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Abstract

A molecular theory of chemically modified electrodes is applied to study redox polyelectroyte modified electrodes. The molecular approach
explicitly includes the size, shape, charge distribution, and conformations of all of the molecular species in the system as well as the chemical
equilibria (redox and acid-base) and intermolecular interactions. An osmium pyridine-bipyridine complex covalently bound to poly(allyl-amine)
backbone (PAH-Os) adsorbed onto mercapto-propane sulfonate (MPS) thiolated gold electrode is described. The potential and electrolyte com-
position dependent redox and nonredox capacitance can be calculated with the molecular theory in very good agreement with voltammetric
experiments under reversible conditions without the use of freely adjustable parameter. Unlike existing phenomenological models the theory links
the electrochemical behavior with the structure of the polymer layer. The theory predicts a highly inhomogeneous distribution of acid-base and
redox states that strongly couples with the spatial arrangement of the molecular species in the nanometric redox film.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Brian Conway pioneered the molecular description of elec-
trode reactions such as the hydrogen evolution reaction (HER).
Also, in his well-known book on “Theory and Principles of
Electrode Processes” there is a good description of non-ideal
isotherms to describe molecular interactions in the adsorbate
state [1]. Electrochemical experiments can be described quanti-
tatively in terms of electron and mass transfer processes. A good
example of this is the Marcus theory that provides a molecular
description for simple outer sphere electron transfer reactions
both in homogeneous solutions and at electrode surfaces [2].
More recently, a quantum mechanical description of electro-
chemical reactivity of quinones and their reactivity towards the
oxygen reduction reaction (ORR) has made use of a theoretical
approach of proton and electron transfer reactions [3,4].

In the last 30 years a considerable progress has been made in
the development of “tailormade” electrode surfaces by chemical
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modification of electrodes with electroactive polymer films. A
good description of electroactive polymer-modified electrodes
can be found in the book edited by Lyon [5,6]. More recently
the introduction of layer-by-layer self-assembly of polyelec-
trolyte multilayers [7-9] allowed a precision control of spatial
molecular distribution in the nanoscale and fine regulation
of the charge at the topmost layer. Several redox polyelec-
trolyte multilayers have been reported in chemically modified
electrodes, i.e. poly(viologen) [10,11], poly(allylamine) with
covalently attached ferrocene [12-19] or osmium pyridine-
bi-pyridine redox centers [20-27], sulphonated poly(aniline)
(SPAN) [28], etc. The use of these structures in biosensor plat-
forms was introduced by Hodak et al. [13] with multilayers of
glucose oxidase electrically connected to the underlying elec-
trode by redox relays attached to the poly(allylamine) backbone
[13]. A number of reports followed this development in the last
10 years using redox relays.

In spite of the extensive work on electrochemically active
polymer-modified electrodes, much of the theoretical framework
relies on phenomenological ideas rather than on a molecular
description due to the molecular complexity of the problem
[29-31].
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The first description of cyclic voltammetry of redox active
species confined to electrode surfaces has been given by
Gileadi and Srinivasan [32] who treated the adsorption pseudo-
capacitance in Pt oxide or hydrogen adsorbed on platinum with
an ideal Langmuir isotherm. The adsorption pseudo-capacitance
due to non-charged and ionic species on electrodes has been
described by Conway using Temkin or Frumkin non-ideal
adsorption isotherms [1].

Considerable progress has been made since Laviron
described mono [33,34] and multilayer [35] of redox films with
lateral interactions which result in peak broadening, shape and
width of voltammetric waves. Non-idealities in electroactive
polymer films manifested as deviations in Nernst-type responses
in plots of potential versus redox composition and peak broad-
ening in linear potential sweep or cyclic voltammetry were also
addressed by models that considered redox site interactions by
Brown and Anson [36] and Albery et al. [37]. Chidsey and Mur-
ray [38] developed a microscopic model based on a cubic lattice
with site interactions. These authors coined the term “redox
capacity” for the stored electrons in a redox polymer and also
incorporated interactions among the redox sites and the varia-
tion of counter ion activity as a function of the electrochemical
potential. A chemical and mechanical description of polymer-
modified electrodes was subsequently given by Bowden [39].

Charge and mass transport in polymer-modified electrodes
has been considered in the models of Savéant and Andrieux
[39,40] and also electron hopping by Blaunch et al. [40—-43]. On
the other hand, the effect of electrolyte concentration has been
described by the Donnan exclusion model [20,44—47] or by the
surface potential model [48]. Tagliazucchi et al. have recently
described the pH dependence of redox active LbL multilayers
using the Donnan potential analysis [49].

Smith and White [50] presented a model for an elec-
trode coated with a monolayer of molecules bearing a weak
acid headgroup. The model predicts a maximum in the
capacitance—potential curves due to the dissociation of the acid at
increasing metal/electrolyte potential difference. This prediction
has been validated by cyclic voltammetry [51] and electro-
chemical impedance spectroscopy (EIS) [52,53] experiments for
thiolated electrodes. This model has been extended to incorpo-
rate effects arising from the discreteness of charge [54-56]. It
is interesting to note that only a recent treatment of polymer-
modified electrodes has used a statistical description of polymer
chains, based on the Flory theories for polymer free energy of
mixing and elastic deformation [57-59].

Despite the descriptive value of all these previous models
they provide only a partial depiction of the electrochemical pro-
cess and do not include specific molecular characteristics of the
polymer film, such as conformational degrees of freedom of
polymer chains, the shape and size of the molecules, the local
activity coefficients of the electroactive species, the properties
of underlying substrates (i.e. thiol layers) and the coupling of
acid base and redox equilibria.

We have recently presented a molecular theory based on
minimization of the free energy functional of the system and
obtained the molecular organization of the film as a function of
the bulk pH, salt concentration, and applied electrode potential

[60]. The free energy explicitly includes the intra and intermolec-
ular interactions, the distance dependent acid base equilibrium
of the ionizable group of the weak polyelectrolyte, the distant
dependent redox equilibria of the redox electrochemical active
sites with the metal together with the size, shape, charge distri-
bution and different conformations of all the different molecular
species. Together with the structural features the theory enables
the determination of the thermodynamic properties of the film
as well as the calculation of the current—potential curves that can
be directly compared with experimental observations. More-
over, the understanding of the molecular organization and the
predictions of the equilibrium electrochemical behavior of the
modified electrode provides for the fundamental molecular
understanding of the relationship between layer structure and
electrochemical response [60].

As a first step of a molecular theory for chemically modified
electrodes with redox active self-assembled polyelectrolye lay-
ers we begin by describing the redox pseudo-capacitance of a
reversible one-electron redox couple confined to the electrode
surface. The non-redox and redox capacitances can be obtained
from the excess surface charge in the metal and the population of
redox states in the film at a given electrode potential, respectively

[1]:

Cnon—redox = 307M (1)
0Eeq
and [38],
Credox =F ik (2)
9Eeq

With I, the total surface concentration of the oxidized species,
F is the Faraday constant, o the surface charge per unit area
at the metal and the derivatives are taken with respect to the
reversible electrode potential. The molecular theory allows to
theoretically determine both the surface concentration of oxi-
dized sites and the surface charge as a function of the applied
potential from which the capacitance can be directly calculated,
provided the total surface redox charge is known.

In this paper we present predictions of the molecular the-
ory and direct comparisons with experimental results for
low scan voltammetry. Furthermore, we compare with previ-
ously developed (phenomenological) models to account for the
current—potential curves under reversible conditions, the peak
potential and peak width and their dependence on the con-
centration of electrolyte and pH. We will show that while the
phenomenological models require fitting parameters to compare
with the experimental observations, the molecular theory pro-
vides for an understanding of the source of these parameters as
well as a detailed description of the distribution of all the molec-
ular species and electrical potential in the normal direction to the
surface. Thus, while in general the molecular theory is compu-
tationally more demanding than the phenomenological models,
its predictive power is based on the knowledge of the molecular
species composing the system and the value of the experimental
controlled variables, such as bulk pH, ionic strength and applied
potential. In this way we obtain a detailed description of the rela-
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tionship between the molecular organization within the film, its
variation upon changes in the external controlled variables and
the electrochemical response of the modified electrode.

2. Molecular theory and model

The molecular theory for polymer-modified electrodes allows
us to determine the structure and equilibrium electrochemistry
[60] of a polymer-modified electrode from a first principle calcu-
lation (within the given molecular model and approximations).
An illustrative chart showing the different steps involved in the
formulation and solving of the theory is presented in Fig. 1A. In
Fig. 1B we show a cartoon of our model system, a single layer
of PAH-Os adsorbed on a gold electrode thiolated with MPS.
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Fig. 1. (A) Flow chart showing the steps involved in writing down and solving
the molecular theory. (B) Cartoon of the Au/MPS/PAH-Os/solution interface.
The poly(allylamine) backbone and the pyridine-bipyridine osmium complexes
of PAH-Os are represented by blue solid lines and big spheres, respectively. The
allylamine units in the polymer backbone can be either protonated (charge +1) or
deprotonated (neutral) and the osmium complexes can be in an oxidized Os(I1I)
(charge +2) or in a reduced Os(II) (charge +1) state. MPS molecules form a
permeable layer on the gold. The headgroup in MPS can exist as a negatively
charged sulfonate or as a neutral sulfonic acid. The electrode is immersed in an
aqueous electrolyte solution.

This redox polyelectrolyte ultrathin film is the basis of an all-
integrated “wired” glucose oxidase (GOx) biosensor. The chains
of the redox polyelectrolyte PAH-Os are composed of a poly-
mer backbone (poly-allylamine) and the tethered osmium sites
(osmium pyridine-bipyridine complex). They are adsorbed on a
gold electrode thiolated with mercapto-propansulfonate (MPS).
The whole system is immersed in an electrolyte solution contain-
ing salt ions, protons and hydroxyl groups. The concentrations
of these mobile species in the bulk are determined by the ionic
strength and pH of the testing solution. The sulfonate groups
in the thiol and the amino groups in the polymer backbone are
protonable groups and therefore can exist either in a basic or
in an acid form The osmium sites are redox active and its oxi-
dized Os(III) and reduced Os(II) forms can be interconverted by
exchanging electrons with the underlying metal. This process
depends on the potential at the electrode and the local activity
of the redox sites.

In order to formulate the theory [60] we start by writing down
the free energy of the system as a functional of the densities of
all the mobile species in the system (solvent, protons, hydroxyl
ions and saltions), the probabilities of all possible conformations
for polymer chains, the electrostatic potential and the degrees
of protonation and oxidation for acid-base and redox groups,
respectively. All these quantities depend in principle on the three
dimensions of the problem (i.e. are functions of x, y and z), how-
ever, we consider only inhomogeneities in the direction normal
to the electrode (z) and use a mean-field approximation for the
planes parallel to the gold surface. For simplicity we neglect the
roughness of the substrate and therefore the electrode is located
in the xy plane at z=0. We write the free energy functional of
the system as:

F = =TSy mix — TSAmix — TSc,mix — TSy+ mix — TSoH—mix
— TSpor — TSmps — TSNHZ/NH; - TSso; /HSO3
— TSosamy/osan + Fe- + Fvaw + FElec + Fp.s + Fo
+ Fyuc + Fuy 3

The terms in Eq. (3) describe different contributions to the free
energy of the system. Table 1 includes a brief description of each
of them and their mathematical expressions. A glossary describ-
ing the symbols is included at the end of the paper. The reader is
referred to our previous publication [60] for an in depth analy-
sis of each contribution. The minimization of the free energy is
carried out considering two constraints: the global electroneu-
trality constrain and the packing constraint, whose expressions
are given in Table 1. The packing constraint is introduced in
order to account for repulsive interactions, which are modeled
as excluded volume interactions [61].

Upon minimization of the free energy, we obtain expressions
for the density profile of mobile ions and solvent molecules,
pi(z); the probability distribution function for the polymer, P(x);
the protonation fraction of amines and sulfonates, f.(z) and
Jemps(z); the osmium oxidation degree, fos(z) and ¥(z) the dis-
tance dependent electrostatic potential. These expressions are
expressed in terms of the relevant interaction fields as expressed
next.



Table 1

M. Tagliazucchi et al. / Electrochimica Acta 53 (2008) 67406752 6743

Contributions to the system free energy, Eq. (3)

Term in equation

Contribution to the free energy

Expression

Terms of the free energy

Simix/Akp
Spot/Aks

Smps/Akg

SNH2 /NH /Aks

Sso;/ﬂso3 /Akg

Sosauyosan/Aks
BF.-/A

Translational entropy of mobile ions and water
molecules (i: A, C, OH™, H*, w)

Conformational entropies of polymer chains

Conformational entropies of thiol molecules

Amine acid-base equilibrium mixing entropy

Sulfonate acid—base equilibrium mixing entropy

Osmium redox equilibrium mixing entropy

Electrical work to achieve the final redox state of the
system from electrons in the environment

BFyaw/A van der Waals (vdW) polymer-polymer interactions

BFElec/A Coulombic Interactions

BFp_s/A van der Waals (vdW) polymer—surface interactions

BFy/A Standard chemical potentials (/,L?) for those species
participating in chemical equilibria

BFu /A Chemical potentials of anions (i=A) and cations (i=C)

Constraint

= [ pi@lIn(oi(2)vy) — 11dz

e lZPp(a) In pp(oo]
— Maues [ZPMps(y) In PMPS(V)]

v

— [ (@) [fe@) In(fe(@) + (1 = fe(2)In(1 — fe(2))]dz

- f (nmps (2)) [ fe.mps(2) In(fe mps(2))
+ (1 = femps(2)) In(1 — fe mps(2))] dz

— [ (n0s(2)) [fos(2) In( fos(2) + (1 = fos@) In(1 = foy(2)]dz
EBle| [ (nos@) [1 — fos(2)]dz

[ 220 [ ou@) + (gp@NI{$os(2)) + {#p(z)) ] dz d2’
B [1{po@) ¥(2) = (1/2)e@)(V. ()] dz

%1 Pet@pUps@

J 00 (@B + (1 = fePuly . d
+ [ (nups () (femps@BUY - + (1 = femps(DBiufiso,) dz
; :

+ [ (082 Gos@BSy g + (1 — fos@PG ) &z
+ [ 10 pyr @ dz+ [ 1), pon-(2)dz

—Bui [ pi(2)dz

Expression

Minimization constraints
Global electroneutrality

Packing constraint

[ {po@) dz+om=0

D i) =1

i

The distance dependent densities for water molecules, py(z),
is given by

ow(2)vy = P2 vy, exp(—vy Bl(z) — 7)) 4

where B=1/kgT is the inverse absolute temperature, 7(z) is
a Lagrange multiplier associated with the packing constraint,
which can be regarded as a lateral osmotic pressure [61] and
vy is the molecular volume of the solvent. An expression sim-
ilar to Eq. (4) describes the local density of mobile ions, p;(z),
(i=H*, OH~, C, A for proton, hydroxyls, cations and anions,
respectively):

P =

— giBly(z) — y*K) Q)

vy exp(—v; Blr(z) — 7]

where v;(z) and g; are the molecular volume and charge of the
species i, respectively. m(z) and (z) represent the repulsive
and electrostatic interaction fields at z. These fields are deter-
mined from the average distribution of all the different species
across the film. Therefore, they couple the interactions between

molecules in different zones of the interface, i.e. they are highly
non-local [62].

We assume that the polymer chains are adsorbed to the sur-
face at fixed total surface density. On the other hand, the segment
density profile is unknown and should be determined by the
theory considering the probability of each conformation and
its segment distribution. While the different allowed conforma-
tions are inputs, the relative population of each one is an output
obtained from the theory and it varies with the experimental
controlled variables (e.g. bulk pH, solution ionic strength and
applied potential). For a chain in conformation « we have

1

Pp(a) = geXp{— / np(z, In(fe(2)) + gapr P ()] dz
- / nos(z. @) ldosBY(E) +In(1 — fos(2)] dz
— BUps(a) — / [vp(z, &) + vou (2, ][ (2)

4 / Bx(lz — 2 Ddp()) + (dos()))d1dz)  (6)
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where n;(z, @) and v;(z, @) are the number and volume of ally-
lamine segments or osmium sites (i =P, Os, respectively) that
a PAH-Os chain in conformation « has at z, Ups(x) is the
polymer—surface interaction energy for a chain in conformation
a, x(|z—7Z/|) is a distance dependent van der Waals interaction
parameter [63], £ is a normalization constant and (¢;(z)) is the
average volume fraction of species i at z. In this equation the
probability of having a chain in a given conformation depends
on the interaction fields and therefore the distribution of poly-
mer segments and osmium sites is coupled to the distribution of
the other species. Eq. (6) also contains contributions from the
strength of van der Waals forces and the fraction of oxidized
osmium sites and protonated amino groups. These fractions
are self-consistently determined from the equations describing
chemical equilibria, which are also given by the theory from the
minimization of the free energy with respect to f.(z) and fos(2).

For the acid-base equilibrium of the allylamines the equilib-
rium constant is given by:

Ky = expl—BAG]

— '0011'1;(72@;2) exp(op-Al(z) — 7)) @

In this expression, Kg is the thermodynamic equilibrium con-
stant, which can be multiplied by Na/ plv’vmk (with Np equal to
Avogadro’s number) to obtain the commonly used equilibrium
constants based on the molar bulk concentration reference state.

In Eq. (7), AG(C) = “?)H* + /LONH+ - /L%Hz is the standard free
3

energy change for the reaction:
P-NH; + H,0 = P-NH7 + OH~ 8)

It is important to note that the exponential term in the right hand
side of Eq. (7) is an activity coefficient term. This term depends
on the interaction field y/(z), which is non-local and therefore it
couples with all the interactions and chemical equilibria in all
regions of the film.

We consider also the acid-base equilibrium given by the
protonation of the sulfonates in the thiol:

Au-S(CH);SO3H + H,0 = Au-S(CH»)3;S0; + HJ O (9)
which is determined by the expression

exp[—BAGY \ips]

_ pu+(2) fe,Mps(2)
1 — femps(2)

0
Kot,MPS

exp(ug+Blr(z) — 7™ (10)

Jemps(2) is the fraction of sulfonate groups that are charged at z
and AG(C) = /L%Jr + 'U“(S)O; - /L%SOB is the standard free energy

change for reaction (9).

In addition to acid—base equilibrium, the system under study
has osmium sites which are in redox equilibrium with the metal
in their +2 and +3 states:

P-Os(IIH 12 + e~ (Au) = P-Os(D)* (11)

The theory provides for a generalized Nernst equation for this
redox couple

RT fos(2)
abs __ 7-0,abs Os
Eeq = Egsam,osan T F In (1 — fOS(Z))

+ (Gox — Gred)

le]
where E2* is the electrode potential and Eoo’sa(%s) Josq 1S the

standard thermodynamic redox potential in the absolute scale. It
is important to emphasize that while Eq. (12) seems to be local,
the non-local effect are hidden in the fact that both (z) and
fos(z) are strongly coupled with the other interaction fields at all
distances from the surfaces. Namely, changes in the value at one
distance from the surface, results in changes at all z’s.

The absolute potential scale is used in the theory because we
need to deal with the outer electrostatic potential, ¥(z), which is
zero at the infinite vacuum. The electrode potentials in Eq. (12)
can be converted into the experimental potential scale (Ag/AgCl)
using the potential of the Ag/AgCl electrode in the absolute scale
taken from the work of Trasatti [64,65]. The Ag/AgCl potential
scale will be used hereafter to present both experimental and
theoretical results. Note also that the Nernst equation depends
not on the concentrations but on the activities and that the activity
coefficients are given by the last term of the right-hand side of
Eq. (12).

The extremum of the free energy with respect to ¥(z) yields
the generalized Poisson—Boltzmann (GPB) equation for electro-
statics

V(E@VY(2) = — (po(2)) 13)

where e(z) is the local dielectric constant and (pp(z)) is the
total average charge at distance z from the metal electrode. It is
important to emphasize that Eq. (13) includes all the interaction
present in the system. Namely, the average charge at z is deter-
mine using Eqgs. (4)—(7), (10), (12) and (13) and therefore the
GPB accounts for the full potential of mean-force between the
different species. This is one more example of the non-linear and
complex coupling between all the interactions as manifested in
Eqs. (4)—(7), (10), (12) and (13).

The boundary conditions for the GPB equation are the elec-
trostatic potential in the bulk which we set to zero and on the
metal which is determined from the electrode potential in the
absolute potential scale by:

Y(2) (12)

M
wM _ EabS _ d)e* (14)
S el

where @2{ is the work function of the metal (¢pay, =—4.7¢eV)
[64,65] and |e| is the elementary electrical charge.

The set of integral-differential equations given by Egs.
(4)—(7), (10), (12) and (13) and the packing constraint in Table 1
is solved numerically. The input necessary to solve the equations
includes the molecular information of the species in the system,
i.e. their size, charge, charge distribution, and conformations;
the strength of the interactions, i.e. the van der Waals coeffi-
cients and the standard free energy for the appropriate acid—base
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and redox reactions. In addition to the molecular model, the
equations require as an input the experimental conditions, i.e.
bulk salt concentration, pH, electrode potential and surface cov-
erage of polymer chains and thiol molecules. The numerical
solution of the equations resulting from the minimization of the
free energy provides as output the following functions: ¥(z),
pi(z), 7(2), P(@), fc(2), femps(z) and fos(z). From the knowl-
edge of these functions we can calculate any desired average
conformational and thermodynamic property of the modified
electrode. For example, equilibrium electrochemistry is deter-
mined by solving the theory for increasing electrode potentials
and calculating the redox and non-redox contributions to the
electrode capacitance by rewriting Eqgs. (1) and (2) as:

0l osam _ F8f<NOS(Z)> fos(z)dz

Credox = F aEggs 3Eggs (15)
dom  9(—e(0)(9y/02)(0))
Chon-redox = P) Eggs = P) Eggs (16)

where I"osrr) is the surface concentration of Os(I1I) and oy the
charge in the metal. The total capacitance is given by the sum
of Credox and Cpon-redox-

We will briefly describe the molecular model used in the
theory. Table 2 contains the charge, volume and equilibrium
constants of the participating species as well as the surface
densities for grafted species. The MPS layer is considered to
form a permeable layer of thickness 0.5nm, with a surface
coverage obtained from the literature [66] and an effective
dielectric constant of 3.8 calculated with the Maxwell-Garnet
formula [67,60]. We allow mobile ions to penetrate this layer,
but not polymer chains and neglect any variation of the dielec-
tric constant and thiol film thickness due to ion population
changes. The surface density of PAH-Os chains, determining
the surface coverage of allylamine units and osmium sites, was
obtained from the integrated redox peak and the osmium to seg-
ment ratio (1:13 from XPS measurements) [49]. Chains were
constrained to have at least one segment in contact with the
thiol layer in order to avoid desorption. Each polymer chain

Table 2
Molecular model for Gold/MPS/PAH-Os/Electrolyte system

was modeled as a linear backbone of 130 segments bearing
10 osmium sites and polymer conformations were generated
using amodified Rosenbluth—Rosenbluth algorithm as described
in Ref. [60] in order to optimize sampling. The interaction
strengths between polymer segments and osmium sites with
the thiolated surface is —1.0kT and —2.0KkT, respectively and
polymer—polymer interactions are chosen to give an effective
temperature for the solvent of 0.750 [68] which corresponds
to poor solvent conditions. The standard redox potential of
the Os(IIT)/Os(II) redox couple (i.e. the value in the absence
of interactions) can obtained from the cyclic voltammetry of
the soluble complex and the pK, of allylamine and sulfonate
are estimated from bibliographic values for similar molecules
[69].

3. Experimental results and molecular theory
predictions

Fig. 2 presents slow scan rate (25 mV s~ !) current—potential
curves for Au/MPS/PAH-Os modified electrodes in 4 mM and
1.2M NaNO3 and 1 mM HNO3 solutions of pH 3 (circles),
respectively. The redox charge is constant at low scan rate
(<0.1 V s~ 1) and the small peak separation (c.a. less than 10 mV)
corresponds to a reversible electron transfer process between
electronic states at the gold electrode and the Os(IIT)/Os(II)
redox couple in the polyelectrolyte film.

Fig. 3 shows slow scan rate redox current—potential curves for
the same system in electrolyte solutions of different pH (pHs 4
and 9, respectively) and 4 mM NaNO3. At the lowest electrolyte
concentration, 4 mM, the peak potential position exhibits the
maximum change, whereas at higher concentration the effect is
screened by the ions.

The experiment shows that the peak position and full peak
width at half-height (FWHH) for these surface redox waves is
dependent on the concentration of electrolyte and pH.

In both figures we have also presented the capacitance—
potential curve predicted by the molecular theory (Egs. (15) and
(16)) which captures all the features: peak shape and width and

Specie

Electrostatic charge g;

Molecular volume, v; (A3)

Solution species

Water 0 30

Cation +1 335

Anion —1 335

Proton +1 30

Hydroxyl ions —1 30

Specie Electrostatic charge, g; Molecular (segment) Equilibrium constant Surface density

volume, v; (A%) (molem™2)

Grafted species

Polymer segment (allylamine) +1 (NH;3") 113 pkp=11.0 3.5%x 10710
0 (NHz)

Thiol molecule —1(S037) 580 pK.=0.0 4.6 x 10710
0 (HSO3)

Redox site (osmium complex) +2 (OsHh 1770 Egs(m)/os(”) =0.265V (vs. Ag/AgCl) 2.65x 10711

+1 (Os!)
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Fig. 2. Comparison of experimental (squares, v = 0.025 V/s) and theoretical
(solid lines) current—potential plots measured for a Au/MPS/PAH-Os electrode
in solutions of different ionic strength and 1 mM HNO3 (pH 3).

peak potential and their dependence with electrolyte concentra-
tion and pH. It should be emphasized that the theory predicts
the experimental result without any adjustable parameter. The
only information provided is the bulk pH, solution ionic strength
and the total amount of redox polymer that is experimentally
obtained from integration of the redox charge. Namely, the solid
lines in Figs. 2 and 3 have been calculated and are not fits to the
experimental data.
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Fig. 3. Comparison of experimental (squares, v = 0.025 V/s) and theoretical
(solid lines) current—potential plots measured for a Au/MPS/PAH-Os electrode
in solutions of different pH (prepared from 1 mM NaOH and HNO3 solutions
containing 4 mM NaNOs3).

The experimental observations can also be analyzed with
different existing models which are valid under restricted con-
ditions. For instance, Laviron [33] has described a model for the
redox capacitance curve shape, the non-ideal behavior expressed
in the peak broadening can be accounted for by the models of
Laviron, Anson [36] and Albery et al. [37] and Bowden [39].
The peak shift with electrolyte concentration can be described
by the Donnan model [20,44,49] while the pH dependence can
be described by the scheme of squares of Laviron [35] and the
Smith and White formalism [50]. In all these treatments the
experimental data are described in terms of adjustable parame-
ters obtained by fitting the experimental data: examples of these
adjustable parameters are the interaction parameters for a non-
ideal isotherm, the activity coefficients or distribution width of
redox potential population, the fixed charge in the polymer for
the Donnan exclusion model, the activity coefficients or distribu-
tion width of the pK, values, etc. Moreover, the models that have
been employed so far have no predictive capability and are only
applicable under restricted experimental conditions. It should
also be noted that these models do not provide information on
the structure of the interface.

The molecular theory, on the other hand, employs no free
adjustable parameters, and once the correct molecular descrip-
tion is employed it solves for the distribution of all polymer and
mobile species and the electrostatic potential profile. Thus, the
non-redox and the redox components of the electrode capac-
itance are given in terms of the molecular theory output: the
electrostatic potential (1(z)), the distribution density of redox
sites ({nps(z))) and the fraction of oxidized osmium sites (fos(z))
in the film as a function of the normal distance to the electrode.

The capacitance— potential curves calculated with the molec-
ular theory in Fig. 2 for two different salt concentrations (solid
lines) are in very good agreement with the experimental results,
both for the peak position (Epeak) and peak full width at half-
height (FWHH). The shift of the peak potential with electrolyte
concentration is depicted in Fig. 4 for the entire range of ionic
strength under investigation.

The dependence of peak potential with ionic strength can
be analyzed with the Donnan model [44] for thick membranes
carrying a fix charge in equilibrium with an electrolyte or by the
surface potential model [48] for a thin membrane in equilibrium
with an electrolyte solution. For a membrane of thickness larger
than the Debye length, the fix charges in the film set a Donnan
potential that excludes ions of the same charge in the adjacent
electrolyte. The shift in the apparent redox potential is equal to
the interfacial electrical potential that arises due to the different
ionic composition inside the film and in the electrolyte:

app 0
Ey); = Eosamy/osary T A®Donman (17)

where Egs(m) Jos( 18 the redox potential of the Os(ID/Os(IIT)
complex in the absence of electrostatic work terms due to the
charged polymer film, i.e., in solution, and A¢p is the interfacial
Donnan potential [44]:

RT  [ep+ (2 +4)'"”

A =—1
@Donman F n 2Cs

(18)
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Fig. 4. Plots of peak potential position vs. salt concentration in the bulk solu-
tion determined from the experimental (v = 0.025 V/s, circles) and theoretical
redox waves predicted by the molecular theory (solid line) for HNO3 1 mM (pH
3). The experimental data presented is an average from the oxidation and reduc-
tion peaks obtained from three different sets of cyclic voltammetry experiments.
The error bars indicate three standards deviations from the average. The best-fit
curves of experimental data with the Donnan partition model (dot-dashed line,
Eq. (18)) and the Gouy-Chapman theory (dashed line, Eq. (19)) are also shown.

where Cs represents, for a 1:1 electrolyte the ionic concentration
in the external solution and Cf, concentration of fix charged sites
in the polymer which can be positive or negative for films bearing
fixed positive or negative fixed ionic charges. In the present case
both the thiol and polymer layer contribute to the fix charge.
Since the Donnan model is a two-phase model the interfacial
potential distribution is neglected.

On the other hand, when all the charge is confined at the elec-
trode surface (thickness < Debye length), the surface potential
with respect to the solution ¢y is related to the surface charge
density, o; & the relative permittivity and &g the permittivity
of vacuum [48]:

2RT

¢s = arcsin h {

oM } (19)
(SCSargokT)l/2

Fig. 4 shows the best-fit curves for a Donnan model with
Cr=020M and EQqp 0qm = 028V (dot-dashed curve)
and for a surface potential model (Gouy-Champman) with
o5 =3.02uCem™2 and EQ ;) 05 = 0-27 V (dashed curve),
respectively.

None of these limiting models is strictly applicable to the
experimental data since the ellipsometric film thickness, 1.5 nm,
lies in between the values of the Debye length for Cs =1 mM
(9.6 nm) and for Cg = 1 M (0.3 nm). However, within the Donnan
model we can estimate the surface charge with the ellipsomet-
ric thickness and Cr =0.20 M, which yields og =2.89 nC cm™2,
This results is consistent with the value obtained from the Gouy-
Champman theory. Furthermore, it is appealing to estimate the
surface charge as the sum of the surface charges of the differ-
ent species at the interface: integration of low scan rate cyclic
voltammetry yields 2.56 ..C cm™2 for the osmium sites; from the
molecular structure we obtain 33.3 nC cm~2 for the NHz* (1:13
osmium to PAH segment ratio); and from thiol monolayer cov-
ergage —43.0 wC cm ™2 [66]. A total negative net charge density
of —7.14 nC cm™2 results, which differs with the fitted value

of 0 =3.02 wC cm™2. While this calculation is independent on
the molecular model of the system, the molecular theory allow
us to examine this situation and provides a quantitative expla-
nation for this apparent contradition. The theory predicts that in
order to minimize the electrostatic repulsion in the thiol layer,
sulfonate groups become partly protonated [70]. We found that,
due to charge regulation, the fraction of charged sulfonate groups
(at pH 3, 4mM electrolyte and an oxidation fraction of 0.5)
is 0.76 and therefore the total charge density at the interfacial
region is 3.18 wC cm™2, very close to the fited value. In a previus
work [70], we have shown that the high surface charge of the
thiol layer also induces the charge regulation of the adsorbed
polyelectrolyte. As a consequence, the allylamines on a thio-
lated surface become more easily protonated than on a neutral
substrate and therefore the aparent pKj is increased.

The pH dependence of peak potential is depicted in Fig. 5,
showing that the theory successfully predicts both the depen-
dence of peak potential with the ionic strength and pH. The
pH dependence of the peak position for pH-independent cou-
ples is caused by intermolecular interactions and has been much
less studied than the dependence on salt concentration. In the
present case the Os(IIT)/Os(II) redox couple is pH-independent
but the film bears protonable positively charged amino groups,
and therefore it is appealing to make an analogy with a 1e=/1H*
system, which can be modeled by a scheme of squares (see
Fig. 6) for the reactions that exchange both electrons and pro-
tons. Fig. 5 shows two well defined regions: below pH 10, the
number of positive charges in the film is independent of pH
and the reaction involves only the protonated polymer. There-
fore the peak potential is almost constant in that region. In the
range 10<pH< 12, the deprotonation of the amino groups in
the film leads to a decrease of the peak potential at increas-
ing electrolyte pH. From the analogy with a 1le”/1H+ system,
we expect that at pH> 12, most of the amino groups in the
film should become deprotonated and the peak position must be
again pH-independent. The square scheme in Fig. 6 shows that
the electron transfer reaction can proceed through protonated
or deprotonated polymer. While it is possible to use in princi-
ple the 1e™/1H+ model to fit peak position vs. pH experimental
data (similar to that in Fig. 5), we have shown that the agreement
between fitting parameters and the predictions of the theory is
rather poor [70] and therefore the analogy with 1e™/1H+ model
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Fig. 5. Comparison between theoretical (solid line) and experimental (v =
0.025 V/s, circles) voltammetric peak potential for electrolyte solutions of dif-
ferent pH (prepared from 1 mM NaOH and HNO3 solutions containing 4 mM
NaNO3).
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Fig. 6. Square scheme for PAH-Os film showing the analogy with a le™/1H+
redox couple.

cannot be extended beyond the qualitative description analyzed
above.

Fig. 7 shows the analysis of the redox capacitance depicted
in Fig. 2 in the positive potential scan. The figure clearly shows
the widening of the peak recorded in Cs =1mM. The results
are analyzed with the model of Brown and Anson [36] which
considers the surface activity coefficients to explain the non-
ideal electrochemical behavior. The logarithm of these activity
coefficients is considered to linearly depend on the fraction of
oxidized sites and therefore the Nernst equation can be written
as:

+ RT 0 RT
B+ T (2 ) - oo 20)
- X

where E¥ is the redox potential of the couple (a fitting param-
eter), fox is the fraction of oxidized sites, I'pg is the surface
coverage of osmium sites and r is an interaction parameter
(which is equal to ro+rr in Anson’s original work). The

10

C(=j/v)/(uF.cm?

.0.15 -010 -0.05 000 005 010 0.15

(E-E,)/V
Fig. 7. Baseline subtracted experimental redox waves for experiments per-
formed at Cs =1 mM (squares) and Cs = 1.2 M (circles) in the same conditions
of Fig. 2. The best-fit curve to the lateral interaction model of Eq. (20) is shown in
solid lines. The best-fit parameters are r=—6.0 x 10° cm? mol~! (Cs=1.2M)
and —15.0 x 10° cm? mol~! (Cs=1mM) and I'os =2.94 x 10~ mol cm—2.
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Fig. 8. Formal (apparent) Os(III)/Os(II) redox potential as a function of the
average fraction of oxidized osmium sites for the two ionic strengths employed in
Fig. 7, 1 mM (dashed line) and 1.2 M (solid line) and pH 3. The lateral interaction
parameters, r, determined from the slope of the plot (according to Eq. (22)) are
—3.4x10° cm? mol~! (Cg=1.2M) and —22.0 x 10° cm? mol~! (Cs = 1 mM).

capacitance—potential curve in this model is given by:

22 _
i _n’Flos  fox(I = fox) 21

v RT 1 — foxTosr(l1 — fox)

Best fits parameters for r in Fig. 7 are —6.0 x 10° cm? mol~!
(Cs=12M) and —15.10°cm®’mol~! (Cs=1mM) and
Tos=2.94x 10" molem™2. As expected, the interactions
are stronger for the lower ionic strength solution.

The molecular theory explicitly considers the local activity
of all the species in the system. The mathematical dependence
of the activity coefficients for the osmium sites with the oxi-
dation fraction is not restricted to that supposed by Brown and
Anson, however our calculations can be used to predict the inter-
action parameter of that model without the need of fitting the
experimental data. In order to do that, we should first define
the apparent redox potential of the couple, Egpp as the standard
redox potential of the couple plus the electrochemical activity
term, from Eq. (20) we have:

B — g R 22)
F Os Jox

app —

Itis acommon practice in electrochemistry to rewrite the Nernst
equation in terms of concentrations instead of activities using the
formal or conditional potential:

RT

E=Ej,+—h (fo"> (23)
F 1— f Ox

Since the molecular theory provides us with a distance dependent

oxidation fraction, the fraction of oxidized sites fox is equal to

the average oxidation fraction; (fos) defined as:

J (nos(2)) fos(z)dz
J (nos(2)) dz

We can now determine Egpp for a given electrode potential and

Eq. (23). The interaction parameters, r can be estimated from

the slope of a Egpp vs. (fos) plot (see Eq. (22) and Fig. 8). The

results obtained for r are —3.4 x 10° cm? mol~! (Cs=12M)

(24)

(fos) = fox =
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Table 3
Peak width for electrolytes of different concentration, Cs and pH 3

Cs (M) Experimental FWHH (V) Theoretical FWHH (V)
0.004 0.104 0.106
0.02 0.102 0.106
0.04 0.102 0.104
0.08 0.100 0.100
0.12 0.099 0.098
0.16 0.099 0.096
0.2 0.097 0.095
0.3 0.096 0.094
0.4 0.095 0.093
0.5 0.095 0.093
0.8 0.094 0.093
1.2 0.093 0.093

and —22.0 x 10° cm? mol~! (Cs=1mM), are in good agree-
ment with those determined by the Anson method from Fig. 7.
Note that the curve in Fig. 8 departs from the Brown and Anson
model (linear behavior) at reductive potentials.

A simpler way to study lateral interactions in these films is by
directly studying the peak FWHH. Table 3 shows a comparison
between experimentally measured and theoretically predicted
FWHH for solutions of different ionic strength, with very good
agreement between theory and experiment.

An interesting consequence of the coupling that exists in the
molecular theory between the chemical equilibria, the spatial
distribution of mobile ions and the interaction fields is the ability
of the system to regulate its own charge as a response to a change
in the experimental variables. As an example, increasing the
bulk pH leads to amine deprotonation, which in turn decreases
the electrostatic potential in the film and stabilizes Os(III) over
Os(II). This effect causes the decrease in the apparent redox
potential in alkaline solutions shown in Fig. 5. In Fig. 9A, we
show the average fraction of oxidized osmium groups (given
by Eq. (24)) as a function of the electrode potential for pH 3
(protonated film) and pH 13 (deprotonated film) electrolyte solu-
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Fig. 9. (A) Average fraction of oxidized osmium sites as a function of electrode
potential for pH 3 (solid line, ES,, = 0.368 V) and pH 13 (dashed line, EJ,, =
0.244 V). (B) Average fraction of protonated amine groups as a function of pH
for E=0V (solid line, pK5” = 11.9)and E=0.6 V (dashed line, pK3™® = 11.7).

Salt concentration was 4 mM in all calculations.
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Fig. 10. (A) Theoretical volume fraction profiles for the polymer backbone (full
line), the redox sites (dot-dashed line) and the whole redox polymer (dashed
line) calculated at E = E((])s(II) /0s(ITT) using Csa =0.1 M and pH 3. The shaded
region (z< 0.5 nm) is occupied by the thiol layer. (B) Distance dependant formal
Os(IIT)/Os(II) redox potential as a function of the distance from the electrode
(solid curve) calculated for the same experimental conditions than A.

tions. This plot shows how the standard potential of the couple
is affected by bulk pH. Furthermore, during film oxidation the
electrostatic potential in the film increases and triggers amine
deprotonation. This effect is shown in Fig. 9B, which depicts the
average fraction of charged amino groups, (f.) (defined in anal-
ogy with Eq. (24)) as a function of bulk pH for totally reduced
(E=0YV) and totally oxidized (E=0.6 V) films. The apparent
pKj, for the amines in the film (defined as the pH where (f;) =0.5)
depends therefore on the oxidation state of the film. The depen-
dence is not very pronounced because the film contains much
less osmium sites than amines.

The molecular theory allows us to make predictions on the
structure and organization of the electrode/PAH-Os/electrolyte
interface and how it depends on the experimental conditions.
As an example we show in Fig. 10A the volume fraction for
the redox polyelectrolyte and of its two components, the redox
groups and the polymeric backbone, as a function of the dis-
tance from the electrode. The calculations shows that the redox
polymer is strongly adsorbed and constrained to 2 nm from the
metal surface. The osmium complexes are segregated from the
interface due to it bulky nature. The polymer volume fraction
does not became zero until approximately 12 nm because of the
presence of dangling tails which adopt extended conformations
in order to minimize electrostatic repulsions. We have observed
that the volume fraction profile of these tails is very sensitive to
electrolyte pH and ionic strength. For comparison with experi-
ments, the structural information can be resumed in a theoretical
film thickness (calculated as the first moment of the volume
fraction distribution of the polymers [60]) which can be there-
after contrasted with the experimental ellipsometric thickness.
We found that the ellipsometric thickness in 0.2 M KNO3; pH
7.3 buffer solution of 1.5nm is consistent with the theoretical
prediction for the same conditions of 1.2 nm.

Not only the distribution of the redox polymer across the
interface is highly inhomogeneous, but also its properties are
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also very dependant on the distance from the electrode. As an
example, in Fig. 10B we show the formal (apparent) redox poten-
tial profile for the osmium couple, which we define at each z as
the standard electrode potential plus the electrochemical activity
term at z:

e |e|q““’) Y@ (25)
While Egs. (12) and (25) show that the activity term depends on
the local electrostatic potential at z, ¥(z), this interaction field
is affected by the distribution of all the species in the system.
These distributions are in turn determined from all the interac-
tion forces and chemical equilibria included in the theory. The
second term in the right-hand side of Eq. (25) should therefore
be regarded as a non-local activity term including all the possible
interactions.

We have defined an average formal potential Egpp from the
Nernst equation (see Eq. (23)). This average formal potential
results from the contribution from osmium sites located at differ-
ent distances from the electrode, having a local formal potential
E gpp (z). Note however that the average potential is defined from
the average fraction of oxidized sites and therefore it is not
equal to the weighted average of the z-depended formal poten-
tial defined in Eq. (25). The calculated Egpp for the conditions
in Fig. 10B is 0.305 V, thus comparison between Fig. 10A and
B clearly shows that the local formal potential of those regions
having a higher local concentration of osmium sites have a larger
impact on Egpp. Fig. 10B introduces the interesting concept of
a z-dependent distribution of redox formal potentials.

4. Conclusions

We have employed a molecular theory to describe a thio-
lated gold electrode modified by an ultrathin layer of a redox
polyelectrolyte (PAH-Os). The theory explicitly incorporates
the different inter and intramolecular interactions and thus it
accounts for the size, shape, conformations, charge, and charge
distribution of all of the molecular species in the film.

The theory predicts the molecular organization of the
interface and the equilibrium electrochemistry for a given exper-
imental condition. Within the molecular structural description
the theory provides for a detailed picture of the highly inhomo-
geneous distribution of all the molecular species as well as the
distance dependent acid—base equilibrium and redox states. The
results of the calculations show that the variation of the redox
and charge states within a thin film is quite pronounced.

Experimental low scan rate current—potential curves for solu-
tions of different pH and ionic strength are in good agreement
with capacitance—potential curves calculated with the molecular
theory without the use of any adjustable parameter. The theory
provides a link between the molecular organization of the film
and the electrochemical behavior. The good agreement between
the predicted electrochemistry and the experimentally measured
scans provides support that the structural features predicted from
the theory, and that cannot be measured directly, are correct.

The analysis of peak potential, FWHH, dependence on ionic
strength and pH with phenomenological models from the liter-

ature has been carried out and fitted values for the unknown
parameters have been obtained. For example, the charge
obtained from the Donnan and from the Gouy-Champman mod-
els are close to each other. This value is also close to the one
obtained from the molecular theory. However, the molecular the-
ory provides the whole charge distribution and it demonstrates
that the resulting charge results from strong charge regulation
of the sulfonate groups. This implies that the physical picture
representing the experimental situation (as explained from the
molecular theory) is rather different than the conclusions that
would be obtained from the simpler phenomenological models.
The same type of conclusion is obtained by fitting the interac-
tion parameter from the Brown Anson model to the experimental
data. The best fit provides an average value for the interactions,
that is in line with that predicted from the molecular theory. The
difference is that the molecular approach shows that this aver-
age value is the result of a complex set of interactions that are
determined by the structure of the film.

To summarize, the phenomenological models provide with
a set of fitting parameters that while reliable cannot be used
to predict the behavior of a system that has not been studied
experimentally. Moreover, their application, while simple, does
not provide for a molecular picture of the relationship between
structure and electrochemical behavior and the very important
coupling that exists between the different interactions and the
variation of redox and charge state of the different components of
the film. The molecular theory provides a very detailed molec-
ular picture and each of the contributions can be determined
explicitly. Furthermore, the very good agreement with the exper-
imental observations without the use of adjustable parameters
demonstrates the predictive power of the theory. Thus, we can
use this approach as a design tool and at the same time obtain
fundamental understanding of the main factors that determine
the experimentally observed behavior. It should be stressed that
the theory still contains several approximations, however, we
believe that they are appropriate to treat polymer-modified elec-
trodes based on the results presented here and in our previous
work. The main backdrop of the theory is that the calculations
are non-trivial and the calculations are explicitly dependent on
the specific chemical nature of the molecules composing the
system.

The phenomenological theories provide with simple expres-
sions but very limited (or none) molecular understanding of
the observed behavior. Paying the price of a more complex
calculation with the molecular theory provides a wealth of
first principle predictions for both the structural, thermody-
namic and equilibrium electrochemical behavior of the films.
We plan to extend the theory in future work to include dynamic
effects.
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Glossary

Np/A: number of polymer chains per unit area

Nuyps/A: number of thiol molecules per unit area

B: inverse temperature, (kp L

kp: Boltzmann constant

e: elemental charge

F: Faraday constant

K?9: Thermodynamic equilibrium constant for amine deprotonation

K : Thermodynamic equilibrium constant for thiol sulfonate protonation

a.MPS"
E%abs : Standard reduction potential for the Os(IT)/Os(III) couple in PAH-

Os(I1)/ OsIN)*
Os

v;: molecular volume of the species i (i=w, H*, OH™, C, A for water molecules,
proton, hydroxyls, cations and anions, respectively)

gi: charge of the species i in units of elemental charge

pi(z): number density of species i at z

¢i(z): volume fraction of the species i at z

Pp(a): probability of having a polymer chain in the conformation «

Pups(y): probability of having a thiol chain in conformation y

fe(z): fraction of charged amino groups at z

(fc): average fraction of charged amino groups

Aox{fe): change in the average fraction of charged amino groups upon oxidation

Jemps(z): fraction of charged sulfonate groups at z

(fe,mps): average fraction of charged sulfonate groups

Aox{fe,mps): change in the average fraction of charged sulfonate groups upon
oxidation

(z): average film thickness

Aox(z): change in the average film thickness upon oxidation

fos(z): fraction of oxidized osmium sites at z

np(z, @): number of polymer allylamine segments that a chain in conformation
ahasatz

nps(z, ): number of osmium sites that a chain in conformation « has at z
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vp(z, a): volume occupied at z by polymer segments for a chain in conformation
a.

vos(z, @): volume occupied at z by the redox sites for chain in conformation «

(np(z)): average density of polymer segments at z, E Pp(a)np(z, o)

o
(npps(z)): average density of thiols at z

(nos(z)): average density of redox sites at z, ZPP(O!)I’[OS(Z, )

o
(¢p(z)): average volume fraction occupied by the polymer backbone at z,

> Pe@ue(z,a)

o
(pmps(z)): average volume fraction occupied by the thiol at z
(¢os(z)): average volume fraction of osmium sites at z, ZPP(O[)VO; (z, @)
o
E:,’{}]’“: electrode potential of the metal in the absolute scale
E: electrode potential against Ag/AgCl reference electrode
oy electrostatic charge on the metal

Chredox: €lectrode redox capacitance

Chon-redox- €lectrode non-redox capacitance

x(1z—Z/|): distance dependent vdW interaction parameter

Y¥(z): (outer) electrostatic potential at z

&(z): z-dependent dielectric coefficient

(po(z)): average density of charges at z

Ups(a): van der Waals interaction energy between the surface and a polymer
chain in conformation o

/L?.’ standard chemical potential for the species i participating in a chemical
equilibrium

wi: chemical potential for a mobile species i

1(z): Lagrange multiplier enforcing the packing constraint at z (lateral osmotic
pressure)

A: Lagrange multiplier assuring global electroneutrality (additive constant to
the electrostatic potential)

&: normalization constant assuring E Pla)=1

o
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