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Abstract

DNA monolayers are widely used in fundamental and applied genomics and are versatile
experimental models for elucidating the behavior of charged polymers at interfaces. The physical
behavior of these systems is to a large extent governed by their internal ionic microenvironment,
which is investigated here for layers of end-tethered, single-stranded DNA oligonucleotides (DNA
brushes). Retention of counterions by the DNA brush manifests as lowered susceptibility of the
interfacial capacitance to external salt conditions. A physical model based on concepts adapted from
polymer science was used to further elucidate the connection between monolayer organization and
its charging behavior. The data indicate a reorganization of the monolayer with changes in ionic
strength and strand coverage that is consistent with that expected for a polyelectrolyte brush. A
method for electrochemical quantification of strand coverage, based on shift of reduction potential
for redox counterions associated with the DNA monolayer, is also described. These results provide
guidance for development of label-free electrochemical diagnostics employing DNA monolayers
and formulate a description of monolayer behavior within a polymer science framework.

Introduction

Monolayers of immobilized nucleic acids are central to a portfolio of technologies for applied
genomlcs including sequencmg by synthe5|5 ' genotyplng and polymorphism identification

, gene expression profiling 2, and biosensing They are also promising experimental
models for investigating fundamental properties of charged polymers at solid-liquid interfaces
10 These applications share a common interest in understanding how nucleic acid monolayers
organize and how their organization influences activity toward hybridization or other
biomolecular interactions. An important research direction has been to establish structure-
function relatlonshlps for example by correlating monolayer density with hybridization
activity 11-19 or with duplex melting transitions

Events of interest, such as hybridization or enzymatic sequencing, must take place under
conditions existing within the monolayer. In general the local ionic strength and composition
vary greatly from the bulk solution, and there is ample evidence that these differences exert
pronounced influence over thermodynamics and kinetics of processes involving surface-
tethered DNA chains 23. A better understanding of the local conditions is therefore critical to
more effective use of DNA films in diagnostic and other applications.
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In this study, electrochemical methods are used to probe the internal environment in
monolayers of single-stranded DNA (ssDNA) chains as a function of bulk ionic strength and
chain surface coverage. The strands are immobilized by one end to a solid support, in a
“polyelectrolyte brush” geometry 24 The charging, or capacitive, response is determined and
a physical framework is formulated to relate experimental observations to monolayer
organization. The principal conclusions can be explained by existence of a high ionic strength
inside the DNA monolayer even at low concentrations of bulk salt, and by the *“softness” of
the monolayer structure; that is, response of the structure to variations in salt concentration and
chain coverage. A method for electrochemical quantification of immobilized strand surface
density, based on the electrochemical work needed to reduce redox-active counterions trapped
in the DNA monolayer, is also described.

Materials and Methods

Details of experimental procedures and data analysis are provided in the Supporting
Information. All electrochemical measurements used an Ag/AgCIl/3M NaCl reference
electrode and all quoted potentials are relative to this reference. A Pt wire served as the counter
electrode, and a 3 mm diameter polycrystalline Au disk electrode as the working electrode.
The working electrode was etched electrochemically to achieve a reproducible initial state and
its roughness factor r (r = true area/geometric area; r > 1) was measured from the double layer
capacitance 25 ¢ ranged from 2.56 t0 3.25 (average 2.87 + 0.28). Single-stranded, oligothymine
Thy?5-S-S-(CH,)30H chains were immobilized onto the working electrode from 1 uM
solutions in 1 M MgCl,. MgCl, facilitates achievement of high coverages 26,27 The
attachment was via the disulfide-modified 3’ terminus. After immobilization of the Thyys
strands, the electrodes were exposed to 1 mM mercaptopropanol (MCP) in 18.2 MQ cm water
for 1 h to passivate remnant electrode surface and to block nonspecific interactions between
the strands and the support. MCP is expected to form a hf/drophilic, hydroxyl-terminated
monolayer that resists nonspecific adsorption of sSDNA 428 Anall Thy sequence was used
because, of the four bases, thymine exhibits the weakest affinity for gold 29-31 making this
sequence optimal for realizing an end-tethered brush geometry.

Differential capacitance per area, C4, was measured as a function of Thy,g surface coverage
(0to 2.1 x 1013 cm~2) and bulk ionic strength (0.008 M to 1 M NaCl or KCI) using
electrochemical impedance spectroscopy (EIS). EIS measurements were carried out under
nonfaradaic conditions at 0 V dc bias, 5 mV ac amplitude, and frequencies from 10 Hz to
100,000 Hz. Reported Cq values have been corrected for surface roughness by scaling the
geometric electrode area by r.

Following EIS characterization, cyclic voltammetry (CV) traces were obtained at 0.08 V/s in
background electrolyte of 10 mM tris(hydroxymethyl)amino methane (tris base), pH 7.4, with
and without 1 uM hexaamineruthenium(lll) chloride (RuHex). The peak potential Vpeai for
reduction of monolayer-associated RuHex, RuHex3*(monolayer) + e~ —
RuHexZ*(monolayer), was determined by fitting a quadratic polynomial to identify the peak
maximum after subtraction of charging currents. Vpea Was correlated with coverage of
Thy,s strands which was determined independently with X-ray photoelectron spectroscopy
(XPS), using working electrodes prepared on glass slides. XPS was performed on a Kratos
Axis 165 instrument with a hemispherical analyzer and Mg Ka source, 225 W x-ray power,
80 eV pass energy, and 90° (normal to sample) takeoff angle. A wide pass energy was used to
improve signal intensity at the expense of energy resolution. DNA coverages were calculated
from P 2p intensities following the procedure of Petrovykh et al 32,
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Results and Discussion

Determination of ssDNA Coverage from the Reduction Potential of RuHex3* Counterions
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Interaction of redox-active counterions with DNA is well known to alter thermodynamics of
their redox processes, whether the DNA is in solution 33,34 o present as surface-immobilized
species 35-39 Here we consider the dependence of such effects on the coverage of sSDNA
chains in the relatively crowded environment of a monolayer, for Thy,s ssDNA molecules and
the redox counterion RuHex3*. As is the case for RuHex3" interacting with double-stranded
DNA 40-42 jtsinteraction with ssDNA is similarly expected to be predominantly electrostatic.

Fig. 1A shows measured CV curves for the reaction RuHex3*(monolayer) + e~ —
RuHexZ*(monolayer) for three different Thy,s coverages. As coverage increases, the reduction
peak potential Vpeak Systematically shifts toward more negative values, indicating that the
RuHex3" state is stabilized relative to RuHex2* with increasing DNA coverage. Origins of this
stabilization are discussed below. As expected for surface adsorbed redox species 43 the peak
currents were observed to increase linearly with scan rate. Because of the low 1 pM
concentration of RuHex3* in bulk solution, only reduction of RuHex3* cations trapped in the
DNA monolayer is clearly seen on the cathodic scan. A close examination of the peak envelopes
reveals, nevertheless, broadening toward more positive potentials. The broadening is
predominantly attributed to concurrent reduction of solution RuHex3*, which occurs close to
—0.15 V. This is more clearly seen in the inset to Fig. 1A where, at a higher 27 uM RuHex3*
concentration, reduction of both surface and solution species can be discerned. Such bimodal
waves were earlier observed for RuHex3* and DNA films by Tarlov and coworkers#449,

Returning to the main panel of Fig. 1A, the peaks narrow at higher strand coverages, with the
width (fwhm) decreasing from 125 mV for the coverage of 6.5 x 1012 cm™2 to 100 mV for the
2.9 x 1013 cm~2 sample. This narrowing with increasing chain coverage presumably results
from the greater relative magnitude of the surface reduction current. However, even the highest
coverages do not reach the theoretical width of 90 mV expected for a reversible reaction of
non-interacting, surface-confined species."’6 In this regard, it is worth noting that broadened
peak envelopes are expected even when there is no convolution of surface and solution signals,
on the grounds that not all brush-confined RuHex3* cations can be assumed to experience an
identical local environment. The potential difference between cathodic and anodic peaks for
brush-associated RuHex is found to be 8 mV, close to the 0 mV expected for reversibly-
behaving surface species. However, it is significant that the RuHex cations are not strictly
immobilized. Indeed, the reverse scans exhibit decreased current magnitudes, an effect
attributed to a lowered affinity of RuHex2* for the DNA compared to RuHex3*. A lowered
electrostatic affinity of RuHex2* for DNA is expected to facilitate its displacement from the
brush by other cations (i.e. tris*), as reflected in the decreased current magnitudes on the reverse
scan. Fig. 1B plots Vpeak as a function of strand coverage that was determined independently
using XPS. A systematic correlation between Vpeai and strand coverage is evident.

Why does RuHex3* reduction potential shift with strand coverage? Experimental 47-50 ang
theoretical 9123 reports have identified a variety of contributions to shifts in redox potentials
of surface-confined species compared to solution values, including changes in the local
dielectric constant, spatial distribution, solvation, coverage, ion pair formation, and image
charge interactions. Many of these effects may also apply in the present case, although their
clear separation is challenged by the complexity of the DNA brush environment. Nevertheless,
a dominant contribution lies in coupling of the reduction of RuHex3* to transport of cations
from solution. When RuHex3* inside the DNA brush is reduced, a local deficit of positive
charge is created. The deficit triggers an inflow of additional cations in order to preserve
electroneutrality of the near-surface region that contains the immobilized, negative DNA
charge. If the cation transport occurs up a gradient in activity, then work must be performed
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to “pump” the cations into the monolayer, corresponding to a negative displacement in Vpeak.
In general, the activity of cations in the DNA brush will be higher than in solution because of
accumulation by the monolayer. Moreover, this difference should be enhanced at higher chain
coverages, leading to a greater displacement of Vyeq. Similar effects have been reported with
thiol monolayers of small molecules®%2° and with membrane coatingsSG, where the induced
potentials are often referred to as Donnan potentials.

Inthe present experiments, tris* was by far the most abundant cation in solution and its transport
is expected to dominate. This expectation is confirmed in Fig. 2 by noting that changing
RuHex3* concentration does not significantly alter Vpeak, Whereas lowering tris* concentration
further shifts the wave in the negative direction. Boon et al have reported a similar ionic strength
dependence for monolayers of double stranded DNA 42 A shift in Vpeak With a decrease in
tris* ionic strength will also in part derive from an increased resistance of the electrolyte, due
toahigher potential drop across the solution. However, even at the lowest (1 mM) concentration
of tris, contributions from such uncompensated resistance were found to be only 4 mV, a small
fraction of the experimentally observed displacements.

From stoichiometry, it is expected that reduction of a single RuHex3* requires transport of a
single tris* cation. The resultant electrochemical work, if performed reversibly, is eNa AV =
RT In (atris/Atris) Where e is the negative electronic charge, Na is Avogadro’s number, AV is
the potential shift, R is the gas constant, T is absolute temperature, and ayris and Ayrjs are

activities of tris* in the monolayer and in solution, respectively. If the displacement in Vyeax
is solely attributed to tris transport into the monolayer, then for the experimental conditions

Vpeak(o_pm): —0.151 — 0.026 In(ayyis / Pyris) (1)

The value —0.151V is the measured reduction potential at zero DNA coverage, and the solution
activity of tris* was approximated by its molar concentration qﬁtris.57

Application of equation 1 to predict Vpea would require information on the dependence of
atris ON the strand coverage apna, Which is not known. Trials of simple functional forms
revealed good agreement for a power law dependence, airis = Pris + P1 opnaP2, as shown by
the solid line in Fig. 1B. The resultant fit can be used to estimate what values of ayjs are required
to account for the observed shifts in Vear. Following this reasoning, ayis is estimated to range
from about 1 (opna Of 6.4 x 1012 cm*Z) to about 10 (opna OF 2.6 x 1013 cm~2), with a strong
dependence on opna given by an exponent of P2 = 1.64.

The large estimated values for agjs at high chain coverage are revealing. Typical values of
counterion activity coefficients in polyelectrolyte solutions are often found to be around 0.5,
or even lower.58 If similarly low activity coefficients apply to a DNA brush, then the surface
concentration of tris* under high chain coverage must be significantly greater than 10 M, an
unlikely scenario. Thus, despite the success of equation 1 as an interpolation formula in Fig.
1B, it seems likely that work associated with cation transport only partially accounts for the
observed Vpeqi shifts. For example, if higher chain coverages more strongly favor formation
of DNA-RuHex3* contacts relative to DNA-RuHex2* contacts, that preference would also
manifest as an additional contribution to Vpeai displacement. Such effects are being assessed
in a separate study.

Compared to other nondestructive electrochemical methods for measuring chain coverage,
such as those based on total charge required to reduce redox counterions associated with a
DNA film#44:59, the present approach is particularly straightforward as it only requires
knowledge of Vpeak. Integration of peak areas, which are subject to uncertainties in
quantitatively separating out background currents®L, is avoided. Moreover, by adjusting the
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solution ionic strength the sensitivity of Vpeai to chain coverage can be tuned, with greater
displacements for a given coverage realized at lower ionic strengths (Fig. 2 bottom).

Charging Behavior of ssDNA Monolayers

Measurements of interfacial capacitance provide a direct probe of the near surface conditions,
and as such are especially useful for exploring how the local conditions relate to those in
solution. Fig. 3 shows the differential capacitance Cq (capacitance/area) for ssDNA monolayers
immersed in aqueous solutions containing only NaCl as the electrolyte. Cyq is plotted as a
function of increasing salt from 8 mM to 1 M and four strand coverages from 2.4 x 1012 t0 2.1
x 1013 cm~2. For all coverages, Cy increases with ionic strength, qualitatively consistent with
the behavior of a diffuse double layer at a bare solid-liquid interface 60, Interestingly, however,
the sensitivity of Cy4 to salt concentration diminishes at higher strand coverages, with a
progressive flattening of the Cy vs salt curves. Also evident in Fig. 3 are vertical offsets between
Cq curves for different coverages - these offsets are attributed to uncertainty in the
determination of the roughness r used for area normalization of the capacitance.

The weakening dependence of C4 on solution salt at higher strand coverages is a signature that
conditions within the monolayer increasingly deviate from those in solution. Intuitively, one

important reason for this should be that the DNA brush retains its counterions, maintaining a
high local ionic strength even if little or no salt is present in the bulk electrolyte. If C4 reflects
this decoupling between local and bulk ionic strength, its change with variations in bulk salt

should be suppressed, as observed experimentally.

The connection between the charging response, as captured in Cgq, and the structure of the DNA
layer can be further explored using a simple model. The model assumes that the DNA charges
are immobile and uniformly distributed throughout the layer; that is, the DNA concentration
profile isapproximated by a step function of thickness H. Notably, treatment of the DNA charge
as immobile neglects perturbations of the chain configurations due to applied potentials. One
consequence of this is that the model attributes the ac charging currents during measurement
of Cqentirely to the movement of small (Na*, CI7) ions. These mobile ions pass freely between
the layer and the external electrolyte, the external electrolyte occupying the space x > H (Fig.
4). Inside the brush, the DNA chains provide a background of constant negative charge density.
In addition, presence of net charge on the working electrode produces an electric field that
interacts with salt ions in the “proximal region” (Fig. 4), altering their spatial distribution. The
surface field decays with distance such that, in the main brush body, it can be taken as zero.
This division of the brush into two sections, a proximal and a brush body region, is valid only
if the electrostatic screening (Debye) length rp within the DNA layer is sufficiently less than
the layer thickness H, i.e. rp/H < 1. For the experimental conditions (Supporting Information)
rp/H is expected to remain below 0.2, and typically be closer to 0.1. Thus, surface fields are
expected to decay sufficiently rapidly for the two-region description of the brush, as illustrated
in Fig. 4, to be reasonable.

Within the above description, three putative contributions to the overall capacitance Cq4 can be
identified (Fig. 4): (i) capacitance of the MCP layer (Cy), (ii) a diffuse layer capacitance inside
the DNA layer, at the MCP-brush interface (Cp ), and (iii) capacitance associated with the
brush-solution interface (Cg), where a charge separation arises due to partial “leakage” of brush
counterions beyond the physical confines of the brush 61 The charge separation associated
with Cg reflects a balance between entropy favoring expansion of the counterion cloud and
electrostatic interactions favoring its containment within the DNA film.

The EIS experiments measure differential capacitance Cq = dg/dV, where dq is a differential
change in charge stored by the brush in response to an increment dV in potential applied across
it. Because the brush-solution interface is permeable to salt it follows that, in a measurement
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of differential capacitance, Cg is effectively short-circuited and does not contribute. The
expression for Cq thus simplifies to a series arrangement of C, and Cpy,

Cd:C[7CDL/(C17+CDL) (2)

Cp is determined by the thickness and dielectric constant of the MCP layer. In contrast, the
diffuse layer capacitance Cp_ must reflect conditions in the solvated interior of the DNA film.
This capacitance is analogous to the classical Gouy-Chapman model®0 in that it is associated
with a diffuse distribution of ions, but differs in that the diffuse ionic atmosphere exists inside
the charge background provided by the DNA. The expression for Cp,, assuming a uniform
distribution of immobile DNA charge, is derived analytically from Poisson’s equation in the
Supporting Information. The result is

- (eN\Sso)l/z e, (1- e_eVO/kT)+C,(€EV°/kT -1
T Ty 1/2
2 [(C+ - C_)V()-i-“%(e"v()/kT — 1)+“%(e—evo/kT _ 1)] /

(3)

where c; is concentration of monovalent salt ions of charge i in the brush body, V is the potential
at x = 0 relative to bulk electrolyte, ¢ is the dielectric constant, &g is the permittivity of vacuum,
and k is the Boltzmann constant. The “~" sign applies for Vg < 0, the “+” sign for Vg > 0. The
concentrations of anions (c_) and cations (c4) in the body of the brush are related to their
concentrations @, = @_ = @ in the external electrolyte by the constraints of local charge
neutrality and partitioning equilibrium (Donnan equilibria)62!63,

CpmHc—=cy (charge neutrality) @

¢, /D,=D_/c_ (Donnan equilibria) (5)

In equation 5, ionic activities have been approximated by concentrations. The assumption of
charge neutrality in the brush body is supported by recent simulations of strongly charged
brushesb4 as well as by results from earlier lattice theory calculations®®. Equations 4 and 5
are readily solved for c_ and c, in terms of @ and cpya,

. 2 12
= —1’2“" +[—‘2"‘ +<1>2) c_=0%/c,
(6)

The concentration of immobilized charge attributed to the DNA, cpna, iS given by cpna =
Qopna/NaH, where Q is the number of charges per strand. Since only those positive ions that
are freely mobile (i.e. uncondensed on the DNA backbone66'67) are expected to participate in
the charging response, in equation 3 c. is taken to represent concentration of uncondensed
cations. Consistency then requires that in cpya = Qopna/NaH the parameter Q is the reduced
charge per strand, accounting for counterion condensation. For sSSDNA, Q is about 60 % of the
total phosphate charge 67 Based on theoretical predictions for polyelectrolyte brushes 61'68,
H is taken to follow a scaling law in chain coverage and salt concentration, H =K o" & ™,
with w and v the scaling exponents. Equations 2, 3 and 6 describe the predicted behavior of
C4 for a polyelectrolyte brush as a function of strand coverage and salt concentration.

Fig. 5 compares experimental Cy4 data (Fig. 5A) to predicted trends for two scenarios differing
in assumptions regarding behavior of the DNA brush. In the “responsive” monolayer (RM)
scenario, Fig. 5B, the brush swells or shrinks with changes in salt and strand coverage according
to the scaling law expression for H, H = K a"®™. Cp, Vo, w, and v were varied to optimize
agreement between calculated and experimental Cy, subject to the constraint that H not exceed
the total contour length of the chains. K was calculated from v and w and published neutron
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reflectivity data on a 25mer ssDNA brush28 which found H = 4.8 nm when opNa = 3 % 1012
cm2and @ =1 M 89, In the second, “stiff” monolayer (SM) scenario, Fig. 5C, H was fixed
at 10 nm.

The RM model approximately reproduces experimental trends over the investigated range in
opna and @, exhibiting a gradual decrease in capacitance with a decrease in ionic strength.
The optimized exponent values w = 0.0 + 0.17 and v = 0.28 + 0.05 can be compared to those
predicted for highly charged polyelectrolyte brushes,58 in particular for the so-called saturated
osmotic (w = v = 0) and quasineutral (w = 1/3, v = 1/3) regimes spanned by our experimental
conditions.”0 The fit is seen to be rather insensitive to w, as evident from the large uncertainty,
presumably because the experimental range in opya Was modest. The value for v falls between
the saturated osmotic and quasineutral predictions, as may be expected since the measurements
straddle these regimes. However, the comparison to theory should not be overemphasized since
the theory applies in the limit of long chains, compared to the rather short Thy,s molecules,
and since the brush thickness H was not measured directly but rather was deduced through a
model-dependent calculation of Cy under simplifying assumptions. For the SM case (Fig. 5C),
Cqasymptotes to a constant value at the lowest salt concentrations, contrary to the experimental
trend. In the SM scenario, as bulk ionic strength decreases, the ion concentration in the brush
(and hence Cg) converges to a constant value because the brush thickness H is fixed,
irrespective of solution conditions. In contrast, in the RM description the monolayer swells as
@ decreases, causing a dilution of the internal ion concentration that manifests as a progressive,
gradual decrease in C4. The essential point is that responsive behavior is expected on physical
grounds 61,68 ang, as argued by the comparison of experimental data with the RM and SM
scenarios, is also reflected in the charging response of a DNA polyelectrolyte brush.

Conclusions

Electrochemical techniques were used to probe the ionic microenvironment inside of
monolayers of end-attached ssDNA oligonucleotides (DNA brushes). The reduction potential
of redox counterions associated with the monolayer progressively shifts toward negative
potentials with increasing chain coverage. This effect is partially an outcome of electrical work
needed to bring additional counterions into the monolayer, against a concentration gradient, in
order to preserve its electroneutrality. Calibration of the shift against an independent measure
of chain surface coverage leads to a simple and robust method for quantifying amounts of
immobilized ssDNA. The capacitance of sSDNA monolayers was studied as a function of bulk
salt concentration and strand coverage. Retention of counterions by the monolayers manifested
as a decreased susceptibility of the capacitance to the external salt environment. Moreover, the
charging response exhibited signatures of structural reorganization whereby the DNA strands
stretch or relax with changes in solution ionic strength, consistent with expected physical
behavior of charged polymer layers. These results emphasize that the ionic environment inside
a DNA brush differs strikingly from that in solution, and are relevant to DNA bioassays71‘
74 and related technologies based on monitoring of interfacial electrostatics in nucleic acid
films.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Effect of Thy,s5 coverage on the peak potential (Vpeak) for the reduction of brush-associated
RuHex3* counterions. All potentials are relative to a Ag/AgCl/3 M NaCl reference. (A) CV
traces at three strand coverages. Charging currents have been subtracted. Conditions: 1 uM
RuHex3*, 10 mM tris, pH 7.4, scan rate 0.08 V/s. Inset graph: Data at higher, 27 uM
concentration of RuHex3*, showing contributions from monolayer-associated RuHex3* (thick
red arrow) as well as solution RuHex3* (thin green arrow). Thy,s coverage was 1.2 x 1013
cm~2. Also shown is a schematic depiction of the monolayer structure. (B) Vpeak as a function
of Thy,s coverage determined independently with XPS. The solid line is a two parameter
interpolation (see text), with P; = 9.8 x 10722 cm2 mol/L and P, = 1.64 (R2 = 0.999).
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Voltammograms for reduction of brush-associated RuHex3*. Top: At three concentrations of

RuHex3* in 10 mM tris. Bottom: At three concentrations of tris and 1 M RuHex3*. Other

conditions: pH 7.4, scan rate 0.08 /s, chain coverage 1.2 x 1013 cm—2,
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ssDNA monolayer capacitance Cgq as a function of monovalent salt concentration, at different
strand coverages. All graphs are on common y- and x-scales. Conditions: pH 7.0 solution of
NaCl in water, 5 mV rms ac amplitude, 0 V dc vs Ag/AgCI/3M NaCl. Coverages were
determined from the peak potential Veak Using the RuHex method, Fig. 1B. Error bars
(horizontal lines across symbols) indicate the standard deviation of two measurements taken

4 minutes apart.
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Figure 4.

Model used in the derivation of the charging response of a polyelectrolyte brush. The expected
potential profile is schematically indicated on the left, and the equivalent circuit description is
shown on the right.
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Figure 5.

Comparison of experimental and calculated Cq values as a function of salt concentration and
strand coverage. All plots are on common xyz scale, shown in (A). Strand coverages are
indicated by numbers along the top of plot (A) in order of decreasing coverage: (1) 2.1 x
1018 cm™2, (2) 1.5 x 1013 cm2, (3) 7.8 x 1012 cm™2, (4) 5.8 x 1012 cm™2, (5) 3.4 x 1012
cm2, (6) 2.4 x 1012 cm™2, (7) pure MCP monolayer. (A) Experimental data. (B) C4 response
for the RM model. w=0.0 +0.17, v=0.28 +0.05, C, = 6.38 (+.03) x 10~® F/cm?, Vo = -0.017
(x0.006) V. Uncertainties reflect 10 % increase in rms error. (C) Cq4 response for the SM model.
H =10 nm, C, = 6.38 x 107® F/cm?, V = —0.017 V. For purposes of comparison, the curve
for each coverage in (A) was rescaled by a constant factor (between 0.97 and 1.06) so as to
equalize Cq4 at 1 M with that measured for the pure MCP sample. This adjustment lies within
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experimental uncertainty of the roughness factor r used for area-normalization of the
capacitance.

J Am Chem Soc. Author manuscript; available in PMC 2008 August 29.

Page 15



