ζ-potential of þ40.0 mV. The LbL assembly of PAH-
PYA0.3 complexes with PAAproduceswhite PAH-PYA0.3/
PAA films. SEM images of a (PAH-PYA0.3/PAA)*20 film
reveal twisted bunches of fibrils (Figure 7b and c).
Enlarged SEM images in Figure 7d and e show that each
fibril has a diameter of 0.5 to 1.5 μm, which comprises

Figure 6. Schematic illustration of the formation of the
PAA/PAH-MR0.2 nanofibrillar film.

Figure 7. (a) Chemical structures of PAH and PYA. (b�e)
Top-down SEM images of a (PAA/PAH-PYA0.3)*20 film with
different magnification. (f) Top-down SEM image of a (PAA/
PAH-PYA0.3)*30 film. (g) SEM images of PYA nanofibrils
produced in aqueous PYA solution.
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nanofibrils that are 96.0 ( 27.3 nm in diameter. These
nanofibrils organize themselves in a parallel manner
to form fibers of large diameters. The surface of the
substrate is fully covered with bunches of fibers
when the number of film deposition cycles reaches 30
(Figure 7f).

XRD patterns of a (PAH-PYA0.3/PAA)*80 film show a
diffraction peak of 23.1� at 2θ (Supporting Information,
Figure S8), which corresponds to a d spacing of 3.8 Å.
This value matches the π�π stacking distance of
pyrene molecules, suggesting that the nanofibrils are
built from PYAmolecules via π�π stacking.61 To clarify
the formation of the PYA nanofibrils in PAH-PYA0.3/PAA
films, the formation of PYA nanofibrils in aqueous PYA
solution is also investigated. Short nanofibers with
diameters of 95.8 ( 25.0 nm can precipitate from the
PYA solution when the pH decreases upon addition of
aqueous HCl solution (Figure 7g). Compared with MR
nanofibrils precipitated from aqueous MR solution,
the PYA nanofibrils are significantly shorter. Similarly,
short PYA nanofibrils also precipitate from an aqueous
solution of PAH�PYA0.3 complexes by decreasing its
solution pH. Therefore, we conclude that the formation
of nanofibrillar PAH-PYA0.3/PAA films follows the same
mechanism for the formation of nanofibrillar PAH-
MR0.2/PAA films. The multilevel and multicomponent
LbL assembly of PAH-PYA0.3 complexes and PAA in-
volves the disassembly of PAH-PYA0.3 complexes, as-
sembly of PAH with PAA, and proton transfer from
acidic PAA to PYA, which induces PYA molecule as-
sembly to PYA nanofibrils. These nanofibrils assemble
to form large fibrils with the assistance of PAA and PAH
polyelectrolytes.

CONCLUSIONS

In summary, we present the first example of multi-
level and multicomponent LbL assembly by exploiting
the dynamic nature and synergistic effects of the
building blocks. The alternate deposition of PAH-
MR0.2 complexes with acidic PAA produces PAH-
MR0.2/PAA nanofibrillar films. The formation of a nano-
fibrillar film involves the disassembly of PAH-MR0.2
complexes, the reassembly of PAH with PAA, and the
PAA-assisted assembly of MR molecules into MR nano-
fibrils. The assembly of PAH with PAA liberates the
MR molecules from PAH and simultaneously transfers
protons in PAA to the MR molecules, thereby inducing
the self-assembly of MR molecules into nanofibrils
via a π�π stacking interaction. The dynamic nature
of PAH-MR0.2 complexes and the differential interac-
tions among these three components serve important
functions in enabling the occurrence of a multilevel
andmulticomponent LbL assembly. Themultilevel and
multicomponent LbL assembly was further extended
to the fabrication of PAH-PYA0.3/PAA films with orga-
nized fibrillar structures. The multilevel and multi-
component LbL assembly can improve the manner
by which LbL assembly is performed to fabricate
composite films by manipulating multiple interfacial
assemblies of preassembled multicomponent build-
ing blocks with a dynamic nature. The application of
multilevel and multicomponent LbL assembly is not
limited to the examples presented in this study and
will provide a new pattern for fabricating composite
films with well-controlled sophisticated structures and
enriched functionalities.

METHODS
Materials. PAA (Mw ca. 1800), PAH (Mw ca. 56 000), poly-

(sodium 4-styrenesulfonate) (PSS, Mw ca. 70 000), branched
poly(ethylenimine) (bPEI, Mw ca. 25 000), and poly-
(diallyldimethylammonium chloride) (PDDA, 20 wt %, Mw ca.
100 000�200 000) were purchased from Sigma-Aldrich. MR was
purchased from West Long Chemical Reagents Company in
China. PYA was purchased from Alfa Aesar. All chemicals were
used without further purification. Deionized water was used for
all experiments. Solution pH was adjusted with 1 M HCl or 1 M
NaOH. The concentrations of PAA and PSS aqueous solutions
were set at 1 mg mL�1.

Preparation of PAH-MR and PAH-PYA Complexes. An aqueous
MR solution (50 mM) was prepared by dissolving MR (1.347 g,
0.005 mol) in a 60 mM aqueous NaOH solution (100 mL). The
aqueous MR solution was injected into aqueous PAH solution
(1mg/mL)with intense stirring to produce the aqueous PAH-MR
complex solution with a monomer molar ratio of PAH to MR
of 1:0.2 (noted as PAH-MR0.2). The final concentration of PAH
and MR in aqueous PAH-MR0.2 solution was 10 mM and 2 mM,
respectively. The pH of the aqueous PAH-MR0.2 solution was
adjusted to 7.5 by adding HCl. The aqueous PAH-PYA0.3 solution
with a 1:0.3monomermolar ratio of PAH to PYAwas prepared in
a similar way to the PAH-MR0.2 solution. The pH of the aqueous
PAH-PYA0.3 solution was adjusted to 8.5.

Preparation of MR Nanofibrils. MR nanofibrils were precipitated
from either aqueous MR or PAH-MR0.2 solutions. An aqueous

HCl solution (1 M) was gradually added with intense stirring
into an aqueous PAH-MR0.2 or aqueous MR solution (2 mM).
MR flocculent precipitates appeared when the solution pH
was slightly below 7.0. The MR precipitates produced in both
solutions were then isolated by centrifuging the corresponding
dispersions at 3000 rpm. Finally, the centrifugedMRprecipitates
were carefully washed with deionized water three times and
then dried under vacuum in an oven at 30 �C for 24 h. PYA
nanofibrils were prepared in amanner similar to the preparation
of MR nanofibrils by adding aqueous HCl solution into PYA and
PAH-PYA0.3 solutions.

Preparation of LbL-Assembled Films. Quartz and silicon sub-
strates were immersed in piranha solution (3:7 mixture of 30%
H2O2 and 98% H2SO4) and heated until no bubbles were
released. Caution: Piranha solution reacts violently with organic
materials and should be handled carefully. The freshly cleaned
quartz and silicon wafers were immersed in PDDA aqueous solu-
tion (1.0 mg mL�1) for 20 min to obtain a cationic ammonium-
terminated surface. The LbL assembly of (PAA/PAH-MR0.2)*n
films (where n refers to the number of film deposition cycles,
and a half cycle means that PAA is the outmost layer) was
automatically conducted by a programmable dipping machine
(Dipping Robot DR-3, Riegler & Kirstein GmbH) at room tem-
perature. The PDDA-modified substrate was initially immersed
in an aqueous PAAsolution (pH3.5) for 15min toobtain a layer of
PAAand then rinsed in four deionizedwater baths for 1min each
time. The substratewas then immersed in an aqueous PAH-MR0.2
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solution (pH 7.5) for 15 min and then rinsed in four deionized
water baths for 1 min each time. The immersion and rinsing
steps were repeated until the desired number of bilayers was
obtained. No drying step was conducted in the deposition
procedure unless it was in the last layer. By replacing the PAH-
MR0.2 solution with a PAH-PYA0.3 solution, fibrillar PAH-PYA0.3/
PAA films can be fabricated in the same way as the nanofibrillar
PAH-MR0.2/PAA films.

Characterization. DLS studies and ζ-potential measurements
were carried out on aMalvern Nano-ZS Zetasizer at room temp-
erature. 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. SEM images were
obtained with a XL30 ESEM FEG scanning electron microscope.
All samples were coated with a thin layer of gold (2 to 3 nm)
prior to SEM imaging. TEM imageswere obtained using a Philips
Tecnai F20 transmission electron microscope at 200 kV. XRD
patterns were measured on a Bruker AXS D8 ADVANCE X-ray
diffractometer with Cu KR radiation (λ = 1.5418 Å). DSC mea-
surements were performed using a Netzsch DSC-204 with a
heating rate of 5 �C min�1. TGA curves were obtained on a TGA
Pyris Diamond TG/DTA thermogravimeter (PerkinElmer, USA)
with a heating rate of 5 �C min�1 under an N2 atmosphere.
Digital camera images were captured by a Sony digital video
camera recorder (DCR-SR62E).
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