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X-ray photoelectron spectroscopy study of thiols
adsorbed on Pt(111) with and without the
presence of a copper monolayer
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The displacement of an electrodeposited Cu monolayer on Pt(111) single crystal by 2-mercaptopyridine (2-
MP) and 4-mercaptopyridine (4-MP) has been investigated by XPS. The results indicate that the Cu adatoms
are partially displaced by the 4-MP and completely displaced by the 2-MP. An analysis of the S 2p spectra of
2-MP and 4-MP adsorbed on Pt(111) both with and without the presence of a Cu monolayer reveals a small
binding energy shift between 2-MP and 4-MP emissions. This effect is probably due to the formation of a
surface chelate for 2-MP via bonding through both nitrogen and sulphur atoms. An additional component
is assigned to sulphur atoms in dimers, and its intensity correlates with that of the N–Pt component in the
N 1s spectra, suggesting that N–Pt interaction decreases the dimer formation probability. In the case of the
presence of the Cu adlayer on Pt(111) before mercaptopyridine adsorption, the N–Pt interaction decreases
and thus favours dimerization. The presence of sulphates on the surface after the displacement reaction
could originate in part from oxidation of the reduced mercaptopyridine. Copyright  2000 John Wiley &
Sons, Ltd.
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INTRODUCTION

Thiols chemisorbed on metallic surfaces form films that
are suitable for application on electrochemical sensors.1

Although this is their best-known application, these films
can be used also as corrosion inhibitors2 or for the con-
struction of nanostructure-based devices,3 among other
uses. Aromatic thiols have been studied on Ag(111),4

Pt(111)5 – 7 and Au8,9 by surface-enhanced Raman scatter-
ing (SERS),10,11 electron energy-loss spectroscopy (EELS),
low-energy electron diffraction (LEED), Auger electron
spectroscopy (AES), x-ray photoelectron spectroscopy
(XPS)7 and electrochemical methods.4,5 The behaviour
generally accepted for both aliphatic and aromatic thiol
compounds on these metals is the formation of an ordered
layer on the metallic surface, in which the molecules are
bound through the sulphur atom upon breakage of the
S–H bond and formation of the Pt–S bond.

In this paper the adsorption process and mechanism
of surface bonding of 2-mercaptopyridine (2-MP) and 4-
mercaptopyridine (4-MP) on Pt(111) have been explored
by XPS. Additionally, it has been established that the
mercaptopyridines are able to displace copper and silver
monolayers9,12 deposited on gold13 and platinum7 elec-
trodes. Therefore, in this work the interaction of these
adsorbates with Pt(111) covered previously with a copper
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monolayer is also studied and a possible mechanism for
this reaction is suggested.

EXPERIMENTAL

The working electrode was a 10 mm diameter Pt single-
crystal disc (oriented toš0.5°) supplied by Goodfel-
low Cambridge Limited. The crystal was supported by
two 0.5 mm Pt wires spot-welded to its sides in such
a way as to allow only one face of the crystal to
be in contact with the solution. The electrode pretreat-
ment consisted of heating the crystal to¾1000°C in a
gas/oxygen flame for 3 min and then allowing it to cool
for 60 s in the vapour of deaerated supporting electrolyte
before quenching in the same solution. Surface clean-
liness was determined by cyclic voltammetry in 0.5M
H2SO4, showing the characteristic ‘butterfly’ shape first
described by Clavilier.14 Evaluation of the electrochemi-
cal area.¾1 cm2/ of the platinum electrode was carried
out by integrating the voltammetric peaks for hydrogen
adsorption in 0.5M H2SO4 and using a conversion fac-
tor of 210µC cm�2.15 Copper monolayers were deposited
at under potential onto Pt(111) electrodes by exposing
them to 1ð 10�3 M CuSO4 solution in 0.50M H2SO4.
The coulometric charge obtained for copper deposition
on Pt(111) by integrating the voltammetric peaks (upd
region) was 396š 6 µC cm�2, corresponding to one cop-
per monolayer.16 – 19 Once the Cu monolayer on Pt(111)
is formed, the electrode is put in contact with 2-MP or
4-MP (1 mM) solution at a constant potential ofC0.20 V
for 3 min.20
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The experimental set-up consisted of a three-compart-
ment cell with provision for the addition and withdrawal
of solutions under a positive pressure of prepurified nitro-
gen at all times. Rinsing of the electrode and/or solu-
tion exchange was carried out in a flow-through fashion
inside the cell without exposing the electrode to the envi-
ronment. This was particularly important in experiments
where a pre-electrodeposited copper monolayer was sub-
sequently exposed to 2-MP and 4-MP. All the solutions
were prepared using water purified with a Millipore Milli-
Q system. The 4-MP was purified by sublimation. All the
other reagents were of high purity (Merck) and used as
received.

The XPS spectra of 2-MP and 4-MP adsorbed on
Pt(111) were recorded using a commercial VG-CLAM
hemispherical electron energy analyser and a twin-cathode
x-ray source, set to Al K̨ excitation (1486.7 eV). The
base pressure in the ultrahigh vacuum (UHV) chamber
during measurements was better than 10�9 mbar. Dur-
ing transport from the electrochemical cell to the UHV
chamber, the samples were briefly (¾5–10 s) exposed
to air. Nevertheless, a direct interaction between sample
and air was avoided by allowing a small drop of solution
to remain on the sample surface during transport. This
remaining solution was subsequently pumped inside the
UHV chamber.

RESULTS

When 2-MP or 4-MP (in water) is adsorbed into Pt(111)
at aC0.20 V constant potential for 3 min, the correspond-
ing XPS spectra in both cases show similar features with
the expected platinum, carbon and oxygen peaks as well
as the sulpher and nitrogen emissions. The spectra of the
S 2p core level are shown in Fig. 1(a,c). The solid line
through the data points is the result of a least-squares
fitting procedure consisting of Lorentz functions convo-
luted with a Gaussian to account for the experimental
resolution .υ.E/ ¾ 0.6 eV/ and a Shirley function to
simulate the intensity of inelastically scattered photoelec-
trons (not shown). The Lorentz lines represent the S 2p
spin–orbit–split doublet, with a splitting of 1.18 eV and
an intensity ratio of¾2 : 1. A small difference in the bind-
ing energy (BE) position (see vertical lines) is observed
between the 2-MP and the 4-MP samples: 163.1 eV for
2-MP and 162.7 eV for 4-MP. These peaks are assigned
to S–Pt bonds21 and the different BE position observed
between 2-MP and 4-MP must be related to the differ-
ent electronic environment around the sulphur atom in
both molecules. In 2-MP the nitrogen atom is close to the
sulphur atom, allowing the formation of chelates structures
of type S–Pt–N, whereas in 4-MP the nitrogen atom is
located in the ‘para’ position and the sulphur atom only
interacts with Pt.

The XPS spectra show an additional S 2p subspectrum
at ¾164.2 eV appearing in the case of the 4-MP/Pt (III)
sample, although it is absent for the 2-MP/Pt (III) sam-
ple. The presence of this subspectrum could be related
to the possibility of 4-MP to form dimers, bound by the
sulphur atom whose electronic environment is different to
that of the sulphur atoms in 4-MP alone. This result is in
agreement with that obtained for aldrithiol onto polycrys-
talline platinum.20 The similarity between these spectra

Figure 1. X-ray photoelectron spectra showing the S 2p core
levels of: (a) 2-MP adsorbed on Pt(111); (b) one monolayer of
Cu on Pt(111) displaced by 2-MP; (c) 4-MP absorbed on Pt(111);
(d) one monolayer of Cu on Pt(111) displaced by 4-MP. The solid
line through the data points, as well as the subspectra, are the
results of a least-squares fitting procedure (see text).

suggests that the dotted component can be associated with
the formation of dimers. The absence of this component
in the S 2p spectrum of 2-MP/Pt(111) is probably due to
the presence of the chelate structure that hinders dimer
formation. As we mentioned above, in the 2-MP adsorp-
tion the presence of an S–Pt–N chelate is favoured and
this structure will hinder dimer formation.

When a Cu monolayer deposited on Pt(111) is put in
contact with mercaptopyridines in water or sulphuric acid
solution, the copper monolayer is completely displaced at
constant potential [C0.20 V vs. HNE (Hydrogen Normal
Electrode)] by 2-MP, whereas 4-MP does it only partially.
In preliminary works on polycrystalline Pt, this Cu dis-
placement phenomenon was observed by XPS20 and by
cyclic voltammetry.9 This effect occurs in part because
in 4-MP there is no possibility to form a chelate struc-
ture, thus diminishing the bond strength with the surface
electrode and also not reaching the full coverage at such
potential. For Pt(111) this phenomenon has been observed
by cyclic voltammetry7 and by XPS measurements of the
Cu 2p core level.

The XPS spectra at the S 2p core level do not show
differences between the MP/Pt(111) spectra and those of
the corresponding MP/Cu/Pt(111) system except for the
presence of the dash-dotted subspectrum at¾169.2 eV
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(Fig. 1). Recent studies of XPS have detected the presence
of various oxidized forms of sulphur22 (i.e. sulphonates,
sulphates and polysulphides as part of the monolayer
structure). The presence of such species has been cor-
related with both the extent of exposure to the laboratory
ambient and the length of the alkyl chain. By comparison,
in this case the subspectrum at 169.2 eV observed in the
MP/Cu/Pt(111) samples can be assigned to sulphates.23

They could originate from partial oxidation of the mer-
captopyridine molecules, either in aqueous solution or by
oxygen diffusion through the water drop during trans-
port to the UHV chamber, as was observed previously
for polycrystalline platinum.20 However, this subspectrum
appears only in the case of the MP/Cu/Pt(111) samples.
It is known from studies performed on deposition of the
Cu monolayer on Pt(111) that the sulphate ions form a(

2 1
1 2

)
structure on the.1 ð 1/ copper layer partially

discharged.16 – 19 The mechanism of copper monolayer dis-
placement by the mercaptopyridines is not well known
(see Discussion). However, the presence of sulphate ions
on the electrode surface after copper displacement, which
is observed only for this kind of sample, could have its
origin in the SO4

2� adsorption on CuυC. Additionally,
in these samples the subspectrum corresponding to the
formation of dimers (¾164.2 eV) is also present in 2-
MP/Cu/Pt(111), contrary to the 2-MP/Pt(111) case. This
effect is probably due to the role played by the Cu
monolayer.

The interpretation of the S 2p data is consistent with the
results obtained at the N 1s core level (Fig. 2). The N 1s

Figure 2. X-ray photoelectron spectra showing the N 1s core
levels of: (a) 2-MP adsorbed on Pt(111); (b) one monolayer of
Cu on Pt(111) displaced by 2-MP; (c) 4-MP absorbed on Pt(111);
(d) one monolayer of Cu on Pt(111) displaced by 4-MP.

signalhastwo componentslocatedat¾400.8eV (dashed
lines) and 399.3 eV (dotted lines). A similar double
structurehasbeenobservedin previousworksonadsorbed
pyridine moleculesand other systems.24,25 According to
theseworks, the componentat higherbinding energy can
be assignedto nitrogen in the pyridine ring, with weak
or null N–Pt interaction,24 and the structure at lower
binding energy to N–Pt bonding.25 The possibility of
2-MP to form chelatestructures(S–Pt–N) can explain
the higher intensity of the peak at 399.3 eV in spectra
2(a) and 2(b) as comparedto spectra 2(c) and 2(d).
The presenceof this componentfor 4-MP, where the
nitrogen atom is in the ‘para’ position, indicatessome
interaction betweennitrogen and Pt, probably through
deviations of the adsorptiongeometry with respectto
normalgeometry.

The formation of a chelate structure should hinder
dimerization.A correlationbetweenthedimercomponent
in the S 2p spectra(164.2eV) and the N–Pt component
in the N 1s spectra(399.3 eV) is observed.In fact, the
N 1s spectracorrespondingto 2-MP/Ptshow the highest
intensityof theN–Ptcomponent[Fig. 2(a)]andthelowest
of the dimer component[Fig. 1(a)]. The presenceof the
Cu adlayer seemsto promote dimer formation and to
hinder N–Pt interaction, as is observedin Figs 1(b,d)
(dottedlines) and 2(b,d) (dashedlines). Copperadatoms
could favour the formation of strong S–Pt bonding in
a similar way to the Cu-promotedsulphidationof Pt,26

diminishing the interactionof nitrogenwith Pt.

DISCUSSION

Either 2-MP or 4-MP (in water)is adsorbedonto Pt(111)
at constantpotentialaccordingto the reaction

The oxidative adsorption processfor thiols has been
proved by open-circuit potential (OCP) measurements
as well as current–time transients,27 confirming a net
electron transfer from sulphur to the metal as part of
the monolayerformation process.However, the sulphur
behavesas an electron acceptorwhen it is bonded to
gold27 or platinum,28 due to the large differencebetween
the electronegativitiesof sulphurandgold or platinium.29

For thiols adsorbedon gold the OCP changesto less
negativevalues,after the initial stagesof adsorption,due
to a gradualretro-donationof the negativecharge that is
accumulatedon theelectrodetowardsthesulphuradatom.
For sulphuradsorbedon Pt(111) it hasbeendetermined
that the sulphur adatomshave a negativecharge as a
consequenceof a Pt 5d ! S 3p electrontransfer.28 As
the negativecharge on the sulphur becomeslarger, the
S 2p binding energy becomessmaller.30 The S 2p BE for
4-MP is smaller (162.7 eV) than for 2-MP (163.1 eV).
This result agreeswith a larger negativecharge on the
sulphur,adatomfor 4-MP thanfor 2-MP. In the lastcase,
the presenceof the nitrogenatom in the ‘ortho’ position
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with the possibility of bonding with the platinum surface
favour the withdrawal of the�-electron cloud from the
ring towards the nitrogen atom. This effect diminishes the
negative charge on the sulphur atom. Therefore, although
2-MP is adsorbed more strongly on Pt(111) (due to the
chelate formation) than 4-MP, the S–Pt bond is stronger in
4-MP than in 2-MP. The same results have been obtained
previously on polycrystalline platinum, indicating that
in this case the surface morphology has no influence.
In fact, in the S 2p spectrum only one peak has been
obtained for thiol–Pt interaction. Studies of aliphatic
thiols adsorbed on gold31 show two peaks in the S 2p
spectrum located at 163.6 and 163.3 eV, depending on
whether the sulphur atom adsorption is on step sites or on
terraces sites. In the case of sulphur adsorbed on Pt(111),28

the S 2p spectrum shows two peaks located at 162.31
and 161.37 eV for hollow and bridge sites, respectively.
Following this result, it could be possible that 2-MP could
be adsorbed on sites of higher interaction energy (two
platinum atoms) than 4-MP (one platinum atom).

The mechanism proposed to explain the displacement
of the Cu monolayer by both mercaptopyridine solutions
is not clear yet. The results obtained from the S 2p spec-
tra indicate that after such displacement the molecules
remaining on the surface are the mercaptopyridines, with
dimers promoted by the presence of copper and sulphate
ions. However, the displacement of the Cu monolayer
from the surface (although the Cu has a residual charge)
implies their oxidation and consequently mercaptopyri-
dine reduction, as is shown in the following reaction:

On the other hand, the surface free energy of Cu
.1.93 J m�2/ is lower than that of Pt .2.69 J m�2/32

and thereforethe mercaptopyridinescould be adsorbed
on the Cu monolayer. Nevertheless, the reduced
mercaptopyridinewill remain bondedto Pt becausethe
heat of formation of S–Cu is lower than that of the

S–Pt bond.33 Finally, it is possiblethat the presenceof
sulphateions on the surfacecould originatein part from
the oxidationof Pt–SH2, eitherin aqueoussolutionor by
oxygendiffusion throughthe waterdrop during transport
to the UHV chamber.22

CONCLUSIONS

We have performedan XPS study of the effects of the
adsorptionof 2-MPand4-MPonPt(111)with andwithout
the presenceof a Cu monolayerdepositedin the upd
regime. The results indicate that 4-MP displacesonly
partially the Cu adatomswhereas2-MP displacesthen
totally. To study the displacementmechanism,XPS S 2p
andN 1sspectrafor 2-MP and4-MP adsorbedon Pt(111)
with andwithout Cu monolayerweremeasured.TheS 2p
emissionexhibits a main structure that shows a small
binding energy shift between2-MP and 4-MP signals.
Thisdifferencein energy positioncouldbeassociatedwith
thedifferentelectronicenvironmentof bothmolecules.In
the caseof 2-MP adsorption,the formation of a surface
chelateof type S–Pt–N is favoureddueto the proximity
of the nitrogen atom with respectto the sulphur atom.
However,for the4-MP case,thenitrogenatomlocatedin
the‘para’ positiondoesnot interactwith thesulphuratom.
In that case,therefore,the chelatestructuredoesnot tend
to beformed.Thepresenceof a smalladditionalstructure
in the S 2p spectrumappearingin the case of 4-MP
adsorption(and absentfor 2-MP) is associatedwith the
possibility of dimer formation.Thesedimersarebounded
by the sulphur atom. This effect of bonding through
sulphuratomsin the caseof dimer formationis expected
to hinder the chelateformation in which the bonding is
via nitrogenandsulphuratoms.The resultsobservedfor
the N 1s spectraare in agreementwith this assertion.
The signal correspondingto N–Pt bonding exhibits the
highestintensity for 2-MP, which is expectedto favour
chelateformation. However,the lowest intensity of that
peakis shownby 4-MP,which promotesdimerformation.
The S 2p spectraexhibit the presenceof sulphateson
the surfacein the caseof the reducedmercaptopyridines,
originatingprobablyfrom partial oxidation.
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