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Cyclic voltammetry (CV) was employed to characterize the electrochemical behavior of polyelectrolyte brushes
with immobilized electroactive counterions in response to external changes in concentration and composition of the
supporting electrolyte and as a function of brush thickness. Poly(methacryloyloxy)&ihyéthyl-ammonium chloride
(PMETAC) brushes were synthesized on Au substrates via atom transfer radical polymerization followed by ion-
exchange with ferricyanide ions ([Fe(CJ\¥) as redox probes. CV measurements of the modified PMETAC brushes
showed the typical electrochemical response corresponding to a surface-confined electroactive species and the redox

counterions, as [Fe(CRf~ species form stable ion pairs

with the quaternary ammonium groups of the brush. The

electron-transfer features of PMETAC brushes with different thicknesses, as characterized by CV -anig UV
spectroscopy, revealed that the charge density probed by CV was lower than the charge density measuredsby UV
spectroscopy. The electrode current decreased significantly with increasing concentration of supporting electrolyte

due to the effect of the Donnan potential. Hydrophobic
significantly reduced electrode currents.

Introduction

Control over the electrochemical properties of polymer films
is of importance in a wide range of technologies, including
biosensors, electrode materials for energy and data storage
devices?3 electrochromic devices,and artificial muscleS.
Polyelectrolyte brushes, which consist of charged polymers

densely end-grafted to surfaces of various geometries, are

promising platforms for designing polymer films with tunable

properties because environmental triggers, such as ionic strength
pH, and solvent properties, can promote changes in surface

properties. Furthermore, the reversible swelling and collapse
transitions of brushes can be exploited in the development of
nanoscale actuatofgspecially if their response can be triggered

upon an electrical stimulus. The responsive behavior of the

polyelectrolyte brushes is governed by electrostatic interactions
and osmotic pressure and depends strongly on polymer length

and grafting density as well as density of charges along the
polymer backbonesDespite extensive studies on a range of

polyelectrolyte brushes, a detailed understanding of the kinetics

of their swelling and collapse transitions is not known. The

responsive properties of polyelectrolyte brushes have been studie(i

using AFM$ ellipsometry? quartz crystal microbalance with
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counterions, CMghich induced brush collapse, lead to

dissipationt® neutron reflectivity!! and the surface force ap-
paratust2 We have previously used electrochemical analysis as
a tool to study the internal structure of polymer brusKeghe
crucial development in the study reported here is the im-
mobilization of the redox probes as counterions inside the brushes.
As shown in Figure 1, cationic polyelectrolyte brushes were
loaded with ferricyanide ions ([Fe(CNY~) via anion-exchange
reaction. This is in contrast to other studies, where the redox
probes are free in solution and hence their diffusion through
polyelectrolyte brushes is probé&#!*In addition to obtaining
information on the fundamental properties of polyelectrolyte
brushes, we believe that the incorporation of electroactive species
in the brushes provides a potential new route to fast switching
and actuation of such brushes using electrochemistry.

Experimental Section

Preparation of Polyelectrolyte Brushes.Au was used as a
substrate. The Au substrates were modified with thiol initiator (BrC-
(CH3),COO(CH,)sSH). Cationic brushes of poly(methacryloyloxy)-
ethyl—trimethyl-ammonium chloride (PMETAC) bearing quaternary
mmonium groups (QA) were grown from the Au surfaces using
tom transfer radical polymerization (ATRP). The polymerization
solution for METAC brush: METAC, 41.54 g; CuCl, 0.396 g; CuCl
0.268 g; BiPy (2,2bipyridyl), 1.562 g; MeOH, 32 g; bD, 8 g. The
mixture was then stirred and de-oxygenated with a stream of gry N
(15 min). Initiator-coated Au substrates were sealed in Schlenk tubes,
degassed, and left at 2€ under N. The polymerization solution
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Figure 1. Schematic representation of brushes used in this study. E %ﬂm

2 Ml |3nm'
was then syringed into each Schlenk tube, adding enough solution -f; 180 %m‘
to immerse each sample completely. After various polymerization g
times, the samples were removed, washed with water and then O 455
methanol, and dried under a stream of N 1 fime e

Characterization of a PMETAC Brush. The Au substrates used 15.0 il : Lo :

for CV measurements were prepared by evaporating 200 nm of Au 048 020 022 024 026 028 030
on a silicon wafer with 2 nm of chromium as the adhesive layer. Potential [V] vs Ag/AgCI

The pairing of the redox probe was obtained by immersing the as-

synthesized Clcoordinated PMETAC brush in 0.1 Make(CN) [Fe(CN)gJ* -coordinated

for 30 min. Figure 1 shows a schematic representation of the brushes sol  (c) PMETAC i
¢ * ? é

under study. All CV measurements (measured on an Autolab
PGSTAT 30 system) were carried out at room temperature in a
three-electrode cell containing a PMETAC brush modified Au
substrate as a working electrode, graphite as a counter electrode, and
Ag/AgCl as a reference electrode. KClI, LiCl, and LiGl&blutions

were used as supporting electrolytes. The electrochemical cell which
was filled with supporting electrolyte and connected to the three V! \," \j
electrodes was purged with nitrogen for 10 min before each ob Q e rs ; ]
measurement, and the cell was kept under flowing nitrogen for the CI -coordinated

duration of the experiment. The Au substrates for -tNs PMETAC

spectroscopy were prepared by evaporating 20 nm of Au on a glass
slide with 2 nm of chromium. Before scanning with UVis Figure 2. (a) Cyclic voltammogram corresponding to electroactive
spectroscopy, in order to compare the charge denGixpbtained PMETAC brush (14 nm).: 30 mVs'™. Supporting electrolyte: 5
from CV, the [Fe(CNyJ3~-coordinated PMETAC brush (electroactive ~ MM KCI. Inset: Plot of anodic and cathodic peak currents versus
PMETAC brush) was immersed into the 5 mM KClI solution for 10 - (b) Time-dependent anodic current peak of cyclic voltammogram
min. Great care was taken to measure an exact absorbance (420 nrfiorresponding to electroactive PMETAC brush (12 nm)30 mv

of [Fe(CN)J®~ of the electroactive PMETAC brush. The samples S . Supporting electrolyte: 5 mM KCI. (c) Plot depicting the
of the brushes were rinsed abundantly with Milli-Q water and dried switching between the electroactive and nonelectroactive states of

; : : the PMETAC brush (15 nm) upon coordination with [Fe(GJR)
with a N, stream. Patterned substrates for AFM imaging were . : :
preparetjlz. Bare Au substrates were washed with DI Watger zgind then(electroactlve) and Cl(nonelectroactive). Supporting elecirolyte:

with ethanol and dried in pflow. Microcontact printing of patterned 0.1 M KCI. Immersion time: 5 min.
initiator SAMs was carried out using a PDMS stamp patterned with
10 um lines with 10um spacing, which was inked viita 5 mM

.‘\ 't\ ’l.
L 3 I Lo \
B I Y A S R U R A

Charge density [uCJ'cmzl

90 mV, indicating repulsive interactions between the redox &ites.
ethanolic solution of the thiol initiator{-mercaptoheptyl 2-bromo- Highly reversible electron transfer between the ion paired redox
2-methylpropanoate). The substrate was then washed again with®eNters and the electrode can be observed clearly. These
ethanol and dried in Mlow. Polymer brushes were grown fromthe ~ Voltammetric characteristics are typical electrochemical responses
patterned substrates. AFM measurements were performed using afior surface-confined electroactive species, which has been
Agilent Series 4500 SPM (Agilent Technologies) in MAC mode described in detail in the literatute One distinctive feature of
with a scan rate of 0.8 Hz. The amplitude setpoint was adjusted to surface confined species is the linear response of the peak current
the minimum applied load required to acquire an image. The data density (,) with scan rated). In contrast, in the case of diffusing
was processed by baseline correction and fourth-order flattening species, a2 dependence should be observed. Changes in the
using a homemade algorithm. ip with » were investigated and these results are shown in inset
graph of Figure 2a. The linear response of thevith the v

Results and Discussion corresponding to the anodic and the cathodic process was observed

General AspectsFigure 2a shows CV plots of electroactive

PMETAC brushes (14 nm thick) using 5 mM KCI as the (15) (@) Laviror\,EJ.EIectroanal.ChemLQYQ 101, 263-270. (b) Sinha, S.;
supporting electrolyte. The full width at half-height (fwhh), 136 "/{121Y. 2,0 BCars, A oG e O ehadara 2. Wiley:

mV, is larger than an ideal value for a Nernstian redox system, New York, 2001.
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brush. (b) The comparison of tiigof the PMETAC brushes probed
0.15 1025 by CV with thatQuy (measured by UVvis).
§ 0.12 40.20 hydrated, large, and highly polarizable species interact very
-.g NE strongly with the QA groups leading to the formation of stable
g 009} {1045 = ion pairs. The voltammetric characteristic shown in Figure 2a
2 w% imply that the redox counterions, [Fe(Gd¥ species, form
E 0.06 | 10.10 moderately stable ion pairs with the Qnoieties of the brusP
& In other words, the QA-bearing monomers turned into new
0.03 | (b) 1005 electroactive monomer units upon ion pairing. In spite of the
stable ion pairs of QA moieties of the brush with [Fe(CHJ§~
0.00 0 5 1'0 1'5 z'o 25°-°° species, time-dependent CV peaks show that electroactive

counterions slightly decreased with time. As shown in Figure
. i . 2b, thei, decreased over time (6.6% after 170 min) due to the
EIQULG 3. («?t)hC)é_CflfIC V0|:atnr:_m|?9ram5 of%e elt\a/ctrolacgve PMt_ETAC displacement of the counterion from electroactive species
rusnes with aiérent thicknésses. 7Y mv s . supporing Fe(CN)]3®") to nonelectroactive species (Glof supportin
electrolyte: 5mM KCI. (b) Effect ofthethlckqess ofthe electrogctlve fa[lecgroly)ﬂa. '?’he displacement was glso obg%rved t?ypimmgrsing
S(mg;f‘n%g?;ﬁhes on the peak separation ﬂﬁp of cyclic the electroactive PMETAC brush in KCI solution. Figure 2c
' depicts the switching in film electroactivity after repeated changes

and it verifies that the redox centers are confined in the polymer in brush counterions. Immersing the [Fe(GN)-coordinated
film and do not significantly diffuse into solution at the timescales PMETAC brush in a 0.1 M KCI solution for 5 min leads to
of these experiments (several of minutes). The linear responsethe complete removal of the electroactive species. The electro-

Thickness of the PMETAC brush [nm]

of i, with v is given by activity can be easily restored by exchanging the nonelectroactive
CI~ with [Fe(CN)]®~ counterions. In other words, the electro-
_ n2F2 activity of the brush layer can be easily tuned by choosing the
= WFO Q) respective counterions. It can be observed that repeated switching

of the counterion does not affect the charge-transfer characteristics

whereF is the Faraday constarT, the temperature, arih, the of the brush layer upon coordination with the redox probe.
density of surface-confined electroactive species. @l the Effect of Thickness of the Polyelectrolyte BrushFigure 3a
PMETAC brush can be calculated from the cyclic voltammo- Presents the cyclic voltammograms of the electroactive PMETAC
grams. For both the positive and negative scans, a linear Prushes with different thicknesses. The currentincreases with an

The area under the peaks is then integrated and divideddy  are more redox centers in thicker brushes. The peak separations
obtain the amount of charges. From the data shown in Figure 2a,between the cathodic peaks and the anodic peaks of cyclic
we estimateQ to be 934C cnr2that, in our case, is equivalent voltammograms s_hovyn in Figure 3a are deplcteql in Figure 3b.
to having 5.8x 10 redox centers per chtonfined in a 14 The peak separation increases with an increase in the thickness
nm-thick PMETAC brush. This population of redox centers is Of the brush. The peak separation of CV reflects the rate of
comparable to other covalently modified electroactive organic €lectron transfer. No peak separation between the oxidation and
films (compare for example ferrocene-terminated thiol mono- "éduction peaksis expected for noninteracting electroactive groups
layerd? or electroactive organometallic dendrimer filA$syith attached to the surface and in rapid equilibrium with the
2.8x 10 and 1.6x 10 redox centers per cinrespectively). electrode’!1®Figure 3b shows the effect of the thickness of the
PMETAC brushes collapse either in high ionic strength
solutions due to charge screening or via specific interactions in  (19) (&) Azzaroni, O.; Moya, S.; Farhan, T.; Brown, Huck, A. A., W. T. S.

the presence of certain ions like CIQSCN-, and I.19Scarcely gﬁféorJ"_‘J"_egr’]frf?gﬁy3§0%%122}(113818%§%)13_'esa'Sk" M.; Johannsmann, D.;

(20) Bianchi, A., Bowman-James, K., Garcia-ESp&n, Eds.Supramolecular
(17) Chidsey, C. E. DSciencel991], 251, 919-922. Chemistry of AnionsWiley-VCH: Weinheim, Germany, 1997.
(18) Alonso, B.; Moran, M.; Casado, C. M.; Lobete, F.; Losada, J.; Cuadrado, (21) Slevin, C. J.; Malkia, A.; Liljeroth, P.; Toiminen, M.; Kontturi, Kangmuir
I. Chem. Mater1995 7, 1440-1442. 2003 19, 1287-1294.
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Figure 5. AFM cross-sections of patterned PMETAC on Au substrate: as synthesized (a) in air and (b) in DI water; after immersion for
30 min in 0.1 M Kg[Fe(CN)] solution: (c) in air, (d) in DI water, (e) in 100 mM KClI, (f) in 10 mM KCI, (g) in 1 mM KCI, (h) in 5 mM
LiCl, and (i) in 5 mM LiCIO;. h, vertical displacement [nm];, horizontal displacemengn].

PMETAC brushes on the peak separation Eﬂ]ﬁ, The peak

was compared with th® probed by the CV. ClearlyQuy's for

separation of 4 nm-thick brushes shows only 0.034 V but the the thick PMETAC brushes (14 and 24 nm) were higher than

peak separation increases proportionally to the thickness of

theQ'’s. This difference indicates increasing difficulty for the electron-

brush, whereak~2 shows similar values for all thicknesses of transfer reaction between the redox centers of the PMETAC
the PMETAC brushes. Itimplies thatall of the PMETAC brushes brush and the electrode with increasing the thickness. In the case

with different thicknesses require the same electronic energy

for of thin brushes, the agreement betw€gg andQ indicates that

the electron transfer between the PMETAC brushes and theall of the electroactive species are participating in the electron-
electrode butthe electron transfer was more significantly hinderedtransfer process. When the brush thickness is increased, the
with thicker brush. Hindrance of electron transfer with thick discrepancy betweeQuv andQ indicates that a fraction of the
PMETAC brushes was confirmed by measuring their charge electroactive species is no longer participating in the electron-

densitieQ by UV—vis absorptionQuy) and comparing it with
Q obtained from CV. TheQuy of the PMETAC brush was
estimated using egs 2 (Bedrambert law) and &

s=4 @
Quv =CLF ()

whereA is the absorbance of the [Fe(G¥) at 420 nmg, the
amolar extinction coefficient of 1000 Mcm™2, L, the thickness
of the polyelectrolyte brush (cm), ark] the Faraday constant.

transfer process or they lost the connectivity with the other redox
centers or the electrode. This result was consistent with the result
of the peak separation shown in Figure 3b. The difficulty of
electron transfer might be ascribed to the distance of the redox
centers from the electrode. Since the maximum distance an
electron can tunnel is a few angstroms in bulk films of redox
polymers?3the electron transfer to distant redox centers in thick
brushes is limited. Another contributing factor might be related
to the hydrophobic characteristics of the PMETAC brush bearing
the [Fe(CNy]3~. The [Fe(CNy]®~ is scarcely hydrated, large,
and highly polarizable, forming stable ion pairs with Qédroups
ofthe PMETAC brush. The stable ion pairs with scarcely solvated

The UV—vis absorption of each brush was measured three times,counterions can enhance the hydrophobic characteristics of the

and the average value was used to calculat€Xfe In Figure
4, theQuy of the PMETAC brushes obtained by WWis spectra

(22) Shi, Y.; Slaterbeck, A. F.; Seliskar, C. J.; Heineman, WARal. Chem.
1997 69, 3679-3686.

(23) (a) Merz, A.; Bard, A. 1J. Am. Chem. So&978 100, 3222. (b) Nowak,
R.; Schultz, F. A.; Umana, M.; Abruna, H.; Murray, R. \&.. Am. Chem. Soc.
1978 94, 219. (c) Oyama, N.; Anson, F. @. Electrochem. S0d.98Q 127, 640.
(d) Martin, C. R.; Rubinstein, I.; Bard, A. J. Am. Chem. S0d982 104, 4817.
(e) Pickup, P. G.; Murray, R. Wl. Electrochem. Sod.984 131, 833.
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decrease in formal potentiaEﬁ) which was taken as the

a? (a) average of the reduction and oxidation potentials. These changes
) can beinterpreted in terms of the Donnan potential. Polyelectrolyte
brushes can be considered as a membrane exhibiting permse-
lectivity properties. In the case of PMETAC brushes, they act
as an anion-exchange membrane permitting the transportof Cl
ions into the highly positively charged brush environment and

) hindering the transport of Kspecies (Donnan exclusion). This
exclusion process due to the permselectivity properties introduces
the presence of a Donnan potential which affects the formal
potential of the redox centers. A similar effect has been reported
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Current density [uA cm'z]
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04 02 00 02 04 06 08 1.0 for the case of electroactive self-assembled polyelectrolyte
Potential [V] vs. Ag/AgCI multilayers?* Assuming that the change in the resolvation energy
0 020 030 ofionsin the solution and polyelectrolyte brush and the difference
b ’ | in the activity coefficient in the two phases can be disregarded,
< -O- q[Clcm?] (b) Lotz |ozs the Donnan potentialA¢p, can be described &s
3 30 4 —% Donnan potential [V] ’ s i
2 O~ Eapp™? ) = c c \2]1/2
3 016 E 1026 o Agp = wRTm X1+ & (4)
z 201 g g Fooloe 2c
5 Fode §foze W
$ 10 H wherec, is the concentration of the ionic sites in the ionic
& Fo12 o022 polymer,cs, the concentration of the 1:1 electrolyte, andthe
ionic charge of the fixed ionic charges in the ionic polymer. In
o s T T " y 010 t020 our case, the decrease in E#,Z with electrolyte concentration
0 2 4 6 8 10 12 p

isin complete agreement with a scenario where the film is bearing
. . . fixed positive charges and exchanging Glpon oxidation-
Figure 6. (a) Effect of the concentration of KCI on the cyclic  yequction cycled? The effect of the electrolyte concentration on
voltammogram of eleCtr?aCt'Ve PMETAC brush. Thickness of the e ponnan potential was further corroborated using eq 4 with
brush: 9 nmu: 30 mV s™. (b) Q, Eyp, and Donnan potentialg) & = 0.8 M andw = 1. G, was obtained from the UVvis
as function of concentration of KCI. - .

absorption (data not shown). As expected, Figure 6b shows a

brush, which leads to collapse. The electron transfer between thedecreasing trend iM¢p with increasing concentration of
electrode and the polyelectrolyte is hindered in its collapsed Supporting electrolyte. It can be seen that the magnitude of the
state compared to the stretched stat&FM experiments were  estimatedA¢p is in good agreement with the experimentally
performed to study the responsive nature of electroactive brushes)bserveoEéfp shifts.

in some more detail. As can be seen in Figure 5, panels a and Effect of the Type of Supporting Electrolyte. The nature of

b, PMETAC brushes with Clcounterions swell up to five times ~ the counterion significantly affects the characteristics of the
their dry thickness when placed in water. However, after exchangecollapsed state of polyelectrolyte brushes. The interaction between
with [Fe(CN)]3~ ions, the brushes swell only slightly (from  QA* groups in the PMETAC brushes and the surrounding
~50 to 60 nm, Figure 5, panels ¢ and d). This indicated tight counterions plays a main role in determining the change in the
ion-pairing in the brush, leading to a hydrophobically collapsed collapsed state. The electrochemical behavior of electroactive
state. The AFM images reveal very clearly though that these PMETAC is sensitively affected by the nature of the counterions.
brushes still contain a significant amount of water, since imaging Figure 7 shows voltammograms of electroactive PMETAC in
the same brushes under varying concentrations of KCI showsthe presence of 5mM LiCland LiClgas supporting electrolytes.
significant changes in thickness. In 100 mM KCI, the brushes It can be observed that, in comparison to LiCl, the Li¢lO
collapse further (down te-30 nm), but in 1 mM and 10 mM,  electrolyte leads to a marked decreas®ifrom 76.3 to 37.1

Concentration of KCI [mM]

the brushes swell to around 665 nm (Figure 5, panelsg). uC cn 2. In addition, there is a sensitive shiftlﬁifpfrom 0.21
On the other hand, low concentrations (5 mM) of LiCl show to 0.15 V. This fact can be explained in terms of the strong
brushes collapsing to around 40 nm, and when LidEused interaction between the ClO anions and QA moieties in the

as the electrolyte, the brushes do collapse agairB@nm, even polymer layer leading to the formation of ion pairs. This strong
at 5 mM concentration (Figure 5, panels h and i). These resultsinteraction is the driving force for the significant replacement
on the effect of different electrolytes will be explored electro- of [Fe(CN)]34~ by CIO4~, which is evidenced as a marked
chemically in more detail below. decrease of electroactive species into the brush. The strong
Effect of Concentration of the Supporting Electrolyte. ClO,~—QAM interaction is also responsible for the sensitive shift
Figure 6a shows the CV data of the electroactive PMETAC in EX2 CIO,~ ions are more tightly bound to the brush in
brushes measured at various concentrations of KCI (0.5, 1, 5, 10,comparison to Cl, thus promoting a more efficient screening
50, and 100 mM). The current decreases with increasing of strong positive charges in the brush. This leads to a scenario
concentrations of KCI, and breakdown as well as irreversibility similar to that of NaCl but resembling a higher ionic strength
of the CV peak were observed at high concentrations (50 and environment. In a recent publication, we reported on the critical
100 mM). The increasing concentration of supporting electrolyte role of the specific ionic interactions on determining the effective
leads to the depletion/exchange of the ion-paired redox centerselectrostatic environment of polyelectrolyte brusH8sFor
by no electroactive species, i.e., replacement of [Fe{ENj~
by CI~ ions. As shown in Figure 6b, this is reflected inamarked  (24) Clavo, E. J.; Wolosiuk, AJ. Am, Chem. So@002 124, 8490-8497.
decrease o upon increasing changes in KCI concentration. (25) Doblhofer, K.; Vorotyntsev, M. IElectroactive Polymer Electrochemistry

= - . ” Part 1. Fundamentald.yons, M. E. G., Ed.; Plenum: New York, 1994; Chapter
In addition, changes in electrolyte concentration evidenced a3, p 375.
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60 T T T screening) would lead to a different electrostatic environment,
which is reflected in a different Donnan potential.
o 40 -7 “\ 1 .
'e 7( \ Conclusions
s 20} B \ . : : : :
g A N ~ In this study, the electrochemical properties of electroactive
2 = R T PMETAC brushes as a function of a range of parameters were
a 0 :::-... LiCIO, e - investigated. Cyclic voltammetry revealed that the electroactive
§ '\f_\\ /,-"' /,"""" PMETAC brushes are very stable and have excellent electron-
§ =20 NN e ] transfer characteristics. The repeated switching of the counterion
S N\ /s did not affect the charge-transfer characteristics of the brush
© a0} \_ici_7 . layer upon coordination with the redox probe. We found that the
- electroactivity of the brushes is strongly dependent on the
60 ; . ; thickness of the layers, which indicates that the “direct com-
0.0 0.1 0.2 0.3 0.4 munication” between electrochemical species and electrode is

lost toward the surface of thicker brushes, or that ions are free
to move into solution. Experiments probing the role of the
supporting electrolyte clearly revealed marked changes in
electrochemical properties when GlOwas used as a strongly
coordinating anion. These results show that CV provides a route
example, thel-potential of PMETAC brushes in 0.1 M NaCl  for switching the electroactivity of the polymer film without
was+26.7 mV in contrast to thé-7.9 mV measured on similar  using covalentinteractions and a tool to study the internal structure
brushes in 0.1 M LiCI@ When working at ionic strengths as  of polyelectrolyte brushes. We also believe that these experiments
low as 104 M, the {-potential changed frori-44 to+22 mV provide a framework for electrochemical actuation of polyelec-
when changing from NaCl to LiCI© These results strongly  trolyte brushes via the rapid cycling of electroactive counterions
support the idea that tHE;fp shift due to the Donnan potential  between different redox states.
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Potential [V] vs Ag/AgCI

Figure 7. CVs using LiCl or LiCIQ, as the supporting electrolyte.
Concentration of electrolyte: 5 mM. Thickness of the brush: 14
nm.




