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Electro-responsive polyelectrolyte-coated
surfaces

,?° H. Saadaoui,®® J. Rodriguez-Hernandez®

d*ab

V. Sénécha
and C. Drummon

The anchoring of polymer chains at solid surfaces is an efficient way to modify interfacial
properties like the stability and rheology of colloidal dispersions, lubrication and
biocompatibility. Polyelectrolytes are good candidates for the building of smart
materials, as the polyion chain conformation can often be tuned by manipulation of
different physico-chemical variables. However, achieving efficient and reversible control
of this process represents an important technological challenge. In this regard, the
application of an external electrical stimulus on polyelectrolytes seems to be
a convenient control strategy, for several reasons. First, it is relatively easy to apply an
electric field to the material with adequate spatiotemporal control. In addition, in
contrast to chemically induced changes, the molecular response to a changing electric
field occurs relatively quickly. If the system is properly designed, this response can then
be used to control the magnitude of surface properties. In this work we discuss the
effect of an external electric field on the adhesion and lubrication properties of several
polyelectrolyte-coated surfaces. The influence of the applied field is investigated at
different pH and salt conditions, as the polyelectrolyte conformation is sensitive to
these variables. We show that it is possible to fine tune friction and adhesion using
relatively low applied fields.

Introduction

The interface between a material and the surrounding environment determines
many important properties. Wettability, adhesion and haptic perception are often
controlled by the outmost molecular layers at the interface. Thus, tuning material
properties often translates into controlling the conformation and/or organization
of molecules at the interfacial level. Coating a particular material with stimuli-
responsive species at the external boundary may confer conventional materials
with responsive (‘smart’) properties.
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A number of stimuli have been proposed to trigger a material response;
temperature, pH, salinity and electromagnetic radiation are some commonly
used examples."”” To achieve stimuli-responsiveness, properly formulated
responsive moieties have to be incorporated into the material. Changes in
molecular conformation or intermolecular association are triggered in response
to a particular stimulus. These changes then translate to changing overall
material properties. In the design of smart materials, two aspects are often
desired: fast response to stimuli application and reversibility of the response.

The use of the aforementioned stimuli has important drawbacks. On the one
hand, local control of the stimuli and responsive elements at submicrometer
scales is extremely challenging. In addition, material switching times of seconds
to several minutes are often observed, thus hampering applications that require
fine control.

Many examples of materials sensitive to electric fields have also been reported.
Electroresponsive materials are generally based on the control of coulombic
interactions. As electric signals can be remotely generated and locally controlled
with great accuracy, these conformational changes may allow precise spatio-
temporal control of material properties. The shapes of electroactive polymers
(EAP) are modified upon application of an electric field. When the response is
directly triggered by coulombic forces (e.g. electrostrictive® or liquid crystalline
polymers*) the material is classified as an electronic EAP. In contrast, if the
response is due to a changing physicochemical environment (e.g. local pH or ionic
strength changes) due to the applied field, the EAP is called an ionic EAP. Poly-
electrolytes (PEs) are a prototypical example of the latter category. Polyelectrolytes
can be classified as strong (quenched) or weak (annealed). In the first category,
the amount of charges in the polyionic chain is not modified by the external
conditions (pH or salt concentration). In contrast, the ionization degree of
annealed PE can be regulated by environmental variables.® Polyacids or polybases
are examples of this type of PE. As the macromolecular conformation is governed
by the charge density, this type of PE undergoes dramatic changes in response to
a changing environment. Both types of PE are susceptible to conformational
changes in the presence of an applied field, because of electrostatic Coulomb
forces. However, the applied field can also trigger the redistribution of charged
species. As the charge density of annealed PE is a strong function of pH or salt
concentration, its conformation can be radically modified by an externally applied
field; a changing density of charges on the polymer chain will induce important
transformations of polymer conformation. Thus, annealed PEs are interesting
candidates for the design of ‘smart’ electroactive polymer materials. In this work
we describe how polyelectrolyte-based coatings may be used to control surface
properties (friction and adhesion) by the adequate application of external direct
or alternating electric fields.

Materials and methods
Materials

Polymer synthesis. Polystyrene-block-poly(acrylic acid) (PS-b-PAA) block copol-
ymers were prepared by atom transfer radical polymerization (ATRP) in two steps
following previously reported procedures.® The polystyrene macroinitiator was
prepared first using phenylethyl bromide (PhEBr) as the initiator. tert-Butyl acrylate



was employed as the monomer for the second polymerization step. Finally,
hydrolysis of the tert-butyl groups under acidic conditions (trifluoroacetic acid) led
to the amphiphilic PS-b-PAA block copolymer. The average molecular formula of the
copolymer used in this study was PS;5-b-PAA;,5, as determined by "H-NMR.

Methods

Polymer coating. Polymer coatings were prepared by two methods: self-assembly
or the Langmuir-Schaefer (L-S) method. In the self-assembly method, the surfaces
to be coated (mica or polystyrene-coated silicon wafers) were immersed in solutions
of 1 mg mL™" PS;5-b-PAA, 5 at pH 10 (by adding KOH). Water-insoluble PS blocks of
the copolymers readily adsorb on the surfaces, while the PAA block remains in
contact with water. This method is relatively easy and reproducible. However, the
density of irreversibly adsorbed polymer cannot be readily controlled. In addition,
large grafting polymer densities are out of reach because of the steric hindrance of
adsorbed polymers on the later arriving molecules.

L-S polymer coatings were prepared as described by Currie and co-workers.” A
few drops of a 1 g L™ " solution of PS;5-b-PAA,,5 in 60%/40% dioxane/toluene were
spread at the air-water interface on a Langmuir trough filled with 0.1 M NacCl in
water. After solvent evaporation, the copolymer monolayers were compressed at
different surface pressures, II, and transferred to gold/PS-coated Si wafers. 50 nm
gold layers were used as the electrodes for electroresponsive experiments. 50 nm
thick PS layers were spin-coated on top of the metallic electrode to act as a primer
layer, in order to improve the adherence of the copolymer coating. After trans-
ferring the copolymer, the surfaces were annealed at 110 °C for 10 min to improve
the anchoring of the diblock copolymer molecules on the primer PS film. This
method has been used in a number of studies related to the surface properties of
PAA polymer brushes.®®

Surface forces apparatus, SFA. The interaction forces between mica surfaces
coated by self-assembled PE layers were measured using a home-built Surface
Forces Apparatus. This technique has been abundantly described in the litera-
ture.’ Briefly, molecularly smooth mica surfaces glued onto cylindrical silica
lenses (placed with their axes perpendicular to each other) are used to obtain
awell-defined contact geometry. Multiple Beam Interferometry is used to measure
the thickness and refractive index of the film confined between the surfaces, with
an accuracy of 0.1 nm and 0.01, respectively.'* For this purpose, reflective silver
films are deposited on the backside of the mica surfaces. In this work we also used
these silver layers as electrodes to apply an electric film through the confined
lubricant film.*” The deformation of double cantilever springs is used to measure
the normal and lateral forces between the mica surfaces. In a typical experiment
the surfaces are brought to a certain separation, D, and a normal compressive
load, L, may be applied. A lateral displacement between the surfaces is imposed at
a certain velocity, V, by using piezoelectric actuators, and the force induced by this
displacement is measured. As the range of surface displacement is limited,
shearing cycles are typically applied. One of the surfaces is displaced at constant
velocity, V, over a certain distance, and then the driving direction is reversed."

Atomic force microscopy, AFM. The morphologies of the PS;4-b-PAA 5 films in
air were determined by Atomic Force Microscopy in tapping mode (Icon and
Multimode, Bruker).



Force versus separation curves were measured with 2 um SiO, colloidal probes
on 200 um long silicon nitride triangular cantilevers (sQUBE CP-PNPL-SiO-A-2).
The manufacturer’s nominal cantilever spring constant was 0.08 N m~'. The
interaction forces and adhesion between the colloidal probe and the PS;4-b-
PAA,,5 films were measured under different applied voltages between the gold
substrate and the bulk solution. From the raw data (the measured photodiode
voltage vs. scanner position), data for the cantilever deflection vs. the tip-
substrate relative distance were calculated, considering tip-substrate contact at
the constant compliance region, as is frequently described in the literature.™

Quartz crystal microbalance with dissipation monitoring, QCM-D. Confor-
mational changes of the PS;s-b-PAA;,s monolayers were investigated using
a commercial quartz crystal microbalance (QCM-D E1, Q-Sense). In this technique
the resonance frequency, f, of a quartz resonator is measured, if the effective mass
of the crystal changes due to material adsorption, a shift in the crystal resonance
frequency, Af, is observed. The damping of the oscillation of the crystal can also
be measured and used to calculated the “dissipation factor”, D (the inverse of the
quality factor of the resonance peak).”” In a QCM-D experiment, the measured Af
and AD values can be related to the thickness and viscoelastic properties of the
material adsorbed on the quartz crystal by using adequate models.™

We used 5.0 MHz quartz resonators with gold electrodes, which were coated
with 50 nm of PS and a monolayer of PS34-b-PAA,,5. The effect of pH or salinity on
polymer conformation was investigated by measuring the response of the odd
harmonics (n = 3 to n = 13). To analyse the measured data, we fitted the measured
Af and AD values by using the QTM software, written by Dr Diethlem
Johannsmann.'®

Results and discussion
Polymer coating morphology

AFM micrographs of the copolymer adsorbed layers were measured under dry and
wet conditions. The typical results are presented in Fig. 1. As can be observed,
uniformly coated surfaces were obtained by both the L-S and self-assembly
methods. As has been thoroughly reported in the literature, PS islands sur-
rounded by a PAA corona are observed under dry conditions (Fig. 1a—c).® In the L-
S method, the areal density of the islands increases with increasing applied
surface pressure during transfer (Fig. 1a and b); a good control of the copolymer
grafting density is achieved. As can be anticipated, the density obtained by the
self-assembly method (Fig. 1c) is similar to that obtained by the L-S method at low
pressures. The micrograph presented in Fig. 1d was measured under water, in the
absence of the PS primer layer. There is also substantial copolymer adsorption in
this case. However, the appearance of lines that are preferentially oriented in the
slow scan direction (upward in the figure) suggests that the polymer molecules are
not firmly attached to the substrate.

Responsive polymer coating

The degree of solvation and the hydrated size of the adsorbed PE layer vary with
the environmental conditions. Changing the pH or ionic strength of the
surrounding water causes important changes in polymer conformation. This can



Fig.1 AFM micrographs of PSsg-b-PAA;5 films deposited by (a) L-S at 0.2 mN m™; (b) L—
Sat1mN m™ (c) and (d) self-assembly at pH 10 from a solution of 1 mg mL™* PSzg-b-
PAA;2s. (a)—(c) Adsorption on PS-coated gold surfaces. The micrographs were measured
in air in tapping mode; (d) self-assembly on mica. The micrograph was measured in water
in contact mode. The scale bars correspond to 200 nm.

be readily evidenced by QCM-D. As explained above, with this technique, the
changes in film thickness are estimated by measuring Af. As in our tests the
polymer brush was preadsorbed on the quartz crystal (before the QCM-D
measurements), no absolute value of the polymer coating was measured.
However, apparent shifts in film thickness, due to changes in the degree of
polymer swelling in a changing environment, can be estimated. As can be
observed in Fig. 2, a regular evolution of effective thickness is observed upon
exposing the copolymer coated quartz crystals to different conditions of pH or salt
concentration. For all the experiments discussed in this work, the value of pH has
been adjusted by adding small amounts of HCI or KOH as required, right before
the experiment. We have purposefully avoided using buffer solutions to minimize
the number of ionic species present. PAA is a weak polyacid; at low pH values the
acrylic acid monomers are protonated, while they get increasingly ionized at high
PH. As can be observed in Fig. 2a, the increasing electrostatic repulsion between
charged AA monomers at high pH causes an important increment in the effective
size of the hydrated polymer coating. At large pH values the monomers are mostly
ionized, and the polymer chain behaves as a quenched PE. A more complicated
scenario is observed with increasing ionic strength; the addition of salt signifi-
cantly modifies the polymer chain conformation. The effective thickness of the PE
coating initially increases, reaching a maximum value, and then decreases with
increasing salt concentration (Fig. 2b). The nonmonotonic behaviour of PAA
brush thickness with ionic strength has been previously reported in the litera-
ture.”” At very low salt concentrations, the proton concentration close to the
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Fig.2 QCM-D: variation in polymer film thickness, AT, as a function of (a) pH and (b) KCl
concentration, calculated from the shifts in resonance frequency and the energy dissi-
pation of quartz crystals coated by a PSzg-b-PAA;>5 monolayer deposited using the L-S
method at IT = 0.2 mN m~. The results obtained for the odd harmonics, n = 3 to n = 13,
were used to calculate AT. Inset: schematic representation of the coated quartz crystal.
Diblock copolymers are deposited on a 50 nm thick PS layer spin-coated on the gold-
coated quartz crystal.

grafted chains is large due to electroneutrality, and the degree of dissociation of
PE chains is reduced. Inter and intramolecular polymer interaction dominates,
and the polymer chain collapses. Increasing salt concentration allows the
exchange of protons by neutral counterions, thus progressively increasing the
effective degree of PE dissociation. Therefore, the osmotic pressure due to the
counterions near the polymer chains (because of electroneutrality) increasingly
forces the swelling of the grafted chains (osmotic brush). At large salt concen-
trations the electrostatic repulsion between charged monomers is progressively
screened, causing a decrease in polymer size (salted brush). A more detailed
theoretical discussion of this progression can be found in the literature.**>°

The changes in PE conformation with pH and ionic strength are reproducible
and reversible. Many cycles of swelling-collapse of the grafted chains can be
executed without a significant loss of response. Thus, the variation of PE
conformation on the physicochemical environment can be used for the effective
design of ‘smart’ materials. As shown in the following section the environment
can be externally manipulated by the application of an external electric field, thus
triggering changes in polymer conformation. If adequately designed, these
changes have important implications for surface properties.

Polymer coating interpenetration tuning: control of friction forces

Neutral polymer layers immersed in a good solvent can act as very effective
boundary lubricants between sliding surfaces. The ability of the polymer layers to
sustain a substantial compressive load without extensive interpenetration of the
opposite boundary layers—due to osmotic/entropic factors—is the reason for this
remarkable property.* Analogously, it has been reported that charged poly-
electrolytes show extremely good lubrication properties.”>** When two poly-
electrolyte layers are subjected to compression, their hydration layers overlap and



water in the interlayer region effectively acts as a low viscosity lubricating fluid.
Reported theoretical models*** and molecular dynamic simulations**** support
the idea that the lubrication quality is determined by the degree of interpenetration
between opposite brushes under compression and shear. Thus, if the interpene-
tration between the polymer layers is forced either by higher compressive loads or
worsening solvent conditions, a sharp deterioration of the lubrication properties is
observed. Higher energy dissipation occurs when the interpenetrating polymer
chains are stretched out under shear. Therefore, mastering the interpenetration
between opposite polyelectrolyte lubricant layers provides a way to tune the friction
forces. As we have shown in the past, an alternating electric field can be used for this
purpose.” As an example of this method, the variation of friction forces between
mica surfaces coated by a self-assembled PS;¢-b-PAA;,5 lubricant layer due to the
application of an alternating electric field is shown in Fig. 3. In this experiment the
pH of the media was adjusted to 10.1 (by adding KOH) to ensure complete ioni-
zation of the acrylic acid monomers. To avoid any temporal variation in the normal
load, L, as a consequence of a changing Coulomb force, a square wave voltage is
applied. As can be observed in the figure, the friction progressively decreases as the
amplitude of the applied voltage is augmented. The rapid oscillatory perturbation of
the polyions ensures that polymers on opposite surfaces pass each other, thus
reducing shear-induced shear strain and energy dissipation. The transition between
different friction states happened immediately after applying or removing the
external field. In addition, no signs of transient (non-steady) states could be
detected within our temporal resolution (10 Hz). As can be observed in Fig. 3, the
high friction state was unchanged before and after the application of the field; it is
apparent that no permanent modification of the lubricant layer was induced
throughout the test. The method described here is related to the friction reduction
observed when boundary lubricant layers under shear are perturbed by a small-
amplitude normal oscillation.” However, it is apparent that electric signals are
simpler to produce and manipulate, thus offering superior possibilities for the fine
spatiotemporal control of friction.

As we have reported before,” the measured normal force between the
confining surfaces appears to be unaltered during the process; no variation in the
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Fig. 3 Friction force between opposite mica surfaces coated by PSz¢-b-PAA;,5 deposited
by self-assembly as a function of the externally applied square wave alternating voltage
amplitude (red circles). f = 450 Hz, L = 5.56 mN, V = 0.3 um s~%. F; is clearly larger and
unchanged before (black squares) and after (blue triangles) application of the field. Right
panel: Schematic illustration of the crossed-cylinder geometry used in the SFA and
interpenetrating brushes under shear.



magnitude or the range of the normal interaction is detected. This result suggests
that the applied field fails to cause any dramatic conformational change in the
adsorbed polymer chains. As the PE chains are mostly dissociated under the
experimental conditions, and an important fraction of the potential drop in the
multilayer system (mica-PE-mica) happens through the dielectric mica surfaces
(the mica thickness is 4.018 pm while the confined polymer film is of the order of
10 nm in this particular experiment), this result is by no means surprising; the
applied external field is not large enough to trigger a large conformational change
in the polymer. Nevertheless, it is apparent that a small amplitude oscillatory
motion of the opposite PE chains is enough to substantially decrease the inter-
penetration between the chains of the opposite brushes, shear-induced defor-
mation and energy dissipation under shear.

These results show how small variations in PE conformation, obtained at
relatively small applied voltages, may have significant consequences on material
properties. If the system is properly designed, useful material responsiveness can
be achieved even in the absence of a dramatic molecular response. In the next
example we show how more important PE conformational changes can be
induced by applying an external field if the environmental conditions are properly
selected.

Polymer coating conformational tuning: adhesion control

At basic pH, PAA chains are completely dissociated and behave as strong PEs for
all practical purposes. Dramatic conformational changes are probably out of
reach under these conditions. On the contrary, if the pH is reduced closer to the
pK, of the polymer, important conformational changes can be triggered by small
changes in the external environment. For instance, as shown by the QCM-D
results (c¢f Fig. 2a), the apparent thickness of the polymer coating significantly
increases when the pH is changed from 4 to 5. This conformational change will
have important consequences on the properties of the layer, and in particular on
its interaction with other entities (e.g. colloidal aggregates, nanoparticles,
viruses...), modifying properties like surface adhesion and wettability.
Therefore, by changing the local environment close to the polymer, molecular
conformational changes can be triggered and surface properties can be externally
tuned with a good degree of control. With this aim, we have investigated the effect
of an externally applied electric bias on the interaction between a silica colloidal
probe and a PS;s-b-PAA;,s coated substrate, using AFM as described in the
experimental section. The typical results of the interaction force profiles obtained
are presented in Fig. 4; as can be observed in the figure, the applied electric field
has implications at different levels. Long range electrostatic repulsion can be
observed for separations, D, larger than 10 nm. The silica colloidal probe is
negatively charged in water at pH 4.5, thus a long range electrostatic repulsive
force can be anticipated when it interacts with a negatively charged surface. As
can be expected, this force is reduced by applying a positive bias to the substrate
(Fig. 4a and c), and is substantially larger when a negative bias is applied (Fig. 4b
and d). Similar results have been discussed by other groups in the past;**>*
however, it is very informative to consider the characteristic decay length of the
long-range repulsive force, A, which can be estimated by fitting the deflection vs.
separation data for separations larger than ca. 7 nm to a single-exponential decay.
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Fig. 4 Normal interaction force measured by AFM between a silica colloidal probe and
a PSzg-b-PAA;>5 monolayer deposited by the L-S method at IT = 0.2 mN m~L. pH =45,
adjusted by addition of HCL, [KCl] = 2 mM. (a) and (b) show the typical approach (red) and
separation (black) curves. (c) and (d) show the 20 different approach curves measured in
different positions on the substrate to illustrate the variability in the measured interaction.
The continuous yellow lines correspond to the arithmetic mean of the measured profiles.
The mean curve in (d) is reproduced as a red dashed line in (c) to simplify the comparison
between the two data sets. An electric potential bias of 700 mV for (a) and (c) and —700 mV
for (b) and (d) was applied between the gold electrode and the bulk aqueous solution.
Inset: representation of the experimental setup.

In the absence of an externally applied field, or with applied voltages in the range
of —500 mV to 1 V, A agrees very well with the Debye length, Ap, expected for the
ionic strength of the aqueous solution® (A, ca. 6.8 nm for the 2 mM KCI
concentration used). In contrast, for larger negative applied voltages (in absolute
value), A increases to ca. 9 nmy; this is clearly in conflict with a pure electrostatic
repulsion, and suggests a steric contribution to the repulsive force due to
a changing conformation of the polymer coating. This conformational change is
confirmed by the shorter-range steric (D < 10 nm) repulsive force, which is
a consequence of the compression of the polymer coating by the colloidal probe,
and is substantially altered by the applied field. By comparing the results pre-
sented in Fig. 4c and d, it is apparent that the range of the repulsive steric force is
much larger for the negatively applied bias, compared with the range for the
positive one. Even though there is uncertainty regarding the absolute tip-
substrate distance and the position of the zero-distance value (intrinsic to the
AFM technique for measuring forces), it seems clear that a conformational
transition is being induced by the applied voltage. This change in the polymer
layer has important consequences on the adhesive force between the tip and the
substrate, as can be concluded by comparing the separation curves (Fig. 4a and b);



the maximum attractive force is substantially reduced when the negative bias is
applied. While a clear adhesive jump-out due to the attractive dispersion forces is
observed when the positive voltage is applied (Fig. 4a), a long range small
constant attractive force is observed for the negative bias (Fig. 4b). This difference
clearly shows that a more intimate probe-substrate contact is achieved when the
positive bias is applied. A number of steps (signalled by arrows in the figures) and
a negative plateau are also observed in the retraction curves. These features have
been observed in the past in force studies of adsorbed macromolecules, and have
been associated with the progressive detachment of polymer segments adsorbed
on the colloidal probe.**** These detachment events are absent if the absolute
value of the negative bias is sufficiently large (cf Fig. 5).

As mentioned above, the changes in tip-substrate interaction forces reported
here go beyond the variation in electrostatic interaction due to the applied field,
which has been reported by other groups in the past;**** an important change in
polymer conformation appears as a consequence of the applied field. Good
control of the tip-substrate adhesion can be obtained with the applied voltage, as
can be observed in Fig. 5. This figure shows the mean maximum adhesive force
observed upon retraction (the minimum of the retraction deflection curve) for the
different biases applied. At positive (or small negative) bias the adhesion appears
to be mostly unchanged. In contrast, a progressive reduction of adhesion is
observed when increasingly larger negative biases are applied. Interestingly, at
a sufficiently large negative tension, the tip-substrate adhesive force completely
disappears, even when large compressive forces were applied. The voltage-
induced enhanced steric repulsive force greatly exceeds the tip-substrate
dispersive attractive interaction.

As the electric field can be remotely controlled with high precision, this result
suggests that fine spatiotemporal control of adhesion can be achieved by this
method. Strategies of surface functionalization for the active control of surface
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Fig. 5 Mean adhesion between a silica colloidal probe and a PSzg-b-PAA;>5 monolayer
deposited by the L-S method at IT = 0.2 mN m~ as a function of the applied bias between
the gold electrode and the aqueous environment. The reported values are the maximum
cantilever forces in retraction force curves calculated using the manufacturer's nominal
spring constant of the cantilever. pH = 4.5 and [KCl] = 2 mM.
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properties using externally applied electric fields have been proposed in the past.
These methods, based on self-assembled monolayers (SAMs) with well-controlled
molecular compositions, allow a good digital (on-off) control of adhesion.*** In
contrast, the methods explored in this work, based on the continuous confor-
mational transition of a necessarily polydisperse polyelectrolyte coating, make
a more versatile analogue (continuous) control of surface properties possible, as
can be observed in Fig. 3 and 5.

It is important to identify the driving force responsible for the observed
polymer conformational change. We believe that the externally applied field
stretches the ionic bonding between the protons and the polyion, thus weakening
it. This translates to an effective increase of the degree of dissociation of the
polyion, which triggers the conformational change. In that sense, the reported
phenomena can be understood along the lines of the dissociation field effect
(second Wien effect); the dissociation constants of weak acids are enhanced upon
application of sufficiently large electric fields.*® Thus, important conformational
changes are observed if the environmental pH is close enough to the pK, of the
polyacid. The effect described here is determined by the polyion conformation,
and it depends non-trivially on the conditions of the pH and ionic strength of the
media, and has important implications for other surface properties. A complete
description of these effects will be reported in the near future.

Conclusions

Two examples illustrating how the properties of weak polyelectrolyte coatings can
be manipulated by externally applied electric fields have been discussed. First, the
control of polyelectrolyte lubrication by the application of an alternating field
without significant polymer conformational changes was demonstrated. In the
second example, we have shown how important polymer conformational changes
can be triggered by the application of a small DC bias voltage, with important
implications on interaction forces and adhesion. As electric fields can be remotely
applied and controlled, these methods may open pathways for the fine spatio-
temporal control of friction and adhesion in practical applications.
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