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pH-Responsive Reversibly Swellable Nanotube Arrays'
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We demonstrate a technique for synthesizing substrate-bound arrays of submicrometer-sized reversibly swellable
tubes by using porous templates. The sacrificial template approach allows straightforward control over the tube length,
diameter, and lateral arrangement of the resultant surface-bound nanotubes. We also explored methods for varying the
tube opening structure by altering the pore shape at the surface of the template. A specific PEM system composed of
poly(allylamine hydrochloride) and poly(acrylic acid) was chosen as the building block for the nanotube arrays because
of its ability to undergo pH-triggered swelling—deswelling transitions. The activation of this transition results in
dramatic changes in the length and diameter of the nanotubes as characterized in situ via confocal laser scanning
microscopy (CLSM). The pH-driven reversible swelling—deswelling and nanoporosity behavior observed with planar
films and nanotubes of this PEM system is a direct consequence of the breaking and reforming of ionic cross-links.

Introduction

Advances have been made in the design and synthesis of
nanomaterials of various shapes such as spheres,1 tubes,” belts,’
and wires.* When created in the form of surface-bound arrays and
composed of materials such as carbon,” zinc oxide,’ peptides,® and
polyelectrolytes,"” such nanoscale constructs have shown poten-
tial as conductors,® energy conversion devices,* actuators,” gecko-
feet-like adhesives,'® flow sensors,'' and drug-releasing agents.'>
However, the stimuli-responsiveness of surface-bound nanoarrays
has seldom been explored, mostly because of the inertness of many
of the materials typically utilized to create them. Of particular
interest would be the ability to reversibly alter the physical and
mechanical properties of nanoarrays through the use of simple
triggers such as a change in solution pH or temperature.

At present, a wide range of stimuli-responsive materials, mostly in
bulk form, have been designed and shown to exhibit technologically
useful responses such as switchable wettability,'* magnetic-assisted
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drug delivery,'*'* temperature-stimulated volume transitions,'® and

photomechanical actuation.!” The synthesis of such materials in the
form of nanotube/wire arrays could generate stimuli-mediated
responses that may be more interesting than their bulk counterparts,
owing to their high area-to-volume and length-to-diameter aspect
ratios. In addition, the collective behavior of the nanotubes/wires
could lead to phenomena such as an increase in compressive strength
as a result of nanogranular friction and percolation effects.'®
Motivated by these prospects, we fabricated reversibly swellable
submicrometer-sized tubes composed of pH-responsive polyelectro-
lyte multilayers (PEMs) by using sacrificial porous templates.'
Sacrificial templates have been widely utilized® > for synthesizing
nanotubes/wires owing to the simplicity and robustness of the
process compared to other synthesis methods such as the catalytic
growth method that requires careful control of the temperature and
feed-to-catalyst ratio.”® Additionally, the template approach allows
precise control over the orientation and spacing of the resultant
nanowires/tubes (identical to that of the pores on the sacrificial
template), which can be challenging with other synthesis methods.
As for the deposition method, various techniques have been used
to deposit materials into porous templates, including sol—gel
chemistry,”” chemical vapor deposition,” and electroless plating;”
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Scheme 1. Synthesis of Surface-Bound PEM Tube Arrays”

Track-etched
polycarbonate
membrane

Membrane attached to
a substrate 1
“An idealized periodic spatial arrangement of pores and tubes 1s shown for illustration purposes.

the layer-by-layer technique was chosen because it provides a
promising approach for preparing PEMs with specific physical
and chemical properties, including pH-triggered reversible swell-
ability. In addition, the ability to create complex multimaterial
heterostructures with nanoscale control over dimensions is readily
achievable with this approach.

To our knowledge, the reversible swellability of stimuli-respon-
sive PEM nanotube arrays has not been reported in literature. In
this work, we chose a PEM system composed of poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA) that has been
shown previously to undergo pH-induced, reversible nano- and
microporosity transitions. We demonstrate that large dimen-
sional changes in the surface-bound nanotubes (approaching
520% volumetric expansion) can be triggered by swelling—
deswelling transitions, possibly leading to applications such as
mechanical actuation, controlled drug release, and pH sensors.

Experimental Section

Materials. Poly(allylamine hydrochloride) (PAH, M, 70 000,
Sigma-Aldrich) and poly(fluorescein isothiocyanate allylamine
hydrochloride) (FITC-PAH, M, 15000, Sigma-Aldrich) were
used as polycations whereas poly(acrylic acid) (PAA, M,
90000, 25% aqueous solution, Polysciences) are used as the
polyanion. All polyelectrolytes were used as received without
further purification. PAH and PAA were prepared as 107> M
solutions (based on the repeat-unit molecular weight), and FITC-
PAH was prepared as a 0.5 g/L solution, all in ultrapure 18 MQ
cm deionized water (Millipore Milli-Q). The polyelectrolyte solu-
tions were adjusted to the desired pH (40.01) with 1 M HCl or 1
M NaOH. The templates used during PEM assembly were track-
etched polycarbonate (TEPC) membranes (Whatman) that have
a thickness of ca. 10 um and a variety of pore sizes. Amine-treated
glass slides (Sigma-Aldrich) were used as substrates for affixing
the template prior to membrane dissolution. Carboxylate-modi-
fied, fluorescent-red polystyrene beads (2.0 um, Sigma-Aldrich)
were used for mechanical actuation studies.

PEM Assembly and Characterization. PEMs were as-
sembled by immersing a substrate into a polycation solution
(PAH or FITC-PAH) for 15 min, followed by three water rinsing
steps (2, 1, and 1 min) using a programmable slide stainer (Zeiss).
FITC-PAH was used only for synthesizing tubes to be imaged
with confocal laser scanning microscopy (CLSM). The substrates
can be either glass slides (for assembling flat films) or TEPC
membranes (for synthesizing tube arrays). The substrates were

Langmuir 2009, 25(24), 14044-14052

Layer-by-layer
assembly

Multilayers on top of

Membrane conformally
adsorbed with multilayers

Membrane dissolved,

then immersed in a polyanion solution (PAA) for 15 min,
followed by identical rinsing steps. A PEM notation of (PolyA
x/PolyB ). is used, where PolyA represents the first polyelec-
trolyte adsorbed onto the substrate, its assembly pH, x, the second
polyelectrolyte, PolyB, its assembly pH, y, and the total number of
bilayers, z. All PEMs were processed and characterized right after
film assembly. Film thickness was measured usinga J. A.Woollam
Co., Inc. VASE spectroscopic ellipsometer. In some cases where
the film was in contact with a selected aqueous solution, the film
thickness was measured in situ using a quartz cell. Data were
collected between 300 and 1000 nm at a 70° angle of incidence and
were analyzed with the WVASE32 software package, fitted with a
Cauchy model, which assumes the real part of the refractive index,
ng, as a function of wavelength, 4, to be n{d) =4, + (B,/A%) +
(C,/A*% where 4,, B,, and C, are constants. The extent of swelling
of the PEMs in solution was defined as
extent of swelling
film thickness in solution —film thickness in dry state

film thickness in dry state

x 100%

Tube Array Synthesis and Characterization. After PEM
assembly, the TEPC membrane was wetted with DI water, placed
on an amine-treated glass substrate (which has positive residual
surface charges), and heated in an oven at 60 °C for 15 min to
enhance electrostatic adhesion between the PEM and the
glass substrate. The unattached side of the membrane was then
plasma etched (Harrick Scientific Plasma Cleaner) in oxygen at
150 mTorr for 15 min, which selectively removed the flat film
deposited on the membrane surface. The entire sample was then
immersed four times in fresh dichloromethane (Sigma-Aldrich)
for 20,2,2, and 1 min. The dry PEM tube arrays were imaged with
a high-resolution scanning electron microscope (JEOL 6320 HR-
SEM). A CSLM (Zeiss LSM 510) was used for in situ imaging in
water. To allow water to penetrate through the tubes more easily,
a small amount of ethanol (ca. 100 uL) was dropped onto the
tubes prior to imaging. In the mechanical actuation studies
reported below, the tubes were immersed in a suspension of
fluorescent-red carboxylate-modified polystyrene beads (Sigma-
Aldrich) for 10 min prior to imaging under the aqueous condi-
tions. For illustration purposes, we often construct plan- or side-
view images from CLSM by combining the data from all scan
heights using the maximum function (the maximum channel
values for all nontransparent pixels) in Adobe Photoshop CS3.
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Results and Discussion

In previous work from our laboratory, submicrometer-sized
PEM tubes were produced as free suspensions in solvents by using
template-based synthesis techniques.*’ Others have also prepared
PEM tubes by using this approach;?***2>31735 however, to our
knowledge, all literature to date describes PEM nanotubes that are
completely detached from a surface and characterized in suspen-
sion or after being collected on a substrate. A typical scheme
involves (i) the deposition of the desired material onto a porous
template, (ii) the removal of materials residing on the template
surfaces to allow complete detachment of the tubes from each other
upon template dissolution, and (iii) the dissolution of the template,
which releases the newly created nanoelements into the solvent.
The nanotubes lose their original orientation and spatial arrange-
ment when suspended in a solution or collected on a substrate.

In this work, the tube arrays were affixed to a substrate, thereby
allowing them to retain the negative image of the template and
providing the possibility to (i) control the orientation and spatial
configuration of the tubes and (ii) study the collective behavior of
the tubes with specific orientations and spatial configurations. To
do so, only one side of the PEM film residing on the template
surfaces was removed, and the other side was attached to a
substrate. Preservation of the film on the other side of the
template allows the base of the tubes to be fixed in place, which
is crucial in maintaining the original orientation and spatial
configuration of the tube arrays.

The overall synthesis scheme is summarized in Scheme 1 and
involves (i) layer-by-layer assembly of polyelectrolytes that con-
formally deposit onto the template, both on the surfaces and in
the pores, (ii) template attachment to a substrate, (iii) plasma
etching on the unattached side of the template for selective PEM
removal at that surface, and (iv) template dissolution in dichloro-
methane. Commercially available track-etched polycarbonate
(TEPC) membranes were used in this study to capitalize on the
compatibility of typical polycarbonate solvents (e.g., dichloro-
methane) with the PAH7.5/PAA3.5 PEM system. Certain mem-
branes, such as those made of anodized alumina, dissolve only at
extremely high or low pH values that can disassemble the PAH/
PAA PEM. The choice of the TEPC membrane was not ideal for the
purpose of synthesizing perfectly aligned or laterally arranged tubes
because of the random pore arrangement produced by particle
bombardment during membrane production. Thus, as expected,
tube arrays with the same irregular orientations and spatial arrange-
ments (Figure 1) as the pore structure of the membranes were
observed. Studies are underway to develop templates with controlled
pore orientations and spatial arrangements using materials that
dissolve in solvents compatible with the PEM system.

Variation of Tube Size and Shape via Template Altera-
tion. As mentioned earlier, the use of a sacrificial template results in
the formation of tubes with shapes and dimensions similar to those
of the pores; the tube diameter can therefore be controlled directly
by varying the pore size and the number of deposited multilayers.
To demonstrate this, TEPC membranes with different pore sizes
(0.4, 0.8, and 3.0 um) were deposited with the same number of
PAH7.5/PAA3.5 bilayers, resulting in the formation of tubes with
diameters similar to the original template pore sizes (Figure 1). As
evident from the scanning electron microscopy (SEM) images, with
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Figure 1. SEM images of (PAH7.5/PAA3.5),0 PEM tube arrays
synthesized with TEPC membranes with pore sizes of (a) 0.4, (b)
0.8, and (c) 3.0 um. Membranes were attached to a substrate with
the glossy side facing up. Images were collected after drying of the
template-dissolving solvent. (Inset) Higher magnification.

the same number of bilayers (and thus wall thickness), the tubes
could be hollow or essentially filled (at least as observed from the tip
of the tubes) depending on the template pore size.

Apart from their length and diameter, control over the opening
structure of the nanotubes is particularly valuable because this
would be expected to influence important surface properties such
as wettability. Without alterations of the TEPC membranes, the
opening structure of the nanotubes was observed to be different
depending on the side of the membrane attached to the substrate.

Langmuir 2009, 25(24), 14044-14052
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Figure 2. SEM images of (a) the glossy side of the 0.8 um TEPC membrane and (b) the resulting tubes; (c, d): similar to images a and b except

using the matte side of the membrane. (Inset) Higher magnification.

As shown in Figure 2, opening shapes that were either tapered in or
fluted out could be obtained by simply changing the side of the
template that was attached to the substrate. SEM images revealed
two distinct surface features of the TEPC membranes: one side that
is smooth with relatively straight projected holes (Figure 2a) and the
opposite side that is rougher with holes that taper out at the template
surface (Figure 2c). The surface with better defined exit holes is
glossy, whereas the opposite surface has a matte finish. The
difference in surface features is probably a result of an “entrance
effect” created during particle bombardment of the membrane. As
expected, placing the glossy side up led to tubes that were tapered in
with smaller diameters whereas tubes formed with the matte side up
exhibit a fluted shape with larger opening diameters. These see-
mingly small differences were significant enough to alter the wett-
ability of the tube arrays. With either tube-opening structure, dry
PEM tube arrays (dried from solvent) were water repellent as a result
of the composite air—solid interface established by the nanotube
forest, but advancing water droplet contact angles were consistently
higher for tube arrays with the fluted opening structure (137 vs 125°)
because the composite air—solid interface was able to support a
larger water droplet without wetting. This effect may prove useful in
the design of surface arrays with tunable wetting characteristics.

To enhance the water repellency of these PEM nanotube arrays
further, the pore openings on the matte side surface were expanded
by plasma etching. The plasma-etched membrane was then depos-
ited with PEMs, followed by the same membrane attachment and
dissolution procedures. Membranes plasma etched with oxygen for
30 min ultimately led to tube arrays with a much more fluted opening
structure (Figure 3). This array of tubes showed static, advancing,
and receding contact angles (VCA-Optima 2000 instrument) of 153,
150, and 135°, respectively.

Choice of PEM System as the Building Block for Stimuli-
Responsive Nanotube Arrays. The PAH7.5/PAA3.5 multilayer

Langmuir 2009, 25(24 ), 14044-14052
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Figure 3. (Top) Three-dimensional cartoon rendering of PEM
tubes synthesized without alterations on the TEPC membrane vs
those synthesized with plasma etching of the TEPC membrane
prior to layer-by-layer deposition. (Bottom) SEM image of the
resulting (PAH7.5/PAA3.5),, PEM tubes following the latter
procedure. (Inset) Higher magnification.

was pursued as a stimuli-responsive system on the basis of
previous work®*™*? that found that it and related multilayers,

PAHS.6/PAA3.5, demonstrated an ability to undergo micro- and
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nanoporosity transitions after different pH treatments.
In this previous work, it was found that nanopores*®** observed
in the dry state could be reversibly opened and closed by
suitable pH treatments in the wet state. The possibility of
creating nanotubes with nanoporous wall structures initially
motivated the investigation of this multilayer system;
however, as will become apparent, PAH7.5/PAA3.5 multi-
layers exhibit a wide range of interesting stimuli-responsive
effects.
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Figure 4. In situ ellipsometry measurements of (a) the film thick-
ness and extent of swelling of (PAH7.5/PAA3.5),0 PEMs im-
mersed in water at different pH values and (b) the extent of
swelling and effective refractive index of a multilayer film immersed
sequentially in water at pH 5.5 and 2.0.

Chia et al.

To gain insight into what occurs during the different pH
treatments used to activate the opening and closing of nanopores,
film thicknesses (measured on multilayers supported on planar
substrates) were measured in situ as a function of the surrounding
solution pH by using ellipsometry. Although in a previous study it
was found?® that low-pH treatments (<2.0) closed the nanopores
observed in the dry state whereas high-pH treatments (=5.5)
opened the pores, a detailed investigation of the wet-state beha-
vior of this multilayer system was not reported. In situ ellipso-
metry measurements (Figure 4a) reveal that the thickness of the
multilayer film remained constant in the higher-pH range and
started to increase only below pH 2.5. At lower pH, the degree of
swelling increases dramatically until pH 1.8, below which the
multilayer disassembles. The thicknesses reported at the lowest
pH values represent an upper-limit estimate because the refractive
index of the multilayer in this highly hydrated state became very
close to that of water. This dramatic swelling transition is
essentially reversible as long as the solution pH is not dropped
below 1.8.

It is interesting that the reversibility and magnitude of the
swelling transition indicates that the change from a porous to
nonporous dry state may not be a simple carboxylate/carboxylic
acid-driven process involving the opening and closing of car-
boxylic acid-lined pores created during the initial low-pH treat-
ment as previously speculated.’® Clearly, the presence of a
reversible swelling transition shows that whatever multilayer
structure is created by a subsequent high-pH treatment is erased
at low pH by the breaking of ionic bonds (full mechanism to be
discussed below). The swelling and deswelling transitions of the
PAH7.5/PAA3.5 film were reversible for at least four cycles
(Figure 4b), making it a useful candidate as the building block
for stimuli-responsive nanotube arrays.

Stimuli-Responsive Nanotube Arrays. Confocal laser scan-
ning microscopy (CLSM) was used to characterize the swelling
transition of nanotube arrays fabricated from PAH7.5/PAA3.5
multilayers. Fluorescently labeled PAH was used to provide
imaging contrast. Using a 40x water immersion objective lens,
plan-view images of the tube arrays were collected at each scan
height and stacked using the maximum function in Adobe Photo-
shop. Compiled plan-view and side-view images of the tube arrays
immersed in water at different pH values are shown in Figure 5,
with their corresponding 3-D cartoon renderings shown in
Scheme 2. Figure 5a shows PEM tubes immersed in water at
pH 5.5 with dimensions similar to those of the dry tube arrays
characterized by SEM (Figure 1). When immersed in water at pH
1.8, the nanotubes swelled substantially in both the vertical and
horizontal directions (Figure 5b and Scheme 2), essentially filling
much of the space between tubes. In the highly swollen state, the

Scheme 2. Three-Dimensional Cartoon Renderings Illustrating the Dimensional Changes of the Tube Arrays Immersed in Solutions with Different
pH Values
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Figure 5. Confocal laser scanning microscopy (CLSM) plan-view images of (PAH7.5/PAA3.5),, tube arrays sequentially immersed in water
at pH 5.5 (a, ¢, e) and 1.8 (b, d). (Inset) Higher magnification. (Below) Side-view image. All images were constructed by compiling scans at
different sample heights and stacking them with the maximum function. Scale bars: 10 um.

outer diameter and length of the nanotubes increased from 1.0 to
1.7 ym and 10 to 18 um, respectively. Even in the highly swollen
state, however, the tubes remained intact as individual tubes
without dissociating completely or merging irreversibly with
surrounding tubes, as observed from the pH cycles shown in
Figure 5 and higher-magnification images shown in Figure 6.
When the pH is increased to 5.5, the tube dimensions decreased
but are somewhat larger than the original values (height =12 um,
diameter = 1.2 um). This type of swelling—deswelling behavior
was also consistently observed in studies of films assembled on
planar substrates (Figure 4b). Thus, the swelling—deswelling
transition of the PEM nanotubes was essentially repeatable for
at least a few cycles.

Mechanical Actuation of Colloidal Particles by Nanotube
Arrays. The significant changes in nanotube diameter and length
associated with the reversible swelling—deswelling transition
provide a means to create simple pH-controlled mechanical
actuators. To demonstrate this, a small amount of carboxylate-
modified, fluorescent-red polystyrene (PS) colloidal particles
(2.0 um size) was adsorbed onto the nanotube arrays prior to
CLSM imaging in DI water (pH 5.5). The particle-bound
nanotube arrays were then alternately immersed in water at pH
5.5 and 1.8; the resultant constructed plan-view images (multiple
plan-view images stacked using the maximum function in Adobe
Photoshop) are shown in Figure 7. Using the same method, side-
view images were also constructed to show more clearly the
change in location of the PS particles that occurs when the
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Figure 6. (a, b) Higher-magnification plan-view CLSM images of
(PAH7.5/PAA3.5),0 tube arrays immersed in water at pH 5.5 and
1.8, respectively. Both images were scanned at half tube length (not
compiled from multiple scans at different heights). (¢, d) Compiled
side-view images of panels a and b, respectively. Scale bars: 5 um.
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Figure 7. (a—e) CLSM plan-view images of (PAH7.5/PAA3.5),0 tube arrays lightly decorated with 2.0 um fluorescent-red polystyrene
particles. The sample was sequentially immersed in water at pH 5.5 (a, ¢, e) and 1.8 (b, d). (Below) Side view of the nanotube arrays. (f, g)
Magnified side-view images from a and b, respectively. Images were compilations from scans at different sample heights and were stacked with

the maximum function. Scale bars: 10 um.

nanotubes change their dimensions. When immersed in water at
pH 5.5, the spherical PS particles are oval with a Gaussian-like
distribution of fluorescence intensity in the vertical direction
(Figure 7f), implying vertical movement of the PS particles during
movement of the sample stage between each height scan. (The
side-view images are compilations of multiple images scanned
with vertical stage movements.) This apparent mobility of the PS
particles suggests that they are only loosely bound to the
nanotubes at pH 5.5. When immersed in water at pH 1.8, the
particles appear to be more spherical (Figure 7g), signifying a
more highly constrained mobility. At this low pH, the nanotubes
contain an excess of positively charged amine groups (to be
discussed), producing stronger electrostatic binding of the nega-
tively charged colloidal particles.*’ This electrostatic effect, how-
ever, would be mediated by the lower charge density of the PS
particles that is also anticipated at this lower pH. The mobility of
the PS colloidal particles is also likely to be physically/sterically
limited by the highly swollen network of nanotubes. Subsequent
immersion in water at pH 5.5 deswelled the tubes and moved the
colloidal particles back to their original position relative to
the substrate surface. This process is reversible through cycles
of high- and low-pH treatments, demonstrating the ability of the

(40) Chia, K.-K.; Cohen, R. E.; Rubner, M. F. (ke 2008, 20, 6756
6763.
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stimuli-responsive nanotube arrays to actuate the PS particles
reversibly and change their binding affinities.

Mechanism of the Stimuli-Responsive Behavior and Rela-
tion to Nanoporosity Transition. To explain the full suite of
stimuli-responsive properties exhibited by PAH7.5/PAA3.5 mul-
tilayers in the form of both planar films and nanotube arrays, it is
necessary to take into account both the pH-induced swelling—
deswelling and porosity transitions in the wet and dry states,
respectively. The porosity transition is clearly a consequence of
what occurs in the solution state. Previously it was found that,
after an initial low-pH treatment (<2.0), PAH7.5/PAA3.5 and
related multilayers could be rendered reversibly nanoporous by
subsequent pH treatments.*® Specifically, it was found that drying
from a pH 1.8 solution produced a dense, nonporous film whereas
shifting the solution pH upward followed by drying froma pH 5.5
solution produced a thicker, low refractive index, nanoporous
film.

In this work, in situ studies in water of both nanotube arrays
and planar films reveal that a significant reversible swelling
transition occurs at a low pH. It has previously been suggested
that treating an as-assembled PAH7.5/PAA3.5 multilayer at low
pH (£2.0) breaks polymer—polymer ionic cross-links by proto-
nating a significant fraction of the carboxylate groups of PAA,
thereby allowing the multilayer to reorganize into a structure that
can undergo a reversible porosity transition.***” These new in situ
results show that the breaking of these ionic cross-links induces a
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Scheme 3. (A, B) Proposed Molecular Arrangements of the Polymers in a PAH7.5/PAA3.5 Multilayer Film in High- and Low-pH Solutions and
(C, D) Morphology of the Films upon Drying

low pH (< 2.0)

high pH (= 5.5)

et

dry

dramatic swelling transition that can be reversed by simply
increasing the solution pH above the swelling—deswelling trigger
point of pH 2.5. Recent results help to provide insight into the
underlying mechanism of this swelling transition.*’

In DI water (pH ~5.5), as-assembled (PAH7.5/PAA3.5),
multilayers swell by ca. 40%, with the thickness and refractive
index (n;) values of planar films changing from 200 to 280 nm and
1.51 to 1.48 respectively. When immersed in a lower-pH solution
(e.g., 2.0), the film swells dramatically to more than 6 times its
original thickness, as measured by in situ ellipsometry (Figure 4a,
thickness ~1300 nm and n; =1.34). Nanotubes, as observed by
CLSM (Figure 6b), also undergo this dramatic swelling transi-
tion. The dramatic swelling of the PAH7.5/PAA3.5 multilayer is
due to the breakage of NH;*—COO™ ionic cross-links as a result
of the protonation of the carboxylate groups from PAA (state A,
Scheme 3) and is further driven by osmotic forces and charge
repulsion among the free, positively charged amine groups
generated from the breakage of the ionic cross-links. We recently
reported that this highly swollen state exhibits a high capacity to
bind negatively charged gold complexes as a result of the
abundance of free, positively charged amine groups® created
when the acid groups become protonated. Upon drying (path 4),
the multilayer collapses to a dense structure (state C, thickness =
ca. 170 nm, ng=1.53). The decrease in film thickness relative to the
as-prepared film indicates a slight loss of material during this
initial low-pH treatment. However, after the first low-pH treat-
ment, the dry film thickness measured after subsequent low-pH
immersions remains essentially constant (results not shown).

If the highly swollen film (in a low-pH solution) is immersed in
a higher-pH solution (=5.5) without drying (path 1), then the
extent of swelling of the film decreases as carboxylate-based ionic
cross-links are regenerated (state B, thickness =690 nm, n,=1.36).
The reformation of these ionic cross-links, however, does not
reestablish the low swelling level of the as-assembled multilayer,
suggesting that the molecular reorganization induced by the first
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acid treatment has irreversibly altered the multilayer organiza-
tion. This latter process of reforming ionic cross-links results in
the rejection of water from the previously very highly swollen
network (microsyneresis). Because this water rejection process
occurs in a spatially inhomogeneous fashion, micrometer- (or
smaller) sized pockets of water are formed and trapped within the
new, tighter network structure. When this structure dries, it leaves
pores (air pockets) where the water pockets used to be. An
accompanying spinodal-like phase-separation process may also
be in play and cannot be ruled out at this point. The spatially
inhomogeneous multilayer organization, when dried (path 2),
gives rise to the nanoporous film (state D, thickness =230 nm, n;=
1.37). Exposing the multilayer film from either the dry state or the
pH 5.5 wet state to a pH 2.0 environment essentially erases the
nanoheterogeneous structure and reestablishes a highly swollen,
more homogeneous state (state A).

If the highly swollen film (in a low-pH solution) is dried (state
() and then immersed in a higher-pH solution (=5.5), then the
film initially swells to a high level (within seconds) followed by a
deswelling process (in minutes) (Supporting Information). Thus,
the free ammonium groups present in the dried film (previously
formed in the low-pH highly swollen state) lead to the initial high
swelling level of the film. However, because the higher-pH
solution deprotonates carboxylic acid groups from PAA to
carboxylates and reforms carboxylate-based ionic linkages, this
high level of swelling is quickly followed by deswelling into the
heterogeneous state previously described (state B). The rate and
extent of swelling in both stages are expected to be strongly
dependent on the kinetics of three factors: osmotic forces, charge
repulsion, and ionic cross-linking.

The above mechanism accounts for all of the observations
made with the PAH7.5/PAA3.5 and PAHS8.6/PAA3.5 multilayers
driven to the nanoporous state. In the above scenario, after the
initial acid treatment, a water rinse at a higher pH is needed to
reform ionic cross-links and induce microsyneresis. In the case of
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the microporous transition, however, porosity can be produced in
the dry state by treating the film at pH 2.5 without a subsequent
higher-pH water rinse.”™® At pH 2.5, a smaller number of ionic
cross-links are broken (Figure 4a), apparently resulting in the
formation of a microheterogeneous state in the low-pH solution.

Conclusions

An understanding of the pH-triggered molecular rearrange-
ments in PAH7.5/PAA3.5 multilayers led to the design and
synthesis of submicrometer-sized reversibly swellable PEM tube
arrays. The reversible swelling—deswelling transition of the PEM
nanotube arrays, observed directly by significant changes in the
nanotube dimensions, was further utilized to actuate the simple
movement of surface-bound colloidal particles. Aided by pre-
vious studies, in situ characterization of the PAH7.5/PAA3.5
multilayers in the form of substrate-attached nanotube arrays
provided a more in-depth understanding of the molecular
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reconfigurations occurring during the swelling—deswelling tran-
sition in solution and the resultant effects on the molecular
architecture and physical properties of dry films.
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