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We measure the surface stress induced by electrochemical transformations of a thin conducting polymer
film. One side of a micromechanical cantilever-based sensor is covered with an electropolymerized dodecyl
benzenesulfonate-doped polypyrrole (PPyDBS) film. The microcantilever serves as both the working electrode
(in a conventional three-electrode cell configuration) and as the mechanical transducer for simultaneous,
in situ, and real-time measurements of the current and interfacial stress changes. A compressive change
in surface stress of about2 N/m is observed when the conducting polymer is electrochemically switched
between its oxidized (PPyand neutral (PP state by cyclic voltammetry. The surface stress sensor’s response
during the anomalous first reductive scan is examined. The effect of long-term cycling on the mechan-
ical transformation ability of PPy(DBS) films in both surfactant and halide-based electrolytes is also dis-
cussed. We have identified two main competing origins of surface stress acting on the PPy(DBS)/
gold-coated microcantilever: one purely mechanical due to the volume change of the conducting polymer,
and a second charge-induced, owing to the interaction of anions of the supporting electrolyte with the gold
surface.

1. Introduction i i

The development of tools to manipulate biological entities
is of major importance for tomorrow’s medicine, particularly ...
in genomics, where one of the goals is to be able to characterize
and control single cells in a massively parallel fashion. To .
actuate micromanipulators, micro-artificial muscles are needed, ...
which would operate under physiological conditions. Conjugated
polymers such as polypyrrole (PPy) are well suited for these .
types of biomedical applicatiodsThey are compatible with
aqueous media and operate at low voltages, unlike conventional

piezoelectric actuators. Moreover, microfabrication techniques ’.
and materials can be used for their deposition and patterning to )
produce micrometer-size structures for laboratory-on-a-chip .‘
devices?

Such microactuators are based on a reversible volume change
of the conjugated polymer upon oxidation and reducti@y. Al Oxidized

sweeping the film’s potential in an electrolyte solution, poly- rjgire 1. Schematic representation of the mechanism of actuation of
pyrrole can be electrochemically switched between its oxidized a ppy(DBS) film. When electrochemically switched from its oxidized
(PPy") and reduced (PPystates! In a bilayer configuration, (PPy", doped) to reduced (PRyneutral) state, the PPy(DBS) film
such as a goldPPy structure, the volume change of PPy with swells, owing to the incorporation of Ndons (plus signs) and their
respect to the gold substrate produces the actuation of thesolvation shell (HO molecules surrounding the plus signs). The bulky
structure. PPy films doped with dodecyl benzenesulfonate ions DBtS ftr;]lons ?re trapp?o_l inside the polymer and do not diffuse in and
(DBS) have been shown to have remarkable mechanical out ot the polymer matrix.

properties: The bulky DBS anions are trapped inside the ghell) can diffuse in and out of the polymer mar{Eigure 1):
polymer, and during electrochemical switching in a NaDBS
electrolyte solution, only the small Naons (and their solvation

Reduced >,

PPy (DBS ) === PPY(DBS Na") (1)
oxidized reduced(swollen)
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standard photolithographic techniques and actuated with PPy-(WE) and to monitor the current response during cyclic
(DBS)—gold bilayer as hinges. voltammetric experiments. In parallel, an optical beam tech-

However, in order for these materials to be used as conven-niquet®14is used to monitor the microcantilever deflection for
tional actuators, it is important to accurately characterize their the surface stress measurements. The laser light is focused on
electromechanical properties. In particular, it is necessary to the silicon backside of the microcantilever to avoid artifacts in
quantify the electrochemically induced surface stress (which the deflection measurement resulting from changes in reflectivity
leads to the bending of the bilayer) so that mechanical of the conducting polymer film.
limitations, repeatability, durability, and potential advantages  To perform electrochemical experiments on the surface of a
of this system can be determinéilicromechanical cantilever-  silicon microcantilever, one of its sides was rendered electrically
based sensors, with their high sensitivity and fast response timesgonductive by thermally evaporating a 100-nm film of Au
are ideal tools for the characterization of these molecular scale(99.99%, Plasma Materials, USA) on a 10-nm Ti (99.99%, Alfa
electromechanical actuatd¥&? Such micromechanical devices, Aesar, USA) adhesion layer. The evaporation was conducted
based on commercially available atomic force microscopy at a pressure below 5.0 1076 Torr at a rate of 0.14 nm/s for
(AFM) microcantilevers, have the potential to transduce a variety Au, and 0.04 nm/s for Ti. Radiative heating of the evaporation
of chemical and physical phenomena into a mechanical move-boat increased the microcantilevers’ temperature to #4320
ment on the nanometer scale'? °C. The resulting Au film has an average grain size of #00

In this article, we present surface stress results for dodecyl 60 nm with a RMS roughness of 18 0.2 nm, on a km
benzenesulfonate-doped polypyrrole (PPy(DBS)) films actuated length scale as determined by AFM.
by cyclic voltammetry in aqueous solutions. The bending  To avoid the possibilities of electrochemical reactions occur-
response of the PPy(DBS)/Au-coated silicon microcantilever is ring at the contact point, the microcantilever (WE) is vertically
measured as a function of the applied potential, simultaneouslyimmersed into the electrolyte with a micropositioner so that only
yielding real-time, in situ, electrochemical, and surface stress the microcantilever and a small portion of the chip (onto which
information. We discuss the surface stress sensor's responséhe cantilever beam is clamped on) are in the solution.
during the anomalous first reductive scan as well as the effect 2.3. Surface StressThe optical beam deflection technique
of long-term cycling on the mechanical transformation ability used in this instrument measures the deflection of the free end
of PPy(DBS) actuators in both surfactant (NaDBS) and halide- of @ microcantileverAz. The surface stress\g) is in turn

(NaCl) based electrolyte. directly proportional to the microcantilever deflectionz)
through?®
2. Experimental Section
_ 4 I
2.1. Materials and Methods. All experiments were per- Ao —m'mkremAZ 2)

formed in the cell described below. Prior to each experiment,
the cell is rinsed three times with deionized water (Millipore wherev, |, w, t, andk.c are the Poisson’s ratio, length, width,
Simplicity 185 water system), followed by the electrolyte thickness, and spring constant of the microcantilever, respec-
solution. The pyrrole monomer liquid (98%, Aldrich, Canada) tively. The value oft is taken as the thickness of the
is purified by passage through an alumina-filled column. The microcantilever beam up to the AWPPy film interface. Indeed,
resulting liquid is clear and colorless in appearance, indicating the surface stress responsible for the mechanical motion of the
that long pyrrole chains, from adventitious polymerization, are beam is generated at this interface. In addition, the elastic
removed. The aqueous solution containing pyrrole and NaDBS modulus of a PPy film is at least 2 orders of magnitude smaller
(98%, Aldrich, Canada) is protected from ambient light fol- than Si, so that changes of the film elastic properties during
lowing its preparation to prevent polymerization of the mono- redox processes are negligible. By carefully determining the
mer. All other electrolyte solutions (except for the surfactant- value of each parameter in eq 2, we can measure surface stress
based, which produces some foam) are purged fowith argon  values with an accuracy of 10%By definition, a compressive
gas to remove oxygen contamination from the solution before (tensile) surface stress bends the microcantilever away from
use. During experiments, a small positive pressure of argon is (toward) the stressed surface, and is assigned a negative
kept above the electrochemical cell. (positive) sign. Thermodynamically, the surface stress is related
The microcantilever sensors used herein are rectangularto the surface free energy by the Shuttleworth equation. A recent
silicon cantilevers from MikroMasch (Estonia) type CSC12/ communication by Lipkowski et 8f summarizes the current
without Al/tipless, with a typical length, width, thickness, and knowledge on thermodynamic of solid electrodes.
spring constant of 35@m, 35 um, 1 um, and 0.03 N/m, 2.4. Pretreatment of the WE Gold Surface.The gold
respectively. However, these dimensions and spring constantsurface is electrochemically cleaned in 0.1 M HZKblution,
were independently measured for each microcantilever used inpreceding the deposition of the conjugated polymer onto the
order to improve on the accuracy of the measured surface stressgold-coated microcantilever. The voltage is swept from 0 to
2.2. The Instrument. An instrument was constructed to 1500 mV (all potentials quoted in this paper are versus Ag/
integrate an AFM microcantilever-based sensor with a standardAgCl) at a scan rate of 20 mV/s (Figure 2). This procedure
three-probe electrochemical system, the details of which are cleans the gold surface through gold oxide formation (oxidation
described elsewhefé In short, the electrochemical setup uses peak at 1220 mV) and removal (reduction peak at 934 mV),
an Ag/AgCl reference electrode, RE, (model RE-6, BioAna- but also surprisingly passivates the silicon backside of the gold-
lytical Systems, USA), and a platinum wire as a counterelec- coated microcantilever. Indeed, it is found that, if this step is
trode, CE, (99.99% purity, Alpha Aesar, USA). These are both omitted prior to PPy electropolymerization, the conjugated
inserted in the top of a Teflon cell. A gold-coated, rectangular- polymer gets electrodeposited on both side of the microcanti-
shaped silicon microcantilever serves as both the working lever. In such a case, an interpretation of the sensor’s response
electrode (WE) and as the sensing platform of the surface stresdecomes extremely difficult, if not impossible, because compet-
sensor. A commercial potentiostat (model 50CW, BioAnalytical ing surface stress changes are generated on both sides of the
Systems, USA) is used to apply a potential to the microcantilever microcantilever.
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Figure 2. Cyclic voltammogram, recorded at a scan rate of 20 mV/s potential,E = 550 mV, fort = 200 s.

for a gold-coated microcantilever in 0.1 M HCJ@olution. The Au

oxide formed at potential above 1100 mV is stripped off on the cathodic at about 140 s. Therefore, the study of the PPy actuation
sweep (sharp peak at 934 mv). properties is performed on PPy-coated microcantilevers for
which the deposition-induced deflection was not monitored. The
PPy(DBS) films were smooth and uniform in color when
observed under an optical microscope. An AFM image of the
film morphology revealed the presence of noduled@ nm

in diameter), which are characteristic for such thin fifths.

From the value of the oxide stripping chargewe can
determine the relative roughness of the gold surface. A rougher
surface enhances the adhesion (mechanical interlocking) be
tween the polymer and the gold filiIn the present case, this
stripping charge did not significantly change between gold
surfaces used in different experiments, indicating that the
adhesion between the PPy film and the gold surface remained
very similar in all of our experiments. Additional information 3.1. Actuation of Conducting Polymers.The reversible
can be extracted from the CV measurements. The shape of theoxidation and reduction of a conducting polymer film can be
oxidation peak can be indicative of the crystallographic texture associated with a considerable volume change of the pol§fner.
of the gold film. The presence of a relatively sharp oxidation It has been proposed that mechanisms of actuation in conducting
peak at 1220 mV indicates{d 11} textured gold® We have polymers can be divided into two contributioffsFirst, an
corroborated this with X-ray scattering results, which show a intrinsic part originates from changes in conformation and in
predominance of a polycrystalline Au(111) surface. carbor-carbon bond lengths of the polymer, induced by changes

2.5. Deposition of PPyFollowing the gold surface cleaning in the charge density in the polymer backbone. Second, a
procedure, the PPy film is electropolymerized from an aqueous swelling part arises from the insertion of ions from the
solution containing 0.1 M Py and 0.1 M NaDBS at a constant electrolyte solution to maintain electroneutrality in the polymer
potential of+550 mV (vs Ag/AgCl). This value of the potential ~ film. The latter part is composed of an osmotic expansion due
is chosen to ensure a more uniform film thickneShe PPy to insertion of ions, and their solvation shells (e.g., water
film thickness can be estimated from the charge associated withmolecules) inside the polymer matrix, changing the ionic
the electropolymerization. For our system, we empirically found concentration in the polymer and creating an osmotic pressure
a constant of proportionality between the PPy film thickness difference between the polymer and the electrolyte solution. This

3. Results and Discussion

(measured by AFM) and the charge consuried. increase in osmotic pressure forces additional water molecules
to enter the polymer phase and thus produces an additional
t (nm) = 2.8Q (mC-cm_z) ) increase in polymer volume.

3.1.1. Surface Stress during Redox Reaction in PPy(DBS).

Different charge-thickness relationships have been used by Mechanical changes in the PPy film are actuated by cyclic
various groups, from experimentally determined constants to voltammetry in a 0.1 M NaDBS while monitoring the micro-
more sophisticated equations involving the film density and the cantilever deflection. The electrode potential is initially swept
molecular weight of the film and of the dopant (in proportion from its rest potential to-850 mV, and back te+300 mV, at
to the doping degreéy. Because of the variability associated a scan rate of 100 mV/s. Within this potential window, the PPy
with these parameters, it is difficult to compare the value we filmis cycled between its oxidized and reduced states, as shown
have found with previously reported relations. Therefore, to in eq 1 and Figure 1.
obtain an accurate film thickness, the charggckness relation- The reduced state is characterized by a change in charge of
ship should be calibrated for individual systems. the polymer backbone (neutral) and a swelling of the polymer

Figure 3 shows polymerization current simultaneously with matrix, causing a bending of the microcantilever beam. Figure
microcantilever deflection during the electrodeposition of PPy 4 shows the current and surface stress changes for a PPy-coated
onto the Au-coated microcantilever surface. After a titne, microcantilever during two oxidation/reduction cycles. Maxi-
200 s, the polymer films obtained and used during this study mum microcantilever deflections are achieved when going
have an average thickness of 384 nm13 The green color of between the anodic (oxidation) and the cathodic (reduction) peak
the PPy(DBS) film on gold resulting from light interference potentials, so that most of the bending is achieved within a 400-
matches the reported color for a 300-nm thick fiiNote that mV potential window. The correlation between the surface stress
monitoring the microcantilever deflection during electrodepo- change and the redox potentials of the polymer film is in
sition of the PPy film induces some local polymerization accordance with the mass changes observed by Bay’efal
initiated by photoexcitation on the microcantilever Si backside surface stress change 2.0 & 0.2 N/m is obtained between
This is later observed with an optical microscope and can be these two states for the PPy(DBS) films in 0.1M NaDBS under
seen on a slight kink in both the current and the deflection data the specific conditions used here.
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Figure 4. (a) Surface stress (black square) and current (grey circle) -1000 -800 ";02 t‘.‘?o ':O/OA CIO v 200 400
vs potential measured simultaneously during two consecutives cyclic clentialvs: ARG (m_ ) ) ]
voltammetric scans in 0.1 M NaDBS solution. The potential is swept Figure 6. Surface stress measurement during Bnion adsorption

at 100 mV/s betweer-850 ancH-300 mV. A change in surface stress ~ (Straight line) on a bare gold-coated microcantilever in 0.1 M TBABr.

of about 2 N/m is observed when going between the anodic and the A change in the surface charge density of the gold surface, owing to

cathodic peaks. the nature of the interaction with the anions, is responsible for the

compressive change in surface stress observed when going toward
positive potentials. This graph elucidates the behavior of the PPy(DBS)

a)

0'25'_ i bending response in 0.1 M TBABr (dotted line, reproduced from Figure
E 0.00+ - 5a).
z |
g 0257 1 ously shown in Figure 4. Subsequently, the same film is
5-0.50- 1 immersed in a 0.1 M TBABr electrolyte. It is now unable to
§_0_75_‘ i undergo reduction, as shown by the disappearance of the redox
§_1 00l 1 peaks in the CV of Figure 5b (star). The swelling of the PPy-
g (DBS) film is, therefore, inhibited, and the microcantilever
£-1.257 T sensor does not experience a surface stress change as shown in
9 _4.50- 4 Figure 5a (star). From this observation, we can assert that the
] ] surface stress change measured during redox switching of PPy
b) 1.2 i is indeed due to a change of volume of the conducting polymer
0.8] ] matrix.
0.4] ] Nevertheless, the microcantilever is not completely motionless
0.0] ] during potential cycling in TBABr electrolyte. For potentials
€ -0.4] ] below —200 mV, the microcantilever can be considered static
é-o.s-' ] as mentioned earlier. However, above that value, it experiences
£ .15l ] a compressive change in surface stress of abdu25 N/m.
6] ] This motion, which we believe is not related to the volume
20] ] changes of the polymer phase, can be attributed to the interaction
e between the Br anions and the gold substrate, underneath the
-1000 -800 -600 -400 200 0O 200 400 PPy film. Indeed, the interaction of anions with a bare gold

Potential vs. Ag/AgC! (mV) surface results in a charge-induced surface stress, as discussed
Figure 5. Control experiment. (a) Initially, the PPy film is actuated by Haisg” and Ibacl?® Figure 6, shows the surface stress change
in 0.1 M NaCl (square), showing a compressive change in surface stresspf 4 hare gold-coated microcantilever when cycled in 0.1 M

during swelling of the polymer. The same PPy(DBS) film is subse- _
quently immersed in eedox inhibitingelectrolyte, 0.1 M TBABr (star). TBABr between—850 and+300 mV at a scan rate of 100

No compressive stress is observed. (b) The CV in 0.1 M NacCl (square) mV/s. A significant mI.(:rolcantlIe.ver dgflectlon response 1s
shows the presence of the oxidation and reduction peaks, whereas irfdetected when a potential is applied to its surface. We observe
0.1 M TBABr (star), the redox reaction is clearly suppressed. that the surface stress curve is qualitatively similar to the one
obtained for the PPy(DBS) film in TBABEr. In fact, the two
3.1.2. Redox-Inhibiting Electrolyt&o ensure that the above- curves superimpose when scaled appropriately. The variation
measured surface stress is indeed due to a volume change oin magnitude is, therefore, attributed to the different surface
the polymer phase, a control experiment was performed. Theareas of gold exposed in the two systems.
PPy film is actuated by cyclic voltammetry irredox inhibiting The paths by which the anions reach the gold-coated
electrolyte while monitoring the surface stress response. Themicrocantilever substrate remain indeterminate. The underlying
microcantilever deflection signal was studied under a 0.1 M gold substrate may be exposed to anions, rendering the system
TBABI, tetrabutylammonium bromide, aqueous solution. TBA  sensitive to charge-induced surface stress through defects in the
is a bulky cation, which will not incorporate into the polymer polymer matrix and/or at microcantilever edges where the PPy-
matrix to maintain electroneutrality in the film, hence, preventing (DBS) film does not properly adhere to the microcantilever.
the redox process from occurrifg2® Hence, in a PPygold-coated microcantilever structure, one
Figure 5a shows the surface stress response of a PPy(DBS¥yhould expect a competing contribution to the measured surface
film during potential cycling, betweer 850 and+300 mV at stress from the gold substrate if it is exposed to the electrolyte.
a scan rate of 100 mV/s, successively in 0.1 M NaCl (square) We note that the mechanism of the redox process is more
and 0.1 M TBABTr (star). At first, the film is cycled ina 0.1 M complex when small mobile anions, such as Br CI-, are
NaCl electrolyte (square), showing a typical compressive changepresent in the electrolyte and may be governed by both cations
in surface stress of aboutl.9 N/m, in phase with the oxidation  and anions of the supporting electroljtsevertheless, previous
and reduction peak potentials of the PPy(DBS) film as previ- results of free-standing PPy(DBS) filf%-25(i.e., no underlying
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Figure 7. (a) PPy-coated microcantilever deflections during the first ; : : ; ;
50 cycles betweer-850 and+300 mV. in 0.1 M NaDBS, at a scan shell in this case). With our observation of a tensile surface

rate of 100 mV/s. The first reductive scan gives rise to a significant SU€SS We envisage that the fresh P@BS") film undergoes
tensile surface stress. The following reductive scans produce a @ nonreversible structural change on the microcantilever surface

compressive change in surface stress, as expected from the swelling ofn which the polymer chains reorganize to accommodate the
the film. During multiple cycles, the peak-to-peak amplitude of the diffusion of cations. The PPy film thus shrinks and generates
surface stress gradually decays. (b) Corresponding cyclic voltammogramihe observed tensile surface stress. Note that the magnitude of

showing the anomalous first reduction peak and the subsequenty,e tensjle surface stress is comparable to the compressive
oxidation and reduction peaks, where the polymer is oxidized

(PPy'DBS") and reduced (PPPBS Na®), respectively. surfa_tce stress observed during polymenzatlon_so_that, during
the first reduction cycle, the system could be relieving some of

gold) in small anion electrolyte indicate mainly cation motion its initial stre§s. o )
and no apparent volume change associated with potential 3-1.4. Multiple CyclesTo study the lifetime of the microde-
insertion/ejectio??*° of the mobile anions. We, therefore, Vice, the long-term actuation capability of the PPy film was
attribute the small compressive change in surface stress observe§*amined over multiple cycles. Cyclic voltammetry experiments
above 0 mV in Figure 5 (square) to a charge-induced surface Were conducted in two different electrolyte solutions, 0.1 M
stress, owing to anions interacting with the gold surface and NaDBS and 0.1 M NaCl, on more than 20 samples while
not to a swelling of the PPy(DBS) due to insertion of Cl monitoring the microcantilever deflections as a function of
3.1.3. First Cycle.lt is interesting to examine the first number of cycles.
reduction scan in both the CV and the surface stress data of a Figure 7a shows a freshly polymerized PPy film actuated
freshly polymerized (uncycled) PPy film. Before any electro- through 50 cycles from-300 and—850 mV (vs Ag/AgCl) at
chemical actuation takes place, the freshly prepared (B/B5") a scan rate of 100 mV/s in 0.1 M NaDBS. Figure 7b is the
film is in its oxidized (doped) state. During a usual reduction corresponding cyclic voltammetric data, from which we can
process, the PPy film swells and the microcantilever experiencesidentify the oxidation and reduction current peaks. The PPy-
a compressive surface stress, i.e., bends away from the PPy{DBS)-coated microcantilever actuator reveals a decrease in its
coated side. This is experimentally verified (see Figure 4) except actuation capabilities. Indeed, the peak-to-peak surface stress
for the very first reductive scan, where the PPy-coated micro- amplitude, between the PPyand PP} states, decays with
cantilever experiences a significant tensile surface stress. Thisincreasing cycle number as shown in Figure 9. This loss in
discrepancy is also observable in the CV (Figure 7b) as a shift actuation amplitude is quite severe and is indicative of a
in magnitude and potential of the first reduction peak. A tensile delamination of the polymer film, as will be discussed later.
surface stress for the first reductive scan for two independent  Similar experiments were conducted in 0.1 M NaCl. Figure
experiments performed in different electrolyte solutions (0.1 M 8 shows the microcantilever deflections for a series of actuation
NaDBS and 0.1 M NaCl) is shown in Figures 7a and 8, with a between+300 and—850 mV at a scan rate of 100 mV/s. In
similar value of about-1.5 N/m. There exists some variability  this case, the peak-to-peak surface stress amplitude does not
in the tensile surface stress values obtained. Nonetheless, weyradually decay, but rather slightly increases before stabilizing.
have found an average value for 20 experiments b0+ 0.5 The film reaches a value of about 1.9 N/m, which is relatively
N/m, irrespective of the electrolyte solution. It is the first time, stable over more than 500 actuation cycles. This value is
to our knowledge, that such an observation has been quantified.comparable in magnitude with the initial surface stress observed
In fact, other groups have observed little or no movement during in NaDBS electrolyte. However, for this microcantilever-based
the first reduction cycle on thicker PPy filri8%-31which implies actuator system, there is an obvious difference in the long-term

is that channels are opened in the polymer matrix for the first
time to allow diffusion of the cations (Naand its solvation



17536 J. Phys. Chem. B, Vol. 109, No. 37, 2005 Tabard-Cossa et al.

2.00 T T T T T T a) T T T v T T T
75 0.1 M NaCl E
E 100 mV/s 2 0.754 -
Z 1.50- 1 =
[
3 5 0.50-] i
¥ 1254 - 5
2 —_— £ 0.25 |
2" 0.1 M NaDBS )
%? 075 100MVis é 0.004 i
2 =
0.50 ©.0.25. [ -
-850 mV —~
0.254, . . . . . . 050 20 PR T +300mV
0 100 200 300 400 500 600 0 10 20 30 40
Cycle Time (s)
Figure 9. Surface stress peak-to-peak amplitude between the oxidized b) T T T ¥ T
and reduced state of the polymer taken from the data of Figures 7 and 1.00 4 PPy T
8. In black, the PPy(DBS) film in 0.1 M NaDBS shows a gradual loss E
in amplitude. In gray, the PPy(DBS) film in 0.1 M NaCl shows a slight Z20.754 .
increase and stabilization of the actuation amplitude. “g’,
® 0.50 1 i
=g
actuation capabilities of PPy(DBS) films cycled either in NaDBS §
or NacCl electrolytes, as shown by Figure 9. %0'25‘ i
To examine in more depth the impact of the nature of the 2 500 |
electrolyte on the long-term actuation capabilities of the PPy- €|
(DBS) film, additional experiments were conducted in another @ 405 | PPy° i
surfactant (0.1 M NaDS, sodium dodecyl sulfate) and halide- ]
(0.1 M LIiCl) based electrolyte. Cycling the film in NaDS -0.50 , ; , , , ;
revealed a similar loss in actuation amplitude as in the NaDBS -1000 -800 -600 -400 -200 0O 200

L . Potential vs. Ag/AgCI (mV
case. However, contrary to the results obtained in surfactant- g/AGCI (mV)

based electrolytes, the actuation amplitude of the PPy(DBS) film Figure 10. Microcantilever deflection in 0.1 M NaDBS at 100 mV/s.
cycled in LiCl displayed no sign of instant decline. Conse- (a) Bending response of the PPy-coated microcantilever actuator for a

L polymer film cycled 100 times (square), after 500 cycles (circle), after
quently, the surfactant property of the electrolyte is likely ggg cycles (triangle), and for more than a 1000 cycles (star). Ultimately,
responsible for the degradation and loss in actuation amplitudethe PPy film is completely delaminated from the gold-coated micro-

of the polymer film. It is well established in the literature that, cantilever. (b) Bending response as a function of potential. The square,
for a PPy(DBS) film in 0.1 M NaDBS, only the Naons and circle, triangle, and star labels represent the same data as in (a). As we
their hydration shells participate in the redox process of the @re only measuring a change in surface stress, the zero gtakis
polymer8 The bulky DBS ions within the polymer are trapped ~ Was arbitrarily chosen at850 mV.
and cannot diffuse in or out of the polymer matrix. Similarly, . )
the DBS" ions of the NaDBS-supporting electrolyte cannot enter cantilever. When the cha.rge-lndu_ced s_urface stress generated
the PPy(DBS) filré° Nevertheless, their presence in the solution PY @ bare gold-coated microcantilever is subtracted from the
has a clear impact on the actuation capabilities of PPy(DBS) degre_lded response_of the P_Py-coated r_n|crocantllever of Figure
films. DBS anions are amphiphilic molecules that greatly reduce 10 (circle), we_obtaln t_he original bending response O.f a fresh
the surface tension of the aqueous electrolyte. We, therefore,”PY-coated microcantilever actuator, as shown in Figure 11.
envision that the NaDBS electrolyte, as the film continuously H€Nce, an extensive cycling of a PPy(DBS) fim in 0.1 M
swells and shrinks, progressively inserts itself in between the NaDBS gradually delaminates the PPy film from the micro-
PPy film and the gold surface. As a result, the film gradually cantilever, exposing the underlying gold substrate to the
delaminates from the microcantilever structure, generating the electrolyte.
observed weaker actuation. This delamination effect can be seen To determine the contribution of this competing surface stress
in Figure 10, where the evolution of the PPy-coated microcan- generated by the gold substrate to the loss in actuation, we have
tilever actuator responses, under multiple cycles in 0.1 M subjected the PPy(DBS) film to a narrowed potential window.
NaDBS, is presented. As we have previously shown, in the potential window where
Figure 10 shows the PPy film actuation for increasing number the polymer is in its oxidized state, any gold surface exposed
of cycles. Figure 10 (square) represents a PPy film within the generates an opposing surface stress owing to its interaction
first 100 cycles, Figure 10 (circle) is after 500 cycles, Figure With anions. To take away this effect, we have, therefore,
10 (triangle), after 800 cycles, and figure 10 (star), for more Performed cyclic voltammetry from-850 to—200 mV in 0.1
than a thousand cycles. We can observe from these graphs thaM NaDBS at a scan rate of 100 mV/s on freshly polymerized
not only does the amplitude of actuation decreases with PPY(DBS) films. Nevertheless, PPy(DBS) films, despite exhibit-
increasing cycling, but also the qualitative nature of the ing a slower decay rate, showed a similar immediate loss in
deflection data evolves. Indeed, after only a few hundred cycles, actuation amplitude. This establishes that anion interaction with
the maximum surface stress signal is no longer in phase with the gold substrate is not the driving force of this instant shortfall
the oxidation and reduction current peaks. As the PPy film starts in actuation in NaDBS electrolyte, but only a consequence of
to delaminate with repeated cycling, a greater gold surface areathe delamination.
comes in contact with the electrolyte. The interaction between  To improve the lifetime of the PPy(DBS) microactuator, the
the electrolyte and the gold surface begins to be more noticeableadhesion of the polymer film with the metal substrate needs to
and eventually dominates. Ultimately excessive cycling results be enhanced. Several approaches are being considered, such as
in a complete delamination of the PPy film from the micro- chemically attaching the PPy film to the gold surface via thiol-
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