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ABSTRACT

Chronocoulometry has been used in order to quantitatively characterize

the energetics of pyridine adsorption onto a gold(100) single crystal

electrode surface. Over the potential region investigated (-0.8 to +0.6 V),

three orientations of the pyridine molecules on the gold surface have been

observed. The pyridine orientation is strongly influenced by the electrode

potential. At a positively charged surface, the pyridine assumes a vertical

orientation with the nitrogen atom facing the gold surface. A limiting

-10 -2surface concentration corresponding to 6 x 10 mol cm was determined for

the vertical orientation. At a negatively charged surface and at low surface

concentrations (r < 1 x 1010 mol cm ) the pyridine molecules adsorb flat

with the aromatic rings oriented parallel to the surface. At intermediate

surface concentrations ( 3 x 10- 10 mol cm- 2 > r > 1 x 10- 10 mol cm- 2 ) and for

potentials close to zero charge, a third orientation presumably intermediate

between the flat and the vertical orientations was observed. Reorientation

from the intermediate to the vertical orientation takes the form of a phase

transition. The potential of the phase transition approximately coincides

with the potential of zero charge. The free energies of adsorption,

electrosorption valencies, potentials and charges of the maximum adsorption

were determined for the flat and the vertical orientation of pyridine.

Adsorption of pyridine on the Au(100) surface is compared with the

adsorption at polycrystalline Au and mercury electrodes.
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Introduction

This work is part of a project which is devoted to studying the

influence of crystallographic orientation of gold electrodes on the

adsorption of neutral organic molecules from aqueous electrolyte solutions.

Using combined electrochemical and spectroscopic techniques we are trying to

determine how.the orientation of the adsorbed molecule and energetics of its

adsorption are governed by the geometry and density of coordination centres

present at the electrode surface.

Pyridine is an ideal molecule for combined electrochemical and

spectroscopic investigations. Pyridine is SERS active on gold [1] and its

principle vibrational bands do not overlap with those of water so it may be

probed by IR spectroscopy as well. Finally, as we have shown recently, the

energetics of its adsorption on gold may be determined using

chronocoulometry [2]. Previously, Hamelin [3] investigated pyridine

adsorption on gold single crystal electrode surfaces using differential

capacity. These works have provided qualitative information on pyridine

adsorption and have shown that there is a strong influence of the surface

morphology on the adsorption process.

In this communication, the energetics of pyridine adsorption onto the

gold(100) surface will be described. Quantitative data such as adsorption

isotherms, Gibbs energies of adsorption and electrosorption valencies will

be given. Spectroscopic data will be presented in a future communication.

Experimental

Solutions

All solutions were prepared from Milli-Q water (Waters). The

supporting electrolyte was 0.1 M KClO%. KClO% (ACS Certified from

Fisher) was purified by calcinating at 3000 C, recrystallizing twice from
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Milli-Q water, and then drying. Pyridine (ACS Certified from Fisher)

was used without further purification. Pyridine solutions ranging in

concentration from 10- 5 M to 10- 2 M were investigated. They were prepared

from a 0.1M pyridine stock solution. All the solutions were degassed with

argon for at least 1h before each experiment. During the experiment argon

was passed over the top of the solution. All experiments were carried out

at 25 ± 10C.

Electrodes

The working electrode was a gold(100) single crystal rod (99.99%

Johnson Matthey) prepared according to the Bridgeman technique [4]. The

single crystal was oriented using the back Lau# diffraction technique. The

gold rod was then polished to a smooth finish with succeedingly finer grades

of alumina ending with the 0.05 Um grade. Once polished, the electrode was

annealed for approximately 3 h at a temperature of about 7000 C. The

counter electrode consisted of a gold coil. An external saturated calomel

electrode (SCE) was used as the reference electrode. All potentials

reported are relative to the SCE. Before each experiment the gold working

electrode was flamed three times and then quenched after flaming with Milli-

Q water [5]. In all electrochemical experiments the hanging electrolyte

technique was used [6].

Kolb et al., [7, 8] (also see comment by Hamelin [9]) have shown

recently that the Au(100) surface, when prepared by flaming and quenching,

has a reconstructed (5 x 20) surface. The reconstructed surface is stable

at the metal solution interface provided the electrode is not exposed to

polarizations higher then 0.55 V. When the anodic limit of the applied

potential exceeds +0.60 V the reconstruction is lifted and the (1 x 1)

structure appears. The (5 x 20) * (I x 1) transition is irreversible in the

sense that the electrode has to be flamed and quenched once again to restore

2



the (5 x 20) structure. In our work a potential sweep up to +1.1 V, as the

anodic limit, was applied just after contact between the electrode and the

electrolyte was made. In view of Kolb's results, all our experiments were

performed with the surface having the (1 x 1) structure. Instrumentation

and the time sequence of the different steps involved in the data

acquisition and processing have been described in previous papers [2, 10].
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Results and Discussion

(i) Experimental Strategy

The experimental strategy used in this work involved the following

steps: a) characterization of the surface by recording cyclic voltammograms

and differential capacity curves, b) determination of the electrode charge

density, aMp from chronocoulometric experiments, c) back integration of the

aM with respect to potential curves to calculate the film pressure W, d)

calculation of the relative Gibbs excesses, e) determination of the Gibbs

energy of adsorption. These steps will be described under separate

paragraphs.

(ii) Cyclic Voltammetry

Cyclic voltammograms were recorded in order to: a) ensure qualitatively

that the electrode surface was free from contamination, b) determine the

potential range in which the electrode is behaving as an ideally polarisable

electrode, and c) detect the presence of oxygen in the solution and

creeping of the solution on the walls of the electrode. The creeping

effect, and the presence of oxygen, result in a characteristic distortion of

the double layer region of the cyclic voltammogram.

Shown in Figure 1 are two cyclic voltammograms which have been obtained

for the gold(100) single crystal electrode in both the absence and presence

of pyridine, Figures la and b respectively. The cyclic voltammogram

presented for the supporting electrolyte alone agrees well with those which

have previously been reported [11. It was always found that v ,.

repeatable cyclic voltammograms could be obtained after about four cycles.

This strongly suggests that the solutions being investigated were always of

high purity and free from oxygen. No distortion due to the creeping effect

was observed.

4(



There are a number of subtle differences between the cyclic

voltammograms obtained for gold(100) in the absence and presence of

pyridine. As Figure lb shows, pyridine adsorption/desorption peaks are

apparent at negative potentials. At electrode potentials greater than +0.6 V

oxidation of the gold surface takes place. Comparing Figures la and b, it

is evident that pyridine is having a significant influence on the oxidation

of gold. The cyclic voltammogram which was obtained for the supporting

electrolyte alone shows the presence of at least four peaks in the oxidation

region. In contrast the cyclic voltammogram obtained in the presence of

pyridine shows only one peak.

Integration of the anodic branches of the cyclic voltammograms obtained

in the absence and presence of pyridine for potentials greater than +0.6 V

showed that the charge is 1.36 times greater when pyridine is present in the

solution. This suggests that the pyridine molecules are being partially

oxidized at the gold(100) electrode surface. Integration of the cathodic

branches of the two cyclic voltammograms showed that the charges were equal

This indicates that the same amount of oxide was deposited in the anodic

half of the cycle for the two cases and that the pyridine oxidation is

irreversible.

In conclusion, Figures la and b show that the double layer region of

the gold electrode extends from -0.8 to +0.6 V. In this potential region

the gold(I00) electrode is behaving as an ideally polarisable electrode.

(iii) Differential Capacity

Differential capacity curves have been recorded in order to determine

the potential and concentration range for which pyridine Is adsorbed onto

the gold surface. In addition, it has been used to determine the potential

of zero charge (pzc) from the position of the diffuse layer minimum.

5
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Shown in Figure 2a are two differential capacity curves which have been

obtained for the Au(100) single crystal electrode in the presence of 10- 2 M

and 10- M KCIO.. The capacity curves (Figures 2a and b) have been recorded

when a potential sweep of 5 mVs-  in the anodic direction was applied. On

the reverse sweep (which is not shown in Figure 2) considerable hysteresis

was found. The hysteresis was observed irrespective of whether pyridine was

absent or present in the electrolyte solution. The degree of hysteresis

depended strongly on the anodic limit of the forward sweep. Similar

hysteresis was observed earlier by Hamelin [11] and Kolb et al. [7, 8]. The

capacity curve, which was obtained in the presence of 10- 2 M KCIO, displays

a, diffuse layer minimum at approximately +0.14 V which corresponds to the

potential of zero charge. This value is in excellent agreement with the

data reported by Hamelin and Lecoeur [12, 13]. Qualitatively, our capacity

curve (recorded in 10- 2 M KCIO.) is in reasonable agreement with that which

has been published by Kolb et al. [7, 8]. However, the value of the pzc

(+0.06 V) reported in their paper is lower than our result. Incidentally,

Lecoeur et al. [13] measured the pzc for a number of crystallographic

orientations vicinal to the (100) plane. They showed that the value of the

pzc strongly depends on the density of surface imperfections such as

monoatomic steps. The pzc shifts in the negative direction when the density

of imperfections increases. Therefore, the lower value of the pzc reported in

reference [7, 8] may indicate that the surface used in these investigations

contained a large density of imperfections.

Shown in Figure 2b are two capacity curves which have been obtained for

Au(100) in the presence of 10- 4 M and 6.2 x 10- 3 M pyridine. Differential

capacity curves for the lowest pyridine concentrations studied have not been

presented here because they were strongly frequency dependent due to mass

transport limitations. The differential capacity curves display two peaks.

6



The peak with a shoulder, which appears at negative electrode potentials, is

characteristic of the pyridine adsorption/desorption process. This peak

shifts towards more negative potentials and its magnitude increases with

increasing pyridine concentration. Furthermore, at pyridine concentrations

greater than 10- 4 M a capacity peak at anodic electrode potentials appears.

For the pyridine concentration range studied, it is found that the height of

this peak is independent of the bulk pyridine concentration. However, the

position of this peak is found to shift toward more negative potentials with

increasing pyridine concentrations. This peak may correspond to several

different processes. The possibilities will be discussed shortly.

Overall, the differential capacity curves, which have been obtained in

the presence of pyridine, have shown that, at E = -0.8 V and for pyridine

concentrations below 10- 2 M, the capacity curves merge with the capacity

curve for the supporting electrolyte (10- M KClO.). This indicates that at

E - -0.8 V and for pyridine concentrations below 10-2 M, pyridine is totally

desorbed from the electrode surface. At higher pyridine concentrations,

pyridine desorption overlaps with hydrogen evolution. At E = +0.6 V, the

oxidation of gold begins. At pyridine concentrations below 10-5 M the rate

of mass transport to the surface is so small that one has to wait a few

minutes for the adsorption equilibrium to be established. Therefore, the

pyridine adsorption studies were restricted to the potential range -0.8 V to

+0.6 V and to a concentration range 10- 5 to 10-2 M pyridine.

(iv) Step Experiments

Step experiments involved holding the electrode at an initial potential

El, where pyridine adsorption takes place, for 2 min. This time was long

enough for the adsorption equilibrium to be established. Then the potential

was stepped to E f -0.8 V and the double layer charging currents were

7



recorded.

Shown in Figure 3a are current transients which have been obtained for

the gold(100) electrode in the presence of 6.2 x 10- 3 M pyridine at various

electrode potentials. The current and time axis are in the plane of the

figure while the potential axis is normal to this plane. The time window in

which the transients were recorded was the same for both the supporting

electrolyte and for solutions containing pyridine. In fact, the rate

determining step in the charging of the double layer is the same in both

cases, and the kinetics is limited by the time constant of the cell, RC.

From Figure 3a one can see that the current decreases monotonically with

time for potentials more negative then -0.2 V, while above this value a hump

appears in the transients. From the differential capacity curves (Figure

2b), we realize that the appearance of this hump coincides with an increase

in the capacity. This hump can be explained in terms of the dependence of

the time constant (RC) of the cell on time [10].

The current-time transients displayed in Figure 3a were recorded over a

10 ms time window. In addition, current-time transients were also recorded

over a 100 ms time window and were digitally integrated to yield the charge-

time transients. Shown in Figure 3b are the AaM-t curves which have been

obtained for the 6.2 x 10 M pyridine solution. Note, that for the sake of

display, the direction of the time axis has been reversed in Fig. 3b. Here,

AuM  is the relative charge density which is given by the following

equation:

AGM(E i )  M M(E) - a M(E - -0.8 V) (1)

where aM is the absolute charge density. A three dimensional presentation

of the data is once again shown. In this case the charge and time axis are

in the plane of the figure and the potential axis is normal to this plane.

8



For both the supporting Electrolyte and for solutions containing

pyridine, the Au - t curves display a well defined plateau where the charge

is essentially independent of time over the whole potential range

investigated. The section of the chronocoulometric curve corresponding to

the plateau region was extrapolated by linear regression to t - 0. This

procedure ensured that the data were corrected for instrumental offsets

and/or parasitic faradaic currents. The extrapolated charge was equal to

the charge difference between the equilibrium charge densities at the

potential E and E - -0.8 V.

(v Charge-Potential Plots

The relative charge density data allowed the absolute charge density,

am# for the base solution and for the various pyridine concentrations to be

calculated. From the potential of zero charge, which has been independently

measured, and from equation (1), a (-0.8 V) was determined:

AOM( pzc) - OM(pzc) - a M(-0.8 V) - -a M(-0.8 V) (2)

From a M(-0.8 V) and equation (1), values of a M(E i) were calculated over the

whole potential range investigated.
Presented in Figure 4 are the a - E curves which have been obtained

for the gold (100) electrode in both the absence and presence of pyridine.

At the most negative electrode potentials the aM - E curves for the various

pyridine concentrations are seen to merge with the curve for the supporting

electrolyte. This shows that, at these potentials, the pyridine molecules

are totally desorbed from the gold surface. There is no evidence for

pyridine desorption at the far anodic potentials.

The most striking feature of Figure 4 is an abrupt change in the value

of the charge density such that the charge density curve has the appearance

-2
of a step function. The height of this step spans approximately 20 UC cm

9

*.~.* .. ~J~.f4~fV ~r ~ r/~%



and the charge density changes sign (zero charge density is located

approximately in the middle of the step). This behaviour is typical of a

phase transition. The potential at which this phase transition occurs is

very close to pzc in the given solution and depends on the bulk pyridine

concentration. It was found to shift towards more negative potentials with

increasing bulk pyridine concentrations.

Following the phase transition, the absolute charge densities, which

are now positive, are essentially concentration independent indicating that

the surface concentration of pyridine reached a maximum (saturation) value

ra. Initially, in this section of the curve, the charge density, as
max*

expected, depends almost linearly on the electrode potential. Extrapolation

of this segment to aM - 0 allowed us to determine the shift of the potential

of zero charge, EN given by the following equation [14, 15]:

EN - r max (3)

where - org w (4)

i
is the component of the dipole moment perpendicular to the gold (100)

surface, i stands for the organic and water molecules respectively, n is the

number of water dipoles replaced at the surface by one pyridine molecule and

c is the dielectric constant of the inner layer. The pzc shifts in the

negative direction and the value of E was found to be -0.795 V. The
N

negative value found for E indicates that j is negative. The effective
N

dipole moment -1i could be negative if either (a) InjiwI > 1UorgI and pw > 0 or
org or g

(b) ,,or 1 > JnUWl and j. < 0. The first possibility may be rejected
w

because a positive value of Uw would indicate that the water molecules are

oriented with the hydrogen atoms facing the metal side of the interface. On

the basis of independent arguments [16], it is known that Au(100) is

10



slightly hydrophilic and the gold-water interactions orient the water

molecules preferentially with the oxygen atom facing the metal side of the

interface. The second possibility (b) indicated that the effective dipole

moment of the organic molecule must be negative. This shows that the

pyridine molecule is oriented with nitrogen facing the metal and the

hydrocarbon part facing the solution side of the interface.

At potentials more positive than +0.35 V the aM - E curves start to

diverge. This coincides with the appearance of the anodic peak on the

capacity curves. The origin of these behaviours will be discussed shortly.

(vi) Film and Surface Pressure Curves

The relative interfacial tension, Y, was obtained by integrating M

with respect to E according to the equation:

Y(Ei) f- E d E + V(-0.8 V) (5)

The integration constant Y(-0.8 V) is not known but its value is independent

of the pyridine concentration (since we have no adsorption at -0.8 V).

Next, the film pressure, w, was determined from the relative interfacial

tension using the following expression:,E,-,~ I Ew(E ) - 0-0 - = f Mi - aM,edE (6)

-0.8VM O '0 .8V

Shown in Figure 5a are plots of w versus E for the various pyridine

concentrations investigated. Independently, at constant charge, the surface

pressure * was calculated from the Parson's function &(i.e., Y a + and

S- %= -
) [17]. Shown in Figure 5b are plots of * versus a for the

various pyridine concentrations studied. Qualitatively, the results in

Figure 5a and b are very similar, keeping in mind that a charge density of

20 pC cm-2 corresponds to an electrode potential approximately equal toIi 11

II /



+0.15 SCE V

For the lowest pyridine concentrations, the film and surface pressure

curves display two maxima. One of these is shallow and located in the range
-2

E - +0.05 V to -0.05 V and aM = -4 to -8 pC cm . Because of the expanded

# axis, this is more visible on the surface pressure plot than it is on the

film pressure plot. The second maximum can be seen at E = +0.4 V and M

-2+34 gC cm- . This is more apparent on the film pressure plot because of the

wider range of E covered. This suggests that, in the potential (charge)

range investigated, the pyridine molecules assume two different orientations

on the gold surface. Clearly the shape of the w or * curves, shown in

Figure 5a and b, can be understood as arising from the superimposition of

two bell shaped curves corresponding to each of the two orientations.

At the positively charged surface the film or surface pressures reach

fairly large values (>100 mN m- ) at moderate pyridine concentrations. This

indicates that theTGibbs energy of adsorption and/or the energy of

attractive latteral interactions for this orientation are large.

(vii) Adsorption Isotherms

By graphical differentiation of the film pressure versus logarithm of

the bulk pyridine concentration curves, the relative Gibbs surface excesses

were calculated[2]. Presented in Figure 6 are plots of the relative Gibbs

surface excess as a function of the electrode potential for the various

pyridine concentrations investigated. Shown in Figure 7 are the adsorption

isotherms (r versus lnc) which have been obtained at constant electrode

potential. The isotherms presented here span the potential region -0.5 to

+O.IV. For electrode potentials more negative then -0.2 V only segments of

the isotherms were determined due to the limited range of pyridine

concentrations investigated. The phase transition already observed on the

12
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charge-potential curves appears in Figures 6 and 7 as an abrupt change in

the relative Gibbs surface excess. As Figure 6 and 7 show, a plateau at a

surface concentration of 6 x 10- 10 mol -2 is present. This limiting value

of the surface concentration (i.e., saturation coverage), is consistent with

the pyridine molecules present on the surface in the vertical orientation

[18]. From considering the shift in the pzc the same conclusion was reached

earlier.

It is necessary to point out that r values in the region of the phase

transition are less precise than the r values determined before or after the

phase transition. This added error arises from the large curvature of the w

versus lnc plots which reduces the precision of the graphical

differentiation. For this reason the curves in Figures 6 and 7 have been

represented by a dotted line once a surface concentration of 3.0 x 10- 10 mol

~-2
cm is reached. This approach has been used to emphasize the large

uncertainty of r in this region. At potentials more positive then +0.4 V

the limiting surface concentration rises again (Figure 6). This increase

coincides with the position of the anodic peak on the differential capacity

curves. The increase of r as well as the appearance of the capacity peak

may be caused by a number of processes such as further reorientation of the

pyridine molecules, multilayer adsorption, or incipient oxidation of the

gold surface. At present, we are unable to point out which of them is the

most likely phenomenon which is occurring. Therefore, further analysis of

the data will be limited to potentials negative of E - +0.4 V.

(viii) Potential Drop Across The Inner Layer

In order to gain further insight into the structure of the inner layer

it is worthwhile to consider the dependence of the potential drop across the

inner layer on the relative Gibbs surface excess.

13
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According to a simple electrostatic model, the potential difference

across the inner layer region of the double layer is given by [14, 15]

- (4 r/c)(0Mx, + rp) (7)

where c is the dielectric constant of the inner layer, x2 is the thickness

of the inner layer and uj is the effective dipole moment as defined in

equation (4). The potential drop across the inner layer can be taken

approximately as:

M
62f E E Epzc

where E is the potential of zero charge in the absence of surfactant andpzc

02 is the potential drop across the diffuse layer which can be calculated

from the experimental values of aM using the classical Gouy-Chapman theory.
M

Shown in Figure 8 are plots of A2 0 versus r for the various negative

charge densities indicated. These plots cover the r range which is below

the phase transition. Surface concentration values, which are greater than

approximately 3 x 10-  mol cm , are not shown in the figure because of

large uncertainties in the value of r. As the figure shows, the plots

-2
corresponding to aM > -14 pC cm are clearly nonlinear which indicates that

a reorientation of the pyridine molecules takes place [19]. The shape

can be approximately represented by two straight line segments as in the

case of pyridine adsorption onto mercury [20]. The two straight line

segments correspond to the adsorption of pyridine in two different

orientations. This is clearly visible at the zero charge density because

the slopes of the two segments are of opposite signs.

According to equation (7) the potential drop across the inner layer for

a 0 is given by:

- (Jf/)rv (9)

1 -4



Since e and r are always positive, a change in the sign of the slope of the

H
&A2 versus r plot must mean that the sign of the effective dipole moment

perpendicular to the surface has changed. This can be understood in terms of

two different orientations with different dipole moments perpendicular to
-10 -2

the surface. One orientation is seen for r < 1 x 10 mol cm while a

-10 -2
second orientation is present for r > 1 x 10 mol cm . This is

significant since it shows that a reorientation of the pyridine molecules

takes place before the onset of the phase transition.

(ix) Free Energy of Adsorption

The free energy of adsorption is usually determined from a fit of

experimental data to an equation of an adsorption isotherm [21]. An

isotherm which takes into account reorientation of the adsorbed molecules

with coverage has to have the form of a multiparameter expression. A fit of

such an expression to experimental data must necessarily be ambiguous.

However, in the limit of zero coverage the adsorption of pyridine must be

described by the Henry's law isotherm. The film pressure should then

linearly depend on the bulk pyridine concentration as described by the

following equation:

T r RTmaxeXb (10)

where w is the film pressure, Xb the mole fraction of pyridine in the

solution and r is the limiting surface concentration. The adsorption
max

coefficient B is related to the Gibbs energy of adsorption through the

-. equation:

AGO - -RTlnB (11)

The Gibbs energy of adsorption corresponds to the standard state being unit

mole fraction of pyridine in the bulk of the solution and unit coverage at

the surface (unsymmetrical choice of the standard state [22]). The
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coefficient B can be determined from the Initial slopes of the film pressure I.

versus bulk pyridine concentration plots which in view of equation 10 should

be equal to:

B Xb 0/ RT+max (12)

This procedure was used to determine the adsorption coefficients for the
potential range -0.45 V to +0.15 V. For reasons discussed later, r

max

corresponding to 3 x 10-10 mol cm- 2 was taken in these calculations.

Finally, values of AG0 were determined with the help of equation 11.

Shown in Figure 9 is a plot of AG0 versus E. One can see from this

figure that A60 depends on E in a parabolic way. The maximum value of AGO

is equal to -36 kJmol and the potential at which this value occurs is
.'

approximately +0.05 V.

The first derivative of AG° versus E is equal to the electrosorption

valency Y. Incidentally, the electrosorption valency may also be determined

from the dependence of the charge density on the surface concentration of V.

pyridine at constant electrode potential.

With the help of simple thermodynamic arguments, it is easy to show

that [23]: S..

Y P) (1 A0) 1)(N)(3
F Er E r Fr

The slopes of the aM versus r plots can then be compared to the first .4

derivative of the AGO versus E plots. This can be used to check the

consistency of our results.

Shown in Figure 10 is a plot of a versus r for the various electrode

potentials investigated. Once again our analysis was restricted to small

values of the surface concentration. As the figure shows, linear

16



relationships are observed for the whole potential and surface concentration

range investigated. The slope of the straight lines, which gives the

electrosorption valency, depends on the value of the electrode potential.

Shown in Figure 11 are two plots of Y versus E which have been obtained

from the slope of the aM versus F plots and by differentiation of the A60

versus E plot. As the figure shows, there is no quantitative agreement

between the two sets of data. These differences indicate that the Y values

are subject to errors due to: a) the large spread of the experimental

points in Figure 10 and/or b) the approximate nature of the extrapolation

procedure used to determine 0, c) errors due to the graphical

differentiation of the AG0 - E curve. However, the two sets of data vary

with potential in a quasilinear way indicating a quasiquadratic dependence

of the free energy of adsorption on the electrode potential. Moreover, the

two plots intersect the zero line at +0.03 V and +0.05 V-respectively giving

similar values of the potential of maximum adsorption.

(x) Anion Effect

Differeritial capacity curves and electrode charge densities were

determined for gold(100) in a solution containing 10-1 M NaF and 10- 3 M

pyridine in order to see if the anion is having any influence on pyridine

adsorption.

Shown in Figure 12a is the differential capacity curve which has been

obtained for Au(100) in the presence of 10 M NaF and 10 M pyridine; for

comparison the data obtained for gold(100) in the presence of 10 M KCIO,

and 10- 3 M pyridine are also shown. One can see that in the presence of

fluoride there is an additional capacity peak at negative electrode

potentials. At positive electrode potentials, the capacity peak observed in

.1w the presence of fluoride is much larger. Actually, the differential

17



capacity curve determined for pyridine adsorption from fluoride solution is

very similar to the curve reportea by Hamelin [3] for pyridine adsorption

onto Au(100) from a sulphate electrolyte. This shows that the fluoride and

sulphate ions are influencing pyridine adsorption in a similar manner.

Shown in Figure 12b are the absolute charge density-potential curves

which have been obtained for gold(100) in the solutions described above. As

the figure shows, the hump observed at negative electrode potentials is

broader in the case of fluoride then it is in the case of perchlorate. The

aM - E curve obtained for the fluoride solution shows that the phase

transition is shifted approximately 0.05 V in the anodic direction. For

anodic electrode potentials the charge is considerably larger when fluoride

is present in the solution. However, the differences between pyridine

adsorption from NaF and KCO1 , solutions are quantitative but not

qualitative. The main features such as different adsorption at the

positively and negatively charged surface and the presence of the phase

transition are displayed in both electrolytes. The nature of the

electrolyte influences mainly the stability range of the different

structures of the film of adsorbed pyridine.

Stmary and Conclusions

Our data have shown that there are three different orientations

possible for the pyridine molecules on the gold(100) surface over the entire

potential region investigated. Two of these orientations, which we will

call A and B, exist prior to the phase transition and are found on a

-10 -2
negatively charged surface. Orientation A is present for r < 1 x 10 mol cm

and for the most negative electrode potentials while orientation B is

observed for 3 x 10- 10 mol cm- 2 > r > 1 x 10- 10 mol cm- 2 and for potentials

close to the potential of zero charge. The third orientation, which we will
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call C, is observed after the phase transition on a positively charged

surface; it corresponds to r : 6 x 10-10 mol cm-2 . Orientation A and C are

the major orientations while B is an intermediate orientation. The phase

transition takes place between orientations B and C.

Presented in Table 1 are the important adsorption parameters which have

been determined for pyridine adsorption onto the gold(100) electrode surface

in orientations A and C. For comparison, data for pyridine adsorption onto

a polycyrstalline gold electrode surface and onto a mercury electrode

surface are also included.

Consider first orientation A. The shift in the potential of zero

charge, EN# is small and indicaten that for this orientation the component

of the dipole moment in the direction normal to the surface is small as

-1
well. The maximum value of &G found for orientation A is -36 kJ mol-

This value is similar to that observed for pyridine adsorption onto a

polycrystalline gold electrode surface (-38 kJ mol
-1 ) [21 and is almost

-1
twice the value o63erved for pyridine adsorption onto mercury (-19 kJ mol)

[25]. This large absolute value for AG
0 indicates that a strong specific

interaction takes place between the pyridine molecules and the gold(100)

electrode surface. These are strong arguments that in orientation A the

pyridine molecules are adsorbed flat at the surface. Support for this

conclusion comes from a UHV study carried out by Demuth et al. [24] on

pyridine adsorption onto the silver(111) plane. They found that, for low

coverages (< 3 x 1014 molecules/cm 2 ), the pyridine molecules assume the flat

orientation with an angle of inclination corresponding to 30. Strong

coupling of the bonding x orbitals of the pyridine molecule to the

unoccupied electronic states in the metal band structure was concluded in

that case. It is likely that pyridine adsorption at gold has exactly this

same character.
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Based on these arguments, a value of Fma x corresponding to 3 x 10-10

-2mol cm was used in calculating AG0 from the Henry's law isotherm. This

value of Fmax was determined for the flat orientation of adsorbed pyridine

molecules by Conway et al. [18]. For orientation C, EN is large and

negative. This indicates that the component of the effective dipole moment

in the direction normal to the surface is large and that the negative pole

of the dipole is directed toward the metal. Based on the experimental value

for Fmax (6 x 10-10 molcm-2 ), and the above, we conclude that the pyridine

molecules are present on the gold(100) surface in the vertical orientation

with the nitrogen atom facing the gold surface. Further evidence for the

vertical orientation comes from the existence of the phase transition. The

presence of the phase transition indicates that strong lateral interactions

take place between the adsorbed pyridine molecules. It is well known that

aromatic heterocyclics strongly interact laterally when adsorbed in the

vertical position. £26]

For pyridine adsorption from the gas phase onto a silver(111) surface

Demuth et al., [24] observed that, for large coverages, the pyridine

molecules assume the vertical orientation. Strong coupling of the non-

bonding molecular orbitals on the nitrogen atoms to the empty electronic

states in the metal was observed. They found also that the pyridine

molecules are adsorbed at an angle of inclination of approximately 550 to

the silver surface. At that angle, an overlap between occupied non-bonding

orbitals on the nitrogen atoms and the empty antibonding n orbitals of a

contiguous pyridine molecule takes place. This explains the presence of

strong lateral interactions between adsorbed pyridine molecules. Once again

this same molecular model may be adopted to describe the pyridine adsorption

at the Au(100) surface at large coverages.
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Table 1 shows that the magnitude of Emax and ama x strongly depends on

the molecule orientation and the nature of the substrate. Actually, the

variation of the charge and the potential of the maximum adsorption reflects

changes in the shift in potential of zero charge E These quantities are

relatd by the following equations derived from the model of two parallel

capacitors [27]:

Emax - Epzc E N C8.1/(C° - C8.1) (14)

and

amax w -EN C 01Co/(Co - ce=1) (15)

where C and C W denote the differential capacities of the double layer in

the pure supporting electrolyte solution and at complete surface coverage

with pyridine, respectively.

For orientation A, EN is small and positive and in agreement with the

above equations the absolute values of Emax - Epzc and ama x are small and

their sign is negative. For orientation C the absolute value of EN is large

and its sign is negative and as predicted by equations 14 and 15 the values

of Emax - Epz c and ama x are positive and large. For the vertical

orientation of the pyridine molecules on mercury EN is large and positive

Q and as expected E - E and a are negative and their absolute valuesSmax pzc max

are large. This result indicates that, in agreement with Frumkin

predictions [27, 28], the magnitude of Ema x and ama x is primarily determined

by the magnitude and the orientation (negative or positive pole facing the

metal) of the component of the permanent dipole moment of the adsorbed

molecule in the direction normal to the surface. In other words on the

polarity of the adsorbed molecule.

The potential range in which adsorption takes place Is determined by

the magnitude of the parameter b which in terms of the parallel capacitors

model can be expressed by [27]:
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b - (CO - CS.I)/ 2RTrmax (16)

Unfortunately, we do not have precise data for C,.I to compare the

experimental values of b determined for orientations A and C with the values

calculated with the help of equation 16. However, it is generally expected

that the term (C - C 6=) is small for flat and large for the vertical

orientation of the adsorbed molecule. In agreement with this predication,

the value of b determined for orientation A is much smaller than the value

found for orientation C.

Incidentally, for diethylether adsorption onto Au(100) surface b was

found to be 14.5 V-2 [15]. This value agrees well with that found for

orientation A of adsorbed pyridine. This agreement is expected since the

value of (C - C8. ) should be similar for the two cases.

Finally, the differences between the pyridine adsorption at Au and at

Hg surfaces can be stressed. At the gold elect e the flat adsorption of

the pyridine molecules is observed at negative and vertical orientation at

positive rational potentials. In contrast, on a mercury electrode the flat

orientation is observed at positively and the vertical at the negatively

charged surface [18]. This shows that the nature of the substrate is

important in determining the characteristics of pyridine adsorption.

In this article we have employed the macroscopic model of the interface

and we emphasized the role of the solute in the adsorption of organic

molecules. In constrast, microscopic models developed by Bockris et al.,

[29, 30] aand recently by Guidelli et al., [31, 32] stress the role played

by the solvent in determining the characteristics of the adsorption of

organic molecules from aqueous solutions. In our next contribution, we

shall compare the macroscopic and the microscopic models on the basis of

extended spectroscopic experimental data, including the results obtained for
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pyridine adsorption on various crystallographic orientations of gold.
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TABLE 1: Adsorption parameters for pyridine adsorbed on Au(100),

polycrystalline Au and Hg electrodes

Au(100) Polycrystalline

Orientation A Orientation C Au[2] Hg

Emax - Epzc/V vs SCE -0.09 0.26 --0.4V

Omax/1IC cm- 2  -4 +34 - variable
between
-6 and -10

EN/V +0.02 -0.8 -0.3 +0.3

AGmax/kJmol-1 -36 - -38 -19

b/V 2 -  14 25 - -

rmax x 1010mol cm- 2  assumed 3 6 -7 6.5

Epzc/V vs SCE +0.14 +0.14 +0.05 -0.5

Data for Hg electrode evaluated from results published in references [18, 20, 25]
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List of Figures

Figure 1: Cyclic voltammograms recorded for (a) 0.1 M KC104 and (b)

0.1 M KC104 + 5 x 10- 4 M pyridine. Sweep rate - 20 mVs-1 .

Figure 2: Differential capacity curves for (a) 0) i0-2 M KClO; (0)

0.1 M KC104 and (b) (e) 0.1 M KClO + 1 x 10-  M rEM) 0.1 M

KClQ+ 6.2 x 10- 3 M pyridine. Note for the sake of clarity

not all experimental points are shown in the figure. Sweep

rate - 5 mVs- I and the ac modulation frequency - 25 Hz.

Figure 3: (a) Current-time transients recorded for a solution which

contains 0.1 M KC104 + 6.2 x 10- 3 M pyridine over the

potential range -0.75 to +0.6 V. (b) Charge-time transients

obtained by integration of the current-time transients shown

in Fig 3a.

Figure 4 : Charge density-potential curves which have been obtained for

the following pyridine concentrations: (a) 6.2 x 10- 3 M; (b)

2 x 10- 3 M; (c) 10- 3 M; (d) 3 x 10- 4 M; (e) 10- 4 M;

(f) 3 x 10- 5 M; (g) 10- 5 M; (h) 0. Note that the data for

the 10- 2 M pyridine solution included later, on other plots,

are not shown in this figure.

Figure 5: Film and surface pressure curves obtained at (A) constant

potential and (B) constant charge for the following pyridine

concentrations: (a) 10- 2 M (b) 6.2 x 10- 3 M (c) 2 x 10-3

M; (d) I0 - 3 M; (e) 3 x 10 - 4 M; (f) 10- 4 M; (g) 3 x 10 - 5

M; (h) 10- 5 M.

Figure 6: Surface concentration-potential curves obtained for the

following pyridine concentrations: (a) 10- 2 M; (b) 6.2 x

10 - 3 M; (c) 2 x 10 - 3 M; (d) 10- 3 M; (e) 3 x 10 - 4 M;

(f) 10- 4 M; (g) 3 x 10-5 M; (h) 10-5 . Note: the
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dashed lines represent a region of uncertainty in the value

of the surface concentration.

Figure 7: Adsorption isotherms which have been obtained at the

following electrode potentials. (a) -0.45 V; (b) -0.40 V;

(c) -0.35 V; (d) -0.30 V; (e) -0.25 V; (W) -0.20 V; (g)

-0.15 V; (h) -0.10 V; (1) -0.05 V; (Q) OV; (k) +0.05V.

(l) +0.10 V.

Note: the dashed lines represent a region of uncertainty in

the value of the surface concentration.

Figure 8: Plots of rational potential drop versus surface concentration

for the various charge densities in UC cm- 2 indicated.

Figure 9: Plot of -A versus E as obtained from the Henry's law

isotherm.

Figure 10: Plots of am  versus r at constant E for the determination of

the electrosorption valency. The following electrode

potentials are shown: () -0.475 V; (A) -0.425 V; () -

0.375 V; CX) -0.325 V; (*) -0.275 V; (o) -.225 V; (A)

-0.175 V; () -0.125 V; (x) -0.075 V; (G) 0 V; (0) +0.05 V.

Figure 11: Comparison of the electrosorption valencies determined from

( ) differentiation of the am versus r curves of Figure 10

and (o) by differentiation of the A - E curve of Figure 9.

Figure 12: (a) Comparison of the differential capacity curves obtained

for gold(100) in (dotted line) 0.1 M NaF + 10- 3 M pyridine

and (solid line) 0.1 M KClO. + 10- 3 M pyridine (b)

Comparison of the charge density-potential curves which have

been obtained for (solid line) 0.1 M KC10 + 10- 3 M pyridine

and X---X---) 0.1 M NaF + 10- 3 M pyridine,/o U.hIOvu.
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