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ABSTRACT: Adsorption of coumarin on an Au(210) single-crystal electrode was investigated using chronocoulo-
metry and phase-sensitive a.c. voltammetry. The adsorption parameters, such as the relative Gibbs surface excess, the
Gibbs energies of adsorption and the electrosorption valencies, were calculated. The results suggest that coumarin
molecules assume a flat, �-bonded orientation on the Au(210) surface. The zero coverage Gibbs energy of adsorption
at the potential of maximum adsorption is �42 kJ mol�1, which is a value typical of chemisorption. The adsorption of
coumarin on the Au(210) surface was compared with adsorption at the (111) and (100) planes of gold. Copyright #
2003 John Wiley & Sons, Ltd.
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INTRODUCTION

This work constitutes part of a series devoted to the
investigation of the coordination of organic compounds
to metal electrode surfaces.1,2 Here, we describe poten-
tial-controlled coordination of coumarin to the Au(210)
electrode surface. Coumarin, also known as 2H-1-benzo-
pyran-2-one, is a bicyclic molecule with two electrone-
gative oxygen atoms situated in one of the aromatic rings.
Coumarin is a valuable leveling agent used in electro-
plating and its most popular use is in semi-bright nickel
plating which yields deposits that are semi-lustrous and
can be easily polished to a mirror finish.4–6 There has
been significant interest in coumarin adsorption on a
mercury electrode where potential controlled formation
of a condensed film was observed.7–12 Coumarin adsorp-
tion on Au(111)1,13 and Au(100)14,15 gold electrode
surfaces has been investigated recently.

The object of this work was to complement recent
studies of coumarin adsorption on gold single-crystal
surfaces13–15 in order to provide a more complete de-
scription of the effect of surface crystallography on the
coordination of this molecule to a Au electrode surface.
Low-index and hence the most densely packed and the
least reactive single-crystal surfaces were used in pre-
vious studies. Here, we employed the Au(210) plane,
which is the least densely packed single-crystal plane.
Figure 1 shows the hard-ball model of this surface. It has

a very open structure and the highest density of broken
bonds. It is the most reactive gold surface. The stability of
the Au(210) surface in vacuum and at the metal–solution
interface has been investigated16,17 and these studies
demonstrated that it does not reconstruct and that its
nominal crystallography is preserved at the metal–solution
interface. In this work, we determined Gibbs excesses and
Gibbs energies for coumarin adsorption at the Au(210)
surface–electrolyte interface and compared these data
with those determined earlier for Au(111) and Au(100)
surfaces.

EXPERIMENTAL

An Au(210) single crystal (99.99% purity) was grown in
our laboratory. Before each experiment, the electrode was
flame annealed. Contact between the gold surface and the
electrolyte was made by using a hanging meniscus
technique.18 Experiments were performed in a cell
equipped with a gold electrode, a gold foil counter
electrode and an external saturated calomel electrode
(SCE) connected to the cell with a Luggin capillary.
The supporting electrolyte was 0.1 M KClO4. The KClO4

(ACS Certified, Fisher) was purified as described.19

Coumarin (Aldrich, 99þ%) was used without further
purification. All solutions were prepared using Milli-Q-
purified water (Millipore) with a resistivity 18 M� cm.
Argon was used to remove oxygen from the investigated
solution. All experiments were carried out at 25� 1 �C.
The electrochemical experiments were performed using a
PAR Model 173 potentiostat controlled by a computer.
The data were acquired via a plug-in acquisition board
(RC Electronics Model IS-16). Custom software was
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used to perform the chronocoulometric experiments. A
PAR Model 5204 two-phase lock-in amplifier was used
for differential capacity measurements.

RESULTS

Differential capacity

The adsorption of coumarin on Au(210) was initially
characterized by recording differential capacity curves.
The differential capacities were determined using a slow
5 mV s�1 potential sweep in the direction of positive
potentials and 25 Hz r.m.s. a.c. perturbation. The capa-
cities were calculated from the measured out-of-phase
and in-phase components of the a.c. signal assuming a
simple RC circuit. To enhance mass transport towards the
electrode, the solutions were stirred during the data
acquisition. Figure 2 shows the differential capacity
curves determined for the pure supporting electrolyte
and a series of coumarin solutions. It should be empha-
sized that the capacities, determined at a single frequency
of 25 Hz, do not represent the state of adsorption equili-
brium. They are shown here to characterize the interface
qualitatively.

The curve for the supporting electrolyte displays a
well-defined diffuse layer minimum. The potential of
zero charge (pzc) determined from the position of this
minimum is �0.095 V (vs SCE), in good agreement with
the value of �0.08� 0.01 V determined by Hamelin for
LiClO4 solution.20

When coumarin is added to the solution, the capacity
decreases at potentials close to the pzc. When the
coumarin concentration is higher than 5� 10�5

M, a
characteristic adsorption/desorption peak appears on the
capacity curves. At potentials more negative than �0.8 V
(vs SCE), the capacity curves recorded in the presence of
coumarin merge with the curve for the supporting elec-
trolyte. This behavior indicates that coumarin is desorbed
from the electrode surface at these negative potentials.

Charge densities

Potential step experiments were performed to determine
quantitative data for coumarin adsorption on the Au(210)
surface. The electrode was initially held at an initial
potential Ei at which coumarin adsorption took place
for a period of �3 min while the solution was stirred
vigorously. The stirring was interrupted and the solution
was allowed to calm down during an additional waiting
period of 1 min. The potential was then stepped to the
final potential Ej of �0.8 V (vs SCE), at which coumarin
totally desorbs from the electrode surface. The current
transient corresponding to the charging of the interface
was recorded and integrated to give the relative charge
density ��M as described.19 Using the value of the pzc,
the absolute charge density at the initial potential was
calculated using the procedure described previously.1,19

Figure 3 shows the charge density curves determined
for the Au(210) electrode in the presence and absence
of coumarin. The curves in the presence of coumarin
intersect the curve for the supporting electrolyte at
E��0.050 V (vs SCE), indicating that this is the

Figure 1. Hard-ball model of the Au(210) surface. Top, side
view; bottom, top view. With permission from reference 22

Figure 2. Differential capacity curves for the Au(210) sur-
face for 0.1 M KClO4 solutions without and with various
coumarin concentrations
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potential of the maximum adsorption (Emax). They merge
with the curve for the supporting electrolyte at
E<�0.7 V (vs SCE), indicating total desorption at these
negative potentials. The charge density curves constitute
the basic set of experimental data from which the Gibbs
excess and Gibbs energy of adsorption will be calculated.

Gibbs excesses

The charge density curves were integrated and the film
pressure of adsorbed coumarin at constant potential
�¼ �c¼ 0� �c (�c¼ 0 and �c are the surface energies in
the absence and presence of coumarin in the solution)
was calculated using the procedure described pre-
viously.1,19 The film pressures are plotted against poten-
tial in Fig. 4. The curves are bell-shaped. Their maximum
shifts slightly from �0 to ��0.05 V (vs SCE) from the
lowest to the highest coumarin concentration.

In addition, the Parsons function �¼ �þ�M E was
calculated and the film pressure at constant charge,
�¼ �c¼ 0� �c, was determined as a function of the charge
density. The film pressures at constant charge are plotted
against the charge density in Fig. 5. The curves are also
bell-shaped with the maximum shifting with the cou-
marin concentration from �15 to �7 mC cm�2.

The relative Gibbs excess of coumarin was then
calculated by differentiation of the film pressures with
respect to the logarithm of the bulk coumarin concentra-
tion at constant potential or at constant charge:1

� ¼ @�

RT@ ln c

� �
E

ð1Þ

or

� ¼ @�

RT@ ln c

� �
�M

ð2Þ

The Gibbs excesses calculated with the help of these
expressions are plotted in Figs 6(a) and (b), respectively.
These graphs are three-dimensional, to show how the

Figure 3. Charge density versus electrode potential plots
determined for 0.1 M KClO4 solutions without and with
various coumarin concentrations Figure 4. Film pressure at constant potential plotted versus

the electrode potential for 0.1 M KClO4 solutions of varying
coumarin concentration: (a) 1.9� 10�6; (b) 4.1� 10�6; (c)
9.2�10�6; (d) 4.5�10�6; (e) 1.5�10�6; (f) 5.0� 10�6

M

Figure 5. Film pressure at constant charge plotted versus
charge density for 0.1 M KClO4 solutions of varying coumarin
concentration: (a) 1.9� 10�6; (b) 4.1� 10�6; (c) 9.2� 10�6;
(d) 4.5�10�6; (e) 1.5� 10�6; (f) 5.0� 10�6

M
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Gibbs excess depends on both the bulk concentration and
the electrical variable. The Gibbs excesses are plotted on
the vertical axis. The electrical variable [E in Fig. 6(a)
and �M in Fig. 6(b)] and the logarithm of the bulk
coumarin concentration are plotted at the axes located
in the basal plane. At a constant electrical variable, the
dependence of � on the logarithm of the bulk coumarin
concentration has a sigmoidal (Langmurian) shape. At a
constant bulk concentration, the change of � with the
electrical variable displays a maximum. The values of
Emax and �M,max agree well with the values of the
potential and charge of maximum adsorption observed
earlier on the film pressure plots. The maximum value of
the Gibbs excess �max is 2� 10�10 mol cm2.

Gibbs energy of adsorption

The free energy of adsorption (�G0) is usually deter-
mined from a fit of the experimental surface excess data
to an equation of a particular adsorption isotherm. The
choice of the isotherm used in the fit is usually arbitrary.
However, in the limit of zero coverage, most of the
common isotherms simplify to the Henry isotherm:1

�ðor �Þ ¼ RT�max�c=55:5 ð3Þ

where � is the adsorption equilibrium constant and is
related to the standard Gibbs energy of adsorption
through the equation �G0¼�RTln�. The equilibrium
constant may be determined from the initial slopes of the
film pressure versus the bulk concentration plots using the
equation1

� ¼ @�=@Xbð ÞXb!0
=RT�max ð4Þ

where Xb¼ c/55.5 is the mole fraction of coumarin in the
bulk solution.

The Gibbs energies of adsorption determined using this
procedure are plotted against the electrode potential and
charge density in Figs 7 and 8, respectively. Indepen-
dently, the Gibbs energies were determined by fitting the
Gibbs excess data to the equation of the Langmuir
isotherm:

1

�
¼ 1

�max�c
þ 1

�max

ð5Þ

Consistent with Eqn (5), linear relations were obtained
when 1/� was plotted against 1/c. The slope of these lines

Figure 6. Three-dimensional graphs representing isotherms for adsorption of coumarin on the Au(210) surface with (a)
potential and (b) charge density as the independent electrical variable

Figure 7. Zero coverage Gibbs energy of adsorption plotted
versus the electrode potential, determined from Henry’s law
(solid symbols) and a fit to the Langmuir isotherm (open
symbols)
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corresponded to 1/(�max�) and the intercept to 1/�max.
The equilibrium constant � is then equal to the ratio of the
intercept to the slope. The Gibbs energies determined by
fitting the data to the equation of the Langmuir isotherm
are also plotted in Figs 7 and 8. The differences between
the Gibbs energies determined by using the Henry iso-
therm and fitting the Gibbs excess data to the Langmuir
isotherm are very small. The Langmuir isotherm is
derived assuming that the surface layer behaves as a
perfect solution with energy of lateral interactions equal
to zero.1 The agreement between the Gibbs energies
determined from the Henry’s law and from the Langmuir
isotherm indicates that the energy of lateral interaction
between adsorbed coumarin molecules is negligible. The
Gibbs energy plots in Figs 7 and 8 displays a quasi-
parabolic dependence on the electrical variable. This is a
typical behavior for adsorption of organic molecules on
metal electrodes.1

The determination of the Gibbs excesses and Gibbs
energies of adsorption involved at least one integration
and one differentiation step. It is useful to employ the so-
called cross-differential equations to verify whether no
major errors were made in the numerical data processing.
Differentiation of the electrocapillary equation gives the
expression for electrosorption valency l (IUPAC recom-
mends term formal charge transfer number at a constant
potential):1

l ¼ 1

F

@�G0

@E

� �
�

¼ � 1

F

@�M

@�

� �
E

ð6Þ

Equation (6) shows that a derivative of the Gibbs energy
at zero coverage should be equal to the slope of the
charge density versus Gibbs excess plot at a constant
potential.

Figure 9 shows charge density plotted versus Gibbs
excess for selected electrode potentials. The initial slopes

of these plots give the electrosorption valency l at zero
coverage. The experimental points in Fig. 10 show the
dependence of the electrosorption valency on the elec-
trode potential. The solid line in Fig. 10 was determined
by fitting the Gibbs energy plot (determined from Henry’s

Figure 8. Zero coverage Gibbs energy of adsorption plotted
versus charge density, determined from Henry’s law (solid
symbols) and a fit to the Langmuir isotherm (open symbols)

Figure 9. Plots of charge density versus the surface excess
of coumarin for different values of the electrode potential as
indicated (in mV vs SCE). The straight lines were drawn
through points corresponding to low values of the Gibbs
excess

Figure 10. Electrosorption valency plotted versus the elec-
trode potential. The points correspond to the data obtained
from the initial sections of the charge density versus the
Gibbs excess plots in Fig. 9. The line corresponds to the first
derivative of a second-order polynomial used to fit the Gibbs
excess curve for Henry’s law in Fig. 7
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law) in Fig. 7 to a second-order polynomial and differ-
entiating this polynomial. The agreement between the
electrosorption valencies calculated by the two methods
is very good. This shows that no major errors were made
in the numerical data processing. Consistent with Eqn
(6), the linear dependence of the formal charge transfer
on potential is consistent with the parabolic dependence
of the Gibbs energy on E observed in Figs 7 and 8.

The absence of errors in the analysis carried out at
constant charge can be verified using another cross-
differential equation:1

@E

@�

� �
�M

¼ @�G0

@�M

� �
�

ð7Þ

In this case, the initial slopes of E versus � plots at
selected values of �M should be equal to the derivative of
�G0 versus �M curve. Plots of the electrode potential
versus the Gibbs excess at constant charge densities are
shown in Fig. 11. The initial sections of these plots are
linear. Their slopes are plotted against charge density in
Fig. 12. The points show ð@E=@�Þ�M

values. The line is
the first derivative of the second-order polynomial fitted
to the Gibbs energy curve (determined from Henry’s law)

shown in Fig. 8. The agreement between the data calcu-
lated using different numerical procedures is very good
and shows that the data processing did not introduce
significant errors.

DISCUSSION

We have determined Gibbs excesses and Gibbs energies
for coumarin adsorption on the Au(210) surface. The
results show that both Gibbs excess and Gibbs energy
display a quadratic dependence on the electrical variable
(potential or charge). The adsorption of coumarin is
described well by a Langmuir isotherm and this feature
suggests that the lateral interaction energy for molecules
adsorbed at the interface is negligible. Table 1 compares
adsorption parameters determined for coumarin adsorp-
tion on the Au(210) surface with the data determined for
the Au(111)13 and the Au(100) plane.15,21 The data in
Table 1 show that coumarin adsorption is essentially
independent of the crystallographic orientation and hence
is insensitive to structure. The value of the maximum

Figure 11. Plots of the electrode potential versus the sur-
face excess of coumarin for different values of charge
densities as indicated. The straight lines were drawn through
points corresponding to low values of the Gibbs excess

Figure 12. Dependence of ð@E=@�Þ�M on the charge den-
sity. The points were calculated from initial slopes of the
plots in Fig. 11. The solid line corresponds to the first
dervative of a second-order polynomial used to fit the Gibbs
energy curve (determined from Henry’s law) in Fig. 8

Table 1. Summary of adsorption parameters for coumarin adsorption on Au(hkl) electrodes

Epzc �max (�1010) �max (�106) �G0,max

Electrode (mV vs SCE) (mol cm�2) (mC cm�2) (kJ mol�1) Emax�Epzc Ref.

Au(210) �95 2.0 �5 �42 25 This work
Au(111) þ290 2.1 �5 �42 60 13
Au(100) þ200 2.7 �2 �40 �20 15, 21
Hg �450 2.9 10
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Gibbs excess close to 2� 10�10 mol cm�2 suggest that
coumarin assumes a flat �-bonded orientation at all three
single-crystal surfaces of gold when the bulk coumarin
concentration is lower than 1 mM.

The small values of �M,max and Emax suggest that the
component of the permanent dipole moment in the
direction normal to the surface is small for adsorbed
molecules. An isolated coumarin molecule has a large
permanent dipole moment of 4.5 D oriented in the plane
of the molecule.10 Therefore, the small values of �M,max

and Emax are consistent with the flat surface orientation.
A similar orientation was observed earlier for coumarin
adsorbed at a mercury electrode at positive potentials and
low bulk coumarin concentration.10 However, the small
changes of �M,max and Emax with the bulk coumarin
concentration suggest that the tilt angle of adsorbed
molecules may change somewhat with coverage. In the
future, we will perform in situ infrared reflection absorp-
tion spectroscopic experiments to determine the tilt angle
for adsorbed coumarin.

The independence of the Gibbs energy of coumarin
adsorption of the crystallographic orientation is an un-
expected result. Adsorption at a metal–solution interface
is a solvent substitution process. When one organic
molecule adsorbs at the surface, n water molecues are
displaced into the bulk. This is described by the equation

Ab þ nWs ¼ As þ nWb ð8Þ

where A represents an organic molecule and W water and
the subscripts b and s represent bulk and surface, respec-
tively. Thus, the free energy of adsorption is determined
by the difference between the Gibbs energies of the
organic molecule and n water molecules at the surface
and in the bulk, respectively:

�G0 ¼ Gs
A � nGs

W

� �
� Gb

A � nGb
W

� �
ð9Þ

The second term is surface independent. Therefore, the
observed independence of �G0 on the crystallographic
orientation indicates that the changes of Gs

A and nGs
W are

of comparable magnitude and cancel each other.
The case of coumarin adsorption is unique and dis-

tinctly different from the case of weak physisorption of
an aliphatic molecule such as diethyl ether23 or chemi-
sorption of an aromatic base such as pyridine.1,24 For
adsorption of diethyl ether on Au(hkl),23 the Gibbs
energy of adsorption becomes more positive on going
from a more densely packed Au(111) to a more open
Au(110) single-crystal face. It is improbable that Gs

A and
nGs

W become more positive when the gold surface is more
open and hence more reactive. For this aliphatic mole-
cule, the observed change of �G0 indicates that the
energy of the water–gold interaction increases on moving
from a densely packed to a more open surface, making
the nGs

W term more negative.

For pyridine chemisorption on Au(hkl), the opposite
trend is observed. The Gibbs energy of adsorption be-
comes more negative on moving from an Au(111) to an
Au(210) surface.1,24 Here, the energy of the gold–
pyridine interaction changes more than the energy of
the gold–water interaction and the change in the Gs

A term
determines how the crystallographic orientation of the
surface affects �G0. We conclude that the case of
coumarin adsorption on gold surfaces is intermediate
between physisorption and chemisorption.
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