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A facile way to prepare sheet- and tubelike free-standing films of poly(acrylic acid) (PAA)/poly-
(allylamine hydrochloride) (PAH) was developed by exfoliating PAA/PAH multilayer films from substrates
in acid aqueous solution containing copper ions. The exfoliation of the PAA/PAH film from the substrate
was achieved by breaking the electrostatic interaction of the PAA layer with the underlying substrate
while keeping the integrity of the resultant films. Further study shows that thermally cross-linked free-
standing PAA/PAH film can be prepared by treating the film in acid aqueous solution with a pH of 2.0.
The ion-triggered exfoliation of PAA/PAH multilayer film provides a simple and flexible way to prepare
layer-by-layer (LbL) assembled free-standing multilayer films.

Introduction LbL assembled filmg:13 Free-standing films can be released
from the substrate by dissolving the sacrificial layer in a
Layer-by-layer (LbL) assembled multilayer films have selected solution. The sacrificial layer can be either a spin-
attracted much attention in the recent decade because of theicoated polymeric filffir! or LbL assembled multilayer
potential applications as separation membranes, sensorsfjiims.”# Removal of the substrate is a straightforward method
optical and electronic film devices, and so fottfi.The LbL to prepare free-standing multilayer films. Besides the shee-
assembled multilayer films are usually deposited on solid tlike free-standing films prepared by this method, typical
substrates which provide firm support but can meanwhile examples include also LbL assembled capstifésand
produce an influence on their properties. The preparation of tubed®¢ initially deposited on templates like colloidal
LbL assembled free-standing multilayer films which exist Spheres, anodic aluminum oxides (AAO), glass fibers, and
without solid substrates is meaningful because of the SO forth and finally released by removal of these templates.
following: (i) Free-standing films make it possible to Adc.jit.ional methods which promise unique a_dvantages in
investigate directly the elastomeric properties of the LbL anticipated aspects but are not generally applicable, at least
assembled filmé&.(ii) Free-standing films are expected to &t Present, include those reported by Hammond, Mallwitz,

broaden further the application of LbL assembled multilayer 2nd Laschewsky. Hammond and co-workers demonstrated

films, especially as separation membrances, sensors, Catalytiéﬂgtkfree-stapd|ng hyldrogen-bo?ded pol?/dmgrlc f'tI)TS. Wghs
film, micromechanical devices, or even artificial orgdns. ICkness Of several micrometers cou € obtane y

Several methods are being employed to fabricate LbL directly peeling the films away from the low-surface energy

assembled free-standing multilayer films. The most fre- (g) pubas, S. T.; Farhat, T. R.: Schlenoff, J.BAm. Chem. So2001,

quently used and generally applicable method is using a 123 5368. ,
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substrate with tweezefs his method is suitable for precursor
multilayer films with extremely high mechanical strength and
flexibility deposited on low-energy surface. By careful
selection of a polyelectrolyte pair and the condition for film
preparation, Mallwitz and Laschewsky successfully prepared
free-standing polyelectrolyte multilayer films in the meshes
of supports with pores of 100m x 100 um.t°

Although the combinations of the above-mentioned meth-
ods work well for most of the LbL assembled multilayer
systems to prepare free-standing films, facile methods
without the use of a sacrificial layer or complete removal of
the substrate are still highly desirable. In this paper, we
reported a facile way to prepare poly(acrylic acid) (PAA)/
poly(allylamine hydrochloride) (PAH) free-standing films by
exfoliating PAA/PAH multilayer films from substrates in
aqueous solution containing'tiind/or Cd* ions. This work
will open a new route to fabricate LbL assembled free-
standing films by using an ion-triggered exfoliation method.

Experimental Section

Materials. Poly(acrylic acid) (PAA, M,, ca. 2000), poly-
(allylamine hydrochloride) (PAHM, ca. 70000), and poly-
(diallyldimethylammonium) (PDDA, 20 wt %\, ca. 100 006
200 000) were purchased from Sigma-Aldrich. All chemicals were
used without further purification. The concentration of polymer
solutions used for all experiments was 1 mg thinade from 18
MQ Millipore water, and further pH was adjusted with either 1 M
HCl or 1 M NaOH.

Preparation of PAA/PAH Multilayer Films. A substrate of a
silicon wafer, quartz, or a glass tube was immersed in a slightly
boiled piranha solution (3:1 98%,80,:30% HO, mixture) for
20 min and rinsed with copious amounts of water. In this way, the
wafer was hydrophilizedCaution: Piranha solution reactsio-
lently with organic materials and should be handled carefullye
LbL deposition of PAA/PAH multilayer films was conducted
automatically by a programmable dipping machine (Dipping Robot
DR-3, Riegler & Kirstein GmbH) at room temperature, as described
in our previous work® The substrate (includes silicon, quartz
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Figure 1. Photographs of a (PAA/PAH)*15 multilayer film (8 3 cn?)
deposited on a silicon wafer after immersion in the exfoliation solution
(0.1 mol/L CuC}, pH=3.6) for different lengths of time: (a) 0, (b) 2, and
(c) 4 min. (d) The free-standing (PAA/PAH)*15 film in water.

Characterization. Scanning electron microscopy (SEM) images
were obtained on a JEOL JSM 6700F field emission scanning
electron microscope. Atomic force microscopy (AFM) images were
taken on a Nanoscope llla atomic force microscope (Digital
Instruments, Santa Barbara, CA). The X-ray photoelectron spec-
troscopy (XPS) measurements were carried out on an ESCAL-
AB250 (VG Microtech., U.K.). Digital camera images were
captured by using a Canon camera (PowerShot S3 IS). Fourier
transform infrared (FT-IR) spectra were collected on a Bruker IFS
66V instrument.

Results and Discussion

Multilayer films of PAA/PAH were deposited on substrates
of silicon, quartz, and glass precoated with a layer of poly-
(diallyldimethylammonium) (PDDA) by a LbL assembly
technique described in our previous wdéfkBecause no
drying steps were conducted during the deposition of the
films, the thickness of PAA/PAH multilayer films increased
exponentially with the number of film deposition cycles

wafers, and glass tubes) was immersed in a PDDA aqueous solutionDOSSIny due to the serious interpenetration of the polyelec-

for 20 min to obtain a cationic ammonium-terminated surface and
was ready for PAA/PAH multilayer deposition. Next, the substrate

trolytes in the neighboring layef8 A 15-bilayer PAA/PAH
film (noted as (PAA/PAH)*15) deposited on a silicon wafer

was immersed into an aqueous PAA solution (pH 3.5) for 20 min was proved to exfoliate rapidly and completely to form free-
to obtain a layer of PAA film. The substrate was then rinsed standing films with large lateral dimensions when immersed
in four water baths for 1 min each before the next layer deposition. in an acidic agueous solution of copper chloride (0.1 mol/L
Next, the substrate was immersed into an aqueous PAH solutionCyC},, pH=3.6). (The solution used here is called exfoliation
(pH 7.5) for 20 min to obtain a layer of PAH film. No drying step  sgjution if not specially stated.) To facilitate the exfoliation
was used in the film deposition procedure. The adsorption and of the film, the edges of the sample were scratched or cut
rinsing steps were repeated until the desired number of bilayers . . ;

was obtained. The thermal cross-linking of the PAA/PAH film gf,fALv;t*qg If(ilr;:ed.erl)glsl,irtee j (S)rr:ogvsiltizinp\r/]v(;t% %r\?\‘/[i)tzsao;iél:;?g/

was conducted by heating the film at 180 for 2 h. Thermal n? S . - .
cross-linking leads to the formation of amide bonds between the * 3 cn after being immersed in the exfoliation solution

amine groups of PAH and the acid groups of PAA, as confirmed for different lengths of time. Taking the immediately
by the appearance of the amine | peak~at640 cnr! in the immersed (PAA/PAH)*15 film as a reference (Figure 1a),

corresponding Fourier transform infrared (FT-IR) spectra of the ridges appear on the surface of the film after 2 min of
free-standing PAA/PAH film and PAA/PAH film deposited on the  immersion, indicating the partial separation of the films from
CaF,; substraté!2? the substrate (Figure 1b). When the length of the immersion
time reaches 4 min, PAA/PAH films were released from the
substrate by slightly shaking the substrate in the exfoliation
solution, as shown in Figure 1c. Figure 1d shows the
photograph of the (PAA/PAH)*15 free-sanding film trans-

(19) Mallwitz, F.; Laschewsky, AAdv. Mater. 2005 17, 1296.

(20) Lu, Y. X.; Chen, X. L.; Hu, W.; Lu, N.; Sun, J. Q.; Shen, J. C.
Langmuir2007, 23, 3254.

(21) Harris, J. J.; DeRose, P. M.; Bruening, M.JJLAmM. Chem. S0d999

121, 1978. . - )
(22) Balachandra, A. M.; Dai, J. H.; Bruening, M.Macromolecule2002 ferre_d n d_elomzed Water_ (p1=|62) The free-standing
35, 3171. multilayer films keep their integrity in water over a



5060 Chem. Mater., Vol. 19, No. 21, 2007

e

Figure 2. Microscopic characterization of (PAA/PAH)*15 multilayer
films. AFM (a) and cross-sectional SEM (b) images of the as-prepared film
on a silicon wafer. AFM (c) and cross-sectional SEM (d) images of the
free-standing film transferred on a silicon wafer. The free-standing film
was exfoliated by immersing the as-prepared (PAA/PAH)*15 film in the
exfoliation solution of 0.1 mol/L CuGlwith a pH of 3.6.

period of 6 months and remain intact upon transferring to a
solid substrate. Excitingly, thermal cross-linking of a (PAA/
PAH)*15 free-standing film at 180C for 2 h turns the
electrostatic interactions between carboxylate and amine

groups into covalent amide bonds and enhances its robust-

ness?t22The thermally cross-linked (PAA/PAH)*15 film is
stable in air.

Figure 2a shows the AFM image of the as-prepared (PAA/
PAH)*15 film deposited on a PDDA-modified silicon wafer.
The root-mean-square (rms) roughness of the as-prepare
film is 1.7 nm. The cross-sectional SEM image (Figure 2b)
reveals a uniform film with a constant thickness of
777.8+ 5.1 nm. Figure 2c shows the AFM image of the
(PAA/PAH)*15 free-standing film transferred onto a silicon
wafer. Regular wavelike ridge structures appear on the
surface. The width of the ridge structures is averaged to be
~3 um. The rms roughness of the (PAA/PAH)*15 free-
standing film increased to 244.0 nm. The typical cross-
sectional SEM image of the (PAA/PAH)*15 free-standing
film shows a wavelike profile (Figure 2d), with its thickness
fluctuating in the range betweer320 nm to~890 nm. The
result of the cross-sectional SEM image is consistent with
the corresponding AFM observation.

The evolution of the ridge structures is dependent on the
length of immersion time of the PAA/PAH film in the
exfoliation solution. Figure 3 shows AFM images of a (PAA/
PAH)*15 film deposited on a silicon wafer with a size of 3
x 3 cnm? when immersed in the exfoliation solution for
different lengths of time. Within 10 s of immersion in the
exfoliation solution, discontinuous ridge structures with low
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on a silicon wafer when immersed in an exfoliation solution (0.1 mol/L
CuCb, pH 3.6) for different lengths of time: (a) 10 s, (b) 30 s, (c) 1 min,
(d) 5 min, and (e) 30 min.
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Figure 4. XPS spectra of a (PAA/PAH)*15 free-standing film released
from an exfoliation solution of 0.1 mol/L CuglpH 3.6).
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d The thickness of the PAA/PAH film takes an important

role during the preparation of free-standing films. The PAA/
PAH film with deposition cycles of 7, 10, and 12 has a
thickness of about 102.4, 335.6, and 492.2 nm, respectively.
When a (PAA/PAH)*7 film was immersed into the exfolia-
tion solution, a cracked and incomplete free-standing film
can be obtained. For a (PAA/PAH)*10 film, a continuous
free-standing film scattered with holes can be obtained. When
the number of film deposition cycles increased to 12, a
continuous free-standing film which has the same size with
the underlying substrate was finally obtained. It seems that
a (PAA/PAH)*12 film is the thinnest film which can be
exfoliated from the substrate by the present method to
produce defect-free free-standing films.

Elemental analysis of the (PAA/PAH)*15 free-standing
film was carried out by X-ray photoelectron spectroscopy
(XPS). The XPS spectra (Figure 4) show the characteristic
peaks of carbon (Cls 284.6 eV), oxygen (Ols 530.6 eV),
and nitrogen (N 1s 400.6 eV), which is consistent with the
elements of PAA and PAH. Meanwhile, the observation of
the Cu 2p3/2 and Cu 2p1/2 peaks with the measured binding
energy of 932.4 and 952.3 eV confirms the presence &f Cu

height appear on the surface although no exfoliation of the in the PAA/PAH free-standing films. The N 1s can be
fiim from the substrate had taken place. After 30 s of deconvoluted to two peaks at 400.0 and 401.7 ev. The peak
immersion, continuous ridge structures can be observed. Withat 401.7 corresponds to the binding energy for amine groups
elongating the immersion time, the ridge structures grow coordinated with C& ions. The atomic ratio of Cu to N in
gradually and reach a constant within 5 min immersion. The the free-standing film is calculated to be 1:6.9 from their
rms roughness of the film after immersing in the exfoliation relative peak areas after correction of the sensitivity factors.
solution for 10 s, 30 s, 1 min, 5 min, and 30 min is 14.9,  To elucidate the mechanism for the formation of PAA/
115.8, 210.2, 247.5, and 244.0 nm, respectively. PAH free-standing films in the exfoliation solution, the
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Figure 5. Photograph of a thermally cross-linked (PAA/PAH)*15 free-

standing film (2x 2 cn¥) in air. The free-standing film was obtained by

exfoliating a thermally cross-linked (PAA/PAH)*15 in an aqueous solution
with a pH of 2.0.

following parallel experiments were conducted. First, the as-
prepared (PAA/PAH)*15 film was immersed in deionized
water with its pH adjusted to 3.6 without the addition of
CuCk. The PAA/PAH film adhered firmly to the substrate
with partial dissolution of the film being observed, but no
free-standing film was obtained. After immersing the
(PAA/PAH)*15 film in 0.05 M aqueous Cugkolution (pH
3.6) for 24 h, separation of the film with the substrate

occurred only on the edges of the substrate. When the (PAA/

PAH)*15 film was immersed into deionized water with a
pH of 2.0 in the presence of 0.1 mol/L CuyCthe film
decomposed immediately. When deionized water with a pH
of 2.0 without the addition of Cu@las used, fragments of
PAA/PAH free-standing films were obtained. The free-
standing (PAA/PAH)*15 film could be released in a 0.1
mol/L CuCL aqueous solution with a pH of 4.0, but at a

speed slower than that with a pH of 3.6. These results show

that both H and C@" ions take important roles during the
exfoliation of the PAA/PAH film from the substrate. The
mechanism for the formation of the PAA/PAH free-standing
film can be explained as follows: the interaction between
the PAA/PAH film and the PDDA-modified substrate is

mainly the electrostatic interaction between the carboxylate

groups of PAA and the ammonium groups of PDDA. When
the PAA/PAH film was immersed into the exfoliation
solution, H" ions and C&" ions break the interaction of the
film with the substrate because™Hons can protonate the
carboxylate groups of PAA, while Cluiions can coordinate
with carboxylate groups. In this way, the PAA/PAH film
was exfoliated from the substrate. Meanwhile, &hd Cd*+
ions can diffuse into the PAA/PAH films wheretHons
protonate the carboxylate groups of PAA, while?Cions
coordinate with the carboxylate groups of PAA and the amine
groups of PAH. The original interaction between the
neighboring layers of the PAA/PAH film is mainly an

electrostatic interaction, and hydrogen bonds between the
carboxylate/carboxylic acid groups and the amine groups.

The presence of Hand Cd" ions partially breaks the
original interactions in the film and induces at the same time
the rearrangement of the polyelectrolyte chains, which in turn
leads to the formation of wavelike surface pattern structtires.
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with the substrate, the presence of°Cions in the film is
believed to act as cross-linkers to stabilize the resultant free-
standing films because of coordination interaction of car-
boxylate and amine groups in neighboring layers witi'Cu
ions?223 The coordination of Ct ions with the amine
groups of PAH was confirmed by the XPS data shown in
Figure 4. The coordination of Ctiions with the carboxylate
groups of PAA was recognized by the broadening of the
-COO asymmetric stretch in the FT-IR spectrum of?Gu
exfoliated free-standing films compared with that of the
-COO groups in the as-prepared PAA/PAH films.

The PAA/PAH free-standing films prepared by the present
method were contaminated with €uons, which will limit
their application in biorelated aspects. Although the?'Cu
ions introduced into the free-standing films can be removed
by treating the film with acidic aqueous solution or aqueous
solution containing chelating agents such as ethylene diamine
tetraacetic acid (EDTA¥ it is necessary to examine if a
free-standing film can be exfoliated from the substrate by
H* ions without the participation of Ctiions. The critical
step to obtaining defect-free PAA/PAH free-standing films
with a large lateral dimension by *Hions is to thermally
cross-link the film to further enhance its robustness. After
immersing the thermally cross-linked (PAA/PAH)*15 film
into an aqueous solution with a pH of 2.0 for 1 min, the
free-standing film of cross-linked PAA/PAH was obtained
as shown in Figure 5. This result indicates that high
concentration of H ions is strong enough to exfoliate the
PAA/PAH film from the substrate by breaking the electro-
static interaction between the PAA and the PDDA-modified
substrate. The cross-linked PAA/PAH free-standing film is
stable in air.

The LbL assembly technique enables the deposition of
PAA/PAH multilayer films on nonflat surfaces. Herein, PAA/
PAH multilayer films were further deposited into the inner
walls of glass tubes to prepare tubelike free-standing PAA/
PAH films. Figure 6 shows free-standing (PAA/PAH)*30
tubes released from glass tubes with an inner diameter of 6,
3, and 1 mm when an exfoliation solution of Cu@las used.
Because the PAA/PAH films can deposit on both the inner
and outer walls of the glass tube to form a closed film, the
films at the ends of the glass tubes must be removed to
facilitate the release of the PAA/PAH films in the inner walls.
The (PAA/PAH)*30 film has a thickness 0£2.74 um, as
measured from its cross-sectional SEM image. In all cases,
defect-free free-standing PAA/PAH tubes could be released
easily from the inner walls of glass tubes. We believe that
the ion-triggered exfoliation method for the preparation of
tubelike free-standing films will provide a possible way to
prepare small-caliber artificial blood vessels in the future,
especially those with inner diameters less than 3 mm, when
biomaterials are used in film preparation.

Conclusions

In the present study, we demonstrate that free-standing
PAA/PAH multilayer films with large lateral dimensions can
be successfully prepared by ion-triggered exfoliation of the

Besides the role of breaking the interaction between the films (23) Cao, M. W.; Wang, J. B.; Wang, Y. lLangmuir200Q 16, 5017.
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Figure 6. Photographs of tubelike (PAA/PAH)*30 free-standing films in water. The outer diameter of the free-standing films is 6 (a), 3 (b), and 1 mm (c),
respectively. A glass rod was inserted into the (PAA/PAH)*30 free-standing tube in (b) to show that it really has a tube structure. The lengtresf the tub
is 3 (a), 3 (b), and 2 cm (c), respectively.

film from the substrate. The exfoliation of the film was also suitable to prepare free-standing LbL assembled films
achieved by breaking the electrostatic interaction of the PAA with large lateral dimensions deposited on nonflat substrates.
layer with the underlying substrate. We believe that the types
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