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ABSTRACT

A spectroelectrochemical technique based on the Fourier Transform
Infrared Reflection Absorption Spectroscopic (FTIR-RAS) method is
described, whereby high resolution in situ vibrational spectra of
electrogenerated reaction intermediates (including radicals) and species
adsorbed on electrode surfaces are obtained. Theoretical and
experimental aspects of the method in a single reflection mode are
discussed. Details of the cell design and the optimization of the
operational parameters for running the FT-IR spectrometer in the RAS
mode are also described. Apart from the potential of this technigque to
identify adsorbed species through their vibrational spectra, it can also
be used to determine the orientation of the adsorbed species on the

electrode surface by making use of surface selection rules. Using this
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technique, it has been possible to record the spectra of molecules

adsorbed from aqueous and non aqueous media on metal and carbon electrodes.

It bhas been possible to distipnguish the vibrational spectra of adsorbed
molecules from those in the bulk. Various systems covering a wide range
of molecules have been studied and the potential of the technique as a
method for the characterization of the electrode-electrolyte interface

has been demonstrated.

INTRODUCTION

The determination of electrochemical reaction pathways essentially
involves the detection, identification and kipetic monitoring of
intermediates and/or products generated either at the electrode surface
or in the adjacent solution. In particular the formation of molecular
ions like anion and cation radicals as short-~lived intermediate species,
distinguishes a great many chemical reaction. While voltametric
measurements can provide information concerning surface coverage and
reaction rates, these methods are limited to the extent that the
electrical quantity measured (potential, current or charge) corresponds
to the cumulative action of the individual step (1). It is essential
therefore to have complementary in situ physicochemical methods that can
provide further detailed information concerning the chemical identity
and kinetic behavior of adsorbed species, their interaction with the
substrate surface and the structure and coamstitution of the electrical
double layer. Modern physical methods of surface characterization such
as Low Energy Electron Diffraction, Field Electron and Ion Emission
Microscopy, X-ray Photoelectron and Auger Electron Spectroscopy have
enabled the details of molecular processes on solid surfaces to be
studied with micrescopic resolution. Such methods however, are not
applicable to studies of the surface of a metal or semiconductor

electrode immersed in a liquid electrolyte.
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For the in situ characterization of an electrode surface, optical
spectroscopy is one of the most versatile physicochemical methods.
Electron absorption spectroscopy for instance, has been widely used

owing to the high sensitivity and large extinction coefficients and

since it can be coupled to electrochemistry im both transmissicn and
reflection modes. However, the utility of this technique, for the
purpose of identification, is limited by the low information content of

UV-Visible spectra.

Several attempts have been made to couple vibrational spectroscopy with
electrochemistry. The motivation for this is the greater degree of
molecular specificity and sensitivity to subtle envirommental factors
inherent in vibrational spectroscopy. However, the use of Raman
spectroscopy is mainly restricted to species which show resonance or
surface enhancement, owing to the lack of sufficient sensitivity in
normal Raman scattering. Moreover, the limited choice and availability
of exciting laser lines, imposes a further restriction on the use of
Raman spectroscopy. In addition, for a molecule of low symmetry, the IR
absorption will, in general be more detailed and will provide more
information oan the molecular vibrational modes than the corresponding

resonance Raman spectrum (2).

It is not suprising therefore, that in recent years, iafrared
spectroscopy has been increasingly used for the study of electrochemical

processes (3,4,5).

The purpose of this paper is to provide s background of the theory and
technique required for the use of infrared specular reflection
spectroscopy, in a single reflection mode, using an FT-IR spectrometer
and to demonstrate the utility of this techaique for the characterization
of electrogenerated species at the electrode surface and/or in the

solution.
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SPECULAR REFLECTION OF ELECTROMAGNETIC RADIATIGON

The specular reflectivity of a substrate depends on its optical

constants (n,k), angle of incidence (), polarization of iacident
radiation and the conductivity of the substrate (0). The reflectivity of
an interface is given by the expression

E_z

E+

2
Ryz = "12[

where r is the Fresnel reflection coefficient and is expressed as the
ratio of the incident and reflected waves in the tramsparent first
phase. The reflectivity of a three phase system (fig. 1A) is given by
Rizs = fri231? and by analogy the Fresnel reflection coefficient for a

three phase system is definmed as

+ -2ig
r rye
Ty23 = 12 23

1 + ryrye e

where a complex quantity representing the change in phase and amplitude
of the beam during one traversal of the film phase of thickness d is

given by
_ 27, dCos®;,
A

B

Since the reflectivity of a film free two phase system, R;3, is identical
to that of a three phase system with d=0, R;; and R;y,; can be written as
R(0) and R{(d). Spectroscopic measurement of the absolute reflectivity

is very difficult when the reflecting substrate surface is enclosed in

an experimental cell. However, it is possible to make accurate
measursments of the ratio R{d} / R(0) since various optical system errors
occur as common factors and cancel. In most cases the thickness of the
adsorbed layer (d) is very much smaller compared to the wave length of

incident radiation. Hence, it is possible to a make a first order approxi-
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mation feor the reflecivity ratio (6) and from the linear approximation

thecry, the reflectivity

ratio for the two polarizatioas,

to the incident plane) and "p" (parallel to the incident plane) can be

expressed as

Rs {d) _ 1+ 87dn, Cos B,

A .
im 3£2C0520; — 1,6,C0826,

Rs (0}

Rp(d) _ 1+ 8-dn,Cos O,

A ua€1C0s20, — 4 E;C0s20),

im £263C08%0; — 137, Cos?0,

Rp (0)

A 163C0820; — pz6,C0820,

's'" (perpendicular

where 8;, 6;, and 83 are the angles as defined in figure 1A.

n; is the refractive index of the first phase.

pjis the maguetic permeability of the media.

Ej and cjare the complex and real dielectric constants of the system.
The linear approximation theory is valid for both internal aad specular

refiection modes and for all angles of incidence.

Actually, the reflection ratio calculated this way is not the primary
quantity desired. What is really needed is a measure of the depth of
an absorption band in the thin layer so that it is possible to compare
the value cf the reflectivity of the thin absorbing layer om a metal
surface with the reflectivity of the same with no absorption in the thin
layer. A convenient measure of the depth of an absorption band obtaimed
from a reflection system is a normalized reflectivity change and is

known as the absorption factor "A" (7) (fig. 1B).

A- 2R _RO—R() _,_ R
A R(0) R(0)

At low frequency (infrared and microwave) the conductivity of a good
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conductor approaches its dc value (8)( =1017 sec™! for metals with
K>10). Hence, the reflectivity of a metal in the infrared region is

very close to unity since

A metal with high conductivity camnot support an electric field. Since
the component of E that lies parallel to the surface must be the same on
either side of the surface and also because the E field inside a perfect
conductor must be zero, the tangential component of the E field outside
the surface of a perfect conductor must also be zero. This is equivalent
to saying that the E field is always perpendicular to the surface of a
perfect conductor (k>10). Therefore, in addition to the infrared
selection rule, the metal surface imposes the restriction that only those
vibrations which have a component of their oscillating dipole moment
normal to the metal surface are active in the IR (9,10). Pearce and
Sheppard (11) have named this the metal surface selection rule. This
sensitivity towards orientation is a very valuable feature of IR
specular reflection spectroscopy. Thus the sensitivity for
spectroscopic determination of a surface film on a highly reflecting
metal surface is virtually nil at normal incidence and at all angles of
incidence if the radiation is perpendicularly polarized (s). Vector
addition of incident and reflected vectors at the surface of a metal
gives rise to a standing wave and the amplitude of the standing wave for
the s and p, components exhibit a node at the surface. For instance, in
the 2000cm™! (Sp) spectral range, the distance between the node aand
adjacent antinode of the standing wave is 125008(7) which is much more
than 2000 times the thickness of a 58 layer of adsorbed material. Only
the P, component has an antinode at the surface and the amplitude of the

standing wave increases with angle of incidence, reaches a maximum value
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of about 4 times that of the incident radiation around 80° and rapidly
decreases to zero at 08=90° {fig. 1C). In the case of a carbon surface
however, calculations (12) show that both p and s components at the surface
are non zero (fig.1C). The maximum standing wave intensity for the s
component is observed at normal incidence and is only 0.2 times the
incident radiation. The maximum for the p, compoment occurs at 59° and

is 1.2 times the incident radiation. Hence, the ideal situation for
spectroscopic determination of thin films would be to use the appropriate

high angle of incidence and p~polarized radiation.

Fourier Transform Infrared (FT-IR) Spectrometer

The instrument used in the preseat studies is the Nicolet 7199 FT-IR
spectrometer and its optical layout is shown in fig.2. The heart of the
instrument is a Michelson interfercmeter which consists of a beam
splitter (BS1) and a fixed (H4) and moveable mirror. Radiation from a
continuum source (S1), focussed on an aperture (Al) and collimated by an
off-axis spherical mirror (M2), enters the interferometer. The
beamsplitter (BS1) reflects about half of the beam to the fixed mirror
and transmits the other half to the moveable mirror. These two split
beams are then reflectad back to the beam splitter and the combined beam
is then split again with about half goiag back to the source and the
other half passing through the sample compartment to the detector (D2).
When the distance from the beam splitter to the fixed and moveable
mirrors are egual, that is, the optical retardation (x) between the two
arms of the interferometer is zero, constructive interference occurs and
the beam leaving the beam splitter has maximum intensity. When the
optical retardation is not zero, the beams from the two arms of the
interferometer interact destructively depending on the phase change for

each wavelength. Since all wavelengths enter the interferometer, the
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interferogram consists of polychromatic radiation and for an ideal

Yichelson interferometer the mathematical expression for the intensity

(I) at each displacement (x), is given by

+Q0

) = o[ 21(v) R(v) T(v) {1+ Cos (2m/x)} dv

E.F.L.

E.F.L.
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where v is the wavenumber of radiation in nitrogen (in the case of the
Nicolet 7199 ijnstrument), I{v) is the intensity of radiation for
wavenumber v and R(v) and T(v) are the reflectance and transmittance of
the beam splitter at wavenumber v. For a 100% efficient beam splitter

R(») = T(v) = 0.5, so that

+00
x) = ‘/’o/ I(v) {1+ Cos (2m/x)} dv

The AC ccmponent of the interferogram is called the interferogram

function F(x) and is the quantity measured by the instrument.
+Q0
F(x) =1(x)-1) = f A(v) Cos (2mvx) dv
where A(V) =21(¢) R(¥) T(v) = I(<)

since at x = @ the Cos(2nvx) term averages to zero

A single beam spectrum is obtained from the interferogram by performing
a Fourier transformation on F(x) to give

+Q0
A(v) _=mj F(x) Cos (2mvx) dx

and since F(x) is an even function, symmetric about x = 0, we have

+Co
A(v) =2 [ F(x) Cos (2mvx) dx
o

Thus a transmittance spectrum is obtained by ratioing the sample

spectrun to the instrument background.

In practice, the interferogram camnot be measured to a retardatjon of

0 to @ and the effect of using s finite retardation causes the spectrum
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to have a finite resolution. This effect and others are described in

detail by Griffiths (13).

Although there are several advantages (13) of using a FT-IR spectrometer
over a gratipg instrument, the main advantages can be summarized as

follows:

1). The Fellget or multiplex advantage arises from the fact that the
FT-IR spectrometer examines the entire spectrum at the same time
whereas the grating instrument measures only one spectral element
at a time. Since the §/N ratio improves as the square root of
observation time of each resolution element, the FT-IR system
improves the S/N ratio by a factor of (S/Ao)a where S is a

spectral region between v; and v, with resolution Av.

2). Jacquinot's or throughput advantage results from the loss of energy
in the dispersive system due to the gratings and slits. These
losses do not occur with an FT-IR instrument which does not

contain these elements.

3). The Conne or frequency advantage comes from the fact that the
frequencies of an FT-IR instrument are internally calibrated by a
laser whereas conventional instruments exhibit drifts when changes
in alignment occur. This advantage is particularly useful for the
co-addition of interferograms to signal average since the frequency

accuracy is an absolute requirement in this case.

The throughput advantage is very important for the in situ characterization
of electrochemical reactions, since almost all solvents have high

absorption in the infrared and a large portion of the energy is lost in
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the process. Also, the multiplex advantage permits the recording of the
complete spectrum of species in a short time which is particularly useful
for detecting and monitoring the presence of short-lived intermediates

during electrochemical reactionms.

Specular Reflectance Assembly

The reflection attachment used was a modified version of the apparatus
described by Harrick (14) (fig. 3A). The converging beam from the
interfercmeter was reflected by a plane mirror M1 to the plane mirror M2
of a retroreflector placed such that any desired angle of incidence
coinld be obtained at the cell window. The cell window and the electrode
formed the second reflecting element of the retroreflector. The two
reflectors were placed at an angle of 97.5° with respect to each other
in order to accommodate the beam focus of the Nicolet FT-IR cavity.
After transmission through the window, the beam was reflected by the
electrode, followed by another spherical mirror M3 and directed to the
focussing optics of the detector through a plane mirror M4.

As described earliier (fig. 1C), onlv p-polarized radiation is capable of
interacting with surface dipoles. Hence, for surface work with metal
electrodes, the Brewster angle was chosen at the window. This was
because, at the Brewster angle the reflected light is linearly polarized
with the electric vector perpendicular to the incident plane
(s-polarized) and 100% of the p-polarized radiation is transmitted at

the first interface.(13)

The infrared radiation was filtered by a silicon Brewster angle polarizer
(Harrick Scientific) mounted before the detector so that only p-polarized
radiation reached the detector and the s-polarized component, which does

not contain much information and would decrease the dynamic range of the A
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to D converter, was eliminated. For the characterization of bulk species,
any angle of incidence at the window can be used since the randomly

oriented species in solution will interact with both polarizations.

The entire reflectance accessary was mounted on a x-y-2z positioner and

the cell was fixed in place with the help of a separate x-y-z positioner.

Cell Design

For spectroscopic studies of species in strongly absorbing solvents,
particularly water, the main requirement in the design of the cell is a
small path length for the beam. This is to ensure that sufficient IR
energy is left after passing twice through the solution layer (fig.3B)
enabling thereby the detection of a very small change in absorbance due
to the electroactive species in the presence of a large excess of

solvent molecules.

The desige of a three electrode spectroelectrochemical cell is shown in
fig. 4. The working electrode consists of a lcm diameter flat disc of
the desired electrode material, sealed at the end of a stainless steel
rod. The whole rod is press fitted in a teflon tube so that omly the
front surface is in contact with the solution. The electrodes prepared
this way are very stable both mechanically and chemically in contrast

to electrodes prepared using epoxy adhesives because of the possibility
of the epoxy dissolving in the solvent and contaminating the test solution.
The electrode surface was polished with 0.05y Y alumina and was cleaned
ultrasonically. A Luggin capillary probe for the reference electrode

was placed close to the working electrode. A platinum ring co-axial with
the working electrode served as a counter electrode. The total cell

volume was about M ml. The optical window was mounted at the end of the
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4) Variable pathlength spectroelectrochemical cell.

cell in such a way that the electrode surface and the window, when brought
close, were in perfect contact with each other, thus maintaining a uniform

solution thickness across the entire electrode surface.

The choice of window material basically depends on the frequency range
of interest and the type of solvent used. As discussed earlier, the
sensitivity of the method increases with a high angle of incidence (fig.
1B). Since the Brewster angle and hence the angle of incidence at the
electrode increases with the refractive index, it is essential to choose
a window material with the highest refractive index. Considering all
the parameters, ZnSe (70% transmission, n = 2.5) is a good choice for

the mid IR.
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The cell desigred as described works as a variablie path length cell.
For surface work the electrode surface was kept very close to the window
so that a very thin layer (ca. lp) coanfiguration existed at the electrode
surface and the contribution of the solution species in the observed

spectra was minimized.

For investigating the solution species, the electrode surface was moved
back with an attached micrometer screw so that a larger volume of the
solution could be sampled. The solution thickness could be precisely
controlled with the micrometer screw or could be determined spectro-
scopically using the following expression (in the absence of any
electric field)

4
a  =_10%A co {Sin-‘n1/n35in¢>}
2¢C

where d is the solution thickness in microns, A is the integrated
absorbance of a particular infrared band, € is the molar extinction
coefficient, C is the molar concentration and ¢ is the angle of
incidence (fig. 1D). For a pure solvent &c can be replaced by K, the

extinction coefficient.

The cell described herein acts as a multi-layer system. However, siace
the first two phases are always the same and the optical properties
constant, in the simplest approximation, the electrode-electrolyte
interfacial region can be described as a three phase stratified system
with plane parallel boundaries formed when a homogeneous, isotropic thin
film of uniform thickness is generatsd on the electrode surface. It can
thus be represented by Fig. 1A, and the reflection theory described

earlier can be applied.
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In the present system about 49% of the incident s-polarized radiation
was lost at the ZnSe surface due to reflection and 100% of the
p-polarized and the remaining 51% of the s-polarized radiation were
transmitted at the Brewster angle. The angle at the electrode surface
was about 45°. Under this condition the standing wave amplitudes for
platinum and carbon would respectively be 2+0 and 1+1 times the incident

radiation.

Data Collection and Calculation of AR/R

Potential step input waveforms were provided by a Model 173 potentiostat

and Model 175 function generator (both PARC). Synchronization between

the application of the potential step and the beginning of the data
collection was controlled by a Hewlett-Packard 9816 computer, although

it can also be controlled with the help of an external trigger available

in the Nicolet 7199 FTIR spectrometer. There are two basic timing sequences
that can be used depending upon whether the electrode solution interface is
reversible or irreversible with respect to the modulating electrode potential.
In the case of a reversible system, four co-added interferograms were
collected after the steady state condition had been reached at each of the
two set potential limits (Eref. and Esam.) and stored separately (fig. 5).
The cycle was repeated "n" times until two sets of "4n' co-added interfero-
grams of the required S/N was obtained (typically n equals 20 and 25 in
non-agueous aad aqueous media respectively). In the case of solution
species such as radical ion intermediates, a time interval was introduced
between each cycle. Typically the electrode was pulsed for 4 seconds at
and & interferograms collected. Then with the poteatial at

Esample

E an interval of 10 seconds (or as required) was allowed before
reference

the 4 interferograms were collected so as to exclude the interference due

to the presence of radicals (if any).
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5) Synchronization of the potential step and the beginning of data

collection.

S and R represent a single scan at sample (B) and

reference (A) potentials.

For an irreversible system, instead of pulsinz, the potential of the

electrode was held at particular reference and sample potentials and

about 100 co-added interferograms were collected at each potential.

Interferograms were Fourier transformed to give single beam spectra.

The change in infrared absorption as a function of potential is

represented by the absorption factor (as discussed earlier)

In the present case

A

wvhere Rref.

potentials.

and R
sam

R(o) - R(d)
R(o)

R(ref.) - R(sam.)
R(ref.)

are the reflectivities at reference and sample
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In terms of electric field strength

| Eret!®-| Esam !
IEreflz

where Etef and Esam (fig. 1A) represents the electric field

strength of the reflected radiation at reference and sample potentials.

Since I (intensity) is proportional to the mean square electric field

strength, the abosrption factor can be represented as

Iref, - Isam.

Iret.
AR Al

R |

a quantity which can be very easily computed in an FTIR iastrument by
digital substraction of two individual single beam spectra and ratioing

them to the reference spectrum

The final spectrum obtained this way is a normalized difference spectrum
and only represents the changes between the two states. In the present
case therefore all peaks extending to positive values of AR/R will
signify increased absorption at that wave length at sample potential

relative to the reference potential and vice versa.

If there is mo change in the infrared spectrum due to change in
potential, the difference spectrum will be a straight line at zero value

of AR/R.

The possible origin of various features which may arise from spectral

substraction are presented in fig. 6.
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Materials and Reagents

Acetonitrile (Burdick and Jackson Lab, HPLC grade) was dried over

alumina before use. For studies in aqueous media, triple distilled
deionized water was used. Tetra-n-butylammonium tetraflucroborate

(TBAF) (Southwestern Analytical Chemical, Inc.) was used as a supporting
electrolyte in acetonitrile solutions. Benzophenone, N,N,N”,N’-tetra-
methyl p-phenylene diamine (TMPD) and N,N,N",N’-tetramethyl benzidine

(TMBD) were obtained from Aldrich Chemical Company and were used without
further purification. Various substituted anilines were synthesized (16,17).
Tetracyanoethylene (TCNE)} (Aldrich Chemical Co.) was vacuum sublimed to

give white crystals, m.p. 201-2°C.

All potentials in non-aqueous and aqueous sclutions were measured

against Ag/AgNOs; (IBM) and SCE (IBM) reference electrodes respectively.

A glassy carbon disc (1 cm diameter) (Tokai Carbon Co. Ltd., Japan) was

used as the carbon electrode.

APPLICATION OF THE TECHNIQUE

Various electrochemical systems covering a wide range of molecules have
been studied in aqueous and acetonitrile media using platinum and carbon

electrodes.

Studies on Platinum Electrode

1. TFerrocyanide/ferricyanide system from aguecus media

The redox couple Fe(CN)33/Fe(CN)3* is probably one of the most
extensively studied systems in homogeneous and heterogeneous electron
transfer investigations. However, little is still known about the
interaction between ferro or ferricyanide with the working electrode

although recent data (3,18,19) indicate that these interactions may lead
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to adsorption. In the present work therefore, the system has been
spectroscopically investigated in aqueous sulfate solutionm. All studies

were done with 10mM K Fe(CN)g in 0.5M aqueous K,SO4 solution.

The difference spectra, as a function of anodic potential, obtained
using the pulse (potential modulalen) technique, is shown in Figure 7.
The reference potential in each case was -0.2V and each spectrum is an
average of 100 scans. The band at 2040 cm™! (directed upward) is due to
the depletion of ferrocyanide at positive potentials, whereas the band
at 2114 cm™! (directed downward) represents the formation of
ferricyanide. The 2040 cm™! and 2114 cm™! bands are due to the Flu

mode of the C=N stretching vibration of ferro and ferricyanide molecules
respectively. The intensity of both these bands was found to decrease
with increasing anodic limits and with increasing number of scans at a
particular potential limit (20). These observations are indicative of
electrochemical irreversibility in the svstem. This is further evident
from the single beam spectra (fig. 8). Imitially at the reference
potential (fig. 8A) only one band at 2040 cm™! corresponding to the QCEN
of ferrocyanide is observed. At positive potential however (fig. 8B)
two bands at 2098 cm™! and 2114 cm™! are observed, out of which, as
indicated earlier, the band at 2114 cm™! corresponds to the N of
ferricyanide. On reversal of the potential to =-0.2V (fig. 8C) the

tand at 2114 cm™! disappears whereas the one at 2040 cm™! reappears with
substantially reduced intensity. This indicates that the concentration
of ferrocyanide species and hence also of the ferricyanide species,
decreases with successive pulses. The 2098 cm™! band on the other hand
remains unchanged and was found to be present even after flushing the
thin layer with fresh solution. This band is obviously due to some
irreversible reaction and has been accordingly assigned to the 9CEN of

species adsorbed on the surface of the platinum electrode. Although the
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7) Normalized differesnce spectra of aqueous ferrocyanide solution as a

function of anodic potential.

presence of adsorbed spcies is indicated by the single beam spectra, the
difference spectra obtained by the potential modulation technique gives
no evidence of adsorption. It is apparent therefore that this technique

is limited to reversible systems oaly.
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8) Potential dependence of the sinzle beam spectra of aqueous

ferrocvanide solution.

To overcome this limitation a differeat method of data collection was
used in which 100 scans were taken at the reference and each of the
sample potentials. The normalized difference spectra (fig. 9) obtained
this way clearly reveal the presence of the band at 2098 cm™!. The
intensity of the band increases with increasing positive potential
whereas the intensities of the 2040 ca™! and 2114 cm™! bands reach a

maximum at +0.3V and then decrease. The adsorbed species were found ta



Downl oaded At: 04:09 30 January 2011

A R/R

0-08

2200 2150 2100 2050 2000 1950 1900
WAVENUMBERS

9) Normalized difference spectra of aqueocus ferrocyanide solution as a

functiorn of anodic potential.



04: 09 30 January 2011

Downl oaded At:

1018 DATTA AND DATTA

be stable even after removing the electrode from the solution as evident
from the fact that the ex-situ infrared reflection spectrum shows the
same band. Consequently, the adsorbed species was characterized by
ex-situ x-ray photoelectron spectroscopy and far IR studies (20). It
was found from the binding energies of iron and nitrogen and from the
iron to nitrogen ratio that the adsorbed species is prussian blue. The
presence of two photoelectron peaks for nitrogen and their ratio
suggests that the adsorbed species are bound to the platinum surface
through nitrogen. This explains the positive shift of the 'QCEN
stretching frequeacy upon adsorption ( iCEN for prussian blue is 2087
em™1). It is suggested therefore that the ferrocyanide initially
adsorbs on the electrode and at high positive potential acts as a

precursor for the formation of prussian blue.

2. Benzophenone anion radical from acetonitrile solution

The infrared difference spectrum of a 5mM solution of benzophenone in
acetouitrile, in the interfacial region, is shown in figure 10A. The
cyclic voltammogram of the solution showed that benzophenone can be
reduced to its anion radical (which is blue in color) at -2.5V and hence

the electrode potential was stepped from -1.0V to -2.8V.

As stated earlier, peaks going upwards represent the vibrational
frequencies of benzophenoune whereas those pointing downward correspond
to the vibrational frequencies of species formed at ~2.8V. The
extinction coefficient of both the reactant and product are comparable
in this case. The vibrational frequencies of the anion radical have
previously been assigned (21) and are in good agreement with observed
frequencies. Also, ESR studies show that the odd electrom deasity is
primarily localized on the carbonyl group and comsequently f>C=O

decreases by ca. 270 cm™! on going from the neutral ketome to its anion
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radical (21). Frequencies of the other modes, however, decrease by about
30 em™l. The broad band at 1060 cm™! is due to the BF; species and the
disappearance of the band at -2.8V is a good indication that the

solution layer is very thin and that one is actually locking at the
interfacial region. The band at 1660 cm™! has been assigned to the

§c=o of benzophenone and the '9C=O of the radical, expected around

1396 cm™!, is seen as a band of medium intensity. The bands at 2116 cm™!
and 1519 cm™! have not been reported previously and have also not been
observed in the case of the benzophenone anion radical generated in THF
(21). A comparison of figures 10A and 11 shows that these bands at

2116 cm™! and 1519 cm™! are seen only in the interfacial region and
disappear upon increasing the solution thickness to more than 1p (fig. 11).
The position of the 2116 cm™! band indicates that it is due to a nitrile
stretching vibration, and since no such band is expected for either
benzophenone or its amion radical, it would appear that this band

results from the interaction of the radical with the solvent.

The electro reduction of carbonyl compounds, PhCOR (R=Me, Ph, H), in
acetonitrile is known to give significant amounts of o-f unsaturated
nitriles due to the reaction of the electrogenerated cyanomethyl anion
(-CHLCN) with the carbonyl compound (22, 23). The 2116 cm™! and 1519 cm™!
bands have therefore been assigned to the QCEN and 9C=C of the o-f
unsaturated nitrile ((Ph),C=CHCN). It is likely that this non
electrochemical step in the reaction takes place more effectively near
the electrode surface than in the bulk owing to the higher concentration
of base in the vicinity of the electrode. This probably explains the
presence of the 2116 cm™! and 1519 cm™! bands in the interfacial

region., Whether these species are adsorbed on the electrode is being

investigated (24).
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Substituted anilines from acetenitrile media

In the present work, the oxidation of 2,6-di~tert-butyl-4-R anilines

(R=Phenyl, p-methylphenyl, p-methoxvphenyl and p-ethoxyphenvl) in
acetonitrile solution has been spectroscopically investigated.

cases SmM solution of anilines were used.

In all

The first oxidation wave (ca.

0.6V) of these anilizes have been electrochemically investigated (16)

00
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and is known to be a reversible ome electron transfer process leading
to the formation of the cation radical. Due to the short lifetime of
the radicals the potential modulation technique was used for data
collection. Figure 12A represeants the typical difference spectrum
obtained between 0.0V and 0.8V through a 1y solution. The transmission
spectrum of the parent compound (fig. 12B) in solution shows that the

1 and

svmmetric and asymmetric N-H stretching frequeancies occur at 3440 cm”
3520 cm™!. The corresponding N-H frequencies for the radicals occur at
much lower wave numbers (fig. 13) with the extent of lowering increasing
with decreasing electronegativity of R. This decrease in the N-H

stretching frequency indicates that an electron from the lone pair of

nitrogen is removed during radical formation. This is also evideat from

the larger dowashift of the symmetric N~H stretch compared to the asymmetric

stretch of the radicals since the lone pair on nitrogen is involved in

the symmetric stretching mode (25).

In addition to the shift in the N-H stretching frequency, the ~)C=C of
the aromatic ring system of the radicals were, in general, found to
shift towards higher frequency by about 50 cm™! (fig. 14). This
suggests that the odd electron is not localized on nitrogen but is alsc
delocalized over the ring system and the increase in the “9C=C vibration
is due to the quinoid structure of the ring. An interesting feature
observed in the 1600 cm™! region for all the compounds in the inter-
facial region, was the presence of two bands around 1640 and 1580 cm™%.
The band at 1640 cm™! has been assigned to the 9C=C vibration of the
radical in solution (26). The 1580 cm™! band on the other hand was not
observed when the solution thickness was increased and may therefore be
due to the effect of the electric field on the molecules very close to

the surface. The origin of the band is under investigatiom (27).
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4., TMPD and TMBD in acetonitrile media

Figures 15 and 16 represent the difference spectra of TMPD and TMBD from
acetonitrile solution obtained by the potential modulation technique. Cne
electron oxidation of TMPD (0.05V) and TMBD (0.34V) leads to the

formation of the radical cationms and their vibrational frequencies are in
good agreement with literature values (2). Owing to the intense visible
color of the TMPD radical cation, it has been studied by resonance Raman
spectroelectrochemistry but no such studies using in situ FTIR spectroscopy

have so far been reported.

Studies on Carbon Electrode

All in situ IR and FTIR studies reported in the literature so far have
been done with optically nonabsorbing electrodes made of shiny metals.
However, since shiny metals are rarely used as commercial electrodes,
the sensitivity of the present technique towards industrial conditions,
has been investigated using a glassy carbon electrode (a typical indus-

trial electrode).

1. Adsorption of phosphate ion from aqueous solution

In the present case adsorption of phosphate was studied from aqueous

buffer of pH=8.0. Figure 17 (A and B) represent the single beam IR spectra
of phosphate solution at potentials of +1.0V and -1.0V and figure 17C
represents their normalized difference spectrum. At positive potential,
the spectrum shows two bands around 1000 cm™! and 1080 cm™!, whereas only
one band around 1000 cm™! is observed at negative potential. Free
phosphate ion which belongs to the point group Td, has two IR active
fundamentals of F; symmetry (vs and v,) (28, 29). The band at 1000 cm™!
corresponds to the vz vibration of the P-0 asymmetric stretch of free
phosphate ion in solution. The V4 vibration expected around 500 cm %

was not observed due to the high absorption of water in that region.
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The band at 1080 cm™!, whose intensity was found to increase with anodic
potential (29), has on the otherhand, been assigned to the vj; vibration
of adsorbed phosphate. The shift of the vz band to higher frequency, at
positivie potential, without any measurable splitting of the band, seems
to indicate that the tetrahedral symmetry of phosphate is essentially

retained and the adsorbed molecule has a3 dipole component perpendicular

to the electrode surface.

2. TCNE anion radical from acetonitrile solution

The presence of oxygen functional groups on carbon has long been
postulated and it is believed that these groups strongly affect the
adsorption behaviour on carbon. In order to investigate the presence
and influence of such groups, the adsorption behaviour of the highly
reactive tetracyancethvlene (TCNE) anion radical on carbon, has been
investigated. Such studies on a platinum electrode have been reported

earlier (4).

The cyclic voltammogram of TCNE solution in acetonitrile shows two
reduction waves at -0.05V and -1.3V corresponding to the formation of
the anion and the dianion respectively (30). Figure 18 represents the
typical difference spectrum of a 2 m¥ solution of TCNE in acetonitrile
containing 0.1M TBA, between +0.5V and -0.5V. The intense upward

directing peak at 1060 cm™!

corresponds to the increase in the
concentration of BF; species in the interfacial region at positive
potential. The bands at 2150 cm™! and 2190 cm™! have been assigned to
the 'QCEN of the anjon radical in solution (4). The extinction coeffi-
cient of aCEN of TCNE (2220 cm™!) is much less than that of the radical
and is hence not observed in the spectrum. Figure 19 represents the C=N

stretching region of the spectra obtained between the reference potential

(+0.5V) and various sample potentials. At lower sample potentials (-0.4
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18) Normalized difference spectrum of TCNE in acetonitrile solution

between +0.5V and -0.5V.

and -0.7V) only two bands are observed at 2150 and 2190 cm™! correspoading

to the anion radical in solution.

At more negative potential (-1.0V)

however, bands due to the anion radical disappear and new bands appear at

2198, 2165 and 2125 cm™! along with a weak band at 2075 cm™!. The 2125

cm~1

and 2165 cm~! bands have been assigned to the TDCEN of the dianion (31).

However, extending the sample potential just past the second reduction

wave results in an additional band at 1680 cm™! and a much more intense

band at 2075 cm™! (fig. 20A4). It is evident from figure 20A and 20B that
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the 1680 cm™!, 2075 cm™* and 2198 cm™! bands are only observed in the

interfac:ial region siance their intensities decrease as the solution

thickness increases and are hence assigned to surface species. Similar

expas

riments carried out on a platinum elactrode however showed only one

surface band at 2075 cm™! (30). It appears therefore that im the case

of carbon, there are more than one kind of surface species. The 2075 cm™!
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band has been assignad to the adsorbed dianion since the lowest unoccupied
orbital of the TCNE molecule is antibonding with respect to carbon and
nitrogen and ;kEN is therefore expected to decrease on adsorption through

the transfer of an electron from the electrode to the radical (32). The
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origin of the bands at 2198 cm™! and 1680 cm™! is less obvious since no

1

bands are expected around the 1600 cm~! region for either TCNE or its anion

radical.

It is known (33) that the TCNE anion radical invariably forms a pentacyano-
propenide (PCP) ion in solution whose 'QCEN is in the region of 2198 cm™?.
It is also known that the TCNE anion adsorbed from solution on alumina
forms the tricyanovinyl alcoholate ion (TVA) by the interactiocn of the
anion radical with the surface hydroxyl group of alumina (34, 35). The
';CEN and '9C=O of the TVA ion are expected around 2198 cm~! and 1660 cm™!
respectively (36). It would appear therefore that the TCNE amion radical
reacts with surface hydroxyl groups on carbon to form the TVA ion on the
surface of carbon. Moreover the 20 cm™! shift of the '9C=0 vibration
suggests that the TVA ion is bound to the carbon surface through oxygen.
The 2198 cm™! band could be due to both PCP and TVA as they lie in the
same region. PCP may be formed at the surface but probably diffuses out
into the bulk whereas TVA is adsorbed on the electrode. The present
results indicate therefore that unlike the case of platinum, the TCNE
anions adsorb on carbon both as the dianion and the TVA ion. These
results therefore provide for the first time in situ infrared evidence for
the presence of oxygen containing functional groups om carbon and their
influence on the adsorption process. Electrochemical evidence for the
presence of such groups on carbon in acetonitrile media have also been

obtained in our laboratory (37).

CONCLUSION

In the present work a diverse selection of problems have been
investigated and it is evident that FTIR spectroscopy can be very
effectively used for the in situ characterization of electrochemical

processes and for identifying the nature and structure of adsorbed species
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and reaction intermediates. This technigue is also important in the
wider context of surface science since the control of the electrode
potential enables the electronic properties of the substrate surface to
be modified thus opening up new possibilities for studying the adsorbate-
adsorbent interaction. Moreover, although FTIR spectroscopy has recently
been successfully used for the study of electrochemical systems involving
shiny metal electrodes, the present studies have: demonstrated for the
first time the applicability of the technique for monitoring adsorbed
species and reaction intermediates also on commercial electrodes such as
carbon even through aqueous media. In view of the tremendous potential
of this technique however, there is an obvious need for more theoretical
work to provide a deeper understanding of the infrared spectra of adsorbed

species particularly under the influence of an electric field.
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