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ABSTRACT
This paper describes the electroactuation of microcantilevers coated on one side with cationic polyelectrolyte brushes. We observed very
strong cantilever deflection by alternating the potential on the cantilever between +0.5 and -0.5 V at frequencies up to 0.25 Hz. The actuation

resulted from significant increases in the expansive stresses in the polymer brush layer at both negative and positive potentials. However, the
deflection at negative bias was significantly larger. We have developed a theoretical framework that correlates conformational changes of the
polymer chains in the brush layer with the reorganization of ions due to the potential bias. The model predicts a strong increase in the
polymer volume fraction, close to the interface, which results in large expansive stresses that bend the cantilever at negative potentials. The
model also predicts that the actuation responds much stronger to negative potentials than positive potentials, as observed in the experiments.

Microcantilevers modified with self-assembled monolayers physisorbed PAn and PPy films. As a result, stable and long-
or polymeric coatings provide an ideal platform for the term actuation is rather difficult to achieve.
development of extremely sensitive chemical and biosen- Here we report on the enhanced electroactuation of
sors'? Surface modification with DNA, proteins, or other  cantilevers modified with ultrathin polymer brushes chemi-
organic molecules has been used to probe specific interacally attached to one side of the cantilevers. The mechanism
tions in solution. These interactions induce conformational of actuation is not based on oxidatiereduction cycles but
changes of the surface-bound materials leading to surfaceon the reversible perturbation of the electrical double layer
stresses that subsequently result in bending of the canti-gssociated with ion transport into and out of the polymer
levers?~® It was recognized early on that these interactions, prush layer, as well as conformational changes of the grafted
and in particular sequence-specific DNA hybridization, could polymer chains. As described in detail below, electroactua-
be harnessed to provide the energy needed for nanoactfiationtion is due to changes in the structure of the brush phase
In recent work, the folding of DNA structures on the surface directly near the electrified interface (within a few nm’s).
of cantilevers has been used in nanomechanical stiidies.The balance of ion entropy and electrostatic energy in
However, although the actuation is robust, the building blocks combination with chain elasticity (for the polymer segments)
used (proteins and DNA) are expensive and have limited determine the equilibrium structure. Both at negative and
availability. Electroactuation of cantilevers has been achieved positive applied voltages, the total ion concentration near
using electroactive surface coatings, for example ferrocene-the interface increases significantly, leading to an ion osmotic
terminated monolayers, polyaniline (PAn), and polypyrrole pressure contribution to the surface stress. In addition,
(PPy)?~1%In all these cases, electrochemical reactions occur electrostatic energy results in an expansive stress when the
during the potential sweep, resulting in solvation/desolvation field strength is high near the cantilever, whereas at negative
of surface coatings and thus surface differential stresses.pias, the polycation brush segments form a very dense layer
However, these coatings suffer either from low stress at the surface, which also exerts an expansive osmotic
(ferrocene), and hence rather limited actuation in the casepressure, mainly due to volume constraints. We and others
of monolayer-modified surfaces, or from delamination and have demonstrated that polymer brushes can reversibly bend
structural deterioration with loss of redox behavior in cantilevers due to conformational Changes of the brush in
response to changes in environmental conditién's. Al-
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Scheme 1. Cantilever Modified with Polyelectrolyte Brushes as Used in This Study and the Electroactuation Setup.
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processes. Therefore, it will be extremely challenging to in this paper represent differential actuation, i.e., the differ-
design “synthetic muscles” driven by oscillations in pH or ence in deflection between different applied values of bias.
salt concentration that exhibit high power densitfes’ The magnitude of the deflection is on the order ofirh,
External fields as used in this paper enable actuation withoutwhich correlates with surface stresses on the order of 1
changes in solvent conditions and are therefore a promisingN/m.# Finally it should be noted that the experiments
route to fast, reversible actuation. reported here were done using different cantilevers. Although
Poly[2-(methacrylolyloxy)ethyl] trimethyl ammonium chlo-  the behavior was always the same, the magnitude of actuation
ride (PMETAC) brushes (45 nm dry thickness, as measureddiffered between cantilevers. This is due to small differences
on reference surfaces) were grown from initiator-modified between the different cantilevers in stiffness, thickness of
cantilevers (Veeco, V-shaped, length 220, width 22um, the evaporated gold film, and the thickness of the brush layer.
thickness 600 nm, spring constant 0.03 N/m) as previously In Figure 1a, sweeping potentials applied to the cantilever
described*'81°The scanning frequencies in this work were at a scanning rate of 100 mV/s from0.5 to+0.5 V (i.e.,
all much below the resonance frequencies of the cantilevers0.05 Hz, data acquisition time 1 s) in 1 mM Nakl€blution
in water of ~3—4 kHz. Prior to the actuation experiments lead to highly reversible, very stable cantilever deflection.
the force required to deflect the cantilever by a certain The figure also shows that polymer brush-coated cantilevers
distance was estimated by measuring force distance curveshow very strong electroactuation compared to cantilevers
for the gold plus brush-coated cantilevers. This “calibration” coated with initiator monolayers. The frequency of actuation
can be used to transform the actuation amplitude voltage here is limited by the acquisition time in AFM setup. The
(which is the signal obtained from the AFM) into a deflection cantilever deflection signal was found to be in-phase with
in nm. Cantilever actuation was performed on a SPM 4500 the actuation bias, which can be explained by the fact that
system (Molecular Imaging) using a Teflon fluid cell the scan rates were several orders of magnitude lower than
containing a three electrode system with the Au film all experimentally relevant time scales, such as time of ion
(cantilever), a Pt wire, and an Ag wire as working, counter diffusion across the brush layer and the resonance frequency
and reference electrode, respectively (Scheme 1). Theof the cantilever in watet? Figure 1b shows that the
baseline drift of an oscillating cantilever system is common magnitude of actuation remains stable for over 30 min (100
and has a number of causes (lack of temperature stability,cycles).
piezo creep, etc.). Such drifts were observed irrespective of A more detailed analysis of the deflection signal reveals
the cantilever details and cantilever actuation method (e.g.,that the deflection at-0.5 V is much greater than the
uncoated cantilevers that are actuated using the AFM'’s piezodeflection at+0.5 V. This asymmetry becomes clearer when
show a similar drift). It is therefore common to normalize plotting single actuation cycles of actuation experiments that
the cantilevers signal so that this drift is removed. Electrical were recorded with much shorter (200ms) acquisition times
control was obtained via an Autolab PGSTAT 30 system. and different scan rates. Figure 1c,d shows actuation curves
Different electrolyte solutions were fully degassed by bub- for different scan rates and at two different salt concentra-
bling with N, for at leas 2 h and the AFM chamber was tions.
kept under a N atmosphere and at constant temperature A number of observations can be made: the maximum
during the actuation experiments. It should be noted that thecantilever deflection occurs at the most negative potential
growth of brushes on the cantilevers causes cantilever(—0.5 V). For the opposite potential af0.5 V a smaller
deflection. Therefore, all deflection vs time curves reported deflection in the same direction as for the negative potential
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Figure 1. (a) Actuation of polymer brush-modified cantilever in response to the applied bias. The actuation directly follows the applied
bias without apparent lag; initiator-only cantilevers show a very small response to changes in electric field. (b) Continuous actuation up to
100 cycles, showing a stable actuation amplitude, albeit with an overall drift in the signal. (c) and (d) Single cycle actuation traces at 1 mM
and 100 mM NaN@ at different scanning rates. (e) Influence of salt concentration on deflection amplitude, scanning rate 0.1 V/s.

is observed. The minima in the deflection curve are, for many this study are significantly longer and more flexible, and the
cases, not observed at 0 V, but in the bias range betweeractuation observed here points to a much more complex
+0.2 and+0.3 V. Note that the shape of the deflection curve responsive behavior. A full theoretical description of all of
of the downward sweep (from-0.5 to —0.5 V) and the the characteristics observed above, especially dynamic effects
upward sweep (from-0.5 to +0.5 V) differ. Different such as the hysteresis between the upward and downward
scanning rates have a strong influence on the actuation: fastesweep and the considerable influence of the scan rate on the
scan rates lead to smaller deflection amplitudes, especiallyactuation amplitude, is beyond the scope of this manuscript.
in the case of 1 mM electrolyte concentration, where the Here, we will present an approximate equilibrium model for
minimum deflection shifts toward 0 V. The high-salt the forces in the polymer brush and the resulting cantilever
deflection amplitude is considerably smaller than in the case bending.
of 1 mM salt. The effect of salt concentration on actuation  In equilibrium, the deflectionD of a cantilever with
is illustrated in more detail in Figure le, where single thicknesst and lengthL, covered on one side by a brush
actuation cycles for 1, 10, and 100 mM salt concentrations with heightH (with H < t) is described, in the limib < L,
are shown. Higher salt concentrations lead to a markedly by a balance of torques, given by Stoney’s equétion
smaller amplitude at-0.5 V, while the deflection a#0.5
V increases. The overall effect is a more symmetrical 2 E
amplitude response to the downward and upward bias sweep. - 5
Such diminished responsiveness at increasing electrolyte AL 1-vw
concentrations can be correlated with increased charge
screening effects in the polyelectrolyte brushes, which whereE is Young's modulusy is Poisson’s ratio, ant is
strongly affects the degree of chain stretching and hy- the height above the cantilever. The right-hand side of the
dration?1-23 equation represents the surface stress which is generated by
The data presented here show the robust electroactuatiorthe brush. It arises from the excess presdiir@ver that in
of cantilever modified brushes, exhibiting a strong depen- solution) in the brush (or in the diffuse layer of ions
dence on scanning potential, scan rates, and salt concentraextending from the top of the brush). The torque exerted by
tion. Our system is reminiscent of recent studies on confor- the diffuse layer of ions that is formed on the bottom side
mational changes of surface-bound, strongly charged, singleof the cantilever makes only a small contribution and is
stranded DNA, where counterion distribution and orientation neglected.
of the polymer chains is also seen to be strongly influenced The lateral pressure exerted on the cantilever includes
by electric fields2*26 However, the polymer chains used in  contributions from the osmotic pressure of free ions (eq 2),

D 00
D=;=f0 I dh 1)
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the interaction of brush segments (eq 3) and the electric field dZy 21— g)sinh 4l ® ©)
8,29 — =K — ¢@)sIinny — 4mA, —
strength (eq 4% e y B,
IT°" = 2n,(coshy — 1) 2 Furthermore, we include a charge-free Stern layer between
the cantilever surface and the start of the brush phas@der
7orush— 1[.23- ¢ o 3) — Yhrush) = Ost dy/dh|p—0. We neglect any charge separation
U\ (1—¢)°® at the outer edge of the brush. Without an applied voltage,

the PB equation simplifies to local electroneutrality and as
2 Meofdy)2 1 (dy)2 4 a result the brush has the same volume fracioat each
- 2 (d?\,) - 8l (dh) (4) height, andx equals the dimensionless brush heighin
terms of the contour length Clx,= H/CL. With an applied
voltage, gradients develop in polymer density and potential
near the cantilever. To calculate the brush heldjime must
evaluate the overall mass balardévs = [ g ¢ dh, whereN
is the number of charged segments per chain {€Na).
Figure 2a shows the calculated profiles of electrostatic

i €
Hlateral, field _ § E

wheren,, is the ionic strength (in nn¥), y is the dimension-
less electrostatic potential (voltage divided by the thermal
voltage of 25.6 mV), is an empirical parameter, arising
from the description of the polymer as a “chain-of-beads”,

€ isthe dielec'gric permittivitygc Is the invers_e of the _Debye potential in the brush, together with the volume fraction
length, andig is the Bjerrum length. The first term in eq 3

d ib luded vol . ; b h I profiles for applied voltages of0.5 and+0.5 V. For this
escribes excluded volume interactions between the polymere,;.,jation we used parameters based on the known dimen-

segments, and the second term is an attractive (€.9..giqng of the cantilevers and estimated, but realistic, properties
hydrophobic) mte_ractlon. To S|mp_I|_fy the_caICl_JIatlon, weset ¢ iha polymer brushes (grafting density, stiffness and
v = 3, thereby imposing conditions; in this case, the |o44h)31 nterestingly, only a very thin region of41.5 nm
dependence ofI°" on ¢* disappears, and thus excluded oo the interface exhibits a change in the volume fraction,
volume and attraction terms cancel in the dilute limit. \\nich is accompanied by a substantial potential variation.
While this simplifies eq 3, most uncharged polymers in 5 hositive applied voltage leads to a slight expansion of the
water are better described by poor solvent conditions (i.€., prush near the cantilever surface where the potential is
v > 3). increased compared to the brush value of 0.2 V far from the
To determine the lateral pressurk by calculating the  surface. Note that there is a significant potential drop over
changes ofp andy with height, and thus to evaluate the the Stern layer of~0.15 V. However, in the case of a
lateral pressure, we used a modification of the so-called “box negative applied bias, we see a much larger influence of the
model” for polymer brushe®:2°A full analysis of the model  applied voltage: the brush segments collapse onto the
and the assumptions made will be presented in a separateantilever, increasing the volume fraction by 1 order of
paper. In the box model, a force balance acting on the magnitude.
polymer chains is set up for each heightabove the We now turn our attention to the question whether this
cantilever. The summation over all pressufégeqs 2-4), rather localized change in density of the brush has an
with a minus sign added to the contribution of the electric influence on the cantilever deflection. The calculation of the
field given in eq 4 divided by grafting density, is equal to cantilever deflection can be carried out since we have the
the elastic stretching force detailed profiles of the polymer volume fractioh and
electric field d/dh inside the brush. We can therefore
calculate the lateral pressure that, when integrated with
(5) respect to brush height, leads to the surface stresses that cause
the cantilever bending (eq 1). The result of the calculation
is shown in Figure 2b. Interestingly, the influence of the
wherek is the Kuhn length (a measure of the local chain applied voltage is very large, especially at negative bias when
stiffness) anc = ovd(ag) is the relative degree of stretching, the brush has formed a dense nanolayer at the cantilever
stemming from the local brush volume fractignvhereuvs interface. The calculation also predicts that the deflection at
is the volume per charged segment arttle distance (along  +0.5V is much smaller compared to the maximum deflec-
the chain) between charged segments. Equation 5 is antion, in agreement with the experimental observations. The
extension of a Gaussian stretching model that includes finite- deflection vs voltage curve in Figure 2b shows the strikingly
chain stretching. A more formal approach would use the similar asymmetric actuation as the experimental results in
complete Langevin equation, but for mathematical simplicity Figure lec-e, with absolute deflection minima on the
eq 5 is sufficiently accurate for our purpose. In a separate downward sweep between 0.1 and 0.2 V. The simulated data
paper, we will compare different stretching models to show a similar trend in response to increased salt concentra-
describe the polymer density profile. To calculate electrostatic tion, where the amplitude of actuation becomes smaller, but
potentials, a modification of the PoisseBoltzmann (PB) more symmetrical with a small increase in amplitude-ats
equation is used that includes the charges on the polymerV and a significant decrease a0.5 V.
and the fact that ions cannot penetrate the volume occupied The very good qualitative agreement between observed
by the polymet° and predicted actuation is a strong indication that the

felastic _ 3X2— 4/5x
2k 1-x
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a) . By applying an alternating positive and negative bias to a
o & polyelectrolyte brush-covered cantilever, significant surface
< electrostatic potential stresses are generated, which are several orders of magnitude
larger compared to those obtained in DNA hybridization.
Changing the sign of the applied bias did not reverse the
direction of the deflection of the cantilever, but led to
expansive stresses at the brush-covered side of the cantilever
in both cases. We developed a theory based on a simplified
polyelectrolyte brush model to describe the state of the
brushes under positive and negative bias, and coupled this
polymer volume fraction ~ | ¢ 1 model to Stoney’s equ.atiqn fpr can.tilev_er bending. This
theory confirms that a bias in either direction should lead to
. 0 expansive stresses, with stresses at negative potential which
0 05 1 15 2 25 3 are significantly larger than for a positive bias. Our work
Distance from interface (nm) opens new possibilities for studying the behavior of polymer
brushes under electrical bias. In future work, we will explore
the dynamics of the system in more detail, since preliminary
results indicate that the cantilever actuation shows a complex
time dependent response. The electroactuation demonstrated
here has potential applications in microfluidic devices, where
the ability to actuate without changing the chemical environ-
ment is strongly preferred.
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