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Ions and Solvent (Water) at Electrochemical Interfaces
• Introduction
• Historical Perspective
• Models of the EDL
• Experimental Methods used to probe 

the EDL
• thermodynamics on Hg and Au
• capacitance / impedance
• in-situ spectroscopic methods

• even more complex interfaces
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selected for discussion here a few examples of interfaces where 
recent advances in characterization have led to a new under- 
standing of their properties. Many other important types of 
interfaces, such as those involved in corrosion or in semiconductor 
photoelectrochemistry, have been omitted. Similarly, a wide range 
of electrochemical and spectroscopic techniques have been 
employed to examine interfaces. Again, for brevity, we limit our 
discussion to some of the important advances that have been 
made during the last years that have set the stage for future 
developments. We attempt to point out the new capabilities and 
outstanding issues in three interrelated areas-structural char- 
acterization, dynamics, and materials aspects of electrode/ 
electrolyte intekaces. 

11. Structural Characterization of the Electrode/Electrolyte 
Interface 

The past decade has spawned major advances in strategies and 
instrumentation for the characterization of the electrode/ 
electrolyte interface. The empirical approaches have been 
conveniently classified as ex-situ or in-situ. The ex-situ methods 
are closely tied to ultra-high-vacuum (UHV) surface analytical 
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Figure 1. Schematic representation of the liquid-solid interfacial region 
showing possible species and features.346 

assemblies of molecules effect a purpose (such as catalyzing a 
reaction, converting energy, or storing information) beyond the 
capability of a single molecule. Progress is being made along this 
line in many different venues. The electrode/electrolyte interface 
is among the most attractive, because it offers a platform for 
construction, as well as a convenient meansof probing thestructure 
and behavior and for coupling to macrosystems. Recent devel- 
opments in synthesis at electrodes, especially through self- 
assembly, offer means for structural control of single reactive 
sites and for the precise placement of reactive centers with respect 
to each other and with respect to the electrode. 

It is useful at the outset to describe the interfacial region as 
it pertains to the scope of this report. A schematic representation 
of the electrode/electrolyte interface is shown in Figure 1. While 
the actual interface (electrode surface) represents only the top 
layer of atoms on the electrode and the layer of adsorbed solvent 
and specifically adsorbed species, an interfacial region that is 
different from the bulk phases extends over considerably longer 
distances. Within the electrolyte this comprises the region of the 
diffuse layer as well as the region occupied by modifying overlayers 
(monolayers or thicker films). A space charge region also exists 
within theelectrode. This isvery narrow (at most a few angstroms) 
within metals but can be quite large with semiconductors, which 
have a lower density of carriers. A wide range of materials are 
used as electrodes and electrolytes. Electrode materials (electronic 
conductors) include noble metals (Pt, Au), active metals (Fe, 
Ni), carbon of various types, semiconductors (Si, CdS), elec- 
tronically conductive polymers (polyaniline, polypyrrole), and 
organic conductors (TTF-TCNQ). Electrolyte phases (ionic 
conductors) include aqueous and nonaqueous solutions, ionically 
conductive polymers (polyethylene oxide, Nafion), and solid 
electrolytes (sodium @-alumina). Electrode surfaces can also be 
classified according to their structural definition (single crystal 
("well-defined"), polycrystalline, amorphous) and also to the 
nature of any surface modification, e.g., by adsorbates, deposited 
atoms, organized or nonorganized monolayer films, polymer 
layers, or etching. Clearly, the range of materials involved in 
consideration of the electrode/electrolyte interface is enormous 
and cannot be uniformly covered in this report. We have thus 

techniques developed a decade earlier in the study of heterogeneous 
catalysis and microelectronics. In this scheme, the same UHV 
apparatus used for initial electrode surface preparation and 
characterization is employed later to study the same electrode 
surface after the electrochemical (EC) experiments; a variety of 
surface-sensitive analytical tools can be directly applied to assay 
the surface composition, geometric arrangement, and electronic 
structure after removal (emersion) of the electrode from solution.1 
The principal limitation in UHV-EC and other ex-situ techniques 
is the need to establish the relationship between the surface prior 
to and after emersion from solution into vacuum. By definition, 
in-situ techniques examine the electrode surface under electro- 
chemical conditions. Hence, when possible, it is the approach of 
choice; in-situ methods, however, are not as numerous as ex-situ 
techniques. A requirement in all in-situ methods is the ability 
to distinguish between the response of species located at the 
electrode surface from that of the same analyte distributed in the 
solution phase. This demand often leads to restrictions in cell 
geometry and electrolyte concentration. Nevertheless, the evo- 
lution of in-situ methods is now greatly increasing our under- 
standing of selected electrode/electrolyte interfacial processes. 

A. Electrode Characterization. I .  In-Situ Techniques. 
Progress in the development and exploitation of spectroelectro- 
chemical techniques has proceeded at a rapid pace. The 
availability of synchrotron radiation and the emergence of 
scanning probe techniques such as scanning tunneling microscopy 
(STM) and atomic force microscopy (AFM) have provided the 
capability of interrogating the atomic structure of the electrode 
surface as well as that of adsorbed layers. The application of 
these techniques has allowed a very detailed picture of the static 
structure of well-defined surfaces and ordered adlayers. One of 
the important challenges for the next decade will be developing 
techniques to probe the dynamics of these structures. 

Although much of the atomistic information has come from 
the X-ray-based techniques and scanned probe microscopy, the 
application of other spectroelectrochemical methods continues 
to provide important complementary information, such as the 
molecular orientation of adsorbates. Among the most important 
techniques are infrared reflection-absorption spectroscopy (IRAS) 
and surface-enhanced Raman spectroscopy (SERS). Since the 
pioneering work in 1980,* IRAS has experienced explosive growth, 
in part because it does not require the surface roughening 
procedures necessary in SERS and, hence, can be applied to study 
processes at single-crystal electrodes. IRAS has become a well- 
established in-situ characterization technique that has found 
application toa widevariety of problems, such as the identification 
of molecular adsorbates, the determination of their orientation, 
the study of the structure of self-assembled monolayers, char- 
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for other complementary mini-reviews on some specific aspects of 
water at surfaces to refs 6–9.

The rise of the bilayer
As we have mentioned, obtaining atomic-level understanding of 
surface structure is very challenging. For water/solid interfaces this 
generally involves preparing clean atomically flat surfaces on which 
water is deposited under UHV conditions. This frozen-in struc-
ture — typically a single layer — can then be interrogated with, for 
example, techniques such as low-energy electron diffraction (LEED). 
In the 1980s Doering and Madey performed such a study10, examin-
ing in meticulous detail water adsorbed on the close-packed (0001) 
surface of ruthenium. This surface has a hexagonal arrangement 
of metal atoms with the distance between neighbouring Ru atoms 
within 3% of the nearest-neighbour water–water distance in ice I. 
On observing a √3 × √3 − R30° LEED pattern, the bilayer model was 
introduced for extended two-dimensional (2D) overlayer adsorp-
tion of water on metals. The bilayer model proposed by Doering and 
Madey10 consists of an epitaxial 2D arrangement of water molecules 
forming a hexagonal network, which resembles the (001) basal plane 
of ice I (Fig. 1). The nominal coverage in a bilayer is 2/3 of a mono-
layer, where one monolayer corresponds to one water molecule per 
surface metal atom. It is referred to as a bilayer simply because the 
hexagonal rings within the (001) basal plane of ice are puckered with 
molecules at two distinct heights. It was suggested that at a metal sur-
face, the water molecules within the lower part of the bilayer interact 
relatively strongly with the surface, whereas the water molecules in 
the upper part of the bilayer (about 1 Å higher) are H bonded to 
the bottom layer and do not interact appreciably with the surface. 
In a conventional bilayer the molecules in the top half of the bilayer 
have O–H bonds that point away from the surface, often referred to 
as dangling OH groups or as the H-up bilayer model. An alterna-
tive arrangement in which the OH groups are directed at the surface 
(H-down) has also been suggested5,11. In either case it’s interesting to 
note that these are so-called proton-ordered structures when built 
within a two-molecule √3 unit cell, and as such are bilayers of ice XI, 
the proton-ordered form of ice I.

Following Doering and Madey’s work, √3 LEED patterns 
observed on other metal surfaces5 were interpreted as evidence 
of the generality of the bilayer model. Furthermore, an appar-
ent correlation between lattice mismatch and binding energy  — 
obtained by monitoring desorption temperatures of water from 
various metals  — was taken as further evidence for an epitaxial 
bilayer in which the intermolecular water–water distances adapted 
to the lattice constant of the underlying substrate12. The bilayer 

model was also adapted to explain the (2 × 2) diffraction patterns 
observed on face-centred-cubic (110) surfaces5. Essentially, the 
bilayer model became the standard model for water adsorption and 
was subsequently used to interpret surface structures on all sorts of 
inorganic substrates. It is still widely used.

The first signs of a problem
In the 1990s Held and Menzel reported a more sophisticated LEED 
measurement that led to the first structural characterization of a 
water overlayer on any surface13. Using a newly developed low-cur-
rent LEED apparatus they performed what is known as a LEED-IV 
study. By comparing LEED-IV spectra with simulated spectra 
obtained from trial structural models, a 3D structural model of the 
interface can be arrived at that describes the location of the heavy 
atoms at the interface. (Because of the light mass of hydrogen their 
positions are not readily determined in LEED14 , another reason why, 
in general, solving structures for water is difficult.) Held and Menzel 
found that the best fit to their data was obtained when the O atoms 
were almost co-planar. This non-buckled ‘monolayer’ is the antith-
esis of a bilayer wherein the O atoms are buckled by almost 1 Å to 
gain the tetrahedral coordination found in ice I. Thus, the very first 
structural characterization of water at an atomically flat interface 
conducted almost 20 years ago was actually inconsistent with the 
bilayer model. One of the first people to think about this apparent 
contradiction was Feibelman15, who in 2002 reported density func-
tional theory (DFT) calculations for water on Ru. He suggested that 
the small buckling was a sign that some of the water molecules in 
the overlayer had dissociated, yielding a so-called partially dissoci-
ated overlayer, similar to an overlayer reported earlier for water on 
Pt(111) (refs 16,17). Feibelman’s calculations indicated that partially 
dissociated structures containing both OH and water are signifi-
cantly more stable than any conventional intact bilayer picture, and 
suggested that what Held and Menzel had observed was a partially 
dissociated overlayer. This suggestion prompted a flurry of interest, 
and water on Ru quickly became the hottest system for investigation 
in the 2000s. The reader interested in the details of this controver-
sial and at times heated discussion is referred to Hodgson’s review5. 
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Figure 1 | Schematics (top) and molecular models (bottom) of the 
traditional model for water/ice adsorption on a solid surface. a,b, Water 
is assumed to form extended 2D islands (a) of the ice-like bilayer structure 
(b) that forms a wetting layer in registry with the close-packed surface. 
c, Ice multilayers then grow on top of the first layer, forming a strained 
epitaxial arrangement.

Figure 2 | Experimental STM images of water clusters and overlayers 
on metals. a–h, A selection of structures with different dimensionality 
are shown: clusters of about 6 to 20 water molecules on Ag(111) and 
Ru(0001) (a,e); strips, long chains and rosette meshes on Ru(0001), 
Cu(110) and Pd(111), respectively, (b-d); 2D network on Pt(111) (f); 
pyramids and crystalline 3D pillars on Cu(111) and Pt(111), respectively, 
(g,h). Panels adapted with permission from: a, ref. 30, © 2008 APS;  
b, ref. 89, © 2008 AIP; c, ref. 37, © 2006 APS; d, ref. 90, © 2004 APS; 
e, ref. 66, © 2008 RSC; f, ref. 45, © 2010 APS; g, ref. 52, © 2007 APS; 
h, ref. 60, © 2008 APS.
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Current Electrochemical Systems of Interest
• Electrochemical Super-Capacitors

• modelling the EDL in porous materials
• Power Devices: Fuel Cells and Batteries

• modelling the ionic distribution and impact on reduction/oxidation 
rates, potential distribution near nanoporous electrodes

• Oxide / semi-conducting electrodes
• photoelectrochemical devices, combination: EDL and space charge 

layer, nanostructured electrodes
• Modified electrode surfaces: Sensors

• adsorption of alkylthiol with charged functional groups (COOH, NH2) 
• DNA / polyelectrolyte modified surfaces
• adsorbed lipids: modelling biomembrane, creating sensors
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The Electrode /Electrolyte Interface
• initial model was combination of Helmholtz, Gouy, Chapman and Stern 

which treated the electrode interface as plates or as capacitors in series
• the thickness of these layers were defined by the solvent and adsorbed 

ions (with or without hydration shell)
• developed and useful at low ionic strength
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GCS approach for non-adsorbing electrolytes
• excess charge on the metal exists 

in a thin layer at the metal surface
• for non-adsorbing electrolytes:

• only solvent in the Helmholtz 
layer

• the compensating ionic charge 
exists in the diffuse layer

• diffuse layer is much thicker 
than charge on the metal

• water is considered as 
continuum with constant 
dielectric constant 
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GCS theory for EDL
• the GCS model solves the PB equation resulting in an expression for the 

potential drop away from the electrode surface
• dielectric is constant
• ions are point charges
• no specific adsorption (eg no chemical interaction between anions, cations 

and the metal surface, no ions in the inner layer, just solvent)
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Real Electrode /Electrolyte Interfaces: Hg | water
• thermodynamic study of the structure of an 

electrified interface was pioneered by 
Grahame, Miller and Frumkin following 
Lippmann, Gibbs, Gouy, Chapman

• these careful thermodynamic measurements 
were performed on Hg electrodes 
• surface tension vs E
• ideal system - smooth surface, easily 

cleaned/regenerated
• changes in the surface tension of the 

Hg / electrolyte surface
• revealed parabolic curves in keeping with 

capacitance model of the interface
• max is at potential of zero charge(pzc)
• non-adsorbing electrolyte gives a 

symmetric parabola
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Non-specific adsorbing electrolyte: Hg | NaF

7

• thermodynamics can be used to determine if system is ideal, without 
specific adsorption of the anion:  Hg | NaF

• p.z.c. does not shift with [NaF]: Esin-Markov coefficient is constant at 
negative potentials  
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Hg | NaF: Electrochemical Capacitance 
• interfacial capacitance is easily measured
• related to surface tension
• minimum at p.z.c. for low [electrolyte], due to minimum in Cd

• Ci (or CH) is almost constant, changes due to solvent  

8
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Helmholtz / Inner layer Capacitance
• the metal | inner layer capacitance Ci (or CH): 
• metal is modelled as jellium with electron spillover into the solution 

(best for metals described with non-localized sp bands)
• contributes to changes in CH with charge and nature of the metal
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Damaskin, B. B.; Petrii, O. A. Historical Development of Theories of the Electrochemical Double Layer. Journal of Solid State Electrochemistry 2011, 15 (7-8), 1317–1334.of about 1 M since at such concentrations the Gouy-
Chapman capacity is large and its inverse small.

The Helmholtz capacity depends on the charge
density on the electrode; Figure 3 shows two such
capacity-charge characteristics. They depend
strongly on the nature of the metal and of the solvent
and thus contain the information on the microscopic
structure of the interface that is missing in the
Gouy-Chapman part. Explicit models will be dis-
cussed below; here we will briefly indicate the origins
of the Helmholtz capacity, which resides in a number
of effects that are not considered in the Gouy-
Chapman theory:
(1) Near the interface the solution possesses a

definite structure, which manifests itself as oscilla-
tions in the particle density, which in turn gives rise
to oscillations in the potential.
(2) At high electrolyte concentrations the Debye

length, and hence the spatial extension of the double
layer, is short. Therefore, the electric field can reach
extremely high values, of the order of 109 V m-1. This
leads to dielectric saturation in the layers of solvent
molecules at the interface.
(3) This high field strength distorts the electronic

density at the metal surface so that the surface
potential of the metal is changed. This effect is one
of the main topics of this review.

It was first noted by Trasatti7 that the Helmholtz
capacities of the simple sp metals, taken at the pzc,
correlate with their electronic densities (see Figure
4). There is some scattering of the data, but overall
the trend seems to hold in those solvents for which
data exist. This correlation illustrates the important
role played by the response of the surface electrons
to the electric field. Its origin will be discussed in
the next section.

3. The Electronic Density at a Metal Surface
The preceding discussion has shown that the

electronic structure of the metal surface has a
profound infuence upon the double layer properties.
This may sound trivial, but for a long time the metal
surface was regarded as a structureless perfect
conductor, and the role of the surface electrons was
only recognized recently.

Double layer theory is a very active area of re-
search. At the present time there is broad agreement

on the type of models that should be used for the
metal and for the solution, and a number of qualita-
tive effects seem to be established. The most difficult
problem is the interaction of the metal surface with
the solution. In this point the models that have been
put forward by various groups differ considerably; all
of them are relatively simple, and a fully self-
consistent treatment is still lacking.

In this section we present models for the electronic
structure of the electrode; complete double layer
models, which include also the solvent, will be
discussed in section 9.

3.1. The Jellium Model
The biggest recent advance in double layer theory

was the introduction of the jellium model.13,14 Before
this model was used in electrochemistry, it had been
used extensively in the theory of metal surfaces.15,16

A metal consists of electrons and a lattice of
positively charged ions. In the jellium model the
ionic charge is represented by a constant positive
background charge, which drops abruptly to zero at
the metal surface, whose position is also denoted as
the jellium edge. The electrons are modeled as an
inhomogeneous electron gas, which interacts with the
positive background. The quantum-mechanical self-
interactions of the electron gassthe exchange and the
correlation energiessare treated in the local density
approximation, which is based on the following
idea: these interactions are well known for an
electron gas of constant electronic density. To a first
approximation one can assume that in an inhomo-
geneous gas the exchange and correlation energies
at each point take on the same values that they

Figure 3. Helmholtz capacity as a function of the electrode
charge for mercury and Ag(111) in contact with an aqueous
solution of ions that are not specifically adsorbed.

a

b

Figure 4. Helmholtz capacity at the pzc for simple sp
metals: (a) aqueous solutions; (b) crosses (⇥ ) and full line
demethyl sulfoxide; circles (O) and dashed line, acetonitrile.
The lines are explained in section 9.1. The electronic
density is given in atomic units (au); 1 au of density
corresponds to 6.75 ⇥ 1024 cm-3.

3180 Chemical Reviews, 1996, Vol. 96, No. 8 Schmickler

+ +

Schmickler, W. Electronic Effects in the Electric Double Layer. Chem. Rev. 1996, 96 (8), 3177–3200.
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Work Function, Surface Dipole and PZC
• the role of the metal and its surface dipole (    ) due to electron 

spillover: the metal electrode’s work function 
is correlated to p.z.c.

• in terms of CH: 
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are represented by circles with charges. The metal
is assumed to carry an excess positive charge (which
is not shown) located at the surface, which is com-
pensated by an excess of anions on the solution side
of the interface. Several anions are specifically
adsorbed and, hence, in contact with the metal, while
others are separated from the metal by solvent
molecules. Double layer studies try to obtain infor-
mation on the actual distribution of the particles and
the charges, which is shown schematically here.

The development of microscopic models for the
double layer began with the works of Gouy3 and
Chapman,4 who proposed a space charge theory for
the solution part of the double layer. Their theory
explains the interfacial capacity at low (i.e., less than
about 10-3 M) electrolyte concentrations quantita-
tively. This success induced researchers to focus on
the structure of the solution at the interface, while
the metal continued to be treated as a perfect
conductor, whose electronic properties were disre-
garded. The period until about 1980 was marked by
the development of quite detailed models for the
distribution of ions and solvent molecules, but quan-
titative agreement with experimental data for the
interfacial capacity could only be achieved by fitting
a fair number of adjustable parameters. The strong
effect of the metal on the interfacial properties, which
is evident from the capacity-charge characteristics
discussed in section 2, could not be explained by these
models.5

A notable exception to this single-minded focus on
the solvent structure was the early work of Rice.6 He
was the first to consider the spatial distribution of
the electronic charge on the metal surface in the
context of double layer theory. Using the Thomas-
Fermi model he calculated the penetration of the
electric field into the metal surface and pointed out
that the metal itself should make a contribution to
the interfacial capacity. Unfortunately, the Thomas-
Fermi theory is not well suited to describe the
properties of metal surfacessindeed, it predicts that
the work function of any metal should be zero. It is
therefore not surprising that the work of Rice predicts
values for the interfacial capacity that are far too
small and essentially independent of the metal. For
these reasons his work was forgotten for several
decades.

Until about 1980 experimental electrochemistry
was mainly restricted to measurements of potential
and current, which give little information on the
interfacial structure. At about that time techniques
became available that can probe the electronic prop-
erties of the metal surface directly. Simultaneously,
theoreticians began to reconsider the distribution of
the electrons on the metal surface using the jellium
model, which is much better at describing surface
properties than the Thomas-Fermi theory. The first
applications of the jellium model offered immediately
a qualitative explanation why the double layer
capacity depends so strongly on the nature of the
metal. This first success spurned considerable theo-
retical activity, and the development of double layer
models by various groups of researchers. While these
models differ in details, they agree on the basic
mechanism by which the surface electrons influence

the double layer capacity. In addition, they offer a
framework in which the electronic effects evidenced
by new techiques, such as second harmonic genera-
tion or electroreflectance, can be understood.

We will begin this review by looking at a few
phenomenological correlations that clearly demon-
strate the effect of the electronic properties of the
metal on the double layer. Thereafter, we will outline
the jellium model and its extensions, which form the
basis of much of our present understanding of these
effects. Then, we will review a number of modern
techniques that actually probe the electronic surface
structure, and provide illustrative examples. But
electronic effects manifest themselves not only in the
structure of the interface but also in electron transfer,
in the reactions of hot electrons, or in electron
tunneling through the double layer. Those topics will
covered before we finally discuss attempts to con-
struct complete models for the double layer.

2. Phenomenological Correlations

2.1. The Potential of Zero Charge
A metal electrode carries a charge density whose

magnitude depends on its potential. The unique
potential �pzc at which it carries no charge is called
the potential of zero charge (pzc). It is a characteristic
quantity for a particular metal/solvent interface and
independent of the ions, provided there is no specific
adsorption. It is found to correlate with its work
function º in the following form

where the constant C depends on the scale on which
the electrode potential is measured; for the standard
hydrogen electrode (SHE) its value is approximately
4.5 eV. The correlation is somewhat rough; it be-
comes better if the metals are grouped into various
chemical classes: the sp, the sd (Cu, Ag, Au), and
the transition metals. Figure 2 shows the data for
polycrystalline sp metals, a few surfaces of single
crystal silver electrodes, and a series of indium
amalgams. We have left out the transition metals
because there are only few data for single crystals,

Figure 2. Potential of zero charge of several groups of
metals versus their work function. The sp metals are
indicated by ⇥, the work functions of the solid metals are
for polycrystalline samples; data were taken from Trasatti.7
The indium amalgams are indicated by 0; these data are
from ref 11. The solid line indicates the correlation for the
sp metal including the amalgams; the dashed line is for
the silver surfaces.

�pzc ) º + C (1)

3178 Chemical Reviews, 1996, Vol. 96, No. 8 Schmickler

+ +

Schmickler, W. Electronic Effects in the Electric Double Layer. Chem. Rev. 1996, 96 (8), 3177–3200.
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Metal & first layer of solvent
• solvent and ions also play a role in the value of CH

• position of charge plane at the inner layer (x2) can change with charge 
on the metal

• orientation of water at the surface is generally thought to be a simple 
layer of dipoles, changing directions as the charge changes sign
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water is lower than in the vacuum. Model calculations
for this effect have been performed by several authors
(see for example [43,45–48]). While the results depend
on the details of the model, it is generally agreed that
the overall change in the dipole potential is the larger,
the higher the electronic density.

Jellium is a simple, structureless model for a metal,
and can therefore only reproduce trends and orders of
magnitudes for polycrystalline materials. In an im-
proved version the positive background charge is re-
placed by a lattice of pseudopotentials so that single
crystals can be represented. Usually the pseudopoten-
tials are averaged parallel to the surface in order to
keep the calculations one-dimensional. Such models
predict sizeable differences for the surface polarizabili-
ties, measured in terms of xim, of different single-crystal
surfaces (see Table 1), and may thereby explain why the
interfacial capacity varies with the crystal orientation.

3.3. Calculations for metal clusters

Modern quantum-chemical methods account for the
chemical properties of the atoms much better than
jellium-type models can, but they are usually limited to
treating a finite number of atoms. It is therefore natural
to model an electrode surface by a large cluster of metal
atoms. However, even in a large cluster most of the
atoms lie near the surface so that the charge distribu-
tion differs considerably from that in a semi-infinite
metal. Therefore an early attempt [49] to estimate the
metal contribution to the capacity by quantum-chemi-
cal calculations for a lithium cluster met with a mixed
success: the values obtained for the surface polarizabil-
ity were quite large, in the case of Li(111) even exces-
sively large. A new attempt has recently been
undertaken by Nazmutdinov et al. [50]. These authors
suggested that the surface polarizability should not be
calculated from the change in this surface dipole poten-
tial, but from a renormalization of the density matrix

and performed explicit model calculations for mercury.
They chose mercury as a model system, and obtained
values for the effective position of the image plane
which increase towards negative charge densities (see
Fig. 10), and are quite similar to those obtained from
jellium-type calculations.

3.4. Jellium in contact with model solution

The simplest molecular model for an electrolyte solu-
tion is an ensemble of hard spheres treated in the mean
spherical approximation. This can be combined with
jellium to obtain a model for the whole interphase
[51,52]. The hard sphere model has been solved at the
potential of zero charge only, so the combined model is
restricted to this point. It is natural to consider the
jellium surface as a hard wall for the electrolyte, and
add the contributions of the hard sphere electrolyte and
jellium to the inverse capacity. However, in this way
one obtains negative interfacial capacities for metals
with higher electronic densities which are clearly un-
physical. Obviously, the interaction of the metal with
the solution affects the response to an external field. A
simple remedy was proposed by Schmickler and Hen-
derson [52]: they introduced a barrier that repels the
metal electrons from the solution and reduces the sur-
face polarizability. The height of the barrier was chosen
such that the model gives reasonable values for the
capacities of the sp metals — in this way they obtained
the broken line in Fig. 7. Obviously, this ad hoc proce-
dure is not quite satisfactory, even though the experi-
mental trend is well-reproduced.

The main problem is the interaction between the
metal and the solution. Several groups have tried to
improve on the simple hard wall model by constructing
semi-empirical interaction potentials. A particular issue
in these approaches has been whether the average dis-
tance s between the metal surface and the first layer of

Fig. 11. Metal–solvent separation s as a function of the
surface-charge density for two different choices of pseudopo-
tentials [54].Fig. 10. Position of the effective image plane of mercury [50].

bit cumbersome,97 so we do not reproduce it here. A
combination of this heuristic formula with the jellium
model gives the type of capacity-charge characteris-
tics that is shown in Figure 35. It shows a pro-
nounced peak near the pzc; the decrease on both sides
is caused by the dielectric saturation of the solvent.
The overall shape of these theoretical curves is
similar to that observed on silver and similar metals.
This is pleasing, though such a heuristic approach
cannot provide more than a qualitative explanation.

9.2. Models with a Variable Distance between the
Metal and the Solution
As discussed above, the simple and natural as-

sumption that the jellium edge provides a hard wall
for the solution, seems to work well for polycrystalline
metals but runs into problems with single crystal
surfaces. Several groups have proposed that the
distance between the metal surface and the first layer
of solvent molecules should be calculated from the
molecular interactions and that it varies with the
surface charge density on the metal.101-103

Extensive model calculations based on this idea
have been performed by the groups of Halley104 and
of Badiali.105 Both groups try to calculate the equi-
librium distance between jellium and a layer of
solvent molecules from interaction potentials and
obtain qualitatively similar results. We report on the
work of Badiali et al. in greater detail.

This group considers two interactions between
jellium and the solvent: an attractive van der Waals
potential, which is calculated as the dispersion force,
and a short-range repulsive interaction caused by the
electronic overlap between jellium and the water
molecules; the latter is calculated using a pseudopo-
tential approach. We will not go into the details of
these calculationssconsidering the complexity of the
problem it is obvious that they must involve rather
crude approximations, whose consequences are dif-
ficult to judge. Therefore, such calculations should
not be considered as quantitative. Still, they are
quite valuable since they point out where the dif-
ficulties lie and may serve as a basis for further
improvements.

Once the interaction potentials have been esti-
mated the equilibrium distance between the jellium
edge and the water molecules can be obtained either
by minimizing the free energy of the system or from
pressure balance. In an exact calculation, both
methods would give the same result, but this is not
necessarily so in approximate calculations.
Amokrane and Badiali have performed model

calculations for silver in contact with water using the
pressure balance method. Interestingly, the distance
d between the jellium edge and the center of the first
layer of water molecules varies quite strongly in their
model; this is in accord with the findings of Halley
et al.104 Figure 36 shows their results for an Ag(111)
surface using two different assumed values of the
water-jellium pseudopotential. Both curves have a
similar shape: a maximum at slightly negative
charge densities and a decrease at high positive or
negative charges. This decrease is caused by the
electrostatic pressure, which increases with the
absolute value of the electric field. That the maxi-
mum is not at the pzc, but shifted toward negative
charges, is due to the increased electronic spillover
in this region. The shift of the metal-solvent dis-
tance with the charge density is surprisingly large,
much larger than the change in the effective image
plane position (cf. Figure 10).

Since in this model the distance between the
jellium edge and the center of the solvent molecules
is not equal to the radius s of the solvent molecules,
and, in addition, changes with the charge density Û,
the metal capacity must be defined differently.
Amokrane and Badiali define it as

The first two terms cancel if the jellium edge serves
as a hard wall; since they relate both to the metal
and the solvent, they might just as well have been
incorporated into the solvent capacity. The third
term vanishes if the distance d does not change, but
in this model it makes a major contribution to the
capacity.

To arrive at a complete double layer model,
Amokrane and Badiali proceed in a semiempirical
manner. Assuming that the contributions of the
metal and the solvent to the inverse capacity are
additive, they obtain the solvent capacity from ex-
perimental data for the Helmholtz capacity:

Figure 35. The Helmholtz capacity as function of the
charge density. The dashed curve is for a bulk electronic
density of nb ) 0.02 au, the full curve for nb ) 0.01 au;
based on the work Schmickler and Henderson.97

Figure 36. Variation of the distance of closest approach
with the charge density; based on ref 105.
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More complex: Adsorbing electrolyte
• for other electrolytes parabola are asymmetric and the p.z.c. depends on anion
• specific adsorption of anion - chemical interaction with metal 
• modifies potential at the interface and into solution
• models of interface more complex

• electrosorption valency
• super-equivalent adsorption
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Specific Adsorption of Anions
• specific adsorption of halide anions (Cl-, I-, Br-) on Hg
• shows a super equivalent amount of Br- on the +ve charged surface
• shift in p.z.c. with [Br-]: characteristic of specific adsorption
• due to extra chemical interaction between Hg and Br- 
• ions lose some of their solvation shell, centered in IHP (x1 < x2)

13
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Electrosorption Valency
• a measure of the bonding between the ion 

and the surface is given by ‘electrosorption 
valency’

• measure of the avg number of electrons that 
are transferred to the electrode per adsorbed 
ion or molecule

• for ion adsorption, need an estimate of 
charge in diffuse layer: use GCS theory

• extra-thermodynamic & modelistic
• measure of the extent of electron transfer, or 

electron sharing due to adsorption
• solvent is displaced from the surface and 

reorientation must also be considered
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Electrosorption Valency & Solvent
• potential decay away from the electrode 

surface is significantly changed
• solvent dipoles are also affected, 

respond to local changes in the E
• electrosorption valency influenced by 

the efficiency of solvent screening
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Electrosorption Valency and Partial Charge Transfer in Halide and Sulfide 
Adsorption on Ag(111) Maria Luisa Foresti,Massimo Innocenti,Francesca 
Forni, and, and Rolando Guidelli* Langmuir 1998 14 (24), 7008-7016

Conway, B. E., ed. Modern Aspects of Electrochemistry, Number 38. Secaucus, NJ, USA: Springer, 2005. ProQuest ebrary. Web. 7 April 2016.
Copyright © 2005. Springer. All rights reserved. 

Guidelli, R.; Schmickler, W. Electrosorption Valency and Partial Charge 
Transfer. Modern Aspects of Electrochemistry 2005, 38 (Chapter 3), 303–371.
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Specific Adsorption on Solid Electrodes
• Hg is ideal, but solid metal surfaces are most often used
• adsorption of ions, orientation of solvent can have a dramatic impact on 

the electrocatalytic reactivity 
• eg. ORR on Pt(hkl) (110 > 111 > 100)
• reactivity of nanoparticle surfaces differ in fuel cell

• modification of the potential drop from metal - solution impacts the 
driving force for electron transfer

• initial stages of metal deposition (eg Cu on Au)

16

returns to the ideal 1 ⇥ 1 structure. Obviously, the
donation of electrons to the surface favors a recon-
struction, while a detraction of electrons lifts it.

In electrochemical systems the density of electrons
at the surface can be controlled directly through the
electrode potential without necessarily involving the
adsorption of other species. By surface X-ray scat-
tering, Ocko et al.54 observed the Au(110) 1 ⇥ 3
reconstructed surface in salt solutions at potentials
well below the potential of zero charge. A careful
analysis of their data revealed the relaxation of the
top surface layer discussed above. In acid solutions,
where one cannot perform experiments at high nega-
tive charges because of hydrogen evolution, this
group observed a poorly correlated structure inter-
mediate between 1 ⇥ 3 and 1 ⇥ 2. An STM study of
acid solutions by Magnussen et al.55 revealed a 1 ⇥

2 structure with a large density of defects at negative
potentials, while at potentials above 0.2 V vs SCE,
where the electrode is positively charged, the recon-
struction is removed. An earlier study by Gao et al.56
had shown both 1 ⇥ 2 and 1 ⇥ 3 structures at
negative potentials. So the electrochemical investi-
gations show a transition series, (1 ⇥ 3)f (1 ⇥ 2)f
(1 ⇥ 1), as the surface charge increases from negative
toward positive values, which is in line with the
observations in the uhv.

These experimental findings can be explained in
terms of model calculations for the Ag(110)52 and
Au(110)53 surfaces. Figure 19 shows calculated val-
ues for the surface energies of the ideal (1 ⇥ 1) and
the 1 ⇥ 2 and 1 ⇥ 3 surfaces as a function of the
charge per surface atom. (Actually, the curves in this
figure do not show the true surface energies, because
contributions from the counter charge have been
included; however, only the difference between the
curves is relevant for our argument.) The differences
between the three curves are quite small, so that a
relatively minor change of the system parameters
may induce or lift a reconstruction. For an un-
charged surface the 1 ⇥ 3 reconstruction has the
lowest energy. With increasing positive charge at
first the 1 ⇥ 2 and then the ideal 1 ⇥ 1 surfaces
become more favorable. These changes can be ex-
plained in terms of the tendency of the surface
electrons to occupy a large volume, thus decreasing

their kinetic energy. The 1 ⇥ 3 surface is fairly open
and allows the electrons to extend into the region
between the top atom rows. To a lesser extent this
is also true of the 1 ⇥ 2 reconstructed surface.
Therefore, an increase of electronic density at the
surface favors the missing row reconstructions.
A similar, but somewhat simpler, situation occurs

at the Au(100) surface. A freshly prepared surface
shows a hexagonal surface reconstruction in vacuo.
When such a surface is immersed into an aqueous
electrolyte solution at a potential well below the
potential of zero charge, the reconstruction remains
intact and can be observed with a scanning tunneling
microscope (see Figure 20) and with X-ray scattering
techniques.49 When the potential is subsequently
scanned in the positive direction the reconstruction

Figure 18. Surface structure of reconstructed Au(110)
surfaces (schematic): (a) 1 ⇥ 2 structure, (b) 1 ⇥ 3
structure; the arrows denote a displacement of the surface
atoms. Figure 19. Surface energy Á of an ideal Au(110) surface

(solid line) and a surface with a 1 ⇥ 2 reconstruction.53 The
arrows indicate the intersection points of the curves.

Figure 20. Surface structure of the reconstructed (left)
and of the ideal (right) Au(100) surface. The upper draw-
ings show the surface structures of the STM images below.
On account of the misfit of the top layer with the bulk the
reconstructed surface shows a surface corrugation. Cour-
tesy of D. M. Kolb, Ulm.
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is lifted, and the ideal surface structure appears. In
a current-potential scan this lifting is seen as a
current peak (see Figure 21). Since the potential of
zero charge of the reconstructed surface lies substan-
tially above that of the ideal surface50 the electrode
is charged positive during the transition. The po-
tential at which this phase transition occurs depends
on the composition of the solution. For example, in
a solution of 0.1 M H2 SO4, where the anions are only
weakly adsorbed, the reconstruction is lifted at a
potential of about 0.6 V vs SCE (saturated calomel
electrode); the addition of only 0.1 mM HCl shifts this
potential to a value of 0.4 V. Since the chloride ion
is strongly adsorbed, it seems that the specific
adsorption of anions favors the more open ideal
surface. This is in line with the observations in the
uhv mentioned above.

When the potential is scanned back in the negative
direction electronic charge is accumulated on the
metal surface, and the electrode surface undergoes
reconstruction at a potential well to the negative of
the pzc, as is evident from the current peak. How-
ever, this return to the original reconstructed surface
is slow because it is kinetically hindered; therefore,
it does not show up as a narrow current peak.

So the electrochemical interface offers the unique
capability to induce or lift surface reconstructions in
a number of systems simply by changing the elec-
trode potential. Though these surface phase transi-
tions are often accompanied by the specific adsorption
of ions, which may shift the transition potential to
some extent, the driving mechanism seems to be the
accumulation or depletion of electronic charge on the
electrode surface.

6. Resistance of Thin Electrodes
When the working electrode consists of a thin film

with a thickness in the micrometer range its resis-
tance parallel to the surface is sensitive to the
electronic structure of the surface. The essence of
this effect can be understood within a free electron
model, in which the bulk resistivity Fb of a metal with
an electronic density nb is given by the equation61

where kf is the Fermi wave vector and l is the mean
free path of the electrons. When the thickness of the
film is comparable to the mean free path, boundary
effects become important. In a simple model the
electrons impinge on the boundary where they are
reflected. This reflection can either be specular or
diffuse. If we denote by pu and pl the probability that
the electron undergoes specular reflection at the
upper or lower surface, respectively, the resistivity
F of a thin film can be written in the form62

where  is the ratio of the film thickness to the mean
free path of the electrons; the integral is performed
over all values of the cosine u of the angle of incidence
of the electron on the surface. Strictly speaking, the
specularity parameters of the surface depend on the
angle of incidence. It is, however, instructive to take
them as constant and plot the relative resistivity F/Fb

against this parameter. As one expects, the resis-
tance is the higher, the smaller the degree of specu-
larity, and the thinner the film (see Figure 22).
Conversely, if all electrons are specularly reflected
(pb ) pl ) 1), the boundary does not affect the
resistivity.

The presence of adsorbates alters the electronic
properties of the electrode surface and hence affects
the resistivity. The interpretation is simplest in the
case of nonmetallic adsorbates such as the halide
ions. Essentially, such adsorbates serve as scattering
centers for the conduction electrons and decrease the
degree of specularity of the electrode surface.63,64 This
entails an increase of the resistance, which, over a
broad range of coverages, is proportional to the
amount adsorbed.
As an example we consider the adsorption of

chloride ions an a thin Au(111) electrode.65 When
the electrode potential is scanned from a negative
value, at which there is no specific adsorption, in the
positive direction, the adsorption of chloride ions
shows up as a peak in the current flowing through
the interface (see Figure 23a). Simultaneously, the
resistance of the electrode parallel to the surface
increases. When the potential is scanned back in the
negative direction, the desorption is observed as a
cathodic current peak and a simultaneous decrease
of the resistance, both occurring with a small hys-
teresis. The rate of change of the resistance should
be proportional to the change in the coverage and,
hence, to that part of the current that is due to the
adsorption. This is indeed the case (see Figure 23c).
In contrast to the current, the change in the resis-
tance is not affected by the charging of the double
layer, or by hydrogen evolution; therefore, it gives
precise information on the adsorption process.

Figure 21. Current/potential curve (cyclic voltammogram)
of a Au(100) surface in 10 mM HClO4. The electrode has
been prepared by flame annealing and was then immersed
into the solution at a potantial of -0.4 V vs SCE. Subse-
quently, the potential was scanned with a rate of 50 mV
s-1 in the positive direction. At a potential of 0.7 V the
direction of the sweep was reversed until the initial
potential was reached again. The direction of the scan is
indicated by an arrow.

Fb )
pkf

e0
2nbl

(13)

F ) Fb[1 - 3
4
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Specific Adsorption on Au(111)
• adsorption studied on single crystals
• can use similar thermodynamic approach as 

with Hg
• use charge density instead of surface tension
• eg: Cl- adsorption on Au(111)
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Specific Adsorption on Solid Electrodes
• Cl- adsorption on Au(111): coverage, adsorption free 

energy determined via charge measurements
• strong chemisorption interaction (or bond) with Au
• polarity of bond depends on charge on Au
• electrosorption valency shows polar bond at negative 

charged surface, less so a positive charge surface
• Cl- is not completely discharged as it is significantly less 

than one

18

Shi, Z.; Lipkowski, J. Chloride Adsorption at the Au(111) Electrode Surface. J. Electroanal. Chem. 1996, 403 (1-2), 225–239.
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Specific Adsorption on Solid Electrodes
• Cl-, Br-, I- adsorption on Au(111) compared
• strong chemisorption interaction (or bond) with Au
• polarity of bond depends on charge on Au
• electrosorption valency shows polar bond at negative charged surface, less so on 

a positive charged surface
• Cl- is not completely discharged as it is significantly less than one
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charge densities in the range −10 to 60 !C cm−2; all
plots are linear and their slopes give the Esin–Markov
coefficients. Independently, the "I− versus #M plots
from Fig. 4(b) were fitted by a polynomial and differen-
tiated numerically to give [!"I−/!#M]ln c KI

. The two
independently determined derivatives are plotted
against each other in Fig. 9(b); the black points are the
experimental data, and the dotted line is a line with a
unit slope. The experimental points scatter randomly
around the dotted line, indicating that our "I− are free
of major errors of the data processing.

3.6. Model of the inner layer–surface dipole formed by
adsorbed I− ion and its image charge in the metal.

In this section we will employ the Grahame–Parsons
[36,37] model of the inner layer to give a physical
interpretation to some of the thermodynamic quantities
described in the preceding sections. Details of this
model and the data analysis procedures are described in
previous papers [24–26]. To avoid repetition, here we
will include only the material which is needed for the
clarity of our presentation. We will discuss parameters
that characterize the structure of the inner layer in the
presence of iodide adsorption by comparing them to
the parameters determined earlier for chloride and
bromide.

The inner layer capacity C i is calculated from the
overall electrode capacity C determined by differentia-
tion of the charge density curves and using the theory

Fig. 9. (a) Esin–Markov plots. (b) Comparison of the Esin–Markov
coefficients determined from the slope of the E versus ln cKI plots in
Fig. 9(a) and by differentiation of the "I− versus #M plots shown in
Fig. 4(b).

Fig. 8. (A) Electrosorption valences (!) determined from the slope of
the charge versus the Gibbs excess plots and (") from the Gibbs
energy versus electrode potential plots. (B) Comparison of the elec-
trosorption valences of the three halides.

of the diffuse layer as described in [24–26,35]. The
inner layer capacities determined for iodide are plotted
against the charge on the metal in Fig. 10 together with
the capacities determined earlier for chloride and bro-
mide. These curves are independent of the bulk concen-
tration of the corresponding anion. The three curves
display quite a similar shape. They consist of a tall peak
located close to the zero charge density and a broad
peak or a shoulder at high positive charge densities.
The two peaks grow taller and their position shifts
towards negative charges by moving from chloride to
iodide. The inset to Fig. 10 shows the inner layer
capacities for the three halides adsorbed at a mercury
electrode, taken from the literature [36,38,39]. For mer-
cury, the trend for the change of the inner layer capac-
ity with the nature of the anion is quite similar to that
for gold. However, the inner layer capacities for gold
are more than an order of magnitude larger than those
for mercury.

The inner-layer capacity is a function of two vari-
ables, the charge on the metal and the amount of

Chen, A.; Shi, Z.; Bizzotto, D.; Lipkowski, J.; Pettinger, B.; Bilger, C. Iodide Adsorption at the Au(111) Electrode Surface. J. Electroanal. Chem. 1999, 467 (1-2), 342–353.
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Fig. 10. Comparison of inner layer capacities of the Au(111) electrode
for iodide, bromide, and chloride. Inset, comparison of the inner
layer capacities of the Hg electrode for the three halides.

Fig. 12. Comparison of the component of the inner layer capacities
for I−, Br−, and Cl− (A) at constant charge and (B) at constant
amount adsorbed.

adsorbed anion. It may therefore be expressed in terms
of two components, the capacity of the inner layer at a
constant charge (!C) and the capacity of the inner layer
at a constant amount adsorbed ("C). The capacity !C
may be determined from the slope of the plot of the
potential drop across the inner layer (!#M−2=E−
Epzc−#2) versus the charge −F!I of adsorbed iodide
at constant "M (#2 is the outer Helmhlotz plane poten-
tial). These plots are shown in Fig. 11. They are linear
and this feature indicates that the inner layer capacities
are independent of the iodide coverage within the nar-
row range of coverages used to construct these plots.
The capacity at a constant amount adsorbed may then
be calculated from C i and !C using the formula:

(C i)−1= ("C)−1−F(!!I/!"M)(!C)−1 (6)

The components of the inner layer capacity at a
constant charge and at a constant amount adsorbed are
plotted against the charge on the metal in Fig. 12(a and
b), respectively. These capacities may be considered as
integral capacities described by

!C=$/(x2−x1) (7)

and

"C=$/x2 (8)

where x1 and x2 are the locations of the inner and outer
Helmholtz plane, respectively. The two components of
the inner layer capacity increase by moving from iodide
to chloride. This trend correlates well with the decreas-
ing size of the anion. The interpretation of !C curves is
difficult, since they may be affected by both a change of
the permittivity and the position of the inner Helmoltz
plane. The interpretation of "C is easier, particularly if
one assumes that the thickness of the inner layer x2

does not change with the charge. In that case, the shape
of "C displays the change of the permittivity. For
chloride and bromide the "C curve has a maximum at
small charge densities. The "C curve for iodide is essen-
tially featureless. The changes of the permittivity may
be interpreted in terms of a change in the orientation of
surface water molecules. Specifically, the maximum
seen at small charge densities for chloride and bromide
may be explained in terms of an increase of the permit-
tivity due to the disorientation of water dipoles. The
absence of a maximum on the "C curve for iodide may
therefore indicate that this anion has a weak influence

Fig. 11. Plot of the potential drop across the inner layer !"M−2

versus the charge of adsorbed I− (–F!I–) at constant charge density
at the metal side of the interface as indicated in the figure.
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Specific Adsorption on Solid Electrodes
• comparing Cl-, Br-, I- adsorption was used to study the inner layer
• inner layer capacity increase correlated with decrease in anion size
• if x2 is constant, then measuring change in permittivity
• for I- it is constant: large change in Ci due to solvent reorientation
• Cl- & Br-: at small charge density, water dipole disordering
• need other measurements to probe interface: spectroscopy
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adsorbed anion. It may therefore be expressed in terms
of two components, the capacity of the inner layer at a
constant charge (!C) and the capacity of the inner layer
at a constant amount adsorbed ("C). The capacity !C
may be determined from the slope of the plot of the
potential drop across the inner layer (!#M−2=E−
Epzc−#2) versus the charge −F!I of adsorbed iodide
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tial). These plots are shown in Fig. 11. They are linear
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b), respectively. These capacities may be considered as
integral capacities described by

!C=$/(x2−x1) (7)

and

"C=$/x2 (8)

where x1 and x2 are the locations of the inner and outer
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does not change with the charge. In that case, the shape
of "C displays the change of the permittivity. For
chloride and bromide the "C curve has a maximum at
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tially featureless. The changes of the permittivity may
be interpreted in terms of a change in the orientation of
surface water molecules. Specifically, the maximum
seen at small charge densities for chloride and bromide
may be explained in terms of an increase of the permit-
tivity due to the disorientation of water dipoles. The
absence of a maximum on the "C curve for iodide may
therefore indicate that this anion has a weak influence

Fig. 11. Plot of the potential drop across the inner layer !"M−2

versus the charge of adsorbed I− (–F!I–) at constant charge density
at the metal side of the interface as indicated in the figure.

A. Chen et al. / Journal of Electroanalytical Chemistry 467 (1999) 342–353350

Fig. 10. Comparison of inner layer capacities of the Au(111) electrode
for iodide, bromide, and chloride. Inset, comparison of the inner
layer capacities of the Hg electrode for the three halides.

Fig. 12. Comparison of the component of the inner layer capacities
for I−, Br−, and Cl− (A) at constant charge and (B) at constant
amount adsorbed.

adsorbed anion. It may therefore be expressed in terms
of two components, the capacity of the inner layer at a
constant charge (!C) and the capacity of the inner layer
at a constant amount adsorbed ("C). The capacity !C
may be determined from the slope of the plot of the
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Epzc−#2) versus the charge −F!I of adsorbed iodide
at constant "M (#2 is the outer Helmhlotz plane poten-
tial). These plots are shown in Fig. 11. They are linear
and this feature indicates that the inner layer capacities
are independent of the iodide coverage within the nar-
row range of coverages used to construct these plots.
The capacity at a constant amount adsorbed may then
be calculated from C i and !C using the formula:

(C i)−1= ("C)−1−F(!!I/!"M)(!C)−1 (6)

The components of the inner layer capacity at a
constant charge and at a constant amount adsorbed are
plotted against the charge on the metal in Fig. 12(a and
b), respectively. These capacities may be considered as
integral capacities described by

!C=$/(x2−x1) (7)

and

"C=$/x2 (8)

where x1 and x2 are the locations of the inner and outer
Helmholtz plane, respectively. The two components of
the inner layer capacity increase by moving from iodide
to chloride. This trend correlates well with the decreas-
ing size of the anion. The interpretation of !C curves is
difficult, since they may be affected by both a change of
the permittivity and the position of the inner Helmoltz
plane. The interpretation of "C is easier, particularly if
one assumes that the thickness of the inner layer x2

does not change with the charge. In that case, the shape
of "C displays the change of the permittivity. For
chloride and bromide the "C curve has a maximum at
small charge densities. The "C curve for iodide is essen-
tially featureless. The changes of the permittivity may
be interpreted in terms of a change in the orientation of
surface water molecules. Specifically, the maximum
seen at small charge densities for chloride and bromide
may be explained in terms of an increase of the permit-
tivity due to the disorientation of water dipoles. The
absence of a maximum on the "C curve for iodide may
therefore indicate that this anion has a weak influence

Fig. 11. Plot of the potential drop across the inner layer !"M−2

versus the charge of adsorbed I− (–F!I–) at constant charge density
at the metal side of the interface as indicated in the figure.
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Specific Adsorption on Solid Electrodes
• electrosorption valency can be estimated from these measurements

• the metal - surface dipole created between the anion and image charge in metal:

• it is a measure of the polarity of the bond
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on the structure of the surface water. The solvent
reorientation phenomena can be studied today with
the help of surface spectroscopies. Recently, Ataka
and Osawa [40,41] employed surface enhanced in-
frared absorption spectroscopy to describe the struc-
ture of surface water in the presence of adsorbed
sulfate and perchlorate ions at a Au(111) electrode
surface. For sulfate, the changes in the structure of
the surface water observed by IR spectroscopy corre-
late well with the shape of the inner layer capacity at
the constant amount adsorbed. One may hope that
the spectroscopic information concerning the orienta-
tion of surface water molecules will soon be available
for the Au(111) surface in the presence of adsorbed
halides. Quite pronounced differences between the in-
ner layer capacities measured for these anions suggest
that the structure of the surface water may vary sig-
nificantly in the presence of these anions. These data
offer an interesting opportunity to test the validity of
the Grahame–Parsons model of the inner layer.

The ratio of the inner-layer capacities at a constant
amount of adsorbed anion and at a constant charge
is equal to the electrosorption valency [37]:

! !=z("C/#C)=z(x2−x1)/x2 (9)

The electrosorption valency and the capacity at the
constant amount adsorbed may be used further to
calculate the dipole formed by an adsorbed anion and
its image charge in the metal-surface dipole ($s) [42–
45]:

$s=zeo%(1−! !/z)/"C (10)

The surface dipole is a direct measure of the polar-
ity of the electrosorption bond. Fig. 13 shows the
surface dipole for three halide ions. The inset to Fig.
13 plots the electrosorption valency for iodide deter-
mined from the ratio of the inner layer capacities at
constant amount adsorbed and at constant charge
with the help of Eq. (9). The electrosorption valences
agree quite well with the values of this parameter
calculated earlier from the slope of the charge versus
coverage plots and presented in Fig. 8. Apparently,
the values of the surface dipole increase in the order
I− !Br− !Cl− indicating that the polarity of the
chemisorption bond increases by moving from iodide
to chloride. The polarity of the electrosorption bond
is a strong function of the charge on the metal. The
dipoles are quite large at the negatively charged sur-
face, but decrease significantly at the positively
charged surface. The polarity goes through a mini-
mum at small absolute values of the charge density.
The minimum shifts in the direction by moving from
chloride to iodide. For iodide the minimum value of
the dipole moment is equal to zero within the limits
of the experimental error. This behavior suggests that
the adsorbed anion is discharged effectively and that

the adsorbed species is essentially the iodine adatom.
The adsorption of iodide involves therefore a signifi-
cant charge redistribution.

3.7. Electronic structure of the surface

The adsorbate-induced changes of the electronic
structure of the metal may be studied conveniently
using second harmonic generation spectroscopy
(SHG) [46–51] (see also electroreflectance studies of
the metal electronic structure [52]). There are two ma-
jor contributions to the measured SHG signal. The
first comes from interactions of the electromagnetic
fields of the incident photons with the free electrons
in the metal and involves excitation of free electrons
to a virtual state. The second arises from coupling of
the optical fields of the incident photons with the
interband transitions and has a resonant nature. It
involves electronic transitions between two real elec-
tronic states. The photons emitted by these two
mechanisms are emitted at different times and conse-
quently are phase shifted [49–51]. The mixing of the
electronic states of the adsorbate with electronic states
of the metal enhances the contribution of the inter-
band transitions to the measured signal and hence
changes the phase angle [46–48]. The measurement of
the phase angle provides therefore a convenient
means to study the adsorbate-induced changes of the
metal electronic structure. Therefore, we have em-
ployed the interference second harmonic generation
spectroscopy (ISHG), developed recently by Pettinger
and Bilger [53] to measure the potential and charge
dependence of the phase angle at the Au(111) surface
in the presence of the three halides.

Fig. 13. Plots of the effective dipole moment formed by I−, Br−, and
Cl− ion adsorbed at the Au(111) surface versus the charge density on
the metal. Inset: electrosorption valency versus electrode charge den-
sity plots determined from the ratio of "C to #C.

• difficult to determine the 
distribution of charge in this 
adsorbed complex - very model 
dependent

• also an issue in surface modification 
by physi- or chemi- sorption (eg 
adsorbed lipids, or alkylthiol SAMs) 
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Molecular Adsorption
• in real systems, molecular 

adsorption is typical
• displacement of solvent by 

adsorbate results in a lower surface 
tension and capacitance

• for molecules with small dipoles, 
shift in p.z.c. is small

• desorption (displacement by 
solvent) occurs at +ve and -ve 
potentials (w/r to p.z.c.)

• peaks observed in capacitance due 
to change in coverage:
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Molecular Adsorption
• composition of the Hg | electrolyte 

interface can be determined using 
thermodynamics, model adsorption 
isotherms

• adsorption free energy, change in dipole 
due to adsorption, molecular orientation, 
all as function of electrode charge
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• electrosorption valency:

• interpreted as change in dipole at the 
interface (using model of inner layer)

net change in dipole = 
dipole of adsorbate (A) -

dipole of displaced water (W)
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Molecular Adsorption on Solid Electrodes
• As with ionic adsorption, can use the same 

approach as Hg except measure charge density
• same theory and models used
• amenable to in-situ spectroscopic study
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pyridine on Au(110)
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Molecular Adsorption on Solid Electrodes
• pyridine has two orientations on Au: 

• flat lying & standing up with N directed towards the Au
• was determined via shift in p.z.c.
• confirmed with in-situ optical measurements (electroreflectance, IR, 

Raman)
• many other molecules studied
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• Thermodymanics has its 
limits for detailed 
description of the interface

• need for spectroscopic 
confirmation, elaboration is 
clear
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in-situ Spectroelectrochemical Methods (SFG)
• thermodynamics cannot provide 

enough information about molecular 
orientation without models

• spectroscopy can characterize the 
metal | electrolyte surface

• Sum Frequency Generation can 
measure the IR absorption of water 
from only the surface of the 
electrode surface.

• Ag(100) and KF : 
• band 2 - strongly H-bonded water
• band 1 - surface coordinated water

• water orientation at the interface 
influenced by potential
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These results suggest that the solvent (ions) organize themselves at the sur-
face in order to effectively screen the charge on the metal electrode. When the
metal is negatively charged, the cation will orient with the imidazolium ring
more parallel to the surface, while when the surface is positively charged the
ring is more tipped along the surface normal as shown in Fig. 5.22.

5.2.7.2 Aqueous Solvents
The structure of water at the electrode interface has long been a subject of sub-
stantial interest in electrochemistry. To examine the structure of water, Schultz
and Gewirth used SFG to interrogate the OH stretching region for water with
and without electrolyte on an Au(100) electrode [119]. SFG spectra obtained in
the absence of electrolyte exhibit a single broad resonance in the OH stretch
spectral region associated with weakly H-bonded water, which the authors corre-
lated to disordered water clusters previously reported in UHV systems. In the
presence of electrolyte, two new potential-dependent bands in the OH stretch
region were observed, as shown in Fig. 5.23. One of these was associated with
more strongly H-bonded water (band 2 in Fig. 5.23), while the other was attrib-
uted to a surface-coordinated species (band 1). These studies show that the H-
bonding facility of water at the electrode surface is influenced by the presence

5.2 Applications of SFG to Electrochemistry 191

Fig. 5.23 SFG spectra obtained from an
Ag(100) surface in 0.1 M KF electrolyte at
the applied potentials indicated (a–e). The
numbers indicate peak labels as described

in the text. Open circles represent
experimental data points: the solid lines are
the fitting result and the dashed lines are
the deconvolution.
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IR spectroscopy of adsorbed water

• Au(111) in HClO4 
• water bands measured using SEIRAS method 

pioneered by Osawa
• surface sensitive method
• below the p.z.c., H atoms closer to the 

surface (A)
• changes to (B) flat lying close to p.z.c.
• evidence of ice like water structure on Au 

around the p.z.c. (C or H)
• ClO4

- adsorption at positive potentials which 
changes the water orientation (D)
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potential range. On the other hand, the oxygen-end of water
becomes more oriented toward the surface (solution phase) at
potentials below (above) the pzc, resulting in the increment of
the band intensities. At potentials above 0.8 V, the intensities
of all the water bands increase greatly. This suggests that water
orients with its molecular plane nearly normal to the surface.
The local density of interfacial water changes with applied

potential; it is minimal around the pzc.17 Therefore, the change
in the local density may contribute to some extent to the band
intensity change shown in Figure 7. However, the density
change is only a factor of 2,17 and it is much too small to
produce the observed intensity change.
The orientation of interfacial water molecules can be dis-

cussed in more detail from the spectral features. Possible
orientations are shown in Figure 8A-G.3,9-16,25 However, water
molecules hydrogen-bonded to the surface, orientations E and
F, are ruled out because no ÓOH‚‚‚Au bands are observed at
any of the potentials examined. Nagy and Heinzinger12-14

theoretically predicted orientation G at very positive potentials.
However, the adsorption of electrolyte anion is not taken into
account in the simulations. Since perchlorate ion adsorbs
specifically at very positive potentials and greatly changes the
water arrangement as described above, this orientation will also
be ruled out.
The flat-lying orientation B does not give infrared absorption,

but its presence is apparent around the pzc as described above.
The ice-like spectrum (Figure 5b) suggests that water orients
as C at the potential range 0.6-0.9 V because the ice-like
structure shown by the model H3,50 is formed from C by
hydrogen-bonding with water molecules in the second layer.
The dipole oscillations associated with the ÓOH and ‰HOH

modes are tilted about 60° from the surface normal for this
orientation, which explains the relatively weak intensity of the
ice-like spectrum.
The remaining two orientations, A and D, are very suitable

for explaining the two different spectra shown in Figure 5a,c,
respectively, as follows. Spectrum c implies that water is
asymmetrically hydrogen-bonded at the potential region where
perchlorate ion adsorbs on the surface. This cannot be explained
by orientation A because two OH bonds are directing toward
the surface and are free from hydrogen-bonding due to steric
hindrance. Orientation A is rather favorable to explain the weak
hydrogen-bonding at potentials below the pzc (Figure 5a). On
the other hand, orientation D has a possibility to form asym-
metric hydrogen-bonding due to the coadsorbed anion, as
discussed above. In addition, it should be noted that the
molecules oriented as A and D are hydrogen-acceptor and
hydrogen-donor, respectively, in hydrogen-bonding with the
second water layer. It has been well established from matrix-
isolation and molecular beam studies of water clusters that ÓOH
bands of hydrogen-acceptors appear at higher frequencies than
those of hydrogen-donors.43,44,51,60,61 The ÓOH bands of
hydrogen-bonded OH are observed at 3507 and 3460 cm-1 in
Figure 5a,c, respectively. In this point of view also, the
attribution of spectra a and c to orientations A and D,
respectively, is reasonable.
The discussion above is summarized as follows. Water

orients with hydrogen atoms closer to the surface than oxygen
atoms (orientation A) at potentials below the pzc and reorients
to flat-lying orientation B as the electrode potential approaches
the pzc. The hydrogen-end of water becomes more oriented
toward the solution phase above the pzc, as depicted by C (more
exactly, the ice-like structure H). At very positive potentials
where perchlorate ion adsorbs, water molecules further reorient
to orientation D due to the coadsorption of anion. Since no
potential-dependent peak shifts are observed for any of the water
bands, the relative populations of water molecules in the four
different states change with potential.
The reorientation from A to B and to C with increasing

potential deduced from the spectra is in good agreement with
the molecular dynamics simulations by Heinzinger et al.12-14

and Glosli and Philpott.15 Since the adsorption of electrolyte
anions is not taken into account, the simulations by Heinzinger
et al.12-14 say nothing about the influence of the adsorbed ions.
This was taken into account in the simulation by Glosli and
Philpott,15 but the orientation of water in the presence of
adsorbed ions was not discussed.
Spectrum of Hydronium Ion. Figure 5a shows a very broad

band centered at about 1710 cm-1, which decreases in intensity
with increasing potential and disappears around 0.6 V. This
band is too high in frequency to be assigned to the ‰HOH mode
of water. The potential dependence of the band intensity
suggests the adsorption of a cationic species. By comparison
with the vibrational spectra of acid hydrates42 and water
coadsorbed with HF, HCl, or hydrogen atom on Pt(111) and
-(100) surfaces in UHV,4,62,63 we assign this band to the doubly
degenerate asymmetric HOH bending (Ó4a) mode of hydronium
ion (H3O+).
Hydronium ion has pyramidal C3V symmetry and has three

additional vibrational modes: symmetric and doubly degenerate
asymmetric OH stretching modes (Ó1 and Ó3a, respectively) and
a symmetric HOH bending mode (Ó2).42 The two OH stretching
modes are difficult to identify due to the overlap of the strong
ÓOH band of water. The Ó2 mode is expected to be observed
strongly around 1150 cm-1.4,42,62,63 However, this mode is also
not clear in our spectra probably due to its weak intensity and

Figure 7. Plot of the integrated intensities of ‰HOH bands in Figure
4 as a function of applied potential.

Figure 8. Possible orientations of water at an electrode/electrolyte
interface (A-G) proposed in the previous theoretical and experimental
studies.3,9-16,25 The solid lines represent the oxygen lone-pair orbitals
interacting with the electrode surface, and the dashed lines hydrogen-
bonding (or lone-pair orbitals available for hydrogen-bonding). Model
H is an ice-like structure proposed by Doering and Madey.50 The most
plausible orientation deduced in the present study is A at potentials
below the pzc, B around the pzc, C slightly above the pzc, and D at
more positive potentials.
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Lipid Adsorption on Au: in-situ IR spectroscopy of surface water
• adsorbed lipid bilayer on 

Au(111)
• lipid is displaced (desorbed) 

from the Au surface by 
water at negative potentials

• thin layer of water exists 
between the electrode and 
lipid layer (~1-2nm) by insitu 
neutron reflectivity 

• nature of this water studied 
by surface sensitive FTIR 
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membrane swelling, seen at charge densities between !4 to
!8 lC/cm2, a result of electroporation? What is the water structure
in the thin layer separating the membrane from the metal at the
most negative potentials? In this study the surface-enhanced infra-
red absorption spectroscopy (SEIRAS) [29–36] was employed to
answer these questions. The technique employs attenuated total
reflection (ATR). The incident IR photons excite localized surface
plasmons in the metal resulting in the enhancement of the electric
field of the IR photon by a factor of 10–100 at the metal surface.
The electromagnetic interactions of the incident photon field with
the metal and molecules play predominant roles in this effect
[35,36]. The enhancement decays then rapidly within a distance
of a few monolayers from the surface [29–31]. An evanescent wave
that penetrates through the thin film of metal deposited at the ATR
element into the solution probes the bulk solution, but the absorp-
tion by the bulk solution is rather small and is almost perfectly
canceled out by taking a potential difference. SEIRAS was applied
successfully to determine the structure of water at the gold solu-
tion interface with a perchloric acid solution and was able to dis-
criminate between the signal from the surface water molecules
and that from water molecules in solution [32]. The present system
where water molecules reside either inside a phospholipid bilayer
or in a thin film of water separated from the bulk of solution by
"4 nm thick membrane is ideally suited to be studied by this tech-
nique and to provide information about the structure of the surface
water.

2. Experimental

Vesicles were prepared by the method described by Barenholz
et al. [37] Solutions of DMPC (Avanti Polar Lipids, Birmingham,
AL) and cholesterol (99 + %, Aldrich) in chloroform (99.9 + %,
Aldrich) were combined in a test tube to form a 7:3 (DMPC:choles-
terol) mole fraction mixture. The solvent was evaporated to dry-
ness by vortexing the mixture under a stream of argon. Complete
removal of the chloroform was achieved by placing the test tube

in a vacuum desiccator for a minimum of two hours. The
DMPC:cholesterol mixture was stored, under vacuum, in this state
until the commencement of the SEIRAS experiments. A sufficient
volume of electrolyte solution was then added to the tube to give
a 1–2 mg/mL solution. Vesicles were formed by sonicating the
solution for 120 min at 40 !C. The vesicle solutions were prepared
in 50 mM NaF with H2O (Milli-Q) serving as the solvent. After
introducing the vesicle solution into the cell, the reference elec-
trode (Ag/AgCl(sat. KCl), E = !40 mV vs. SCE) was separated from
the working electrode via a Luggin capillary.

The details of the ATR–SEIRAS have been described elsewhere
[29–36]. All SEIRA spectra were measured with a Bio-Rad
FTS60A/896 Fourier transform infrared spectrometer equipped
with a HgCdTe (MCT) detector cooled with liquid nitrogen and a
home-built single-reflection accessory (incident angle of 60!)
[33]. The spectral resolution was 4 cm!1. The potential dependence
of the IR spectra was examined with a time resolution of 5 s (time
required for co-adding 25 interferograms) during the potential
sweep at the sweep rate of 5 mV s!1. All SEIRAS measurements
were made at a temperature of 20 !C. The spectra are shown in
the absorbance units defined as A = log (Io/I), where I and Io repre-
sent the intensities of the infrared radiation reflected from the
electrode at a measured potential E and a reference potential.
The reference spectrum was measured at a fixed electrode poten-
tial equal to +0.4 V vs. Ag/AgCl. A three-compartment, all-glass
spectroelectrochemical cell similar to that described in [32] was
used in these experiments. A potentiostat (EG&G PAR, model
263A) was used to control electrode potential and to record cyclic
voltammograms. The working electrode was a gold thin film pre-
pared on the reflectance plane of a Si hemi-cylindrical prism (Pier
Optics, Tatebayashi, Japan) by an electroless deposition technique
[34]. A Pt mesh was used as the counter electrode. After being
rinsed with Milli-Q water, the Au surface was cleaned in 0.1 M
H2SO4 by several oxidation–reduction cycles in the range between
0.1 and 1.4 V.

3. Results and discussion

The SEIRA spectra were collected for the gold electrode with
deposited mixed DMPC-cholesterol bilayer by applying a slow
(5 mV/s) voltage scan from initial potential +0.4 V to final potential
!0.8 V vs. the Ag/AgCl electrode. The spectra are shown in Fig. 2.
Each spectrum corresponds to a sum of 25 interferograms. The
acquisition time was 5 s per spectrum and the spectra were re-
corded every 25 mV. In Fig. 2 the spectra are plotted every
75 mV interval. These are the potential difference spectra that
measure a difference between absorbances at a given potential
marked in the figure and the reference potential (+0.4 V vs.
Ag/AgCl). Fig. 2a plots the spectra in the whole potential range
up to !0.8 V vs. Ag/AgCl, where the bilayer is detached from the
electrode surface while Fig. 2b shows spectra for the potential
range from +0.4 V to !0.5 V vs. Ag/AgCl, within which the bilayer
is adsorbed (in contact) with the metal surface. To facilitate further
discussion Fig. 3 shows selected spectra in three spectral regions
corresponding to: (a) the water OH stretching, (b) DMPC
CH-stretching and (c) water HOH bending regions, respectively.

The CH stretching region is dominated by two bands at "2920
and 2850 cm!1 corresponding to the asymmetric and symmetric
methylene stretching vibrations. The intensity of these bands
increases for potentials up to !0.6 V and then decreases at
!0.7 V to become negative at !0.8 V vs. Ag/AgCl. This behavior is
consistent with previous PM-IRRAS studies of this bilayer [8]
which have shown that the tilt of the acyl chains initially increases
by changing potential from +0.4 V in negative direction due to the
swelling phenomenon (see Fig. 1) and then decreases when the

Fig. 1. Pictorial description of the changes in the structure of the mixed DMPC-
cholesterol bilayer deposited at the gold electrode surface as a function of the
applied potential. The middle section shows charge density curves (black color –
0.05 M NaF supporting electrolyte, red color electrode with the deposited bilayer).
Cartoons describe the structure of the bilayer at charge densities indicated in the
middle panel by green dots. We emphasize that these cartoons are not models of
the biomimetic film but a pictorial description of its structure only. Adapted from
Ref. [4]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Lipid on Au: Interfacial water

• probing both stretching and bending 
of HOH

• 3600cm-1 multimer water
• 3400 & 3250cm-1 network water
• ratio of water type depends on 

potential
• (E > -0.5V) when adsorbed, the 

water is similar to multimer water: 
broken network of H-bonds

• (E < -0.5V) when desorbed, water is 
not free, bound to lipid head groups, 
but more perturbed than for 
hydrated lipid bilayer
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the photon is uniform across the bilayer and the C@O band posi-
tion is an average of absorbance by C@O groups in the two leaflets.
In SEIRAS the surface enhancement decays quickly with the dis-
tance from the metal surface and absorbance by C@O groups in
the proximal leaflet is much more enhanced than absorbance of
carbonyl groups in the distal leaflet, which are about 3.5 nm away
from the metal surface. The differences between PMIRRAS and
SEIRAS data demonstrate that the carbonyl groups are more hy-
drated in the proximal than in the distal leaflet. In addition, this re-
sult indicates that the polar region of the bilayer which is directly
in contact with the metal at potentials positive to !0.5 V vs.
Ag/AgCl, retains the hydration water.

The spectra in the HOH stretching and bending regions provide
unique information about the changes in the surface water struc-
ture. Figs. 2 and 3 show that intensities of the two water bands in-
crease when potential becomes more negative. The integrated
intensity of the OH stretching (v(OH)) band is plotted as a function
of the applied potential in Fig. 5. The changes are very small in the
potential range between +0.4 and !0.2 V. The band intensity in-
creases a bit faster in the region between !0.2 and !0.6 V and rises
steeply at more negative potentials. These changes correlate well
with the results of neutron reflectivity experiments summarized
in Fig. 1. Small changes in the water content between +0.4 V and
!0.2 V correspond to the region where the bilayer is stable at the
metal surface. The increase in the water content between !0.2
and !0.6 V corresponds to the electroporation of the bilayer. Steep
increase of the water content at most negative potentials is due to
the detachment (electro-dewetting) of the bilayer and formation of
water rich region between the membrane and the metal surface.
Fig. 5 also shows that the frequency of the OH stretching band cen-
tre changes with the applied potential. In the potential regions be-
tween +0.4 and !0.5 V the band position shifts towards higher
wave numbers by about 50 cm!1. At more negative potentials, fur-
ther changes are small.

The band shape also changes with potential. This point is illus-
trated by Fig. 6 which compares the shape of the OH stretching
band for bulk water to the shape of SEIRAS bands at !0.2 and
!0.8 V vs. Ag/AgCl. The band for bulk water is asymmetric and
has a pronounced shoulder at "3250 cm!1. In contrast, the inten-
sity of the shoulder at "3250 cm!1 is significantly diminished in
the band at !0.2 V vs. Ag/AgCl. However, a shoulder appears at
"3600 cm!1. The SEIRAS spectra of water at the interface are sig-
nificantly different from those of water in the bulk and at the bare
Au surface [29,30].

The shape of the m(H2O) band is complex and its position may
reflect Fermi resonance between m(H2O) and binary overtone of
d(HOH), energetics of hydration of the metal surface and the polar
head group region and intermolecular coupling through hydrogen
bond network [43]. For a stack of hydrated phospholipid bilayers
the m(H2O) band is discussed in terms of a model that assigns the
shoulder at "3600 cm!1 band to water with disturb network of
hydrogen bonds (‘‘multimer water’’ and the band at "3400 and
the shoulder near 3250 cm!1 to water molecules in a network of
hydrogen bonds (‘‘network water’’) [44]. Using this model the ratio
of band intensity at 3600 cm!1 (A3600) to the intensity at
3250 cm!1 was used as a measure of the ratio of a number of ‘‘mul-
timer water’’ molecules to the number of ‘‘network water’’ mole-
cules [44]. For the sBLM, this ratio is plotted as a function of
applied potentials in Fig. 7. In view of the complexity of the
m(H2O) band these data should be viewed as a convenient means
to compare hydration of the bilayer supported on the metal to
hydration of bilayers in a stack of hydrated phospholipids. Within
the potential range between 0 and !0.4 V the ratio is approxi-
mately equal to 1.4. This relatively high value indicates that water

Fig. 4. Plot of the position of the global maximum of the C@O band center (closed
circles) and the band intensity (open squares) as a function of the applied potential.

Fig. 5. Potential dependence of the integrated band intensities (square), and the
global band center position (closed circles) of the stretching mode of water v(OH).

Fig. 6. Comparison of SEIRA spectra: (red line) taken at –0.8 V; (blue line) taken at –
0.2 V; (yellow line) taken at 0.0 V; (green line) transmission IR spectrum of bulk
water. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 7. Absorbance ratio of the m(OH) subbands at 3600 and 3250 cm!1 plotted as a
function of the applied potential.
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the photon is uniform across the bilayer and the C@O band posi-
tion is an average of absorbance by C@O groups in the two leaflets.
In SEIRAS the surface enhancement decays quickly with the dis-
tance from the metal surface and absorbance by C@O groups in
the proximal leaflet is much more enhanced than absorbance of
carbonyl groups in the distal leaflet, which are about 3.5 nm away
from the metal surface. The differences between PMIRRAS and
SEIRAS data demonstrate that the carbonyl groups are more hy-
drated in the proximal than in the distal leaflet. In addition, this re-
sult indicates that the polar region of the bilayer which is directly
in contact with the metal at potentials positive to !0.5 V vs.
Ag/AgCl, retains the hydration water.

The spectra in the HOH stretching and bending regions provide
unique information about the changes in the surface water struc-
ture. Figs. 2 and 3 show that intensities of the two water bands in-
crease when potential becomes more negative. The integrated
intensity of the OH stretching (v(OH)) band is plotted as a function
of the applied potential in Fig. 5. The changes are very small in the
potential range between +0.4 and !0.2 V. The band intensity in-
creases a bit faster in the region between !0.2 and !0.6 V and rises
steeply at more negative potentials. These changes correlate well
with the results of neutron reflectivity experiments summarized
in Fig. 1. Small changes in the water content between +0.4 V and
!0.2 V correspond to the region where the bilayer is stable at the
metal surface. The increase in the water content between !0.2
and !0.6 V corresponds to the electroporation of the bilayer. Steep
increase of the water content at most negative potentials is due to
the detachment (electro-dewetting) of the bilayer and formation of
water rich region between the membrane and the metal surface.
Fig. 5 also shows that the frequency of the OH stretching band cen-
tre changes with the applied potential. In the potential regions be-
tween +0.4 and !0.5 V the band position shifts towards higher
wave numbers by about 50 cm!1. At more negative potentials, fur-
ther changes are small.
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sity of the shoulder at "3250 cm!1 is significantly diminished in
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"3600 cm!1. The SEIRAS spectra of water at the interface are sig-
nificantly different from those of water in the bulk and at the bare
Au surface [29,30].

The shape of the m(H2O) band is complex and its position may
reflect Fermi resonance between m(H2O) and binary overtone of
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head group region and intermolecular coupling through hydrogen
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the m(H2O) band is discussed in terms of a model that assigns the
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the shoulder near 3250 cm!1 to water molecules in a network of
hydrogen bonds (‘‘network water’’) [44]. Using this model the ratio
of band intensity at 3600 cm!1 (A3600) to the intensity at
3250 cm!1 was used as a measure of the ratio of a number of ‘‘mul-
timer water’’ molecules to the number of ‘‘network water’’ mole-
cules [44]. For the sBLM, this ratio is plotted as a function of
applied potentials in Fig. 7. In view of the complexity of the
m(H2O) band these data should be viewed as a convenient means
to compare hydration of the bilayer supported on the metal to
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mately equal to 1.4. This relatively high value indicates that water
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present in the supported bilayer is to a large percent the ‘‘multimer
water’’, water molecules with broken network of hydrogen bonds.
The ratio decreases to values between 0.8 and 0.9 at more negative
potentials where the bilayer is lifted and becomes separated from
the metal by a 1 nm cushion of water. However water in this region
still contains a sizable percentage of ‘‘multimer water’’ and the net-
work of hydrogen bonds is not fully restored to that observed in
the bulk water. Unexpectedly, the ratio decreases to !1.2 at posi-
tive potentials. The analysis of the bending band presented below
demonstrated that, in this region, water is predominantly bonded
to polar heads of phospholipids and either no or little ‘‘free’’
(non-bonded to lipids) water is present. At these potentials, the
change of the band shape may have somewhat different origin.
In the whole potentials range, the A3600/A3250 ratio is about 2–3
times larger for the DMPC bilayer supported at the gold electrode
surface than for the stack of fully hydrated bilayers indicating that
the hydrogen bonds network is more perturb in the sBLM.

The OH bending band (d(HOH)) at !1640 cm"1 is weaker due to
weaker transition dipole moment [45] and has weaker frequency
dependence on the hydrogen bond strength [46] than the OH
stretching band and hence it is less frequently explored in the lit-
erature. However, this band provides additional information about
the properties of surface water. In contrast to the v(OH) band, the
d(HOH) band shifts to higher wave numbers with increasing
strength of the hydrogen bond. Thus the frequency of an isolated
water molecule in the gas phase is 1595 cm"1. In liquid water
the frequency is blue shifted to !1645 cm"1 due to formation of
hydrogen bond and the frequency is further blue shifted to
!1670 cm"1 in an amorphous ice [46].

Fig. 8 compares SEIRA spectra for selected potentials to the
spectrum of liquid water in the spectral region from 2000 to

1400 cm"1 region. Water bending bands are seen at frequencies
between 1670 and 1585 cm"1. At higher wave numbers they par-
tially overlap with the C@O stretch band at !1720 cm"1. To assist
interpretation of these spectra, Fig. 9 plots position of the global
maximum intensity of the water bending band as a function of
the applied potential. At potentials around 0 V vs. (Ag/AgCl), close
to the potential of zero charge, the d(HOH) band is small, narrow
and blue shifted. These properties indicate that small amount of
water is present in the bilayer, the hydrogen bond network is sig-
nificantly restricted and that water molecules have also restricted
mobility [47]. The band maximum is observed at !1660 cm"1

characteristic of a strong hydrogen bond formation. These spectral
features indicate that these are the water molecules that are
hydrogen bonded to the polar head groups of DMPC (carbonyl
and/or phosphate groups). Indeed water molecules form stronger
hydrogen bonds with the carbonyl and phosphate polar groups
than with other water molecules [47,48]. Therefore, the SEIRA
spectra indicate that at potentials that are close to the potential
of zero charge the water present in the supported bilayer is primar-
ily the hydration water of the polar head group.

In the potentials range between "0.2 and "0.4 V vs. SCE and
charge densities between 0 and "5 lC/cm2 the bending band
intensity increases and the band splits into two components with
maxima at !1585 cm"1 and !"1650 cm"1 respectively, indicating
presence of two type of water molecules in the supported bilayer.
The small band at !1585 cm"1 is characteristic for a non-hydrogen
bonded isolated water molecules. Its frequency is lower than for
isolated water in the gas phase but is comparable to the frequency
of water molecules in inorganic crystalline hydrates [46]. Molecu-
lar dynamic simulations demonstrated that water molecules can
penetrate quite deeply into the ester glycerol fragment of phospho-
lipid molecules [47,49]. Therefore the low frequency band may be
assigned to isolated water molecules located in this deep region of
the bilayer. The band at !1650 cm"1 is red shifted with respect to
the position of d(HOH) band at !0 V vs. Ag/AgCl indicating that
with increasing water content (hydration) a network of hydrogen
bonds between water molecules is building up.

At potentials more negative than "0.4 V vs. Ag/AgCl and charge
densities more negative than "5 lC/cm2, the amount of water in-
creases steeply with negative potentials. The low frequency band
corresponding to isolated water molecules disappears and the
d(HOH) position shifts to lower frequencies to reach a minimum
of !1630 cm"1 at !"0.6 V vs. Ag/AgCl. This red shift indicates that
the layer of water that is progressively accumulating between the
membrane and the metal surface has a strongly perturbed hydro-
gen bonds network. At potentials more negative than "0.7 V vs.
Ag/AgCl and charge densities more negative than "20 lC/cm2 the
membrane is essentially lifted from the metal surface and is sepa-
rated by !1 nm thick water layer [27,28], the d(HOH) position be-
comes blue shifted indicating a restoration of the hydrogen bond

Fig. 8. Comparison of SEIRA spectra in the d(HOH) band spectral region at selected
potentials to the transmission IR spectrum of water.

Fig. 9. Potential dependence of the integrated band intensities (square) and
position of the global maximum (circles) of d(HOH) mode of water.
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Lipid on Au: Interfacial water
• study bending of HOH
• 1595 cm-1: isolated water in gas phase
• 1645 cm-1: liquid water
• 1670 cm-1: amorphous ice
• for E < -0.6V:

• layer of water is developing , 
• little isolated water, 
• hydrogen bonding network, but 

perturbed due to metal surface & 
potential

• at E = -0.8V, similar to bulk water, but 
less ordered

30
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EIS Evidence of structured water at interface

31

Cmin  = 1.85 μF cm2

*

• DOPC lipid monolayer 
adsorbed onto Hg

• potential driven phase 
changes

• displacement by 
electrolyte at negative 
charge densities 
(-1.8V/SCE)

Agak, J. O.; Stoodley, R.; Retter, U.; Bizzotto, D. On the Impedance of a Lipid-Modified 
Hg|Electrolyte Interface. J. Electroanal. Chem. 2004, 562 (2), 135–144.
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DOPC monolayer from Liposomes

32

*

• can form the monolayer from liposomes
• differences in potential dependent capacitance behaviour observed
• EIS at -1.85V/SCE
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• EIS on Hg | lipid at desorption 
potentials

• thin layer of water present 
between the lipid and Hg

• extra elements needed to 
model desorbed liposome layer 

• represent a change in water 
exchange on electrode 

• lipid near electrode (not 
adsorbed) tends to influence 
water order

DOPC(lipo) 
τ ≈ 10-4 - 10-3 s

water relaxation: 
liquid: < ns 
ice: 10µs 

adsorbed: 1ms - 1 µs 

DOPC(G/S) 
τ ≈ 10-5 - 10-4 s
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Complex Electrochemical Interfaces
• metal electrodes are easily modified via alkylthiol monolayers
• introduce a variety of surface functionalities that have charge

• eg: acids, amines, peptides, nucleic acids

34

• challenge is to create consistent high quality interfaces

Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. M. Chem. Rev. 2005, 105, 1103–1169.
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Interesting Experimental Systems 
• modified electrode surfaces with charged molecules
• SAM of MUA shows peaks at pH ~ pKa
• maximum in capacitance with pH

35

for 15 min, in a separate cell from a sonicated aqueous solution of
1 mM MUA, (Aldrich, 97%) and 0.1 M NaF.
Electrochemical experiments (cyclic voltammetry and EIS) were

performedusing aSolartron 1287 potentiostat and a 1255B frequency
response analyzer.Cyclic voltammograms (CVs)were recordedusing
CorrWare software (Scribner Associates), and the impedance
measurements using ZPlot/ZView (Scribner Associates). The sup-
porting electrolyte for these experiments was 50 mM NaF (pH ≈
8.7), the pH of which was adjusted using dilute solutions of KOH
and HClO4. The pH of the electrolyte was monitored using a pH
meter (Accumet 910). For the EIS measurements, the range of
frequencies of the 5 mV rms amplitude, ac perturbation was 3000
Hz to 0.5 Hz. Higher frequencies were avoided due to the stray
capacitance of the salt bridge. Using an internal reference electrode

alleviated this problem but introduces the possibility of chloride
contamination in the working cell. Fitting of the experimental EIS
data and simulation of EIS curves was performed using ZView/
ZPlot.

Results

Cyclic Voltammetry. Figure 1 shows the results of the pH
dependence of CVs of an MUA SAM on polycrystalline gold.
The results closely correspond to those reported by White et al.
for a mixed decanethiol/MUA SAM on Ag(111).29 We observe
that the peak attributed to the protonation/deprotonation shifts

Figure 1. pH-dependent CVs of a Au bead electrode coated with an MUA SAM. (a) Plot of the anodic CV peak potential vs pH (scan rate:
20 mV s-1). (b) Plot of maximum anodic peak current vs pH.
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The differential capacitance of metal electrodes coated with monolayer films of a molecular acid or base 
is shown to be a function of the applied potential and solution pH. Maxima and minima are predictad 
to occur in the voltammetric +E) response to these electrodea, providing a theoretical basis for quantitative 
electroanalyses of acid-base surfacechemistry. 

Electrochemical methods (e.g., cyclic voltammetry) are 
commonly employed to investigate the structure and 
dynamics of electroactive Langmuir-Blodgettl (LB) and 
self-assembled2 (SA) molecular films. In this paper, we 
consider the voltammetric behavior of a monolayer film 
of an acid confiied to the surface of an electrode, eq 1. We 
show that maxima and/or minima are expected to appear 
in the voltammetric response of these electroinactive f i i ,  
which allow the f i i  properties (e.g., surface coverage, pK,, 
film dielectric, etc.) to be analyzed in a fashion similar to 
conventional voltammetry of electroactive films. 

HA + H+ + A- (1) 
Figure 1A shows the electrode/film/electrolyte system 

that is considered. It is assumed that an irreversibly 
adsorbed monolayer is assembled such that all acid/base 
groups lie in a common plane which we refer to as the 
‘plane of acid dissociation” (PAD). For simplicity, we 
consider only electrolyte solutions which contain mono- 
valent anions and cations resulting from the dissociation 
of inert (e.g., KCI) or pH-determining (e.g., HClOd 
electrolytes. It is further assumed that electrolyte ions 
from the solvent phase do not penetrate into the film. The 
discreteness of charge on the electrode, at the film/solution 
interface, and in the solution, is ignored, as are the presence 
of dipoles. Figure 1B shows the potential distribution 
that is expected for this configuration. Since there is no 
charge between the electrode and the PAD, a linear 

(1) F a d ,  J. S. Langmuir 1987,3, 525. 
(2) Steinbeg, 5.; Rubenetein, I. Langmuir 1992,8, 1183. 
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Figure 1. (A) Schematic representation of an adsorbed mono- 
layer of an acid/baae pair in contact with an electrolyte eolution. 
(B) Variation of potential from the electrode surface to the bulk 
of the solution. The acid/baae groups of all the moleculea are 
aaaumed to lie in a common plane, the “plane of acid diesociation” 
(PAD), located a distance d from the electrode surface. 

potential drop ( AVF = 4~ -   PAD) occurs between the metal 
surface and the PAD. On the electrolyte side of the 
interface, there is a nonlinear potential drop (AVs = +PAD 
- 4s) that is assumed to be described by the Guoy- 
Chapman theory. The magnitudes of AVF and AVs are 

0743-7463/93/2409-OOO1$04.00/0 @ 1993 American Chemical Society 
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Finally, by combining eqs 26 and 27 to eliminate dθ̃(ω), we
arrive at an expression for the impedance of the protonation/
deprotonation reaction.

Equation 28 demonstrates that the protonation impedance
consists of both a real valued quantity and an imaginary quantity
which corresponds to a series combination of a resistor and a
capacitor. Explicit expressions for the values of Rp and Cp are
readily obtained by substituting eqs 24 and 25 into 28

and recalling that Zcapacitor ) 1/jωC

Figure 4c shows the equivalent circuit needed to model the
interface at conditions where the protonation/deprotonation
reaction is appreciable. The generic protonation/deprotonation
impedance has been replaced with a series combination of a
resistor and a capacitor. Parsons and co-workers used an
equivalent circuit identical to that in Figure 4c to model the
adsorption of acetate ions on Ag(111),47 implying that the
protonation/deprotonation of acid thiol SAMs is fundamentally
equivalent to the partial charge transfer concept used to treat the
specific adsorption of anions on metal electrodes. We tested the
adequacy of ourmodel by fitting the EIS spectra shown in Figure
2, as well as the EIS bode phase angle curves that displayed the
“dip” in Figure 3, to the equivalent circuit of Figure 4c. As
shown inFigure 5, other than having to replace the pure capacitors
with CPEs, our equivalent circuit provides excellent fits to the
experimental data. Parameters of the best fit results are shown
in Table S1 of the Supporting Information.
Nature of the pHDependence on Voltammetric/EIS Data.

The expressions for the protonation/deprotonation resistance and
capacitance can be used to provide insight into the apparent pH
dependence of the voltammetric peak and the “dip” in the EIS.
We do this by simulating the EIS spectra at the potential

corresponding to the protonation/deprotonation at different values
of the pH. At this potential, we choose kf to have a value of 109
M-1 s-1, set kb ) 1 s-1, and note that, as defined by Reaction
1, the equilibrium constant for the surface deprotonation, K1/2,
is equal to kb/kf, so that the values we have chosen correspond
to a SAMwith a surface pK1/2 of 9. The value selected for λwas
10 µC cm-2 and is assumed to be constant with potential. This
value was estimated from some preliminary chronocoulometric
experiments, which we describe in detail in a follow-up
publication.We further assume that the energetics of the reaction
are symmetric, i.e., R ) 0.5 and that Γtot ) 8.0 × 10-10 mol
cm-2. We used these values to simulate the values of Rp and Cp
as a function of pH using eqs 29 and 30, the results of which
are shown in Figure 6. The value of Rp is shown to increase
rapidly with increasing pH, ranging from a value of ∼20 kΩ at
pH6 to 2MΩ at pH11. In contrast,Cp displays a peak dependence
on the pH of the electrolyte, reaching a maximum value when
the pH equals the pK1/2 (pH ) 9 in our example). We proceed
further by using the values of Rp and Cp and the equivalent
circuit of Figure 4c to construct simulated EIS bode phase angle
plots for the protonation/deprotonation potential as a function of
pH.We chose a value of 100Ω for the electrolyte resistance and
a value of 2 µF cm-2 for the charging capacitance, Cc. The latter
value is obtained from the equation of a Helmholtz capacitor

where ϵ is the relative permittivity of the hydrocarbon core of
the SAM (ϵ ≈ 3), ϵo is the permittivity of vacuum (8.85× 10-12
C2 J-1 m-1), and d is the thickness of the hydrocarbon layer
(estimated to be ca. 1.3 nm on the basis of Tanford’s empirical

(47) Jovic, V. D.; Jovic, B. M.; Parsons, R. J. Electroanal. Chem. 1990, 290,
257-62.

Figure 5. Fit of equivalent circuit (Figure 4C), solid line, to
experimental Nyquist plot of MUA in pH 9.0 at -0.275V vs SCE,
square points. Inset: Bode angle plot of MUA SAM in pH 9.0 at
-0.275V vs SCE, square points, and equivalent circuit fit, solid
line.

Figure 6. Simulated values of Rp (a) andCp (b) vs pH for potentials
corresponding to the maximum protonation/deprotonation current.
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Interesting Experimental Systems: DNA SAMs 
• modified electrode surfaces 

with polyelectrolytes like 
DNA

• nature of the EDL with fixed 
charges

• potential drop can change 
orientation of the DNA

• strong influence of 
electrolyte concentration - 
influences the screening

• hybridization on surface and 
EDL influence - impact on 
DNA sensors

36
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Interesting Experimental Systems: DNA SAMs 

• mixed monolayer: MCH & DNA 
modified electrode surfaces

• interacts with potential gradient 
normal to the surface 

• experiments show orientation of 
adsorbate depends on potential

• rate of reorientation depends on 
size & rigidity of adsorbed DNA

• DNA is polyelectrolyte, brings 
significant charge density into 
the inner - diffuse layer region

37

Rant, U et al. Nano Letters 2009, 9, 1290–1295
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Interesting Experimental Systems 
• electrostatic field needs to interact 

with the tethered DNA to influence its 
orientation

• high ionic strength: dsDNA rapidly 
changes orientation; ssDNA is compact

• medium ionic strength: dsDNA - ~ 5bp 
in strong electric field; ssDNA - flexible 
& more mobility

• low ionic strength: dsDNA is not stable; 
ssDNA extends becomes rod -like due 
to increase in electrostatic persistence 
length in low ionic strength

• GCS used to calc potential drop, what 
is the influence of the polyelectrolyte?  

38

Kaiser, W.; Rant, U. Conformations of End-Tethered DNA Molecules on Gold Surfaces: Influences of Applied 
Electric Potential, Electrolyte Screening, and Temperature. J. Am. Chem. Soc 2010, 132 (23), 7935–7945.

likely originates from the stacking of bases which occurs at low
temperatures.35

Discussion

High Ionic StrengthsWeak Electrical Interactions. In solu-
tions containing very high concentrations of added salt ([NaCl]
) 1 M), the abundant ions screen other charges extremely
efficiently so that electrostatic potentials decay within sub-
nanometer distances (“zero-field case”), cf. Figure 1. As a result,
the electrostatic potential emanating from the surface is too
short-ranged to affect the DNA considerably. Its influence is
outweighed by thermal motions (cf. the dashed kBT line in Figure
1), which randomize the molecular conformations. Also, the
absence of long-range electrostatic interactions influences the
intrinsic structure of the DNA molecules, as electrically medi-
ated correlations (self-repulsion) of segments along the charged
DNA backbone are suppressed. This bears particular conse-
quences for single-stranded DNA, because it lacks the inherent
mechanical rigidity of the double helix. Note that, whereas
double-stranded DNA features a persistence length of 50 nm,
the bare persistence length (i.e., without electrostatic contribu-
tions) of single-stranded DNA is of the order of 1 nm.36-39

A striking difference is observed for DNA layers of different
hybridization states (Figure 4A,B), which is schematically
depicted in Figure 6A: ds-DNA extends from the surface widely,
while ss-DNA adopts a compacted state. In fact, the ds-DNA
conformation is remarkably upright: it almost matches the
maximally measured height values and resembles the data
obtained for ds-DNA at negative potentials in solutions of low
salinity (under these conditions, the DNA is expected to stand
upright on the surface, as will be discussed below).

In order to understand the reasons why the ds-DNA is
“standing” on the surface, we consider a most simple model
assuming that the ds-DNA behaves like an infinitely thin, end-
tethered rod. Owing to thermal fluctuations, the rod’s orientation
with respect to the surface changes rapidly over time; however,
the time resolution of our experiment does not allow us to follow
these Brownian motions in real time. Instead, we observe a time-
averaged height of the upper DNA end above the surface. Noting
that the rod’s out-of-plane rotation features two degrees of
freedom along the in-plane directions x and y, we may calculate
the time-averaged angle,

θ being the angle between the rod and the surface plane.
Accordingly, the top rod end resides at a height above the
surface corresponding to approximately half of the rod length.
Comparing this estimate to the experiment, we find that it
underestimates the observed DNA height.

Thus, we refine the model by considering the finite diameter
of the DNA duplex as well as the fact that the DNA is
asymmetrically tethered to the surface by a C6-linker from one
strand only. We propose that the upright conformation of the
ds-DNA is caused by steric repulsions between the lowest base-

pair and the MCH-SAM that backfills the gold surface between
DNA molecules. MCH features the same length as the C6-linker
that tethers one strand to the surface. Thus, if the duplex tilts
toward the surface, it must do so by turning around a pivot
point at the top of the C6 linker in a direction opposing the
surface-proximal part of the complementary strand, which
otherwise would be required to dip into and displace the MCH
layer, as can be seen in the magnified inset of Figure 6A. In
that context, it is important to note that the rod-like ds-DNA
molecule can rotate not only around its tethered end point (out-
of-surface-plane rotation) but also around its long axis. Owing
to the very different degrees of friction impeding these two
motions, revolutions around the long molecular axes occur on
a substantially shorter time scale than out-of-surface-plane
rotations around the DNA’s end point.40 Hence, averaged over
time, the surface-proximal part of the complementary strand
points toward all in-plane directions with the same probability,
and thus a preferential direction for the DNA duplex to tilt
toward the surface does not exist. As a result of these steric
interactions between the surface-proximal part of the comple-
mentary strand and the MCH layer, the DNA adopts an upright
orientation.

The ss-DNA layer features a compact conformation and
reaches merely half of the ds-DNA layer height. Its compact
state is a consequence of the tendency of flexible polymers to
form coils and, in particular, the occurrence of secondary
structures, i.e., hairpins (loops which are stabilized by the base-
pairing of different segments along the sequence). Melting

(35) Yakovchuk, P.; Protozanova, E.; Frank-Kamenetskii, M. D. Nucleic
Acids Res. 2006, 34, 564–574.

(36) Lu, Y. J.; Weers, B.; Stellwagen, N. C. Biopolymers 2001, 61, 261–
275.

(37) Porschke, D. Biophys. Chem. 1991, 40, 169–179.
(38) Smith, S. B.; Finzi, L.; Bustamante, C. Science 1992, 258, 1122–

1126.
(39) Tinland, B.; Pluen, A.; Sturm, J.; Weill, G. Macromolecules 1997,

30, 5763–5765.
(40) Tirado, M. M.; Martinez, C. L.; Delatorre, J. G. J. Chem. Phys. 1984,

81, 2047–2052.

〈θ〉 ) ∫ dθ θ cos θ/ ∫ dθ cos θ ) 33° (3)

Figure 6. Schematic representation of the DNA conformation on negatively
and positively charged surfaces in electrolyte of varying ionic strength.
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