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ABSTRACT: Polyelectrolyte multilayers (PEMs), assembled from weak polyelectrolytes, have often been proposed for use as
smart or responsive materials. However, such response to chemical stimuli has been limited to aqueous environments with
variations in ionic strength or pH. In this work, a large in magnitude and reversible transition in both the swelling/shrinking and
the viscoelastic behavior of branched polyethylenimine/poly(acrylic acid) multilayers was realized in response to exposure with
various polar organic solvents (e.g., ethanol, dimethyl sulfoxide, and tetrahydrofuran). The swelling of the PEM decreases with an
addition of organic content in the organic solvent/water mixture, and the film contracts without dissolution in pure organic
solvent. This large response is due to both the change in dielectric constant of the medium surrounding the film as well as an
increase in hydrophobic interactions within the film. The deswelling and shrinking behavior in organic solvent significantly
enhances its elasticity, resulting in a stepwise transition from an initially liquid-like film swollen in pure water to a rigid solid in
pure organic solvents. This unique and recoverable transition in the swelling/shrinking behaviors and the rheological
performances of weak polyelectrolyte multilayer film in organic solvents is much larger than changes due to ionic strength or pH,
and it enables large scale actuation of a freestanding PEM. The current study opens a critical pathway toward the development of

smart artificial materials.
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1. INTRODUCTION

Polyelectrolyte multilayers (PEMs) have been examined for
possible use in a wide range of applications, such as sensors,
actuators or other responsive materials, self-cleaning surfaces,
anticorrosion coatings, barrier materials, and separation
membranes."”” The characteristic property of these thin films is
that they are assembled through secondary interactions, but this
has also in some sense been a limitation for them as well.
Response is often based on weakening the strength of
electrostatic interactions between hydrated ion pairs, swelling
the films and making them softer. For barrier materials or
applications where diffusion through the multilayer is important,
the free volume in these materials is predetermined by a
combination of the strength of interactions between the
polyelectrolytes and the solution chain conformations.
Presented here is a simple and general way to overcome these
limitations by changing the dielectric constant and hydro-
phobicity of the medium surrounding the polyelectrolyte
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assembly, potentially enabling a great deal of new functionality
in these materials. Changing free volume on demand in a
polymer thin film could potentially be important for certain
properties.

PEMs are made by directing the self-assembly of polyelec-
trolytes (PEs) onto a surface, using a method called layer-by-
layer (LbL), usually through a series of sequential dipping steps.
This entropy-driven process*® is a facile method for assembling
multivalent macromolecules as well as other types of materials
(colloids, biological materials, some multivalent small molecules)
using electrostatics, van der Waals interactions, hydrogen bonds,
or even covalent bonds, and the LbL technique gives films with
great control over nanoscale placement of film components.” In
addition to two-dimensional flat surfaces, various substrates
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Scheme 1. Schematic Depiction of the LbL Assembly Process (a) As Well As a Schematic Depiction of the Film Densification

Process upon Exposure to Organic Solvent (b)
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ranging from nanoparticles, nanowires, micelles,’ proteins,7 and
three-dimensionally structured substances such as porous anodic
alumina membranes,® random hierarchically structured net-
works,”'® and even biological materials such as butterfly wings
can be coated by LbL technique."'

Responsiveness in PEMs is usually based on achieving a
modulation in the charge—charge interactions within the films.
For strong PEs, this usually means changing ionic strength of a
surrounding aqueous medium, whereas for weak PEs charge
density can also be modulated by ionic strength as well as pH or
even other external stimuli, such as electric fields."> The charge
density of certain weak PEs with particularly labile functional
groups, such as carboxylic acids, can be easily influenced by the
nearby presence of other charged molecules (such as other PEs),
especially in the solid state.'> Varying charge—charge inter-
actions will then affect chain conformation, solubility, and ability
of the PEs to act as hydrogen bonding donors or acceptors. The
dynamic nature of the interactions holding together the PE
chains leads to certain unique properties. For example,
polyethylenimine/poly(acrylic acid) multilayer based electrodes
are able to self-heal upon exposure to water;'* the swelling of
hydrophilic PEM films can be controlled by changing the
ionization ratio and charge density of the PEs in the PEMs to
regulate the internal ionic cross-links.'> This reversible stimuli-
responsive performance of weak PE containing PEMs holds a
great promise for application in drug delivery, separation, and
smart sensors."> However, achieving response in PEMs through a
chemical stimulus has thus far been limited to exposing these
films to various types of aqueous solutions, either changing the
charge density within the film or softening the ionic bond pairs.

Organic solvents, however, are known to have 51gn1ﬁcant
effects on the physiochemical properties of PEs.'® The low
dielectric constant of organic solvents inhibits the ionization of
PEs, and the low polarity of the environment induces changes in
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the chain conformation of the PEs and increases the internal
hydrophobic interactions between polymer backbones.'” This
phenomena of aggregation of PE chains are universal to most
organic solvents. Although this strong change in PE solution
behaviors in response to exposure to organic solvents is known, it
has not thus far been widely used to achieve response or changes
in properties in PEMs. There are several reports of LbL assembly
using organic solvents,"®2° and in one of these, the addition of
tetrahydrofuran to a dendrimer solution resulted in a
mechanically stiffer capsule. In contrast, several reports show
exposure of PEM capsules to water/alcohol or water/acetone
solutions actually softens and increases the permeability of these
capsules.”’ 7** Also, PEMs have been employed as membranes
for water/alcohol separations based on differences in diffusion
and solubility of those solvents in the PEM films.>*

In this work, a reversible, large scale swelling/shrinking
response accompanied by changes in viscoelastic properties is
achieved with electrostatics mediated PEM assemblies fabricated
with branched polyethylenimine (BPEI) and poly(acrylic acid)
(PAA) by taking advantage of changes in secondary interactions
upon exposure to polar organic solvents (e.g., ethanol, dimethyl
sulfoxide, and tetrahydrofuran). The BPEI/PAA film contracts in
the presence of organic solvent, in contrast to the swelling seen in
water. The interactions in question, electrostatic ion pairs as well
as hydrophobic interactions, are dynamic, and therefore, this
response is a reversible one that can be repeated many times.
After densification in pure organic solvent, the film thickness will
either recover to its original value by interaction with ambient
humidity or the densified thickness can be permanently fixed
through facile thermal amide cross-linking between BPEI and
PAA. The swollen film in pure water behaves as a viscous liquid
that gradually changes to an elastic solid by the addition of
organic liquid to the water. In pure organic solvent, the film
behaves as a rigid cross-linked material due to the enhanced
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internal interactions and reduced film thickness. Large scale,
reversible actuation of a free-standing PEM is demonstrated
based on this behavior, showing potential for applications in
sensing, smart switches, valves, and motors.

2. EXPERIMENTAL SECTION

2.1. Materials. Branched polyethylenimine (BPEIL, M, = 25 000,
catalog No. 408727), poly(diallyldimethylammonium chloride)
(PDAC, average M, = 100 000—200 000, 20 wt % in H,O, catalog
No. 409014), poly(sodium 4-styrenesulfonate) (SPS, average M,, ~
70 000, catalog No. 243051), ethanol (catalog No. E7023), dimethyl
sulfoxide (DMSO, catalog No. D4540), tetrahydrofuran (THF, catalog
No. 360589), sodium chloride (catalog No. $9888), sodium hydroxide
(catalog No. 221465), hydrochloric acid (catalog No. 320331), sulfuric
acid (catalog No. 320501), and hydrogen peroxide (catalog No.
216763) were purchased from Sigma-Aldrich. Polyacrylic acid (PAA,
M,, = 50 000, 25 wt % solution, catalog No. 00627) was purchased from
Polysciences. Deionized (DI) water used in all experiments from a Milli-
QDQ-3 system (Millipore, Bedford, MA, U.S.A.) with resistivity of 18.2
MQ. All materials were used as received without further purification.

Piranha solution was prepared by mixing 98% sulfuric acid with 30%
hydrogen peroxide with a volume ratio of v/v = 7/3. BPEI solution was
prepared at 80 mM with respect to the amine group of BPEI in DI water.
The solution was stirred overnight and the pH was adjusted to 9.5 by
adding 0.1 M hydrochloride solution. Similarly, PAA solution was
prepared at 60 mM with respect to the carboxyl group of PAA in DI
water and was stirred overnight; subsequently, the pH was adjusted to
4.5 by adding 0.1 M sodium hydroxide solution. All PE solutions were
filtered prior to use.

2.2. Film Assembly. PEMs were LbL assembled through electro-
static interactions on silicon wafers as shown in Scheme 1a.>> Polished
silicon wafer was employed here as the substrate because it is nearly
atomically flat and the high refractive index of silicon provides a good
contrast to PEMs for high resolution spectra. Silicon wafers were first
cleaned by immersion in a freshly prepared piranha solution at room
temperature for 4 h, rinsed with excess DI water until neutral, dried by
nitrogen flow, and then plasma treated for S min prior to use. The
assembly of PEMs proceeded sequentially at room temperature using a
StratoSequence VI dipper (NanoStrata Inc.,, U.S.A.). Briefly, the dry
silicon wafers were first exposed to the BPEI solution for 10 min and
then washed by three separate DI water rinse baths of 1 min each.
Subsequently, these substrates were exposed to the PAA solution for 10
min and washed with DI water in an identical manner. Thus, a thin
BPEI/PAA bilayer was assembled on the silicon wafer surface. By
repeating the BPEI/PAA deposition cycle n times, the desired number of
BPEI/PAA bilayers (denoted as (BPEIy /PAA,;), hereafter) were
deposited on the silicon wafer. These PEM films were dried at room
temperature (~25 °C) and atmospheric relative humidity (RH ~ 70%)
for 24 h prior to characterizations. To prepare the PEM sample for
rheological characterization, the (BPELys/PAA,;)s, film was LbL
assembled on a cleaned polystyrene substrate following the above
procedure. After drying, the film was peeled off of the polystyrene
substrate and cut into a circle with a diameter of 8.0 mm. (PDAC/SPS)5,
films were fabricated through the same process by using PDAC aqueous
solution (20 mM with respect to amine group) and SPS aqueous
solution (20 mM with respect to sulfonate group) or PDAC in 0.1 M
sodium chloride aqueous solution (20 mM with respect to amine group)
and SPS in 0.1 M sodium chloride aqueous solution (20 mM with
respect to sulfonate group).

For thermal cross-linking treatment of the PEM film, solvent exposed
(BPELy;/PAA, ), films were heated at 180 °C for 2 h and then cooled to
ambient temperature as described previously.*®

The actuating film was prepared by successive LbL assembly of 50
BPElLy;/PAA,; bilayers and 50 PDAC/SPS bilayers on a cleaned
polystyrene substrate following the same LbL procedures. Due to the
weak interaction between PEMs and hydrophobic polystyrene substrate,
the as-deposited (BPEL, s/PAA, )50/ (PDAC/SPS)q, film can be peeled
off of the substrate, resulting in a free-standing PEM film.
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2.3. Characterization. The dry film thickness of the as-prepared
(BPELys/PAA, ), films was determined by the average value from five
different positions of the film using a stylus profilometer (P6, KLA
Tencor Instruments, Milpitas, CA, U.S.A.). Fourier transform infrared
(FT-IR) spectra were acquired by an FT-IR spectrometer (Alpha-P,
Bruker Optics, Billerica, MA, U.S.A.) with transmission mode. The
samples were tested immediately after vacuum drying overnight, and all
measurements were done at room temperature (~25 °C) with the
atmospheric RH of ~70%. Dynamic light scattering (DLS) analyses
were performed using a zeta potential analyzer (ZetaPALS, Brookhaven
Instruments, Holtsville, NY, U.S.A.).

A variable angle spectroscopic ellipsometer (VASE, M-2000 UV—
visible—NIR [240—1700 nm] J. A. Woollam Co., Inc,, Lincoln, NE,
US.A.) equipped with a temperature controlled liquid cell was
employed for in situ characterization of the PEM films to determine
their thickness and optical constants in both dry and swollen states
(Scheme S1, see Supporting Information). The cell geometry dictated
the angle of incidence to be 75°. Due to absorption in the ultraviolet and
near-infrared light region by the solvents, a limited wavelength range
from 300 to 1150 nm was used for the recursive fits. Standard window
correction protocols using a silicon wafer with thermal oxide (25.0 nm)
as the reference were utilized prior to each measurement.”® To fit the
ellipsometry data, a four-layer model consisting of a silicon substrate
layer (Si Temp JAW, Temp Library, temperature 25 °C), a fixed Si-SiO,
interface layer (INTR JAW, thickness 1.0 nm), a thermal oxide layer
(SiO, JAW, thickness 0.8 nm), and a Cauchy layer (with thickness, A
and B free fit parameters) for the PEM was employed in Complete EASE
(J. A. Woollam, Co., Inc, Lincoln, NE, U.S.A.).>” All in situ
measurements were performed at a fixed temperature of 25 °C. The
PEM film was initially measured in the dry state. After 1 min, the solvent
of interest was carefully charged to the cell using a syringe to exclude
bubbles. For modeling of the ellipsometric data, the fixed refractive
index for the corresponding solution was applied. These optical
properties of the solution were established by the corresponding control
solution on silicon wafers, and the determined refractive indices at 632
nm for water, ethanol, DMSQO, and THF are 1.333, 1.478, 1.361, 1.40S,
respectively. The PEM sample was equilibrated in each solution for 15
min.

The reversible thickness change of (BPEL;/PAA, )4 film in DI water
and pure ethanol was monitored by in situ ellipsometry at 25 °C as
described above. The (BPELy5/PAA,;), film was loaded in the liquid
cell and first allowed to swell in DI water for 15 min to determine the
equilibrium swelling. The DI water directly from the purification system
has a pH of 6.6, slightly lower than neutral due to carbon dioxide, which
is not removed by the purification system. After vacuum drying for 3 h,
the film was soaked in pure ethanol by an identical process. This
successive swelling/shrinking cycle in DI water and pure ethanol was
repeated 10 times at room temperature.

For recovery of THF treated (BPELy/PAA, ), film in the ambient
environment, the (BPEL, s/PAA, ), film was immersed in pure THF for
30 min and then vacuum-dried overnight. The film was then
immediately subjected to in situ ellipsometry measurement in air (25
°C, RH ~ 70%).

To acquire information about both thickness and mass of the films, a
(BPEIL,s/PAA, )¢ film was deposited on Q-Sense silica-coated quartz
crystal sensor (QSX 335) and the response to solvent was probed by a
Q-Sense E1 QCM-D instrument (Q-Sense, Gothenburg, Sweden) using
the ellipsometry QCM-D cell (QELM 401) to enable simultaneous
measurement of thickness by spectroscopic ellipsometry. The crystal
was cleaned with DI water and vacuum-dried overnight prior to the film
coating procedure to avoid contamination. PAA and BPEI were
alternatively LbL assembled through the above-mentioned process, and
then rinsed with DI water and vacuum-dried overnight. Thereafter, the
as-prepared (BPEL,s/PAA, ), film on the quartz crystal was loaded in
the QCM-D flow chamber. A stable baseline of QCM-D was first
obtained to determine the dry film, and then DI water was pumped
across the film at a flow rate of 150 yL/min until the thickness reached
apparent equilibrium. Subsequently, the ethanol content was increased
stepwise after reaching equilibrium until pure ethanol was applied (10
vol % per step), and then decreased stepwise to DI water. QCM-D data
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were processed with QT ools (Q-Sense) to obtain the mass change of the
film as a function of the solution concentration. The raw data were
corrected by the frequency and dissipation from the bare silica sensor
with the same ethanol—water mixtures to remove effects associated with
viscosity differences of the solutions. The mass of liquid in film was
calculated by subtracting the initial dry film mass from the total mass.

Oscillatory shear measurements were performed on a strain-
controlled Advanced Rheometric Expansion System (ARES) G2
theometer (TA Instruments, U.S.A.) equipped with an 8 mm parallel
plate and a bath trap at a gap of approximately 0.030 mm at 25 °C. The
linear response of the PEM was determined by a strain sweep from
0.05% to 100% at frequencies of 0.1 rad/s, 1.0 rad/s, 10.0 rad/s, and
100.0 rad/s. Angular frequency sweeps from 0.1 rad/s to 100.0 rad/s
were collected at strain amplitude of 0.50%.

PEM actuation was quantified by the sheet curl degree measure-
ment.”® Bach free-standing PEM film was cut into 2 mm X 5 mm pieces,
and the specimen was placed on a flat surface and photographed as
actuation occurred. To induce actuation of the film, 1.5 uL of the
selected solution was dropped onto the BPEI/PAA side of the PEM
under ambient conditions. After stabilization of the response to the
solvent, a photograph of the specimen was used to calculate the angle of
tangent line of the curled end. The mean curl degree was determined by
the average value of both sides of the specimen (right and left of image)
using 5 measurements for each sample condition.

To test the reversibility of the curling process, the dry flat PEM film
was first curled by wetting with 1.5 yL pure ethanol, and the curled film
gradually flattened with the evaporation of ethanol and associated
sorption of ambient humidity in 15 min. This actuation cycle was
repeated S times to demonstrate the reversibility of this behavior.

3. RESULTS AND DISCUSSION

The (BPELs/PAA, ), film was assembled onto silicon wafers by
alternative deposition of BPEI layer and PAA layer based on
electrostatics (Scheme 1a).*>*” These particular pH values used
PE solutions to ensure only partial ionization of BPEI and PAA
chains, which results in a thicker deposition with fewer ionic
cross-links.”® This particular system is known to grow non-
linearly, and entropic contributions (rather than enthalpic) to
film assembly tend to be very large for these types of systems.>’
The average dry film thickness of the resultant (BPEI, s/PAA, )¢
film is ~ 264.1 & 1.2 nm as determined by ellipsometry and ~255
+ 11 nm by profilometer. A slightly lower value given by stylus
profilometry is typical as the stylus exerts downward force on the
film. The (BPEL;5/PAA, ;)¢ film identically assembled on glass
substrate is significantly thicker (~500 nm)*’ because of the
differences in surface charges of the two substrates.>!

After being immersed in DI water, the (BPEL, s/PAA, )¢ film
swells, equilibrating within S s, and the thickness increases to
365.8 + 1.0 nm by ellipsometry. The swelling ratio is calculated
as follows:

H - H
— "0 %100
H, (1)

where H, is the swollen film thickness and Hj, refers to the initial
dry thickness of the (BPEL,s/PAA, ), film.

The swelling ratio of (BPEL,;/PAA, ;) film in pure DI water is
~38.5%, and it progressively decreases as ethanol is added to the
solution (Figure 1). With 25 vol % ethanol, the (BPEL,/
PAA, ), film is still appreciably swollen ( ~ 30.0%), but there is
actually a contraction in the film thickness (swelling ratio
—6.6%) when the ethanol content is increased to 50 vol % or
greater. When soaked in pure ethanol, the film thickness is
reduced to 238.7 + 0.5 nm, which is less than the dry thickness
after fabrication (264.1 &+ 1.2 nm). In order to ensure that the
film is truly contracting and not dissolving, the soaking solution

Swelling ratio %
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Figure 1. Swelling ratio (bar) and refractive index (line) of the (BPEL, s/
PAA,;)s films soaked in different organic solvent/water mixtures and
the (BPELys/PAA,;)s films dried after this solution treatment. (a)
ethanol, (b) DMSO, and (c) THF are respectively applied as the organic
solvent.

was drop cast onto silicon wafer and FT-IR spectra was taken
(Supporting Information Figure S1). No characteristic absorp-
tion bands corresponding to either BPEI or PAA were observed,
indicating the reduced film thickness is not caused by dissolution
of either PE component into the ethanol—water mixture (or at
least not by the loss of enough material to be detectable by FTIR
spectroscopy). The nonlinearity of the swelling behavior
exhibited by the LbL film in solutions of different composition
is likely associated with the large nonideality of the solutions
being used. The switch from swelling to contraction occurs
between 25 wt % ethanol and 50 wt % ethanol, which
corresponds to activities of 0.9 and 0.77 for water (calculated
from the van Laar expression). The competition between
enthalpy gain from sorption of water and entropy loss from
selective partitioning of ethanol into the LbL film is hypothesized
to be associated with the change from swelling to contraction
with these ethanol—water mixtures. The refractive indices of the
(BPEILy s/PAA, ;) films swollen in DI water, 25 vol % ethanol, 50
vol % ethanol, 75 vol % ethanol, and pure ethanol are 1.477,
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1.506, 1.537, 1.546, and 1.570. The refractive indices of pure
ethanol (1.361) and DI water (1.333)* are less than that for the
dry (BPELys/PAA, ) film (1.531), so sorption of solvent would
act to decrease the refractive index of the film. It is noteworthy
that the refractive index of the (BPEI,s/PAA, ;)4 film in >50 vol
% ethanol is even greater than that of the dry film (1.531), which
implies these films are densified on exposure to these ethanoic
solutions.

After drying overnight in a vacuum oven, the thicknesses of the
(BPELys/PAA, ), films exposed to 25 vol % ethanol, SO vol %
ethanol, 75 vol % ethanol, and pure ethanol are still decreased by
~2.3%, ~6.9%, ~7.2%, and ~7.5%, respectively (Figure 1a). The
refractive indices of these dried films range from 1.535 to 1.560
and are greater than that of the initial dry (BPEL,s/PAA, ;)4 film
(1.531) but slightly lower than that of the film soaked in the
corresponding ethanol solutions. This indicates that the film
absorbs water from the surrounding environment spontaneously
after drying or (less likely) that nanovoids are present in the film
that are filled with solvent in the immersed state but the solvent is
removed on drying (n,, = 1). Similarly, deswelling/shrinking
behavior is observed for (BPEI, s/PAA,;), films upon DMSO/
water and THF/water exposure (Figure 1b and c), including the
decrease in the dried film thickness. The swelling ratio reduces to
almost 0% in 75 vol % DMSO aqueous solution, and it drops to
—9.9% and —9.8% in pure DMSO and pure THF, respectively.
The (BPELys/PAA,;); film tends to deswell or shrink with the
more water miscible organic liquid. The organic solvent
facilitates the dehydration of PE chains. Thermogravimetric
analysis (TGA) data (Supporting Information Figure S2) shows
that there is still as much as ~7 wt % water in a film dried in a
vacuum oven, and the removal of this water corresponds to much
of this nearly 10% reduction in film volume. Even once dried after
organic solvent exposure, the thickness of the film remains less
than the as-prepared dry film thickness. This densification
response is in stark contrast to the swelling responses typically
reported in LbL assemblies upon exposure to salt*> or
surfactant.*

DLS shows that the average particle size of BPEI is 13.49 nm in
water and similar in DMSO and ethanol, only increasing to the
micrometer scale in THF, while PAA particle size grows from
12.60 nm in DI water to 255.80 nm in DMSQO, 326.35 nm in
ethanol, and 435.73 nm in THF (Supporting Information Figure
S3). The carboxyl group ionization ratio of the solution treated
dry (BPEL,/PAA, ), films was calculated from the ratio of the
stretching vibration bands of the neutral carboxyl groups (1714
cm™) and ionized carboxyl groups (1540 cm™") (Supporting
Information Figure S4).132 Although the ionization ratio
slightly decreases to 48.8~52.0% due to the ionization inhibition
in low dielectric constant environment,* the change is slight.
PAA is well-known to be extremely hydrophilic, ensuring PAA
chain flexibility and possibly enabling superlinear growth of these
LbL films. However, exposure to organic solvent creates a
gradient in water activity locally within the film and near the
film’s surface, removing water from the film. This water is not
replaced by other solvent nor does the dehydration induce
porosity, leading us to believe that the absence of water increases
interactions between chain backbones, locally densifying the
film.>**” Although these are cross-linked networks, the assembly
conditions were chosen to maximize molecular weight between
cross-links, meaning that at least locally there is still some
mobility and the possibility for the network to rearrange itself,
creating a shrunken (BPELys/PAA, ), film that remains so even
after drying.
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Figure 2a illustrates the reversibility of the swelling/deswelling
in water/ethanol through 10 cycles for the (BPEIys/PAA, )¢

a
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Figure 2. Reversible switching between the swollen and shrunken state
of the (BPEL,5/PAA, )¢ film in DI water and pure ethanol. (a) Swelling
ratio; (b) refractive index.

film as determined by ellipsometry. The film swells ~38.5% in DI
water. When immersed in ethanol, the film thickness decreases
by ca. 9.6% (Figure 2a). This shrinking response is large when
compared to other types of changes seen in PEMs, such as
expansion due to heating. For example, hydrogen bonded LbL
assemblies are seen to change only ~5% in thickness when being
heated over an 80—90 °C temperature range, which includes an
apparent Tg.38 Ellipsometry also gives the refractive indices of the
film in DI water and ethanol reproducibly as 1.477 and 1.570
(Figure 2), with little variability over repeated cycling. Also, the
dried shrunken film repeatedly reswells in DI water within ~5 s
to the initial hydrated swollen value (Supporting Information
Figure SSa). The dry film thickness (after contraction in organic
solvent) also returns to the initial state after soaking in water and
vacuum drying overnight. At least 10 cycles of swelling/shrinking
in water/THF and water/DMSQO treatment have been
performed on a single film without changes in film performance.
The swelling kinetics is significantly faster than the pH and
electric field control of PEMs, which requires at least 15 min to
induce these changes in the swollen state.** The maximum
swelling ratio in water can be increased by terminating the surface
of the film with higher chain mobility polyelectrolyte,** or by
changing the pH of the water,'> while the shrinking response to
organic solvent is constant for a given PEM.

For comparison, the response of the strong PE film consisting
of (PDAC/SPS);, in pure ethanol was tested. In pure ethanol,
the film thickness of (PDAC/SPS),, prepared with PE solutions
containing no salt remains almost the same as that of the dry
state, but the (PDAC/SPS)5, film assembled with 0.1 M NaCl in
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Figure 3. Changes in film thickness (a) and refractive index (b) of (BEPIL,s/PAA, ;) film exposed to the ambient conditions (RH ~ 70%, 25 °C) after
soaking in THF for 30 min and vacuum drying. (c) FTIR spectra of the as assembled (BPEL, ;/PAA, ;) film and the solvent treated (BPEI, s/PAA, ),
film after cross-linking. (d) The change in dry thickness of the cross-linked (BPEI,/PAA, ;) films compared with the dry as-assembled (BPEL, s/

PAA, ;)¢ film; these samples were soaked in different organic solvents prior to the thermal cross-linking treatment.

the PE solutions shrinks ~4.85% compared to the initial dry film.
It is known that the presence of added salt compensates the
charges along the PE backbones,*' reducing the ion-pair cross-
link density within the PEMs, while the strong polycations and
polyanions assembled with no salt in solution are more densely
cross-linked with each other in the PEM. The partial
neutralization of the strong PEs also results in a solution coil
conformation more similar to that of neutral polymers in a good
solvent as compared to those solutions with no salt, which then
corresponds to the conformation of the PE chains in the film.**
Without the charge screening from the added salt, electrostatic
repulsions result in more extended coil conformations. This in
turn corresponds to a greater ionic cross-link density within the
multilayer film and a film that is less able to either swell or
contract.

Once a THF treated (BPEL;/PAA, ) film is dried and then
exposed to ambient environment (25 °C, RH ~ 70%), the
shrunken film slowly increases in thickness from ~242.1 nm to
~267.4 nm in 20 min (Figure 3a), which agrees with the as
assembled film thickness. At the same time, the refractive index
decreases from 1.545 to 1.531 over 40 min (Figure 3b), meaning
that the (BPELys/PAA,;)s film treated with THF gradually
returns to its initial state. The hydrophilic PEM film easily
absorbs water vapor from the air,** which facilitates hydration of
the PE chains and recovery to the film’s initial state. Under
identical conditions, it takes ~1 h to fully recover the ethanol
treated film, and the DMSO treated film thickness remains stable
for 24 h, as these solvents are less volatile than THF (and DMSO
is relatively nonvolatile). The shrunken state, however, can be
fixed by thermal cross-linking. After immersing the film in
ethanol, DMSO, or THF for 30 min, the films were heated at 180
°C for 2 h to cross-link the films by formation of amide bonds
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from the carboxyl group of PAA and amine groups of BPEI
(Figure 3c).”® After cross-linking, the resultant film thickness
remains stable for at least 240 h regardless of the organic solvent
used to treat the film before thermal cross-linking treatment
(Figure 3d).

QCM-D and simultaneous in situ spectroscopic ellipsometry
was used to monitor the mass (and thickness) change of the
(BPEL,;/PAA,)s film in ethanol—water mixtures. After
equilibrating the film in DI water, the fraction of ethanol in the
chamber was increased stepwise until the film was exposed to
pure ethanol (10 vol % per step, Supporting Information Figure
SSb). Then, the solution was changed back to DI water by
stepwise decrease of the ethanol content. The solvent exchange is
a relatively slow process due to the residence time of the in situ
chamber, partially obfuscating the kinetics of the swelling/
deswelling. This is particularly so when the ethanol content is
decreased as steady state of both frequency and dissipation take
roughly 5 min to be achieved, which is of a similar time scale as
the solvent exchange. However, when the ethanol content is
increased, the time to reach steady state (stable frequency and
dissipation) increases significantly. For example, the change from
pure water to 10 vol % ethanol requires nearly 30 min to
equilibrate, and this time increases as the ethanol content is
increased until 80 min is required to obtain steady state when the
90 vol % ethanol solution is changed to pure ethanol. Both BPEI
and PAA are hydrophilic polymers, more easily hydrated than
dehydrated, and displacing water for ethanol is a slower process
than displacing ethanol for water.*

QCM-D was also used to monitor film mass. However, the
frequency shift (Af) and dissipation of the crystal is strongly
influenced by the density and viscosity of the liquid overlayer.*®
The solvent effect on Af and dissipation, based on analogous
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experiments on bare silica crystals (Supporting Information
Figure S5c¢), is subtracted from the data for the (BPELy s/PAA, )¢
film to enable qualitative interpretation. As shown in Figure 4a,
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Figure 4. Changes in the apparent equilibrium frequency shift of
(BPELy5/PAA,)s film coated silica crystal in comparison to the bare
sensor (a) and the liquid mass of the adsorbed solvent in the film at
different ethanol fractions (b).

the magnitude of Af is greatest (—314.0 Hz) in DI water,
consistent with water swelling the (BPELy;/PAA,s)s to the
highest extent for the solutions examined. As the ethanol content
isincreased, the magnitude of Af decreases to more than an order
of magnitude less for pure ethanol (—26.3 Hz). On reswelling of
the film by decreasing the ethanol content, Af is seen to be
reversible, except for a small hysteresis observed in the range 40—
100% ethanol. The QCM-D data shows that the swelling
behavior is reversible and this is consistent with other
measurements indicating that the decrease in the film thickness
in pure ethanol is not due to dissolution. Although a similar
comprehensive QCM-D study was not performed for the THF
and DMSO cases, it has been observed that a film exposed first to
100% solvent and then a 75% solvent solution for these cases is
slightly (1—2%) thinner than a film directly exposed to the 75%
solvent solution. Thus, it seems that a similar hysteresis in film
thickness occurs for all three solvents examined in this work.
To quantify the mass changes, the Sauerbrey expression is
applied to the corrected frequencies (Figure 4b). The (BPEL,/
PAA,5)s film is sufficiently rigid for this analysis as evidenced by
the low dissipation (<107, Supporting Information Figure
$5d).*” This is consistent with the small deviations from the
Sauerbrey expression previously reported for thin PEMs swollen
by water (thickness below ~400 nm).***® Initial immersion in
water results in significant water sorption leading to an increase
in adsorbed liquid mass (5.1 yg/cm?), but the sorption decreases
as the ethanol content is increased, such that the mass of
adsorbed liquid in the film decreases to —0.1 yg/cm” in pure
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ethanol. This decrease in mass is consistent with a dehydration
accompanying the film shrinkage. It should be noted that the
mass measured by QCM-D when immersed in a fluid is the
coupled mass, which can include bound or hydrodynamically
coupled solvent. This behavior tends to overpredict the sorbed
mass in QCM-D.*” Thus, the reported mass loss on immersion in
ethanol is the lower limit, and the loss could be slightly greater.
In addition, as the corrected frequency change is relative to the
blank crystal, the original dry film mass is known to be 27.34 +
0.02 pg/cm? for a 287.6 + 1.6 nm thick (BPELy5/PAA,;), film.
Thus, the density of the as prepared dry film is 1.05 g/cm?®. The
total mass of the film is 27.27 + 0.02 yg/cm? in pure ethanol from
the Sauerbrey expression. The film thickness in ethanol decreases
to 238.7 nm, which gives a film density of 1.14 g/ cm®. This
unexpected nearly 10% increase in density of the (BPEL/
PAA, ) film on immersion in ethanol is consistent with film
shrinkage without dissolution and is large in magnitude. This film
can be reversibly swollen/deswollen by switching from DI water
to pure ethanol results in nearly identical mass changes as
observed for the gradual stepwise changes (Figure 4b). The water
mass taken up by the film slightly decreases when the solution is
changed from pure ethanol to DI water directly, because the
equilibration time (30 min) is much shorter than the stepwise
solution change from pure ethanol to DI water (>200 min).
Although the QCM-D dissipation shift suggests a decrease of
film viscosity in higher ethanol fraction solution (Supporting
Information Figure S5d), the dissipation shift is too small for
accurate modeling by Voigt model to extract the related shear
modulus and viscosity.* Therefore, the shear storage and loss
moduli of the BPEI/PAA multilayer film soaked in these
solutions were measured by rheometry. To maintain the swollen
state of the film during the course of the experiment, a plate
fixture with a solvent trap was used. A free-standing (BPELs/
PAA,;)so film was soaked in the selected solution for 5 min to
equilibrate prior to testing, and an axial force >20 N was applied
to exclude the possible liquid influence. After immersing the
initially elastic dry (BPEL,s/PAA,)s, film in DI water, both the
storage modulus G’ and loss modulus G” of the film increase
exponentially with applied angular frequency (Figure Sa). In this
case, G"(@) > G'(w), indicating a liquid-like behavior of the film
in DI water.>® With the addition of ethanol in the solution, a
stepwise increase in both G" and G” of the film are observed
(Supporting Information Figure S11). Once soaked in pure
ethanol, G'(®) dominates, and G'(w) and G” (@) become nearly
invariant to frequency change (Figure Sa and Supporting
Information Figure $10d), which is indicative of a viscoelastic
solid. The relaxation time of BPEI/PAA in pure ethanol
estimated from the extended moduli curve cross-point is 2.9 X
107 s. This is far longer than the (BPEI,/PAA,s)s, film in DI
water (~0.01 s). Even the recently reported poly(N,N-
dimethylaminoethyl methacrylate)/PAA complex coacervates
with dense ionically bonded sticky points (~1000 s) exhibit
orders of magnitude faster relaxation times.”® This extremely
long relaxation time supports the notion that there are increased
secondary interactions. In ethanol, G’ reaches a plateau of ~2.68
MPa. This exceeds the storage moduli of the dry (BPEL/
PAA,;)so film (G’ ~129 kPa, Supporting Information Figure
S12) and water soaked film as well by more than an order of
magnitude. Compared to other LbL systems, this modulus is
higher than poly(allylamine hydrochloride)/SPS multilayer film
swollen in water (~230 kPa) and after further deswelling by
applying electric field (~1.90 MPa)."”> Meanwhile, G” of the
(BPELy/PAA4 ), film in pure ethanol (65.0 kPa) is far lower
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solutions.

than that the stimuli-responsive poly(allylamine hydrochloride)/
SPS multilayer film (~92 kPa in water and ~620 kPa deswollen
by external electric field)."* These results demonstrate that the
film acts as a cross-linked solid in ethanol.

As shown in Figure 5b, by increasing ethanol content in the
solution, the loss factor, tan § (G”/G’), reduces from ~1.50 to
nearly 0, indicating a gradual transition from a viscous liquid to an
elastic solid.>® From DI water to 75 vol % ethanol, the loss factor
slowly reduces, and it drops drastically to 0.025 in pure ethanol,
agreeing with the shrinkage of BPEI/PAA multilayers. When
soaked in DMSO and THF, similar transformation from viscous
to elastic is observed for the (BPEL,s/PAA, )5, film (Figure S,
Supporting Information Figures S16 and S21). In both cases, G’
(@) dominate within the angular frequency from 0.1 to 100.0
rad/s. The respective relaxation times for the film in DMSO and
THEF are estimated as 2116 and 39.8 s, both of which are much
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longer than in DI water. While G” remains almost unchanged, G’
and the relaxation time decrease from ethanol, DMSO, to THF.

The DI water soaked film is very sticky and highly stretchable,
but the film soaked in organic solvent is brittle (Supporting
Information Figure $23). This is demonstrated by Supporting
Information Video S1 in which films are stretched (1) under
ambient conditions, (2) wet with DI water, and (3) wet with
DMSO. One can see that the film under the ambient humidity is
slightly stretchable, the film wet with water acts as a viscoelastic
material and does not break, whereas the film wet with DMSO is
brittle and fractures almost immediately upon application of
strain. Supporting Information Video S2 shows that a film
immersed in water is soft and breaks when a small metal ball
bearing is placed on its surface, whereas the same film immersed
in ethanol can support the weight of the ball bearing. Although
exposure to all organic solvents increases the strength of the LbL
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films, exposure to the most water miscible/most hydrophilic
solvent results in the stiffest film. The higher water miscibility
may facilitate complete solvent exchange, which, in turn, will
more completely change the dielectric environment around the
ion bond pairs.

Exposure to organic solvent results in an extensive
prolongation in the relaxation time by several orders of
magnitude and an increase in rigidity occurs along with film
shrinkage and densification. These changes are the result of a
dehydration of the PE components in the film, reducing the film
volume. Increasing refractive index and density show that the
dehydration is accompanied by a densification, meaning that
individual polymer chains are closer to one another after the
hydration shell is removed. The charge density of the PAA chains
remains similar in organic solvent as in water, but the dielectric
constant (&) of the surrounding environment has significantly
decreased. One can estimate the force of the ionic bonding by
Coulomb’s law:*"

o

4meper ()

The reduction in € in organic solvent significantly increases the
Coulombic force between ion pairs in the PEM. When compared
with the film in DI water (¢ = 78.48),>* the Coulombic force is
3.2, 1.7, and 10.6 times higher in ethanol (& = 24.55), DMSO (e =
46.7), and THF (& = 7.39), respectively. For partially ionized
BPEI and PAA, the ionic cross-link density is lower than for films
made from fully charged chains and the film can swell in water.
However, the exposure to organic solvent densifies the (BPELy 5/
PAA, )6 film, enhancing the effective friction between chains and
reducing chain mobility.>® The film is stiffer in this reduced
mobility environment in which the ion pairs are more difficult to
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pull apart. Although the dielectric constant of THF is lowest of
the solvents examined, immersion in ethanol results in the
strongest film. One possible explanation is that ethanol is the
most hydrophilic of these solvents, perhaps enabling more
complete exchange of solvent (i.e., extraction of water from the
PEM). In the case of immersion in THF, a solvation shell of
water may remain near the charged ionic groups, mitigating the
effect of the lower dielectric constant medium.

The results reported here contrast with reports showing that
poly(allylamine hydrochloride)/SPS capsules becoming softer in
response to exposure to water/ethanol or water/acetone
mixtures. The current results indicate that both an increase in
interchain hydrophobic interactions caused by a loss of the
hydration shell around the PE chains and strengthening of the
ion-pair bonds due to changes in dielectric constant contribute to
the stiffening and densification of the PEM. In this case, perhaps
swelling is achieved from the difference in chemical potential
between the pure water (neutral polymer for some of these
reports) in the core of the capsules and the solvent/water mixture
presented to the outside of the capsules and this osmotic pressure
may overwhelm the other changes that occur do to the exposure
to the organic solvent.

By taking advantage of the distinct swelling/shrinking
behaviors of different types of PEM material upon organic liquid
treatment, a PEM film with large scale actuation was prepared via
successive LbL assembly of 50 BPEI/PAA bilayers and 50
PDAC/SPS bilayers. The finished free-standing film has an
asymmetrical structure in the direction of film growth. One side
consists of an organic solvent-responsive BPEI/PAA layer and
the other side of a PDAC/SPS layer that does not exhibit the
same response. This asymmetric structure enables selective curl
toward the BPEI/PAA side upon ethanol treatment, which is not
possible for a (BPEIy/PAA, )5, only film similarly exposed to
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ethanol. The actuation was characterized by calculating a “curl
degree” defined as

Al + A2
2 (3)

where Al and A2 are the curled angle of left end and right end of
the sample edges, respectively (Figure 6a).”® The as-prepared
free-standing (BPELy5/PAA,)so/(PDAC/SPS),, film bends
within 2 s when 70 vol % ethanol is applied, and the average
film curl degree increases to ~7.8°, ~69.6°, ~134.6°, and
~228.9° with 70 vol %, 80 vol %, 90 vol %, and pure ethanol
exposure (Figure 6b). In short, the higher the ethanol content,
the more the film curls, as the BPEI/PAA contracts while the
PDAC/SPS does not. This system either curls more s?niﬁcantly
than other examples of self-assembled PE systems> or more
quickly.>* Moreover, the curled free-standing (BPEI/PAA),/
(PDAC/SPS);, film gradually return to the initial flat state (curl
degree ~0°, Figure 6¢) with the evaporation of the ethanol under
ambient conditions as the ethanol is exchanged for water. Figure
6d shows that the film can be reversible cycled between curled
and flat states at least S times.

Curl degree =

4. CONCLUSIONS

A unique and fully recoverable shrinking and densification of
BPEI/PAA PEMs in organic/aqueous solutions was demon-
strated, accompanied by a transition in rheological properties
from a viscous fluid to a rigid solid. In the presence of water
miscible organic solvents, the strength of the ionic cross-links
within the multilayer is increased and hydrophobic interactions
are increased as well, causing this change of properties. BPEI/
PAA PEMs contract up to 9.6% in thickness in pure organic
solvent. Ellipsometry and QCM-D demonstrate that swelling in
water as well as contraction in organic solvent is repeatable and
fully recoverable between 38.5% swelling in water and a 9.6%
contraction in pure ethanol. Under ambient conditions, the film
will recover its initial thickness due to spontaneous rehydration
in the ambient humidity. Covalent cross-links formed thermally
between the amine and carboxylic acid groups can, however, fix
the contracted film thickness permanently. Increased density in a
thin polymer film may be advantageous for separation
membranes or barrier properties. This controllable swelling
behavior is accompanied by the rheological transition of the film
from viscous to elastic. The strong PE system PDAC/SPS does
not have the same type of behavior, and we have demonstrated
large scale solvent driven actuation of a (BPEI/PAA)/(PDAC/
SPS) bilayer film. Considering that fabrication of PEMs has been
realized using industrial-scale techniques,® this smart PEM film
actuator can be applied as actuators, sensors, motors, and
automated gates for industry and daily life. The current work
sheds light on the use of dynamic secondary interactions to create
large-scale mechanical response in weak PEMs, which may be
used as a new pathway to create mechanical motion in PEMs
from a chemical stimulus.
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