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Molecular Theory of Chemically Modified Electrodes by Redox Polyelectrolytes under
Equilibrium Conditions: Comparison with Experiment
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A molecular theory is presented to describe chemically modified electrodes by redox polymers. The theory
is based on writing the free energy functional of the system which includes the size, shape, charge distribution,
and conformations of all of the molecular species as well as all of the inter and intramolecular interactions,
the acid-base equilibrium for the ionizable groups of the weak polyelectrolyte, and the redox equilibrium of
the electrochemical active sites with the metal. The minimization of the free energy leads to the molecular
organization of the film as a function of bulk pH, salt concentration, and applied electrode potential. The
approach is applied to the experimental system composed by osmium pyiidlayeidine complex covalently

bound to poly(allylamine) backbone, which is adsorbed onto a mercapto-propane sulfonate thiolated gold
electrode. The redox and nonredox capacity of the electrode and its dependence on the electrode potential
calculated with the molecular theory shows very good agreement with linear scan voltammetric experiments
under reversible conditions (equilibrium scans) without the use of any free adjustable parameter. The predicted
film thickness is in line with ellipsometric measurements. Further, the theory predicts the swelling of the film
as a function of the electrode potential. The molecular theory provides the link between the molecular
organization within the film and the electrochemical behavior. It is shown that the electrostatic, excluded
volume, and van der Waals interaction fields are strongly coupled in a nontrivial way. Furthermore, the
degree of charge regulation and distribution of oxidized states couples to the molecular distributions and the
interaction fields. The application of the theory to different model systems demonstrates the importance of
incorporating molecular information into the theoretical approach and the very strong coupling that exists
between molecular structure, film organization, interactions fields, and electrochemical behavior.

microscopic model of Chidsey and Muri&yased on a cubic
lattice with site interactions and the chemical and mechanical

Since the first demonstration of a chemically grafted group
to a platinum electrode surfaéehemically modified electrodes
by single and multiple molecular layers have been extensively
studied?™* These integrated chemical systéntmve found
applications in chemical sensors, electrocatalysis, molecular
electronics, electrosynthesis, energy conversion, and as molec
ular wires in amperometric enzyme electrofles.

Polymer-modified electrodes, built up by deposition o
electroactive polymeric films on conductive substrates, have
been a major area of research for the last three decddes.
Despite the intense experimental activity in the area, much o
the theoretical work relies on phenomenological ideas, due to
the molecular complexity of the probleffExamples are the
Donnan partition mod@loriginally introduced by Anson and

description of polymer-modified electrodes of Bowden et.
al.1®*~21 Even though the usefulness of these simple approaches
is not under discussion, they provide only a partial description
of the electrochemical process and do not include specific
molecular characteristics of the film. For example, the confor-
mational degrees of freedom of polymer chains, the shape and
f size of the molecules, the local activity coefficients of the
electroactive species, the properties of the underlying substrate,
and the existence of coupled acid base equilibria have been
¢ neglected in those simplified treatments. For instance, despite
the extensive literature in polymer modified electrodes, only
recent models from Posadas et%and Lizarraga et & have
included some statistical description of polymer chains, based

Redependini1to study the formal redox potential dependence ©N the Flory theories for polymer free energy of mixing and
on ionic strength; the LavirdA model that takes account of ~€lastic deformatiort*
lateral interactions which determine the peak position, shape, There are extensive theoretical studies on the structure and
and width in cyclic voltamperograms; and the insights on charge properties of adsorbed polyelectrolytes. The methods that have
and mass transport within polymer film electrodes developed been applied include mean-field, scaling, self-consistent field
by Seveant and Andriud% 6 and Laviron!” There is also the and molecular theories. For an extensive review, see ref 25 and
references therein. However, to the best of our knowledge, there
* COFFESp%r(ljding authors: (E-J-Cf-) e-mag; CFIVO@qi-fqen-uba-ir; (1.S.) are no theoretical studies treating the link between the electro-
B B s s chemical properties of redox-polymer modfed electrodes with
T Universidad de Buenos Aires. the layer's molecular organization. The aim of the work
*Purdue University. presented here is to provide such an approach.
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CHART 1. PAH-Os Chemical Structure

In the present work, we present for the first time a molecular
theory for the complete description of reversible electrochemical
processes in polymer film-coated electrodes. Namely, we study
the equilibrium behavior of the polymer modified electrodes.
The general theory will be applied to the particular case of a
single layer of poly(allylamine) derivatized with the osmium
complex Os(bpyCIPy™2t covalently attached to the polymer
backbone (PAH-Os, see Chart 1), adsorbed on a mercapto
propane sulfonate (MPS) modified Au electrode. This redox
polyelectrolyte has been extensively studied as a molecular wire
in layer by layer self-assembled systéf# such as enzymatic
biosensorg®—32 and it is a model system of polymer modified
electrodes.

In this first report, a comparison of the molecular theory
predictions with experimental results of cyclic voltammetry (CV)
and ellipsometry under reversible conditions for the redox
polyelectrolyte modified electrode Au/MPS/(PAH-Os) will be
presented? The theory predicts the molecular organization of
the film as a function of the electrode potential and solution
composition. By the molecular organization, we refer to the
concentration profiles of all molecular species, including acid
base equilibrium of the weak polyelectrolyte, the electrostatic
potential profile, the conformations of the polymers, and the
distribution of redox sites and oxidation states.

The paper is organized in the following way: We present
the derivation of the theory followed by the molecular model
for PAH-Os. Section 4 describes the experimental studies.

Section 5 presents the comparison of the theoretical predictions

and experimental observations together with the molecular
structure of the film and its changes upon variation of the

experimental variables. The last section discusses some conclud

ing remarks and directions for future work.

2. Theoretical Approach
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explicitly considering the acidbase and redox equilibria. We
will provide a detailed derivation below of the theory with
special emphasis on the novel application to include redox
groups as well as the equilibrium with an electrode. For a
detailed derivation of the theory with a long discussion of
its advantages and limitations, the reader is referred to refs
34—36.

The PAH-Os modified electrode is schematically drawn in
Figure 1. The cartoon includes all of the chemical reactions
considered by the theory. The polyelectrolyte film is deposited
on a thiolated gold surface, which acts both as an electrode and
as a support to anchor the redox polymer. Thexis is
considered to be perpendicular to the electrode, and its origin
(z = 0) is located at the surface of the metal. For simplicity,
we shall consider only inhomogeneities in the direction per-
pendicular to the surface. The generalization to treating inho-
mogeneous systems in all three dimensions has been demon-
strated elsewheré.It is important to emphasize that considering
inhomogeneities only in thedirection does not imply that we
are not treating the lateral interactions. Rather, it implies that
for each distancez from the electrode, thex—y plane is
homogeneous; that is, the lateral interactions at each treated
within a mean-field approximation. This approximation is very
good, as it has been shown by comparisons of the predictions
of the theory with experimental observations for the structure
of poly(acrylic acid) layers as a function of pH and solution
ionic strengtR” and in the adsorption of proteins on surfaces
modified with uncharged polyme?&3° Therefore, we are
confident that this approximation is well suited to the polymer
modified electrodes treated in this work. This assumption will
be confirmed by the very good agreement that we find between
the experimental observations and the predictions of the theory
(see, e.g., Figures 2 and 3 below).

In our treatment, the polymer is described in terms of its two
parts: the polymeric backbone and the tethered redox
sites. The polymer backbone is composed of segments repre-
senting the allyl-amine units; each one bears a protonable amino
group, and the volume of the segment is representeg.byhe
redox sites represent the pyridinkipyridine osmium complex,
which could be in the oxidized Os(lll) or in the reduced Os(I1)
state. The redox sites are attached to the polymer backbone and
modeled as spherical units of radius and volumewvos The
modified electrode is immersed in an aqueous electrolyte
solution containing salt ions at concentratiog,: and protons
and hydroxyls ions at concentration given by the bulk solution

We have based our theoretical approach on the molecularpH.
theory (MTF43" which has been widely used to investigate ~ The derivation of the theory is based on writing the total free
the properties of non-redox-grafted polymer and polyelectrolyte energy of the system. We will next describe each contribution
layers. The MT explicitly incorporates the size, shape, confor- to the free energy in detail, followed by the expressions used
mations, charge, and charge distribution of all molecular species.to determine the equilibrium electrochemistry that is compared
The theory is a density functional approach in which the with the experimental observations. We consiblerchains of
interaction fields are determined in a self-consistent fashion by PAH-Os andNyps chains of MPS adsorbed over an electrode
considering very detailed models for each of the molecular of areaA (see Figure 1). The total Helmholtz free energy for
components of the system. We obtain detailed structural this system can be written as
information of the film as well as the thermodynamic properties.
In particular, as it will be shown in the results section, we F=-TS . — TS mix — TS mix = TS mix — T H-mix —
demonstrate the strong coupling that exists between the ther- TSy — TS\,I _ TS'N —YTSS T TS, oy
modynamic state and the structure of the system. In this way =~ PS H/NH* OyHSG s(Ih/os(i
we study how variations in solution conditions, e.g., ionic Fe- + Fuaw T Feee  Fps + Fo (1)
strength and pH among others, and the electrode potential
changes the structure of the film as well as the thermodynamic For practical purposes it is convenient to use the free energy
properties. density, free energy per unit ar8&/A, with 5 = (kg T)~1. We

The theory is derived by writing the free energy of the system now express each of the terms in the free energy density, eq 1,
as a functional of the densities of the species in solution, the as functionals of the corresponding densities and distribution
conformations of the polymer and the electrostatic potential, probabilities.
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Figure 1. Schematic representation of the Au/MPS/PAH-Os/solution interface. The red arrows indicate the chemical equilibria considered by the
theory. The redox polymer, PAH-Os (see Chart 1), is divided into the poly(allyl-amine) backbone (depicted as blue and light blue solid lines) and
the pyridine-bipyridine osmium complexes. Each osmium complex is in redox equilibrium with the gold substrate and, depending on its potential,
can be in an oxidized Os(lll) (red spheres) or in a reduced Os(ll) (blue sphere) state. The allyl-amine units can be in a positively charged protonated
state (plus signs on the polymer backbone lines) or in a neutral deprotonated state, which are related bybaseaeduilibrium. The self-
assembled layer of a mercapto-propane sulfonate, MPS, is covalently adsorbed on top of the gold substrate (depicted as a yellow layer covering the
electrode). The sulfonate groups in MPS are in atidse equilibrium with protons in solution and thus could be in a protonated or in a deprotonated
state. The polymer-modified electrode is immersed in an aqueous electrolyte solution containing salt ions, protons, and hydroxyls in theemodynami
equilibrium which a bulk solution. The normal direction from the electrode is denotedalngl has its origin on the metal surface.

The first five terms in eq 1 are thedependent translational  and
(mixing) entropies for the mobile species
5 SO T Noedd) +
i . ) Wvps DU mpd2) INUTc mpdZ
Ak = ~J @@ ~ 11 dz 2) Akg ‘ ‘
(1 = fompd2) IN(1 — f; pd2)) dz (6)

where v, is the volume of the solvent (water), used as the
volume unit throughoutp; (2), i = w, HT, OH, C, A, is the
number density of water molecules, proton, hydroxyls, cations
and anions, respectively. The sixth term in eq 1 is the
conformational entropy of the polymer chains given by

In these equationk&(2) (fomps(2) is the fraction of the amino
(sulfonate) groups a that are charged. The average densities

' of polymer (thiol) segments at a distarcEom the surface are
denoted adhp(z)0(Muwps(2)D. In the case of the polymer,
Mp(2)Cis calculated as

Spol NP NP
Ay ALY eI PR @ M=, 3 Pole) e ) )

where Pg(0) is the probability of having a chain in the  whereng(z o) is the number of polymer allyl-amine segments
conformationo.. The conformation refers to the positions of each  that a chain in conformation has atz. A similar expression

of the segments and the redox sites; that is, each conformationng|ds for the thiol.
represents a particular volume distribution of the allyl-amine  The redox sites could also exist in two different oxidation

segments and osmium complexes in space. _ states related by the redox equilibrium. The corresponding
The entropy of the thiol is described with a similar expression entropy of mixing for the two chemical states is
Sups Nyvips Sos
(1)/0s(ll)
—_—=— P In P, 4 —_— =
Ak, A [Z wps(Y) IN Pyps(7)] (4) Al J Modfod2) In(fod2) +

_ _ ) _ | (1 - fod2) In(1 — fod2) dz (8)
with Pyps(y) representing the probability of having the thiol
chain in conformatiory. wherefoqZ) is the fraction of oxidized sites atand [hodz)Cis

The amino groups in the polymer and the sulfonate groups the average density of redox siteszasee eq 7).
in the thiol may exist in two different states (protonated or  The termFe_ in eq 1 is the electrical work necessary to bring
deprotonated), related by an aeidase chemical equilibrium.  the redox sites in the system from a fully oxidized reference
The existence of more than one possible chemical state for astate to their final redox state. This process requires the flux of
given chemical moiety introduceszalependent entropic mixing  N._ electrons from the vacuum to the system. Since we are
contribution to the free energy of the two species. More dealing with a system in equilibrium

specifically 5
F(T

Ne .
S _ A T AR ©

A — [M(2)Tf(2) I(f(2)) +

where E® is the electrode potential of the metal in the
(1—1(2) In(1 - f(2) dz (5) >

absolute scalt’ The required number of electrons in ed\R,,
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is calculated from the final number of reduced redox sites in
the system

N(,r
= [HoddM ~ fol2)] dz (10)

Note that this term couples the potential of the electrode with
the oxidation fraction at each distanzérom the surface.

Fvaw in the free energy expression represents the van der

Waals (vdW) interactions. As it is well-known from the polymer
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where the interactions between the polymer and the thiol are
modeled by a square well potential and thus

0 d0s
Ups = L/(; " ep_sMp(2) dlz + L/()) * €0s-sod2) 0z (17)

whereep_s (eos-g) is the strength of the segment-surface (redox
site-surface) interactions arg (009 is the interaction range.

The last term in the free energy, eq 1, includes the standard
chemical potentials for the species in the systpf‘n,

literature?! this term represents the quality of the solvent and BF,
: . 0 0
it measures the likeness of the polymer segments for the solventT = f (2 (DB, + (1 — 1(2)Bunn,) dz +

In polymer solutions, the quality of the solvent is given by the
so-called Flory-Huggins interaction parameter, which is a

ImMPs(Z)Ech,MPs(Z)ﬂﬂgq— +(1- fc,MPs(Z))ﬂﬂasq) dz +

measure of the relative attractions between the polymer segments

as compared to the polymesolvent interaction&l42 This

concept was generalized for inhomogeneous environments with

the molecular theory, originally to study polymer brushes in
poor solvents**3to lead for the free energy the expression

F. —
B Uy w[%@m B Bod2)H

[pp(z)Jdzdz (11)

Here y(|z — Z|) is a distance dependent vdW interaction
parameter (generalized FlorjHuggins interaction parameter)
that accounts for the non-homogeneous distribution of the
polymer segments$gp(2) Candldodz)Care the polymer backbone
and redox site volume fractions respectively, given by

No
Pe2)= - Z Pe(0) vp(z, ) (12)
Np
bod2t= Z Pe(00) 2042, @) (13)

whereup(z, o) andvodz, ) are the volume occupied at distance

J Mod D odBudsuy + (1 = fod2)Budsqy) dz +
J 0@ dz+ 1y pon (9 dz (18)

In eq 18, we have included only the standard chemical potentials
of the species that participate in chemical equilibria, since the
others have no thermodynamic consequences. We should
mention that all of the chemical potentials and standard chemical
potentials in the theory include the electrostatic contribution and
therefore correspond to the electrochemical potentials used in
the electrochemical literatufe.

The repulsive interactions between all molecular species are
not explicitly included in the free energy expression, eq 1. We
model them as excluded volume interactions. They are included
in the theory in the generation of the chains, which are all self-
avoiding (see the Supporting Information) and as packing
constraints for the intermolecular repulsions. Namely, the sum
of the volume that each of the species occupiessitould be
equal to the total available volume atThis leads to

S 6@=1 (19)

for all z, wheregi(2) is the volume fraction for the speciesat

zfrom the surface by the polymer segments and the redox sites,z. For solvent (water), protons, hydroxyls ions, cations, and

respectively, when the chain is in conformatian
The electrostatic contribution to the free energy is given
by36,44,45

ﬁFEIec:
A

B[ po@m@ ~ @@ &z 04

where 9 (2) and €(2) are thez-dependent outer electrostatic
potential and dielectric coefficient respectively, apd(2)Cis
the average density of chargeszagiven by

[(po(29 0= Mp(2) [ﬂc(z)qNH3+ + ModDHAosqinfod? +
Aosqry (1 = fod@)] + Wyps(D M mpdDvps + Pa(D0As +
Pc@Ddc + pu+(DGn+ + Por-(Ddon- (15)

which includes contributions from the poly(ally amine) back-

bone, the redox sites, the thiol molecules, salt anions and cations,

protons and hydroxyl ions respectively. In this equatiqns

the charge of the specie i in units of the elemental charge.
Fp_s in eq 1 represents the vdW interaction between the

polymer and the thiolated layer; that is, it can be thought as the

polymer adsorption energy, and it is given by

ﬂFP—s_NP b U
A K[Z p(0)AUpg0)]

(16)

anions { = w, HT, OH~, C, and A),¢i(2) is equal topi(2)u;,
wherey; is the molecular volume of the specie$-or polymer
segments, redox sites, and MPS molecules, it is equal to the
average volume fractiorigi(2)[{i = P, Os, and MPS) as defined
by eqs 12 and 13.

We require the global electroneutrality of the system.
Therefore, we impose the following constraint to the free energy

Jho@dz+ 0y =0 (20)

whereoy is the charge on the metal and the integral includes
all of the charges in the system up to, and including, the bulk
solution. The distribution of the charged species as a function
of the distance from the surface is an important output of the
theory, and as it will be shown, it depends on the experimental
conditions.
The polymer-modified electrode is in equilibrium with a bulk
solution. Therefore, at thermodynamic equilibrium, the chemical
potential of all of the free species in the solution should be the
same at allz. Note that this condition does not apply to the
polymer and the thiol since they are attached to the surface.
Namely, we are treating the polymer layer under the assumption
that the total number of adsorbed polymers is known and fixed.
Thus, we need to consider a semi-grand-canonical potevitjal,
which is canonical for polymer and thiol and grand canonical
for the other species. Writing explicitly the packing and
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electroneutrality constraints to the free energy and including (v, = exp[-v.,.f7(2) — Bul. — D+ A
the chemical equilibrium with the bulk solution through the " @uy = expl-viypm(@) = fitns = G P (2) )(]25)

chemical potentials leads to
AW BF Por- (D, = eXPl=vop-B(D) — Briow- — ton-AW(@) + )]
P = ALY (@) — 1) o+ f ol - (20

A
Buc [ pc(2) dz— Buy [ pa(2) dz (21) Pu(D2y, = eXp(=v,f7(2)) (27)

with 1 and(2) being the Lagrange multipliers associated with
the electroneutrality and packing constraints respectively. As
was explained in ref 36, the chemical potentials of protons,

hydroxyls ions, and solvent molecules do not appear explicitly p,(2)v,, = pib“'kvw exp(—vfln(2 —

It is convenient to express these relationships in terms of the

experimentally accessible bulk number densitj#4¥, i.e.

bulk] _

in this equation because the presence of constraints (charge _ . bulk
neutrality and packing constraint) reduces the number of 9hly(@ — v (28)
independent thermodynamic variables by three.  buk bulle

The extremum of the semi-grand-potential functional with Pu(Dvy = Py vy EXPC 0 Bl(2) — 2 7])  (29)

respect toi(2), f(2), fod2), femrs(2), ¥(2), andP(a) provides
for explicit expressions for the volume fraction of the free where eq 28 holds for the anions, cations, protons and hydroxyls
species, the probability distribution functions of the polymer, ions and eq 29 for the solvent (water).
and thezdependent chemical equilibria. The variation of eq 21 with respect tgz) andf 2) yields

The variation with respect t®(a) leads to the probability 9 pectig?) aues(d) Y
distribution function (PDF) for the polymer chains

n|—@ |2 g0 g0 40—
_1 p{_ L) + G (B + 1) + 1-13 ton- — Bt T Bitnn,
Pp(a) Eex fnp(Z, a)[In(f, Onw,- (OY Vo Bl — 7 — (oo, (2) (30)
5/4?1H3+] dz — f NodZ, &) [GosuyBy(2) +4) + £ ood?) i i i
In(1 — fo2)) + Buugsy] 42 = PUps) — [ Tve(z @) + " ng)) = “hitne ~ Piisot Pltiso,
__bulky _
vodz 1|7 + [Brliz— 2 @p2) T+ o)) dZ — U@ = 7 = (e (@) (31)

de(2) v 2l gl (22 The fractions of charged species has two contributions, one is
@@ Do) A(2)7| dzp (22) the standard reaction free enemyB, = ot tiny — Hum,
for the allyl-amine backbone segments, eq 30, Am@,MPSZ
up + u3o — mso, for the acid-base equilibrium of the
sulfonate end-groups of the thiol, eq 31. The second contribution
is related to the different packing of the reactants as compared
gto the products. This is one more manifestation of the close
7(2), which assures the packing constrain at ead a lateral coupling between chemical equilibrium and the other interac-

osmotic pressuré-3 Note that the standard chemical potentials 10NS: _ _
andA are constant contributions to the PDF and therefore could Equations 30 and 31 can be rearranged to obtain the
be included inc. generalized acigbase equilibria equations
The probability for a given chain conformation in eq 22 has
contributions from several of the chemical equilibria and K® = exp[-fAGY] =
interactions considered by the theory. Namely, the pdf includes

1
2

Hereé is the normalization constant which guarantEg$(o)

= 1. Inspection of eq 22 provides further insight about the
Lagrange multipliers:A, enforcing the electroneutrality condi-
tion, is a constant term added to the electrostatic potential an

the acid-base equilibrium of the amino groups, the redox Por-(2)1(2) __bulk
equilibrium of the osmium complexes, the vdW interactions, 1-1(2 explon-Aln(@ — 77) (32)
and the electrostatic and packing forces. The later two interac-

tions are determined by the interaction fielg$z) and (2). ng exp[—ﬁAGg wpd =

These fields are self-consistently determined from the concen- ’ f 2

tration profiles of all the molecular species in the system. As a M exply.flr(2) — nbulk]) (33)
consequence, a main characteristic of the present theory is that 1—f.upd? H

it considers the coupling between the interactions fields and
the fact that they are highly nonlocal. 0 o . .
The variation of eq 21 with respect ta(2) yields the Here Ky and K are the thermodynamic eqU|I|br|umbuc|:kon-

following general relationships for the density profiles of the Stants, which can be multiplied by the constant fad\gfo,,
anion, cation, proton, hydroxyl and solvent: (with Na equal to Avogadro’s humber) to obtain the commonly

used equilibrium constants based on molar bulk concentrafions.

pa(Dv, = expl—v f(2) + Pus — AupW (2 + 1) (23) Note thatK, and K, are determined by the ratio of the
activities at each z and not of the concentrations.

— - _ We will now discuss the expressions obtained upon the free
Pc(@vy = XPE-vefa@) + fue — AW@ + A (24) energy minimization for the fraction of oxidized sitds«2)
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fod2 abs o 0 i. The charge at the metal electrode due to thiol, polyions,

In - 1.0 = PlelEeq — Buosuy T Prosuy — mobile ions, and solvent dipoles, characterized by a non-redox
O capacity, Cron-redox Which is equivalent to the double layer

B(Aox — Ged (¥ (2 + 1) (34) capacity of an ideally polarizable mercury electrode immersed

) _ _ ) in an electrolyte solution.
In analogy with the relationships found between local acid base  The non-redox capacity is given by

equilibria and the thermodynamic equilibrium constants, eq 34

is a generalized Nerst equation for the Os(11)/Os(lll) couple o
Cron-redox™ BE_abs (39)
abs _ —0,abs 1 fOs(Z) eq
Eeq = Eosanyosa —i—mln 1—1.42) +
o whereoy is the charge on the metal, determined from
(Gox— 9
(’X—md)(w(Z) +4) (39) dp
le] oy = _G(O)E(O) (40)
where EX° and E33%osuy are the electrode potential in ) _ _ _
equilibrium and the standard redox potential for the osmium  ii- The charge stored in the electroactive material or redox
complex in the absolute potential sc4ié6 capacity, Credox The redox capacity is calculated from the
potential dependence of total fraction of oxidized redox sites
0 _,0 as
0.abs _ [Hosmy ™ Hosy
ostiosiy = | T g (36)
0losuy 0 Modod?) dz
The third term in eq 35 accounts for the local electrostatic Credox=F = (41)

> | ) - ) aEabs ! aEabs
activity of the redox sites. Although simple in appearance, the eq eq
strong coupling between the interaction fields and their nonlocal
character make this term dependent on all of the interactions
and molecular features considered in the theory. Note that in
eq 35 the Lagrange multiplidrappears as an additive constant
to the electrostatic potential.

Finally, the extremum of the semi-grand-potential with respec
to (2 provides the Maxwell equation for electrostatics

whereF is the Faraday constant afidsy is the total number
of oxidized redox sites per unit area.

The molecular theory allows the straightforward calculation
for the electrode capacity from the excess charge in the metal
t and the excess redox concentration in the polymer film. In

previous theoretical models for polymer modified electrodes,

these contributions are calculated independently with different

V(@ V() = ~o20 (37) models? The non-redox contribution is usually calculated with
a constant double layer capacitance directly determined from

The boundary conditions for eq 37 are the outer electrostatic the experiment. On the other hand, in the molecular theory, both
potential of the metal,y™ + 1) and the outer potential of the contrlbl_Jtlons are coupled and are obtained from the same
bulk solution Uk + 1). Since only the difference between theoretical framework.
these potentials is relevant, we have ugdédk =0 andA =0
and thereforeyM could be determined from the absolute 3 PAH-Os Molecular Model
electrode potential &% In this section, we define the molecular details of the species
that are used in the calculations, namely the molecular size and

abs M bulk e'\ﬁ M q>2ﬁ shape, the strength of the molecular interactions, the equilibrium

Eeq ="+ - @ " +4)+ H =yt H (38) constants, and the surface coverage of the thiol molecules and

the polymer chains. These input parameters constitute the

where @' is the work function of the metal. Note thafy® ~ molecular model of the system. The conformation of the chains

andyM in eq 38 differ only by a constant. and how they are generated is explained in the Supporting
Equation 37 is a generalized Poiss@®oltzmann (P-B) Information. We will refer to the model described in this section

equation since the charge densities depend on the total potentiais the PAH-Os molecular model since it incorporates specific
of mean-force. Namely, although the-B approach considers  molecular details for this redox polymer and it will be compared
the local charge to be only a function of the local electrostatic with the experimental observations. In the results section, we
potential4” our molecular theory shows how the local charge present two other models to demonstrate the importance of the
depends upon the coupling between all of the interactions andmolecular details in the predicted behavior of the polymer
the different chemical equilibria involved, see, e.g., eq 22. The modified electrode.
strong influence of all of the interactions, as well as the highly =~ We have considered the thiol molecules within the same
nonlocal character of the coupling between the different fields, theoretical framework as the polymer chains. In practice, the
is seen by realizing that the right-hand side of eq 37 is obtained thiol molecules are restricted to the first 0.5 nm from the metal,
by replacing the PDF, eq 22, and the density profiles eqs which is equal to the discretization length (see the Supporting
23—26 into the total charge expression, eq 15. Information). Therefore, in this model, all conformations of the
In order to apply the theory, we need to solve the coupled thiol molecule are equivalent, and we can write
packing constrain equation, eq 19, and the generalizeB P

equation, eq 37. The procedure to carry out the calculations is Owmps onm<z<05nm
found in the Supporting Information and in refs-336. Myps(2=1 0.5 nm ' (42)
The ability to store charge at the electrode-redox polyelec- 0 z> 0.5nm

trolyte interface has two contributions that result in the electrode
capacity (capacitance per unit area, e.g., FJf [Pup(DL= Mypd(2) Dyps (43)
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TABLE 1: Charge and Volume Used in the PAH-Os In order to estimate the vdW interaction strengths, we will
Molecular Model take advantage of our previous knowledge about PAH-Os. Let
electrostatic molecular (segment) us consider the end-to-end distance for free polymer, in the
chargeg volume, v (A3) absence of interactions this is equaht®l, wheren is the chain
water 0 30 length and is the length of a segmeft.We can usen = 780
cation +1 335 andl = 0.5 to obtain an end to end distance of 14.0 nm, which
anion -1 33.5 is very different from the experimental thickness observed for
proton +1 30 PAH-Os layers of +2 nm2653 Based on this observation,
ggyr?gl ;Zg?n ent ;ll (NHs) 1?2 hydrophobic polymerpolymer and polymerthiol interactions
(allyl-amine) 0 (NH) must exist in order to constrain the chains to the surface. The
thiol molecule —1(5%y") 580 existence of hydrophobic polymepolymer interactions is also
0 (HSQ)® supported by the high solubility of totally deprotonated PAH
redox site +2 (04" 1770 in nonpolar solvents. We model the poor solvent characteristics
(osmium complex)  +1 (Od) of the allyl-amine segments using the interaction parameters
apK, = 5.PpKa = —1. shown in the Supporting Information which are based on the

calculations presented in ref 43. These conditions correspond
whereovpsis the surface coverage of the thiol molecules equal to an effective temperature for the solvent that is 0, #here
to Nwpg/A and vwps is the molecular volume of the thiol ¢ is the temperature at which the second virial coefficient of
molecule (see Table 1). We have employed the experimentally the polymer chains vanishésThe polymer-thiolated surface
reported MPS surface coverage of 4610°1° mol cm2.48 interactionep_s, and the redox site-thiolated surface interaction,
Short chain thiols yield disordered films with submonolayers ¢,_ns have been taken as1.0 and—2.0 kT respectively with
coverages on gofd in contrast to the compact monolayers an interaction range of 1.0 nm. These values are similar to those
observed for longer thiol. In this model, 80% of the metal  ysually employed in Monte Cafiband molecular dynamié®
surface is covered by thiols, and thus, water and ions permeatesimulations to describe the adsorption of polymers on flat
into the layer. On the basis of calculations results (not shown) surfaces.

that showed that polymer chains practically do not penetrate  On the basis of previous wof;** we will assume that the

the thiol layer, we have not allowed polymerzat 0.5 nmto  dielectric function,e(2) is constant in the polymer/solution

simplify the calculations. region. However, the permeable thiol layer has a different value
The high surface density of the thiol molecules motivated and therefore the model is that of a metal fof 0, €(2) = ol

the inclusion in the theory of the sulfonate actoase equilib- =3.8for0< z < 0.5nm and(z) = ey = 78 forz > 0.5 nm.

rium. Even though the sulfonic moieties are strong acids, the  ysing the molecular model described in this section, with
highly negative environment in the MPS layer favors the parameters found in Table 1, we have solved the nonlinear

protonation of the sulfonate groups, in a process known as coupled equations for each condition of interest as described in
charge regulatiof? Our calculations (usingky, = —1) indicate the Supporting Information.

that it is necessary to include this effect since the effective charge
of the thiols, fcups, is highly dependent on the bulk pH, salt 3 Experimental Section
concentration, and electrode potential. For example, we find a
decrease in the degree of dissociation from 0.96 in a solution 3.1. Reagents and MaterialsAll solutions were prepared
with a salt concentration of 0.1 M to 0.82 in a low sdlt{; = with 18 MQ Milli-Q (Millipore) water. Sodium 3-mecapto-
1073 M) solution, where ions are unable to screen MPS charges. Propane-sulfonate, MPS (Aldrich) was used as received. The
The lower degree of charge at low salt concentrations is also chemicals employed in electrolyte solutions, Naj¥@d HNQ,
predicted to be potential dependent. We find faabsincreases  Were of analytical grade and used without further purification.
about 7% when increasing the electrode potential in the range  The osmium bipyridine derivatized redox polymer Os(kpy)
studied in sections 5.1 and 5.4. CIPyCH:NH-poly(allylamine) (PAH-Os) was synthesized as
The PAH-Os chains on top of the thiol are constrained to Previously reporte¥ Thiol solutions of 20 mM 3-mercapto-
have at least one segment in 0.5 mz < 1.0 nm in order to 1-propane-sulfonic acid (MPS) (Aldrich) in 10 mM sulfuric acid
prevent chain desorption. In the present work, we have not (Merck) were prepared before each experiment in order to avoid
theoretically studied the adsorption of the redox polymer but Oxidation in air. The PAH-Os solution was adjusted to pH 8.3
calculated the polymer surface coverage (2.1 segmerts/nm €employing 0.1 M solutions of HCl or NaOH respectively.
from the oxidation charge obtained from CV experiments (2.6 ~ 3.2. Surface Modification. Silicon (100) substrates were
+ 0.2uC.cnm?) and the ratio of redox sites to polymer segments coated with a 200 nm gold layer on a 20 nm titanium and 20
(1:13) determined from XPS measureméntalthough the nm palladium adhesion layer by thermal evaporation with an
theory requires as an input all of the possible conformations of Edwards Auto 306 vacuum coating systenPat 1.10°8 bar
the polymer, this is impossible for the chain lengths considered and employed as electrodes.
in this work, and therefore, we have used a large representative The gold film substrates were primed with sulfonate groups
set of 10 conformations (see the Supporting Information for by immersion in an MPS solution for 30 min and rinsed again
details on chain generation). The experimental polymer chain with deionized water. The polymer modified electrode was
length ) of ~780 allylamine segments is too long for proper constructed by immersion in PAH-Os solution for 30 min,
generation of independent conformatidAsthus, we have followed by thoroughly rinsing with Milli-Q water.
studied the effect of the chain length in the range of-266 3.3. Electrochemical ExperimentsRedox polymer modified
segments. Since the electrochemical response was found taelectrodes were probed by cyclic voltammetry at 25 mV/s in
became independent of the chain length fior 78 (see the solutions containing 1 mM HN&(pH 3) and different NaN@
Supporting Information), we decided to describe the experi- concentrations. The measurements were carried out at room
mental polymer chains of 780 segments as 6 independent chainsemperature (25C) with an Autolab PGSTAT 30 potentiostat
of n = 130. (Autolab, Ecochemie, Holland). All experiments were performed
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in a purpose built three electrode Teflon cell, with an electrode
exposed area of approximately 0.25%delimited by an inert
O-ring.

An Ag/AgCl 3 M KCI (0.210 V vs NHE) electrode was
employed as reference electrode; a platinum gauze auxiliary
electrode of large area was employed. Before thiol adsorption
the electrode potential was cycled2 M sulfuric acid between
0.2 and 1.6 V at 0.1 V& to check for surface contamination
and electrochemically active areas were calculated from the
reduction peak of gold oxid¥.

The liquid junction potentials across the reference electrode
frit were estimated using the Henderson equétiamd used to
correct the experimentally measured current potential curves.

4. Results and Discussion

4.1. Theory—Experiment Comparison. The current
potential curves in linear scan voltammetry experiments under
reversible conditions can be calculated from the theory using

j = jnon—redox+ jredo><= (Cnon—redox+ Credo)” (44)
wherev is the experimental scan rate parameter dES7dt.
We will use hereafter the convention, which assigns positive

values for the oxidation (anodic) currents.
In order to compare the predictions of the theory with the
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The comparison of these parameters in the entire range of ionic
strengths is displayed in Figure 3. There is very good agreement
between the predictions and the experimental observations for
the entire range of salt concentrations. The predictive power of
the theory enables us to look in detail at the relationship between
the structure of the polymer film and the electrochemical
observed behavior. In particular, how molecular variables and
solution conditions affect the molecular structure of the film
and its relationship to the electrochemical response.

The shift of the redox peak toward positive potentials with
the decrease in the ionic strength is attributed to the presence
of the Donnan interfacial potentfadlue to the positive electro-
static charges of the polymer that exclude ions of same charge
from the solution. It is interesting to note that the usually called
Donnan equilibrium is explicitly included in the molecular
theory. However, due to the strong coupling between molecular
organization and the (local) electrostatic potential, changes in
the Donnan equilibrium are associated with changes in the
distribution of molecular species, some of which we describe
in detail below. The Donnan equation, on the other hand, makes
use of an adjustable parameter (the molar concentration of
polymer charged sites), whereas the theory provides the same
guantities from a first principle calculation and without adjust-
able parameters.

The prediction of the peak broadening at low ionic strengths

electrochemical experiments, it is necessary to relate the absolutéeyond the ideal value of 90.6 mV for a one-electron reagtion

electrode potentials with the potentials measured during the
electrochemical experiments against Ag/AgCl reference elec-
trode. On the basis of the work of Tras#tton the absolute
potential scale, we can write

Eabs= Eil\tg);AgCI + EAg/AgCI (45)
whereEﬁgiAq is the potential of the Ag/AgCl electrode in the
absolute scale<{4.65 V) andeEA9A9C! is a potential measured
against Ag/AgCl. This equation can be used to calculate
Egggf),OS(”,) (—4.385 V) in eq 36 from the experimental redox
potential of the redox couple in solution (0.265 V vs Ag/Ag€).
Equation 45 has also been employed to convert the theoretical
potentials back to the Ag/AgCI reference scale after solving
the theory. To determing™ from E:gs using eq 38, we have
used @2", 4.7 eV (the work function of polycrystalline
goldP®59. The electrode potentials in the rest of this work are
expressed in the Ag/AgClI reference potential scale.

It is also important to recall that eq 44 is only valid when all
of the redox sites in the film are in electrical equilibrium with
the metal. In other words, the experimental characteristic time
must be much longer that the characteristic times for charge
transfer at the film-metal interface and diffusional charge
transport inside the film. We have found a constant charge for
electrochemical measurements:at< 0.1 V/s, and thus, we
performed the experiments at a lower scan rate (0.025 V/s) in
order to eliminate charge transfer and transport effects.

Figure 2 shows the calculated and measured curgotential
curves for two different salt concentrations. Note the almost
zero peak separation in the experimental voltamperograms,
indicating that the redox equilibrium is fulfilled in the entire
system at each electrode potential as it is required in order to
compare with the molecular theory of reversible redox process.
The predicted currentpotential curves reproduce most, if not
all, of the experimental measurements. We have chosen two
salient features of the cyclic voltammetric surface waves to
demonstrate the predictive power of the theory: the peak
position Epeay and the peak full width at half-height (fwhh).

is very remarkable. In previous models, peak broadening has
been related to repulsive interactions that result in a distribution
of activity coefficients dependent on the degree of film
oxidatiorf® or a Gaussian distribution of formal redox potentials
due to heterogeneities in the layértherefore introducing
adjustable parameters obtained from the experiment. Changes
in the Donnan potential due to changes in the electrostatic charge
in the polymer could also lead to peak broadening in the
particular case of electrodes modified by permselective redox
polymers®? Interestingly, the molecular theory is capable of
providing a microscopic picture for the distribution of lateral
interactions as a function of the distance form the surface. As
we will show below (see, e.g., Figures-B), the distribution

of redox sites and other charges, as well as the electrostatic
potential, is not trivial, and it is highly inhomogeneous.
Moreover, a distribution of formal redox potentials results from
the thermodynamic requirement of constant chemical (electro-
chemical) potential for all surface distances and for all of the
molecular species. Thus, our theoretical treatment does not
impose one or the other mechanisms for the peak broadening.
Rather, we find that they are a result of a combination of the
two effects coupled with changes in the molecular organization
as a function of the solution ionic strength.

A second piece of experimental information that can be
checked against the predictions of the theory is the film
thickness. Ellipsometry provides a nonelectrochemical source
to determine this quantity. The theoretically average film
thickness, (2] is defined as the first moment of the volume
fraction distribution of the polymers. Namely

I O e L
[ (@20 Bod2)D dz

(46)

The in situ ellipsometric thickness for a completely reduced

layer on PAH-Os on Au/MPS immersed in a 0.2 M K_gH

7.3 buffer solution has been measured and reported elsetfhere.
Under the same conditions and employing the parameters in
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Figure 2. Comparison of experimental (A) and theoretical (B) current 0.001 0.01 0.1 1
potential plots measured at= 0.025 V/s for a Au/MPS/PAH-Os C_m;/

electrode in HN@ 1 mM (pH 3) and two different salt (NaNgp . . . B
concentrations. The currents have been normalized with the scan rate’ /9U'€ 3- Plots of peak potential position (A) and peak width (B) vs
and a common scale has been used in both figures. salt concentration in the bulk solution determined from the experimental

and theoretical redox waves in the same conditions of Figure 2. The
section 3, the theory predicts a thickness of 1.2 nm in good experimental data presented is an average from the oxidation and
' ' reduction peaks obtained from three different sets of cyclic voltammetry

agreemen.t' with the experimental va]ue of 1.5 nm. . experiments. The error bars indicate three standards deviations from
The ability of the theory to predict the currengotential the average.

curves and independently the film thickness strongly suggests

that the structural information obtained from the theory (and tickness of 1.5 nm measured in ref 26. The peak position
the resulting electrochemical behavior) is correct. We will show predicted by this model, as shown in Figure 4A, differs also
next how changes in the molecular properties of the redox 5nhreciably with that of the PAH-Os model and, thus, with the

polyions result in rather different predictions for both the oy herimental observations. Differences in the peak widths
structure and currerfpotential curves. Thus, a proper descrip-  anveen the two qualities of solvent are not as evident.
tion of the film requires a detailed molecular treatment and

further, we can use the theory as a design tool for the type of
molecular structure that can lead to a given electrochemical
response.

4.2. Effect of the Molecular Model. The strength of the

The second example that we show to demonstrate the
coupling between molecular structure, film organization, and
electrochemical behavior corresponds to a polymer in which
the redox site is assumed to be smaller that in PAH-Os. The
theory is in its ability to rationally design integrated electro- small redox site molecular model is modeled with redox sites

chemical systems based on the understanding of the relationshig?nose radiuses are 4.6 A (estimated for example for amino
between the properties of the system and its molecular details.fUthenium complexé3). This radius is to be compared with
This point is illustrated in Figure 4, where we show predictions /-2 A_estlmated for the pyridinebipyridine osmium complex
for different molecular models for the polymer that differ from used in the PAH-Os model. Figure 4, panels A and B, shows
the PAH-Os molecular model defined in section 3. the remarkable influence of the redox sites size on the peak
We call good solvent molecular model a polymer that likes Parameters. In particular note the slope of the peak potential
to be surrounded by the solvent. As explained in the Theory Position vs salt concentration, for l0@say, which is close to
section, the quality of the solvent is accounted for through the 22 mV per order of magnitude in salt concentration. This is
strength of the vdW interaction parametgf,z — Z|). In the much less than the 60 mV predicted by the Donnan equition
good solventy(|z — Z|) = 0, and therefore, the only nonelec- for a one-electron anion-permselective process. The different
trostatic interactions included in the system are excluded volume molecular organization of the different molecular models is
repulsions. This implies that the polymer molecules would like described below. At this point, it is important to emphasize that
to swell as much as possible. In the PAH-Os molecular model the treatment of the polymer film of interest with the Donnan
however, solvent is considered poor and the polymer chains equation is inadequate due to the finite thickness of theftifA.
tend to form compact (collapsed) structures. The good solventOn the other hand, our theoretical treatment can be thought as
molecular model systematically predicts thicker films than those a generalized PoisseiBoltzmann method, see section 2.
experimentally observed, i.d2[1= 5.8 nm vs an ellipsometric ~ Therefore, the predictions from the theory provide the full
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Figure 5. Theoretical volume fraction profiles for the polymer
backbone (full line), the redox sites (dashed line), and the whole redox
0.095 polymer (dot-dashed line) obtained for the PAH-Os molecular model
: described in section 3 (A), and the small redox site molecular model
\ . | 2 ,.gg described in section 4.2 (B). The calculations were performégi=at
0-0990_'001, —— “;9..0] —— "'('“ A "'} Egs("),OS(,,_I) using Csar = 0.1 M and pH= 3. The shaded regiorz (<
cC /M 0.5 nm) is occupied by the thiol layer.

Figure 4. Plots of peak potential position (A) and peak width (B) vs Figure 4 has shown that the electrochemical response of the
salt concentration in the bulk solution calculated for different molecular polymer-modified electrodes depends dramatically on the mo-
models described in section 4.2 using pH3. lecular nature of the polymers. To show the link between that
response and the molecular structure of the film, Figure 5B
variation of the electrostatic and redox potentials as a function displays the volume fraction distribution for the small redox
of the distance from the surface. site molecular model. In this case, the redox sites are not
4.3. Structure of the Electrode/Polymer/Solution Interface. excluded from the surface due to the much smaller size as
We shall discuss now the molecular insights of the electrode/ compared to the osmium pyridiréipyridine complex (see
polymer/solution interface obtained from the theory. Figure 5 Figure 5A). The presence of the small redox groups in the
shows the volume fraction for the polymer backbone, the vicinity of the negatively charged thiols surface decreases the
osmium complex, and the whole redox polymer as a function local electrostatic potential sensed by these sites and gives rise
of the distance form the surface, at E = E005(||)/05(|||)- Fig- to the low slope observed in Figure 4A. The effect of the redox
ure 5A corresponds to the experimentally studied system, i.e., site size underlines the strong coupling that exists between the
PAH-Os model. The distribution of the polymer segments is structure and the electrochemical response the polymer film.
found mostly close to the surface; however, the profiles do not This coupling emphasizes the need for a molecular approach
completely decay to zero until approximately 12 nm. This to describe the complexity of the polymer modified electrodes.
indicates a strong adsorption of most of the allyl-amine segments A more detailed manifestation of the complexity of the system
of the polymer on the thiol layer and a small population of can be seen by looking at the electrostatic potential as a function
thendgd danglmg' tails protrgdmg into t.he solut|on.'Another of the distance from the surface. This is displayed in Figure 6
interesting feature in the density profiles is the exclusion of the y,qether with the total polymer volume fraction. The electrostatic
Pnu(llr(g ﬁggil;'lge'dpﬁgr?:éﬁgeshg%ﬁ trll'ﬁizurréifj?t tl’g :Qisgnn"’;”g Slr;d potential starts positive on the surface as a result of the applied
distance-dependent electron-tr.ansfer rate. For instance, the’ gtgntlal on the metal. It has a sharp decrease to negatlve.values
ithin the thiol layer due to the presence of the negatively

heterogeneous electron-transfer rate constant at the polymer i ) :
electrode interface measured by electrochemical impedanceCh""rg"z'd sulfonate end groups of the thiol. There is an increase

spectroscopy has been found to be much less than the ratef the potential to p.ositive values in the_region of the adsorbed
constant for a soluble osmium compRThe kinetics of polymer. The maximum of the potential coincides with the
electron transfer are beyond the scope of the present work.inflection point in the volume fraction of the polymer profile,
However, the predictions of the MT can be used to formulate which corresponds to the maximum in the distribution of the
a theory for the kinetics of electron transfer with the proper osmium groups. The maximum is followed by a long tail of
incorporation of the distribution of redox sites. positive potential that reflects the dangling polymer tails.
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— = Total polvmer volume fracction dos
— Electrostatic potential ' where oy is the charge density on the metal surface. The
] cumulative charge density represents the total (integrated)
%34 charged from the metal surface up to the distamdss can be
seen from the figure, the polymer layer exhibits the effect of
o2 charge reversal. Namely, there is a distance from the surface
where the total charge becomes compensated, and at further
distances, the effective surface charge changes sign. This is
important because it shows the position where a second layer
of polymers or proteins is expected to adsorb in the formation
0-205— ' ' 16 of layer by layer assembRf.The magnitude of charge reversal
z/nm is not very large in the case shown. Moreover, we do not attempt
Figure 6. Electrostatic potential as a function of the distance from 1o quantify the optimal conditions for this effétThe important
the metal (full line, left axis) calculated for a Au/MPS/PAH-Os electrode result is how the charge reversal arises from the molecular
with the PAH-Os molecular mode_l for the_ same conditions as Figure organization of the film and the distribution of the different
5. The total polymer volume fraction profile is shown by the dashed charged components. This is explicitly shown in Figure 7B.
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line (left axis). There is a large adsorption of cations inside the thiol layer
72 to compensate for the large charge arising from the negatively
- Al charged sulfonate groups from the thiol. There is a further large
2r ;f\\ 1 adsorption of positive charges arising from both the polymer
[ e 1 and the Os. Within this region, 0.5 nmz < 2.5 nm, there is

also an adsorption of anions to reduce the possibility of very
large local positive charge that would result in strong electro-
static repulsion. The number of polyions, with their associated

S — Cumulative charge density —» | Os groups, is large enough to compensate for all of the negative
[/ 1 charge at about = 2 nm resulting in the charge reversal. The
iy —-3 L . . .

positive charge is maintained up ze= 4 nm, where all of the
| Y Y Y S | charge is compensated for again by the anions, and the
cumulative charge is zero from there to the bulk solution.

A very insightful result obtained from Figure 7 is that the

S L R charges are not localized in well-defined surfaces but are
- - B 1 distributed in a way to optimize electrostatic interactions,
molecular packing effects, and entropic effects, e.g., counterion
release. It is well-known that in polymer layers where charge
o gﬁgﬁ:ifgfbom l regulation is possible, for example by aeibase equilibrium,
— Cations the degree of dissociation is highly inhomogenet#§:58¢9n
— — Anions ] the present case, and with particular relevance to the electro-
‘=" Protons i chemical behavior, the question that arises is what is the
=:= Hydroxyl ions distribution of oxidized (and reduced) groups along the adsorbed
] polymer layer.
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. — Figure 8 displays the total distribution of osmium groups
S 12' e T E— together with the fraction of the oxidized sites. According to
the applied potential in the case shown, one would expect in a
. . ) ) bulk solution of free osmium complexes to have half of the
Figure 7. A. Total charge density (dashed line, left axis), eq 15, and moieties oxidized and half of theFr)n reduced. However, the

cumulative charge density (full line, right axis), eq 47, as a function of L L .
the distance from the electrode. B. Charge density profile for each of Predictions of the theory show that this is not at all the case in

the charged molecular species considered by the theory. The calculationdhe film, and there is a rather large variation of the fraction of
were performed using the PAH-Os Molecular Model for the conditions oxidized groups depending on the location relative to the
of Figure 5. For a better visualization of the densities of protons see electrode surface. This implies the existence afdependent
the inset in Figure 8. distribution of redox sites with different formal redox poten-
tials due to local environment effects, which result in peak
broadening.

The fraction of oxidized states is a honmonotonic function
of the distance from the electrode. The quantitative effect is
very large, with the minimum in the fraction of oxidized
group reaching 0.15. This value is a factor of 3 smaller that
what would be expected from the free osmium in solutiok at

The complete distribution of chargefig(z)l) and the con- = Eg_ ., in the absence of local environment effects, i.e.,
tribution from each molecular species are shown in Figure 7. fgus"‘ = 0.5. The understanding of the source of the effect can
The total charge at each distance from the surface reflects thepe traced to eq 34, where the fraction of oxidized groups is
same trends described with the electrostatic potential. Thefound to be related to the electrode and standard potentials and
interesting result shown in Figure 7A is the cumulative charge to the local electrostatic potential. However, as shown in the
density defined by derivation of the theory, the electrostatic potential is strongly

~

2
1
1

z/nm

Interestingly, the decay length of the potential is not related to
the Debye length, which in this case is of the order of 1 nm,
but rather it is the distribution of charges driven by the molecular
organization of the polymer that controls the electrostatic
potential.
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Figure 8. Fraction of oxidized redox sites (solid line, left axis) and Figure 9. Theoretical predicted thickness-potential curves calculated
osmium site volume fraction (dashed line, right axis) as a function of for two different salt concentrations at pH 3.

the distance from the electrode Bt= EOOS(II josany. INSet: local pH vs o ) )
distance from the electrode. The PAH-Os molecular model and the swelling is the same in both cases, and it can be traced to the

conditions of Figure 5 were used in the calculations. fact that the increase in the electrostatic charge increases the
electrostatic repulsions. The system relaxes in different ways:
coupled to the interactions, and therefore, it is the result of local by swelling, by the uptake of counterions, and by charge
and nonlocal electrostatic and packing effects. Namely, the regulation (protonation effects). The results in Figure 9 show
highly nonmonotonic electrostatic potential presented in Figure contributions from all three effects.
6 is responsible for the variations &f42), but as discussed During the electrochemical oxidation process, the flux of
above the shape of the electrostatic potential in these complexelectrons into/from the polymeric film requires a simultaneous
systems depends on the packing and the distribution of all theexchange of mobile ions with the bulk solution in order to
charged (and uncharged) molecules. sustain the system electroneutrality. As an example, during
Another manifestation of the non-trivial distribution of Os(Il) oxidation, anion uptake or cation release are expected to
molecular species in the film is seen in the local pH, defined occur. Although it is not possible to study the ion exchange
by pH@ = —log[H"(2)]. This is shown in the inset of Figure = mechanism using only electrochemical techniques, there are
8. Note that the proton distribution is also shown in Figure 7B; several in situ methods, such as EQCM and probe beam
however, its distance dependence cannot be observed on theleflection (PBD), which can probe the ionic fluxes close to the
scale of that plot. The thin film is very acidic in the thiol region electrode surface. The molecular theory allows the straightfor-
due to the presence of the sulfonate groups there. In the regiorward calculation of the individual ionic contributions to the non-
rich in osmium and amino groups, there is a large repulsion to redox and redox capacitisand therefore to the ionic fluxes
the protons and, therefore, a higher pH value as compared tounder electrochemical reversible conditions. Following the same
the bulk value. The shape of the local pH profile follows that ideas used in the derivation of eqs 39, 41, and 44, the individual
of the fraction of oxidized redox sites. The smaller the fraction normalized ionic current for each ion is determined from the
of oxidized osmium sites, the smaller the concentration of potential dependence of its surface excess. Namely
protons. Interestingly, the changes in local pH from the metal

to the maximal pH are very dramatic, reflecting changes in the i af(Pi(Z) — o™ dz
local concentration of protons larger than 2 orders of magnitudes - = —qF P (48)
within 1 nm. This large gradient in pH may have potential v 0Eq

applications in the design of sensors and they have to be taken

into account in understanding chemical reactivity in nanocon- In the particular case whein= H*, eq 48 should be modified
fined environments. Local variations of pH have been observed to include the protons associated with the polymer and MPS to
experimentally in LbL films by v. Klitzing and Mwald.” lead to

4.4, Theoretical Description of the Electrochemical Pro-
cess.The swelling of polymer films during redox switchingand  j,, 8f(pH+(z) - pﬂ‘i'k) dz Bffc(z)ljhp(z)liblz
the resulting changes in film volume upon changes in the — = —0.F bs + 2bs
oxidation state are well established in polymer electrochemistry. v IEeq Eeq
The electrochemical driven swelling has been studied in layer —
by layeP37! polymer modified ele(?trodes with PAH-Os b;// Bf (2~ fomed2) e d2
electrochemical quartz crystal microbalance (EQCM) and in situ 8E233
ellipsometry.

The molecular theory can predict the redox-driven swelling; Figure 10 exhibits the scan rate normalized ionic currents during
in order to show this, we have plotted the calculated average film oxidation under permselectivity conditions (low ionic
film thickness as a function of the applied electrode potential strength). The concentrations of protons and hydroxyls ions are
in Figure 9 for two different solution ionic strengths. The shape coupled by the water self-dissociation equilibrium, and therefore,
of the thicknesspotential curves and the inflection pointat their ionic fluxes cannot be addressed individually but as a
= Epeakis in very good qualitative agreement with previous combined current. It is also worthwhile to note that the sum of
ellipsometric measurements in PAH-Os/poly(vinyl-sulfonate) all ionic currents is equal to the total electronic current obtained
multilayers?® Although a direct comparison of these experi- by combination of its redox and non-redox components.
mental observations is not possible since the theory has been For either totally oxidized or totally reduced redox polymers,
applied to a single PAH-Os layer, the driving force for the i.e.,E < 0.10 orE = 0.55 V in Figure 10, we find that cations

49)
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T ST T This prediction is consistent with previous experimental findings
— TR —— Total T and is the driving force for the formation of polyelectrolyte
sk, A [\ T H +oH o multilayers.
v ¢ T The distribution of the allyl-amine segments forming the
\

2

(j/v)/ (WF.cm”™)

20 1 polymer backbone is found to be mostly that of a tightly
T adsorbed layer with most of the segments in the close vicinity
7 of the surface with a few long dangling tails protruding into
T the solution. The osmium complex concentration fraction profile
exhibits a maximum at a distance from the electrode surface as
a result of the bulky size of the osmium pyridine-bipyridine
moiety. This result is relevant to understand the distance-
dependent electron-transfer process with the metal electrode.
0 01 02 03 04 05 06 The distribution of the formal redox potentials in the direction
Erv normal to the electrode predicted by the theory is the result of
Figure 10. Scan rate normalized ionic currents vs electrode potential the complex interplay between the electrostatic potential, the
calculated with eqs 48 and 49 and the PAH-Os molecular model for mq|ecylar packing, and the distribution of charged species. The
gﬁ‘c_aﬁg g]lg/lctéggi f':;r r?é'nltg_sm' Scheme showing the directions of - oyictance of a nonuniform formal redox potential is consistent
with the concepts of Anson et @and Albery et af! to explain
the peak broadening.
are responsible for non-redox charging. The compensation of "€ comparisons with the experimental observations have
redox charge, on the other hand, is achieved mainly by the bee.n carried out for a model polymer that is in a poor solvent
anions and to a lesser extent by the cations. Thus, the theoryenwronment. This condition leads to the tendency of t'he polymer
predicts the exchange of both anions and cations, which is to collapse. On the other hand, the strong electrostatic repulsions

consistent with previous PBD experiments in PAH-Os capped tend to swell the polymer as much as possible. Overall, the
PAH-Os/PVS multilayerd2 73 compromise results in a polymer in a mildly poor solvent. The

thickness of the predicted film is in line with experimental
observations based on ellipsometry. We have shown that the

theory applied to the case of a good solvent predicts a much

thicker layer than the experimental observations and the

. electrochemical peak positions are poorly predicted.

5. Conclusions The size of the redox sites has a dramatic influence on the
structure and current potential curves of the polymer film. This
demonstrates the important coupling that exists between mo-

Jecular organization and electrochemical response, and it furthers
points out to the need to describe the polymer layer at the
molecular level.

The predictive capacity of the molecular theory presented here
brings the possibility of a rational design of chemically modified
electrodes tailored to precise properties. Furthermore, the theory
allows the determination of the conditions where approximate
(analytical) models are valid. We are currently extending the
molecular approach to study LbL deposition in polyelectrolytes
and proteins. Moreover, we are coupling the structural features
predicted by the theory to the kinetics of electron transfer.
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To the best of our knowledge, this is the first theoretical
prediction of volume change and ionic contribution to the charge
compensation in chemically modified electrodes.

We have applied a molecular theory to study the structure
and thermodynamic properties of a monolayer of redox poly-
electrolyte adsorbed on a mercapto propane sulfonate thiolate
gold electrode in contact with an aqueous electrolyte. The theory
explicitly incorporates the size, shape, conformations, charge,
and charge distribution of all of the molecular species. Through
a free energy formulation, we include conformational dependent
electrostatic, van der Waals, adsorption and excluded volume
interactions, as well as the chemical equilibrium for the different
acid—base and redox groups. The approximations used in the
derivation of the theory as well as its limitations have been
extensively discussed elsewhéfe3®

The theory predicts the currenpotential curves under
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pseudocapacitive currents as independent quantities, as is usually
done in most electrochemical literature. The molecular theory
accounts for the total flow of charge, including any possible
cross interaction, and enables the understanding of the relation
ship between the currenpotential curves observed and the
molecular structure of the film.
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