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A simple physical model and theory have been proposed to investigate the electrocompression behavior of
electrodeposited halide (chloride, bromide, and iodide) monolayer at the Au(111) electrode surface. By
establishing the statistical thermodynamic formulas, the effective pair interaction energy, 2D spreading pressure,
2D isothermal compressibility, and electrode potential-coverage (θ-E) curves of halide monolayer at
Au(111) surface have been calculated. The theoretical results are in good agreement with the experimental
measurements, which show that the adatom-adatom interactions, especially repulsive interactions, determine
the size of the compressibility in the halide adlayer on Au(111) surface with an increase in the electrode
potential. The electrosorption valency γ of halide also plays an important role on the electrocompression.
The theory in this paper is in principle applicable to other anion species at metal electrode surface.

1. Introduction
The adsorption behavior and adlayer structures of ionic
species on a metal electrode surface are important in many fields
of science including biology, geology, and electrochemistry. A
typical example is the chemical adsorption of chloride, bromide,
and iodide. Recently, the electrodeposited monolayer of
chloride, bromide, and iodide on Au(111) electrode surface has
been studied experimentally by in-situ scanning tunneling
microscopy (STM)1-5 and surface X-ray scattering (SXS).5-8
These studies have demonstrated that all these three kinds of
halide adatoms can form well-ordered structures at Au(111)
surface and the structures continuously compress with increasing
the electrode potential. The term “electrocompression” was used
to describe this phenomenon, which emphasizes the potentialdependent origin of the compression.7 It is also known9,10 that
this electrocompression is common among electrodeposited
metal adlayers. Though the electrocompressive behavior of
halide adlayer phases has been successfully studied in the
experiments, any theory of this electrocompression in anionic
adlayer, even a simple phenomenological model which incorporates the known physical effects, has not exist yet.5,7,8 The
free electron model, which has been used to successfully
describe the electrocompression of electrodeposited metal
monolayer on Ag(111) surface,9,10 does not appear to apply for
anion adlayers.7
In this paper, we attempt to use a simple physical model to
investigate the structures and electrocompression of halide
monolayer on Au(111) electrode surface. First, statistical
thermodynamics formulas for the halide adlayer on Au(111)
surface were established. Then the curves of electrode potential
versus adsorbate coverage, two-dimensional (2D) isothermal
compressibility, adsorbate-adsorbate (lateral) interaction energies, and two-dimensional (2D) spreading pressure in the halide
adlayer at Au(111) surface have been calculated and compared
with the experimental investigation carried out by Ocko et al.7,8
* Corresponding author. Email: tianjing@dchp.chp.ustc.edu.cn. Fax:
+86-0551-3631760.

Reasonable agreement between theory and experiments is
achieved. In the adatom-adatom interactions of this (quasi-)
two-dimensional system, the substrate-mediated interaction,
electrostatic interaction, Lennard-Jones potential, the induced
dipole-induced dipole interaction, and nonadditive three body
potential are taken into account. The results show that adatomadatom interactions are strongly repulsive in all the three halide
adlayers, which determine the size of the compressibility in the
adlayers on Au(111). Comparing the theoretical calculation with
the experimental measurement also shows that the electrosorption valency is very important in the process of electrocompression.
Our model in this paper supplies a method in principle to
study the electrochemical behavior of anion species at electrode
surface. In subsequent sections, first, we propose a physical
model and establish statistical mechanics formulas in section
2, analyze and discuss the adsorbate-adsorbate interaction
energies in the adlayer in section 3, and the calculation results
are given and discussed in section 4.
2. Physical Model and Fundamental Formulas
2.1. Physical Model and Partition Function. Our physical
model for chloride, bromide and iodide adsorbate monolayers
on Au(111) electrode assumes that every adsorbed monolayer
consists of a regular two-dimensional lattice of halide adatoms
and does not directly include the solvent molecules in the model
based on the following experimental facts. (i) It is known6,11-13
that the electrode interface ions may lose all (in chemisorption)
or part of their hydration sheath, specially on condition that the
adsorbed ions include anions such as Cl-, Br-, and I- and metal
ions. (ii) The halide adlayer structures in electrochemical
systems in aqueous solution are similar to those in vacuum.1,5
The equivalent in this very different kind of environment
indicates that the interaction between the solvent molecules and
the adatoms may not influence the halide monolayer structures.
(iii) Additionally, water molecules are not found in STM picture
of halide adlayer on Au(111) surface.2 Thus, without considering the solvent molecules, halide (X-) chemisorbed on Au(111)
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electrode can be viewed essentially as a charge-transfer
process4,11-14

ln(PF) ) NS ln NS - NA ln NA - (NS - NA) ln(NS - NA) +
+ NA ln j

(S)

X- (sol) + Au(surf) T X-(1+γ) + Au(surf) - γe

(1)

where γ is the electrosorption valency.
We suppose that the equilibrium positions of adsorbates in
the incommensurate halide adlayers on Au(111) can occupy any
point on the surface rather than specific sites so that the
adsorbates can be compressed uniformly. Each halide adsorbate
on Au(111) surface has three vibrational degrees of freedom.
In z-direction perpendicular to the surface, adsorbate-metal
surface stretching vibration with frequency νz can exist, and
there are also vibrations in x- and y-directions around the
potential energy minimum with frequencies νx and νy. Because
no reliable data about the phonon spetctrum of the 2D layer
are accessible,15 here we adopt the Einstein model, which is a
good approximation for three-dimensional crystals under the
condition that T > θd, where θd is Debye temparature and θd
) 106 K for iodine.16,70
All the adsorbates on the surface can be considered as a
canonical ensemble. Because no two- or three-dimensional
lattice statistics problem has as yet been given a treatment that
is both complete and exact, approximate methods are useful.17a
In our model, the Bragg-Williams approximation is used, which
is generally accepted and widely used in a system of adsorbates
at a metal electrode.18 As Guidelli pointed out18 that, with only
a few exceptions, the monolayer models available in the
literature make use of Bragg-Williams approximation. If the
number of substrate sites and the number of adsorbates are
respectively denoted by NS and NA, then the partition function
(PF) to describe the halide adsorbate monolayer can be written
as16,17b,19

(PF) )

NS!

[

j(S) (T)NA exp -

NA!(NS - NA)!

]

NA(U + V)
kT

(2)

where U is the potential energy at the minimum in an adatomsubstrate interaction energy U(xyz). Then the adsorption energy
per atom at 0 K is U + ∑i)x,y,zhνi/2. V is an average adatomadatom interaction energy (the lateral interaction energy) per
adatom

V ) 1/2ZθW

(3)

where Z is the nearest-neighbor (nn) coordinate number of an
adsorbate. θ ) NA/NS is the coverage of adsorbates relative to
the substrate. W in eq 3 is an effective pair interaction energy
between adsorbates

W)

∑j Vij
(4)

Z

where Vij is a pair interaction energy between the adsorbates i
and j in the adlayer. The sum in eq 4 is over all lattice sites in
the adlayer except the adsorbate i. j(S)(T) in eq 2 is partition
function of a three-dimensional harmonic oscillator with the
vibrational frequencies νx, νy, and νz,

j

(S)

(T) )

∏

i)x,y,z

From eq 2

ehν/kT
ehνi/kt - 1

(5)

NAU ZNA2W
(T) (6)
kT
2NSkT

which is similar to eq 14-42 in ref 17b.
Then, the free energy thermodynamics function is obtained
as

F ) -kT ln(PF)
) -kTNS ln NS + kTNA ln NA + kT(NS - NA) ln(NS NA) - kTNA ln j(S) (T) + NAU +

ZNAθW
(7)
2

from which thermodynamics properties of the adlayer can be
deduced.
In our physical model, a canonical ensemble is used. For
the halide adlayer on Au(111), the halide atoms are constantly
exchanging from the surface to the solution, and it seems that
a grand canonical ensemble is more suitable. However, it is
known17c that, due to thermodynamics eqivalence of ensembles,
for practical thermodynamic purpose, there is no distinction
between a grand canonical ensemble and a canonical ensemble.
In a given problem, one can choose between them simply on
the basis of mathematical convenience and the results must be
independent of the choice.
2.2. Fundamental Formulas of 2D Spreading Pressure
and 2D Isothermal Compressibility. Analogous to the
introduction of the pressure P in three-dimensional phases, one
can introduce the two-dimensional (2D) pressure φ in surface
study.16,20 From eq 7, the statistical mechanics expression of
2D spreading pressure can be written as17a

φ)-

)

()
∂F
∂A

)

NA,T

(

)

kT ∂ln(PF)
aS ∂NS

NA,T

ZWθ2 kT
- ln(1 - θ) +
2aS
aS
kTNA

d
dU ZNAθ dW
ln j(S) (T) - NA
(8)
dA
dA
2 dA

Since a ) A/NA is area of a single adsorbate, eq 8 becomes

φ)

ZWθ2 kT
d
dU
- ln(1 - θ) + kT ln j(S) (T) 2aS
aS
da
da
Zθ dW
(9)
2 da

The origin of the last term in eq 9 is due to the fact that the
effective pair interaction energy W between adsorbates is
dependent on separation r between the adsorbates. In the case
of electrocompression in the halide adlayer at Au(111) surface,
the adlayer unit cell size and r continuously decreasing with an
increase of the potential E and coverage θ, thus the quantity
dW/da is not zero.21,22
Now, the factors dU/da, (d/da)ln j(S) (T) and dW/da in eq 9
are analyzed and discussed respectively as follows. First, we
discuss the factor dU/da. The assumption dU/da ) 0 is often
used in statistical thermodynamics calculations of the adlayer
on the various surfaces,23-26 which is also the essential results
of the lattice gas model.27 The same assumption, dU/da ≈ 0,
has been used in this paper due to the following reasons. (i)
Ocko et al.’s experiments5,7,8 clearly demonstrated that for the
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hexagonal phase and the (p×x3) centered rectangular phase
of the halide adlayer on Au(111) there are no changes in the
Au-X interlayer separation with an increasing electrode
potential and coverage except in the phase transition point. The
close relation between covalence bond length and bond energy28
indicates that Au-X bond energy, i.e., the adsorption energy
U, does not change with the electrode potential and coverage
except in the phase transition point. (ii) Gao and Weaver’s
SERS experiment29 shows that in the wide 1-2 V potential
ranges the vibration band intensities of halide on Au electrode
are roughly constant, the vibrational band frequency shows only
a small value of potential dependence dνi/dE. It is know27 that
the frequencies of vibrations in adsorbed molecules depend
sensitively on the binding sites, and the band intensity of
adsorbate at different adsorption sites reflects (or proportional
to) the number of adsorbates at the respective binding sites.
Hence, from Gao and Weaver’s results,29 one can infer that the
adsorption energy U of a halide adsorbate on an Au electrode
are roughly constant in the wide potential ranges, as well as in
the wide coverage ranges since the coverage changes with
increasing potential. (iii) Gao and Weaver et al.’s STM results
of the iodide have shown4 that the average adlayer compressibilities (or the slope of Γ-E curve) are very similar on the
three faces Au(111), (110), and (100). This observation of
closely similar, even nearly identical compressibilities on the
three low-index faces, indicates that the average adlayer
compressibilities are not sensitive to the adsorbate sites on Au,
and thus not to the adsorption energy U. More directly, nearly
equal adsorption free energies obtained experimentally by Van
Huong et al.30 for bromide at (111), (100), (110), and (311)
single crystals of gold, which are 120, 123, 122, and 128 kJ/
mol, respectively, further supports this assumption.
Second, we consider the factor (d/da)ln jS(T) in eq 9.
According to eq 5, we have

(a)

(b)

Figure 1. (a) The hexagonal network in the halide adlayer (b) The
(p×x3) centered rectangular network in the iodide adlayer

Vij )

∑n

Cn
(13)

rijn

then the effective pair interaction energy W is

d/daln j(S) (T) )

dνi

∏ f(νi,T) da
i)x,y,z

(10)

where f(νi,T) is a function of band frequency νi and temperature
T. Gao and Weaver’s SERS results29 show that the frequency
νi is nearly constant in the wide potential and coverage ranges,
i.e., dνι/dE ≈ 0, dνi/da ≈ 0, implying d/daln j(S) (T) ≈ 0.
Finally, we consider the factor dW/da in eq 9. Since θ )
aS/a, thus,

aS dW
θ2 dW
dW
)- 2
)da
aS dθ
a dθ

(11)

Putting dU/da ) 0, d/da ln j(S) (T) ) 0, and eq 11 into eq 9, we
obtain

φ)

Zθ3 dW
ZWθ2 kT
- ln(1 - θ) +
2aS
aS
2aS dθ

W)

∑n Z ∑j

1

rijn

(14)

where the summation in eq 14 is dependent on the adlayer
structure.
The experiment results indicate7,8 that all the three halide
adlayer on Au(111) show the hexagonal structure (see Figure
1a) in certain potential ranges, and iodide monolayer also shows
a (p×x3) centered rectangular structure (see Figure 1b) where
p ) 1/θ.7 For simplicity, we only study the hexagonal structure
here and leave the (p×x3) rectangular phase in Supporting
Information.
Based on Figure 1a, the sum over j in eq 14 can be calculated
as31

∑j

(12)

This is a fundamental formula of the 2D spreading pressure. It
is evident that the 2D spreading pressure is determined by two
factors: adsorbate density and the adatom-adatom interaction
with its derivative. The remaining problem is to obtain the
relation between the effective pair interaction energy W and the
adsorbate coverage θ.
Usually a pair interaction energy Vij between the adsorbates
i and j in eq 4 can be written as a sum of the inverse power of
the distance rij,

Cn

1

rijn

)

An
rn

(15)

and
∞

An ) 6

∞

(a2 + ab + b2)-n/2
∑
∑
a)1b)0

(16)

where a and b are coordinates of an adatom j, r is the nearestneighbor distance between adsorbates in the adlayer, and An is
the lattice sum.
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Because aS ) x3rS2/2 in Au(111) surface and a ) x3r2/2
in the halide hexagonal adlayer, eq 15 becomes

∑j

1

)

rijn

An
rSn

θn/2

(17)

µad ) µsol - γE

∑n Wn

dµsol ) kT d ln C

An Cn An Cn n/2
Wn )
)
θ
Z rn
Z rn

(18)

where for the hexagonal structure, Z ) 6. Setting eq 18 into
eq 12, we obtain a fundamental formula for calculating the 2D
spreading pressure φ in the hexagonal-structure halide adlayer,

φ)

4aS

AnCn
kT
(n + 2)
θ(n+4)/2 - ln(1 - θ)
n
aS
rS

∑n

(19)

Similar to bulk matter, the two-dimensional compressibility
κ2D is defined as32

κ2D ≡ -

1 ∂a
a ∂φ T

( )

dµad ) -γ dE + kT d ln C

κ2D-1

dφ
dφ
) -a ) θ
da
dθ

κ2D-1 )

kTθ
ZWθ2 2Zθ3 dW
Zθ4 d2W
+
+
+
aS
aS dθ aS(1 - θ) 2aS dθ2

(22)

which show that the adsorbate density Γ or θ, as well as the
adatom-adatom energy W with its derivatives, determines the
size of the 2D isothermal compressibility. Setting eq 18 into
eq 22, we have

κ2D-1 )

x3

∑n 2 (n2 + 6n + 8)

AnCn
rsn+2

θ(n+4)/2 +

a dφ ) -γ dE + kT d ln C

2kT

θ

x3rS2 1 - θ

(23)

which is the fundamental formula for calculating the 2D
isothermal compressibility in the hexagonal-structure halide
adlayer.
2.3 Theoretical θ-E Relation. Even though 2D spreading
pressure and 2D isothermal compressibility in the adlayer are
important, the coverage-potential (θ-E) curves have been a
most important concern of electrochemists1-8,14. In this subsection, the theoretical θ - E relation is established, based on the
following thermodynamic formulas and the definition of the area
elasticity eq 21.
On one hand, on the basis of thermodynamics,16 we have

Adφ ) NAdµad, i.e., adφ ) dµad

(24)

where µad is chemical potential of the adsorbates. As to the
relation between chemical potential µad and electrode potential
E, the essential electrode process may be considered as eq 1.

(28)

On the other hand, from the definition of k2D-1 in eq 21, we
have

a dφ ) -κ2D-1 da

(29)

-γ dE + kT d ln C ) -κ2D-1 da

(30)

thus,

By using θ ) aS/a in eq 30, we obtain a differential relation
between the electrode potential E and adsorbate coverage θ

dE ) -

(21)

From eq 12, κ2D-1 reads

(27)

Putting eq 27 into 24, we obtain

(20)

and the area elasticity is the reciprocal of 2D isothermal
compressibility25,33

(26)

where C is the concentration of the halide. From eqs.(25) and
(26),

S

1

dµad ) dµsol - γdE (25)

and

where µsol is chemical potential of the solution. According to
thermodynamics16

Thus, by using eqs 14 and 17, W becomes

W)

At equilibrium, chemical potentials of the species on the lefthanded side of eq 1 must be equal to those on the right side.
Thus, the chemical potential of adsorbates µad is

aS κ2D-1
γθ2

dθ +

kT
d ln C
γ

(31)

Setting eq 23 into eq 31 and integrating eq 31, we have obtained
the fundamental theoretical relation between the coverage θ and
electrode potential E as follows

E)

AnCn
-3
kT
θ
kT
θ(n+2)/2 - ln
(n + 4)
+ ln C +
2γ
γ 1-θ
γ
rn

∑n

E0 +

S

3

∑n 2γ

(n + 4)

AnCn
rSn

θ0(n+2)/2 +

θ0
kT
kT
- ln C0
ln
γ 1 - θ0
γ
(32)

where E0, C0, and θ0 are respectively the initial values of
electrode potential and the concentration and coverage of the
adlayer, which results from the integral constants in eq 31, fixed
by one point in the experimental θ-E curves. Thus, the
fundamental relation between the electrode potential E and
adsorbate coverage θ has been established.
3. Adsorbate-Adsorbate (Lateral) Interaction Energy
It is generally believed34-37 that the lateral interaction of
adsorbed particles on a solid surface is one of the most important
factors which makes adsorption phenomena so varied and
exciting. Indeed, it determines the formation of two-dimensional
adsorbate structures, the phase transition in them, the coverage
dependence of adsorption heat, kinetics of adsorption and surface
diffusion, catalytic activity, etc. Our theoretical analysis in
section 2 also shows that the 2D spreading pressure, 2D
isothermal compressibility, and electrode potential versus coverage (θ-E) curve in the adlayer are all dependent on the
adsorbate-adsorbate interaction energy.
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It is known1-8,11,13 that adsorption of halide on Au(111)
belongs to weak chemisorption. According to theory of
chemisorption,38-41 the components of the lateral interaction
energies in the halide adlayer on Au(111) include: (i) The
electrostatic energy among adions; (ii) Induction energy, i.e.,
induced dipole-induced dipole interaction energy due to the
electrode potential; (iii) Lennard-Jones potential including the
van der Waals attraction between two adatoms and Pauli
repulsion; (iv) many-body interactions within the adlayer, such
as the triple-dipole energy, and so on; (v) the substratemediated interaction energy. For most chemisorption systems,
it is well-known38-40,42 that the substrate-mediated interaction
is dominant among the components in the lateral interaction
energy, especially for most “small” atoms or molecules even
at monolayer coverage.43,44 Other components are rather small
for the kinds of separation encountered in ordered chemisorption
adlayers on surfaces. We consider and evaluate each as follows.
3.1. Substrate-Mediated Interaction. In the physisorption
layer, the indirect lateral interaction is the substrate-mediated
dispersion energy proposed by Sinanoglu, Pitzer, and McLachlan
et al.45,46 A quite drastic simplification expression of the
Sinanoglu-Pitzer-McLachlan energy is22,35

S(r) )

()

9 1 S3
R
16 r3 L3

(33)

where R is the adatom polarizability, S3/L3 is the negative oneadatom holding potential, S3 is the strength coefficient of
adatom-substrate interactions, L is the perpendicular distance
of the adatom from the substrate, and 9/16 is an empirical
parameter.22,23,35 In the chemisorption adlayer, the indirect
substrate-mediated interaction originates from a mutual coupling
of the adatom valence shells via the substrate valence band,
so-called, the indirect electronic interaction.38-40,47,48 There are
no analytical formulas for the description of the indirect
electronic interaction.
The halide adatom on Au(111) is weakly chemisorbed
because their chemisorption energies are quite smaller than the
typical value of chemisorption energy of an adatom 1-7
eV.40,47,49 For example, the adsorption of bromide on Au(111)
is 120 kJ/mol (about 1.2 eV/mol) and iodide and chloride have
the similar values with the sequences of increasing adsorbility:
Cl- < Br- < I-.11,13 Many experimental results indicate50,51
that the adatom-adatom interaction in halide adlayer on
Au(111) is strongly repulsive in a wide range of the coverage
θ and is not oscillatory in sign with the adatom-adatom
distance. These facts give a hint that the form of indirect
substrate-mediated interaction of halide on Au(111) approximate
to that for a strong physisorption system as eq 33, which is
proportional to r-3. Additionally, Grimley52 found that the
asymptotic form of the indirect electronic interaction decays
with r-3. Hence for simplicity of the calculation, we attempt
to use a simplification form of the Sinanoglu-PitzerMcLachlan energy, such as eq 33, to express empirically the
indirect electronic interaction in the halide adlayer because there
no analytical formula for the indirect electronic interaction in
the literature, i.e.,

()

A3 1 S3
Wsub ) R 3 3
6 r L

(34)

where the units are Wsub in eV, r, L in Å, and R in Å3. The
experimental values of Au-X- interlayer spacing (2L) in the
halide adlayer have been used in eq 34. It is noteworthy that
eq 34 is an empirical expression of the substrate-mediated
interaction.

Figure 2. The coordinates for the electrostatic interaction between
two adions.

3.2. Electrostatic Interaction. Many experimental results
indicate1-8,12,29,30,53,54 that halide ions (aq) undergo spontaneous
oxidation and transfer charge to Au electrode upon chemisorption and form almost a zero valent halogen adlayer; the halide
adsorbate on Au(111) can carry a rather small charge,
(-1-γ)e1-8,14.
Similar to Langmuir’s treatment of Cs on W,55 the ionic
repulsion between an adsorbate and the dipole formed by the
ion and its images is56

Urepul )

(-1-γ)2e2 (-1-γ)2e2
r
R

(35)

where  is the dielectric constant in the adlayer. The coordinate
of interacting two adions are shown in Figure 2. From Figure
2, we see

R2 ) (2L)2 + r2

(36)

and

1
1 2L2 6L4 20L6 70L8
) [r2 + (2L)2]-1/2 ≈ - 3 + 5 - 7 + 9 (37)
R
r
r
r
r
r
where we take the first five terms of the binomial expansion.
After inserting eq 37 into 35 and taking the lattice sums, the
electrostatic interaction energy between adions is

Wel )

(

)

2
6A5L4 20A7L6 70A9L8
14.4(1 + γ)2 2A3L
+
6
r3
r5
r7
r9
(38)

where the units are Wel in eV, L and r in Å.
3.3. Induction Interaction Energy. Induction interaction
energies in the adlayer are rather small like those between
molecules in the solid.58 The induced dipole of an adatom on
Au(111) produced by the electrode potential is approximately58

µ0 ) µ00 + RF ) µ00 +

1 RE′
3 L

(39)

where F is the electric field at an adsorbate and µ00 is the dipole
moment when the electrode potential E′ referenced to a Ag/
AgCl electrode is 0. R is the polarizability of an adatom. The
units in eq 39 are µ0, µ00 in debye, E′ in V, L in Å, and R in Å3.
After taking the lattice sums, we obtain the induced dipoleinduced dipole interaction energy

A3µ02
Wind ) 0.104 3
r

(40)

where the units are Wind in eV, r in Å. Because the induced
dipole µ0 of halide adsorbate on Au(111) is rather small, we
have omitted the image field effect of the substrate and
depolarization effect between adatoms.57 In addition, we have
disregarded the induction interaction energy between the halide
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adatoms on Au(111) induced by the ionic charge (-1-γ)e of
the adatoms, because the charge (-1-γ)e of the adatoms is
small and usually the induction energy between molecules is
rather small.58
3.4. Lennard-Jones Potential. We combine Pauli repulsion
between adatoms from the wave function overlap of the closed
shells and van der Waals attraction between adatoms into the
Lennard-Jones (12,6) potential,

[( ) ( ) ]

UL-J ) ∈

r0
r

12

-2

r0
r

6

(41)

where ∈ is the depth of the potential energy minimum, r0 is the
van der Waals diameter of the adsorbate atoms. After taking
the lattice sums, the Lennard-Jones potential (12,6) is

[ ()

WL-J ) 8.625 × 10-5 ∈

A12 r0
6 r

12

-

( )]

A6 r0
3 r

6

(42)

where the unit are WL-J in eV, r0 in Å, ∈ in K.
3.5. Nonadditive Three Body Potential. The contribution
of the nonadditive three body potential is present in the adlayer.
We estimate it by using the form of the Axilrod-Teller-Muto
triple dipole interaction among the adatoms23,24,35

Wthr )

A9 υ
6 3r9

(43)

where υ is strength of the three body interaction. The units are
Wthr in eV, υ in eV Å9.
Summing the foregoing components of the lateral interaction
in the adlayer from eqs 34, 38, 40, 42, and 43, we get the
coefficient Cn, where n ) 3, 5, 6, 7, 9, 12, in the effective pair
interaction W between the adsorbates in eq 18,

C3 )

RS3
4.8(1 + γ)2 L2
+ 0.104 µ02 + 3

6L
C5 ) -

14.4(1 + γ)2 L4


C6 ) -2.875 × 10-5 ∈ r06
C7 )
C9 ) -

48(1 + γ)2 L6


168(1 + γ)2 L8
+ 5.556 × 10-2 υ


C12 ) 1.438 × 10-5 ∈ r012

(44)

Thus, from eqs 16, 18, 19, 23, 32, and 44, we have calculated
the total lateral interaction energy, 2D spreading pressure, 2D
isothermal compressibility, and the potential-coverage curve
with the parameters in Table 1.
In Table 1, the Au-X interlayer spacing (2L) of the halide
adlayer are the experimental values in refs 7 and , except that
of the iodide adlayer when θ e 0.35, which can be calculated
as follows. The Au-I interlayer spacing can be estimated
theoretically in terms of the covalent bonding radius 1.33 Å of
iodine and the atomic radius 1.44 Å of gold.7 When θ e 0.35,
the iodine adatoms are assumed to be at the “hollow” sites and
the Au-I interlayer spacing is 2.21 Å, thus L ) 1.10 Å. The
values of electrosorption valency γ are chosen as the experi-

mental ones,7,8,12,54,64 which for chloride, bromide, and iodide
adlayer in the hexagonal phase are -0.7, -0.8, and -1.0,
respectively, and for iodide adlayer in the (p×x3) phase is
-0.7. The γ for iodide in the θ e 0.35 phase is chosen as
-0.4 according to its changing tendency in experiments and
the experimental value of γBr in a similar case,30 because we
did not find it in literature. The Au-Au atomic nn distance rS
) 2.885 Å7,8 and the temperature is assumed as 298 K. The
polarizabilities and dielectric constants are those of the halogen
atoms. The electrode potentials E′ in the induced dipole moment
µ0 are from the average experimental values. For lack of
parameters S3, ∈, υ, µ00 for Cl-, Br-, and I- adions, we estimate
them by using the parameters of Ar, Kr, and Xe atoms,
respectively, because the halide ions and the corresponding
atoms of noble gases have nearly the same electronic structure
and atomic volume, and also, S3 is an empirical parameter.
4. Results and Discussion
4.1. Theoretical θ-E Curve. The theoretical coverage(θ)-potential(E) curves of the iodide, bromide and chloride
adlayer on Au(111) are calculated with eqs 32, 16, and 44 and
shown in Figures 3, 4, and 5, respectively, where the experiment
data points are also dotted. The theoretical curves agree quite
well with the experimental ones.7,8 Also, at the phase transition
point in the 0.1 M iodide adlayer, the calculated potential E at
θ ) 0.409 in the (p×x3) centered rectangular structure is
found to be equal to that at θ ) 0.415 in the hexagonal structure
(Figure 3) which is associated with the experiments.7 The
theoretical θ-E curve in the θ e 0.35 phase is obtained in the
curve (III) of Figure 3 and is also in accordance with the
tendency of the experiments.14,65
4.2. 2D Isothermal Compressibility. The 2D isothermal
compressibility in the three halide adlayers on Au(111) is
calculated by using eqs 23, 44, and 16 and is given in Table 2.
The experiment values κM in the tables are estimated from the
data in refs 7 and 8 by using Toney et al.’s method.9,10 It can
be seen that the calculated 2D isothermal compressibility κtheory
is associated with the experimental measurement κM, which also
indicates that our theory is in principle correct.
4.3. The Lateral Interaction Energy. The lateral interaction energy and their components in the halide adlayer on
Au(111) are calculated and shown in Table 3. In the calculation,
eqs 16, 18, and 44 were used for hexagonal structure, eqs. A-3
and A-4, in the Supporting Information and eq 44 were used
for the (p×x3) centered-rectangular structure. The results in
Table 3 show that the calculated total lateral energy between
halogen adatoms is strongly repulsive, which corresponds to
the relative experiments for halides on metals.3,50,53 For halogen
chemisorbed on metal surfaces,50,51 strong adatom-adatom
repulsive interaction is indicated not only by the formation of
two-dimensional adlayer structure, patterns of which show that
it is repulsive,27 but also by the core level binding energy shifts
with increasing coverage for iodine on Fe(100), Ag(111),
Cu(111), Cu(100), Ni(100), and Pt(111).51 Ocko et al.’s
experiments and theoretical results on the structure and phase
behavior of electrodeposited halides on single-crystal metal
surfaces66,67 clearly demonstrated this lateral repulsive interaction. In fact, this strong adatom-adatom repulsive interaction
often appears in chemisorption systems. As Zhdanov pointed
out,43 while the lateral interaction of physically adsorbed
particles is attractive, in the case of chemisorption, the lateral
interaction between nearest-neighbor adsorbed particles is, as
a rule, repulsive. This repulsive interaction can be expected
from a simple tight-binding scheme.21b The most excellent
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TABLE 1: Parameters Used in the Calculation of Halides on Au(111) Surface
parameter

chloride

bromide

iodide

S3 (eV Å3)a
R (Å3)b
2L (Å)c
d
γe
E′Ag/AgCl (V)f
µ00 (Debye)g
r0 (Å)h
∈ (K)i
υ (evÅ9)j

1.847
2.21
2.40
2.10(-50 °C)
-0.7
0.73
0.2
3.80
142.1
479 ( 11

2.589
3.31
2.40
3.09(20 °C)
-0.8
0.6
0.2
4.00
201.9
1422 ( 33

3.794
5.29
2.21(θ e 0.35) 2.30(rect) 2.40(hex)
4.00
-0.4(θ e 0.35) -0.7(rect) -1.0(hex)
-0.6(θ e 0.35) -0.06(rect) 0.21(hex)
0.2
4.24
281.0
462 ( 3

a
Strength coefficient of adsorbate-substrate interactions from ref 35. b Polarizabilities from ref 59. c Au-halide interlayer spacing from refs 7
and 8. d Dielectric constant from ref 60. e Electrosorption valency (see section 3). f The electrode potential in eq 39 from refs 7 and 8. g The dipole
moment from ref 23. h van der Waals diameter from ref 61. i L-J potential depth from ref 62. j Three-body interaction strength from ref 63.

Figure 3. Theoretical potential (E)-coverage (θ) curve in the iodide
adlayer at various anion concentration and various phases in the
electrolyte (a) 0.1 M, (b) 0.01M; (I) the θ e 0.35 phase, (II) the
(p×x3) centered rectangular phase, (III) the hexagonal phase. The
experimental points were obtained from Figure 4 and Figure 8b in ref
7 and shown with filled circles and triangles representing respectively
0.1 and 0.01 M iodide. The stars denote the initial values used in the
calculation.

Figure 5. Theoretical potential (E)-coverage (θ) curve in the chloride
adlayer at various anion concentration in the electrolyte (a) 0.1 M, (b)
0.01M. Experimental data points were obtained from Figure 3a in ref
8 and shown with filled circles and triangles representing, respectively,
0.1 and 0.01 M chloride. The star denotes the initial values used in the
calculation.

TABLE 2: 2D Isothermal Compressibility in the Halide
Adlayers on Au(111) (in Å2/eV)
(a) in the Iodide Adlayer
θ
κtheory
κM

0.36

0.40

0.409

0.415

0.43

0.45

8.27
7.47

5.37
6.05

4.85
5.79

6.06
5.90

5.20
5.50

4.23
5.02

(b) in the Bromide Adlayer
θ

Figure 4. Theoretical potential (E)-coverage (θ) curve in the bromide
adlayer at various anion concentration in the electrolyte (a) 0.1 M, (b)
0.01 M, (c) 0.001 M. Theoretical points were obtained from Figure 3b
in ref 8 and shown with filled circles, triangles, and squares representing
respectively 0.1, 0.01, and 0.001 M bromide. The star denotes the initial
values used in the calculation.

example of this repulsive interaction system has been given by
Al-Sarraf and King’s experiment.68 They reported first direct
measurement of adatom-adatom interaction energy for
O/Ni(100) system and found that oxygen adatoms at next-nearest
neighbor separations (3.52 Å) experience a relatively high
mutual repulsive interaction energy, 33 kJ mol-1, accurate to
within a factor of 3, and that the nearest-neighbor repulsion is
so high that nearest neighbor sites are never occupied in the
established adlayer. Also for CO on Pd(100),63,69 CO-CO
interaction is dominated by repulsion interaction between the
nearest neighbors which is about 0.35 eV/molecule.
The dominant component of the lateral energy in the halide
adlayer on Au(111) is the substrate-mediated interaction, the
calculated value of which in Table 3 agrees with the order of
the magnitude of the indirect electronics interaction for the other

κtheory
κM

0.45

0.48

0.50

0.52

8.99
9.46

6.81
8.32

5.63
7.66

4.63
7.09

(c) in the Chloride Adlayer
θ
κtheory
κM

0.50

0.51

0.52

0.53

8.57
7.16

7.93
6.88

7.33
6.62

6.77
6.37

chemisorption systems,38-40 for example, CO on Pt(111).27,42
The Lennard-Jones potential is also important, so is the
electrostatic interaction when the absolute value of electrosorption valency is small.
The foregoing results indicate that the adatom-adatom
interactions, especially repulsive interactions, in all the three
halide adlayer on Au(111), cause continuous compression of
the unit cell in the halide adlayer with an increase in the
electrode potential and the adsorbate coverage and dominantly
determine the structure and phase behavior. The calculated 2D
spreading pressure φ, given in Table S1 in the Supporting
Information, which increases with the increasing coverage θ
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TABLE 3: Components of the Lateral Interaction Energy in
the Halide Adlayer on Au(111) (in eV)

term) to the chemical potential is

(a) in the Iodide Adlayer

kT ln

θ
0.30

0.33

0.37

νµ ) |
0.409

0.415

0.45

Wsub
0.18875 0.21776 0.22579 0.26346 0.23654 0.26709
Wel
0.03645 0.04901 0.01329 0.01533 0
0
WL-J -0.01222 -0.01547 -0.01990 -0.02309 -0.02451 -0.02683
Wind
0.00453 0.00523 0.00025 0.00030 0.00329 0.00371
Wthr
0.00005 0.00008 0.00013 0.00022 0.00022 0.00031
Wtotal 0.21756 0.24931 0.21956 0.25622 0.21554 0.24428
(b) in the Bromide Adlayer
θ
Wsub
Wel
WL-J
Wind
Wthr
Wtotal

0.46

0.48

0.50

0.52

0.11786
0.01121
-0.01725
0.00838
0.00105
0.12125

0.12563
0.01189
-0.01831
0.00893
0.00127
0.12941

0.13357
0.01258
-0.01911
0.00950
0.00153
0.13807

0.14166
0.01327
-0.01957
0.01007
0.00182
0.14725

(c) in the Chloride Adlayer
θ
Wsub
Wel
WL-J
Wind
Wthr
Wtotal

0.500

0.510

0.520

0.530

0.06362
0.04164
-0.01177
0.00706
0.00051
0.10106

0.06554
0.04278
-0.01215
0.00727
0.00056
0.10400

0.06748
0.04393
-0.01251
0.00749
0.00061
0.10700

0.06943
0.04509
-0.01283
0.00771
0.00067
0.11007

(

In the experimental condition,7 θ ) 0.36 ∼ 0.45 and the
calculated W ) 0.22 ∼ 0.24 eV; putting them into eq 46, we
find θ ) 0.36, ηµ e 3.0%, and θ ) 0.45, ηµ e 0.8%. Thus,
the contribution from configuration entropy to the chemical
potential at high coverage is calculated to be small. From the
two ηµ values and eq 25, the contribution of the configuration
entropy term to the calculation of θ - E curves is also calculated
to be small. Similarly, we have calculated the contribution of
the configuration entropy to the spreading pressure and the 2D
isothermal compressibility, and the same conclusions are
obtained as θ ) 0.36, ηφ ≈ 5.4%, ηκ-1
) 1.8%; and θ ) 0.45,
2D
ηφ ) 3.9%, ηκ-1
)
2.1%.
2D
The forgoing results indicate that, for an incommensurate
close-packed monolayer such as an I-/Au(111) system, the
uniform compression model, and the Bragg-Williams approximation have nearly the same results. Nevertheless, in the
low coverage and phase transition region, the contribution from
configuration entropy can be significant.
5. Conclusion

and makes continuous compression in halide adlayers, further
support this point of view.
4.4. Discussion. In this paper, a simple Bragg-Williams
approximation is used, which is usually used to handle adsorption of molecules on metal electrode.17,18 Price and Venables22
pointed out that as θ = 1, the Bragg-Williams approximation
becomes equivalent to assuming a random distribution of a small
number of noninteracting vacancies. This approximation is good
and much better than the normal application to regions of low
coverage. With this approximation, we have achieved satisfactory results in the halide adlayers on gold surface. However,
for an incommensurate close-packed monolayer, the increase
of coverage with increasing potential results from a uniform
compression of the adlayer lattice, i.e., a collective lateral motion
of the adsorbates occurs during electrocompression. This
uniform compression model is also reasonable. The difference
between the two models is that the former takes the configuration entropy effect into account while the latter does not. Here
the contribution from configuration entropy to thermodynamic
quantities, such as chemical potential et al., is estimated as
follows.
Taking I- on Au(111) as an example, we can obtain
expression of chemical potential from eq 2,

µ ) kT ln

θ
θ
θ
kT ln
ln
1-θ
1-θ
0.0043 eV 1 - θ
|e|
|)|
|
µ
ZWθ
W
θ
(46)

)

θ
Zθ2 dW
+ (U - kT ln j(S) (T)) + ZWθ +
1-θ
2 dθ
(45)

which is similar to eqs 14-46 in ref 17a. From the deducing
process, we know that the first term in eq 45 is the contribution
of configuration entropy (see eq 7-11 in ref 17b). The second
term, where U is the adsorption energy per atom, does not
change with the changing of coverage θ. The last term is the
contribution from intermolecular interaction energy. The ratio
ηµ of the contribution from the configuration entropy (the first

A simple physical model and fundamental statistical mechanics formulas of electrocompression in electrodeposited halide
monolayer on Au(111) are established. The lateral interaction
energy, 2D isothermal compressibility and coverage-potential
curves in the halide adlayer on Au(111) surface are computed,
which agrees well with the experiments. The results indicate
that the lateral interaction energy (especially the adatom-adatom
repulsive interactions) and the adsorbate density determine the
size of the compressibility in the halide adlayer on Au(111)
with increasing the electrode potential. Also, the electrosorption
valency of the halide adlayer plays an important role.
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