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ABSTRACT: Deconstructible polymeric films have potential applications in the areas of drug delivery,
patterning, and membrane science. Here, we report on the preparation of heterogeneous multilayer films
comprising alternate stacks of hydrogen-bonded (poly(4-vinylpyridine) (P4VP) and poly(acrylic acid, sodium
salt) (PAA)) and electrostatically formed (poly(sodium 4-styrenesulfonate) (PSS) and poly(allylamine
hydrochloride) (PAH)) layers via the layer-by-layer (LbL) assembly technique. We demonstrate that these
polymeric films are highly pH sensitive toward deconstruction, with the onset of film deconstruction
occurring at about pH 7.4. The pH-induced film deconstruction characteristics (total film loss and rate of
deconstruction) depend on the number of hydrogen-bonded layers (PAA/P4VP)n/PAA inserted between
stacks of PAH/PSS layers. Films containing a single hydrogen-bonded trilayer stack (n ) 1) confined
between PAH/PSS layers are stable up to pH 8.5, with only 15 wt % of the film desorbed at pH 10.3.
Corresponding (nonconfined) PAA/P4VP films completely deconstruct (100% film loss) at this pH,
indicating that the film deconstruction characteristics are closely related to the extent of physical
confinement provided by the electrostatically assembled polyelectrolyte layers. Increasing the number of
physically confined hydrogen-bonded layers in the film results in a systematic and significant increase
in film loss from 15 (n ) 1) to 83 wt % (n ) 4) at pH 10.3. The current approach represents a facile means
to tailor the deconstruction rates of polymeric multilayer films through the pH sensitivity of PAA/P4VP
layers.

Introduction

Ultrathin polyelectrolyte (PE) multilayer films con-
structed by the versatile layer-by layer (LbL) assembly
method have been utilized for the preparation of light-
emitting diodes,1-6 and electrochromic,7,8 membrane,9-13

and bioactive enzyme thin films,14-16 as well as for
selective area patterning17-20 and particle surface
modification.21-27 Since the introduction of the LbL
technique in 1991 by Decher and Hong,28 numerous
polycation and polyanion pairs have been used to form
multilayer films through electrostatic interactions,29

with commonly one of the film components being a
strong polyelectrolyte. More recently, however, the
assembly of films from weak PEs have attracted con-
siderable interest, largely because of their pH dependent
characteristics.30-35 For example, Rubner and co-work-
ers have reported that the pH of the dipping solution
has a significant effect on the surface morphology, film
thickness, surface wettability, and interpenetration of
poly(allylamine hydrochloride) (PAH)/poly(acrylic acid,
sodium salt) (PAA) multilayer films due to changes in
the ionization degree of the weak PEs.30-32 The observa-
tion that PAA adsorbed onto PAH has a higher degree
of ionization than PAA in bulk solution has initiated
studies focusing on the local electrostatics34,35 and
charge density of weak PE films.30-32 Multilayers of
weak PEs have also been used to form thin nanoporous33

and microporous32 films and have been exploited as
nanoreactors for the synthesis of metallic nanopar-
ticles.36

Hydrogen-bonding interactions constitute an alterna-
tive driving force for fabricating multilayer films of weak
PEs.37-41 Previous investigations have shown that mul-
tilayers composed of hydrogen-bonded weak PE layers
are very sensitive to pH changes due to the generation
of electrostatic repulsion between layers within the
films.40,41 For example, Sukhishvili and Granick have
recently reported that hydrogen-bonded multilayer films
containing a weak PE, for example PAA/poly(ethylene
oxide) (PEO) or poly(methacrylic acid)/poly(vinylpyr-
rolidone) films, can be completely erased (or decon-
structed) at pH 3.6 and 6.9, respectively.40,41 More
recently, it was demonstrated that hydrogen-bonded
multilayer films of PAA and poly(acrylamide) (PAAm)
are highly stable at pH 7 after cross-linking the PAA
and PAAm layers by thermal or photoinduced treat-
ment.42 These findings clearly suggest the possibility
of using hydrogen-bonded multilayer films based on
weak PEs in applications such as micropatterning and
drug delivery, where control of the deconstruction rate
of the hydrogen-bonded films is desirable. One approach
to modulating the deconstruction behavior of multilay-
ered thin films is via structural design of the films. As
it is well established that PE multilayers comprise
networks of interpenetrated polymer chains,29 physi-
cally confining deconstructible layers within stacks of
stable PE layers is expected to have a significant
influence on the film deconstruction properties.

In this study, we investigate the pH stability and pH-
induced deconstruction kinetics of multilayer films
comprised of physically confined (i.e., sandwiched)
hydrogen-bonded (PAA/poly(4-vinylpyridine) (P4VP))
(PH) layers between electrostatically assembled PAH/
poly(sodium 4-styrenesulfonate) (PSS) (PEE) stacks.
PAA was employed as a polymeric bridge between the
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different types of layer stacks (i.e., PH and PEE) to
promote multilayer film formation. It is shown that the
approach outlined can be used to prepare, at one end,
films that are pH resistant over a broad pH range and,
on the other, highly pH sensitive, deconstructible films
by exploiting the pH sensitivity of hydrogen-bonded
layers. Furthermore, the deconstruction kinetics and the
desorbed amount of the multilayer films can be con-
trolled, without any chemical modification of the films
required.

Experimental Section
Materials. Poly(sodium 4-styrenesulfonate) (PSS) (Mw ∼

70 000), poly(allylamine hydrochloride) (PAH) (Mw ∼ 70 000),
poly(acrylic acid, sodium salt) (PAA) (Mw ∼ 2100), and poly-
(4-vinylpyridine) (P4VP) (Mw ∼ 60 000) were used as received
from Aldrich. The structures of the polymers used are shown
in Figure 1. Quartz substrates were purchased from Hellma
Optik GmbH (Jena, Germany) and QCM electrodes were
obtained from Kyushu Dentsu (Nagasaki, Japan). All deposi-
tion and rinse solutions used for the buildup of multilayer films
were a mixture of water and methanol (50/50 v/v %) and their
pH was adjusted to 3.5 with 0.1 M HCl. The quartz slides were
cleaned by treatment with piranha solution (sulfuric acid/
hydrogen peroxide ) 70/30 v/v %) and subsequently charged
negatively by heating at 70 °C for 20 min in a 5:1:1 vol %.
mixture of water, hydrogen peroxide, and 29% ammonia
solution. Water from a three-stage USF Purelab Plus purifica-
tion system with a resistivity greater than 18 MΩ cm-1 was
used in all experiments.

Preparation of Multilayer Films. The concentration of
polymer solutions used for all experiments was 10 mM (with
respect to the monomer unit). No salt was added to the
solutions. The quartz substrates were first dipped for 20 min
in the cationic PAH solution, then washed three times in a
water/methanol (50/50 v/v %) mixture of pH 3.5 by dipping
for 2 min, followed by drying with a gentle stream of nitro-
gen.38,39 PSS, PAH, and PAA layers were sequentially depos-
ited onto the substrates using the same washing and drying
procedure as described above. PAA and P4VP form layers
through hydrogen-bonding interaction between the carboxylic
acid and pyridine groups on the polymers, respectively. The
outermost layer of the hydrogen-bonded layers was always
PAA so that the films could be readily capped with additional
PE layers (e.g., PAH/PSS/PAH) through electrostatic interac-
tions. Four different sample series were prepared with hydro-
gen-bonded layers confined between multilayers that were
assembled through electrostatic interactions. The number of
PAA/P4VP bilayers separating each PAH/PSS/PAH trilayer
was varied from 1 to 4. The corresponding samples are denoted
as PEE/(PH)1/PAA/PEE, PEE/(PH)2/PAA/PEE, PEE/(PH)3/PAA/
PEE, and PEE/(PH)4/PAA/PEE, respectively, where PEE ) PAH/
PSS/PAH and (PH)n ) (PAA/P4VP)n, n ) 1 ∼ 4.

Fourier Transform Infrared Spectroscopy (FTIR).
FTIR spectra were taken with a FTIR-200 spectrometer

(JASCO Corporation). Calcium fluoride (CaF2) substrates
dipped in a poly(ethylenimine) solution of 1 wt % for 30 min
were used, and then P4VP films were spin-coated onto the
substrates at 3000 rpm. To investigate the degree of protona-
tion of P4VP depending on the pH, we prepared three different
solutions: P4VP dissolved in pure methanol and P4VP in
water/methanol (50/50 vol %) mixtures of pH 3.5 and 1.8.

Ellipsometry. The thicknesses of the P4VP/PAA multilayer
films were determined from data recorded with a L2W16C830
(Gaertner) ellipsometer. These multilayer films were formed
onto PEI-coated silicon wafers. The refractive index was
allowed to vary in fitting the ellipsometric data using an
iterative process.

UV-Vis Spectrophotometry. UV-vis spectra were taken
with a HP5453 UV-vis spectrophotometer. PSS and P4VP
show absorbance peaks centered at 225 and 256 nm, respec-
tively.

Quartz Crystal Microgravimetry. A QCM device was
used to investigate the mass deposited after each adsorption
step.43 The resonance frequency of the QCM electrodes was
ca. 9 MHz. Assuming the film density of PEs and P4VP used
in our study is 1.2 × 10-6 g m-3,36 the PE film thickness, d,
can be calculated from the change in QCM frequency, ∆F,
according to the equation ∆d (nm) ) - 0.017∆F (Hz).43,44

Results and Discussion

We first investigate the sequential growth and the pH
stability of hydrogen-bonded (PAA/P4VP) multilayer
films, followed by the formation of heterogeneous mul-
tilayers composed of hydrogen-bonded layers inserted
between electrostatically assembled PAH/PSS stacks,
and the pH stability of these films.

Preparation and Deconstruction of Hydrogen-
Bonded Multilayer Films. Weak PE PAA chains carry
a majority of carboxylic acid (-COOH) groups for
hydrogen-bonding interactions at low pH (pH < 2.5),32,42

and carboxylate ions (-COO-) for electrostatic interac-
tions at high pH (pH > 7).32 Therefore, by appropriately
adjusting the pH of the PAA deposition solution, the two
different forms can coexist in PAA at the same time,
giving rise to both electrostatic (by -COO-) and hydro-
gen-bonded (by -COOH) interactions.

QCM frequency changes, ∆F, show that regular
multilayer film growth occurs when PAA and P4VP are
LbL assembled from a water/methanol mixture (50/50
v/v %) of pH ) 3.5 (Figure 2a). This solvent combination
was chosen to provide enhanced stability for the mul-
tilayers (see later). The alternate deposition of PAA and
P4VP results in a -∆F of 180 and 110 Hz, respectively.
The average layer thicknesses calculated from these
QCM data are 3.1 nm for PAA and 1.9 nm for P4VP.
Although both COOH and COO- groups can coexist in
PAA at pH ) 3.5, P4VP is only slightly protonated
under the conditions used for assembly (pH 3.5). Hence,
the interactions between the PAA and P4VP layers are
mainly due to hydrogen bonding (see later).35,45 The
relative ratio of COOH (peak centered at 1709 cm-1)
and COO- (centered at 1570 cm-1) of PAA in the PAA/
P4VP multilayer films was not investigated by Fourier
transform infrared (FTIR) due to the strong absorption
peaks (ring vibration) of the pyridine groups of P4VP
at 1595 and 1556 cm-1, which result in masking of the
COO- peak of PAA.38,39 However, based on FTIR
analysis of a PAA solution, less than 10% of PAA is
ionized at pH ) 3.532,40,41 (The role of the COO- groups
of PAA for electrostatic layer buildup will be briefly
discussed in the following section.) Furthermore, as
shown in Figure 2b, the FTIR analysis of absorbance
peaks contributing from unprotonated (centered at 1600

Figure 1. Chemical structures of the polymers used.
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cm-1) and protonated (centered at 1640 cm-1) pyridine
rings of P4VP shows that 97% of P4VP is uncharged
and only 3% P4VP is protonated at pH 3.5. These results
support that the major interaction for buildup of P4VP/
PAA multilayers is hydrogen bonding, although elec-
trostatic interaction between COO- groups (about less

than 10% of groups of PAA) and protonated pyridine
groups (about 3% of the pyridine groups of P4VP) is
possible.

Figure 2c shows the pH stability of hydrogen-bonded
multilayer films composed of PAA and P4VP (film
structure: (PAA/P4VP)5). These films are stable up to

Figure 2. (a) QCM frequency change as a function of layer number for the assembly of PAA (filled circles) and P4VP (open
circles) from water/methanol (50/50 v/v %) solutions of pH ) 3.5. (b) FTIR analysis of P4VP films adsorbed onto CaF2 substrates.
The absorbance peaks centered at 1600 and 1640 cm-1 indicate unprotonated and protonated pyridine ring bands, respectively.
Solid lines are absorbance spectra obtained in transmission mode and dotted lines are deconvoluted spectra calculated by the
Lorentzian-Gaussian model. In this case, the degree of protonation of P4VP is determined by integrating the peak intensity. (c)
Loss in the amount of an adsorbed film of (PAA/P4VP)5 vs pH, as determined by QCM. The prepared multilayer films were
immersed in various pH solutions for 24 h and then examined by QCM.
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pH ∼7, after which the desorbed amounts sharply
increase in the range of pH 7.5-9, with essentially 100%
of the film removed at pH 10.3. In a related study,
Sukhishvili and Granick reported that hydrogen-bonded
PEO/PAA multilayer films assembled in water of pH )
2.0 are rapidly and completely removed upon exposure
to solutions above pH 3.6.40,41 It was also found that the
addition of salt (NaCl) provides added pH stability to
the multilayer films due to a reduction in the electro-
static repulsions in the layers.40,41 On the basis of these
results, the high pH and broad pH range of deconstruc-
tion observed for the P4VP/PAA multilayer films in our
work may be influenced by the electrostatic interactions
between P4VP and PAA. Additionally, the hydrogen-
bonding interactions between PAA and P4VP, as inves-
tigated in the current work, are much stronger than
those between PAA and PEO, thus accounting for the
observed higher pH stability of the films. The higher
pH required for decomposing the PAA/P4VP hydrogen-
bonded films may also be related to the solvents from
which the films were deposited. Dubas et al. reported
that the bilayer thickness of PDADMAC/PSS multilayer
films prepared from water/ethanol mixtures sharply
increases with increasing ethanol content up to 40 wt
%, above which PSS starts to precipitate due to the
increased hydrophobicity, suggesting the θ condition is
to be found near this point.47 They also suggested that
this increase of PE hydrophobicity drives the PE to the
interface. Similarly, PAA in methanol/water mixtures
precipitates above 90 wt % methanol, as methanol
solvent has more hydrophilic character than ethanol.
Hence, we cannot exclude the possibility that the water/
methanol mixture used for film deposition increases the
extent of hydrophobic interactions between the methanol-
insoluble PAA and the water-insoluble P4VP at pH 3.5
(and decreases the electrostatic interactions), giving rise
to enhanced stability of the multilayer films at a high
pH. This effectively contributes to suppressing the
deconstruction of hydrogen-bonded layers from electro-
static repulsion between the layers.

Formation of Multilayer Films Based on Hydro-
gen Bonding and Electrostatic Interactions. Mul-
tilayer films composed of hydrogen-bonded and electro-
statically assembled layers (e.g., PEE/(PH)n)1-4/PAA/PEE
where PEE ) PAH/PSS/PAH and (PH)n ) (PAA/P4VP)n,
n ) 1-4) were prepared by exploiting the interactions
between the two different functional groups within the
PAA chains, as schematically shown in Figure 3. The
film structure was designed so that the PAA/P4VP
layers are physically confined between PAH/PSS/PAH
layers. The pH and solvent composition used for film
buildup were identical to the conditions employed for
preparing the hydrogen-bonded multilayer films (Figure
2).

Figure 4 shows that multilayer film growth occurs,
as reflected by the increase in adsorbed amounts (or
frequency decrease) with increasing number of both
hydrogen-bonded layers and electrostatically assembled
layers (i.e., even and odd number of periodic layers,
respectively). These results reveal that the deposition
of electrostatically interacting layers on top of hydrogen-
bonded layers has no significant effect with respect to
disrupting the hydrogen bonding between PAA and
P4VP. The deposition step for P4VP onto PAA in the
PEE/(PH)1/PAA/PEE film causes a -∆F of 75 ( 5 Hz.
This is a smaller change in comparison with the 110 (
5 Hz observed for P4VP deposition in the PAA/P4VP

multilayer films presented in Figure 2a. Additionally,
for the P4VP deposition step in the PEE/(PH)n)1-4/PAA/
PEE films, -∆F was also observed to change from 75
for n ) 1 to 110 Hz for n ) 2, 3, or 4. We rationalize
this increase in adsorbed amount of P4VP in terms of
the degree of ionization of the underlying PAA layer
onto which P4VP is deposited. Xie and Granick reported
that strong PEs (quarternized PVP/PSS) deposited onto
a weak PE layer (PMA) cause an oscillation in the
ionization degree of the PMA layer from about 30 to
80%.34,35 Accordingly, in our systems, when PAA is
deposited onto PAH/PSS/PAH films (i.e., n ) 1) (PAH
is highly positively charged at pH ) 3.5), a proportion
of the COOH groups within the adsorbed PAA layer
would be converted into COO- due to the influence of
the underlying electrostatically assembled layers (specif-
ically PAH). This PAA layer would therefore be more
highly ionized than PAA layers in films where n ) 2-4,

Figure 3. Schematic illustrations of the multilayer films
composed of electrostatic and hydrogen-bonded layers. (a)
Diagram of the film structure sequence. (b) PAA’s role in
connecting layers by both electrostatic and hydrogen-bonding
interactions, thereby utilizing the nonionized (COOH) and
ionized (COO-) functional groups to promote multilayer
formation.
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thus decreasing the adsorbed amount of P4VP as a
result of less COOH groups being available for hydrogen
bonding. That is, increasing the number of hydrogen-
bonded layers adsorbed onto electrostatically assembled
PE layers reduces the effect of the PAH/PSS layers on
the ionization degree of the outer PAA onto which P4VP
is adsorbed, resulting in higher P4VP adsorbed amounts.

With increasing PAA/P4VP bilayer number between
respective PAH/PSS/PAH layers, the film thickness of
inserted hydrogen-bonded layers increases from 4.7 (
0.2 to 22.7 ( 3 nm (calculated from QCM data) for the
PEE/(PH)1/PAA/PEE and PEE/(PH)4/PAA/PEE systems,
respectively. Ellipsometric measurements on identical
films prepared on silicon wafers revealed similar thick-
nessses for the hydrogen-bonded layers: 3.8 ( 0.4 (n )
1) and 19.7 ( 0.6 nm (n ) 4). This trend was also
confirmed by UV-vis spectrophotometry of the four
different multilayer films, as indicated in Figure 5. The
absorbance peaks at 225 and 256 nm originate from PSS
within the electrostatically formed layers and P4VP
within the hydrogen-bonded layers, respectively. It
should be noted that the increase in film absorbance
and the QCM frequency changes (Figure 4) support the
formation of strong hydrogen bonding between PAA and
P4VP.

Deconstruction Kinetics of Hydrogen-Bonded
Multilayer Films Inserted between Electrostati-
cally Assembled Layers. To investigate the decon-
struction kinetics of the multilayer films, we measured
the change of film absorbance as a function of pH and
time for multilayers exposed to solutions of varying pH.
First, in the case of five bilayer PAA/P4VP films
deposited onto a PAH/PSS/PAH film, the typical absor-
bance peak of P4VP (at 256 nm) monotonically de-
creased from pH ) 6.8 to 8.5 and essentially completely
disappeared at pH ) 9.0 in 1 h (Figure 6a). The trend
in these data is consistent with the QCM results (Figure
2c). In addition, the absorbance peak of PSS centered
at 225 nm reveals that the electrostatically assembled

layers are stable, despite the high pH (9.0) used in our
experiments. The deconstruction kinetics of [PEE/(PH)4/
PAA]2/PEE films at different pH conditions was also
investigated (Figure 6b). The film deconstruction char-
acteristics depended sensitively on pH, with both an
increase in the rate of film deconstruction and film loss
observed with increasing pH from 7.8 to 9.0. This trend
is similar to that observed for hydrogen-bonded multi-
layer films composed solely of PAA and P4VP (Figure
2c). The remaining adsorbed amount (∼25%) for the
PEE/(PH)4/PAA/PEE film after 300 min at pH 9.0 is
attributed to residual P4VP and the PAH/PSS/PAH
layers strongly associated with the quartz substrate (see
later). Additionally, as shown in Figure 6c, the physi-
cally confined hydrogen-bonded films display different
deconstruction kinetics at pH 9.0, depending on the
number of inserted hydrogen-bonded layers. At the
same pH (9.0), hydrogen-bonded films that are not
physically confined between electrostatically assembled
layers are almost completely deconstructed (Figure 2c).
Increasing the number of inserted hydrogen-bonded
layers accelerates the film deconstruction rate, which
is accompanied by a larger degree of film loss. These
observations can be explained by the diminished inter-
action of the (intermediate) PAA/P4VP layers with the
under- and overlying PAH/PSS/PAH film upon increas-
ing n from 1 to 4, thereby resulting in enhanced release
of the hydrogen-bonded layers in response to an increase
in pH. As the number of hydrogen-bonded layers
between electrostatically assembled layers increases,
the deconstruction properties of the physically confined
PAA/P4VP layers approach those of nonconfined PAA/
P4VP films.

Figure 7 shows the film loss as a function of pH for
multilayer films containing physically confined hydrogen-
bonded layers. From QCM measurements, the propor-
tion of hydrogen-bonded layers within multilayer films
of PEE/(PH)n/PAA/PEE increases from 47 wt % (n ) 1)
to 83 wt % (n ) 4). The PEE/(PH)1/PAA/PEE film (n ) 1)
is highly resistant to deconstruction up to pH ) 8.5, and
even at pH 10.3, only 15 wt % of the total film is
desorbed. With increasing n, the film stability sharply

Figure 4. QCM frequency change as a function of the number
of periodic layers for the assembly of [PAH/PSS/PAH/(PAA/
P4VP)n)1-4/PAA]m (i.e., [PEE/(PH)n)1-4/PAA]m) from water/
methanol (50/50 v/v %) solutions of pH ) 3.5. Odd and even
number of periodic layers indicate PAH/PSS/PAH (electrostati-
cally assembled layers) and (PAA/P4VP)n)1-4/PAA (hydrogen-
bonded layers), respectively. The number of inserted hydrogen-
bonded layers increases from n ) 1 to 4, and PAH/PSS/PAH
formed the outermost layers.

Figure 5. UV-vis absorption spectra of multilayer films with
the film structure quartz/[PEE/(PH)4/PAA]2/PEE. The absor-
bance spectra were measured after the deposition of PEE and
PH. The absorption peaks at 225 and 256 nm are due to
absorption by PSS and P4VP, respectively.

Macromolecules, Vol. 36, No. 8, 2003 Polymeric Multilayer Films 2849



decreases, yielding a large amount of film loss with
increasing pH. In particular, in the case of the PEE/
(PH)4/PAA/PEE film, the enhanced film loss in the pH
range 7.4-8.5 is similar to that of the pure hydrogen-
bonded multilayer films (Figure 2c). However, the PEE/
(PH)4/PAA/PEE film cannot be completely removed due
to the electrostatically assembled layers first deposited
onto the substrate; that is, the 17 wt % of film remaining
after exposure to a solution of pH 10.3 is due to the
PAH/PSS/PAH layers adsorbed onto the substrate.

From a comparison between the initial amounts of
adsorbed hydrogen-bonded layers and the total film loss,
it is evident that the breakage of hydrogen bonds
between PAA and P4VP at high pH decreases the
stability of the multilayer films. This process would
cause polymer chain swelling and reorganization of the
PAA/P4VP layers.32,46 The breakage of hydrogen bonds
in the films is caused by changes in the PAA chain
conformation induced by pH changes. In nonionized
PAA/P4VP films, the respective PAA layer is adsorbed
onto P4VP in the form of loop and tails. An increase in
pH eliminates hydrogen-bonding sites by converting
COOH into COO- groups, and at the same time, breaks
hydrogen bonds by causing entangled PAA chains to be
more extended as a result of intermolecular electrostatic
repulsion, and increasing electrostatic repulsion be-
tween PAA layers (i.e., intramolecular repulsion). In our
system, however, PAA layers within PEE/(PH)1/PAA/PEE
films may be suppressed from swelling extensively and
structurally reorganizing. This is mainly due to the
respective PAA chains that interact through hydrogen
bonding with P4VP also electrostatically interact with
the PAH/PSS/PAH film, as well as interpenetrating
neighboring PEs.10,29,47

The pH-sensitive deconstruction characteristics of
hydrogen-bonded layers can also be used to prepare free-
standing multilayer films. We prepared stacks of PAA/
P4VP/PAA separated by PAH/PSS/PAH (see Figure 3a)
and subsequently exposed them to high pH conditions
(pH ∼10). Atomic force microscopy revealed that the
PAH/PSS/PAH layers could be readily separated from
the multilayer films (data not shown). This provides an
alternative route to the preparation of the free-standing
multilayer films composed of electrostatically associat-
ing polymers. In a related recent study, Schlenoff and
co-workers reported that multiple strata of strong PE
multilayer membrane films are produced by removal of
intermediate weak PE release layers by exposing the
preassembled multilayer films on solid supports to
solutions of various ionic strength or pH.10

Figure 6. (a) UV-vis absorption spectra of quartz/PEE/(PH)5
films after exposure to various pH solutions for 1 h. The quartz
substrates used were first coated with PEE (i.e., PAH/PSS/
PAH), and hydrogen-bonded multilayers, PH (i.e., PAA/P4VP),
were subsequently deposited onto the substrates. (b) Decon-
struction kinetics of a [PEE/(PH)4/PAA]2/PEE film as a function
of time at different pH conditions. (c) Deconstruction kinetics
of multilayer films as a function of time at pH ) 9.0. The film
structure is [PEE/(PH)n/PAA]m/PEE, where n ) 1, m ) 3 (b); n
) 2, m ) 3 (9); n ) 3, m ) 3 (2); and n ) 4, m ) 2 ([). In
parts b and c, the change of the P4VP absorbance peak at 256
nm was followed by UV-vis spectrophotometry.

Figure 7. Film loss of the adsorbed amount of PEE/(PH)n/PAA/
PEE as a function of pH. Electrostatically assembled PEE layers
formed the outermost layers of the films. The film loss was
measured by QCM after immersion in various pH solutions
for 24 h.
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Conclusions
We have demonstrated that the use of carboxylic acid

and carboxylate groups coexisting within PAA layers (at
pH ) 3.5) permits the LbL preparation of multilayer
films composed of hydrogen-bonded and electrostatically
interacting layers. Designing the structure of the poly-
meric multilayer films with an increasing number of
hydrogen-bonded layers inserted between the electro-
statically associated layers converts largely pH-resistant
films into erasable multilayer films with adjustable
deconstruction kinetics. This pH stability of the hydrogen-
bonded layers is strongly influenced by their physical
confinement within the stacks of electrostatically in-
teracting layers. In particular, our findings emphasize
the pH-controlled stability that can be exerted over
multilayer films containing confined hydrogen-bonded
layers, without chemical treatment such as thermal or
photoinduced cross-linking. This approach represents
a facile means to prepare films with tailored decon-
struction properties, which may find use in the con-
struction of polymeric multilayered delivery vehicles,
membranes, or for patterning surfaces. Additionally,
considering that the breakage of the multilayer films
originates at the interface between PAA and P4VP, our
method can be applied to the fabrication of free mem-
brane films by the use of pH controllable hydrogen-
bonded stacks as “release layers” for separating stacks
of electrostatically assembled PE multilayers.
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