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Abstract
The reflection anisotropy spectra of 2,2′-bipyridine and 4,4′-bipyridine
adsorbed onto an Au(110) surface in an electrochemical cell demonstrate that
both systems form ordered structures. It is shown that reflection anisotropy
spectroscopy can be used to distinguish between structural isomers adsorbed
on the Au(110) surface.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The adsorption of organic molecules onto electrode surfaces has been widely studied in recent
years [1, 2] and such modified electrodes are of importance technologically in the field of
metal plating additives, corrosion inhibitors, electrocatalysis, molecular electronics, chemical
and biosensor technology.

The development of in situ techniques such as scanning tunnelling microscopy (STM),
atomic force microscopy (AFM) and optical spectroscopies as well as x-ray techniques have
contributed to the rapid growth in the study of the electrochemical surfaces [3, 4], and when
applied to well defined single-crystal substrates these techniques can give detailed structural
information about film formation. It is now possible to obtain thermodynamic analysis of
adsorption at solid electrodes allowing Gibbs surface excess, adsorption energies and film
pressure to be determined and the presence of phase transitions within organic films to be
established.

Pyridine has a simple molecular structure (figure 1) and its adsorption on electrodes has
been extensively studied by a variety of methods including electrochemistry [5–11], surface-
enhanced Raman spectroscopy (SERS) [12–14], radioactive labelling [15], in situ Fourier
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Figure 1. Structures of pyridine, 2,2′-bipyridine and 4,4′-bipyridine. The molecules are shown in
the orientation they are expected to adopt on the Au(110). In the axis system shown z is normal to
the Au(110) surface and x and y are in the surface plane.

transform infra-red (FTIR) spectroscopy [16–19], electroreflectance [20–22] and STM [23–
25]. Studies of the adsorption of pyridine onto various gold crystallographic faces established
that it adopts only one orientation on the (110), (210) and (311) faces but that changes in
electrode potential induce reorientations of the molecule on the (111), (100) and polycrystalline
faces. These studies have probed the nature of the interaction between the adsorbed pyridine
and the metal and show that the molecule can interact through either the delocalized π orbitals
on the ring, which results in the molecule lying flat on the surface, or through the lone pair
of electrons localized on the N atom, which results in a vertical orientation. Recent infra-red
adsorption studies [26, 27] suggest that even when it adopts the flat orientation pyridine bonds
to the Au(111) surface through the N atom.

The advances made in the understanding of the adsorption of pyridine have led to similar
studies of the more complex bipyridine species such as 2,2′-bipyridine and 4,4′-bipyridine
(figure 1). 2,2′-bipyridine exists in a planar trans configuration in its crystalline form
and in solution but on complexation to metal ions it adopts the cis configuration shown
in figure 1. The adsorption of 2,2′-bipyridine onto various electrodes has been studied by
electrochemistry [28], SERS [29], second harmonic generation (SHG) spectroscopy [30], ac
impedance [30, 31], STM [31–33] and surface x-ray scattering [34, 35]. On an Au(111)
electrode at negative potentials the trans configuration is preferred with the 2, 2′-bipyridine
adopting a flat orientation, while at positive potentials the cis configuration is adopted with a
vertical orientation [36].

4,4′-bipyridine is a structural isomer of 2,2′-bipyridine and is considered as a bifunctional,
non-chelating molecule that is employed as a bridging ligand in coordination chemistry [37].
The adsorption of 4,4′-bipyridine onto solid electrodes was used to study the electron transfer
of cytochrome c [38, 39], which showed that the 4,4′-bipyridine bound ‘end on’ through one
nitrogen while the other nitrogen was pointing into the solution. Further studies showed
a potential induced reorientation at −0.1 V versus SCE [40] but very little change in the
mass in the electrochemical quartz crystal microbalance (EQCM) experiments [41, 42].
An STM/AFM study [43] showed the self-assembly of ‘polymer chains’ of perpendicular
4,4′-bipyridine molecules and another study [44] showed the presence of three phase transitions
on Au(111).

Reflectance anisotropy spectroscopy (RAS) is a non-destructive surface sensitive optical
probe capable of operation within a wide range of environments. The technique was originally
developed as a method of studying semiconductor surfaces [45], and as an in situ monitor
of semiconductor growth [46]. It has been applied to the study of metal surfaces [47],
to metal/liquid interfaces [48–50] and recently to the study of pyridine on Au(110) in an
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electrochemical environment [51] where it was shown to be a sensitive monitor of the time
dependence of the adsorption process.

In this work RAS has been applied to studies of the adsorption of 2,2′-bipyridine and 4,4′-
bipyridine molecules onto Au(110) electrodes. Improved experimental results are presented
for the pyridine/Au(110) system.

2. Experimental details

The Au(110) single crystal (purity 99.999%) was a disc with diameter 10 mm and a thickness
of 2 mm with an exposed area of 0.5 cm2. The crystal was orientated to an accuracy of 0.1◦
using x-ray diffraction, mechanically polished to 0.25 µm with diamond paste and cleaned in
an ultrasonic bath. A butane micro-torch was used to clean the crystal by flame annealing prior
to the experiments. The crystal was then cooled for a minute in air before quenching in ultra-
pure water (Millipore Q system, 18 M� cm) before being covered by a droplet of ultra-pure
water to prevent contamination from the laboratory air and transferred into the electrochemical
cell. This procedure preserves the (1 × 2) missing row reconstruction of Au(110) [52–54].

The electrochemical cell was a typical three-electrode cell with a platinum counter-
electrode and a saturated calomel electrode (SCE) as the reference electrode. A silica strain
free disc was used as the window in the cell for the light to pass through. All potentials quoted
are referenced to the SCE. The potentiostat used was an Autolab PGSTAT 30 with GPES
software (Eco Chemie).

All solutions were prepared from NaClO4 (Merck, Analar grade), pyridine (Merck, Aristar
grade), 2,2′-bipyridine (Merck, Analar grade) or 4,4′-bipyridine (Aldrich) with Millipore water
(18 M� cm). The solutions were made oxygen free by purging with argon prior to use.

Ultra-violet–visible (UV–vis) absorbance spectroscopy measurements were carried out
on a Hitachi model U-2000 double-beam spectrophotometer. The solutions from the
electrochemical experiments were run against a background of 0.1 M NaClO4 in far-UV
quartz cells.

The RAS instrument used in this work was of the Aspnes design [55] and operated in the
range 1.5–5.5 eV. The measured RA signal is given by

Re

{
�r

r

}
= Re

{
r[11̄0] − r[001]

r

}
.

Since the publication of our previous study of the pyridine/Au(110) system [51] minor
improvements have been made to the RA spectrometer for working in the ultra-violet (UV)
region of the spectrum by the introduction of mirrors with an enhanced response in the UV.
The pyridine experiments were repeated with a slight extension of the spectral range and the
results are shown in figure 2.

3. Results

In preliminary experiments we found that the strong adsorption of the molecules in solution
for photon energies above 3.9 eV prevented any information being obtained on the adsorbed
species in this spectral range at concentrations above 0.5 mM. However, by injecting a known
quantity of the molecules into the electrochemical cell after taking the RA spectrum of the
Au(110) electrode the RA spectrum of the adsorbed species can be obtained. The full curves
in figures 2–4 show the RA spectra of the Au(110) surface after flame annealing. The dotted
curve in figure 2 shows the RA spectrum obtained after 5 ml of 1 mM pyridine is added to the
cell. Experimental results obtained in the same way for 2,2′-bipyridine and 4,4′-bipyridine are
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Figure 2. RA spectrum of Au(110) in 0.1 M NaClO4 at 0.4 V versus SCE (solid curve) and Au(110)
in 0.1 M NaClO4 + 5 ml of 1 mM pyridine at 0.4 V versus SCE (�).
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Figure 3. RA spectrum of Au(110) in 0.1 M NaClO4 at 0.4 V versus SCE (solid curve) and Au(110)
in 0.1 M NaClO4 + 5 ml of 1 mM 2,2′-bipyridine at 0.4 V versus SCE (�).

shown in figures 3 and 4 respectively. In each case the Au(110) electrode was held at +0.4 V
versus SCE. In all three cases the adsorption of the molecule significantly changed the RA
spectra of the Au(110), indicating that the molecules form ordered structures on the Au(110)
electrode.

The experimental results obtained for the RA spectra of the Au(110) electrodes in the
experiments on the three pyridine species (figures 2–4) vary slightly. This variation is probably
due to slight differences in the azimuthal alignment of the crystal in the three experiments and
to differences in surface morphology following the flame annealing procedure. The sensitivity
of the RA spectra to the surface morphology of the Au(110) surface has been discussed in the
literature [48, 49, 56, 57] and we do not expect this sensitivity to have a major impact on the
results reported here.
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Figure 4. RA spectrum of Au(110) in 0.1 M NaClO4 at 0.4 V versus SCE (solid curve) and Au(110)
in 0.1 M NaClO4 + 5 ml of 1 mM 4,4′-bipyridine at 0.4 V versus SCE (�).

The 2,2′-bipyridine and 4,4′-bipyridine molecules are known to adsorb on
Au(111) [28, 30, 31, 33–36, 43, 44, 59] and Au(100) [32] surfaces and would therefore be
expected to adsorb onto the Au(110) electrode. Although these molecules are structural isomers
(figure 1), the variation in the location of the N atoms is expected to give rise to different binding
modes to the electrode surface. The 2,2′-bipyridine is expected to bind to the Au(110) surface
by the two nitrogens while the 4,4′-bipyridine is expected to bind through only one of the end
nitrogen atoms. These differences in the expected orientation of the molecules on the Au(110)
surface are illustrated in figure 1.

4. Discussion

It is more difficult to interpret the RAS results for the two bipyridine species adsorbed
at the Au(110)/electrolyte interface than it was for pyridine [51], since while there are a
number of studies, using a variety of techniques, of these molecules adsorbed on the Au(111)
surface [31, 33, 34, 43, 58, 59] and some information on adsorption on the Au(100) surface [32]
we have not found any previous studies of these molecules adsorbed on the Au(110) surface.
However, the observation of a non-zero RA spectrum demonstrates that both molecules adopt
an ordered structure at the Au(110)/electrolyte interface. The studies of adsorption on the
Au(111) surface show that there are major differences in the orientation of the two molecules
on this surface which are caused by the fact that 2,2′-bipyridine is able to bond to the surface
through both N atoms while 4,4′-bipyridine can only bond through a single N atom. It is likely
that the major differences in the RA spectra of the two molecules adsorbed on the Au(110)
electrode at the same potential arise from differences in the way these molecules are orientated
on the surface (figure 1).

The difference between the RAS of the Au(110) surface and the RAS of the
bipyridine/Au(110) systems shown in figures 3 and 4 should correspond to the RAS of the
adsorbed bipyridine plus any changes induced in the Au(110) surface by the adsorption.
These latter changes are expected to be small and they are clearly reversible since changing
the electrode potential in order to desorb the molecules gave rise to identical RA spectra of
Au(110) to those observed prior to adsorption.
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Figure 5. Comparison of RA spectra of 2,2′-bipyridine (�), 4,4′-bipyridine (solid curve) and
pyridine (•) all recorded at +0.4 V versus SCE. These results were obtained by the subtraction of
the RAS of the Au(110) from the RAS of the adsorbed species shown in figures 2–4.

In figure 5 we show the difference between the RA spectra of each adsorbed species and
RA spectra of the corresponding Au(110) electrode. In the absence of theoretical calculations
of the optical spectra of these molecules it is not possible to provide detailed interpretations
of the RAS obtained. However it is possible to make a few general observations based on
the expected symmetry of the adsorbed species (figure 1). The difference spectra for pyridine
and 4,4′-bipyridine have a roughly similar shape but very different intensity (figure 5). The
similarity in the shape of the spectra may be due to the fact that if 4,4′-bipyridine adsorbs
vertically through an N atom it adopts a very similar orientation on the surface to that of
pyridine (figure 1). The RAS of all three species is given by (rx − ry) and in the case of
pyridine and 4,4′-bipyridine this arises from the difference in intensity of the reflection arising
from transitions polarized at right angles to the molecular plane and from transitions polarized
in the in-plane y direction. Since the 4,4′-bipyridine will have contributions from two pyridine
rings this could explain the greater intensity of the RAS observed for this species over that of
pyridine (figure 5). The similar intensities of the RAS observed from 2,2′-bipyridine and from
4,4′-bipyridine are probably due to the fact that both molecules have two active pyridine rings.
The difference in the shape of the RAS observed from these two species is probably associated
with the fact that while the RAS of 2,2′-bipyridine will have contributions from transitions
polarized along the in-plane long axis of the molecule such transitions will not contribute to
the RAS of 4, 4′-bipyridine.

Figure 6 shows a comparison of our measurements of the UV adsorption spectra of the
bipyridine molecules in the 0.1 M NaClO4 solution used in the RAS experiments with the
corresponding RA spectrum from figure 5. One should not expect to see a close resemblance
between the adsorption spectra of these molecules in solution and the RA spectra of the
molecules adsorbed on the Au(110) surface since in the latter case the molecules adopt a
specific spatial orientation and the relative intensity of components of the spectrum will be
influenced by geometric factors. However, it is clear that for both species the first maxima
in the adsorption spectra of the free molecules in solution occur at ∼0.5 eV higher energy
than the peaks in the RA spectra. Experience of applying a Fresnel three-phase model to the
interpretation of the RAS of Au(110) [48] leads us to expect that such shifts together with
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Figure 6. A comparison of the UV adsorption spectrum of 2,2′-bipyridine (solid curve) and
4,4′-bipyridine ( ) with the RA spectrum of 2,2′-bipyridine (�) and 4,4′-bipyridine (− ∗ −).

significant broadening and spectral distortion are likely to arise from the interaction between
the molecular transitions and the optical response of the substrate.

5. Conclusion

The RAS results establish that all three molecules adopt an ordered arrangement when adsorbed
on the Au(110) surface. The intensity of the RAS observed from the bipyridine species is
greater than that observed from pyridine and this may arise from the presence of two pyridine
rings in these molecules. The difference in the shape of the RAS observed from the bipyridine
species probably arises from the difference in the orientation of the two species on the Au(110)
surface and shows that the technique can distinguish between adsorbed structural isomers.
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