Chapter I1.6
UV/Vis/NIR Spectroelectrochemistry

Andreas Neudeck, Frank Marken, and Richard G. Compton

I1.6.1 Introduction — Why Couple Techniques?

Voltammetric techniques used in electrochemistry monitor the flow of current as a
function of potential, time, and mass transport. A huge variety of different experi-
ments are possible, giving information about reaction energies, reaction intermedi-
ates, and the kinetics of a process [1-4]. However, additional data are often required
and are accessible, in particular, via in situ spectroelectrochemical approaches. By
coupling a spectroscopic technique such as UV/Vis/NIR spectroscopy [5, 6] to an
electrochemical experiment, a wealth of complementary information as a function
of the potential, time, and mass transport is available. In a recently published book
dedicated to spectroelectrochemical techniques [7] the diversity of methods and new
chemical information obtained is apparent. Both spectroscopic information about
short-lived unstable intermediates and spectroscopic information disentangling the
composition of complex mixtures of reactants can be obtained. Figure 11.6.1 shows
a schematic diagram for the case of a computer-controlled potentiostat system con-
nected to a conventional electrochemical cell (working electrode WE, reference
electrode RE, counter electrode CE) and simultaneously controlling the emitter and
detector of a spectrometer. This kind of experimental arrangement allows the elec-
trochemical and the spectroscopic data to be recorded simultaneously and, therefore,
in contrast to the analysis of two independent data sets, direct correlation of data as
a function of time and potential is possible.

Using electrochemical techniques it is possible to generate a well-defined amount
of intermediates controlled by the charge forced through the working electrode. In
this way, interesting intermediates (e.g. radicals or radical ions) can be generated
electrochemically in a much more controlled and localised manner compared to, for
example, what is possible with conventional photochemical methodology. In order
to follow reactions of these intermediates, a wide range of spectroscopic methods
are available, which have been successfully coupled to electrochemical systems. A
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Fig. 11.6.1 Schematic diagram of a spectroelectrochemical system with a conventional three-
electrode electrochemical cell (WE working electrode, RE reference electrode, CE counter
electrode) controlled by a computer-based potentiostat
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list of some more commonly used coupled or ‘hyphenated’ spectroelectrochemical
methodologies is given in Table 11.6.1.

The techniques listed in Table I1.6.1 have been chosen to demonstrate the capa-
bility of spectroelectrochemical methods to probe both processes in the solution
adjacent to the electrode and heterogeneous processes occurring directly at the sur-
face of the electrode. Given the wide range of existing in situ spectroelectrochemical
techniques, Table I1.6.1 can only highlight some of the more important methods.

Table I1.6.1 Examples for spectroelectrochemical techniques probing both the solution phase in
the vicinity of the working electrode (homogeneous) and the electrode surface (heterogeneous),
which have been used in situ during the course of voltammetric experiments

Homogeneous Spectroelectrochemical Probes

In Situ Electron Spin Resonance (ESR) [8-11]

Molecules with unpaired electrons may be detected by microwave spectroscopy in the presence
of a magnetic field. This technique is of considerable importance for the detection of radical
reaction intermediates produced during electrolysis.

In Situ UV/Vis/NIR Optical Spectroelectrochemistry [12, 13]

The light absorption of reaction intermediates generated at the electrode surface can be
monitored in transmission or in reflection mode, and this allows sensitive detection and/or
quantitative kinetic studies. The sensitivity of this technique can be substantially improved
by introducing cavity-ring-down cells [14] or multiple-reflection path cells.

In Situ Raman and Resonance Raman Spectroscopy or Microscopy [15, 16]

Raman allows the intensity and oscillator strength of vibrational bands to be measured with an
optical laser system. The technique is particularly powerful in conjunction with confocal
microscope.
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Table I1.6.1 (continued)

In Situ Luminescence Spectroscopy [17, 18]

Compared to the absorption of light in the visible wavelength range, luminescence is a much
more sensitive technique due to the absence of background radiation. Even single photons
may be counted and analysed in chemiluminescence processes [19].

In Situ Nuclear Magnetic Resonance Spectroscopy (NMR) [20]

NMR is very widely used and a powerful tool for structure determination. Although commonly
used for diamagnetic compounds, it may also be applied to paramagnetic materials [21].

In Situ Differential Electrochemical Mass spectrometry (DEMS) [22]

Solution-phase reaction intermediates can be directly injected (within milliseconds) into
appropriate mass spectrometers to provide localised solution composition information.

Heterogeneous Spectroelectrochemical Probes

In Situ UV/Vis/NIR Optical Spectroelectrochemistry [23-26]

UV/Vis/NIR spectroscopy may be employed directly for the characterisation of materials
formed or deposited on electrode surfaces.

In Situ NMR Spectroscopy [27]

It has been demonstrated that NMR spectroscopy may be employed to study molecules
adsorbed onto electrode surfaces during the course of electrochemical measurements. With
higher magnetic field strengths and the availability of nano-particle samples this
methodology becomes increasingly powerful.

In Situ Surface-Enhanced Raman Scattering (SERS) [28-31]

Raman scattering gives information about molecular or solid-state vibrations. In the presence
of some electrode materials (e.g. silver or copper) a considerably enhanced sensitivity for
molecules adsorbed at the electrode surface in the form of a monolayer can be achieved. This
surface-enhanced Raman scattering effect can be transferred to other electrode materials
coated in the form of a very thin layer onto a silver or copper substrate [32]. The recently
developed TERS technique (Tip-Enhanced Raman Spectroscopy [33]) provides additional
and highly resolved mapping information.

In Situ X-ray Diffraction (XRD) and Synchrotron Techniques [34-36]

XRD techniques are used mainly to study the crystal structure of crystalline solids at the
electrode—solution interface. Structural changes, solid-state reactions, precipitation
processes, dissolution processes, and intercalation processes can be followed as a function of
applied potential and time. For non-crystalline samples, X-ray absorption and EXAFS allow
the structure to be studied in more detail.

In Situ Mdossbauer Spectroscopy [37]

Mossbauer transitions occur in atomic nuclei and involve absorption or emission of
high-energy X-ray photons. Detailed information about the local chemical environment,
oxidation state, and coordination symmetry of atoms can be obtained. However, the
technique has been used for Fe and Sn only.

In Situ Spectroellipsometry [38] and Optical Waveguide Techniques [39]

Ellipsometry allows the optical properties of thin layers at electrode surfaces to be studied as a
function of wavelength, time, and potential. Theoretical models allow conclusions about the
film thickness and structure. Optical waveguide techniques improve the interaction of the
electromagnetic wave with the sample for example in surface plamon resonance processes.

In Situ Non-linear Optical Methods and Second Harmonic Generation [40]

Steady-state electric field inhomogeneity at the electrode—solution interface causes
submono-layer amounts of molecules to undergo ‘unusual’ but detectable two-photon
transitions, which are ‘forbidden’ by selection rules in the bulk phase. Therefore, this
technique allows molecules at a surface to be detected and studied independently and
selectively.

In Situ Spectromicroscopy and Scanning Probe Methods [41]

A diverse range of scanning probe methods for use within electrochemical systems is now
available.
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Electrochemically generated intermediates are usually easier to detect spec-
troscopically than the substrate material itself. The electrochemical reduction or
oxidation of many organic materials yields products, which are often coloured
with high absorption coefficients (UV/Vis), or which give a characteristic radi-
cal ‘signature’ in electron spin resonance (ESR) spectroscopy [42]. Based on this
highly sensitive detection, spectroelectrochemical detectors have been proposed and
employed for analytical applications [43].

I1.6.2 Flowing Versus Stagnant Systems — Achieving Spatial,
Temporal, and Mechanistic Resolution

11.6.2.1 Steady-State or Transient Techniques

Voltammetric techniques may be broadly divided into steady-state techniques,
such as channel flow cell [44—46], rotating disc [47, 48], or microelectrode [49]
voltammetry at sufficiently low potential scan rate to give a current response
independent of time, and transient techniques, such as cyclic voltammetry or
chronoamperometry, giving a current response which is dependent on time.

The rotating-disc electrode voltammetry technique is a very commonly employed
steady-state method. However, due to the moving parts in the experimental set-up,
coupling to in situ spectroelectrochemical techniques has not been very widely used
[50]. An elegant and extremely versatile approach to steady-state spectroelectro-
chemical measurements is based on the channel flow cell technique [51-53]. In this
technique (see Fig. 11.6.2), a continuous flow of electrolyte solution from a reservoir
is allowed to pass through a rectangular duct with the working electrode embed-
ded. The reference and counter electrodes are located outside of the flow cell in
the upstream and downstream parts of the system. After setting the potential to a
fixed value, downstream detection of the change in UV/Vis absorption, changes in
ESR signal intensities, or changes in fluorescence signals may be monitored as a
function of the flow rate. Data generated by this experimental technique have been
analysed quantitatively with the help of computer models [54], which predict the
spectroelectrochemical response based on a given reaction mechanism.

Transient spectroelectrochemical studies are possible with modern and fast
spectroscopic probes, e.g. based on diode array spectrometers [55]. Compared to
steady-state techniques, the design of transient spectroelectrochemical experiments
is more challenging and the data analysis has to take into account the development
of diffusion- and convection-driven concentration profiles [56]. However, these
experiments open up the possibility to study time-dependent processes such as the
development of a diffusion profile. For example, it is known, but usually ignored,
that changing the redox state of a molecule changes its diffusivity. It has recently
been shown [57] that, for the oxidation of N,N,N,N -tetra-methylphenylenediamine
(TMPD) in water, ethanol, and acetonitrile (Eq. I11.6.1), the diffusion coefficients
of the reduced form, TMPD, and the diffusion coefficient of the oxidised form,
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TMPD™*, can be determined separately and simultaneously in a single transient
spectroelectrochemical experiment.

TMPD = TMPD* + e~ (11.6.1)

The experiment was based on a channel flow cell system (see Fig. I11.6.2) with
UV/Vis detection downstream of the working electrode (Fig. I1.6.2d). Switching the
electrode potential from the potential region with no faradaic current into a region
with diffusion-limited faradaic current allowed the transient change in the UV/Vis
absorption to be monitored. The data analysis for this transient UV/Vis response was
based on a computer simulation model, which allowed D(TMPD) and D(TMPD*) to
be varied independently. Interestingly, the difference in D(TMPD) and D(TMPD")
was relatively high in water and ethanol (15% slower diffusion of the radical cation)
and considerably lower (5%) in the less polar solvent acetonitrile. This example
demonstrates the ability of transient spectroelectrochemical experiments, in con-
junction with computer simulation-based data analysis, to unravel even complex
processes.

11.6.2.2 Cell Geometry and Experimental Design Considerations

The requirements for a successful spectroelectrochemical experiment may be sum-
marised as (i) a cell with sufficiently good electrical properties (low iRy drop,
homogeneous potential distribution over the entire working electrode surface area,
sufficiently high counter electrode area), (ii) a potentiostat system with sufficient
output current and output voltage to sustain potential steps and current transient
without signal distortion, and (iii) a cell geometry which separates the working elec-
trode from the counter electrode to avoid product generated at the counter electrode
interfering with the electrochemical process at the working electrode and with the
spectroscopic detection.

For a flow system such as that shown in Fig. I1.6.2, the tubing connection between
counter and reference electrode has to be kept reasonably short and with a not
too narrow bore to avoid the uncompensated solution resistance Ry increasing.
Further, even with a powerful potentiostat system, the lack of ‘communication’
between counter and reference electrode can cause the entire system to oscillate
with high frequency (a check with a high-frequency oscilloscope is recommended)
depending on the type of electrolyte solution used. These oscillations can be sup-
pressed by improving the high-frequency ‘communication’ between counter and
reference electrode, e.g. by introducing an additional counter electrode upstream
of the reference or simply by connecting a small capacitor across reference and
counter electrode. A good test for the quality of voltammetric data obtained with
a channel-flow system can be based on cyclic voltammetry under stationary (no
flow) conditions. Highly reversible electrochemical systems such as the oxidation
of ferrocene in acetonitrile (1 mM ferrocene in 0.1 M NBu4PFg) can be employed
and voltammograms are expected to give well-defined characteristics at sufficiently
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high scan rate [58]. Any deviation from ideal behaviour is an indication of a cell
design or potentiostat problem.

11.6.2.3 Time-Scale Considerations

Long-lived reactive intermediates are readily detected by voltammetric and spectro-
electrochemical techniques after they have been generated electrochemically, e.g.
by bulk electrolysis. In the simple UV/Vis/NIR spectroelectrochemical cell shown
in Fig. I1.6.3, the concentration of the electrolysis product will build up in the vicin-
ity of the working electrode over several tens of minutes to give locally a relatively
high and detectable concentration of the product. However, a short-lived reaction
product or intermediate will be present in very low concentration and go undetected
under these conditions.

Increasing the scan rate in cyclic voltammetry allows faster reactions to be stud-
ied. At a planar electrode, the diffusion layer grows into the solution phase during
the progress of the potential cycle. The thickness of the diffusion layer at the time
of the current peak, dpeak, for the case of a reversible cyclic voltammetric response
is given approximately by Eq. (IL.6.2).

Optically Transparent Working Electrode (OTE)

Reference Electrode Q  Counter Electrode

Ry,

silver wire coated
with Ag/AgCI

glass plate |

Pt wire
In0,/SnO, coating /

™~
\
b T T TR

light beam

A8 TR LCCLLCCCLLND) O S
-

electrolyte 1
with redox system |

Fig. 11.6.3 Simple in situ UV/Vis spectroelectrochemical cell based on a quartz cuvette with an
optically transparent working electrode, counter electrode, and reference electrode immersed in
solution
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Soo = ,/RTD (I1.6.2)
peak = 0 446V nFv >

In this equation 0.446~! is a constant for the case of a reversible diffusion con-
trolled process [59], R is the gas constant 8.31 J K~! mol~!, T is the temperature
in Kelvin, D is the diffusion coefficient in m? s~ !, n denotes the number of elec-
trons transferred per molecule diffusing to the electrode, F is the Faraday constant
96487 C mol~!, and v is the scan rate in Vs~!. The diffusion layer thickness may
be compared to the reaction layer thickness, reaction, Which is given approximately
by Eq. (I1.6.3).

(I1.6.3)

5 D
reaction — k
In this expression D denotes the diffusion coefficient in m?> s~! and k is the first-
order rate constant (s~!) for a chemical reaction step. Similar expressions may be
written for other types of chemical processes [60]. The scan rate required for the
intermediate to be detected voltammetrically may be estimated based on matching
the reaction layer and the diffusion layer (Eq. I1.6.4).

1 kRT
V= —_—
0.4462 nF

(11.6.4)

For example, an intermediate generated at the electrode surface with D =1 x
10~° m? s~!, which undergoes a first-order follow-up chemical reaction with k =
100 s, requires a scan rate of ca. 13 V s~! to be detectable in cyclic voltammetry.
The reaction layer thickness in this case can be estimated as approximately 3 pm.
During a fast-scan voltammogram, only a fraction of the charge is flowing compared
to the experiment at slower scan rate. Therefore, the sensitivity of the spectroscopic
detection is reduced considerably. An upper limit of the absorption of the intermedi-
ate generated at the electrode surface can be estimated based on the Beer—Lambert
law [61] and by assuming 1/2 §reaction to be approximately the ‘effective’ optical
path length. By repeating the experiment and by accumulation of the spectroscopic
data, a considerable improvement in the signal-to-noise ratio is possible.

11.6.2.4 Spatial and Mechanistic Resolution

Apart from the detection and characterisation of reaction intermediates it is often
desirable to gain quantitative mechanistic information in transient or steady-state
electrochemical experiments. From voltammetric experiments, it is known that in
some cases one type of voltammetric current response may be interpreted by more
than one mechanism [62]. Depending on the type of experiment, coupling a spec-
troscopic method to a voltammetric experiment may provide complementary data,
which then allows a definite decision on which reaction pathway is followed.
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Therefore, spectroelectrochemical experiments may be used to obtain more than
just data to identify the nature of the reaction intermediate. The spatial distribution
and concentration gradients of reactants and products give direct insight into the
reaction mechanism of a particular electrode process [63]. A spectroelectrochemical
technique with high spatial resolution can yield very valuable data. However, the
experimental approach shown, for example, in Fig. 11.6.2 can be seen to give an
absorbance measurement equivalent to the integral value of all the material produced
in the diffusion layer without spatial resolution.

A very elegant approach overcoming this problem has been proposed based on a
channel flow cell geometry with downstream detection (Fig. I1.6.2d). The potential
of the electrode is stepped during steady-state flow of the solution across the elec-
trode. A downstream UV/Vis detector system is then employed to measure the time
dependence of the concentration profile formation at the electrode surface. A com-
puter program is employed to relate the time-dependent absorbance signal to the
concentration profile of reactant and product at the electrode surface. Alternatively,
direct measurement of the concentration profiles at the electrode surface has also
been reported based on confocal Raman spectroelectrochemistry [16].

I1.6.3 UV/Vis/NIR Spectroelectrochemical Techniques

11.6.3.1 Spectroelectrochemistry in Transmission Mode

A very powerful and convenient approach to couple a spectroscopic method with
electrochemical experiments is based on the spectroscopy in the ultraviolet (UV),
visible (Vis), and near infrared (NIR) range of the electromagnetic spectrum. This
can be achieved with UV/Vis/NIR spectroscopy in transmission mode [64] with an
optically transparent electrode employed as the working electrode. There are two
distinct types of optically transparent electrodes useful in this approach, a partially
transparent metal grid or mesh electrode or a glass plate coated with a conductive
but optically transparent layer of indium tin oxide (ITO) as optically transparent
electrode (OTE) in a glass or quartz cuvette (see Fig. 11.6.4). Also, coatings of very
thin metal layers (below 100 nm) on glass substrates can be employed as working
OTE in spectroelectrochemical studies [65].

A very simple spectroelectrochemical experiment based on a conventional
cuvette for UV/Vis spectroscopy with electrodes immersed in the solution phase is
shown in Fig. I1.6.4. The optically transparent working electrode is located directly
in the beam path and additionally a large surface area counter electrode (Pt wire)
and a reference electrode (e.g. a coated silver wire) are located in the solution
phase above the beam path. After filling the cuvette with electrolyte solution, the
reference spectrum can be recorded taking into account the transparency of the
OTE and optical properties of the solution. This reference spectrum is later used
to subtract the absorption of the cuvette, the electrolyte, and the OTE from exper-
imental data obtained after applying a potential. Next, the redox reagent is added
and the first spectrum of the starting material is recorded. The potential is applied
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Fig. I.6.4 Simple in situ Optically Transparent Working Electrode (OTE)
UV/Vis/NIR

. Reference Electrode Q@  Counter Electrode
spectroelectrochemical cell
with an optically transparent O\

electrode prepared from a
partly transparent metal mesh,

grid, or gauze electrode |
silver wire coated
with Ag/AgCl
metal _
mesh, grid or gauze | | — Ptwire
‘*\x\
R —
light beam
(A E
-
electrolyte
with redox system

to the optically transparent working electrode using a potentiostat system. Initially,
a potential in a zero current region is applied and then a step of the potential is
applied (chronoamperometry) into a potential region in which the electrochemical
conversion proceeds. By recording spectra at regular time intervals, the conversion
of the starting material into products during the course of reduction or oxidation
at the working electrode can be followed qualitatively (Fig. 11.6.4). At the end-
point of the electrolysis process in the limited volume of the cuvette, the product
can be identified based on the change in absorption. In the case of an unstable
intermediate being generated at the OTE, conclusions concerning the presence of
intermediates or follow-up reactions may be possible. In the experimental set-up
shown in Fig. I1.6.4, reaction intermediates with a half-life in the order of minutes
may be detected. In a cuvette with a shorter (1 mm) path length the conversion can
be driven to completion.

In order to improve the detection of short-lived intermediates, the potential
step or chronoamperometric experiment can be replaced by a cyclic voltammet-
ric experiment, which involves applying a triangular potential ramp. With a fast
UV/Vis spectrometer, e.g. a diode array system, additional UV/Vis/NIR spectro-
scopic information as a function of the potential can be recorded simultaneously to
the voltammetric data. However, recording cyclic voltammograms with the simple
cell shown in Fig. I1.6.4 is complicated by the presence of ohmic drop in the solution
phase, which is amplified by poor cell design. In this kind of cell, the peak-to-
peak separation in cyclic voltammograms of a reversible redox couple may increase
by several hundreds of millivolts. Voltammetric data (and simultaneously recorded
spectroscopic data) are therefore very difficult to interpret quantitatively.
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The size of the working electrode is large, and with the size the high current
results in a high ohmic drop distortion. Additionally, resistance of the electrode itself
in the case of a glass plate with a very thin conducting layer may further increase
the ohmic iRy drop problem. Considerable improvements can be achieved by min-
imising the active electrode area of the working electrode. This can be achieved
by insulation of the OTE to leave only a small well-defined working electrode
area exposed to the solution and by an optimal placement of reference close to the
working electrode, as shown in Fig. I1.6.5.

As a further requirement, many electrochemical investigations have to be car-
ried out under an inert atmosphere of argon or nitrogen, and sometimes in pre-dried
organic solvents. Therefore, a lid with gas inlet and gas outlet is used combined with
a septum seal, which allows solvent to be introduced into the cell without it com-
ing into contact with the ambient atmosphere. The insulation of the OTE requires a
material resistant to commonly used organic solvents. Commercially available lam-
ination foil, used for protecting documents, has been employed for this purpose and
shown to be suitable even in organic solution [66, 67] (see Fig. I1.6.5). The laminat-
ing foil is applied to the working electrode simply by thermal encapsulation leaving
the active electrode area uncovered.

As a further practical tip, for an OTE based on a thin conductive optically
transparent layer, the resistance of the working electrode can be reduced if an addi-
tional thicker metal layer is coated on the optically transparent film in the region
not exposed to the light beam under the insulation layer. If the insulation is pre-
pared through lamination, a thin metal foil can be simply inserted instead of the
deposited metal layer. This new cell design (Fig. I1.6.5) enables cyclic voltammo-
grams as well as current time curves in the case of a potential step experiment
(chronoamperograms) simultaneously with a series of time-resolved spectra to be
recorded. This experimental approach allows absorbance—potential or absorbance—
time curves to be recorded to analyse the reaction kinetics of the generation of
intermediates and the final product up to a timescale of approximately 0.1 s lifetime.

Problems with cells with relatively long path length (1-10 mm) may arise when
the starting material itself is strongly absorbing. As soon as a coloured starting mate-
rial with broad absorption bands is investigated, the spectra of the intermediates and
of the final product are superimposed onto the more intense spectrum of the starting
material. This is caused by the fact that the overall absorbance is proportional to the
thickness of the investigated layer — the optical path lengths through the material.
For the intermediate or product the path length corresponds to the diffusion layer,
which is in the range 0.01-1 mm. The size of the diffusion layer and reaction layer
depends on the timescale of the experiment. For a cuvette with a size of 5 mm the
layers of the products may be a factor 10—-10000 times thinner than the layer for the
starting material. By reducing the size of the cuvette from a thin layer cell down to
a capillary slit cell this problem can be solved. Effectively, the optical path length of
the cell and the diffusion layer for the electrochemical process can be matched.

Figure I1.6.6 shows two possible designs of capillary slit cells. The second type
of cell has the added advantage of being suitable also for in situ ESR spectroelec-
trochemical experiments. Capillary slit cells permit fast electrochemical conversion
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Fig. I1.6.5 An improved in situ UV/Vis/NIR spectroelectrochemical cell design with an optically
transparent electrode prepared from fop a glass substrate coated by a thin conductive optically
transparent ITO layer and bottom a metal mesh, grid, or gauze

of the starting material into unstable radical intermediates, which may be followed
in time during follow-up chemical reaction steps. The thickness of the capillary slit,
together with the diffusion coefficient D of the reactant, determine the approximate
conversion time T gifusion (Eq. 11.6.5).
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flat cell with outlet allowing the solution to flow through the slit
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52
Tdiffusion = D (I1.6.5)

Unfortunately, even when capillary slit cells are used in the experiment, the
spectra of the different species are still superimposed. Therefore, it is necessary
to separate or to ‘deconvolute’ the superimposed spectra in order to obtain informa-
tion about the reaction kinetics of individual species. In the literature, techniques
have been proposed for the deconvolution of the superimposed spectra [68, 69].
Data processing and deconvolution may be achieved with spreadsheet software on
a suitable computer system. As soon as the time dependence of the concentration of
each component is known, the absorbance—time curves and the charge—time curves
calculated from the current passing the electrode can be used to determine rate or
equilibrium constants for the chemical system under study.

Instead of a capillary slit, a thin partly transparent three-dimensional structure
may also be employed in spectroelectrochemical studies. To achieve the same level
of sensitivity compared to that in a capillary slit cell, grid-like optically transpar-
ent electrodes with micro-structured electrodes have been employed [70-72]. In the
grid system the size of individual pores determines the size of the diffusion-layer
thickness and therefore the timescale of the experiment. A more sophisticated
approach has been introduced by replacing the simple grid electrode by a LIGA
structure (prepared by the LIGA technique: lithographic galvanic up-forming based
on a synchrotron radiation patterned template). A thick honeycombed structure
(see Fig. 11.6.7) has been used with hexagonal holes of micron dimension. The
size of the holes restricts the diffusion-layer thickness into a fast timescale regime,
although the optical-path length of the cell is kept relatively long to give strong
absorption responses in the spectroscopic measurement.

Figure 11.6.8 shows the data obtained from the UV/Vis spectroelectrochemical
study of a oligo-thiophene (see structure in Fig. I11.6.8) in a LIGA cell [73]. The
oligo-thiophene was dissolved in a solution of 0.1 M NBuyPFg in acetonitrile and
voltammograms were recorded at two different temperatures, at (A) +20°C and (B)
—40°C. What appears to be an electrochemically reversible oxidation process at
+1.16 V can be seen to become much more complicated at lower temperature. The
analysis of spectroelectrochemical data clearly indicates the presence of two distinct
products of which one, the radical cation A®*, is detected at ambient temperature
(Fig. I1.6.8 A). A second product, the dimer A2+, is present at 20°C in low concen-
tration. However, upon reducing the temperature in the spectroelectrochemical cell
to —40°C, the dimer becomes the dominant product (Fig. I1.6.8B) causing a change
in both the voltammetric and the UV/Vis spectroelectrochemical response.

The spectroelectrochemical cell based on the LIGA-OTE can be employed in a
flow-through-type system. Then, this cell allows the rapid renewal of the solution
inside the cell after a spectroelectrochemical experiment. Experiments can be
repeated rapidly and with a small volume of sample. A series of experiments can
be conducted by varying the conditions without the need to open the cell. The use
of optical waveguides to connect the cell with a light source and the spectrometer
offers further scope for improvements in the experimental methodology.
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Fig. I11.6.7 In situ UV/Vis/NIR spectroelectrochemical cell based on a microstructured optically
partly transparent electrode with LIGA design

Conducting ITO-coated glass electrodes generate relatively simple ‘planar’ con-
centration profiles. The detected absorption of products generated at this type of
electrode is easily related to the overall charge passed through the cell, because the
absorption is directly proportional to the concentration integrated over the entire dif-
fusion layer. Compared to optically transparent conductive glass electrodes, partly
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Fig. I1.6.8 UV/Vis spectroelectrochemical detection of the oxidation products for the oxidation
of an oligo-thiophene in acetonitrile (0.1 M NBu4PFg). The voltammetric and in situ spectroelec-
trochemical measurements were conducted at (A) 20°C and (B) —40°C in a LIGA cell system

transparent electrodes, such as meshes, grids, gauzes, and micro-structures, give
more complex concentration profiles, which change geometry as a function of time.
For these latter types of electrodes, the absorption signal detected during electrolysis
is not necessarily proportional to the amount of the product generated. For quan-
titative investigations, details of the geometry of the diffusion layer and the time
dependence have to be taken into account. For example, locally, a concentration
gradient is generated at each wire of a grid electrode orthogonal to the light beam.
The development of the concentration profile for a grid electrode may then be
considered to occur in two steps. First, the concentration profile grows into the
space between individual wire electrodes perpendicular or orthogonal to the incom-
ing light beam. In this situation, the absorbance detected experimentally is not
proportional to the concentration of product generated due to the complex shape of
the concentration gradient. Next, the individual concentration gradients merge to a
planar diffusion front, which then is proportional to the amount of electrogenerated
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product similar to the case observed for ITO-coated electrodes. In cyclic voltam-
metric experiments with in situ spectroelectrochemical detection of the UV/Vis/NIR
absorbance one has to therefore carefully consider the grid size and the scan rate to
stay in the planar diffusion regime. This then allows the absorbance to be compared
to the charge passed determined by integrating the current response.

Based on the development of a diffusion front with dimension dgitfusion (Eq-
I1.6.6), at very fine meshes, grids, or gauzes with a wire density of 1000 wires per
inch or more, the effect of the changing diffusion layer geometry becomes negligible
after a time ¢ of ca. 50 ms.

Sdiffusion ~ VDt (11.6.6)

However, diode array spectrometer systems permit spectra to be recorded in
about 0.5-ms steps. Therefore, it is necessary to analyse the data carefully with
respect to consistency by considering the type of diffusion profile at a given time in
the course of the experiment.

A very similar effect of a non-linear concentration to absorbance dependence
occurs in grazing angle or long path length cells. In this type of cell (see
Fig. 11.6.9), the detector beam of the spectrometer passes parallel to the working
electrode through the electrochemical cell. The advantage of spectroelectrochemical
measurements in transmission through a long path length cell is the high sensitivity,
which can be achieved even with a small electrode.

The first long path length cell was described from Niu et al. [74] for ana-
Iytical applications where high sensitivity is required. In order to overcome the

|- counter electrode

— reference electrode

— light beam
Light beam‘ \
I Teflon body
— with the embedded
working electrode
J — Teflon body
LU |

for limiting
the diffusion layer

non transparent band electrode
(insulated at both ends)

Fig. 11.6.9 1In situ UV/Vis/NIR spectroelectrochemical ‘long path length cell’ based on a non-
transparent band electrode in a capillary slit and a light beam focused through the diffusion layer
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Fig. I1.6.10 In situ UV/Vis/NIR spectroelectrochemical flow cell design, which allows spectra to
be recorded in transmission and in reflection mode

non-linearity in the absorbance response, a capillary slit type cell is employed with
a size similar to the diffusion layer. This allows the detection of all of the product
generated electrochemically. For very thin slits, the total conversion of the starting
material to the products occurs in only a few milliseconds. This short timescale per-
mits the reaction kinetics of fast reactions to be followed. Instead of using a wall
to limit the diffusion-layer thickness, it is also possible to focus the light beam
into a very thin layer close to the electrode with a suitable lens system. In this
configuration, only the concentration of reagent immediately at the electrode sur-
face is measured in the spectroscopic detection. The current signal from a cyclic
voltammogram can be processed by semi-integration [75] to give a signal directly
proportional to the surface concentration and is, therefore, ideal for the analysis of
the spectroelectrochemical data.

A laser beam focused into the diffusion layer in combination with a diode array
detector may even be used to directly image the concentration profile inside the
diffusion layer, as described by Posdorfer et al. [76, 77].

The in situ UV/Vis/NIR spectroelectrochemical cells shown in Figs. I1.6.6 and
I1.6.7 permit solution to flow through the cell. However, the flow is only used to
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renew the solution at the electrode and to allow repeat experiments under iden-
tical conditions or on different timescales. Experiments may also be conducted
under flowing conditions at a fixed flow rate or as a function of flow rate. In
the case of short-lived intermediates being formed a continuous electrolysis in a
streaming electrolyte allows the steady-state concentration of intermediates to be
measured independent of time. The concentration of the intermediate in the flow-
ing solution might be low, but the concentration is constant over a long time and
this permits spectra to be recorded over a long timescale and with high sensitivity.
An in situ spectroelectrochemical cell system, which allows spectra to be recorded
under flowing solution conditions, is shown in Fig. 11.6.10. Both measurements in
transmission and measurements in reflection mode are possible and software for
modelling concentration profiles and reaction kinetics under flowing conditions has
been described.

11.6.3.2 Spectroelectrochemistry in Reflection Mode
In the previous section, it was shown that detailed information about electrochemical

processes and the kinetics of follow-up chemical reaction steps can be investi-
gated by UV/Vis/NIR spectroelectrochemical experiments in transmission mode
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Reference
Electrode

i

&

] T optical window
I ‘ | ==
I ——
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mixed light guide in th ? \
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Fig. I1.6.11 In situ UV/Vis/NIR spectroelectrochemical cell for measurements in reflection mode
at conventional disc electrodes
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in the diffusion layer at optically transparent or microstructured non-transparent
electrodes. Many metal electrodes show a high reflectivity, and therefore optical
spectra may also be recorded under in situ conditions in reflection mode [78, 79].
This approach is essential for the study of adsorbed species, the formation of solid
layers at the electrode surface, reactions of solids [80-82], and the redox behaviour
of conducting polymer layers [83—85]. Furthermore, in reflection mode, the angle
of incidence may be modified and polarised light may be used in ellipsometry
studies [86].

By using optical waveguides for illumination and detection, it is possible to
record spectra at a disc electrode during the course of cyclic voltammetric measure-
ments (see Fig. I11.6.11). Fixing the disc electrode onto a micrometer screw allows
the distance between the electrode and the optical window to be varied in a very
much easier way compared with the procedure required in in situ spectroelectro-
chemical cells working in the transmission mode. In this experimental arrangement,
the gap between the electrode surface and the wall with the optical waveguide
defines the diffusion layer thickness and therefore the type of absorbance response
or timescale.

In conclusion, UV/Vis/NIR spectroelectrochemistry in both transmission and
reflection mode are extremely useful techniques that yield a wealth of comple-
mentary data additional to those obtained in pure electrochemical voltammetric
experiments. Especially when based on computer simulation models, this data may
be used to unravel the kinetics and thermodynamics of complex electrode processes.
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