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Redox and Acid—Base Coupling in Ultrathin Polyelectrolyte Films
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A single layer of poly(allylamine) with a covalently attached osmium pyridibpyridine complex adsorbed onto
a Au surface modified by mercaptopropanesulfonate has been studied theoretically with a molecular approach and
experimentally by cyclic voltammetry. These investigations have been carried out at different pHs and ionic strengths
of the electrolyte solution in contact with the redox polyelectrolyte modified electrode. The theory predicts strong
coupling between the acithase and redox equilibria, particularly for low ionic strength, pH close to kheand
high concentration of redox sites. The coupling leads to a decrease in the peak potential at pH values above the apparent
pK,of the weak polyelectrolyte, in good agreement with the experimental pH dependence at 4 mly Nhdiietical
calculations suggest that the inflection point in the peak position versus pH curves can be used to estimate the apparent
pKa of the amino groups in the polymer. Comparison of the apparkptf@r PAH-Os in the film with that of
poly(allylamine) reported in the literature shows that the underlying charged thiol strongly influences charge regulation
in the film. A systematic study of the film thickness and the degree of protonation in sulfonate and amino groups for
solutions of different pH and ionic strength shows the coupling between the different interactions. It is found that the
variation of the film properties has a non-monotonic dependence on bulk pH and salt concentration. For example,
the film thickness shows a maximum with electrolyte ionic strength, whose origin is attributed to the balance between
electrostatic amineamino repulsions and amiraulfonate attractions.

1. Introduction separated by a few chemical bonds and therefore they are strongly

Chemically modified electrodes are conductive substrates COUPIed. Itis commonplace to analyze these systems in terms
coated with a film of a selected chemical moiety to introduce of cher_mca_ll reactions reIatm_g species in dlffer_ent protonation
desired chemical, electrochemical, or optical prope#tiéghe anq OX|dat|o_n states, neglectln_g intermolecular interactidis.
film can be a monomolecular layer, a multilayer, or a polymeric 1Nis analysis has been applied to several examples of pH-
coating. In an important number of these systems, there is atdependent redox couples in both monold$ét and multi-
least one protonable species, and therefore, the properties of théayer>**films. Naegeli etal. extended the analysis and combined
electrode depend on the pH of the solution in contact or adjacentit With the Donnan partition model to study pH-dependent redox
to the electrode. The theoretical description of this type of interface CoUples inmobilized in Nafion films!
is complicated due to the fact that the aelthse equilibrium can A different case is the simultaneous presence of protonable
be shifted by changes in the electrode potential and solution 9r0UPS and pH-independent redox couples at the surface. For
conditions, and this in turn is coupled to the molecular organization 8x@mple, the electrochemical response of mixed-afidocene
of the film. sulfide monolayers has been reported to strongly depend on

Smith and White presented a model for an electrode coategsolution pH18Consider also a film obtained by covalent binding

with a monolayer of molecules bearing weak acid headgréups. ©f @ soluble redox species with a fraction of the carboxylates or
The model predicts a maximum in the capacitanpetential amines in a polymé# 2! or in a self-assembled monolayér,
curves due to the dissociation of the acid at increasing metal/ Where unreacted weak acid/basic groups and attached redox

electrolyte potential difference. This prediction has been validated Centers coexist. The acibase and redox equilibria in those

by cyclic voltammetr§ and electrochemical impedance spec- Caseés are expected to be coupled through intermolecular
troscopy (EIS)” experiments for thiolated electrodes. The Smith (8) Andreu, R.: Calvente, J. J.: Fawcett, W. R.; Molero, lMngmuir1997,
and White model has been extended to incorporate effects ar|S|ngl3,(€5a)18A9-d . L W. RL Phys. Chem1994 98, 12753
. 0 ndreu, R.; Fawcett, W. Rl. Phys. Che , .

from the discreteness of chargje! _ _ (10) Fawcett, W. R.; Fedurco, M.; Kodava Z. Langmuir 1994 10, 2403.

In the special case where the redox couple itself is pH-  (11) Laviron, E.J. Electroanal. Chem198Q 112, 1.
dependent, the redox and aeidase sites in the molecule are ~ (12) Laviron, E.J. Electroanal. Cheml981, 124, 9.

P (13) Madhiri, N.; Finklea, H. OLangmuir2006 22, 10643.
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interactions, as we have recently predictéélowever, to the

- . - e o ® on

best of our knowledge, this coupling has not yet been theoretically A . . .
described in a systematic way for chemically modified electrodes » @ osmium site
as a function of the experimentally controlled variables. B | L > = z:i’;‘";g‘;e

In a previous papet we presented a molecular theory for the .g ~ O B MPS
description of the structure and equilibrium electrochemical B e .
response of ultrathin polymer modified electrodes. The theory % ' : . —
explicitly incorporates from a first principle formulation the S ': R oz .
molecular details of all species in the system, that is, the size, B ’
shape, conformation, charge, and charge distribution for each f‘:‘ ' . "A

molecular species as well as the different chemical equilibria "~

and the electrostatic, van der Waals, and excluded volume : — — Osmium Sites

predictions from the molecular approach were validated by
experimental studies, including cyclic voltammetry and ellip-

interactions. We applied the theory to a single layer of PAH-Os A 04 | — ?ofr:nerﬂackbone
(a poly(allylamine) partially derivatized with the pH-independent =~ ' ota
complex Os(bpyCIPy"2) on a thiolated gold surface. The v T

I

sometry. Inthis paper, we employ the theory to study the coupling 5\ 0.
between the protonation equilibrium of the amino groups in the @_ﬂ
polymer and sulfonate groups in the thiol and the redox %

-0.

equilibrium of the osmium redox sites.

2. Theoretical Approach and Molecular Model

Figure 1. Scheme of the Au/MPS/PAH-Os/solution interface based

A detailed description of the theoretical approach and the on the density profiles provided by the theory. The poly(allylamine)
molecular model used to describe PAH-Os modified electrodes backbone and the pyridirebipyridine osmium complexes of PAH-

has been presented elsewh&rehe system under consideration 5 are represented by blue solid lines and big spheres, respectively.
comprises a single layer of PAH-Os adsorbed on a thiolated gold The allylamine units in the polymer backbone can be either protonated
electrode schematically shown in Figure 1A. The theory explicitly (charge+1) or deprotonated (neutral). The osmium complexes can
considers all the different molecular species of the system. Theybe in an oxidized Os(lll) (charge2) state or in a reduced Os(ll)
include the salt anions and cations, hydroxyl ions, protons, water, (charge+1) state. MPS molecules are covalently assembled to the

and molecules attached to the surface, namely, mercaptopro-90!d electrode forming a permeable layer. The headgroup in MPS
’ ' can exist as a negatively charged sulfonate or as a neutral sulfonic

par!esglfonate (MPS) gnd the osmium pyriditépyridine acid depending on the local pH. The polymer modified electrode is
derivatized poly(allylamine) (PAH-Os). The theory enables the jmmersed in an aqueous electrolyte solution containing salt ions,
determination of the molecular organization of the film and the protons, and hydroxyls (depicted as small spheres). The normal
inhomogeneous distribution of all the species by functional direction from the electrode is denoted bwand has its origin on

minimization of the free energy functional of the system. We the metal surface. (B) Volume fraction profiles calculated for PAH-

consider the case in which the film contains a fixed amount of OS (dot-dashed line) andits two components: the polymer backbone

g . . (full line) and the redox sites (dashed line) calculatedEc+ 0.0
MPS and of adsorbed polymer and itis in contact with a solution V, Csar= 0.04 M, and pH= 7. (C) Electrostatic potential profile

characterized by a bulk pH and ionic strength. Thus, the free caicylated for the same conditions as those in (B).
energy functional is formulated in an ensemble that is grand-
canonical for the mobile species and canonical for the attached;pe polymer-polymer and polymersurface van der Waals (vdW)
molecules. In other words, we fix the chemical potential of the jnteraction energies, the electrostatic interaction energies, and
cations, anions, hydroxyls, and protons and the total numberhe repuisive interactions between all the different molecular
density of the MPS and the polymers. species, which are modeled as excluded volume interactions.
The PAH-Os chains are considered by the theory as athe minimization of the free energy functional provides for
combination of a polymer backbone composed of allylamine o, jicit expressions for the distance-dependent densities of the
units and the covalently attached osmium pyridibéyridine mobile ionspi(2) (i =w, H*, OH-, C, and A for water molecules,
complexes. The chemical equilibria considered by the theory . ,ng ~ hydroxyls, cations, and anions, respectively); the
include the acie-base equilibrium of the amino groups in the probability distribution function for the polymePs(a); the
polymer backbone and that of the sulfonate groups in the thiol fraction of charged amino and sulfonate groufigz) and

e e e e e of eirda) respeciel. h racton f oxidize edox kst
) : 0 nand thez-dependent electrostatic potentigi(z).

each of the chemically active species is assumed to depend o . i . i .
the distance from the surface, due to the inhomogeneous The density profiles of the free species, namely, anion, cation,
distribution of all the molecular species. proton, hydroxyl, and solvent, are given by

The free energy of the system is written as a functional of the
density profile of all the species as well as the probability to find  pa(2) v,, = p,ﬂ“'kvw exp(—uvpfln(2 — nb”'k] +
the chain molecules in a given conformation (see ref 23 and the Blelv@ — wbulk]) )
Supporting Information). It contains contributions from the
distance-dependent translational entropy of the mobile species,po(2) v,, = pg”'kvw expvpln(2 — =
the conformational entropy of the polymer chains, the free energy Blelly(2) — wbulk]) @)
associated with the different chemical equilibria in the system,

bulk] o

___bulk
: : : P(2) vy = P+ Uy EXPC 0 L(2) — 7
(23) Tagliazucchi, M.; Calvo, E. J.; Szleifer,d. Phys. Chem. @008 112,

458, Blelly@ — ™) (3)

bully _
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X b EXP oy Alr(@) — 7™ + Ui - — Hng, are the thermodynamic Gibbs free energy changes

= Pon-Yw .
Blel[y@) — ™) @) for the reactions:

bulk bull ) P— NH,+ H,0—P — NH;"+ OH~ 9)

= Pw Y exp(— Uwﬁ[ﬂ(z) -

wheref = 1/kgT is the inverse absolute temperatur€) is the AU = S(CH);SOH + H,0—
field coupled to the repulsive interactions and is related to the Au — S(CH,),SO; + H3OJr (10)
lateral osmotic pressufé,and »; is the molecular volume of
species. In egs 15, the distribution of small molecules is seen respectively. P and Au denote the polymer chain and the gold
to depend on the repulsive and electrostatic fietgs),andy (2). surface, respectively. The thermodynamic equilibrium constants
As it has been discussed elsewhere, these fields are stronglycan be multiplied by the constant facm,x/pt’v“'k (with Na being
coupled and depend on the total distribution of molecular species; Avogadro’s number) to obtain the commonly used equilibrium
that is, they are determined by local and nonlocal interacfibns. constants based on molar bulk concentratis{$> andKp.24In

As mentioned above, the theory considers each of the differenteqs 7 and 8, the thermodynamic equilibrium constants are equal
conformations that the chain molecules can adopt. The mini- to the product of activities not of concentrations; that is, they
mization of the free energy functional provides for an expression explicitly include all the nonideal contributions arising from the
for the probability to find each of those conformations for a intra- and intermolecular interactions, as manifested by the explicit
given set of conditions. The probability of having a polymer relation between the chemical equilibrium constants and the

chain in conformatiorw. is given by interactions fieldst(2) andy(2).
1 In analogy with the generalized aeithase equilibrium
1 _ equations, the theory provides a generalized Nernst equation for
Pp(c) Eexp{ J ez )IN(f(2) + Ay, S YD) dz+ the Os(Il/Os(lll) couple:
_f NodZ @)[dosyB ¥(2 + In(1 — fo(2))] dz - cabs_ oavs . 1 " fod2) .
B Upde) = [Top(z @) + vodz0)][B 7(2) + =0~ Eostiyostn + g M\ 7= fod2)
_ (qox - qred)
fﬁ x(1z2 = Z|)([$p(Z) T+ [pofZ)D dz] dZ} (6) T(w(z) +7) (11)

where ni(z, o) and »(z, o) are the number and volume,

respectively, of allylamine segments< P) or osmium sites ( Where Ecg’” is the electrode potential anBgsiosuy IS the
= Os) that a PAH-Os chain in conformatiorhas at, g is the standard redox potential for the reaction

charge of group (i = Os(ll) or NHs "), Upqa) is the polymet IR n

surface interaction energy for a chain in conformation(|jz — P—0Os(lll) “+ e (Au) —~ P — Os(ll) 12)

Z]) is a distance-dependent vdW interaction paramétirthe
normalization constant, angii(z)Ls the average volume fraction eq 11 are given in the absolute potential scale and can be

of speciesj_ atz The probability of having a chain_in a giv_gn . converted into the experimental potential scale (Ag/AgCl) using
conformatlon_depend_s on the state of all the _chem|cal equmbna the potential of the Ag/AgCl electrode in the absolute scale taken
and on all the interactions, namely, the repulsive and electrostatice., 1 the work of Trassaf526 In addition. the electrostatic

interaction fields,7(2) and y(2), respectively, the polymer — ,qioniig|at the metal (i.e(0)) differs with the electrode potential
polymer and polymersurface vdW interactions, and the fraction ., the absolute scale by the work function of the méta

of oxidized osmium sites and protonated amino groups. Note  ginay the variation of the free energy functional with respect
that, upon changgs n the. ex_perlmentally controllgd varlablgs, to electrostatic potential leads to the Poisson equation
for example, solution pH, ionic strength, and applied potential

on the electrode among others, the interaction fields will change V(e(2) Vy(2) = —@Q(Z)D (13)

and therefore the probability of the different conformers will

change accordingly such that the free energy of the system iswheree(2) is the position-dependent permittivity afgh(2)Cis

minimal. the average density of chargeszaigiven by the sum of the
The theory provides also for the expressions of the generalizeddensity of charges for all the molecular species. While eq 13 is

acid—base equilibrium constants for the amino groups in the simple in appearance, the charge distribution in the system is

polymer and sulfonate groups in the thiols: self-consistently determined from the potential of mean force,

which is the sum of all the interactions considered by the theory.

Since the electrostatic potential is only one contribution to the

As was explained in previous wofRthe electrode potentials

ron-(2 (2

Ky = exp[-pAG] = 1t explow-Al@ — ™) potential of mean force, eq 13 should be regarded as a generalized
¢ ) Poissor-Boltzmann (PB) equation.
To solve the theory for a given molecular model (the ions and
K;’MPS = exp[—ﬁAGgMpg = solvent size and shape, the set of conformations for the adsorbed
pu-@) fpd2) polymer chains, the strength of the molecular interactions, the
wexp(ywﬂ[n(z) — 722 (8) equilibrium constants and the surface coverages of the thiol
1—fued? molecules and the polymer chains) and experimental condition

o o (pH, ionic strength, electrode potential), we replace egd2
Here, Ky and K ps are the thermodynamic equilibrium con-  into the generalized PB equation (eq 13) and the packing constraint
stants and\Geyps = iy + 30, — Hiso, ANAAG] = gy + equation:

(24) Nap, R.; Gong, P.; Szleifer,d. Polym. Sci., Part B: Polym. Phy2006 (25) Trasatti, SPure Appl. Chem1986 58, 956.
44, 2638. (26) Trassati, SJ. Electroanal. Chem1974 54, 19.
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Z (=1 (14) modified RosenbluthRosenbluth algorithm as described in ref
< 23 and in the Supporting Information. The interaction strengths
between polymer segments and osmium sites with the thiolated

where[¢i(2)is the average volume fraction for specieat z. surface were—1.0 kT and —2.0 kT, respectively. Polymer

The nonlinear integro-differential equation system composed by Polymer interactions were chosen to give an effective temperature
egs 13 and 14 is then solved using numerical methods. Thisfor the solvent of 0.78,%3! which is in agreement with the
procedure yields the molecular organization of the film (con- hydrophobicity of the polymeric backbone and the experimental
centration profile for all specieg:dependent protonation and ~ film thickness??

oxidation fractions, probability distribution function for the The Ka values of the previous work have been slightly
polymer chains, and electrostatic potential profile) and the modified based onnew experimental evidence for varying solution
equilibrium electrochemistry. A typical example of the molecular PH (see section 4.1). We have modified the,palue for the
organization predicted by the theory is presented in Figure 1B allylamine units from 9.0 to 11.0 3 from 5.0 to 3.0) and the

and C. In Figure 1B, we present density profiles for the polymer PKavalue for the sulfonate groups in MPS{'S) from —1.0

and its components, which were used to construct the illustration to 0.0. It should be noted that the new value for tig pf the

in Figure 1A. The calculations show that the density of the allylamine unitis very close to thatexpected for a primary amine,
allylamine segments has a maximum at the thjmlymer 10.632These modifications do not alter the very good agreement
interface due to the strong adsorption forces. On the other hand Petween experimental and theoretical electrochemical parameters
the osmium complexes are size-segregated from the electrodeds @ function of salt concentration presented in our previous
surface due to their bulky nature. They also show that while the Work (see Figure 1S in the Supporting Information). This result
major part of the polymer is constrained to the first 2 nm from iS somehow expected, since the experiments presented in that
the metal surface, some tails are able to protrude into the solution.work were performed at pH 3, and therefore, the PAH-Os was
These dangling segments tend to adopt extended conformationdully protonated for either K2 = 9.0 or K, = 11.0.

to minimize the electrostatic repulsions. The electrostatic potential
profile is shown in Figure 1C, using the same scale forzthgis

as that in Figure 1A and B to allow for direct comparison. The  3.1. Reagents and MaterialsAll solutions were prepared with
potential is fixed in the metal regiorz (< 0) and differs from 18 MQ Milli-Q (Millipore) water. Sodium 3-mecaptopropane-
the electrode potential in the Ag/AgCl scale by a constant (see sulfonate (MPS; Aldrich) was used as received. The chemicals

above). A sharp drop is observed in the thiol region<(@ < employed in electrolyte solutions, NaN®NOs, and NaOH, were

: of analytical grade and used without further purification.
0.5 nm) caused by the negative charges of the sulfonate groups. The osmium bipyridine derivatized redox polymer Os(bay)

The. potentlal is then reversed in the pqumer region due to the CIPyCHNH—poly(ailylamine) (PAH-Os) was synthesized as previ-
po_S|t|ve charges of the_ p_rotonated amino a_nd osmium g_rOUpS'oust reported? Thiol solutions of 20 mM 3-mercapto-1-propane-
This reversal of the original surface potential is the basis for gyifonic acid (MPS; Aldrich) in 10 mM sulfuric acid (Merck) were
sequential adsorption of polyelectrolytes in the layer by layer prepared before each experiment to avoid oxidation in air. The
(LbL) method?” Finally, the potential tends to zero (its bulk PAH-Os solution was adjusted to pH 8.3 by employing 0.1 M
value) for largez. Note that its decay length is determined by solutions of HCI or NaOH.
the density profile of the dangling tails rather than by the screening ~ Electrolyte solutions of different pH were obtained by mixing
of mobile ions (Debye length). different aliquots of 1 mM NaOH and HN{containing 4 mM
Finally, we will briefly describe the molecular model used in NaNOs. The pH of these solutions was measured before and after

. cyclic voltammetry experiments using a HI 1330 glass electrode
the theory. Molecular vqu_mes and lengths were estimated from (Hanna Instruments). Changes in pH during these experiments were
molecular models. The thiol molecules were modeled as a layer

X always less than 0.5 units.
attached to the gold surface with the reported surface coverage 3 2. surface Modification. Silicon (100) substrates were coated

of 4.6 x 107'% mol/cn? (80%y® and a thickness of 0.5 nm  wjth a 200 nm gold layer on a 20 nm titanium and 20 nm palladium
estimated from the length of thiol molecules. The effective adhesion layer by thermal evaporation with an Edwards Auto 306
dielectric constant of this layer was calculated to be 3.8 with the vacuum coating system & < 1 x 1078 bar and employed as
Maxwell—Garnet mixing formul&*2° using 78 and 2 for the  electrodes.
dielectric constants of the aqueous solution and organic (thiol) ~ The gold film substrates were primed with sulfonate groups by
phases, respectively. We allowed mobile ions to penetrate thisimmersioninMPS solution for 30 min and rinsed again with deionized
layer, but not polymer chains. The polymer had a fixed surface Water. The polymer modified electrode was constructed by immersion
density of 2.1 segments/ifmwhich was determined from the :\r}l_ﬁ.Ag-OstsolutlonforSO min, followed by thoroughly rinsing with

; . . . illi-Q water.
Coulombic charge in cyclic voltammograms and the Os/N ratio 3.3. Electrochemical ExperimentsElectrochemical experiments
measured by X-ray photoelectron spectroscopy (XPShe  ere performed using an Autolab PGSTAT 30 potentiostat (Autolab,
polymer chains comprised 130 segments and were constrainedcochemie, Holland) with a purpose built three electrode Teflon
to have at least one of these segments in contact with the thiolcell, with an electrode exposed area of approximately 0.25 cm
layer to avoid desorption. One segment every 13 had an attachediefined by an inert O-ring. A platinum gauze auxiliary electrode
osmium complex, in agreement with the Os/N ratio. The volumes area of large and a Ag/AgCl/3 M KCI (0.210 V versus normal
of polymer segments;p, and osmium complexesgs, were 113 hydrogen electrode (NHE)) reference electrode were employed. All
and 1770 & respectively, and the length of the former was 0.5 the electrode potentials in this work are expressed in the Ag/AgClI
nm. In a typical calculation, we used a representative sample of 'éférence potential scale.

. : : Before thiol adsorption, the electrode potential was cycled in 2
10° polymer conformations, which were generated using a M sulfuric acid between 0.2 and 1.6 V at 0.1 V/s to check for surface

contamination and electrochemically active areas were calculated
from the reduction peak of gold oxidé.

3. Experimental Section

(27) Castelnovo, M.; Joanny, J.-Eangmuir200Q 16, 7524.
(28) Mokrani, C.; Fatisson, J.; Grente, L.; LabbeP. Langmuir2005 21,

4400.
(29) Croze, O.; Cates, M.angmuir2005 21, 5627. (31) Carignano, M. A.; Szleifer, J. Chem. Phys1994 100, 3210.
(30) Tagliazucchi, M.; Williams, F.; Calvo, E. J. Phys. Chem. B007, 111, (32) CRC Handbook of Chemical and Physi@2nd ed.; Lide, D. R., Ed.;

8105. CRC Press: Boston, 1991.
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Cyclic voltammograms were recorded at room temperature (25 0.40 T T T T T
°C) in the pH range 310.5. The liquid junction potentials across i ! A -
the reference electrode frit were estimated using the Henderson
equatiol*and used to correct the experimentally measured current 0.35F -
potential curves. i
A slow scan rate was employed in all electrochemical experiments 3
(0.025 mV/s) to allow for direct comparison with the theoretical % 0.30r 1
predictions valid at equilibrium. We assumed that in those experi- Lug‘
ments the experimental characteristic time is longer than the :
characteristic times for charge transfer and diffusional charge transport 0.251 1
inside the film, which is confirmed by the almost zero peak separation i TDECWW'”H salt concentration
and constant redox charge observed for cyclic voltammograms
measurements at < 0.1V/s. 00— 154
pH
4. Results and Discussion
4.1. Electrochemical Response under Reversible Condi- —
tions. In our previous work, we showed that the electrochem- 0.38
ical response under equilibrium conditions can be calculated )
from the combination of the redox and non-redox capacitances
defined as s 036
~
oy S 034
Chon-redox= ans (15) m
€q 03k © Experiment AT |
" o Experiment il
1 [ Modd) o2 d2 L
redox— F . (16) 030345 6 7 8§ 9 10 11
3Eeq pH

Figure 2. (A) Peak potential position versus solution pH for
Here,F is the Faraday constant awog is the surface charge, theoretically determined redox waves for a Au/MPS/PAH-Os
equal to—e(0) (9y/92)—~0, Where all the quantities in eqs 15 and electrode immersed in solutions of different added salt concentration.
16 are readily obtained from the theory. In our previous study, The dotted line indicates the standard potential of the couple in

; ; :.~aqueous solution. Cs: 0.004 M (circles), 0.02 M (squares), 0.2 M
we presented a comparison between experimental and theoretic diamonds), a1 M (triangles). (B) Comparison between theoretical

capacitprotent'iaI curves for electrqute solutions of increasing and experimentak(= 0.025 \/s) voltammetric peak potentials for
salt concentration and pH 3, which corresponds to a fully gjecirolyte solutions of different pH (prepared from 1 mM NaOH
protonated film. We showed that the theory was able to and HNQ solutions containing 4 mM NaNg Two different sets
quantitatively reproduce peak positions and peak widths over of experimental data are presented. The error bars were estimated
the entire range of salt concentrations under consideration (0.001 from three different experiments performed in 1 mM HNéd 4

1.2 M). To understand the coupling between adidse and ~ MM NaNGs.

redox equilibriain the film, here we extend our studies to solutions . . . .
of different pH. Figure 2A shows the theoretically predicted f|ImIeadsto_adecrease ofthe peak potent_lal atincreasing s_olutlon
peak positions as a function of pH for different salt concentra- PH- Finally, in region Il (pH> 12), the major part of the amino
tions (Cs). One important result from this figure is that the peak 9roupsin thefilm are deprotonated and therefore the peak position
potential is more sensitive to the pH in low salt solutions. We becomes pH-independent again. It is interesting to note that, in

have therefore performed the experiments in 4 mM Na/Ri@ure region lll and at low electrolyte concentration, the peak potential

2B presents the comparison between theory and experimentspecomes smaller than the potential of the couple (0.265 V). This

showing that the theory captures the dependence of the peal@ﬁeCt is attributed to the negative charges of the thiol layer. The
position on solution pH. underlying charged thiol is also responsible for the small shift

The shift of the voltammetric peak potential from the redox of the peak position toward higher potentials observed at low pH

potential of the couple observed in Figure 2 is usually explained N Figure 2, which is originated in a decrease in the charge of
in terms of the Donnan interfacial potent!&®s This potential the thiol due to protonation. The degree of protonation of the

arises due to the presence of the electrostatic charges of thesulfonate groups in the thiol will be analyzed in detail in section
polymer excluding ions of same charge from the solution. In the 4-2-2- o .
present case, the film bears positively charged amino groups and 1€ shape of the curvesin Figure 2A resembles “1059 obtained
osmium sites, which shift the voltammetric peak position to 1O le-ggper_]dent redox couples following the 1EH" mech-
positive values with respect to the Os(I1)/Os(11l) standard redox &niSm=>*/This mechanism involves the exchange of one electron
potential (0.265 V). Figure 2A shows three well-defined regions, aNd one proton when thég?* < pH < pKJ*! (where [K,> and
which are explicitly indicated. In region | (3 pH < 10), the pK4®dare the acietbase constants of the oxidized and the reduced
number of positive charges in the film is independent of the pH COUPle, respectively). In analogy to ¥eéH" redox couples, it

and therefore the peak potential is almost constant. In region I 1S Possible to imagine four different states for the redox film
(10 < pH < 12), the deprotonation of the amino groups in the which differ in its oxidation and/or protonation state. Scheme 1

shows the resulting square scheme and explicitly indicates coupled

(33) Finklea, H. O.; Snider, D. A.; Fedyk, Dangmuir199Q 6, 371. acid—base and redox reactions.
(34) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals While for pH-dependent couples the peak potential gives

and Applications2nd ed.; John Wiley & Sons: New York, 2001. . . . X
(35) Doblhofer, K.; Vorotyntsev, M. Fundamentals Hrectroactve Polymer information on the KaOf the redox molecule itself, inthe present

ElectrochemistryLyons, M. E. G., Ed.; Plenum: New York, 1994; p 375. work, the redox couple acts as a probe reporting on keop
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Scheme 1. Square Scheme for Au/MPS/PAH-Os Film
Showing the Analogy with a 1e/1H* Redox System. The
Polymeric Backbone Is Denoted by P-.

-
P-NH,* + P-Os(ll)* = P-NH," + P-Os(lll)*2
+e
+ H+ -H+ + H+ _ H-l-
- e'
P-NH, + P-Os(ll) " P-NH, + P-Os(ll)"
e

. . L ) . : o Figure 3. (A) Average fraction of charged amino groups in the
a different chemical species in the film. This effect is not limited polymer (defined by eq 17) for a reduced filf € 0.0 V) plotted

to ultrathin layers, since a decrease in the peak potential atagainst the pH and ionic strength of the solution. (B) Dependence
increasing pH has also been observed in electrodes modified byof the average fraction of charged amino groups on the electrode
PAH-Os and poly(vinyl sulfonate) multilaye?8. potential for pH= 9 andl = 0.004 M. (C) Variation in the average
The choice of K, for the amino groups deserves further fraction of charged amino groups from the fully reduc&d< 0.0
discussion. The I, used in the theory (11.0) was selected to ) tothefully oxidized €=0.6V) state (defined by eq 18) calculated
ensure good agreement with experimental observations showr©" Selutions of different pH and ionic strength.
in Figure 2B. This value corresponds to that of an isolated group 0.2
in the absence of interactions and can therefore be compared
with that of a primary amine (10.6). Due to the presence of
interactions, the I§, used in the molecular model could differ
with the pH at which half the amino groups are protonated,
which will be denoted here as the appard€ff®. Itis worthwhile 02 . ]
to stress that the theory predicts th&i#°for a given experimental i 55 + AT
condition, incorporating the effect of molecular interactions z/nm
(activity coefficients) to thg Ka Of. the isolated amino groups. Figure 4. Effect of the solution pH on the electrostatic potential
Formally, the iK2PPvalue is obtained when the average fraction profile: pH= 3 (solid line), 9 (dashed line), and 11.5 (dot-dashed
of charged allylamine groupsk[] is equal to 0.5. Due to the  |ine). The calculations correspond o= 0.0 V andl = 0.004 M.
inhomogeneous distribution of allylamine groups and charged

groups (see Figure 1), we define the average fraction of charged 4.2.1. Fraction of Protonated Amino Groups in the Polymer.

1 Increasing pH ]

Wiz)/V

groups as To quantify how the protonation/deprotonation equilibria (egs
9 and 10), affect the population of electrostatic charges, the
fmp(z)ch(z) dz average fractipn of charged allylamine grquﬂs](see eq 17),
(=t =" (17) is presented in Figure 3A. As was previously mentioned, a
fl__mp(z)lidz substantial fraction of uncharged amines only exists in basic

solutions (pH> 10). The fact that the degree of charging depends
We can now use the theoretically calculated peak potential not only on the solution pH but also on the ionic strength stresses

versus pH curves to investigate whether electrochemistry coulgthe importance of chemical equilibria and elgctrostatic potential
provide a way to estimate the apparekt pf the amino groups coupllng. For e>_<amp|e, Schlenoff and_Rmalle have shown that
in the film. It may be appealing to fit the theoretical data to the (h€ intémal K in polyelectrolyte multilayers depends on the
1e/1H* mechanisni213While the model fits the curves well, ~€Xternal salt concentraticfi. _ _
the best fit values for thek, of the reduced and oxidized films The deprotonation of the polymer layer at high pH has important
(11.5 and 9.6 for Cs 0.004 M) do not agree with those obtained ~ cOnsequences for the adsorption of a second layer of an oppositely
from eq 17 (11.8 and 11.7), showing that the analogy with pH- charged polyelectrolyte. As dlsplayed in Flgure 4, for a solution
dependent couples cannot be extended so far. We have foundH @Pove the .7, the electrostatic potential profile does not
that the inflection point of the curves in Figure 2A provides a Show charge reversal, whereas acidic to weakly basic solutions
simpler and better way to estimate thé: . As an example, present this effect. This result can explain why PSS/PAH present
the pHs at the inflection point for Gs 0.004, 0.2, ad 1 M are irregular growth when assembled at pH107
11.1, 11.2, and 10.8, respectively, which should be compared _ The degree of protonation in Flg_ure 3A for the fglly reduced
with the K" values determined frorf.0= 0.5, which are ~ film (E = 0.0 V) changes during the potential scan to
11.8, 11.2, and 11.0, respectively. accommodate the_ newly created Os(_III) sites. The e_volutlon of
4.2. Molecular Organization atthe Interface.Inthe previous ~ the average fraction of charged amino groufiig,) with the
section, we analyzed the electrochemical behavior for the Au/ el€ctrode potentialis depicted in Figure 3B. This figure presents
MPS/PAH-Os interface in electrolyte solutions of different @ Sigmoidal shape, indicative of the charge regulation of the
composition. In the rest of this work, we will study the effect @mino groups triggered by Os(l1) oxidation. This effect and the
of the solution pH, ionic strength, and electrode potential on the Shift in peak position (apparent Os(I1)/Os(Ill) redox potential)
molecular organization at the interface. One of the strengths of With the solution pH are the two manifestations of the addse
using amolecular theory in studying the properties of the modified @nd redox coupling.
electrodes is that we obtain structural information (in addition (36) Rmalle, 1. H. Schienoff, J. ELangmuir2002 18, 8263
to electrochemical and thermodynamic properties) that s difficult (37) Smith, R. N. McCormick, M.; Baﬂem C. J.. Reven, L; Spiess, H. W.
to access by experiment. Macromolecule2004 37, 4830.
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Figure 5. Change inthe average fraction of protonated amino groups
when the electrode potential increases friarr 0.0 V toE = 0.6

V as a function of solution pH for PAH-Os chains with different
fractions of osmium sites to polymer segments. Calculations were
performed at = 0.12 M.
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Figure 6. (A) Calculated average degree of protonation for PAH
films adsorbed on neutral (dashed line) and thiolated negatively
charged (solid line) surfaces (Gs 0.001 M). (B) Experimental
protonation degree for the amino groups in a PAH cast film taken
from ref 39. The apparentiy’'s are indicated with dotted lines.

incremented by increasing the polymer degree of derivatization.
While in Figure 5 the range of pH limits the minimum ionic

The extent of the redox driven deprotonation can be analyzed strength to 0.1 M, calculations performed at lower ionic strength

by defining the variation of the average charged fraction upon
oxidation, AgxdclJas

A, B,0= [.0E = 0.6 V) — B,L(E=0.0V)

Figure 3C shows the dependence\gf[#.[on the electrolyte
composition and bulk pH. The coupling between the atidse
and redox equilibria is only efficient under particular conditions
that are high pH and low salt concentration. The latter condition
is imposed by the fact that in high salt solutions counterion
uptake is the predominant charge compensation mechanism. Th
condition on the solution pH requires a deeper analysis. A plot
of the pH-dependence df,,[{.00s presented in Figure 5 for an
extended pH region and different ratios of osmium sites to

(18)

(not shown) demonstrated that,[®.Clis limited by the ratio of
redox groups to allylamine segments. This result can be
rationalized by considering that the amino groups become
deprotonated as a result of the creation of new positive charges
due to osmium oxidation, and thus, the number of expelled protons
should be always smaller than the number of newly created
charges. Several functional properties of ultrathin polymeric films
are governed by the solution pH. Examples include ionic
permeability?! wettability, surface frictior# and light absorption
by pH-dependent probe molecuféBased on our results, we
envision that the coupling between aeiohse and redox equilibria
could be used to turn pH-responsive properties into a redox
response by including redox active moeties.

In the previous section, we mentioned that th&3pP of the

allylamine units. Specifically, we present results for three different amines in the film is close to 11. This result is somehow
polymer coatings, where the difference between the polymers isunexpected, since several authors reported that the app&eent p
the fraction of functional osmium (redox) groups. In the particular of PAH in aqueous solution and in solution cast films lies in the
case where the Os sites to polymer segments ratio is 0, the filmrange 8-9.3° To explain this apparent contradiction, in Figure
is composed by the non-redox polyelectrolyte poly(allylamine) 6, we present a comparison of the experimental degree of
(PAH). It is clear from this figure that charge compensation by protonation for a PAH film cast on ZnSe measured by Choi and
protonation is favored when the solution pH is close to the apparentRubne?® with the corresponding values predicted with the
pKa. To gain further insight on this result, let us combine eqs 7 molecular theoryif.[ifor (i) a PAH layer (without osmium sites)
and 4 and solve for the fraction of charged groups. After rewriting adsorbed over a noncharged surface and (ii) a PAH layer over
in terms of proton molar concentration and tkg of amino the MPS modified electrode (both at &s1 mM). This figure
groups, shows that the theory only predicts K °Pvalue similar to the
reported value when the substrate is uncharged, as it is in the
experimental systerf. For the thiolated surface, the whole
titration curve is shifted to higher pH. In this case, the negative
charges on the thiol induce the protonation of the amine groups,
increasing their [§,2°P. The same effect has also been observed
in multilayer films, where the I§2°? of embedded weak
polyelectrolytes is affected by the presence of the oppositely
charged polyiong?

f(2)= 1

(19)

1+[H+]

exp@lel y(2)

The limit of eq 19 when [H] > K, or [H™] < K;is 1 or 0,
respectively. Only in the case where'[Hx K,, the increase in
1(2) that occurs during film oxidation can effectively lead to a
variation inf(z). Note that, in eq 19, the higher the electrostatic N the system under study, the thiol and polymer are located
potential, the smaller the fraction of protonated groups. in different regions (see Figure 1A). In a theoretical study of the
Figure 5 ShOWS that some deprotonation during potential surface Donnan effect, Ohshima and Ohki have shown that the
excursion occurs even for the non-redox f||m, driven by the electrostatic pOtentIa| inside a membrane (Donnan pOtentIa|) is
effect of the electrode potential on the local electrostatic potential Only affected by the charge at the interfaces when the membrane
in the polymer region. The magnitude of the effect shows a large thickness is smaller than iy (ko1 is the Debye-Huckel
increase upon the introduction of osmium sites, showing the Parameter}? The strong influence of the charges in the thiol on
presence of a coupling between aelthse and redox equilibria.  the fKa**Pof the amino groups is therefore only possible because
The figure shows that this coupling can be incremented by
increasing the osmium content, and therefore, the maximum effect
of ~7% deprotonation presented in Figure 3C can be further

(38) Burke, S. E.; Barrett, C. Biomacromolecule®003 4, 1773.
(39) Choi, J.; Rubner, M. "Mlacromolecule2005 38, 116.
(40) Ohshima, H.; Ohki, SBiophys. J.1985 47, 673.
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Figure 7. Same plots as Figure 3 for the fraction of charged MPS Figure 8. (A) Dependence of the theoretical film thickness in the
molecules (part B was calculated for pH3 andl = 0.004 M). reduced stateg= 0.0 V) on the pH and ionic strength of the outer
electrolyte solution. (B) Theoretical thickness as a function of the
the decay length of the electrostatic potential is larger than the electrode potential for pi= 7 andl = 0.004 M. (C) Variation in
thickness of the film. film thickness from the fully reducedt(= 0.0 V) to the fully oxidized
4.2.2. Fraction of Charged Sulfonate Groups in the Thible (E = 0.6 V) state (defined by eq 22) as a function of the pH and
degree of charging of a self-assembled monolayer is relevant for' oM strength of the electrolyte solution.
its surface properties. Several techniques have been applied to . . S
characterize the aciebase behavior of these films, including mtgrplay of mtramolecular and |n.termolecular' forces, which is
contact angld! atomic force microscopy (AFM® Fourier ultimately determined by the experimental conditions. We showed

transform infrared spectroscopy (FTI#)ndirect laser-induced that the probability distribution_fun_ction for the con_formatic_ms
temperature jump (ILIT#* and second harmonic generation of the polymer (eq 6) has contributions from all the interactions
(SHG) measurementé ' as well as the different chemical equilibria considered by the
In Figure 7A, we show the average degree of charging of the theory. Thus, the structure of the polymer layer will be the result
underlying MPS moleculesh updJ(defined fromfevpd2) in of those interactions and chemical equilibria, resulting in the
analogy with[f.[J see eq 17), as a function of solution pH and  tyPe of detailed density profiles presented in Figure 1. The changes
ionic strength. Even though sulfonate groups are strong acidsn the structural properties of the polymer layer can be studied

(we have usedlp, = 0), thiol protonation is observed at pHi by looking at the average film thickness as a function of the
4 due to the effect of the electrostatic interaction in the local different variables. We define this quantity as the first moment
activity of these group#® of the polymer density distribution, namely

The fraction of charged sulfonate groups in the thiol shows
a'small dependepce on the electrpde pot(-anti'al, as.depicted in f(Ebp(Z)D'F [BodDD(Z — dypg) dz
Figure 7B. In this case, the relationship is linear instead of 2= (21)
sigmoidal. Thiol deprotonation during a potential scan is therefore J (@ 0+ Bod2)D) dz

related to the electrostatic potential at the metal rather than to

the fraction of oxidized osmium sites. Changes in the fraction g quantity represents a weighted average of the detailed
of sulfonate protonation can be studied with the variation of the jistributions shown in Figure 1 and is a more concise quantity
average charged fraction upon oxidatidw,fe ves-Jdefined in-— ¢4 the systematic study of changes in the structure of the layer

analogy to eq 18, as with the experimentally controlled variables.

— _ — The effect of the solution conditions, both the pH and ionic
Ao Fe = e ppd XE = 0.6 V) — [ \ypd XE = 0.0 \?20) strength, oriz(is shown for a reduced filmE= 0.0 V) in Figure

8A. In acidic and neutral solutions, film thickness is a non-
monotonic function of the ionic strength. The maximum observed
atl ~ 0.05 M originates from the delicate balance that exists
between electrostatic polymepolymer repulsions and polymer
thiol attractions, which favor extended and collapse conforma-
tions, respectively. At > 0.1 M, the electrostatic charges in the
film are screened by mobile ions producing a collapsed film.
Swelling occurs in the range 0.01 M1 < 0.1 M driven by the
electrostatic repulsions between positive charges in the film. An
due to the high acidity of the sulfonate group&4#°S= 0) and inspection of the po_Iymer density profiles _reveals that, (_juring
the presence of a large redox capacitance. film S\_Nellm_g, there is a markepl increase in the populgtlon of
4.2.3. Film ThicknessThe polymer chain can preferentially ~d@ngling tails. In low salt solutiond (= 0.01 M), mobile ions

adopt an extended or a collapsed conformation depending on theot only fail to screen the repulsions between positive charges
inthe film but also fail to screen the attraction of PAH-Os positive

(41) Bain, C. D.; Whitesides, G. M.angmuir1989 5, 1370. chargesto negative charges in the thiol, leading to film contraction.
(42) Hu, K.; Bard, A. JLangmuir1997 13, 5114. This explanation is supported by calculations performed for a

(43) Sun, L.; Crooks, R. M.; Ricco, A. Langmuir1993 9, 1775. . . .
(44) Smalley, J. F.; Chalfant, K.; Feldberg, S. W.; Nahir, T. M.: Bowden, E. PAH film over a noncharged substrate and in a pH 3 solution,

We present a plot fak«f: mpd_talculated for different electrolyte
compositions in Figure 7C. The coupling between the electrostatic
potential at the metal and acidbase equilibria is favored again

at low ionic strength and pH close to the appardfg [Previous
theoretical studies for protonable self-assembled monol&yers
have shown that film protonation/deprotonation gives raise to a
peak in the capacitance as a function of the electrode potential
near the i, of the thiol. This effect is not observed in our case

F. J(asp)h%s' Ckhecm.TB'SI% 10:1}1_16,\;% ALAbadieh H. A Bertin.P. A+ N which show a monotonically decreasing thickness with ionic
onek, C. T.; Musorrafiti, M. J.; Al-Abadleh, H. A.; Bertin, P. A.; Nguyen, P .
S. T.. Geiger, F. MJ. Am. Chem. S0@004 126, 11754, strength. A similar mechanism has been proposed for the

(46) Ninham, B. W.; Parsegian, V. Al. Theor. Biol.1971, 31, 405. adsorption of a strong polyelectrolyte on a oppositely charged
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surfacet’which presents in some cases a maximum in the amountto investigate the effect of ionic strength and solution pH on
of adsorbed polymer as a function of the ionic strength. electrochemical behavior and molecular organization. The
It is interesting to note that a non-monotonic dependence of molecular theory has allowed us to characterize the connection
film thickness on ionic strength has also been experimentally between film structure, chemical equilibria, and intermolecular
observed and theoretically predicted for poly(acrylic) (PAA) forces. In particular, we have focused our attention on the coupling
brushes'®51 For both PAA brushes and PAH-Os adsorbed on between acietbase and redox equilibria. The coupling is stronger
MPS, the screening of polymer charges by mobile ions is inlow saltsolutions, showing thatits nature is mainly electrostatic.
responsible for film contraction in high salt solutions. On the It is also promoted by those experimental conditions where the
other hand, the physical reason for the decrease in film thicknessredox and acietbase equilibra are more easily displaced, namely,
at low ionic strength is different for both systems. In the case pH close to the KPP and E close to the peak potential,
of PAA brushes, this effect results from changes in the degreerespectively.
of protonation with the ionic strength. In other words, a decrease  The two manifestations of the acidhase and redox coupling
in salt concentration induces the reduction of the polymer charge are the decrease of the peak potential at higher solution pH and
(protonation) to minimize electrostatic repulsions (i.e., charge the deprotonation of amino groups during film oxidation. We
regulation), and this decrease in the Coulombic repulsions leadshave presented experimental evidence in agreement with the
to film collapse. This mechanism does not explain the maximum first effect, whereas redox driven deprotonation was not
observed in acidic and neutral solutions for PAH-Os adsorbed experimentally proved. To measure the latter effect, an experi-
on MPS because, as was shown in Figure 3A, poly(allylamine) mental technique able to measimesitu the ionization degree
chains remain fully charged up to pH9. Therefore, we conclude  of the protonable groups is needed. This requirement can be
that, up to pH 9, the non-monotonic behavior of film thickness fulfilled for polyelectrolytes bearing carboxylic acid groups using
for PAH-Os is mainly due to thietpolymer electrostatic IR spectroscopy. We expect this effect to be experimentally
interactions. In basic solutions (pH 9), the PAH-Os film verified in the future.
collapses independently of solution ionic strength, since as the The underlying thiol strongly affects the appareHlt pf the
charge on the amino groups decreases due to deprotonation, thamino groups in the film and is responsible for some minor
film contracts due to polymerpolymer and polymersurface features observed in the pH dependence of the peak potential.
vdW interactions. These effects demonstrate the importance of the charge on the
Figure 8B shows the dependence of film thickness on the interfaces, which is a direct consequence of the extremely small
potential applied to the electrode. The shape of the thickness thickness of the filmd ~ 1—2 nm). The interfacial charges are
potential curve resembles that of the fraction of oxidized species neglected in the Donnan partition model, and therefore, it cannot
versus electrode potential curve, suggesting that the increase irbe used to analyze ultrathin layers. In addition, the Donnan model
film thickness has an origin in the oxidation of osmium sites. neglects the distribution of polymer chains across the interface
The same behavior has been experimentally observed for PAH-which, as predicted in the present work (see Figure 1), is highly
Os/glucose oxidaséand PAH-Os/poly(vinyl sulfonate) mul-  inhomogeneous.
tilayers®3 To study the effect of the electrolyte composition, we The molecular organization of the polymer film was studied
define the increase in film thickness upon oxidatidg,z[] as in terms of the detailed density profile and in a systematic way
the difference in film thickness between the fully oxidized and through the first moment of the distribution, that is, the average
fully reduced films: film thickness. We have shown that the coupling between the
molecular interactions and the chemical equilibria is dependent
A 2ZO=ZHE=06V)—-ZHE=00V) (22) on the solution pH and ionic strength. This effect manifests itself
in a non-monotonic variation of the film thickness with ionic
Figure 8C shows a plot o2 as a function of ionic strength ~ Stréngth. The presence of amaximum in the polymer layer height
and pH. It can be observed that the redox driven swelling is With ionic strength reveals a nontrivial balance between the
maximum forl ~ 0.05 M. Comparison with Figure 8A shows different intermolecular mte_ractlons that can be tl_Jned by the
that under those conditions film thickness is strongly dependent PUlk PH. The understanding of the manipulation of the
on the balance of the different electrostatic interactions in the €l€ctrochemical and structural properties of the film on experi-
film, and therefore, a small increase in the fraction of oxidized mentally controllable variables can be used in the design of
sites leads to a higher degree of swelling. electrode modifiers with desired properties.
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