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Preface

As a truly interdisciplinary field of science, electrochemistry is involved in the
transformation of materials, in the transfer of information (especially in living
systems), and in the conversion and storage of energy. Furthermore, electro-
chemical processes constitute a major class of chemical reactions in the labo-
ratory and on large industrial scales. Conventional analytical electrochemistry
continues to be an excellent method to determine concentrations (sensor tech-
nology), to yield energy data in the form of redox potentials, and to elucidate
formal reaction mechanisms via kinetic analysis. However, these techniques are
not by themselves suitable to identify unknown species that are formed as
intermediates or as products in a redox reaction. The combination of reaction-
oriented electrochemistry with species-focused spectroscopy, in what is known as
spectroelectrochemistry (SEC), can solve this problem and thus allow for a more
complete analysis of electron-transfer processes and complex redox reactions.
While the technique has been well developed during the last few decades, its
application in various fields of chemistry has only recently become more wide-
spread. Readily accessible, inexpensive equipment and lower barriers to appli-
cation have contributed to this situation and, at the same time, it is becoming less
and less acceptable in chemical research to assign redox transformations without
spectral evidence. Yet, while the method has become more commonplace, there
are still aspects to be considered that require sound knowledge and experience.
This book is meant to serve as a guide and as an illustration of the kind of re-
search where SEC can make a difference in the understanding of redox reactions
through identification of their intermediates and products. The examples covered
include organometallics, coordination compounds (mixed-valence complexes,
metalloporphyrins), and compounds of biochemical interest such as iron-
containing proteins. Solutions available from spectroelectrochemical investi-
gation not only provide simultaneous reaction analysis and species identification
but also an assessment of electronic situations, of intra- and intermolecular
electron transfer. We hope that this presentation helps to familiarise the scientific
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community with the method by describing the experimental approaches possible
and by pointing out under what diverse circumstances this technique can be
useful. We sincerely thank Mrs. Angela Winkelmann for her contribution in
preparing this presentation.

Wolfgang Kaim
Axel Klein
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CHAPTER 1
Infrared Spectroelectrochemistry

STEPHEN P. BEST,! STACEY J. BORG! AND
KYLIE A. VINCENT?

! School of Chemistry, University of Melbourne, 3010, Victoria, Australia;
% Inorganic Chemistry Laboratory, University of Oxford, UK

1.1 Introduction

A set of electrochemical measurements may, with the aid of simulations, provide
skeletal details of the redox-coupled reactions of a system, although the extent of
the detail or uniqueness of the description depends on the complexity of the
system and the relative rates of reaction. Since such an approach can, at best,
yield only limited insight into the structure of intermediate species there is a clear
need to supplement the electrochemical measurements by spectroscopic investi-
gations. This need has spawned a number of approaches designed to provide the
spectroscopic details of the electrogenerated intermediates/products. Spectro-
electrochemical (SEC) techniques allow in-situ spectroscopic interrogation of
electrogenerated complexes and this may permit the study of shorter-lived spe-
cies and also establish the chemical reversibility of these reactions. This allows
the building, testing and refinement of the mechanism and, crucially, provides
insights into the structures of the intermediates.

The structure of the intermediate implicitly encompasses molecular, elec-
tronic, and vibrational components where the molecular structure is most
commonly deduced by X-ray crystallography. More limited structural data may
also be obtained from solute species through analysis of the X-ray absorption
fine structure (XAFS) spectra and this will be discussed briefly in Section 1.6.
Clearly the electronic and vibrational structure must be obtained from analysis
of the spectra. The interconnection between these aspects of the structure is
reinforced by in-silico techniques, where advances in DFT (density-functional
theory) have greatly expanded the range of transition-metal compounds and
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2 Chapter 1

smaller clusters that are amenable to study. For systems of moderate complexity
a combination of structural, spectroscopic and in-silico approaches is required in
order to achieve a satisfactory understanding of the intermediates formed
during reaction. This chapter focuses on the use of IR spectroscopy to delineate
the chemistry following redox activation and the integration of these results with
a range of electrochemical, spectroscopic and computational methods to
characterise the charge state and structure of intermediate species. While the
vibrational structure of a species would ideally be determined through the
examination of both its IR and Raman spectra, in most cases the complemen-
tary nature of the physical constraints associated with the two techniques results
in studies concentrating on one or the other approaches. In cases where the
system under investigation incorporates strongly IR absorbing chromophores,
such as CO or CN, IR spectroscopy can be both effective and easily
implemented.

Since the objective of the studies described herein is the characterisation of
the solute species formed following redox reaction the very extensive research
dealing with characterisation of the electrode/solute interface will not be
discussed, excellent overviews of the experimental aspects of this subject are
available.! While this contribution focuses on applications involving IR,
Raman spectroscopy has proved to be invaluable to many SEC studies where
surface-enhanced Raman spectroscopy (SERS) and resonance Raman spec-
troscopy dominate. Reviews and recent studies attest to the value of these
approaches.’

In this contribution we aim to illustrate the impact of IR-SEC techniques on
the elucidation of the chemistry following a redox reaction. The most effective
experimental approach will depend on the stability of the redox products toge-
ther with the rates or nature of the following reactions. In Section 1.5 we show
the experimental results obtained from several systems chosen so as to highlight
the different experimental approaches that can be applied to good effect. We
have limited the discussion to studies of solute species and to concentrating on
examples drawn from our own research, published and unpublished. This is
driven, in large part, by the availability of the raw experimental data and the
opportunity that this provides to recast the figures in a self-consistent form. As a
result, there is an overrepresentation of studies conducted using external re-
flectance SEC cells.

1.2 Overview of IR-SEC Techniques for the Study
of Solute Species

The marriage between the spectroscopic and electrochemical requirements of
the SEC experiment necessarily involves compromise, the nature of which will
be dictated by the objectives of the study. For thin-layer cells with large surface
area eclectrodes uncompensated solution resistance will generally present
problems and these will be accentuated for studies conducted in highly resistive
solvents. In many cases it is not practicable to use a conventional reference
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electrode and in these instances a pseudoreference consisting of a silver or
platinum wire or foil is used. While such electrodes are susceptible to a drift in
potential the impact of this deficiency may be minimised if the duration of the
experiment is short relative to a change in the concentration of the species near
the reference electrode. Several different experimental approaches have proved
to be effective for the collection of IR-SEC results from electrogenerated
solute species and these may be distinguished in terms of the characteristics
of the working electrode. These include (i) optically transparent electrodes,
(i1) perforated electrodes and (iii) reflective electrodes. To these may be added
approaches in which a probe beam is brought close to the working electrode of
an electrosynthesis cell by means of a waveguide or optical fibre. The sampling
element may consist either of a pair of launch and collection fibres or include an
optical element that is arranged so as to give near-total internal reflection
(attenuated total reflection, ATR). In the latter case the spectrum of the solu-
tion in contact with the ATR crystal is sampled through its interaction with the
evanescent wave that propagates beyond the reflecting surface. Depending on
the cell geometry, and volume of solution, the time required for electrosynthesis
can be substantial (>1h) in which case the distinction between in-situ and
ex-situ spectroscopic interrogation is not clear cut. With careful attention to
the design it is possible to reduce the volume of solution subject to electro-
synthesis and thereby reduce the response time. An ATR IR-SEC cell featuring
a sample chamber with a volume of 20 pL has recently been reported, although
even in this case the cell requires ca. 6 min for redox equilibration following a
potential step.’

1.3 Transmission Cells Using Optically Transparent
or Perforated Electrodes

In optical terms the simplest SEC approach involves the use of transparent
electrodes. For visible spectroscopy doped tin oxide affords a useful spectral
window.* More recently boron-doped diamond has been shown to be suitable
for UV-Vis and IR spectroscopy.>® This material offers a wide potential range,
inertness in chemically aggressive environments and biocompatability.” The
spectroscopic range and conductivity depends on the boron doping level.
Diamond films with moderate levels of boron doping (0.5 to 0.05Qcm ',
1-10 x 10" Bem ™) retain a high transmittance in the region below 1500 cm .6

An alternative strategy to the use of transparent electrodes is to use a con-
ductor in the form of a grid or fine gauze. Cells constructed using this approach
date back to the work of Murray ef al.* and have been used for UV-Vis and IR
spectroscopic studies. In the latter case the solution pathlength must be mini-
mised in order to avoid problems associated with strong solvent absorption.
The principle for construction of the cell is straightforward, generally involving
modification of a solution IR cell by incorporation of a fine metal gauze
working electrode located in the path of the IR beam. A good example of a
compact, airtight cell based on this approach has been reported by Hartl and
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Figure 1.1 Schematic of transmission SEC cells (a) after Hartl,” (b) after Moss' and
(c) after Yun."!

coworkers.” In this case the working, counter, and reference electrodes occupy
the space between the salt plate windows as shown in Figure 1.1a. The working
and counter gauze electrodes and silver pseudoreference electrode are melt-
sealed into a single 200-um thick polyethylene spacer. The working electrode
has a dimension slightly larger than the IR beam (6 x 5mm) and is formed from
a highly transmitting (80%) Au minigrid (200 lines/mm). Platinum gauze of
similar surface area serves as the counter electrode. The approach is well suited
to the study of air-sensitive species since solutions may be transferred to the cell
anaerobically using gas-tight syringes, however, the relatively long electro-
synthesis time (up to 4 min for 5-10 mM solutions) limits the suitability of the
approach for products that undergo following reaction.

A variation of this approach has been described by Moss et al.'® who have
reported a cell design that is optimised for IR-SEC studies of proteins. A
schematic cross-sectional view of the Moss cell is shown in Figure 1.1.(b) The
working electrode consists of a 6-um thick, 70% transparent Au mini-grid and
this, together with the Pt foil counter and Ag/AgCl reference electrodes,
completes the three-clectrode geometry. An important feature of the cell for
applications using proteins is the low sample requirement, where a 3-5 uLL drop
of solution is sufficient to fill the 20 mm diameter x 15 pm thick space formed by
the CaF, windows. The outer cavity of the cell is filled with buffer/salt solution.
Despite the contact between the sample solution and the surrounding medium
the rate of dilution was reported to be ~5% over 24 h. In order to improve the
rate of heterogeneous electron transfer and reduce the effects of protein
denaturation, electrode-surface modifiers or electron-transfer reagents may be
added to the sample solution. Owing to the high electrode surface area to
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volume ratio the system rapidly equilibrates following a change in applied
potential (1-2 min). Although factors such as the solution resistance within the
cell may lead to an offset to the cell potential, excellent Nernstian concen-
tration/potential plots were obtained for model studies of cytochrome ¢."°

More recently, Yun and coworkers'' have reported the design of a trans-
mission IR/UV-Vis cell that is micromachined from single-crystal silicon wafers
(Figure 1.1(c)). In this case the Au minigrid, Au counter and Ag/AgCI pseudo-
reference electrodes are deposited directly onto the silicon wafer. The cover
plate is also etched from a single crystal, allowing fine control of the pathlength
of the solution. The sample solution (ca. 0.1mL) is placed between the
two silicon wafers and these are clamped together in the cell mount. This
arrangement was reported to work well for aqueous solutions but in the case of
nonaqueous solvents it was necessary to enclose the edge of the thin-layer cell
with Teflon tape so as to prevent solvent leakage. While transmission through
silicon cells is lowered as a result of high reflectance losses at the interfaces this
is offset by the control over the solution volume and electrode geometry pro-
vided by the microfabrication techniques.

1.4 External Reflection-Absorption SEC Cells

IR reflectance spectroscopy has proved to be highly effective for the examin-
ation of both the solute/electrode interface and the electrogenerated products.
Two general approaches, designated internal and external reflection, may be
employed in these studies.'? For internal reflection the radiation passes through
a transparent substrate and is reflected from a thin film of metal deposited
thereon. The metal film also serves as the working electrode. The penetration of
the electric vector of the radiation into the solution in contact with the reflecting
surface provides a means of obtaining selective information related to the
solute/electrode interface. For external reflectance the radiation passes through
a suitable window and is specularly reflected from a solid electrode. The so-
lution trapped between the electrode and window is interrogated by the IR
beam. External reflectance approaches have been used to study both the elec-
trode/electrolyte interface and the eclectrogenerated species. Since the study
of monolayer or submonolayers of adsorbed species introduces significant
challenges in terms of sensitivity, a number of different approaches have been
developed that has spawned an extraordinarily diverse range of acronyms
(EMIRS, IRRAS, SNIFTIRS, PM-FTIRS, LPSIRS). Briefly, discrimination
between molecules bound to the electrode and those in the bulk solution may be
achieved by examining the spectral changes that result from either potential or
polarisation modulation. A good review of the techniques, and their physical
basis has been outlined by Beden and Lamy.'?

Examination of the solute species by external reflectance presents far fewer
challenges and a variety of cell designs have been reported. These include
strategies that permit the study of air-sensitive compounds'® over a range of
temperatures'*'> and/or pressures.'® A schematic diagram of a basic external
reflection SEC cell is shown in Figure 1.2(a)."* If the object of the investigation
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(a) Micrometer (b)
Working electrode Working electrode
Counter electrode Reference electrode Sample [ ¥ 1050

mENm
Window

Thin
layer
region

] Source W‘<
L& - Detector
Plane /
mirrors 60 mm f.I. spherical mirror

Figure 1.2 (a) Cross section of an external reflectance SEC cell and (b) an example of
an optical arrangement that permits its use in a conventional FTIR
spectrometer.

is the study of solute species then the incident beam strikes the working
electrode near to normal incidence, this minimises reflection losses from the air/
IR-transmitting window interface and reduces the cross-sectional area of the
focus of the IR beam when projected onto the electrode. Since the layer of
solution under investigation is typically 1020 um the cells inevitably suffer
from a substantial uncompensated solution resistance and this may best be
controlled by minimising the surface area of the working electrode. Thus,
the diameter of the working electrode should match the IR beam diameter.
Depending on the instrument this typically translates into an electrode diameter
of 3-5mm. Naturally, the electrode must be fashioned from a material highly
reflecting to radiation in the energy range of interest. While this is best achieved
with metals such as Au and Pt, it is important to note that vitreous carbon has
sufficient reflectivity in the IR to be suitable for such measurements. In its
simplest form the working electrode is encased in an inert insulator, usually
KelF or glass (Figure 1.3(a)). The thickness of the layer of solution under
examination is determined by the position of the working electrode relative to
the front window and this is adjusted under micrometer control. In most cases
the counter and reference electrodes are located outside the thin-layer region
where diffusion between the bulk solution and the solution in contact with the
working electrode is negligibly small over the timescale of the SEC experiments.

In view of the need to restrict the size of the IR beam at the electrode plane
the use of reflection absorption cells is generally limited to FTIR instru-
mentation where it is often necessary to use a high-sensitivity photovoltaic
detector (e.g. liquid-nitrogen-cooled mercury cadmium telluride, MCT). Since
in these cases the detector element is small, in addition to providing a flat,
highly polished working electrode, it is necessary to provide an optical train
that does not increase the size of the IR beam at the detector focus. The optical
design used in our laboratory is shown in Figure 1.2(b). The IR beam is dir-
ected to the working electrode located at the beam focus using a plane mirror.
The central ray of the IR beam makes an angle of 14.3° to the normal to the
CaF, window and 10 ° to that of the working electrode. The reflected beam is
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Figure 1.3 Working electrode designs for external reflectance SEC cells. (a) Single
element, (b) temperature controlled,'* and (c) multielectrode assembly.'®

refocused using a spherical mirror to give a beam focus and path as close as
possible to that of the undiverted beam. All three mirrors are built into a mount
that allows rotation about axes coincident with their reflective surfaces and
beam centre, in addition, the two plane mirrors have tilt axes normal to the
rotation axis.

A schematic diagram of an electrode suitable for low-temperature use is
shown in Figure 1.3(b)."* The temperature of the brass pin attached to the
working electrode is controlled by the flow rate and temperature of dinitrogen
gas that passes through its structure. Using this approach it is difficult to
monitor directly the temperature of the thin layer of solution, however, our
experience (based on the freezing of solvent/supporting electrolyte) suggests
only a small temperature difference (<ca. 10 °C) between that of the outgoing
gas. An approach that minimises the distance between the electrodes and also
facilitates the construction of small solution volume cells involves incorpor-
ation of the working, counter and reference electrodes into a single KelF pin.'¢
An additional small (I mm diameter) working electrode is also incorporated
into the assembly so as to provide a means of obtaining better electrochemical
characterisation of the solution. In more recent designs (Figure 1.3(c)) the KelF
pin is attached to a machineable ceramic cylinder (Macor). The greater dimen-
sional stability provided by this material provides advantages in establishing an
airtight seal between the electrode assembly and the cell body.

Relative to the transmission cells described in Section 1.3, external reflect-
ance cells are less simple to construct and require additional optics for in-
corporation into the optical path of the spectrometer. The advantages
associated with the approach relate to the well-defined nature of the working
electrode, the wider range of materials suitable for this purpose, and the greater
control over the thickness of the thin layer of solution. These factors contribute
to a much faster (>10x) rate of electrosynthesis for external reflectance com-
pared to transmission cells.
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1.5 Applications
1.5.1 Electrochemically Reversible Reactions

The simplest application of SEC techniques involves the study of electro-
chemically reversible couples where the oxidised and reduced forms are stable
on the timescale of electrosynthesis. Depending on the species this might involve
careful control of solvent, supporting electrolyte and solute concentration, strict
exclusion of dioxygen, and choice and preparation of the electrodes. Even in
cases where a reversible electrochemical response is obtained the SEC experi-
ments may yield complicated spectral changes indicating the involvement of
several species with little, or no, recovery of the starting complex following
application of an appropriate potential. In these cases it is important to consider
the different timescales and concentration profiles that apply in cyclic volta-
metric and SEC experiments. In those cases where the electrochemistry is well
behaved, quantitative and reversible electrosynthesis may easily be performed
using transmittance or external reflectance IR-SEC cells. The potential
dependence of the concentration of the oxidised and reduced species follows the
expected Nernstian form. In cases where the heterogeneous electron-transfer
reaction is slow the half-wave potential (E£,,) may be obtained reliably using
SEC techniques. This approach has been particularly important for studies of
redox proteins.

An example of a system showing quasireversible electrochemistry and
reversible chemistry is provided by Fe;S;(CO)y (Figure 1.4). The markedly
different pattern of v(CO) bands evident for the starting material and the
one-electron reduced product is indicative of structural rearrangement, how-
ever, on the timescale of the IR-SEC experiment reduction and reoxidation
proceed with comparable rates and with near-complete recovery of the starting
material following redox cycling (Figure 1.4). The presence of well-defined
isosbestic points for both oxidation and reduction (Figures 1.4(a) and (b)) in-
dicate that there is no significant involvement of additional iron-carbonyl
species in the reaction.

1.5.2 Redox-Activated Chemical (EC) Reactions

Whereas electrochemical techniques can be effective in terms of quantifying
different thermodynamic and kinetic parameters in cases where chemical
reaction follows redox activation (EC reactions) the identification of the
intermediates formed during the reaction is problematic. In cases where the
electrochemical response matches that of a known compound then this may
provide a satisfactory basis for identification, but usually it is necessary to
resort to other approaches. It is in relation to problems of this sort that SEC
techniques can be of most value.

The group 6 complexes, M(L-L)>(CO), (where L-L designates various
bidentate ligands with P/As donor atoms) undergo well-defined redox reactions
that feature stereochemical change linked to the formal oxidation state of the
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Figure 1.4 IR-SEC of the reduction (a) and reoxidation (b) of a CH3CN solution of
Fe;S,5(CO)g. Spectra were recorded at 1-s intervals. In this, and the other
IR-SEC spectra, a reference spectrum is collected immediately before the
application of a reducing potential and this is used to calculate the ab-
sorbance or, more properly, differential absorbance spectra. The depletion
of species initially present in the thin layer of solution presents as negative
bands, whereas electrogenerated species give bands with positive absorb-
ance. The last spectrum of each set is emphasised.

metal. The more stable forms are the cis M® and trans M" species.!”'® The v(CO)
bands are a particularly useful probe of the chemistry since a shift in wave
number is indicative of a change in the electron richness of the metal and the
stereochemistry is flagged by the presence of one (frans) or two (cis) IR-active
bands. The reduction of trans-[Cr(dppm),(CO),]" (dppm = Ph,PCH,PPh,) in
an external reflectance SEC experiment is shown in Figure 1.5. As the reduction
progresses the initial product band at 1810cm ' due to metastable trans-
Cr(dppm),(CO), is replaced by two bands (1780 and 1843 cm ') consistent with
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Figure 1.5 Reduction of frans-[Cr(dppm)>(CO),]" in CH,Cl, (60-um thick layer). The
inset shows the time traces of the absorbance for the bands associated with
the starting material, the trans-neutral intermediate and the cis-neutral final
product. The last spectrum of each set is emphasised. The fit of the ab-
sorbance changes at 1780, 1810 and 1843 cm ' over the time range 28-53 s
to a single exponential function (k=0.144s ') is shown.

rearrangement to give the more stable cis-neutral form. As the concentration of
the starting material in the thin layer of solution reaches a low, steady-state,
value the spectral changes are dominated by the isomerisation reaction. In this
case the nonredox character of the second step of the reaction is easily estab-
lished by the identification of the products, but this can also be confirmed by
monitoring the current response during the SEC reaction as discussed in the
following sections.

The satisfactory isosbestic points obtained for the isomerisation reaction
suggest that the system is amenable to kinetic analysis. The absorbance changes
associated with the decay of the frans-neutral and appearance of the cis-neutral
species fit to a single exponential with a rate constant of 0.14 (2)s ' (Figure 1.5
inset). This value is in good agreement with the reported value of 0.17(3) s ' at
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22 °C obtained by double-potential-step chronoamperometry in acetone.'” It is
clear that the rate of electrosynthesis is of vital importance when examining
reactions of this sort. Clearly, the half-life of the reaction should be at least
comparable to the time required for electrosynthesis and the data shown in
Figure 1.5 is close to that limit. If spectra of adequate quality can be obtained
using thinner films (10—15 pm) then the time required for quantitative electro-
synthesis can be reduced to several seconds.

1.5.3 Electrocatalytic Reactions

Two different types of catalytic reaction will be considered, electron-transfer
catalysis (ETC) and the more usual case in which a kinetically slow electro-
chemical reaction is accelerated by the presence of a second redox couple (EC’
reaction). The distinction between the two types of catalytic reaction is based
on whether the net reaction involves a change in redox state (Scheme 1.1).
For ETC reactions a small injection of charge into the thin layer of solution
should be sufficient to achieve full conversion of the initial compound. The
SEC response for such reactions is illustrated by PR;/CO substitution in
Fe,(u-pdt)(CO)e, pdt =S(CH»)5S, (3S) in tetrahydrofuran (THF). A solution
of 3S with 10 equivalents of P(OPh)s is initially subject to a potential of 0 V and
spectra are collected at a rate of 1 Hz. A reducing potential of —1.2'V is applied
for 2s and the potentiostat is switched to open circuit. The differential
absorbance spectra are calculated using the spectrum recorded immediately
before switching the potentiostat to open circuit as the reference spectrum.
In the following spectra the remaining 3S is quickly depleted from the thin
layer and this is replaced by the spectrum of the neutral phosphite product,
Fe,(p-pdt)(CO)sP(O'Pr); (Figure 1.6). It is important to note that the reaction
must be conducted under conditions where the lifetime of the reactive reduced
species is sufficient for the substitution reaction to be competitive with other
modes of deactivation. In this case it is essential that the THF be dry and
carefully deoxygenated. In solvents such as CH3CN, where the one-electron
reduced complex has a shorter lifetime, the ETC reaction is generally quenched
well before complete depletion of the 3S reactant. In cases where the ETC
reaction can be followed using SEC techniques spectral subtraction can be used
to identify the presence of low concentrations of species formed following redox

ETC EC’
O +ne =R
R o AR O +ne =R
O +AR — R+AO R+Y -5 0+Z
O —» AO Y +ne - Z

Scheme 1.1 Distinction between electron-transfer catalytic (ETC) and electrocatalytic
(EC) reactions.
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Figure 1.6 Spectra recorded from a solution of Fe,(u-pdt)(CO)s (3S) with
10 equivalents of P(O'Pr); following reduction for 2 s followed by
switching the potentiostat to open circuit. The reference spectrum was
recorded immediately prior to switching the potentiostat to open circuit
and the last spectrum of the series is highlighted.

initiation. The concentration profiles of the transiently stable species are of key
mechanistic importance to such reactions.

In contrast to ETC reactions, where the injection of small amounts of charge
into the thin layer can result in dramatic spectral change, for EC’ reactions the
injection of substantial charge into the thin layer may result in minimal spectral
change. This is well illustrated by electrocatalytic proton reduction by 3S. Re-
duction of 3S in the absence of protons is complete within ca. 30s (Figure 1.7(a)).
After this time there is a reduced current flow due to diffusion of the neutral
complex into the thin-layer region. Stepping the potential to slightly more positive
values leads to oxidation of one of the minor reduction products and application
of much more positive potentials leads to ca. 85% recovery of the starting
material. In the presence of 7 equivalents of acid, reduction of a layer of solution
of similar thickness (estimated using the absorbance of a solvent band) results
in a substantial current flow, but with minimal spectral change. As the reaction
proceeds the starting complex is removed from the thin-layer region at an
increasing rate until it is nearly depleted. Reoxidation leads to only ca. 50% re-
covery of the starting complex. The current and spectral response (Figure 1.7(b))
requires that the starting complex be recovered during the electrocatalytic cycle
and this is consistent with the reaction path shown in Scheme 1.2(a). Satisfactory
simulation of the cyclic voltammetry of THF solutions of 3S with between 0 and
10 equivalents of p-toluene sulfonic acid (HOTs) has been obtained for a reaction
involving consecutive electron—proton additions (Scheme 1.2(a)) together with a



Infrared Spectroelectrochemistry 13

c) -1.2V,0-60 s

M As

-1.2'V, 60-265 s

0.00 —-0.2
-0.05 |- : :
-0.10 H
-0.15 fo t:1
-0.20 |- :

AAbs (2032)

A2V 08V © 102V

b) 3S + 7 equivalents HOTs

-1.2V

0.00
-0.05
-0.10
-0.15
-0.20

AAbs (2032)

| I I I
0 100 200 300 2100 2000 1900 1800 1700
Time/s Wavenumber / cm’?

Figure 1.7 Electrocatalytic proton reduction by 3S in THF. The current response
(dashed line) and absorbance change (solid line) showing depletion of the
starting material for (a) the reaction in the absence of acid and (b) after
addition of 7 equivalents of p-toluene sulfonic acid (HOTS). (¢) Spectral
changes recorded corresponding to the reaction shown in (b). The last
spectrum of the series is highlighted.

(a) (b) DP
H2
3S DP
382H — 7 e DP2H DP%
e’ \Hz j
H* 3SH 3SH
\—/
=

Scheme 1.2 Proposed EC’ reaction paths for electrocatalytlc proton reduction by
(a) 38" and (b) Fe,(u-PPh,),(CO), (3P).%°
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path involving reduction of the two-electron, two-proton product that becomes
available at more reducing potentials.'” It is important to note that in the absence
of 3S reduction of HOTs at the vitreous-carbon working electrode at a potential
of —1.2'V yields an insignificant current flow.

The initial spectral changes obtained in SEC studies of electrocatalytic
reactions provide a particularly effective means of identifying the kinetically
inert species of the reaction cycle. For electrocatalytic proton reduction by 3S
the small magnitude of the spectral changes obtained during the initial phase of
the reaction (Figure 1.7) requires that the reaction cycle must recover the
resting state of the complex. This requires that dihydrogen elimination occur
from the two-electron reduced form of the complex. Clearly, in cases where the
reaction cycle involves more highly reduced levels of the complex the resting
state of the complex will not be recovered and substantial spectral changes will
accompany the initial phase of the reaction. Accordingly, SEC studies allow a
distinction between EC’ reactions that must include the resting state of the
complex (small or no spectral changes during the initial phase of the reaction)
and those for which the starting complex is a precursor to the species involved
in the catalytic cycle. The differing SEC signatures obtained for these situations
is provided by electrocatalytic proton reduction by 3S (Figure 1.7) and Fe,(p-
PPh;),(CO)s, DP. For DP, depletion of the starting material from the thin layer
proceeds as soon as a reducing potential is applied, although there are differ-
ences in the initial products for reactions conducted in the presence and absence
of protons (Figure 1.8).%° The initial product in this case is the two-electron,
two-proton product DP2H. This species can be generated independently by
protonation of DP* and shown to be unreactive in terms of dihydrogen

[0}
[$]
c
®©
2 DP + HOTs
)
o)
< time=0t0 27 s
<
| | |
2100 2000 1900 1800 1700
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Figure 1.8 Initial stages of the reduction of DP with 9 equivalents of HOTs. The time
between spectra is ca. 4s. The last spectrum of the set is highlighted.
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elimination. Further reduction is needed to give a significant rate of dihydrogen
elimination (Scheme 1.2(b)).*

When carefully examined, and with the aid of spectral subtraction, more subtle
spectral changes recorded during electrocatalysis provide a potential source of
the spectral signatures of longer-lived species that are formed during the reaction
cycle. During the early stages of electrocatalysis by 3S (Figure 1.7(c), 100-150s)
the spectrum of a previously unidentified species was detected and the spectrum
extracted.' A similar spectrum is also obtained from corresponding experiments
from the related compound, Fe,(u-S(CH»)>S)(CO).2! While having a spectrum
seemingly related to that of the CO-inhibited oxidised form of the enzyme, more
recent studies suggest that this species is a rearranged side product.®?

Electrochemical simulations of the concentration and scan-rate dependence of
the voltammetry potentially provide the composition of the intermediates formed
during the reaction cycle together with estimates of the rate and equilibrium
constants. As shown in the preceding section spectroscopic information can
greatly assist the elucidation of the molecular details of these reactions, however,
reliable deduction of the structure is greatly enhanced by the incorporation of
structural and computational information (Section 1.6). The rapid advance in
computer power and implementation of density-functional theory allows a more
quantitative approach for evaluation of proposed structures based on spectro-
scopic information and estimation of the relative energies of the proposed spe-
cies.?> ?* The recent computational study of the electrocatalytic reaction cycle
proposed for 38 illustrates the opportunities presented by the approach.

1.5.4 Chemically Reactive Species

A range of different strategies need to be considered in cases where the lifetime of
the initial product of the redox reaction is short relative to the rate of electro-
synthesis. The relatively slow rate of electrosynthesis of spectroscopically signifi-
cant quantities of product relative to chemical reaction may make the application
of stopped- or continuous-flow techniques more suitable than SEC approaches.
The advantage to be gained by study of such systems using SEC approaches
derives from the control of the oxidising/reducing potential that, in turn, allows
the chemical reversibility of the redox reaction to be examined. In most cases
quantitative electrosynthesis of a 10-um layer of solution contained between the
working electrode and the IR-transmitting window will be of the order of 10s.
While this places a limitation on the range of species that may successfully be
studied, there is the advantage that standard FTIR spectrometers with photo-
voltaic (e.g. MCT) detectors allow spectra to be collected at good resolution
(2em ) in ca. 1 s and are ideally suited for this work.

The second oxidation of the Cr(dppm),(CO), complex considered earlier in
the section provides a good illustration of the advantage provided by the rapid
rate of electrosynthesis when the redox activated products are reactive. In this
case one-electron oxidation of the neutral complex is accompanied by cis/trans
isomerisation. A further oxidation of the frans-cation occurs at +1.5V where
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the initial reduction product has a v(CO) band at 2024cm ' but is relatively
unstable and over a longer timescale reduction does not result in the recovery of
a significant fraction of the starting material. The assignment of the 2024-cm '
band to rrans-[Cr(dppm),(CO),]** requires rapid reduction at moderate re-
ducing potentials to give the more stable trans-[Cr(dppm),(CO),]*. For the
experiment shown in Figure 1.9 only ca. 60% of the trans-cation is recovered
following redox cycling to the dication. Despite this, there is a clear connection
established between the species responsible for the 2024- and 1872-cm ' bands
with the rate of reaction and potential for the interconversion consistent with
assignment of the 2024-cm ' band to trans-[Cr(dppm),(CO),]**.

While the 3D plots give an overview of the spectral changes associated with a
reaction, it is more often important to discern whether the interconversion
reactions proceed with formation of significant concentrations of intermediate
species. The presence of isosbestic points is of key importance in this regard and
such spectral features are more easily examined in overlay plots.

Clearly, the examination of intermediates is much more straightforward if
their lifetime can be extended, and in many cases this may be achieved by
careful attention to the chemistry of the system (e.g. choice of solvent and/or
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Figure 1.9 Oxidation and reduction of Cr(dppm),(CO), in CH,Cl,. The time between
spectra is ca. 1s. The top series of spectra show the time evolution of the
spectra in a 3D format and replotted in overlay mode below. The time
traces are shown in the lower right panel.
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supporting electrolyte) or by reducing the temperature. For studies conducted
in organic solvents such as THF, butyronitrile, or dichloromethane electro-
chemical reactions may be carried out at temperatures as low as —50 °C. Both
transmission and external reflectance SEC cells may be modified for low/
controlled-temperature operation and this may simply involve thermostatting a
block in contact with the cell body. In this case it is necessary to take pre-
cautions against condensation on the outer surface of the IR-transmitting
window. An alternative strategy is to use the working electrode to pro-
vide temperature control and this may be achieved in the manner outlined in
Section 1.4. In this case the working electrode also serves as reflecting and
cooling element for the thin layer of solution trapped between it and the win-
dow. Over short times the extent of cooling of the external surface of the
window is low and condensation of water vapour rarely presents a problem.

Application of low-temperature SEC approaches has permitted identifi-
cation of the spectrum of an intermediate species formed during the reduction
of the [FeFe]-hydrogenase H-cluster structural analogue, Fe,((u-SCH,)>C(Me)
CH,SPh)(CO)s. At 10 °C the reduction proceeds to give a product with a sig-
nificantly altered v(CO) spectrum (Figures 1.10(a) and (b)), suggesting sub-
stantial structural change. In the spectrum collected immediately after
application of a reducing potential there is a subtly different spectral profile
suggestive of the involvement of an intermediate species. Analogous experi-
ments conducted at ca. 40 °C (Figure 1.10(c)) give similar results but with
much clearer definition of the spectrum of the short-lived species. At lower
temperature the spectral changes are sufficiently developed for the spectrum of
the intermediate species to be revealed (Figure 1.10(d)).

While a lowering of the temperature will lead to a lowering of the rate of
following reactions it is important to note that this will also have an impact on
the rate of heterogeneous clectron transfer. The improved spectroscopic de-
tection of intermediate species depends on their relative rates of formation and
decay. While in the previous example cooling leads to improved detection of the
intermediate species there are a number of instances where poorer SEC re-
sponses are obtained at lower temperature.

The interconversion between electrogenerated species may be more finely
examined using potential modulation techniques®> analogous to the SNIFTIRS
(surface-normalised interfacial FTIR spectroscopy)®® approach developed for
the study of surface species. In this case the oxidising/reducing potential is ap-
plied to the working electrode for the time required for collection of a single
spectrum (usually ca. 1s) and this leads to partial (ca. 10%) electrosynthesis of
the solute in the thin-layer region. At the end of the sweep of the moving mirror
of the FTIR the potential is switched back to its initial value and maintained in
that state until the film is returned to its initial state. The cycling of the potential
is repeated in order to establish the reproducibility of the potential dependent
spectral changes. The chemical reversibility of the reaction can be assessed by
the spectral changes that accompany repeated spectral cycling. In cases where
the spectral changes are reversible the spectra recorded at the two potentials can
be co-added in order to improve the signal-to-noise ratio. The synchronisation
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Figure 1.10 (a) Fe,((u-SCH,),C(Me)CH,SPh)(CO)s in CH;CN, (b) SEC reduction
(-1.7V) at 10°C, (c) analogous experiment conducted at ca. —40°C,

(d) spectrum of the short-lived product obtained from the lower-
temperature SEC experiment.

between the change of applied potential and the collection of data from the
FTIR (during the forward scans of the moving mirror) is shown in Figure 1.11.

An example of the application of potential modulation techniques is pro-
vided by reduction of Fe,S4(NO), between its dianion and trianion forms.*’
At room temperature the dianion has limited stability in dichloromethane and
experiments were conducted at lower temperatures in order to diminish the
effects of decomposition. Reversible conversion between the dianion and tri-
anion forms is clearly evidenced by the spectra where the rates of reduction and
reoxidation are similar and the waveform for the experiment was symmetric
(i.e. in Figure 1.12, n=0).

1.5.5 Determination of the Charge State

Whereas thin-layer SEC approaches provide an effective means of identifying
stable and transiently stable electrogenerated species, in cases where these species
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Figure 1.11  Synchronisation between the collection of FTIR spectra and the potential
applied to the working electrode during potential modulation techniques.
It is assumed that single-sided interferograms are collected during the
forward sweep of the moving mirror (ZPD = zero path difference for the
two paths of the interferometer).
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Figure 1.12 Sequential reduction for 4 s at 2.0 V (dashed line) and oxidation for 10 s
at —1.0 V (solid line) cycles of [Fe4S4(NO)4J*~ in CH,Cl, at -3 °C.

cannot be isolated it is often difficult to assign a charge state. For longer-lived
species the current response obtained following a potential step may be correlated
with the spectroscopic results and this may provide a sufficiently good estimate of
the charge transferred per molecule. This approach relies on the distinction be-
tween the charge transferred into the thin-layer region relative to the “bulk”
solution. Clearly this distinction is greater for thinner layers of solution (<20 pm)
where the rate of electrosynthesis is fast. An alternate strategy, that may be used
even when there is a mixture of species present in solution, is to identify whether
the intermediate species undergoes disproportionation reactions.

Reduction of 3S proceeds through a short-lived intermediate, 3S4, en route
to formation of three distinct products (3Sg, 3Sc, and 3Sp) where the relative
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concentrations of the latter products are sensitive to the identity of the solvent
and the presence of free CO in solution. Conditions can be identified where the
reaction proceeds quantitatively to 3Sg and in this case the coulometric results
indicate a two-electron reduction of 3S to 3Sg.

The determination of the charge state of 3S, presents more serious dif-
ficulties. Whereas the electrochemical (cyclic voltammetry, rotating-disc elec-
trode) response of the system indicates that the reduction proceeds in one-
electron steps, this is not of itself sufficient to associate 3S, with the one-
electron reduced product. Indeed the average shifts of the terminal v(CO) bands
of 3S, and 3Sg are similar and this suggests a similar electron richness at the
iron centres. The proposition that the redox level of 3S, is intermediate be-
tween those of 3S and 3Sg can be confirmed by its disproportionation. This
may be established by generating 3S, in a SEC experiment then switching the
potentiostat to open circuit where the decay of the concentration of 3S, with
concomitant growth in the concentration of 3S flags disproportionation,
whereas conversion of 3S, solely to 3Sg would suggest a nonredox transfor-
mation. The concentration dependence of 3S, 3S,, and 3Sg in such an ex-
periment is shown in Figure 1.13. The first spectrum recorded after switching
the potentiostat to open circuit shows that the loss of 3S ceases. Crucially, as
the concentration of 3S, decays there is an increase in the concentration of
both 3S and 3Sg. An alternative explanation for the recovery of the concen-
tration of 3S in the thin-layer region involves diffusion from the bulk solution.
The contribution made to the concentration change of 3S from diffusion can be
estimated from its (time)”* dependence and provided that there is sufficient 3S
in the thin layer at the time the potentiostat is switched to open circuit a
contribution from chemical reactions may be readily discerned.'®

For experiments that require a quantitative estimate of the concentration
of the different species in the thin-layer region this can be easily achieved when
the band profiles are not overlapping. Where this is not the case it is neces-
sary to use more sophisticated approaches (i.e. chemometrics®). In this
example, well-defined spectra of 3S, 3S,, and 3Sg can be obtained either dir-
ectly or indirectly by the use of spectral subtraction. These spectra may be used
as vectors in a multicomponent analysis and this may be performed using
specialist or general plotting and statistical analysis programs such as Igor
Pro(Wavemetrics). When approaches such as these are used it is important to
check that the mass balances remain consistent through the experiment.

1.5.6 Reactions of Redox-Activated Complexes
with Gaseous Substrates

The activation of gaseous molecules such as H,, N,, O,, CO, and CO, is im-
portant both for environmental and economic reasons and the SEC study of
catalysts for activation of these species is facilitated by cells capable of oper-
ation at elevated pressures. This feature may be incorporated into external
reflection SEC designs and a schematic diagram of such a cell is shown in
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Figure 1.13 Time evolution of the concentration of 3S and products formed following
reduction for ca. 65, at this time (=0 s) the potentiostat was switched to
open circuit. The concentration change is obtained by multicomponent
analysis of the differential absorption IR spectra. The values of the
concentration change for 3S are offset by 2.1 mM. The error bars are
drawn at the 3 e.s.d. level. The mass balance corresponds to the sum of
the concentration changes. The inset shows the change in concentration
of 3S on a root timescale. Modified from ref. 19.

Figure 1.14.'® The outer casing of the cell is constructed from stainless steel and
the IR beam enters and departs through a 7-mm thick CaF, window. The
solution is contained by a Teflon insert and this is fashioned so as to minimise
the volume required for operation. The connections to the electrodes are most
easily managed if a multiclectrode assembly is used.
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Figure 1.14 Cross-sectional (a) and top (b) schematic views of an external reflection
SEC cell suitable for operation at gas pressures to 1 MPa.'® The details of
the multielectrode assembly are shown in Figure 1.3(c).

An upper pressure limit for operation of the cell is set at 1 MPa, this is less
than 10% of the calculated safe pressure. The change in concentration of
gaseous substrates effected by a 1-MPa pressure is sufficient for satisfactory
study of most systems. In addition to operation at elevated pressures the cell is
very well suited to the study of highly air-sensitive compounds.

The redox-state dependence of substrate binding to metal clusters is illus-
trated by CO interaction with the reduced forms of [Fe,S4(SPh)4J*.*° Under an
inert atmosphere the cluster undergoes two well-behaved one-electron re-
ductions at potentials of 0.9 and —1.7V (inset Figure 1.15), of these only the
second process is significantly affected by the presence of CO. The increased
cathodic current response and a lowered reversibility indicate significant CO
interaction with the tetra-anionic form of the cluster. The CO-partial-pressure-
dependent spectral changes obtained following the application of potentials
sufficient to generate the tetra-anion are shown in Figure 1.15. Since the
starting complex does not have bound CO the spectral changes in the v(CO)
region are dominated by growth bands (free CO absorbs weakly in the IR). The
absence of depletion bands in the differential absorption spectra confirms the
low reactivity of the complex in its resting state to CO. Reduction to the tetra-
anion is marked by the rapid growth of intense v(CO) bands reflecting the
formation of iron carbonyl species, where the time and concentration de-
pendence of the spectra indicate a complex reaction mixture. At high CO
partial pressures there is an increased prominence of the band at 1750 cm '
attributable to [Fe(CO)4]* and this signals extensive cluster decomposition and
accounts for the increased cathodic current at high CO partial pressures.

At elevated CO partial pressures the reaction between the cluster and CO
occurs following reduction to the trianion state. Two distinct products are
formed during the reaction where the initial stage of the reaction is dominated
by a product featuring a single v(CO) band at 1812cm ', at longer times a less
distinct set of bands centred on 1930cm ™' grow slowly into the spectrum, sig-
nalling the appearance of a product, or products, with terminally bound CO
groups. Reoxidation of the thin layer gives a rapid set of spectral changes where
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Figure 1.15  Fe, S4(SPh), reduced at —1.8 V in CH3CN in (a) 10, (b) 20, and (c) 100%
CO/Ar gas mixtures at 0.36 MPa. The inset shows the cyclic voltammetry
recorded under an inert atmosphere and for CO-saturated solvent.

oxidation of the species having the terminally bound CO groups leads to a
product having bands at 1945, 2011 and 1966 cm . Reoxidation of the species
responsible for the 1812-cm ' band, most likely having a bridging CO group,
appears to result in dissociation of the CO group from the (di)iron centre. This
may have relevance for understanding biological systems, such as the 4Fe-3S
half of FeMoco, the N»-fixing centre in the nitrogenase enzyme, also binds CO
in a bridging mode at low CO partial pressures with reversible dissociation of
CO on reoxidation (Figure 1.16).%°

1.5.7 Biomolecules

Application of IR-SEC to biomolecules brings additional challenges and these
are mostly related to the availability of material, its maximum concentration,
interference from other vibrational modes of the macromolecule, and the need
to work in highly absorbing solvents such as water. The water solubility of most
salt window materials means that studies must be conducted using insoluble
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Figure 1.16 SEC of [Fe,S4(SPh),* in CH;CN at 0.36 MPa of CO. (a) Reduction of
the trianion to the tetra-anion and (b) reoxidation to the trianion, 1.2 s
between spectra.

materials and these tend either to have a high wave number cutoff (e.g. CaF,)
or to give low transmission due to high reflection losses (e.g. ZnSe). Despite
having intense, broad absorptions at ca. 1600 and 3400 cm ' water does present
a useful spectral window, particularly in experiments with a short optical
pathlength, and this may be extended by the use of D>O or H,O/D,O mixtures.
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Although characteristic IR bands or regions have been identified for
amino acid side chains or protein folding motifs (o-helix vs. B-sheet for ex-
ample), interpretation of the spectra for whole proteins is extremely complex.
OTTLE cells of the type reported by Moss er al.'® (Figure 1.1(b)) have
been used in both UV-Vis and FTIR studies of redox-linked conformational
changes in a number of heme proteins including myoglobin and hemoglobin,*!
cytochrome ¢5,% cytochrome ¢ oxidase®® and the cytochrome bc¢; complex.>*
Difference spectra show redox-dependent changes in vibrational modes
arising not only from the peptide backbone and side chains, but also from
the porphyrin rings, providing information on local and more distant struc-
tural changes resulting from redox transitions at the heme cofactor centres.
For the small, soluble, clectron-transfer protein cytochrome cs, diffusion is
sufficiently efficient that direct, rather than mediated, electrochemistry is
possible, but for work with larger proteins, a cocktail of redox mediators is
added to the protein solution to improve electron-transfer rates. The gold
minigrid working electrode is generally coated with a thiolate surface
modifier such as cysteamine to protect the proteins from denaturation at the
bare metal.

As with investigations of small molecules, the IR-SEC technique applied to
proteins is most powerful when addressing redox changes at metal centres
bound by ligands having vibrational modes that have a large IR cross section
and are well separated in energy from other vibrational modes of the system. By
far the most extensive application has been in studies of hydrogenase enzymes
that incorporate CO and CN' ligands at their di-iron or nickel-iron active sites
and undergo a complex series of redox-potential-induced interconversions be-
tween active and inactive states. These studies, also using cells of the Moss
design, have permitted identification of the conditions that favour formation of
each state and the potentials at which redox interconversion occur. From the pH
dependence of the Nernst plots it is also possible to identify the extent to which
the redox steps are coupled to proton transfer. In this case a cocktail of redox
mediators are added to the protein solution to improve electron transfer to the
bulky protein molecules. Critically, control of the potential allows generation of
well-defined oxidation states of the enzyme that are difficult to achieve by other
means. In conjunction with IR spectroscopic studies in conventional solution
cells (in which the pH and partial pressure of H, and sample history can be
readily varied) the IR-SEC studies have filled in gaps in the catalytic schemes
deduced from low-temperature EPR studies where EPR-silent states cannot be
characterised. For example, it was assumed that reduction of the paramagnetic
inactive, oxidised states of [NiFe]-hydrogenases, known as ready and unready,
respectively, led to a single species until the reduced products were found to have
subtly different IR signatures associated with the active site CO and CN™ lig-
ands.*> More than ten states of the [NiFe]-hydrogenases have now been iden-
tified by IR-SEC, and the kinetics for interconversions between many of these
states revealed at physiologically relevant temperatures.®® For the [FeFe]-
hydrogenases, IR-SEC confirmed evidence gleaned from the crystallographic
characterisation of distinct samples that a CO ligand that bridges the two metals
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in the catalytically active oxidised state [v(CO) 1802 cm '] moves to a terminal
position in the reduced enzyme.?’ In analysis of the spectra of hydrogenases, a
multipoint “‘baseline” is typically subtracted to distinguish the tiny ligand vibra-
tions from the large solvent and protein background and this manipulation
leaves the v(CO) and v(CN) bands with an artificially ““triangular” shape. The
v(CO) and v(CN) bands are then sufficiently intense (for millimolar hydrogenase
samples) that absolute rather than difference spectra are presented. A review of
the SEC studies of hydrogenase enzymes has recently been published.*®

1.6 Integration with other Electrochemical
and Spectroscopic Techniques

The delineation of the chemistry following redox activation is dependent
on the collection of as detailed information as possible on all the species
formed during the reaction. While the previous section has highlighted the
information able to be extracted from IR-SEC studies, it is important to rec-
ognise that in most cases this represents a small fraction of the detail needed
to characterise the chemistry of the system. In addition to the application
of a broad range of complementary spectroscopic techniques, described in
other chapters of the book, electrochemical simulations can assist in the
identification of mechanistically important species. An example of the com-
plementary nature of the electrochemical and SEC approaches is evident in
the recent study of electrocatalytic proton reduction in the presence of
Fe,(u-pdt)(CO)e." It is the molecular structure, however, that is the key to the
development of an in-silico description of the reaction chemistry. A useful
strategy for obtaining this information from transiently stable species involves
the use of XAFS (X-ray absorption fine structure) techniques, however, in
such investigations it is critical to be able to characterise the sample under
investigation. In this regard SEC techniques can play a central role in the
identification of target species and the validation of the samples subject to
XAFS analysis. While a number of in-siru designs of SEC XAFS cells have
been reported,® the duration of XAFS data collection is generally long (> 1 h)
it is difficult to maintain the reactive samples in the required state. In this case it
can be more effective to generate the desired species and freeze-quench the
sample for low-temperature XAFS data collection. Continuous-flow electro-
synthesis approaches may be used for this purpose, where the form of the
sample is verified spectroscopically, in line, prior to freezing.'®?*4 Experi-
ments of this sort can provide reasonably accurate (typically to 0.02 A) core
geometry and this can be used to build the starting geometry for DFT structure
modelling. Good agreement between the final DFT calculated structure
and spectroscopy with the XAFS-determined bond lengths and the SEC
determined spectroscopy can then provide a strong basis for assignment of the
structure.*>*!
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1.7 Summary

IR-SEC techniques are extremely effective for the study of the redox-activated
chemistry of a broad range of chemical, and biochemical, systems that display a
broad range of electrochemical behaviour. The structural detail added to the
electrochemical response facilitates the building and testing of reaction schemes
and mechanisms. While further advances in cell design are to be expected, the
field is in a relatively mature state with well-developed designs for cells oper-
ating under a range of physical conditions of temperature and pressure and able
to accommodate sample volumes of the order of 1 puL. Given access to work-
shop facilities these cells can be fabricated at modest cost and excellent results
can be obtained from most commercial FTIR spectrometers. Improvements in
computational methods, electrochemical simulation and ab-initio calculations,
when integrated with the spectroscopy of the intermediate species offer the
promise of a far more detailed analysis of the complex reaction chemistry that
follows redox activation. These details underpin advances in our understanding
of the catalytic reactions that economically and biologically sustain life.
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2.1 Introduction and Chapter Scope

In this chapter we will explore the application of spectroelectrochemistry to se-
lected iron-containing proteins. Our choice of chemical systems is dictated by a
number of factors and we will include a discussion of both nonheme- and heme-
containing proteins. We emphasise iron due to its central importance in biology.
Iron is an essential nutrient for virtually every living cell, yet the iron paradox is
that this essential element is also toxic.! Consequently, the location, concen-
tration, and chemical environment of iron in a biological system must be carefully
controlled. Proteins play an integral part in iron transport, storage, homeostasis
and biological function, and consequently investigations of iron proteins are of
significance. At the centre of iron’s essential functions in biology, and its toxic
effects, is the ease and propensity with which it undergoes redox reactions. Hence,
a detailed investigation of the redox reactions of iron is of major significance.
As a transition metal with a partially filled d-subshell of electrons, the UV-Vis
spectroscopy of iron is a sensitive measure of both the first coordination shell
environment (ligand field), and oxidation and spin state of the metal.” Ligand
field bands are an excellent experimental handle for spectroelectrochemistry,
and in the case of heme proteins the Soret band provides an additional probe for
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oxidation state change. Spectroelectrochemistry is an ideal tool to explore the
bioinorganic redox chemistry of iron as it relates to iron proteins.

Aspects of the aqueous and coordination chemistry of iron provide specific
opportunities and challenges associated with spectroelectrochemical investi-
gations of iron proteins. Depending on the coordination environment of iron,
an oxidation state change from +3 to +2 can significantly change the binding-
site affinity (thermodynamics of binding) as well as first coordination shell
turnover kinetics (kinetics of dissociation).>* This may be an important feature
of the mechanism for iron transport and release, but it also adds a level of
complexity to spectroelectrochemical data workup and interpretation, as dis-
cussed in Section 2.3. Oxidation-state change may also effect spin-state changes
between high- and low-spin electron configurations. Further complications can
arise from acid-base chemistry associated with iron in an aqueous environment,
where iron behaves as a Bronsted acid, leading to hydrolysis and the formation
of multiple-hydroxyl containing species that may precipitate.* In certain in-
stances, these hydrolysis reactions must be considered in spectroelectrochemical
data analysis.

The most common oxidation states of iron in biology are +2 and +3,
although the +4 state is also found, usually as an oxo species when iron is in a
porphyrin environment (e.g. in cytochrome P4s9). Here, we will focus on the
spectroelectrochemistry studies that investigate the driving force and mecha-
nism for redox changes between the +2 and +3 oxidation state. The driving
force for this change (£ /,) is strongly dependent on the groups directly bound
to iron (first coordination shell), as illustrated in Scheme 2.1. In addition to this
first coordination shell effect on E, 5, there is a second coordination shell and a
medium effect on E, . This is particularly important in metalloproteins, as the
protein and protein structure controls the second coordination shell through
variations in residues present in the binding pocket. Protein folding also con-
trols the exposure of the iron to the external environment. These influences on
E\ ), are also illustrated in Scheme 2.1 and discussed in Section 2.4.

Finally, in proteins with multiple binding sites (e.g. transferrin), or in com-
plex protein assemblies with multiple subunits (e.g. hemoglobin) there is an
opportunity for allosteric interactions between redox-active iron sites. These
allosteric interactions are readily probed by the spectroelectrochemical tech-
nique, as illustrated in Sections 2.3.2.2 and 2.4.2.3.

The protein environment also provides a challenge in investigating redox
processes since it acts as a barrier to electron flux in and out of the iron centre.
This is due to the steric bulk of the folded polypeptide chain that can also act as
an electronic insulator. As there is distance dependence in the outer-sphere
electron transfer at the protein/solid electrode interface, these heterogeneous
electron-transfer rates tend to be slow. This problem is overcome by the use of a
small-molecule mediator as discussed in Section 2.2.3.

In this chapter we describe the spectroelectrochemical technique as it applies
to nonheme and heme iron proteins containing single or multiple iron-binding
sites, and as single protein or multiple subunit assemblies. In this discussion, we
will address the influence of the following on the spectroelectrochemical
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Scheme 2.1 Summary of redox potentials for various heme and non heme iron
proteins, which illustrates first and second coordination shell effects.

experiment: first and second coordination shell and medium effects on £ ,, iron
dissociation and nonideality/reversibility, cooperativity, and receptor binding.
While there is a wealth of excellent data available in the literature to illustrate
these points, for reasons of space, we have limited our choice of examples to
those from our own laboratory.

2.2 Experimental Design

Spectroelectrochemistry utilises the difference in the spectroscopic signature
between the oxidised and the reduced form of a system to probe its redox
properties. An incremental application of potential gradually changes the
spectral profile of a system corresponding to the changes in the population of
oxidised and reduced species. These spectral changes as a function of applied
potential allow for the determination of various redox properties including, the
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half-potential, E,, (all potentials are expressed relative to NHE), and the
number of electrons transferred, n. A combination of three components must
be specifically chosen for each system studied: i) an electrode material and
configuration; ii) a mediator or electron-shuttle that facilitates electron transfer
between the electrode and the chemical redox couple of interest (necessary only
when the redox couple of interest is slow to react at the electrode surface, which
is generally the case for proteins); and iii) a detection system that can probe the
relative concentrations of the oxidised and/or reduced state of the system. Since
UV-Vis spectra are sensitive indicators of Fe*>/Fe’>" oxidation state changes,
we will only discuss UV-Vis spectroscopic detection methods in this chapter. As
we present these three aspects of spectroelectrochemistry, our discussion will be
geared towards the redox studies of different iron-containing proteins found in
mammalian and microbial systems that we have investigated in our laboratory.

2.2.1 Working Electrode
2.2.1.1 Electrode Materials

Advances in conventional electrochemistry provide a wealth of information on
the properties of electrode materials that are available for spectroelectrochemical
experiments. Spectroelectrochemistry relies on the fundamental principles of
electrochemistry; therefore, the selection of a specific electrode material is based
on the effective electrochemical window it provides in a given solvent system
(solvent with buffers). This window is determined by the range of over potentials
the electrode material exhibits for solvent breakdown. For example, a gold mesh
electrode provides a window to study systems with more negative redox poten-
tials compared to a platinum mesh electrode. The effective electrochemical
window of a material can often be extended to access the redox potential of a
biological system by modifying its surface.” Our studies on human transferrin
required us to extend the limits of a gold mesh electrode to more negative
potentials and this was achieved by forming a mercury/gold amalgam.® Further
discussion of the electrochemical window exhibited by different electrode ma-
terials in different solvent systems can be found in various electrochemistry
monographs.”® Additionally, electrode materials for UV-Vis spectroelectro-
chemistry are required to be optically transparent since monochromatic light is
used to probe the oxidation states of the proteins. Gold, gold/mercury amalgam
and platinum mesh electrodes all allow the transmission of monochromatic
light and are ideal for the spectroelectrochemistry experiments discussed in this
chapter.

2.2.1.2  Preparation and Cleaning of the Working Electrode

A general idea of the anticipated redox range of the system under investigation
is usually adequate to determine the ideal optically transparent electrode
material; however, the success of the spectroelectrochemical experiment may be
determined by the pristine condition of the electrode. The working electrode,
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whether platinum or gold, must be carefully cleaned between each experiment
to obtain reproducible results with high accuracy. Methods to clean various
electrode materials are well described in the literature and can be directly
applied to the cleaning of the optically transparent, Pt and Au mesh elec-
trodes.”!” The redox potential of a given protein system can often be very
negative and this requires a special electrode that permits the application of
potentials below —500 mV without the evolution of H, gas, resulting from the
H,O solvent breakdown. Amalgamation of a Au electrode with Hg extends the
operational electrochemical window and allows for the application of more
negative potentials to the system. The amalgamation procedure consists of
electrochemical deposition of Hg (Egep =544mV) from 0.05M Hg(NO3), in
2.0M HNO; for 10-15min.*

2.2.2 Optically Transparent Thin-Layer Cell (OTTLE)

Various spectrophotometric methods are suitable for monitoring the spectral
changes associated with the changes in the redox state of the system brought
about by the applied potentials. The electronic properties of iron-proteins
are well defined in the UV-Vis spectral region, allowing for the absor-
bance bands to be used as spectrophotometric handles during the reduction/
oxidation process. The use of an optically transparent thin-layer electrode
(OTTLE) is ideal for UV-Vis spectral monitoring of redox profiles as it
requires only a very small sample volume and allows for maximum exposure
of the sample to the electrode surface. The electrochemistry component of
spectroelectrochemistry is in fact bulk electrolysis with a volume of 30-60 pL
when confined within an OTTLE cell (0.02-0.04 cm pathlength) as described
here. This results in a very thin diffusion layer, which is ideal for rapid elec-
trolysis. This setup reduces the time required for the system to achieve
equilibrium after each applied potential and significantly cuts down the overall
time required to complete the experiment, thus preventing the protein from
being exposed to an electrical potential for extended periods, which can cause
denaturation.

A schematic of an OTTLE cell designed for spectroelectrochemistry experi-
ments using UV-Vis spectra as a detection mode is illustrated in Figure 2.1.
These experiments can be carried out using a two- or three-electrode system
(working, reference, and auxiliary); the OTTLE cell construction and the
electrode arrangement discussed here are for a three-electrode system. The cell
construction involves the use of a conventional acrylamide disposable or quartz
spectrophotometer cuvette with 1 cm pathlength. The spectral region of interest
determines the choice of the cuvette material. A 52 mesh platinum or a gold
gauze working electrode (~0.5cm x 2cm) is sandwiched between the inside of
the cuvette optical face and a piece of silica or quartz glass aligned parallel to
the optical face and perpendicular to the light path. The sandwiched electrode
setup is held in place by a small Tygon® spacer, such that its location at the
bottom of the cuvette does not interfere with the light path. The optical
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Figure 2.1 Schematic representation of the OTTLE cell and representative spectra
obtained in a spectroelectrochemistry experiment involving ferric-binding
protein (top insert) and myoglobin (bottom insert).

pathlength of the resulting OTTLE cell assembly is in the range of 0.02—-0.04 cm
and is determined by the electrode material and mesh size, and the tight-
ness with which the electrode is sandwiched against the wall of the cuvette.
Once the working electrode is fixed, the cuvette is made airtight by securely
placing a rubber septum over the top. A series of vacuum pump/inert gas
(N, or Ar) flush cycles renders the cell free from O, and ready for electrode and
sample loading.

The reference and auxiliary electrodes, required to complete the electro-
chemical cell, need special preparation prior to being fitted into the OTTLE
cell. A Ag/AgCl reference microelectrode is fixed into the broad end of a
Pasteur pipette and a salt bridge within the pipette is created by plugging the
bottom with agar gel prepared in 0.2 M KCl/buffer (the same buffer as is used
to prepare the sample protein solution). An auxiliary electrode, 2 x 50 mm
platinum or 1 x 50 mm gold wire, is inserted in one corner of the OTTLE cell
touching the bottom of the cell. Although not required, often it is a good idea
to compartmentalise the auxiliary electrode inside a capillary tube salt bridge
similar to the reference electrode. The salt-bridge solution used to establish the
connection in both reference and auxiliary electrodes contains the buffer and at
least 0.2M background electrolyte. After an inert atmosphere is established
inside the cell, the reference and the auxiliary electrodes are inserted into the
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two opposite corners of the OTTLE cell by making a small puncture in the
septum covering the cuvette. The electrodes stand against the glass or quartz
piece (holding the working electrode against the wall) and they are additionally
held in place by the Tygon® spacer at the bottom and the rubber septum at
the top. They should be fixed tightly so that they sandwich the working
electrode firmly against the wall of the cuvette. A tightly held working elec-
trode arrangement narrows the distance between the cuvette wall and the
glass/quartz piece, so when the sample is loaded, the liquid rises up on to the
working electrode easily via capillary action. The circuit between the three-
electrode system is completed via the sample solution pool at the bottom of
the cuvette. Once the three-electrode setup is established under N, or Ar
positive pressure the sample needs to be carefully placed at the bottom of the
cuvette using a syringe.

Although this design of the OTTLE cell may appear cumbersome, it has
several advantages:

e The ability to easily construct and dismantle the OTTLE cell allows one to
tailor the cell to the needs of a specific experiment and thoroughly clean
the system (cell and electrodes) once the experiment is complete.

e Electrolysis can be carried out in very small sample volumes (350-500 pLL
total volume), which allow for rapid equilibration at each applied potential
and makes the time-dependent denaturation of the protein less of a
concern.

e A very thin layer of working solution and the minigrid electrode signifi-
cantly reduces the diffusion layer and decreases the ohmic-level drop.

e Anaerobic conditions can be easily maintained inside the cell.

2.2.3 Mediator

A primary challenge in protein electrochemistry is to facilitate efficient hetero-
geneous electron transfer between the protein and the electrode. Heterogeneous
electron transfer in most proteins is sluggish compared to small molecules and
thus requires longer application of a specific potential, and may result in re-
quiring a significant over potential. Long exposure times can often cause the
protein to denature and aggregate at the surface of the electrode. Such an
aggregation disrupts the heterogeneous electron transfer and gives an in-
accurate redox profile. To alleviate these problems, an electrochemical medi-
ator is used to ‘“‘shuttle” electrons between the electrode and the redox-active
site within the protein. To serve its function, a mediator needs to be relatively
small, able to undergo rapid reversible electron transfer, and have a redox
potential (E,) in the general region of the expected redox potential of the
protein.

Mediator-facilitated reduction/oxidation of a protein requires a rapid turn-
over of the reduced and the oxidised form of the mediator for both the hetero-
geneous electron transfer at the electrode and homogeneous electron transfer
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with the redox-active protein. Additional factors need to be considered while
selecting a mediator for a given protein; a few important characteristics of good
mediators for spectroelectrochemistry experiments are as follows:

e The mediator must be spectroscopically silent in the region of interest (both
in oxidised and reduced state) so that it does not interfere with the UV-Vis
absorbance profile of the protein in the region used to monitor the reaction.

e The mediator should not interact with the protein and alter the redox
profile. Charged mediators can bind to oppositely charged patches on the
protein and can hinder efficient electron transfer, as well as change the
redox behaviour of the protein. For example, an allosteric site with posi-
tively charged residues in hemoglobin can bind negatively charged medi-
ators and alter any cooperative interactions associated with electron
transfer.'!

e The redox potential of the mediator must be close to the expected redox
potential of the protein under investigation. This reduction half-potential
requirement for a mediator can be estimated by the following relationship:

’En(i—EI?‘ < (2.1)

nnF’
where EY, is the redox potential of mediator, E g is the redox potential of

the protein, and n, is the number of electrons transferred for the mediator.

e Kinetically, the mediator should be able to undergo rapid reversible elec-
tron transfer (heterogeneous and homogeneous) at the electrode surface
and the redox-active site in the protein. At any given time a sufficient
amount of the oxidised and reduced forms of mediator should be present in
solution with the concentration of the mediator in excess over the con-
centration of the protein to facilitate favourable electron-transfer kinetics.
Typical mediators used for iron proteins include ferricyanide,™'*'*
viologen,'>!® substituted quinones,'” and hexammineruthenium(III).

methyl-
11,18

2.3 Data Analysis

Spectroscopic data obtained from spectroelectrochemical experiments require
careful and case-specific analysis. The Fe’>"/Fe?" redox couple has a unique
role in different iron-containing proteins. It is hypothesised that the mamma-
lian iron-transport protein transferrin uses the Fe’*/Fe’" redox couple as a
switch that controls the time and site-specific release of iron,'” while other iron-
containing proteins, such as myoglobin, are able to hold on to iron in both
oxidation states. Therefore, it is very important to evaluate the protein and its
interaction with both the oxidised and reduced states of iron and accordingly
develop a data-analysis model. The spectroelectrochemical response of an iron
binding protein can be ideal Nernstian, non-Nernstian resulting from coupled
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chemical equilibria (e.g. Fe®" dissociation), or non-Nernstian because of
allosteric interactions between multi-iron sties. The data analysis involved in
these characteristic responses is illustrated below with specific examples.

2.3.1 Nernstian Response

An ideal Nernstian response during an electrochemical experiment may be
observed for a single Fe** /Fe?" redox centre that exhibits a fully reversible
electron transfer. These electron-transfer processes should not be limited by the
kinetics of heterogeneous electron transfer or be coupled with a chemical re-
action (such as dissociation of Fe?") following reduction at the metal centre.
The UV-Vis spectral changes observed during the reduction/oxidation of such
ideal systems are a true response of the applied electrode potential. The changes
in absorbance, therefore, represent the changes in the absolute concentration of
the oxidised and reduced species at various applied electrode potentials and can
be converted into the concentration ratio of oxidised to reduced species using
Beer’s law, eqn (2.2), where A is the absorbance of the solution at equilibrium

[OX] o AE — AR
[Red] B Ao — AE

(2.2)

for any applied potential E,,,, Ao is the absorbance of the fully oxidised
protein, and Ay is the absorbance of the fully reduced protein, all at a fixed
wavelength (4). Once the equilibrium concentration ratio of oxrdrsed to reduced
species is determined at different applied potentials, the log Red ]] ratio is plotted
as a function of the applied potential E, app following a rearranged form of the
Nernst equation, eqn (2.3), where E,,, is the applied potential, E;, is the

midpoint potential where

[Ox] [ nF ([ nF
log [Red] — ﬁ Eapp ﬁ E]/2 (23)
(Ox] _

Red] = 1, R is the gas constant in J K 'mol ™!, 7 is temperature in Kelvin, # is
the number of electrons transferred, F is the Faraday constant, and [Ox] and
[Red] are the concentrations of oxidised and reduced species, respectively. This
analysis allows for a direct determination of the midpoint potential, £, ,; when

[}?e’;] = 0, then E,,, = E, ». Additionally, the slope of the plot can be used to

calculate 7, the number of electrons transferred during the redox process. An
ideal Nernstian system will give whole number n values corresponding to the
number of electrons transferred in the system. A single iron centre that
undergoes a one-electron reduction will give n=1.

Myoglobin is a classic example of a protein with a single Fe**/Fe?" redox
centre that exhibits a reversible Nernstian response. The kinetics of homo-
geneous electron transfer are reasonably rapid in a myoglobin system despite the
tertiary globin structure surrounding the heme iron. Additionally, the porphyrin

log
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Figure 2.2 Nernst plots from spectroelectrochemistry of myglobins (Mb) from dif-
ferent species: O sperm whale (swMb, E;,=29mV, n=1.0), ® horse
(hMb, Ei»=29mV, n=1.0), and V¥ Aplysia (aMb, E,,=103mV,
n=1.0). Conditions: [heme] = 0.06-0.08 mM; [MOPS] =50 mM at pH 7.1;
[Ru(NH3)¢Cl3] =1 mM; 20 °C. Figure adapted from ref. 20 and used with
permission.

macrocycle binds iron tightly as both Fe’™ and Fe’", and prevents the dis-
sociation of iron. The ideal Nernstian behaviour of myoglobin during spec-
troelectrochemistry experiments is often used to calibrate a newly constructed
experimental setup and to check the proper functioning of electrodes and other
associated components. An illustrative example of a Nernst plot obtained for a
spectroelectrochemical investigation of myoglobin is given in Figure 2.2.%°

2.3.2 Non-Nernstian Response
2.3.2.1 Coupled Chemical Equilibria

High-spin iron in a nonheme environment exhibits a significant change in the
thermodynamics and kinetics of protein binding on reduction from Fe’" to
Fe?*. This is illustrated by the mammalian serum iron-transport protein,
transferrin. The thermodynamic affinity for Fe** is ~10% in the presence of
carbonate as a synergistic anion, and is reduced to ~10° on reduction to
Fe?* 2122 Tron-ligand turnover is also enhanced upon reduction.>® The net
result is a non-Nernstian spectroelectrochemical response because of an elec-
trochemically driven reduction followed by a coupled equilibrium dissociation
of Fe** as illustrated in eqns (2.4) and (2.5):

hTfFe*" + e~ =hTfFe’* (2.4)
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hTfFe™* = Fe} + hTf (2.5)

The Nernst plot slope in this case doesn’t yield an n value that corresponds to
the true number of electrons transferred and the observed apparent midpoint
obs

potential (£72) is also shifted positive relative to the “true” Nernstian value.
Consequently, the observed midpoint potential, £ 10/35, associated with the
coupled equilibrium eqns (2.4) and (2.5) must be corrected for the equilibrium
dissociation reaction (eqn (2.5)) to obtain the true or Nernstian midpoint po-
tential (£ ) associated with redox eqn (2.4). This is illustrated in the following
paragraphs using the spectroelectrochemistry of human transferrin as an
example.®

The reduction of Fe** to Fe?* within the C-lobe of human transferrin, Tfc, is
followed by the dissociation of Fe*", due to a low affinity of Tf for Fe**. The
degree of Fe** dissociation depends upon the dissociation constant of the re-
duced form of the protein (Ky) and its concentration. The Ky for the C-lobe of
human transferrin has been estimated to be 107>/ M~'.?> Here, we present a
sample calculation that addresses the dissociation of Fe’" from the C-terminal
lobe of the transferrin. The coupled equilibria are shown in eqns (2.4) and (2.5),

[TfJ[Fe™]
K= T epe] 26)

The K4 expression for eqn (2.5) is shown in eqn (2.6), and this equation plus the
mass-balance equations described below (eqns (2.7)—(2.9)) are used to correct
the observed redox potential (Ef’/kz’s) to give the Nernstian £}, for eqn (2.4). For
the fully oxidised system:

Co = [Fewor] = [TfcFel] = Ao /el (2.7)

where [Fe,o,] is the total concentration of iron in the system, TfcFe " is the iron
in the C-lobe in the fully oxidised form, A4 is the absorbance of the fully oxi-
dised form, ¢ is the molar absorptivity of TfcFe®" for the iron in the C-lobe,
and / is the pathlength. For the fully reduced system:

Co = [Fe| = [TfcFeg'] + [Fei]] (2.8)

where [Fe,,] is the total concentration of iron in the system, TfcFeg' is
the iron bound in the C-lobe in the reduced form, and Fe;, is the free
aquated Fe*" resulting from dissociation. For systems at intermediate poten-
tials all three forms of iron will be present in solution, TfcFe& ", TfcFe&", and
Feﬁq+ . The total Fe concentration for these intermediate potentials is described
by:

Co = [Few] = [TfcFeg] + [TfcFeg'] + [Fegy] (2.9)
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The exact amount of Fe?" that dissociates from the reduced TfcFeg" can be
accounted for by the use of Ky, the dissociation constant, and the concen-
trations of intermediate Fe species involved in the reduction process can be
properly determined using the matrix described below.

A typical experiment starts with the initial concentration of TfcFel' = Co,
prior to any reduction. Referring to the matrix shown below, when a poten-
tial is applied, some TfcFel™ is reduced to TfcFeZ'. Here, we are assum-
ing the system has not reached equilibrium, thus there is no dissociation of
reduced Fe’" (second row of the matrix). At this point, if the concentration
of TfcFed" is Cy, then the concentration of TfcFeg™ will be Co—C;. However,
when the system reaches equilibrium, dissociation of Fe** follows the re-
duction. If the experimentally observed concentration of TfcFed' at equi-
librium is C{ (this concentration can be calculated from the experi-
mental absorbance reading at 465 nm using Beer’s Law), then the concentra-
tion of TfcFeg" adjusted for the dissociation of Fe?" is Co—C{—x and the
concentration of Fe’" is x. This is shown in the third row of the matrix. The
matrix below shows the calculation required to correct the concentration of
various iron species at different equilibrium potentials after accounting for the
dissociation:

TfcFel" TfcFeZ" Tfc Fel,
No applied potential Co 0 0 0
Initially at a given applied potential C Co—C 0 0
At equilibrium? C{ (Co—C)—x X X

Note: ““Equilibrium’ is defined as the point at which the concentration reading, i.e. the absorbance, is
constant at a given applied potential.

Rewriting the concentration using the above-defined Ky (eqn (2.6)), we obtain:

() ()]
Ky=—"to—— 2.10
G-+ 210
The above equation can be rearranged to obtain:
x>+ xKyg — (Co — C))Kg =0 (2.11)

For each equilibrium position during the redox experiment, the concentration
C/ is calculated from the absorbance reading at 465 nm (the A,y for Fe*-Tf)
using Beer’s law (absorbance = (concentration) x (extinction coefficient) x
(pathlength)). Equation (2.11) is then solved to obtain x, the free Feaq2+ con-
centration. The corrected value for [TfcFeZ "] is then derived using (Cy—C{—x)
and a new corrected Nernst plot is generated using [Red]=[TfcFec”"] as de-
termined from the above calculations. Such an analysis changes the % ratio
and rotates the Nernst plot, such that the resulting plot will have a greater slope.

This method of correction for a coupled dissociation that follows the Fe** /Fe?*
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reduction is identical for different iron-proteins. The Ky is the only parameter
that will differ from system to system and will determine the magnitude of the
correction. For example, Figure 2.3 shows the correction made for mammalian
transferrin following the above-described method.®

2.3.2.2  Allosteric Behaviour due to Protein Subunit—Subunit
Interactions

Proteins with more than one iron-binding site often display interactions be-
tween iron centres that influence their redox activity. For example, subunit—
subunit interactions or allosteric interactions are clearly seen in the o,f3,
hemoglobin (Hb) tetramers. The allosteric effects responsible for the differential
O, binding between the four subunits of Hb also gives rise to a non-Nernstian
spectroelectrochemical response. These allosteric interactions in Hb-mediated
O, transport can be modeled using a two-state model involving a “‘relaxed” or
R-state with high O, affinity and a “tense” or T-state of low O, affinity.>* >
This same R = T state equilibrium model can also be used to interpret the
non-Nernstian behaviour of Hb redox monitored by spectroelectrochemistry.
Reduction or oxidation of interacting electroactive centres in Hb gives rise to a
nonlinear Nernst plot. The changing slope of the Nernst plot, #, can no longer
be simply interpreted as the number of electrons transferred. Nonlinear
Nernstian plots obtained from such spectroelectrochemical data require a
special treatment.

The absorbance change obtained from a typical spectroelectrochemical ex-
periment of Hb can be plotted similarly as a simple Nernstian system using eqn
(2.3). However, the plot of log [E?e ’j as a function of the applied potential, E,,
results in a curve rather than the straight line seen for the Nernstian system.
These data can be fitted using a curve-fitting program (e.g. “‘Prostat” Ward and
Reeves, IBM Version or ORIGIN Scientific Graphing and Analysis Software)
that allows for the generation of a plot of the first derivative of the Nernst plot.
The reduction half-potential for the protein, £, can be directly read from the
Nernst plot as it corresponds to the x-axis value when the y-axis, log %, is
equal to zero. The derivative plot allows for the determination of an » value at
various points along the Nernst plot and the n value corresponding to Ej, is

[Ox]

often reported as n;, or nsy. A subscript corresponding to the ratio of [Red] is

used to designate the n values along the curve (e.g. n;o for 10% oxidised, etc.).
Often the highest n value is found at potentials greater than the E,, and is
reported as n,., and the corresponding E value is reported as E,... These
parameters, along with the sigmoidal shape of the Nernst plot, are illustrated in
Figure 2.4.%°

The n value and the constant change in slope (= (RT/F)n) along the curve
cannot be interpreted as the number of electrons transferred during the oxi-
dation/reduction process; however, the n value at the midpoint potential, n,, is
indicative of the level of cooperativity between different subunits. The Ej)
value allows the comparison of different Nernst plots as a function of the
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Figure 2.3 Uncorrected (a) and corrected (b) Nernst plots for 4 diferric (Fe,Tf), O
C-terminal (FecTf) and ¥ N-terminal (FenTf) monoferric transferrin.
Conditions: [MV?"]=0.2-0.4mM; [KCI]=500mM; [MES]=50mM at
pH=5.8;20°C; Fe,Tf (0.11-0.19 mM in Fe); FecTf (0.18-0.22 mM in Fe);
FenTf (0.68 mM in Fe). Error bars represent standard deviations for the
average of 2-3 independent experiments. Data obtained below —530 mV
for Fe,Tf and FecTf in panel (a) were not used for the corrected Nernst
plots in panel (b) due to the low absorbance changes measured at these low
potentials. Figure adapted from ref. 6 and used with permission.
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Figure 2.4 Plot illustrating various parameters that may be obtained from a Nernst
plot of Hb that shows cooperativity. The lower line is a plot of eqn (2.3)
for human hemoglobin A (Hb Ay). The upper line is a plot of the changing
slope of the Nernst plot multiplied by 58.1 (F/RT). These data serve to
illustrate the parameters £}, Emnax, 1150 and 71, Figure adapted from ref.
26 and used with permission.

midpoint potential (ease of oxidation or reduction), while the absolute value of
the difference between the midpoint potential and the potential at the maximum
slope (‘El /2= EmaX]) gives a general sense of the asymmetry of the curve.

2.4 Redox Behaviour of Selected Iron-Containing
Proteins

The first and the second coordination shell of iron together influence the redox
chemistry of iron proteins. The ligands directly coordinated to iron, whether
they are amino-acid residues of the protein, or a heme group, or exogenous
ligands, define the first coordination shell and strongly influence the redox
properties of the metal centre. Nonheme and heme iron proteins have distinct
redox properties determined by the first coordination shell of iron. Often, the
first coordination shell includes a labile synergistic anion that can easily be
replaced; such a replacement alters the redox properties at the iron centre.
The second coordination shell of iron also has significant influence on the
redox properties at the iron centre; however, its magnitude of influence vastly
differs from system to system.?’ In the following sections, the first coordination
shell and the second coordination shell effects on nonheme and heme iron
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proteins will be systematically illustrated along with other important aspects
of iron-protein spectroelectrochemistry, using selected examples from our
laboratory.

2.4.1 Nonheme Iron Proteins

Bacterial and mammalian iron-transport proteins, ferric-binding protein
(FbpA)?® and transferrin,®'*’ are nonheme-containing proteins requiring
thorough control of the iron redox potential.*'®'?** Undesired release of iron
and its participation in the Haber—Wiess cycle result from the inability to
control the redox chemistry at the metal centre.'*'*? More importantly, the
time- and site-specific delivery of iron in biological systems is regulated by a
redox switch. Reduction from Fe** to Fe** thermodynamically and kinetically
favours iron release while making the iron centre susceptible to proton-driven
dissociation.* Thus, the electrochemical investigations of these proteins are
crucial in our understanding of the iron transport and release mechanism in
biological systems.

2.4.1.1 Ferric-binding Protein ( Bacterial Transferrin)

The ferric-binding proteins (FbpA) have been identified in several species of
Gram-negative bacteria including pathogenic Haemophilus influenzae (hFbpA),
Neisseria gonorrhoeae, and Neisseria meningitidis (nFbpA).?® FbpA resides
within the periplasmic space between the outer and the cytoplasmic membranes
in these Gram-negative bacteria and functions as the primary periplasmic iron
transport agent by tightly sequestering iron as Fe** (K4 ~ 107'%).'3% Iron
binding by nFbpA is sensitive to Fe’>"/Fe?" reduction that is in the redox
potential range of NADH-driven reductases, and the reduced Fe*" is bound by
nFbpA at significantly lowered affinity relative to Fe’".'® This provides a
compelling argument that a reductase may be an integral component of FbpA-
mediated iron transport and release at the cytoplasmic membrane.

The first coordination shell of iron in nFbpA is occupied by four amino-acid
residues and an exogenous anion. The exogenous or synergistic anion is es-
sential for iron binding and a PO3~ anion is found to serve this purpose in the
wild-type protein, Fe* "nFbpA-PO,.** The reduction potential of Fe’ " nFbpA-
PO, was determined by applying an increasingly negative (reducing) potential
to an anaerobic OTTLE cell containing an optically transparent electrode, the
oxidised protein Fe’ nFbpA-PO,, and methylviologen mediator at the peri-
plasmic pH of 6.5. The concentrations of the protein samples for these analyses
were in the range of 0.6—-1.2 mM and were thoroughly degassed prior to transfer
into the anaerobic OTTLE cell. The characteristic broad absorption band as-
sociated with the broad LMCT band in Fe3+anpA-PO4, centred at 481 nm,
decreased in intensity with the application of increasingly negative potentials
(Eqapp) over the range —100 to —400mV (NHE). A gold mesh electrode is ideal
for these spectroelectrochemical experiments as its redox window in an aqueous
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Figure 2.5 Nernst plots obtained by spectroelectrochemistry illustrating the influence
of the exogenous anion, X, in recombinant ferric-binding protein,
Fe’*nFbpA-X. (A) X =phosphate, E;,=—-300mV; (B) X =arsenate,
Ei»=-251mV; (C) X =pyrophosphate, £, =—-212mV; (D) X =citrate,
E,=—-191mV; (E) X=oxalate, E;,=-186mV; (F) X=NTA,
Ej»=-184mV. Conditions: Au gauze (52 mesh) working electrode;
[Fe'* nFbpA-X] = 0.63-1.2mM; [methylviologen] = 4.4-8.4 mM; [MES] =
50mM at pH 6.5; 20°C. Figure adapted from ref. 30 and used with
permission.

system encompasses the range of —100 to —400mV (NHE). A representative
spectral profile is shown in the inset of Figure 2.1.'%3

The relationship between the concentration ratio of the oxidised to reduced
form of the protein and the absorbance readings has been demonstrated in
Section 2.3.1 and can be used to create a Nernst plot using eqn (2.3) (Fig-
ure 2.5).%° The result is a well-behaved Nernstian plot as evidenced by its slope
(nF/RTmV~") corresponding to a single electron-transfer process (n=1). The
reduction is expected to facilitate the dissociation of the reduced Fe*" because of
its increased lability and lower affinity for the protein. In the presence of a
mediator, the equilibria involved in the OTTLE cell can be as follows,

Fe’ nFbp-X + e~ 2 Fe’ nFbp-X (2.12)

Fe**nFbp-X 2 Fe}| 4 apo-nFbp-X (2.13)

However, the ideality of the Nernstian plot (Figure 2.5) indicates that there is
little or no Fe?* dissociation occurring in the electrochemical cell during the
spectroelectrochemical experiment. The occurrence of significant dissociation
would result in a Nernstian plot whose slope (nF/RTmV ") would not yield a
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single electron-transfer process (n=1). Experimentally, upon air oxidation the
LMCT bands are fully restored, which is independent evidence of little or no
Fe** dissociation and fully reversible redox behaviour.

The Nernst plots in Figure 2.5 are a series of parallel lines (with slope, nF/RT,
corresponding to n=1) that are displaced along the applied potential axis,
depending on the identity of the exogenous anion X. The intercepts correspond
to £}/, values for ferric-binding proteins containing different exogenous anions.
These E,, values, which are extremely sensitive to the nature of the synergistic
anion, are listed in the legend for Figure 2.5. The synergistic anion and the
coordinating amino-acid residues from the protein control the first coordin-
ation shell environment of the iron and the E;/, values.

The periplasmic space where ferric-binding proteins reside is rich in anion
composition.”®** It has been shown that the exogenous anion can undergo
facile exchange with other anions to generate a series of iron-nFbpA protein
assemblies, Fe’ nFbpA-X.?*3> The large difference in the Eyp (>100mV;
Figure 2.5) observed for different Fe**nFbpA-X is a prime example of first
coordination shell influence on the redox potential of a metal ion in a protein.
Within the periplasmic space, this difference in E;, may have a profound
effect on the in-vivo iron-release process, if redox is involved. This is a rea-
sonable hypothesis given the high Fe’" affinity exhibited by FbpA (K4 ~
10~"%) and the approximately 12 orders of magnitude loss in affinity upon
reduction to Fe**.'%% All of the £, values for the Fe* " nFbpA-X studied lie
above —300 mV (Figure 2.5) and fall therefore within a range where reduction
by NADH or NADPH cofactors may readily occur; however, a facile anion
exchange can apparently modulate the redox potential of Fe’"nFbp as-
sembly. For example, the replacement of PO,*~ by citrate would shift the £, 2
positive by ca 110mV (Figure 2.5), making the Fe’* reduction more energy
efficient (~ 11 kJ). Consequently, we propose that the anion composition of
the periplasm can influence the identity of the synergistic anion bound to the
periplasmic iron-transport protein Fe’*nFbpA-X, and consequently can in-
fluence the ease of delivery of iron to the cytoplasm via a reductive
mechanism.*°

24.1.2 Mammalian Transferrin

Human serum transferrin (hTf) tightly sequesters Fe’* (Kyq=10"2"), which
enables it to function in blood as an iron-transport and bacteriostatic agent.
Each ATf consists of two homologous lobes, the N-lobe and C-lobe, which
reversibly bind an Fe’" ion to give the diferric form of the protein, Fe,Tf.?” %"
The Fe’ " binding site in each lobe is defined by two dissimilar domains, which
together form a deep binding cleft. The Fe* in each lobe is bound octahedrally
to four amino-acid ligands (two tyrosine, one aspartate and one histidine) and
two oxygen atoms of the exogenous anion, carbonate. The absence of the
exogenous carbonate anion abolishes the Fe’"-binding properties of ATf.
Although the first coordination shells of Fe’" in the two lobes are identical,
there are differences in the second coordination shell. More importantly, the
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reduction potential at the Fe>" centre of this very mobile protein is thoroughly
controlled to prevent undesired Fe*" release and to avoid catalytic generation
of reactive oxygen species via the Haber—Weiss cycle.'*

Time- and site-specific delivery of iron by transferrin requires recognition by
iron-demanding cells, as well as compartmentalisation and a well-mediated iron-
release process. These stringent requirements of iron delivery are fulfilled via a
cellular process known as receptor-mediated endocytosis.?'**** During recep-
tor-mediated endocytosis, iron-demanding cells express the transferrin receptor,
TfR.* At extracellular serum pH =7.4, TfR discriminately binds iron-bound
holo-ATf with greater affinity over iron-free apo-ATf. The newly formed trans-
ferrin—transferrin receptor complex, Fe,Tf/TfR, is then encapsulated and in-
ternalised by the cell through the formation of an ATP-driven proton-pumping
endosome. Within the endosome Fe,Tf/TfR is thoroughly compartmentalised
and is subjected to a drop in pH.***> A lower pH of 5.5 inside the endosome
facilitates iron release from transferrin in a controlled manner. Subsequent to
release from ATf, iron exits the endosome via the membrane divalent metal ion
transporter now known as DMTI, which accepts iron only as Fe’.**® After
completing its iron-donating function the endosome returns to the cell surface
and releases metal-free apo-ATf to the blood for another cycle of iron transport,
thus completing the receptor-mediated endocytosis cycle.

A fundamental and still unanswered question in iron metabolism is how iron
is released from /A Tf and when and where is it reduced to the ferrous state before
being transported across the endosomal membrane to the cytoplasm by di-
valent metal transporter DMT1? Experiments carried out at endosomal con-
ditions indicate that iron released from Tf to most physiological iron binders is
easily reducible.*” However, the time required for the release of iron from
transferrin as Fe’" to physiological chelators, even at endosomal pH, is much
longer (>6 min) than that compared to the cell-cycling time of transferrin,
which may be as little as 1-2 min.?' Transferrin completes some 100200 cycles
of iron uptake, transport and delivery to cells during its lifetime in the circu-
lation, thus demanding a sophisticated and efficient iron-release process.>*>!

The reduction of Fe** to Fe? is an attractive hypothesis for initiating iron
release from transferrin in the endosome. This is because reduction thermo-
dynamically and kinetically facilitates iron dissociation, and additionally
favours the iron-release process by making the reduced Fe**-complex suscep-
tible to protonation at the ligand donor sites.* Reduction of Fe**,4Tf results in
the loss of ~17 orders of magnitude in iron-binding affinity, and the ligand-
exchange kinetics of high-spin Fe?" are known to be several orders of mag-
nitude higher than for Fe®".>??!>2 Use of traditional electrochemical techni-
ques, such as bulk electrolysis and electrochemical titration, to investigate
redox properties of transferrin is confounded by the inefficient heterogeneous
electrons transfer between the electrode and the metal centre, as well as the
dissociation of Fe*" from the binding site upon reduction.’*>*>® The spec-
troelectrochemical technique described here allows for a careful investigation of
the redox properties of transferrin while specifically addressing the above-
mentioned confounding factors. The use of a redox mediator enables efficient
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heterogeneous electron transfer, while the data analysis can accurately account
for the dissociation of the reduced Fe?*. This allows for a more accurate
determination of the reduction half-potential of the iron in transferrin and the
true redox properties associated with the iron-loaded protein.

Studies investigating the redox potential of transferrin have focused on data
collected at the serum pH of 7.4.>°%% The redox potential for Fe,Tf was de-
termined to be —400mV>* and —520mV>* (vs. NHE) in two different investi-
gations. The —400mV value is not corrected for Fe*" dissociation (see Section
2.3.2.1), while the —520mV is a corrected potential, but was carried out in high
background electrolyte concentration (2.0 M KCI). Spectroelectrochemical ex-
periments carried out to investigate the redox potential of Fe-saturated diferric
transferrin, Fe,Tf, as well as monoferric C-terminal lobe (FecTf) and monoferric
N-terminal lobe (FenTf) of full-length transferrin under endosomal conditions
(pH=5.5 and [CI"]=500mM) requires careful experimental design and data
interpretation. The redox potentials are very negative and beyond the electro-
chemical window available to a Pt or Au electrode.® This required the use of an
amalgamated Au electrode, as described in Section 2.2.1.2. Data analysis also
requires correction for the dissociation of Fe**, as described in Section 2.3.2.1.
Given the low affinity of apo-transferrin for Fe** and the relatively high lability of
Fe?™", the overall process taking place in the OTTLE cell is in the combination of
eqns (2.4) and (2.5), where n =1 for the monoferric system and 2 for the diferric
system. Mammalian transferrin has two Fe binding sites and Fe?* dissociation
from both sites must be included in the correction. The dissociation constant of Fe
in the two lobes, C-terminal lobe and the N-terminal lobe, are different and re-
quire use of corresponding Ky values to correct for the dissociation.?” The cor-
rection, described in Section 2.3.2.1, allows for the construction of the corrected
Nernst plots and the determination of the corrected reduction half-potentials.

The redox potentials of diferric transferrin (Fe,Tf), C-terminal lobe (FecTf)
and N-terminal lobe (FenTf) in full-length transferrin exhibit very little
variation with pH.®> A typical spectral profile of a spectroelectrochemical
experiment is shown in Figure 2.6° and the corresponding observed and cor-
rected Nernst plots are shown in Figure 2.3. The necessary correction to the
experimental data due to Fe>* dissociation was carried out as described in
Section 2.3.2.1. The corrected redox potential for Fe,Tf at endosomal con-
ditions is —526 mV (NHE),® which is identical to that determined at pH 7.4°°
and in a high electrolyte concentration (2M KCI). The number of electrons
transferred, n, calculated from the slope of the Nernst plot indicate two elec-
trons are transferred from the electrode to the protein, which is consistent with
the two reducible Fe sites in Fe,Tf. The reduction half-potential for monoferric
C-terminal lobe (FecTf) of full-length transferrin was determined to
be =501 mV (NHE) and n=1.2. The monoferric N-terminal lobe (FenTf) of
full-length transferrin under endosomal pH showed a slightly more negative
reduction potential of —520mV (NHE) (n=0.7) compared to the C-terminal
lobe (FecTf).® The amino-acid residues and the synergistic anion (CO3) co-
ordinated to Fe are identical in both C- and N-terminal lobes; however, the
amino-acid sequence and the secondary/tertiary protein structure around the
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Figure 2.6 A representative visible spectral profile of iron-loaded mammalian transferrin
during the course of a typical spectroelectrochemical reduction using
methylviologen mediator. The absorbance maximum due to Fe’>" bound to
transferrin is at 465nm and the methylviologen peaks are observed at 395
and 602 nm. The numbered spectra correspond to applied potentials of —206
(1), —386 (2), —426 (3), —486 (4), and —506 (5)mV. Conditions: [FecTf=
0.20mM, [methylviologen] = 0.4 mM, [KCI]=500mM, [MES]=50mM at
pH 5.8 and 20 °C. Figure adapted from ref. 6 and used with permission.

two Fe-binding pockets are different.’” Thus, the small difference in the redox
potential observed for the two lobes of transferrin may be a second coordin-
ation shell effect controlled by the differences in the second coordination shell
of Fe. Regardless of the differences, these £}/, values are very negative even in
endosomal conditions and are inaccessible to physiological reductants.
Therefore, these data are not consistent with a NADH- or NADPH-driven
reduction of transferrin within an endosome without the participation of a
Fe®" scavenging ligand or some other coupled reaction.®

2.4.1.3 Mammalian Transferrin and Transferrin
Receptor Complex

A salient feature of the receptor-mediated transferrin-to-cell endocytic cycle in
human iron metabolism is the persistence of the transferrin—transferrin receptor
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assembly (ATf/TfR) throughout the cycle: transferrin free of its receptor is not
known to exist within the cell.?’>* The crystal structure of the ectodomain of
the TfR shows that it is a homodimeric transmembrane protein (80 KDa) with
each monomer independently capable of binding one ATf molecule.” During
the recognition/binding process, the C-lobe of #Tf appears to have most of the
interaction with the TfR. In an attempt to mimic the conditions of the endo-
some as closely as possible, we have used the spectroelectrochemistry technique
to investigate the redox properties of the complex between iron-loaded C-lobe
half-transferrin (FecTf) and the water-soluble ectodomain of the transferrin
receptor (TfR) at endosomal pH (5.8) and 500mM CI™ anion concentration.
Our purpose was to determine if formation of the FecTf/TfR assembly has an
influence on the ease of reduction of the sequestered Fe**. This is of particular
significance with respect to the reductive iron-release hypothesis, since as
noted above the redox potential of receptor free Fe,Tf is very negative
(E1p<-500mV vs. NHE);*> and therefore Fe'*/Fe’™ reduction is not
attainable under physiological conditions using common available oxido-
reductase cofactors such as NADH or NADPH.

Optical spectra of transferrin C-lobe docked with the transferrin receptor
showed a characteristic broad absorption band centred at 465 nm, just as in the
receptor-free holo-protein (Figure 2.1 inset).'” The intensity of this absorbance
band declined as more negative potentials were applied in a spectro-
electrochemistry experiment, but did not qualitatively change in its overall
features. An EPR spectrum of the Fec/TfR complex at pH 5.8, recovered from
the OTTLE cell after completion of spectroelectrochemical studies allowed us
to conclude that the first coordination shell of Fe** in transferrin is intact and
unperturbed when C-lobe is complexed with TfR."” Consequently, we assume
that C-lobe and Fec/TfR complex have similar if not identical Fe** and Fe**
binding constants, and so we take Ky for binding of Fe*" in the protein—
receptor complex to be 10> M as calculated for free Tf.>* This value was used
to correct the observed Nernst plot data by accounting for the dissociation of
Fe’" that occurs upon reduction. Nernst plots for the observed spectro-
electrochemical data for FecTf/TfR, and data corrected for F e?" dissociation,
are presented in Figure 2.7." The corrected plot exhibits typical Nernstian
behaviour for a one-electron transfer and a £, value of —285mV.

Figure 2.8 compares corrected Nernst plots for C-lobe half-transferrin free in
solution and bound to the transferrin receptor, at endosomal pH.'” These data
clearly demonstrate that docking iron-loaded C-lobe transferrin at the trans-
ferrin receptor at pH 5.8 makes it energetically more favourable to reduce Fe®*
to Fe*™ by ~200mV. Furthermore, receptor-docking places Fe** reduction in
a range accessible to NADH or NADPH cofactors, consistent with the hy-
pothesis that reduction is the initial event in iron release from transferrin in the
endosome. Fe" is bound by ATf at least 14 orders of magnitude more weakly
than Fe**, so that reductive release of iron bound to 4Tf in the transferrin—
transferrin receptor complex is then physiologically and thermodynamically
feasible, and the barrier to transport across the endosomal membrane is lifted.
The transferrin receptor, therefore, is more than a simple conveyor of
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Representative Nernst plots corresponding to the reduction of Fe’™ in the
Fec/TfR assembly. (A) Observed data; (@) Data corrected for Fe?*
dissociation from Fec/TfR. Conditions: Au mesh electrode; [FecTf/
TfR]=0.19 mM; [MES]=50mM at pH 5.8; [methyl viologen] = 1.4 mM;
[KCI]=500mM. Figure adapted from ref. 19 and used with permission.
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Nernst plot for reduction of Fe’" in the C lobe of human transferrin (@,
FecTf) and C-lobe transferrin complexed to the transferrin receptor (A,
FecTf/TfR) at endosomal pH 5.8. Data are corrected for the dissociation
of Fe>*. These data illustrate that redox potential of Fe*>" in the C lobe of
human transferrin is shifted positive by ~200 mV when it is complexed to
the transferrin receptor. Conditions: Au mesh electrode; [FecTf/
TfR]=0.19mM; [FecTf]=0.20mM; [MES]=50mM at pH 5.8; [methyl
viologen] = 1.4 mM; [KCI]=500mM. Figure adapted from ref. 19 and
used with permission.
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transferrin and its iron, while protein—protein interaction goes beyond simple
association of two molecules.'”

Now the question becomes why is the energy cost of Fe*" reduction in
C-lobe transferrin complexed to its receptor greatly decreased by the receptor-
induced rise in reduction potential to —285mV (Figure 2.8)? The iron-free apo-
hTfis bound weakly, if at all, to TfR at extracellular pH, but the relative affinity
of the receptor is documented to be greater for apo-ATf than for holo-ATf at
endosomal pH.”® This differential binding energy of TfR for apo- and holo-ATf
may provide the thermodynamic driving force required to shift the transferrin
redox potential higher to enable the in-vivo reduction of transferrin bound
Fe’™.!” Any changes in the reduction half-potential arising from the Tf/TfR
interaction may be considered a second coordination shell influence, since the
first coordination shell of Fe®* remains unperturbed, as indicated by UV-Vis
and EPR spectra of the FecTf/TfR assembly. The second coordination shell
interaction between a protein and its receptor and the influence of this inter-
action on redox properties at the first coordination shell of a metal is still a
novel concept.

2.4.2 Heme Iron Proteins

Heme (iron-protoporphyrin) proteins are a class of metalloproteins that con-
tain one or more heme prosthetic groups. Heme proteins serve a number of
biological functions including electron transport, catalysis, signaling, and O,
storage and transport.”’ Fe** present in each heme will readily undergo a re-
versible one-electron oxidation to Fe’". Here we will present the results of
representative spectroelectrochemical investigations of the heme-containing
proteins hemopexin (Hpx), myoglobin (Mb), and hemoglobin (Hb). Hemo-
pexin and Mb each contain a single heme moiety and Hb consists of four
subunits, each of which contains a heme moiety, to form an o,f, tetramer. The
biological functions of these three heme proteins are diverse and the results of
their UV-Vis spectroelectrochemical investigations provide an excellent illus-
tration of the variety of information that can be obtained from this technique.

Hemopexin is a glycoprotein that noncovalently binds heme, a lipophilic
moiety, and maintains its solubility in monomeric form.>® Hemopexin is a heme
scavenger and is the second line of defence against the hemoglobin-mediated
oxidative damage during intravascular hemolysis. The heme-Hpx complex is
taken in by hepatic cells and heme is degraded within the cytoplasm by heme-
oxygenase. Therefore, during the heme transport process it is critical for Hpx to
control the redox potential of the heme iron and/or to prevent the access of
redox-reactive molecules to the metal centre.

Myoglobin, a single-heme system, and hemoglobin, a multiheme system,
both contain an identical heme prosthetic group; however, their O, binding
properties are significantly different, as is the second coordination shell of
iron.>> Consequently, this leads these two important proteins to have different
Fe’"/Fe’* redox properties. The redox and the O, binding properties of Mb
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parallel each other, and yet there is a significant difference in the O, affinity and
redox potential of Mbs from different organisms. The same is true for Hbs.'?
Spectroelectrochemical investigations of Mbs and Hbs provide insight into the
electron-transfer processes at the heme centre. Additional critical factors in-
clude the formal redox potential, the number of electrons transferred in the
redox process, cooperative effects between the redox centres (in multiheme
systems), allosteric sites and their influence on the redox potentials, and the
effects of diverse homotropic and heterotropic effectors on E,, and the level of
cooperativity.

In the sections that follow we will describe representative spectroelectro-
chemical investigations of different Hpxs, Mbs and Hbs and we will discuss the
observed differences in the various parameters obtained from a redox analysis
of these heme proteins.

2.4.2.1 Hemopexin

Heme cofactors in biological systems are essential to carry out a cascade of
reactions, and yet the presence of a free heme group can be toxic and lead to
oxidative damage. Hemopexin (Hpx) scavenges the heme groups that are lib-
erated during hemolysis by encapsulation and controls heme-facilitated cellular
oxidation, while maintaining the solubility of lipophilic heme in its monomeric
form. During the heme transport/recycling process Hpx controls the unneces-
sary heme-catalysed oxidation reactions by both controlling the redox potential
at the Fe centre and by making the heme physically inaccessible for catalysis.

The chemistry and biochemistry of Hpx has been reviewed® and a crystal
structure is available.’®®° Hemopexin is present in serum at about 10 puM and
its primary function is to transport released heme to its degradation site in the
parenchymal cells of the liver via receptor-mediated endocytosis. Encapsulation
of a single heme by Hpx occurs via bis-histidyl protein side-chain coordination
of the Fe. Spectroelectrochemical investigation of the heme-Hpx assembly gives
insight into the role of Hpx in controlling the reduction potential of the heme
Fe, the efficiency of electron transfer at the metal centre, the influence of bis-
histidyl coordination at the Fe centre, and the possible role of Fe redox in the
Hpx-mediated transport and recycling of heme.

We have reconstituted heme-Hpx in the form of meso porphyrin—-hemopexin
(MHpx) and protoporphyrin IX-hemopexin (PPHpx). Spectroelectrochemical
measurements were made using the Soret bands for both MHpx (405 nm and
412 nm for the oxidised and reduced forms) and PPHpx (414 nm and 428 nm
for the oxidised and reduced forms) at pH 7.2 in the presence of various
background electrolytes.®’ Well-behaved Nernst plots were obtained with
slopes consistent with a one-electron transfer as expected. Our E,, results are
summarised in Table 2.1 and are in the range reported for other heme proteins.
The reduction potentials of meso heme and protoporphyrin IX encapsulated in
Hpx are shifted ~100mV positive relative to the free heme groups. The E
values for MHpx and PPHpx are sensitive to heme structure and the trend
in Table 2.1 suggests a more stable Fe’* state for MHpx. This is consistent
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Table 2.1 Redox potentials (£}/,) for the hemopexins MHpx and PPHpx at
pH 7.2 in the presence of various background electrolytes.*”

Background electrolyte

Hemopexin

KCl NaCl K>HPO, NaNO;
MHpx 6 52 23 48
PPHpx 45 88 62 -

“Conditions: 25°C; 0.03-0.1 mM MHpx; 0.5-2.5mM K;3Fe(CN)g; 0.5M HEPES and 0.2 M back-
ground electrolyte at pH 7.2. E;, values are in mV relative to NHE and represent the average of
two or more independent measurements.

"Ref. 61.

with reports in the literature where replacement of the heme vinyl groups
with alkyl groups resulted in a stabilisation of the Fe*" form of the protein.®*¢
The salt effects illustrated in Table 2.1 are consistent with significant heme-
moiety solvent exposure. Salt effects on Hpx £, values are also consistent with
the reported cation and anion influence on the folding and stability of the
protein assembly as determined by melting experiments.”®®* The crystal
structure”%° of Hpx shows that Na™, C1™, and PO3 "~ interact with various sites
on the surface of the protein, both near and far from the heme site, which is
also consistent with the significant anion and cation effects on the observed
E\ ), values.

The influence of pH on the formal reduction potential was also examined
using the spectroelectrochemical technique.®' The E, 2 value for MHpx at pH
7.2 in the presence of 0.2 M KCl was shifted from 6 mV to 105mV on dropping
the pH to 5.5. Therefore, as the pH is lowered the ease of Fe’" reduction is
increased. The Nernst equation predicts a 59 mV shift in £, for each pH unit
change for a redox equilibrium that involves a single proton. Consequently, the
observed 100 mV positive shift in £, that occurs with a decrease in pH from
7.2 to 5.5 is consistent with an equilibrium reaction involving a single H" that
stabilises the reduced form of the protein.

The redox sensitivity of hemopexin-encapsulated heme to electrolyte com-
position and pH illustrate the importance of first coordination shell (bis-
histidine ligation and heme structure) and second coordination shell (protein
structure/folding and environment) effects in these heme proteins. These ob-
servations also suggest a possible role for Fe’*/Fe** redox in hemopexin-
mediated heme transport/recycling, as high chloride anion concentration and
low pH are known conditions for the endosome where the heme is released.

2.4.2.2 Mpyoglobins

Myoglobin is a heme protein with a single heme prosthetic group. The bio-
logical function of Mb is to accept O, from the transport protein Hb and store
it until needed. The resting state for O, storage is Fe in the +2 oxidation
state (deoxy-Mb), which can readily undergo a reversible one-electron loss
to the oxidised Fe’" form (met-Mb). The Soret bands may be used for
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spectroelectrochemical experiments with Mb; large absorbance changes are
seen at ~410nm (the absorption maximum corresponding to Fe(III)-Mb or
met-Mb) and at ~435nm (the absorption maximum corresponding to Fe(II)-
Mb, deoxy-Mb). Mbs from different species may have small shifts in absorption
maxima and molar absorptivities for the Soret band corresponding to the
Fe(III)/Fe(Il) oxidation state; however, these bands are always distinct for
Fe(III) and Fe(Il) oxidation states and can be used as spectroelectrochemical
handles. Monitoring the spectroscopic profile at the intense Soret bands will
suffice to obtain the data required for the Nernst plot; however, it is a good
practice to monitor the UV-Vis spectral profile from 340 nm to 700 nm as a
function of applied potential. Over this spectral region, one can observe five
isosbestic points (at ca. 420, 462, 522, 606, and 662nm) for a successful
oxidation/reduction experiment. This complete spectral analysis is often used to
detect any problems associated with the condition or concentration of the
protein (e.g., denaturation).

Spectroelectrochemical experiments with Mb can be executed starting with
met-Hb and sweeping the potential in the negative (reducing) direction, or the
reverse. For heme proteins it is prudent to do a few experiments in both dir-
ections to ensure that the redox process is completely reversible. This is possible
for heme proteins since Fe*" dissociation does not occur. In the case of Mb
(and HDb) it is procedurally easier to start with the oxidised protein, as it will not
bind O, and therefore trace amounts of the oxy-form of the protein are not
present. The absorbance of the fully oxidised Fe(IIT)-Mb (Ao) can be generated
by applying +400mV (NHE) to the OTTLE cell until equilibrium is reached
(time required can be from 15-45min). Similarly, the absorbance of the fully
reduced (4r) Fe(I)-Mb can be obtained by applying a potential of —250 mV
(NHE). The spectroelectrochemical profile of oxidation or reduction can be
obtained by incremental application of potential (20mV increments) to the
OTTLE cell. The time required for the system to attain equilibrium at each
applied potential can vary significantly (15-45min) and will depend upon the
protein, mediator, and the background electrolyte concentrations.

Nernst plots corresponding to the spectroelectrochemical investigation of
sperm whale, horse, and Aplysia Mbs are shown in Figure 2.2.2° All display
ideal Nernstian behaviour (z = 1), with the major difference being the reduction
half-potential. The first coordination shell of Fe*" in Mb is the same in all
forms of Mb; however, the differences in the second coordination shell of iron,
overall amino-acid sequence, and the composition of amino acids around the
heme pocket can be significantly different from species to species. In the case of
Aplysia Mb a valine (Val63 (E7)) is present in the binding pocket in place of the
distal histidine in sperm whale and horse Mb. Furthermore, Aplysia remains
five-coordinate in the met form, while sperm whale and horse Mb incorporate a
H,O0 ligand in the met form.®> Thus, the differences in reduction half-potentials
observed for different Mbs are influenced by the second coordination shell of
iron, which includes amino-acid residues around the heme pocket, and the
difference in the Mb secondary and tertiary structure resulting from the dif-
ferences in the amino-acid sequence. This is illustrated by the differences
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observed in E;, for sperm whale (E,,=29mV), horse (E,,=29mV) and
Aplysia (Ej»,=103mV) Mbs (Figure 2.2).2%6 This difference in the redox
potential is also graphically illustrated in Scheme 2.1, which further illustrates
that the first and second coordination shells influence the metal redox
properties.

2.4.2.3 Hemoglobins

The first coordination shell of Fe in Hb is identical to that of Mb, but there are
other major differences that influence the spectroelectrochemical/Nernst plot
profile of Hb and make it distinct from that of Mb. Hb is a tetrameric protein
with four heme-containing subunits (a,3,), each of which is redox-active.
Differences between Mb and Hb include amino-acid sequence, which results
in different redox potentials for the o and B chains, plus subunit—subunit
interactions that lead to allostery in Hb. This allosteric interaction leads to
cooperative electron transfer that gives rise to a non-Nernstian redox profile
that requires special consideration for data analysis and interpretation of
results.®%¢7

The experimental setup for spectroelectrochemical analysis of Hb redox is
identical to that of Mb. Intense Soret bands in the UV region are excellent
spectroscopic handles for monitoring the progress of the reduction or the
oxidation of Fe as a function of the applied potential. The absorption maxima
for the oxidised form of human Hb A4, (Fe(IIT)-Hb or met-Hb) and its reduced
form (Fe(II)-Hb or deoxy-Hb) are shifted relative to that of Mb, with maxima
at 406 nm for Fe(IlT)-Hb A4, and at 430 nm for Fe(II)-Hb A,, and isosbestic
points at 415, 455, 524, and 598 nm. Similar to Mb, the spectroscopic changes
during the reduction of Fe can most easily be monitored by following the
changes in the Soret bands, but it is recommended that the entire UV-Vis
spectral range be investigated, as noted above for Mb, in order to check for
hemichrome formation and other undesirable side effects. We have shown that
the positively charged mediator Ru(NH;);" works well in Hb spectro-
electrochemistry as it does not bind at the allosteric binding site and is optically
transparent.®

When the Hb spectroelectrochemical data are plotted according to the re-
arranged form of the Nernst equation (eqn (2.3)), the resulting plot is a sig-
moidal curve (Figure 2.9)®” with a maximum slope (corresponding to 7imay)
greater than that seen for Mb. The increased slope of the Hb Nernst plot
corresponds to n values greater than 2.0 in some cases.''>%-°667 Section 2.3.2.2
and Figure 2.4 describe the treatment of this non-Nernstian behaviour resulting
from subunit-subunit interaction and the subsequent extraction of reduction
potential and » values along the Nernst plot.®®¢’

A general trend is evident that ease of Hb oxidation (lower E,,) generally
correlates with increased O, affinity (low P, ;) for various Mbs, Hbs and their
mutants.?® This is illustrated in Figure 2.9 where the Nernst plot for horse Hb is
displaced towards lower potentials relative to that of human Hb A,.®” One of
the structural differences between human and horse Hb is the substitution of a
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Figure 2.9 Nernst plots from spectroelectrochemistry of Hbs showing the influence of
Hb structure and allosteric effector. (O) Hb A (£, =85mV, n;,=2.0)
(®) Horse Hb (E,,=55mV, n;,=1.7) and (A) Hb 4 in the presence of
200 mM KCI (E;,=125, nj,=1.2). Conditions: Pt mesh electrode;
[Ru(NH3)6Cl3]= 1 mM; [heme]=0.06 mM; [MOPS]=50mM at pH 7.1
([HEPES]=50mM for horse Hb at pH 7.5) and 20 °C. Figure adapted
from ref. 67 and used with permission.

serine in horse Hb for alanine at position E14f. This change is beyond the first
coordination shell, but creates a more hydrophilic distal heme pocket in horse
Hb, increasing the ease of oxidation and oxygenation.'*2%-6%:6?

This effect of changing the globin chain and/or the heme binding pocket on
E\ > is distinct from that caused by heterotropic effectors (e.g., protons, anions,
etc.) bound at the allosteric binding site, or other sites spatially removed from
the heme prosthetic group. Heterotropic effectors influence the oxidation
process in a manner similar to the oxygenation process. As discussed earlier,
this influence is reflected in the £}, value and the midpoint, 7>, and maximum
slope, nmax, of the Nernst plot. During the oxygenation process, the influence of
the heterotropic effector is reflected in the oxygen affinity expressed as Py,
and the slope of the Hill plot (commonly referred to as the Hill coefficient).'
This behaviour may be interpreted in the context of a two state allosteric model
involving a T-state of lower O, affinity and an R-state of higher O, affi-
nity.****"® The model invokes a T == R equilibrium that shifts between the
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T [deoxy, Fe(II)-Hb] to the R (oxygenated) or R-like [met, Fe(III)-Hb] con-
formation of the Hb. Extensive studies have shown that structural changes that
stabilise either the T- or the R-state conformation of Hb tetramer typically have
comparable influence on both the oxidation and the oxygenation pro-
cess.! 296771 (When these effects are not comparable, this also provides in-
formation concerning the underlying mechanism of redox and oxygen
transport cooperativity in those specific cases.) The influence of the presence of
Cl17, a heterotropic ligand and allosteric effector, on the Nernst plot for Hb A,
is illustrated in Figure 2.9.°” The Nernst plot is shifted to more positive po-
tentials, consistent with a decreased ease of Hb 4, oxidation and a shift in the
T = R equilibrium in the direction of the T-state.

Although anions can act as heterotropic effectors, high anion concentrations
can produce a complex effect on the redox parameters obtained from spec-
troelectrochemistry of Hbs. This is illustrated in Figure 2.10 for Hb 4,, Hb
Presbyterian and spot fish Hb in the presence of C1~ and P;.?° Increases in E| 2
with increasing anion concentrations are consistent with heterotropic ligand
binding and a shift to the T-state, while a reverse in this trend at higher anion
concentrations suggests an environmental or second coordination shell effect is
also operative.
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Figure 2.10 Anion effects on Hb E, ), values. (a) E;» of Hb 4, (®) and Hb Presby-
terian (O) plotted as a function CI~ concentration in 0.05M MOPS pH
7.1 and (b) E > of spot fish Hb as a function of (@) CI™ concentration
and (O) inorganic phosphate concentration. Conditions: Pt mesh elec-
trode: [heme] = 0.06-0.08 mM; [Ru(NH3)sCl3] = 1 mM; [MOPS] = 50 mM
at pH 7.1; 20 °C. Figure adapted from ref. 20 and used with permission.
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Unlike the midpoint slope (n;») of an ideal Nernstian plot, the slope of a
non-Nernstian response cannot be interpreted as the number of electrons in-
volved in the oxidation/reduction process. For the Hbs, the n parameter is
influenced by sitesite heterogeneity and allosteric effects.®®” The n parameter
is an indicator of the level of cooperativity that is operative; high n values in-
dicate a high level of cooperativity, while low n values indicate reduced co-
operativity. The sensitivity of the n parameter to heterotropic effectors may be
seen in Figure 2.11.%° The trend illustrated is consistent with the two-state (R
and T) model for Hb.?***7° Maximum cooperativity is indicated by the highest
values for n,,x (defined in Figure 2.4) as illustrated for Hb A in the absence of a
heterotropic effector. The T-state is stabilised by heterotropic effectors (data
points 1-4), which results in an increase in ease of reduction (increase in £ )
and a decrease in cooperativity (decrease in 7,,,¢) due to a diminished ease of
T = R shift as a result of T-state stabilisation. R-state stabilisation occurs in
HbCPA and horse Hb (data points 6-9), which is characterised by an increase
in ease of oxidation (lower E}/) and reduced cooperativity as illustrated by
diminished n,,,, values.
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Figure 2.11 Plot showing the influence of the presence and absence of heterotropic
ligands for various hemoglobins. n,,,,, as defined in Figure 2.4, plotted as a
function of the midpoint potential for: 7, Hb 4, in 0.05M MOPS, 0.2M
NaNO3, and 0.25-0.6 mM IHP (in excess over [heme] which varied from
0.1 to 0.23mM); 2, Hb 4, in 0.05M MOPS, 0.2 M NaNOs; 3, Trout I Hb
in 0.05M MOPS, 0.2M NaNOxs; 4, Hb 4y in 0.2M MOPS; 5, Hb 4, in
0.05M MOPS; 6, HbCPA in 0.05M MOPS, 0.2M NaNOs, and 0.25-
0.6mM IHP (in excess over [heme]); 7, HbCPA in 0.05M MOPS, 0.2M
NaNOs; 8, HbCPA in 0.2M MOPS; 9, hMb in 0.05M MOPS, 0.2M
NaNO;. Additional conditions: Pt mesh electrode; [Ru(NH3)sCls]=
0.30-1.1 mM; [heme] = 0.1-0.23 mM; pH 7; 20 °C. HbCPA is carboxypep-
tidase digested Hb. Figure adapted from ref. 26 and used with permission.
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Figure 2.12 Plot of E,, for Hb A4 as a function of imidazole concentration that il-
lustrates the influence of homotropic effector equilibrium reaction 14 on
the ease of reduction and level of cooperativity (inset). Parameters
obtained by spectroelectrochemistry; 7., is defined in Figure 2.4.
Conditions: Pt mesh electrode; [heme] = 0.1-0.23 mM; [Ru(NH3)sCl3] =
0.30-1.1 mM; [NaNO;]=200mM; [MOPS]=50mM at pH 7.1; 20 °C.
Figure adapted from ref. 11 and used with permission.

In general, the presence of homotropic effectors will stabilise the R-state and
shift the £, to lower values (i.e. the Hb is more easily oxidised). This is il-
lustrated by the data in Figure 2.12, where the £}, and n parameter variations
are due to the homotropic effector equilibrium shown in reaction (2.14), where
L =imidazole.""

Hb+ L = Hb(L) (2.14)

Nernst plots and the associated descriptive parameters obtained from spec-
troelectrochemical data are also sensitive to modifications in the globin chains
other than changing the amino-acid sequence. This is illustrated in Figure 2.13.72
Nitrosylation of human Hb A, at the B-93 sulfhydryl group results in a signi-
ficant shift in £, » to lower potentials. This may have implications in the function
of Hb as a transporter of NO, an in-vivo signaling molecule.”* A similar shift in
Ey;, is observed for conversion of Hb A, to carboxypeptidase-digested
hemoglobin, CPA-Hb. The lack of sigmoidal shape in this case suggests that the
origin of the Ej, change is a shift in the T = R equilibrium through stabi-
lisation of the R-state.”*’?
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Figure 2.13 Nernst plots illustrating the influence of globin chain modification on
E\ ) and the level of cooperativity. (@) Hb 4,, (A) SNO-Hb A4, (90%
B93 nitrosylated), (O) CPA-Hb and (V) SNO-CPA-Hb (65% 93
nitrosylated). Conditions: [heme]=0.06mM to 0.08mM in 0.05M
HEPES, 0.5mM EDTA, 1 mM Ru(NH;)sCl;, 20°C at pH 7.5. Figure
adapted from ref. 72 and used with permission.

The ability of the globin group to control the redox potential of the heme is
apparent with the range of redox potentials seen for Hbs and Mbs from various
species (Scheme 2.1 and Figures 2.2, 2.9-2.13). This enables globin to protect
the heme groups in Hb and Mb from rapid oxidation, which, in turn allows for
the reversible binding of dioxygen to the heme prosthetic group. Homotropic
and heterotropic effectors, as well as environmental anions, influence the
thermodynamic ease of a given Hb oxidation, as well as the level of coopera-
tivity, presumably by influencing the T = R equilibrium. All of these factors
can be readily analysed through spectroelectrochemical investigation.

2.5 Conclusions

Spectroelectrochemistry is a rapid and convenient method to study the redox
properties of iron proteins. Nernstian behaviour can be readily identified and
used to determine the formal reduction potential (£}/,) and number of electrons
(n) involved in the oxidation/reduction process. Non-Nernstian behaviour can
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also be readily identified. Analysis of non-Nernstian plots can provide valuable
information about chemical equilibria that may be coupled to the redox pro-
cess, which by itself may be a reversible Nernstian process. This was illustrated
here in the case of human transferrin. The shapes of the Nernst plots for some
systems that exhibit non-Nernstian behaviour can provide valuable infor-
mation about the ease of reduction (£;,) and the possibility of cooperativity
and mechanisms for cooperativity. In the case of the Hbs, the parameters ob-
tained through spectroelectrochemistry can be compared with the Hill par-
ameters that characterise dioxygen affinity to aid in our understanding of the
origin of cooperative effects in Hb-mediated redox and dioxygen transport.
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3.1 Introduction

Mixed-valence compounds continue to attract attention,' not least because of
their occurrence as intermediates of multistep redox systems.> ® Mixed-valence
species are found in the geo- and biosphere, as evident from minerals such as
Fe;0, and from metalloproteins, where the Fe''/Fe'"!/Fe'Y, Cu'/Cu" and Mn"/
Mn'""/Mn" combinations are established.” ' Man-made mixed-valence com-
pounds, starting from Prussian Blue in the early 18th century,'" have raised
interest in what is now known as materials science because of their often special
optical, electrical and magnetic properties."!? These physical properties then
prompted attempts at increasingly sophisticated levels to theoretically under-
stand and computationally reproduce the experimental features of mixed-valence
compounds.'*>!* More recent developments involve the application of mixed-
valence systems as models and actual components in the areas of molecular
electronics'* and molecular computing.'®

In addition, mixed-valence intermediates feature prominently in mechanistic
approaches aimed at electron-transfer processes,” including ultrafast valence
exchange'® and multielectron catalysis (where mixed-valency during stepwise
processes is inevitable).!” The modelling and the classification derived' have
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recently been applied not only to transition-metal compounds but also to
coupled organic redox systems'® 2’ and even to main-group-element-con-
taining molecules.”’ Another extension concerns the investigation of inter-
actions not only between electron-transfer sites' but between reaction centres,
involving electron and atom transfer reactivity, as evident from apparently
“irreversible” steps in, e.g., cyclic voltammetry.?* >*

Some mixed-valence systems are sufficiently stable to be isolated, such as
Prussian Blue (Fe)4[Fe(CN)¢]; or the much studied Creutz—Taube ion {(j-
pz)[Ru(NHs)s],)>" (1), pz=pyrazine.” * However, in many (but not all*®) cases
they are less robust than their homovalent congeners, often being formed at
inconveniently high or low redox potentials, or existing only in a very limited
electrochemical potential range as quantified by a small comproportionation
constant K..

M}’l L Mn L n }’l+1 _e— Mn+l_L_Mn+1
—L- M'-L-M —_—
+€° +e (3.1)
Red (E) Int (Ey) Ox

2
Int]” 10AE/59mV (3.2)

comproportionation constant K. = m
X

AE=E,—E,
RT-InK.=nF-AE

In such instances the spectroelectrochemical methods come in handy, per-
mitting in situ identification and characterisation by suitable spectroscopy of
intermediates that exist in equilibrium with other redox forms or that have a
limited lifetime under the circumstances. While the Creutz—Taube ion 1 is thus
easily isolated,” its decacyano analogue 2,*® the corresponding di-iron(IILII)
complex 3,>7 and the closely related organometallic species 4°° have been con-
veniently generated and investigated by SEC (UV-Vis—NIR, EPR, IR).
Whereas IR or Raman vibrational spectroscopy yield typical absorption bands
for mixed-valence and homovalent states alike, the mixed-valence situation is
frequently distinguished from neighbouring redox states through the low-energy
intervalence charge-transfer (IVCT) bands, often found in the otherwise less
frequented near-infrared (NIR) region,” or by EPR signals due to the para-
magnetism in the common case of an odd-electron intermediate. While typi-
cal mixed-valence intermediates are part of purely electron-transfer series,” * the
spectroelectrochemical method is also suitable for studying “‘irreversible”
electrochemical (i.e. redox-activated) reactions in which electron transfer (E) is
accompanied by chemical bond-breaking or bond-forming steps (C).**>* The
spectroelectrochemical analysis of such EC-involving reactions (which may
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include mixed-valence forms) can be useful for understanding electrocatalysis
and general redox catalysis.

k M L,
K 1 5+ Ru (NH3)s
L, | 2 > Ru (CN)s
i 3 5 Fe (CN)s
| \] 4 1+ Mo (CO);3(PR3)>
'I\l/
LM

A very limited selection of examples will serve here to illustrate the power of the
spectroelectrochemical approach, including optical “‘spectro”electrochemistry
(Section 3.3), the selective but often most informative EPR spectroelectro-
chemistry (Section 3.4 and Chapter 7), and the well-established®® but also in-
creasingly employed'®?! infrared vibrational spectroelectrochemistry (Section 3.5
and Chapter 1). Although mainly transition-metal coordination compounds will
be discussed, the previously mentioned extension of the concept and methodology
to nonmetallic systems'® ' should be kept in mind.

3.2 Requirements for Using SEC in Mixed-Valence
Chemistry

To detect mixed-valence intermediates via SEC in solution requires the presence
of this intermediate in sufficient concentration. It is thus not necessary to have a
nearly 100% participation of the intermediate in an equilibrium as quantified
by comproportionation constants K. > 10°. The problems associated with
small K. values of mixed-valence intermediates have been extensively discussed
by Richardson and Taube,® and that equilibrium parameter can be consider-
ably enhanced by changing the environment such as the temperature, the
solvent (complex 327-*?) or the electrolyte.’ This observation demonstrates the
sensitivity of mixed-valence intermediates with respect to the medium.

The formation of mixed-valence intermediates is not limited to purely elec-
tron-transfer redox series, as pointed out before and as described below;
however, the overall reversibility is typically checked by regenerating the
starting spectrum to 100% after completing the backreaction. If the method is
selective only for the intermediate state, as, e.g., for EPR active odd-electron
species in equilibrium with “EPR-silent” states, or if the two-step redox system
can be analysed via stepwise monitoring,®* the spectral features of an inter-
mediate as distinct from those of the neighbouring redox states can be well
identified. A case in point is discussed further below by example of inter-
mediates [(C,R,)M(u-L)M(C,R,)]".

An important aspect in applying SEC methods to the study of mixed-valence
intermediates concerns the timescale.*® The frequently asked question as to the
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valence situation, i.e. averaged (delocalised) or nonaveraged (localised, trap-
ped), ® must always be discussed with respect to the time frame Az of the
method used to identify the species in question. There is a huge difference
between electronic absorption spectroscopy with Az<107'°s and NMR spec-
troscopy with a typical Az = 1 s effective timescale.*® Accordingly, systems such
as 5 have been found that apparently show a different “spectroscopic sym-
metry” via IR vibrational spectroscopy (Ar~ 10~ '3s, trapped valence) and
EPR spectroscopy (Ar ~ 10~¥s, averaged valence).®

O OH Bk

BUS'TO OPBu;
OC. /7 ‘RyCO
oc-fu G CO
BusP O PBuj
OH O
5

Temperature-dependent spectroelectrochemistry®® not only serves to track
and investigate less stable intermediates such as 3*7 but also to study the dy-
namics of valence exchange.'® Variable-temperature SEC cells have been de-
scribed.*® In order to effect a rapid exhaustive electrochemical conversion
different cell designs have been used, employing thin-layer constructions with
optically transparent grids or conducting materials (ITO, B-doped diamond) or
waveguide arrangements.” '’

3.3 UV-Vis—NIR Absorption Spectroscopy

The most conspicuous feature of many mixed-valence compounds is their long-
wavelength absorption, as illustrated so vividly by the intensely coloured
Prussian Blue, formulated essentially as {Fe'';[Fe'(CN)]5}.""!! Simply speak-
ing, this low-energy absorption results from an allowed transition (“‘intervalence
charge transfer”, IVCT) between electron-rich iron(II) to electron-deficient
iron(IIl) via the bridging cyanide ligands. The asymmetry resulting from un-
symmetrical CN~ and from the low-spin configuration of C-coordinated Fe'" vs.
N-bound high-spin Fe'! causes the relatively high-energy absorption to occur in
the visible range;"'" other mixed-valence coordination compounds such as the
symmetrical Creutz—Taube ion [(H3;N)sRu(p-pz)Ru(NH;)s]°* (1) with its as-
sumed averaged valence of +2.5 for both ruthenium centres® > have their
absorptions in the near-infrared region, here at 1560 nm corresponding to
6400 cm ™', The near-infrared (800-2500nm, 12 500-4000cm ") has become a
very interesting spectral region due to its analytical potential and because of the
relevance for information transfer via fibre optics.>

Typical responses of redox systems with a mixed-valence intermediate are
shown in Figures 3.1 and 3.2, illustrating the rise (and decrease) of the IVCT
absorption band as an often separated additional feature on (stepwise) electron
transfer.' The spectral behaviour as in Figure 3.1 for the Fe"Fe!" (or, better,
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Figure 3.1 UV-VIS-NIR spectroelectrochemical response during the conversion
{(n-bmtz)[Fe(CN)4,}*? =2 (6) in CH;CN/0.1M Bu,NPF, (insert:
enhanced NIR region).

Fe” Fe??) species {(NC)4Fe(u-bmtz)Fe(CN),}* 6 (K. = 10" in CH;CN/0.1 M
Buy,NPF4)*? from an experiment with an optically transparent thin-layer elec-
trolysis (OTTLE) cell®” with Pt gauze working electrode is only one form of
graphical representation, difference spectra or three-dimensional plots are also

being used.’’
CHBD
/)
\ N N=N N=

3,6-bis(2-pyrimidyl)-1,2,4,5-
tetrazine (bmtz)

Although Figures 3.1 and 3.2 show a typical behaviour it is by no means
compelling that the increasing long-wavelength absorption of an intermediate
signifies a mixed-valence situation. Many organic ligands, serving, e.g., as
bridges in dinuclear or oligonuclear complexes, can undergo stepwise electron
transfer that may give rise to low-energy absorbing radical intermediates.*®*
An additional independent probe such as EPR (Section 3.4) is thus advised
before finally attributing long-wavelength bands to IVCT transitions.”

On the other hand, the appearance of a near-infrared absorption for an
electrochemically or otherwise generated intermediate can be viewed as indi-
cating a potentially mixed-valence situation. For instance, the stepwise chloride-
dissociative reduction of compounds [CI(C,R,)M(u-L)M(C,R,)CI*", n=5 for
M =Rh or Ir, n=6 for M =Ru, may lead, after addition of three electrons
(and the loss of two CI~ ions) to a species [(C,R,)M(u-L)M(C,R,)]" with a
distinct near-infrared absorption.”>>* In conjunction with the EPR spectra
showing large g factor anisotropy (see Section 3.4) it can be concluded that these
are mixed-valence metal intermediates and not radical complexes, obtained
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(Top) Cyclic voltammogram of {(u-abpy)[MCI(CsMes)b)>" in CH;CN/
0.1 M BuyNPFg. (Center and bottom) UV-VIS-NIR spectroelectrochemlcal
response during the conversions {(j- abpy)[MCl(CSMes)(LLM(CSMeS]
{(n-abpy)[M(CsMes)l} ™ and {(p-abpy)[M(CsMes)L,} 7@ in CH;CN/0.1
M BU,4NPF6.
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through a process that involves atom displacement (i.e. chemical steps) in

addition to electron transfer.>>>*
{(u-BL)[M(C,R,)CI],}** BL: bridging ligand
M=Rh,Ir;n=5
+e” M=Ru, Os;n=6

{(u-BL)[M(C,R,)Cl],}*

+e, —CI

+e’, —CI

+€°

{ (M'BL) [M(Can)]Z }

The 3-electron-reduced organometallic mixed-valence intermediates
[(CsMes)M(u-L)M(CsMes)]", M=Rh or Ir, L =2,5-diiminopyrazines, thus
involve an unusual* oxidation state combination MM with d’d® configur-
ation and very small comproportionation constants K. < 50. Nevertheless, the
stepwise electrochemical reduction allowed us to observe and identify those
intermediates via their IVCT bands around 1600 nm (Figure 3.2) and their EPR
spectra® that signify mostly, albeit not exclusively, spin localisation at the metal
centres. Similar results were obtained for the closely related organometallic
diruthenium system [(Cym)Ru(p-abpy)Ru(Cym)]*, Cym = p-cymene (an arene
ligand, 4-isopropyltoluene), with lower than the conventional®”> (Ru'"Ru'")
oxidation states.”* The spectroelectrochemical method, here UV-Vis—NIR
spectroscopy in conjunction with EPR, thus allows for the detection of inter-
mediates which might otherwise even go unnoticed in conventional voltam-
metric experiments (see Figure 3.2) due to their low equilibrium concentration.

2,2’-azobispyridine
(abpy)

In general, however, the energy of the IVCT transition is not restricted to the
near-infrared region. Depending on the electronic coupling'  the corresponding
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band may be shifted either to higher energies, into the visible where it may be
obscured by other bands, or to lower energies, into the midinfrared region where
it may remain undetected among the generally much more narrow vibrational
bands. Such an example has been observed for the Mo'Mo® combination*!
{(OC)»("BusP),Mo(p-bpym)Mo(P"Bus),(CO),} *  (7) with 2,2'-bipyrimidine
(bpym) as a bridge, which shows both CH and CO vibrational stretching
absorptions in the presence of a broad underlying electronic band centred at

about 2700 cm—'.#!
N N
0
— =

2,2’-bipyrimidine (bpym)

Figure 3.3, showing the SEC response in the formation of the related com-
plex 4, illustrates the difference between the electronic transition (broad new
band) and vibrational features (narrow CH and shifted CO bands) in the near-
to mid-IR regions.*®

Further, the intensities of the typically several IVCT transitions’ may vary
quite extensively, ranging from very strong to practically undetectable weak
absorptions.>>*** The typically lower sensitivity of spectrophotometers in
the NIR region may further cause problems in the identification of weak IVCT
bands, especially when a large-bandwidth Av;,, makes detection even more
difficult. Narrow bands with bandwidths Av; , of a few 100 cm !at half-height
as well as very broad absorptions with Av;,; = 5000 cm ! such as for 2 have
been observed.”> ?® The spectral width has been often used to estimate the
extent of valence averaging according to a model derived for weakly coupled
systems by Hush,'>® later approaches have extended and modified this

T T T T —r

6000 5000 4000 3000 2000
v [em']

Figure 3.3 VIS-NIR-IR spectroelectrochemical result from the conversion {(j-
p2)[Mo(CO)5(PR3)-LJ P~ (4) in CH,CL/0.1M BuyNPF, (R=
isopropyl).
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Table 3.1 Characteristics of mixed-valence intermediates.?

1 2 3 4
Kc 106.6 104.7 106.5 106.4
Jiver (nm) 1560 1760 2475 2150
erver M em™! 5000 2600 3900 n.d.
Avyjy (em™") 1250 4200 1500 700
g 2.799 n.o. (4K) 245 (g.1) 2.096
2.487 1.79 (g) 2.066
1.346 1.992
Ref. 2b,5 26 27 28

“For measurement conditions see references.

model.” In any case, broad absorption features signify substantial geometrical
reorganisation after excitation to the IVCT excited state.

For comparison, the essential parameters of the near-infrared band for the
pyrazine-bridged mixed-valence intermediates 1-4 are summarised in Table 3.1.

Table 3.1 demonstrates how charges play a large role, mostly via interactions
with the environment. Thus, complex 3 has been studied in aqueous medium
without appreciable metal-metal interaction** but was found to exhibit a much
more pronounced effect in aprotic acetonitrile.?’

Weakly coupled mixed-valence systems or those with certain coordination
modes®® such as chelation by a bis- or tris-bidentate acceptor ligand (e.g. bptz,
bmtz or dqp) can show very low intensity IVCT bands in the NIR (Figure 3.1)
or even escape completely their detection by electronic absorption spectro-
electrochemistry.*>**

_ o |

3,6-bis(2-pyridyl)-1,2,4,5- diquinoxalino[2,3-a:2’,3’-c]phenazine
tetrazine (bptz) (dgp)

For instance, trinuclear species such as (ps-L)[Ru(acac),]; can be oxidised in
three one-clectron steps of which the first two produce mixed-valence inter-
mediates (RuRu"Ru" and Ru™Ru™Ru"). For some ligands L, such as dqp,
the EPR spectroscopically characterised first (i.e. odd-electron) intermediates with
metal-centred spin do not exhibit a detectable band in the near- or midinfrared
region.** The reason for this behaviour is not yet clear, especially since related
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Figure 3.4 Cyclic voltammogram and differential pulse voltammogram of {(u-tithb)
[Ru(acac),],} (8) in CH3CN/0.1 M Et,NCIO, (potentials vs. SCE).

compounds {(ps-L)[Ru(bpy)sls}’*, L' = 1,4,5.8.9,12-hexaazatriphenylene, show
typical such IVCT bands in the near-infrared.*

While IVCT bands may thus not be detectable in the NIR region, NIR
bands, on the other hand, may not be caused by IVCT transitions, as suggested
by their appearance.

The complex {(u-tithb)[Ru(acac),],} 8 with the noninnocent 3,3’,4,4'-tetra-
imino-3,3’,4,4'-tetrahydrobiphenyl (tithb) ligand shows a clean double two-step
oxidation and reduction behaviour (Figure 3.4).* One-electron oxidation to 8"
produces a weak NIR band at 1570 nm (¢ =800 M ' cm ') while a more con-
spicuous NIR absorption around 2160 nm (¢ =4000 M~ ' cm ") occurs when 8 is
reduced with one electron. According to EPR (see below) a mixed-valence
oxidation state formulation is only appropriate for 8" = {(p-tithb)Ru'"Ru'"}*
while the anion 8 shows a radical type signal at g = g(electron)=2.0023 that
suggests the {(u-tithb )Ru"Ru"}™ instead of the conceivable {(u-tithb®")
Ru™Ru"}~ formulation.*¢

H
N
H
=)~
H
N
H

3,3",4,4’-tetraimino-3,3’,4,4’-tetrahydrobiphenyl
(tithb)

In a related case, complexes {(u-dih-R)[Ru(acac),],} with noninnocent 1,2-
diiminohydrazido ligands dih-R (resulting from ring-opening of tetrazines)*’
show strong absorptions around 1500 nm when reduced with one electron.
Although the mixed-valence oxidation state formulation (p-dih-R?)RuRu"" is
tempting to interpret such a finding, the corresponding EPR results show ligand
centred spin that clearly points to a description as (u-dih-R-)Ru""Ru'".#’
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R
N.  NH
HN>_ N—<

R

1,2-diiminohydrazido(2-)
(dih-R?)

3.4 EPR Spectroscopy

Of the several less common spectroscopic methods to combine with electro-
chemical intermediate generation such as luminescence, Raman, NMR, or X-
ray absorption spectroscopy,* the EPR method* is presented here because of
its relative simplicity and pronounced selectivity. Only paramagnetic com-
pounds with a certain, not too rapid relaxation rate from the spin-excited state
give detectable signals for EPR spectroscopy, which helps to disregard many
simultaneously present species. On the other hand, the rather slow time frame
(A1 ~ 107%5)* and the sensitivity of the EPR method to electronic influences
from the participating atoms via g-factor shift and hyperfine interaction can
render EPR a very valuable method to determine the site of electron transfer
(ligand or metal)® as well as the spin and thus valence distribution.

The EPR resonance condition v =gfH involves the g-factor as a substance-
specific quantity that depends to a large extent on the admixture of higher ex-
cited states with nonzero orbital momentum.*’ Accordingly, spin—orbit coupling
becomes crucial, and this effect is highly dependent on the spin—orbit coupling
constant, a quantity increasing very strongly with the atomic number.*’ There-
fore, it makes a huge difference whether heavy elements such as transition metals
are dominating the spin and valence distribution or whether lighter (ligand)
atoms such as C, N, O or H, etc. are prevalent.38’50 Even in the absence of direct
hyperfine information from individual nuclei the g-factor and the anisotropy of
the corresponding tensor as measured from frozen solutions indicate the pre-
dominant site of residence of the spin and thus of the oxidation state situation.’

As an already-mentioned example, the diruthenium compound 8 can be
converted (spectro)electrochemically to paramagnetic ions, cation and anion.*
Absorption spectroscopy showed NIR bands for 8" and for 8. This am-
biguous situation, metal-based IVCT absorptions for mixed-valence species or
low-energy intraligand transitions for radical complexes, has been clarified by
EPR spectroelectrochemistry: the cation 8" showed a rhombic EPR signal of
sizeable g component splitting in the frozen state (Figure 3.5), signifying con-
siderable, if not exclusive spin density on the metals. In contrast, the anion 8~
was identified with a narrow signal at g =2.003, suggesting an anion radical
complex of two ruthenium(II) centres.*®

In contrast to the above, there can be situations when the EPR method is not
applicable (diamagnetism, e.g. in tetranuclear complexes, even-electron situ-
ations)’' or when the signal is not observable even at low temperatures (“EPR
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Figure 3.5 EPR spectrum resulting from the conversion {(p-tithb)[Ru(acac),],}@ ="

(8 — 8") in CH5CN/0.1 M BuyNPF, (measurement at 4K).

silence™).?® Such cases are not uncommon for mixed-valence species because they
often involve excited states lying very close to the paramagnetic ground state
that, especially in the presence of heavy elements with their high spin-orbit
coupling constants, allows for rapid EPR relaxation and thus line broadening up
to the point of nonobservability. For instance, the decacyano analogue {(1-pz)-
[Ru(CN)s],)>~ (2) of the Creutz—Taube ion was reported as EPR-silent even at
4K despite an IR and NIR spectroelectrochemical response.”® The very broad
IVCT band at 1760 nm, however, suggests considerable reorganisation energy
and thus less pronounced valence delocalisation than in {(u-pz)[Ru(NHj5)s),)> ">
Diosmium(IILII) species such as {(p-adc-R)[Os(bpy)-]-}> " are also EPR-silent
at 3.5K despite an S=1/2 state as determined by susceptibility measure-
ments;>” the ruthenium analogues {(u-adc-R)[Ru(bpy),]»}** show Ru"Ru''-
type EPR signals at 4 K which, however, begin to disappear at around 20 K.

>N, O N—
7 N—Z R, v O
. NXK N
N v R O)_
azodicarbonyl compound (adc-R) 1,2-diacylhydrazido(2-)
R = alkyl, aryl, alkoxo or dialkylamino (adc-R?)

Otherwise, the strong increase of the spin—orbit coupling within a group of the
periodic table augments the g-component splitting as demonstrated for the previ-
ously mentioned Rh™Rh" vs. Ir'™Ir™ examples [(CsMes)M(p-abpy)M(CsMes)] "%

The EPR method is particularly powerful with regard to the valence (de)-
localisation question when hyperfine information can be obtained. This, un-
fortunately, requires not only the presence of suitable nuclei but also a
sufficiently small linewidth, which is not always achieved for transition-metal
species. Information on the g-factor anisotropy alone is not directly suitable to
determine the symmetry of the mixed-valence intermediate.>>’
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Ideally, the hyperfine interaction between the free electron and the mag-
netically active nuclei in question should reflect quantitatively, or only by
symmetry effects, what the spin and valence distribution looks like. A well-
researched case concerns the dimanganese centres as found in enzymes that
show the valence (de)localisation via the >*Mn hyperfine coupling pattern.”>*
With full valence averaging and thus spin delocalisation and a simple 11-line
pattern with intensities following 1:2:3:4:5:6:5:4:3:2:1 should result,’*>
whereas the experimental data show a more complex splitting, the so-called
“16-line” signal.”>* Its analysis points to a situation with spin and valence
asymmetry. Although spectroelectrochemical methods were not necessary for
this example due to the stability of chemically generated species, it serves to
demonstrate the power of EPR for establishing the extent of spin and thus
valence distribution between electron-transfer sites.

Using mixed-valence dimolybdenum compounds, i.e. involving an element
with only about 25% of the naturally occuring isotope mixture bearing a nu-
clear spin (°>°’Mo: I=15/2), one has to analyse the EPR spectra more carefully
at the periphery. However, for bis(phenolate)-bridged MoY'™MoY, Mo'"Mo', *¢
and for the Mo'Mo° species 4,*® (the organometallic analogue {(u—pz)[Mo
(CO)5(PR3)5]») " of the Creutz-Taube ion, Figure 3.6), the quantitative de-
termination of satellite intensities as well as the approximately 50% diminished
hyperfine splitting in comparison to related mononuclear compounds confirm
the complete spin delocalisation and thus valence averaging on the EPR
timescale of about 10~®s.

On the shorter timescale (~ 10~"? s) of vibrational spectroscopy the system 4
exhibits also full symmetry (see Figures 3.3 and 3.7), confirming the EPR results.

Two additional aspects may be mentioned briefly with respect to EPR an-
alysis: Hyperfine information on the symmetry of mixed-valence species can also
be obtained through electron—nuclear double resonance (ENDOR). The main-
group mixed-valence (B"B") species 9 have thus been analysed despite the very
large number of EPR lines with the consequence of unresolved spectra.>’

Secondly, the EPR method is also appropriate to study “inverse mixed-
valency”, involving metal-bridged ligands of different redox states.>® In those
cases, the “hopping” of unpaired eclectrons may be noted through linewidth
effects as for system [Ru(abpy)»(bpy)]" (10).°%
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Figure 3.6 Room-temperature EPR spectrum resulting from the conversion {(u-pz)
[Mo(c0)3(PR,5)2]72}<°H+) (4) in CH,Cl,/0.1M BuyNPF, (R =isopropyl;
2=2.0438, a(*™>*'Mo) = 1.52mT). Experimental (top) and simulated spec-
trum (bottom, two equivalent Mo).
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Figure 3.7 IR spectroelectrochemical response during the conversion {(u-pz)[Mo-
(CO)3(PR3)LLI P~ (4) in CH,Cl,/0.1 M BugNPF, (R =isopropyl; *:
band from decomposition product Mo(CO)4(PR3),).

3.5 IR Vibrational Spectroscopy

In contrast to EPR and to NIR absorption (electronic) spectroscopy, IR or
Raman vibrational spectroscopies yield absorption bands for mixed-valence and
homovalent states alike, mostly in similar spectral regions. Therefore, the shifts
of bands associated with certain functional groups are often used in
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spectroelectrochemistry. Since the timescale (ca. 10~'% s) of this spectroscopy is
longer than that of electronic spectroscopy but shorter than that of EPR,*" it is
ideal for studying small-molecule mobility, so that the quintessential chemical
question for localised or delocalised bonding and distinctly different or averaged
oxidation states can be investigated by establishing a splitting or a coalescence of
vibrational bands.'® Although this approach seems convenient and straight-
forward there are a number of aspects to be considered in order to avoid pitfalls.

The use of infrared spectroscopy, either through “fingerprint” character-
isation or by functional group identification, is well established. IR vibrational
spectroscopy has thus been applied in spectroelectrochemistry for quite some
time.?° The possibility to establish the symmetry of a molecule has made IR-
SEC a most valuable tool for mixed-valence chemistry,'®*"*** allowing
intramolecular electron-transfer rates in the picosecond region to be assessed
and “electron-transfer isomers” to be established.'®*

As in normal IR vibrational spectroscopy the typically strong bands of the CO
group have featured prominently, either as metal carbonyl M—CO functions'®*%¢°
or as organic (ligand) carbonyl bands in ligated species R,CO.**®€ These intense,
sensitive bands allow for differentiation between symmetrical situations with
equivalent CO groups (valence averaging, see Figure 3.7) and those arrangements
with nonequivalent CO groups, signifying at least partial valence trapping on the
IR vibrational timescale despite formal molecular symmetry.®® As an example for
the former situation the diruthenium(ILIII) complex [Cl(dpk)Ru(p-tppz)-
Ru(dpk)CIP** (11), tppz=2.3,5,6-tetrakis(2-pyridyl)pyrazine, shows only one
v(CO) band for the two 2,2’-dipyridylketone (dpk) ancillary ligands® and, simi-
larly, the three v(CO) bands for the mer-configurated Mo(CO); fragments in
complex 4 shift uniformly and without splitting to higher energies after oxidation
of the Mo’Mo° homovalent precursor (Figures 3.3 and 3.7).%®

\ 7 \ 7/ @

2,3,5,6-tetrakis(2-pyridyl)pyrazine  2,2’-dipyridylketone
(tppz) (dpk)

On the other hand, decoupling of redox-active entities with carbonyl func-
tions may result in splitting of the v(CO) bands.'®-3!-35:39:60

In more elaborate studies, Kubiak and coworkers have established experi-
mentally the existence of dynamic equilibrium mixtures containing ‘“‘charge-
transfer isomers” of mixed-valence ruthenium complexes within [{Ruz(p-O)-
(1-CH3CO0)4(*C°O)(L)}](u-BL)[{Ru3(n-O)(-CH3COO0)o( °C*O)L")})] by
monitoring the v(CO) vibrations in the infrared (u-BL =unsymmetrical pyr-
azine derivatives). The mixed-valence charge-transfer isomers differ in the
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location of the odd electron, and the asymmetric ligand environment around
the metal centres facilitates their experimental identification.
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The IR spectra of native Ru;
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and doubly reduced Ru;
species exhibit two v(CO) bands, separated by 90cm ™! because of the
isotope substitution v('*C'°0) vs. v('*C'®0). In contrast, the monoanionic mixed-
valence intermediate Rus"™™ . Ruy"™ M shows four v(CO) bands at 1959/
1861(**C'®0) and 1948/1 859(13C180) cm~ ! due to the presence of an equilibrium
mixture of two charge-transfer isomers 12A and 12B, respectively.

Such investigations could also be carried out using molecular frameworks
with symmetrical bridging ligands such as L =pyrazine in combination but
different ancillary ligands L" and L” such as 4-dimethylaminopyridine/pyridine,
pyridine/4-cyanopyridine or 4-dimethylaminopyridine/4-cyanopyridine.

The experimental evidence for the existence of bistable mixed-valence iso-
mers 12A and 12B and their switching times of about one trillion per second as
inferred from temperature-dependent coalescence of carbonyl stretching bands
may be eventually employed to provide a solid basis for the fabrication of
molecular electronic devices.

Not only well-separated and intense bands from carbonyl stretching but also
other vibrational absorption features lying at lower frequencies may be used to
investigate the molecular symmetry and thus the valence situation in complexes
like the Creutz-Taube ion®' or related osmium compounds.>¢

Strong unobscured bands in the 2000cm™' region may also involve the
stretching of the CN bond with its typically high bond order in metal cyanides
MCN (Figure 3.8),>* in metal-binding organopolynitriles such as TCNE or
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Figure 3.8 IR spectroelectrochemical response during the conversion {(p-bmtz)

[Fe(CN)4],}*7~ 67 (6) in CH;CN/0.1 M BuyNPFg: shift, but no splitting
of the cyanide stretching bands, indicating valence averaging.

TCNQ,”! or in coordination compounds of m-conjugated organodicyanamides
“NCNRNCN™.%

NC CN NC . CN C,/N—TE—N//

NC  ©CN NC C CN N’
tetracyanoethene  7,7,8,8-tetracyano-p-quino-

(TCNE) dimethane (TCNQ)

Metal compounds of the CN-containing ligands are often studied with re-
spect to their potential for magnetic coupling.'>®*

Further, the CC stretching around 2000cm™" of oligoacetylene/cumulene
redox systems®® is well suitable for monitoring by IR-SEC. Such organo-
metallic® or sometimes even Werner-type®® systems have received attention as
basic models of redox-active C,, materials.®” An example with ligand system
13"~ showed the spectroelectrochemically characterised intermediate between a
1,3-diyne (diacetylene) and an 1,2,3-triene (cumulene) form with the respective
C-C multiple bond-stretching features.®

: —c-c=c-{° . = e
13%

13

o
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3.6 Perspective

Summarising, spectroelectrochemical techniques are ideal for studying mixed-
valence intermediates:

— UV-Vis—NIR spectroelectrochemistry normally allows for a convenient
identification of the intervalence charge-transfer band that is crucial for
the analysis of electronic interaction,' >

— EPR serves to establish the mixed-valence character and may provide
further insight into the electronic structure through the shift and an-
isotropy of the g-factor and through analysis of the electron—nuclear
hyperfine interaction,®

— IR vibrational spectroelectrochemistry helps to determine the symmetry
and thus the valence averaging (or trapping) on an otherwise experi-
mentally challenging but chemically very valuable timescale.'®

Ideally, the combination and integration of several spectroelectrochemical
methods provides a most comprehensive picture of the valence situation and
serves to avoid possible misinterpretation. Variable-temperature spectro-
electrochemical setups®® not only allow measurements of labile intermediates
but also an assessment of electron-transfer dynamics in solution.
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CHAPTER 4
Spectroelectrochemistry
of Metalloporphyrins

AXEL KLEIN

Universitit zu Koln, Department fiir Chemie, Bereich Anorganische Chemie,
Greinstrae 6, D-50939 K6ln, Germany

4.1 Introduction

Porphyrins and related tetrapyrrole macrocyclic ligands are one of the most
prominent ligand types in coordination chemistry. Their occurrence in metallo-
enzymes, their application as inorganic dyes and photosensitisers, their use as
homogeneous catalysts, mainly for oxidation or oxygenation reactions, and
their outstanding role in coordination chemistry is in general well documented.'

One of the most prominent properties of metalloporphyrins is the accessi-
bility of several oxidation states, which is crucial in electron-transfer reactions,
e.g. oxygenation catalysis or oxygen transport. In most cases a larger number of
these oxidation states are stable on the timescale of cyclovoltammetric ex-
periments or even longer, an example of such multiredox behaviour can be seen
in Figure 4.1.

Since the porphyrin ligands themselves (i.e. their protonated forms H,Por)
are able to form several stable oxidation states and on the other hand many of
the metals in metalloporphyrins (e.g. Fe or Ru) can exist in various oxidation
states, a clear assignment of such oxidation states in metalloporphyrins is not
easy to make, as exemplified in Scheme 4.1.

For a deeper understanding of the interplay of the porphyrin ligands, the
metals and (if present) the axial coligands in these various oxidation states,
thorough electrochemical and spectroscopic investigations, and of course
spectroelectrochemical experiments are sought. This chapter will report on how

Spectroelectrochemistry
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Figure 4.1 Cyclic voltammogram of [(CNOTPP)Co] in DMSO/0.1 M TBAP (scan
rate =0.1 V/s). With permission from the RSC, ref. 2.

spectroelectrochemical methods can contribute significantly to the assignment
of metal-porphyrin oxidation states.

Since the number of reports on spectroelectrochemical investigations on
metalloporphyrins is very large and numerous reviews have been publish-
ed,'™!®34 this chapter will focus on a few selected examples.

We will start with the findings on the free porphyrin ligands, i.e. the proto-
nated forms H,Por to learn about the characteristic spectroscopy of pure
porphyrin-centred electron transfer (Section 4.2). In the same section
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State formal oxidation states
[(Por)M]*  Ox2 (Por)M(II)  (Por )M(IIL) (Por’ )M(IV)
[(Por)M]*  Oxl (Por)M(D)  (Por*)M(II)
[(Por)M] Parent (Porz')M(II)
[(Por)M]”  Redl (Por’ )M(I) (Por* )M(IIL)
[(Por)M]* Red2 | (Por™)M(0) (Por*)M() (Por*)M(II)
A B C D E

Scheme 4.1 Formal oxidation states of a divalent M and the porphyrin ligand Por in
species generated from a neutral metalloporphyrin [(Por)M(II)].

magnesium- and zinc-containing metalloporphyrins were set aside, since these
two metals usually fit into the porphyrin cavity and are not redox-active.
Therefore any redox chemistry should take place mainly at the porphyrin lig-
ands and the spectroelectrochemical ““performance” is not disturbed by pro-
tonation or deprotonation reactions, frequently observed for H,Por systems.

Section 4.3 leads us into the redox chemistry of main group metals or met-
alloids especially phosphorus. These elements can exist in several oxidation
states separated by two-electron steps. Electron transfer to this system might
occur in one-electron steps (porphyrin-centred), two-electron steps (metalloid-
centred, usually combined with ligand loss or addition) or mixed electron
transfer/chemical reaction steps.

In contrast to the main-group elements, metals of the d-block usually show
one-clectron separated oxidation states. Thus, the discrimination between
metal-centred and ligand-centred electron transfer is not easy and must often be
based on several spectroscopic and electrochemical methods. As examples
Section 4.4 reports on recent investigations on the nickel-containing cofactor
F430 and Section 4.5 on the famous oxidation catalyst system [(Por)Ru(CO)(L)].
Sometimes the peculiar electrochemistry of porphyrins allows unusual oxidation
states as shown with the divalent gold species [(Por)Au(II)] in Section 4.6.

After having learned the lesson how to recognise typical spectroscopic pat-
terns of the porphyrin ligand-centred electron transfer, and to discriminate them
from metal-centred reaction, the assignment of oxidation states in multiredox
arrays including metalloporphyrins is feasible as exemplified in Section 4.7,
where covalently bound fullerene-[(TPP)Co] dyads were explored by spectro-
electrochemical means.

4.2 FElectrochemistry and Spectroelectrochemistry
of the Free Porphyrin Ligands H,Por and
Metalloporphyrins MPor (M = Mg, Zn, Cd)

Porphyrins H,Por usually exhibit four reversible redox waves in cyclovoltam-
metric experiments (comparable to Figure 4.1) in the potential range from —3



94 Chapter 4

to +3 V. Therefore, five distinguishable oxidation states can be characterised
spectroscopically: (H,Por)*" — (H,Por)™ — (H,Por) — (H,Por)™ — (H,Por)*~.>¢
The corresponding frontier orbitals can be described by the simple Gouterman
four-orbital model (based on HMO calculations)’ shown in Scheme 4.2.

The corresponding redox potentials are strongly dependent on the peripheral
substituents and on the coligands on the metal, which are, in the case of
complexes of the type [(Por)M(L)] the used solvent molecules'®®%1° but might
also be influenced by ion pairing.

Zinc- or magnesium-containing metalloporphyrins very often show similar
behaviour as the free porphyrin ligands H,Por. This is not unexpected, since
both metals in their oxidation state + 2 are electrochemically inert down to very
low potentials and in this sense equivalent to the two protons in H-,Por.
Furthermore, the M?" ions (M = Mg or Zn) fit well into the porphyrin cavity
(ionic radii Mg>*: 71 pm, Zn>": 74 pm),'? therefore ligand distortion is
minimal. Therefore zinc or magnesium porphyrins are well-suited references
for systems with unperturbed ligand-centred electron transfer. Cadmium
(ionic radﬂgus: 92 pm)'? is too large for the porphyrin cavity and therefore leads
to strain. -

HOMO

—  LUMO+1
LUMO

Energy

—— HOMO
HOMO-1

Scheme 4.2 Frontier orbitals of the porphyrins according to the Gouterman four-
orbital model for Dsh point group (top). In the presence of a perturb-
ation (substituents or ligand distortion) the degeneracy might be lifted
(bottom). With permission from Wiley, ref. 7a.
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4.2.1 Reduction

The reduction chemistry of free porphyrins and zinc or magnesium porphyrins
was studied in detail using various spectroscopic techniques such as UV-Vis—NIR
absorption,>¢-%-10:14-16 EPR,>7016a01719 414 resonance Raman.?%*b2140 The
first reduction of porphyrins H,Por is usually fully reversible. The absorption
spectra of the thus-generated porphyrin m-anion radicals are characterised by a
loss of intensity of the Soret band (sometimes together with a slight redshift) (see
Figure 4.2). Also, the Q-bands are less intense and sometimes redshifted, com-
pared to the parent molecules and an additional (sometimes structured) band
system appears around 800 nm.**'* The same behaviour has been reported for
zinc derivatives [(Por)Zn]~.>¢10:16

EPR spectra of the monoreduced species [H,Por] ™ recorded at ambient
temperature usually exhibit narrow, unstructured signals (no hyperfine split-
ting; HFS) with g values close to the “free-electron” value of 2.0023.%'® At low
temperatures, H,TPP-~ exhibits an anisotropic signal of axial symmetry with
g1 =2.0029 and g;=2.0020. For the metalloporphyrin species [(Por)M]~
(M =Mg, Zn, Cd) HFS to N and H atoms could be resolved in many cases
(occasionally by ENDOR or TRIPLE) and g values are usually slightly lower
than found for the corresponding free ligand radical anions.>!7'*2% At low
temperatures slightly higher anisotropy (Mg<Zn<Cd) and lower averaged g
values were observed, as exemplified in Figure 4.3.

These phenomena can be reliably traced back to Jahn-Teller and strain
distortion combined to unquenched orbital angular momentum due to spin-
orbit-coupling in the metalloporphyrins. The Jahn—Teller distortion has been
also studied by resonance Raman spectroscopy.’-!

In contrast to these extensive studies on the first reduced state, reports on the
species obtained after the second one-electron reduction step were not that
frequent, due to chemical reactions following the second reduction.” For
metalloporphyrins [(Por)M] with zinc or magnesium the dianions resulting
from the second reduction were usually more stable. The absorption spectra of
the dianions [(Por)M]*" show Soret bands that are blueshifted compared to
those of the anion radicals and the 800-nm band system is replaced by a
comparable one at higher energy (around 600 nm).*'>1¢

An outstanding work by Baumgarten ez al. even went beyond the second
reduction step for the zinc porphyrins [(Por)Zn] (Por=TPP, OEP, THPP
and TDPP).> Absorption data for Soret and Q bands for the tri-, tetra-,
penta-, and hexa-anions and EPR, ENDOR and TRIPLE data for tri- and
penta-anions were recorded (Figure 4.4). The reduced species were generated
using elemental potassium, therefore an influence of the K jon might be
assumed. However, comparison of the obtained spectra with those generated
by reduction using sodium'® or of electrochemically generated species'® (e.g.
Figure 4.2) reveals that the cation influence is marginal at least for the first two
reduction steps.
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Figure 4.2 Thin-layer UV—Vis spectral changes of porphyrin (1) (top) and of the vic-
dihydroxychlorin (2) (PM®= —CH,~CH,~COO,CHj;) (bottom) upon the
first reduction at —1.50 V (vs. SCE) in benzonitrile/0.2 M TBAP. With
permission from Pergamon Press, ref. 9.
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Figure 4.3 EPR spectra of electrochemically generated [(TPP)Zn]*~ in THF/, butyro-
nitrile/, and DMF/0.1 M TBAP at 300, 77, and 20 K. With permission
from the American Chemical Society, ref. 18.
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Figure 4.4 Vis—NIR optical absorption spectra of the six anionic redox stages of
[(THPP)Zn] in THF taken at room temperature, obtained by reduction
with potassium. The spectra are shown for the visible to NIR region from
480 to 1400 nm since the Soret region is far too intense. Acquisition time
was 230 s per spectrum. With permission from Elsevier, ref. 5.

4.2.2 Oxidation

The first oxidation of the porphyrins H,Por usually leads to corresponding
n-radical cations that exhibit a hypsochromic shift for the Soret band at half the
intensity of the original band. The Q bands are replaced by a structured band
system with a maximum at around 650 nm®'"** (see Figure 4.5). The same
behaviour was reported from transient absorption spectra of chemically gene-
rated H,TPP" cations,’* and from spectroelectrochemical investigation of zinc
porphyrins.'?

Usually, it is already difficult to observe the first oxidised state in a pure form
since these cations undergo rapid proton-transfer reaction, leading to species
like HyPor®™."1 In the spectroelectrochemical experiment this is revealed by
the incomplete backconversion to the starting species. For zinc or magnesium
containing derivatives the first oxidation is fully reversible, which has been
recently used to create multizinc porphyrin arrays [(u-(4-diphenyl-ethinyl),,,-
{(Por)Zn},] (with n up to 20) capable of releasing up to n electrons or creating
up to n holes, respectively.”> EPR and ENDOR spectra of [(TPP)M]*"
(M =Mg, Zn) have been studied and reveal hyperfine splitting to N and H
atoms of the porphyrin ligand'*?*?° (see Figure 4.6).
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Figure 4.5 Spectroelectrochemistry of H,TPP in 1,2-difluorobenzene/0.1 M TBAPF.
Open circuit (a) to 0.812V (b and ¢) (vs. Ag/Ag™ reference electrode). With
permission from the RSC, ref. 11.

Figure 4.6 EPR spectra of electrochemically generated [(TPP)Zn]" " in CH,Cl,/0.1 M
TBAP at room temperature (a) and at 200 K (b). Computer simulation of
spectrum (a) (dotted curve) involves four equivalent nuclei of /=1 with
HFS a=146G and a Gaussian single component linewidth of
AH,,=1.42G that contains the unresolved proton hyperfine structure
(1G=0.1mT=2.80 MHz). Computer simulation of spectrum (b) [curve
(c)] involves four nuclei of /=1, a=1.50G; eight nuclei of I=1/2,
a=0.07G; eight nuclei of I=1/2, a=0.28G; eight nuclei of I=1/2,
a=0.33G; four nuclei of /=1/2, a=0.41G; AH,,=0.20G. With per-
mission from the RSC, ref. 22.
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The second oxidation product of the porphyrins H,Por*" is not accessible by
the usual techniques. DFT calculations for H,TPP in the presence of various
anions have shown that the second oxidation leads to a saddled dication with
N-H localised positive charge and strong ion pairing.'' Unfortunately, also for
the zinc porphyrins the second oxidation product is unstable on the timescale of
spectroelectrochemical experiments.

4.3 Metalloporphyrins of the Group V Elements
P, As, Sb, Bi

Almost any main group metal or metalloid can be coordinated by porphyrin
ligands.?”*® For the group V metals in the oxidation state +V (with the ex-
ception of Bi) a number of hexacoordinated complexes [(Por)M(L")(L?)]X
(L =anionic axial ligands like halogen, OH™, OR ™, alkyl or aryl; X = various
anions) have been synthesised and investigated electrochemically and spectro-
electrochemically.'®?"*% For bismuth the oxidation state + V is not access-
ible. In full agreement with the “inert pair effect” only bismuth(I1l) porphyrin
complexes [(Por)Bi(X)] were obtained.*' In turn, porphyrin complexes of the
trivalent elements decrease in stability within the series Sb > As > P.>73%33 A
series of bismuth(III) porphyrin complexes [(Por)Bi(X)] (Por=TMP, TPP,
TpTP, OEP; X =SO5;CF;, NO; ) has been studied by spectroelectrochemistry
in detail.®’ The results suggest that the oxidation reactions occur exclusively
at the porphyrin ligand with no evidence for the formation of a Bi(V) species.
For the other elements the electron-transfer reactions should be comparable,
although the small size of P(V) leads to a ruffling of the porphyrin
ligand.'®2%3%-3435 Within the accessible electrochemical range such complexes
show one reversible one-electron oxidation and two more or less reversible one-
electron reductions (see Figure 4.7).

The spectroelectrochemical investigation by UV-Vis—NIR absorption spec-
troscopy and in part EPR reveals that all three processes occur at the porphyrin
ligand as can be seen from the typical shifts of Soret and Q bands or narrow
EPR lines, centred at around g = 2 (see Section 4.2). From EPR spectra some
metal contribution can be deduced from hyperfine coupling to the nuclei
C'P, I=1/2 (nat. abundance=100%); *As, I=3/2 (100%); '*'Sb, I=5/2
(57.21%); '23Sb, I=17/2 (42.79). For phosphorus the coupling only leads to line
broadening of isotropic signals (even at 7' down to 115K),>**® whereas for
[(TpTP)SbCL,]* hyperfine splitting was resolved with «'*'Sb=63.5 G and
a'#Sb=35.1 G* (Figure 4.8).

Interestingly, upon cooling the latter sample to 77 K the HFS is lost and the
signal exhibits a slightly axial shape. For related samples with unresolved HFS
a decrease of the total linewidth was observed. It seems that the metal contri-
bution increases with temperature suggesting equilibria like in Eqn (4.1).

[(TpTP™)Sb(V)Cly] =[(TpTP)Sb(IV)ClL]’ (4.1)
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Figure 4.7 Cyclic voltammograms of (a) [(TPP)Sb(CH3),]"PFs~ and (b)
[(TPP)Sb(CH3)(OH)]"ClO,4~ in benzonitrile/0.1 M TBAP. With per-
mission from the American Chemical Society, ref. 32.

The total metal contribution to the unpaired spins in the reduced states of the
metalloporphyrins is definitely very small, not exceeding a few per cent.

As already mentioned above, some of the reduction processes are not fully
reversible due to follow-up chemical reactions (EC and ECE mechanisms).
Although not all chemical reactions could be clarified to date for all
three elements the partial formation of trivalent species [(Por)M(L)] was
observed, as exemplified in Figure 4.9 for the reduction of [(TpTP)SbCl,]".
Such species were in most cases unambiguously detected by their typical two
p-hyper-type absorption bands, which occur at 350-380 and 450-470 nm,
respectively.?”-30:33-36

4.4 [Exploring the Oxidation States of
Methyl-Coenzyme M Reductase (MCR)
and the Cofactor F4;3

Methyl-coenzyme M reductase (MCR) catalyses the reaction of methyl-
coenzyme M (H3;C-SCoM) and coenzyme B (HS—CoB) to methane and the
corresponding disulfide CoM—S—S—CoB. This unique reaction proceeds under
strictly anaerobic conditions in the presence of the cofactor Fy3¢, also-called
factor Fus0, see Figure 4.10.°7%

Despite numerous efforts to gain an insight into this unusual enzymatic re-
action, the catalytic mechanism remains largely unknown. In the last few years
different forms of the enzyme and interconversions between various MCR
states are known and have been investigated.**>' In the crystallographically
characterised, inactive forms of MCR, the cofactor is EPR-silent and a nick-
el(IT) oxidation state is proposed.***”>>* Three oxidised EPR-active states of
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Figure 4.8 EPR spectra obtained at (a) 123K and (b) 77 K after the bulk controlled-
potential reduction of [(TpTP)SbCl,]" at —0.40 V (vs. SCE) for 3 min in
CH,Cl,/0.2M TBAP. With permission from the American Chemical
Society, ref. 33.

MCR have been detected so far (MCRox; 3).”° Additionally, there is an
EPR-silent oxidised form MCRox; sient.} > The EPR-active states can be
either assigned to paramagnetic Ni(I) or Ni(III) species or to Ni(II) bound
to an oxidised hydrocorphin ligand. A recent EPR study has revealed that
for MCRx; two resonance forms should be considered: A: a Ni(III) centre
bound to a thiolate ligand (Ni(IIT)-[S"’—CoM]) and B: high-spin Ni(IT) with a
thiyl radical (Ni(II)-[S—CoM]) with an estimated contribution of 7+3%
spin density on the thiolate sulfur atom and the main density of the unpaired
electron residing in the Ni dy. y» orbital and the four hydropyrrolic nitrogen.*’
Results from UV-Vis absorption, MCD and X-ray spectroscopy (XAS)
reveal a high resemblance of MCRox; with the EPR-silent Ni(Il) states thus
proposing a high contribution of the corphin ligand to the SOMOQ.%!3
The metal, corphin ligand and thiolate contributions in MCRgx, and MCRgx3
probably do not differ much from MCRgyx; since the EPR spectra are
quite similar.>
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Figure 4.9 Time-dependent UV—Vis spectral changes obtained during the controlled-
potential reduction of [(TpTP)SbCl,]" in CH,Cl,/0.2 M TBAP (a) during
the first 10 s at —0.40V (vs. SCE), (b) at longer time scales at —0.40 V and
(c) at —0.80V (vs. SCE). With permission from the American Chemical
Society, ref. 33.

The active form MCRRgrgp; and the second reduced form MCRRggp, both
accumulate in the cells when the gas mixture normally used for cell growth
(80% H,/20% CO,) is changed to 100% H, gas. They are both EPR-active and
usually assigned to formal Ni(I) centres,*:47:49-51.53.54

The assignment of the MCRrgp; oxidation states was recently under debate
when, based on XAS and resonance Raman (RR) investigations on MCR and
the isolated cofactor F43¢, it was proposed that on reduction of the EPR-silent
forms of MCR to MCRRggp; the electron density at the nickel atom does not
vary significantly (XAS) and secondly the 2-electron conversion of MCRox to
MCRgEep; can be described as a 2-electron reduction of the corphin ligand.’ !
Hereupon, Piskorski and Jaun®® started a spectroelectrochemical study
using MCR, the free coenzyme (NiF430) and its pentamethyl ester (NiF430M).
Figure 4.11 shows the UV-Vis spectra during the reduction of NiF430M,
revealing a reversible, clean one-electron reduction.
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Figure 4.10 Structure of Fg3, the prosthetic group of methyl-coenzyme M reductase
(MCR), which is involved in the formation of methane in methanogenic
bacteria. The highly reduced macrocyclic structure, related to porphy-
rins, is termed a corphin.™
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Figure 4.11 Changes in the UV-Vis spectrum of Ni(I[)F430M in acetonitrile/0.1 M
TBAPF during reduction in an OTTLE cell. With permission from the
American Chemical Society, ref. 48.

The obtained spectrum of the reduced form is almost identical to spectra of
MCRRgEgpi, whereas the long-wavelength band around 750 nm is blue-shifted
for the NiF3¢ system. This is in keeping with a charge-transfer character of this
band> and the highly hydrophobic environment of Fy3, in the enzyme.** EPR
spectroscopy on reduced NiF430M (Figure 4.12) revealed an axial spectrum
(g,=2.2201, g, =2.0722) with a high g anisotropy (Ag=0.1479) consistent
with a high nickel contribution to the SOMO.
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Figure 4.12 X-Band EPR spectrum of reduced NiF430M generated by electrolysis in
acetonitrile/0.1 M TBAPF; (frozen solution at 7=130K, microwave
frequency =9.512 GHz). With permission from the American Chemical
Society, ref. 48.

For MCRgrep*>® the reduced free coenzyme NiF43>° and related iso-
bacteriochlorin®® similar values have been obtained. In view of the markedly
different EPR behaviour (narrow EPR signals around g=2) and strongly devi-
ating UV—Vis absorption spectra (usually redshifted Soret band upon reduction)
of related reduced nickel-porphyrin, -hydroporphyrin, or -chlorin systems that
are best described as tetrapyrrolic  anion radicals,”>*° the assignment to nick-
el(I) species in MCRRrgp; and the reduced form of NiF 4309 or NiF430M is justified.
However an appreciable contribution of the corphin ligand cannot be ruled out
since the EPR spectra reveal HFS to the N atoms of the magnitude of 10G.
Investigation of the higher reduced states of MCR, NiF439 or NiF430M might
reveal species with distinct 7 radical anionic or n dianionic character. The EPR
spectra of MCRRgp», which is produced from MCRRggp; in the presence of
coenzyme M (HS—CoM) reveal even higher g anisotropy, indicative of an even
higher nickel contribution to the SOMO**#*->%>% but its character is not yet fully
understood and very probably MCRrgp, does not represent a higher reduced
state but an isomeric form of MCRRrgp;. For NiF430M these highly reduced
states lie beyond —2.4V (vs. the ferrocene/ferrocenium couple), the corres-
ponding redox waves are irreversible, which hampers their investigation.*®

4.5 The Oxidation Catalyst [(Por)Ru(CO)(L)]

A very prominent class of metalloporphyrins are the tetra(aryl)porphyrin ru-
thenium carbonyl complexes [(Aryl);Por)Ru(CO)(L)] (L =solvent) that, in
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recent years have gained great importance in oxygenation catalysis.’” ®* For a
deeper understanding of the role the porphyrin ligands, the metals and the axial
coligands play in the oxidation catalysis it is necessary to explore their elec-
tronic states. Tetra(aryl)porphyrin ruthenium carbonyl complexes have
therefore been the subject of thorough electrochemical and spectroscopic in-
vestigation, including spectroelectrochemical methods.*%* 74

The electrochemistry of the complexes [(Por)Ru(CO)(L)] (Por=TPP and
substituted derivatives or OEP; L = diverse ligands including solvent molecules)
reveals that within the usual range (+2V to —3 V) four further redox states are
accessible, corresponding to two individual one-electron reductions and two
individual one-electron oxidations (see Figure 4.13).

For this class of compounds, IR spectroelectrochemistry should be well suited
to monitor the change in electron density in the ruthenium centre upon oxi-
dation or reduction of the metalloporphyrins since the C-O stretching frequency
has proved in many investigations of carbonyl ruthenium compounds to be a
powerful probe for such changes.”*7¢77*>78.7 In Figure 4.14 a typical IR
spectroelectrochemical monitoring is shown, Table 4.1 lists some collected data.

In all cases an increase in the energies of the stretching vibration is observed
upon oxidation of the ruthenium porphyrins, whereas upon reduction the en-
ergies decrease. The free CO ligand absorbs at 2140cm ™', so in a ruthenium
porphyrin complex the metal-to-ligand n backbonding into antibonding or-
bitals has already lowered the C—O bond strength markedly. Upon oxidation of
the complex this backbonding is reduced, leading to an enhancement of the
C-O bond strength. Reduction leads consequently to the reverse effect.
Therefore, the generally observed trend is fully in line with our expectations.

S

1.0 0.0 -1.0 2.0 -3.0
E [V] vs. ferrocene/ferrocenium
Figure 4.13 Cyclic voltammogram of [(TMP)Ru(CO)] in acetonitrile/0.1 M TBAPF

solution (scan rate =0.1 V/s). Potentials are given vs. ferrocene/ferroce-
nium from ref. 74.
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Figure 4.14 IR spectroelectrochemistry of [(TMP)Ru(CO)] in CH,Cl,/0.1 M TBAPF
solution. A: first oxidation, B: second oxidation, from ref. 74.

Table 4.1 Spectroelectrochemical data: IR absorption maxima v of C=0
stretching vibration for ruthenium complexes [(Por)Ru(CO)(L)].¢

Vmax [CI’I171] Rej
Complex [RuP*™  [Ru]~ [Ru] [Ru] " [Ru]**
[(TMP)Ru(CO)(CH,Cl,)] 1853 1893 1934 1967 1994 74
[(TDMAP)Ru(CO)(CH,Cl,)] 1851 1895 1934 1961 1991 74
[(TPP)Ru(CO)(THF)]” 1853 1898 1941 1971 — 67
[(TPP)Ru(CO)(DMF)]® - 1896 1923 1962 - 67
[(TPP)Ru(CO)(Py)] 1853 1905 1942 1985 — 67
[(TPP)Ru(CO)(CH,Cl,)] - - 1930 1945 - 73
[(TPP)Ru(CO)(Py)] - - 1943 1970 — 73
[(OEP)Ru(CO)(Py)] 1896 1931 — - 65
[(OEP)Ru(CO)(THF)]}7 - 18784 1931 1946 - 65
[(OEP)Ru(CO)(CH,Cl,)] - — 1917 1950 - 73
“ Wave numbers v in cm™' from measurements in CH,Cl, unless stated otherwise.
" in THF.
¢in DMF.

4 Further peak at 1896cm ™" after prolonged electrolysis.
¢ Not observed due to decomposition.

In the trinuclear ruthenium complex [Rus(p-O)(u-CH;COO)s(CO)(pyri-
dine),] which belongs to the well-established class of the so-called triruthenium
clusters, described in more detail in Chapter 5, a spectroelectrochemical
investigation gave vCO frequencies of 1900 cm ™' for [Rus] ™, 1940 cm ™' [Rus],
2055cm™" [Rus]™, 2110em ™" [Rus]**.” The parent compound [Rus] formally
consists of one Ru(Il) and two Ru(IIl). The biggest shift for the CO stretch
(+115cm™") occurs upon oxidation, which is presumably a highly metal-
centred electron transfer. The second oxidation leads to a delocalised
Ru(II)Ru(II))Ru(IV) state,® therefore the shift is far smaller (+55cm™"). The
same argument holds for the reduction (—40 cm ") also leading to a delocalised
Ru(IDRu(I)Ru(II) state.® A further look at other IR spectroelectrochemical
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studies of ruthenium carbonyl complexes reveals that shifts of 20-50cm ™' are

typical for coligand-centred electron transfer,’®””-81:8%4.> whereas metal-centred
electron transfer should lead to much larger shifts.”>**% From this we can
already conclude that for the complexes [(Por)Ru(CO)L] the site of electron
transfer is mainly on the porphyrin ligand. We will now combine this with
further spectroscopic evidence for porphyrin-centred electron transfer.

Thorough spectroscopic investigation of the first oxidised states using
UV-Vis absorption and EPR spectroscopy lead to the assignment of mainly
porphyrin-centred oxidations.6%¢7 70:72 7485 87a.b88a.b.e.89 Tpe  typical UV-
Vis—NIR spectrum of the corresponding m cation radicals exhibits a split
Soret band, each component with half the initial intensity, structured long-
wavelength band systems around 650nm and further weak absorptions
around 900 nm. EPR signals so far reported for such w cation radicals are
narrow, unstructured with g values around the “free-electron’ value of 2.0023.
Interestingly, upon exchange of the CO ligand by other ligands, e.g. OEt™
in the recently reported [(TPFPP)Ru(OEt)(EtOH)], the corresponding cation
radical [(TPFPP)Ru(OEt)(EtOH)]" generated by chemical reduction of the
Ru(VI) precursor complex using Zn(Hg) exhibits a rhombic EPR signal at low
temperatures with a g anisotropy (Ag=g; — g3) of 0.64,°” which points to a
marked metal contribution,”**®“4 ¢ g Ag for the [(bpy);Ru(II1)]* " radical lies
at 1.5.°' Such remarkable “gain of metal character” of corresponding cation
radicals upon CO dissociation has been reported earlier by others.”>*®

The species generated during the second oxidation were not studied so far,
which is due to decomposition reactions of the formed dications,®>*”%® or even
the monocations, "% either through loss of CO or disproportionation re-
actions. In 1981 Rillema et al.”' proposed a mainly metal-based second oxi-
dation on the basis of the potential separation (between first and second
oxidation) of 0.42'V for [(TPP)Ru(CO)(CH-Cl,)] whereas the usual separation
for the porphyrin should be around 0.29 V. However, this discrepancy might be
due to other mechanisms and to date no spectroscopic evidence has been pro-
vided for such a metal-centred oxidation reaction that should lead to a biradical
[(Por ")Ru(III)(CO)L)I** or a ruthenium(IV) species [(Por)Ru(IV)(CO)L)I**.

For the first reduction the IR shifts point to a porphyrin-centred eclectron
transfer. This is supported by further spectroscopy on the anion radical com-
plexes [(Por)Ru(CO)(L)]". The observed EPR lines are narrow, unstructured,
with g values around 2.°” The UV-Vis-NIR spectra of the radical anions are
characterised by redshifted Soret bands of reduced intensity, a weak structured
band system around 600 nm and weak broad absorptions around 800 or 900 nm
(see Figure 4.15).°%7 Further support comes from resonance Raman investi-
gations on [(OEP)Ru(CO)(THF)]~ for which the observed Raman bands fit
perfectly to those of the [(OEP)VO]~ radical anion.®® There is some evidence
that if the spectroelectrochemistry is not carried out in very aprotic and unpolar
solvents or traces of water are present, the radical anionic complexes are readily
transformed. This has been investigated for the [(OEP)Ru(CO)(L)] system,
where the use of solvents like MeOH or nitriles for the electrochemical reduction
leads to altered species with unreduced porphyrin ligands (see Figure 4.15).4%3
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Time-resolved thin-layer UV-Vis spectra obtained during controlled-
potential reduction of (a) [(OEP)Ru(CO)(THF)] and (b) [(OEP)-
Ru(CO)(CH;0H)] in THF/0.2M TBAP at —1.9V (vs. SCE). With
permission from the American Chemical Society, ref. 65.

However, the interpretation of Ru(I) species being the products of the
transformation is not very plausible, since the CO-stretching frequency of the
resulting species is closer to the parent complex than the primary radical
anions. Another study revealed that the radical anionic [(TPP)Ru(CO)(THF)] ™
readily undergoes formation of the corresponding chlorine complex in the
presence of Mel.®® Such electrophilic attack might also be the reason for the
above-described transformations in protic or highly polar media.
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For the species after the addition of a second electron, i.e. [(Por)Ru(CO)(L)]*",
the reported shift of the CO-stretching vibration suggests again a porphyrin-
centred reduction. However, probably due to the above-described follow-up
chemical reactions for the monoreduced species there is only a report on [(TPP)-
Ru(CO)(THF)]zf. The Soret band undergoes a further redshift, compared to the
monoanion, the band system around 600 nm has also moved to lower energy.®’

To summarise, the first oxidation step for [(Por)Ru(CO)(L)] can surely be
regarded as almost exclusively porphyrin ligand-centred, a conclusion which is
important for the understanding of the various catalytic transformations of
such systems.®"*>7* Also well characterised is the first reduced state (ligand-
centred). The assignment for the two further states (dianionic or dicationic) is
less clear. IR data (Table 4.1) also suggests a ligand-centred electron transfer
but the lack of stability of the generated species leaves some uncertainty.

4.6 Searching for Divalent Gold

Gold porphyrins have received enormous interest in the last decade due to their
versatile applications e.g. in photoactive dyads or triads,”***“% as building
blocks in supramolecular aggregates,”> ®> in organic catalysis,”® and as
potential anticancer drugs.”’*>¢ Of more academic interest is the fact that
porphyrin ligands have played an important role in efforts to extend the
rather short series of mononuclear divalent gold compounds: gold(Il)
porphyrins [(Por)Au];”® '°! complexes with thio-macrocyclic ligands such as
[Au([9]aneS;).]*" or [Au([12]aneSy)* " 24P 1% [AuXe ;'™ [Au(SO3F); ]
species;'*> complexes of gold(IT) with N»S,X; or N»S,X, ligand sets (ligands
like o-methylthio)aniline and 1,2-bis((0-aminophenyl)thio)ethane);!***< com-
plexes with an S; ligand set (ligands like mnt=1,2-dicyanoethene-1,
2-dithiolate or Et,dtc =diethyldithiocarbamate);'” 1% or the ill-defined
[Au(phthalocyanin)].'"®

In 1978 Jamin and Iwamoto''! reported that [(TPP)Au(III)][(AuCly) under-
goes three reversible one-electron reduction steps but from the potential separ-
ations and the UV-Vis absorption data of the species after the first two
reductions they concluded that the gold atom remains in the oxidation state
+1I1. Only recently Kadish ez al.”*'°! investigated the UV-Vis and EPR spec-
troelectrochemistry of a number of gold porphyrin systems [(Por)Au(III)](PF)
(see Figure 4.16, to the right) and found strong evidence for divalent gold
species.

The first three reductions could be monitored by UV-Vis absorption spec-
troscopy (Figure 4.17) and indicate a first metal-centred reduction (small
bathochromic shift of the Soret band with only marginal loss of intensity)
followed by two porphyrin-based reductions (e.g. strong decrease in intensity
for the Soret band and broad bands in the visible region).

Strong evidence for a Au(Il) formulation came from EPR spectroscopy
(Figure 4.18) showing broad (linewidth AH ~ 300 G), unstructured signals with
g values around 2.06. During the same experiments (reduction with naphtha-
lene radical anion) narrow signals centred around 2.006 were also detected and
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Figure 4.16 Cyclic voltammograms of (a) [(P-NO,)Au]PF (2), (b) [(P-H)Au]PF; (1),
and (c) [(P-NH,)Au]PF¢ (3) in pyridine/0.1 M TBAP. With permission
from the American Chemical Society, ref. 99.

assigned to corresponding species, where the single electron resides mainly in
the porphyrin ligand (n radical anions). For the Por = P-NO, complex the re-
duction gave exclusively this type of signal (ligand-centred) that can be ex-
plained by the electron-withdrawing nature of the NO,-substituent. This is fully
in line with a study of Lobstein and coworkers”® in which for electrogenerated
[(1-NpyridiniumTPP)Au] ™ a narrow signal with g =2.006 was observed down
to 15K (ligand centred) and at 4K an additional broad signal (g=2.06, AH
~300 G, Au(Il) species) appeared, and agrees also with a study by Gencheva
et al.'® on a hematoporphyrinIX gold(I) complex, where at 130K from a
polycrystalline sample of the isolated complex both an unresolved narrow and
isotropic signal (g=2.003) and an axial signal (g, =2.035, g,=1.97) were
observed, whereas in glassy frozen solution only the narrow signal could be
detected.

A number of Au(Il) complexes with sulfur-containing macrocyclic ligands
have been investigated by EPR showing g values around 2.02,'*'% whereas
(o-methylthio)aniline and 1,2-bis((o-aminophenyl)thio)ethane complexes of
gold(II), which represent a N,S,X; or N,S,X, coordination sphere, exhibit
EPR signals centred around g = 2.003.'° For [Au(mnt),]*~ a gis, value of 2.009
in glassy frozen solution'® but g;, = 1.9947 was measured for a solid sample of
[Au(mnt),]*~ doped in [Ni(mnt),]*~,'*® indicating a strong dependency on the
environment.'®> A very similar g value compared to the porphyrin systems was
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Figure 4.17 UV-Vis spectral changes upon the first electroreduction of (a) [(P-
NH,)Au]PFg (3) at an applied potential of —0.80V, (b) [(P-H)Au]PF¢
(1) at —0.65V, and (c) [(P-NO;,)Au]PF; (2) at —0.60 V in pyridine/0.2 M
TBAP, all values given vs. SCE. With permission from the American
Chemical Society, ref. 99.

reported very early by MacCragh and Koski for chemically generated solid
gold phthalocyanine (gjso = 2.0065).''°

Apart from the g value, the coupling a (hyperfine splitting = HFS) of the un-
paired electron to the gold nucleus (**’Au, I=3/2, 100% natural abundance)
should reveal the metal contribution to the unpaired spin. The highest HFS of
about 30 to 60 G have been observed for the S-macrocycle coordinated species,
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Figure 4.18 EPR spectra of singly reduced [(P-H)Au]PFg (1.0 mM) generated by the
reduction with one equivalent of naphthalene radical anion (1.0 mM) in
deaerated (a) DMSO, (b) pyridine and (c) benzonitrile at —160 °C. With
permission from the RSC, ref. 101.

the values obtained for the S;N» X, systems are far lower (4-10 G). For [(P-H)Au]
measured in benzonitrile (Figure 4.18(c)) a'*’Au HFS of 27 G was found, placing
the porphyrin systems between these two groups. For the hematoporphyrinlX
gold(IT) complex HFS from a'*N (¢, and a; both 17G) and a"”’Au (both 15G)
were obtained from spectra simulation.'® Larger values have been mea-
sured for solid gold phthalocyanine with a'”’Au, =65G, «'*N, =16.9G,'"°
for [Au(mnt),]*~ (aio=83G (in glassy frozen solution),'” or 121G for
[Au(mnt),]*~ doped in [Ni(mnt),]*"),'”® and for HSO;F solvated Au’* ions
(aiso=133.7G).'

An estimation of the virtual spin density on the metal gave ~25% for
[Au([9]Sane)]*" the rest mainly localised on the S atoms.'®** Therefore for the
porphyrin systems a slightly smaller contribution of the gold atom might be
deduced (if such correlation is permissive). Although these complexes are far
from being “pure” Au(Il) species, porphyrin ligands provide the base to ge-
nerate radical species with relatively high gold contribution to the unpaired
electron. With the use of electron-donating substituents the metal contribution
might even be enhanced.”®
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4.7 Multiredox-Arrays: Cobalt(II)Porphyrin-
Fullerene Dyads

Within the large number of multiredox arrays containing metalloporphy-
rins,''?*® covalently bound (conjugate) fullerene-metalloporphyrin dyads have
gained enormous interest in the last ten years, mainly due to their potential
application as artificial antennae''®!'#3-5-115116 Dye to the multiredox be-
haviour of the fullerenes (up to six reversible one-electron reductions and at
least one reversible one-electron oxidation),'!”#®!!® the porphyrin ligands and
the incorporated metals, the assignment of electron-transfer steps in such sys-
tems is difficult. Recently, spectroelectrochemical characterisation has been
carried out on a number of fullerene-[(TPP)Co] dyads shown in Scheme 4.3,'"”
which exhibit rather complex redox behaviour (Figure 4.19).

The first oxidation is quasireversible (peak-to-peak separation is scan-rate
dependent) in such systems and is commonly assigned to a cobalt-centred Co(II)/
Co(III) redox couple.'?® The quasireversible behaviour is attributed to changes
in axial coordination. Steps two and three correspond to reversible one-electron
oxidations of the porphyrin ligand, the fourth and fifth one-electron oxidations
involve the Cgo moiety.!!7*11%12! The first one-electron reduction is assigned to a
Ceo-centred electron transfer, the huge second reduction wave is dependent on
the type of conjugate (M1 to M3). Therefore it can be assumed that it is formed
by two overlapping one-electron processes that are assigned to one-electron re-
ductions of the fullerene and the porphyrin ligand, respectively. To support the
assignment of the redox waves the first two oxidation steps were investigated by
UV-Vis spectroelectrochemistry as shown in Figure 4.20.

Comparison with analogous investigations on [(TPP)Co] reveals that for the
cobalt porphyrin complex [(TtBuP)Co] the first electrochemical oxidation occurs
metal-centred, leading to a Co(III) species [(T/BuP)Co(III)]*."?*!?? The second

M1 M2 M3

Scheme 4.3 Representation of three fullerene-[(TPP)Co] dyads. With permission
from the American Chemical Society, ref. 119.
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Figure 4.19 Cyclic voltammetry (scan rate =0.1 V/s) of M1 (bold line) and M3 (thin

line) in benzonitrile/0.1 M TBAPF4. With permission from the American
Chemical Society, ref. 119.
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Figure 4.20 UV-Vis absorption spectra of the cobalt(Il) species (line), the one-
electron oxidised species (bold line), and the two one-electron oxidised
species (dashed line) obtained during spectroelectrochemical oxidation
of the cobalt porphyrin [(T/BuP)Co] (left) and the dyad M3 (right) in
benzonitrile/0.1 M TBAPFs. With permission from the American
Chemical Society, ref. 119.
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oxidation, in contrast, leads to a dication [(TtBuP-")Co(III)]** with a & cationic
porphyrin ligand. The same behaviour was also reported for [(TPP)Co]."'*%!*
For the dyad M3 the conclusion from the UV—Vis spectra contrasts with the
free Co porphyrin complexes. The marked decrease of the Soret band (while split
into two) strongly suggests the formation of a porphyrin n cation, i.e. [full-
(TtBuP ")Co(I)] . The second oxidation then probably leads to the same type of
species [full-(TrBuP")Co(III)]** as observed for the free Co-porphyrin complexes.

4.8 Conclusions

The electrochemistry of metalloporphyrins [(Por)M] is very often assigned on the
basis of the potential separations from electrochemical measurements (usually
CV or related methods). If the measured separations agree more or less quanti-
tatively with those found for the free porphyrin ligands H,Por the electron-
transfer steps were assigned to occur within the porphyrin n-system, leading to «
radical cationic [(Por )M], dicationic [(Por>")M], « radical anionic [(Por)M] or
dianionic species [(Por> )M]. If the potential separations found for the metallo-
porphyrins do not fit to those of the free porphyrin ligands, a metal-centred
electron-transfer step can be assumed. However, the potential separation is not a
reliable tool in many cases, as we have seen especially in Section 4.6. Therefore,
spectroelectrochemical characterisation of the redox states is necessary to dis-
criminate between purely ligand-based electron transfer and metal-centred redox
chemistry. In the preceding sections we have seen that, usually based on several
spectroscopic methods, such discrimination is possible even for rather compli-
cated systems (e.g. Section 4.7). Also, we have learned that in some systems there
is a smooth transition between porphyrin- and metal-centred electron transfer
(Sections 4.3 and 4.6) and the spectroelectrochemical characterisation allows the
individual contribution of metal and porphyrin ligand to be estimated.

Abbreviations

TPP meso-Tetraphenylporphyrin

T™P meso-Tetramesitylporphyrin

TpTP meso-Tetra(p-tolyl)porphyrin

THPP meso-Tetra[p-(nhexyl)phenyl]porphyrin
TDPP meso-Tetra[(3,5-tBu)>,CsHs]porphyrin

TDMAP meso-Tetra(9-[anti-(1,2,3,4,5,6,7,8-octahydro-1,4:5,8-
dimethanoanthracenyl)]porphyrin

TPTBP meso-Tetraphenyltetrabenzoporphyrin
TPFPP meso-Tetra(pentafluorophenyl)porphyrin
T¢BuP meso-Tetra(p-tBuphenyl)porphyrin

OEP 2,3,7,8,12,13,17,18-Octaethylporphyrin
F430 Cofactor F430

MCR Methyl-coenzyme M reductase
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TBAP Tetra-n-butylammonium perchlorate
TBAPF Tetra-n-butylammonium hexafluorophosphate
OTTLE cell Optically transparent thin-layer electrochemical cell

18 7

17 8

13 12

Numbering scheme for porphyrin ligands. 5, 10, 15 and 20 are the meso
positions, sometimes referred to as o, B, y and 9.
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CHAPTER 5

Infrared Spectroelectrochemical
Investigations of Ultrafast
Electron Transfer in Mixed-
Valence Complexes

J. CATHERINE SALSMAN AND CLIFFORD P. KUBIAK

Department of Chemistry and Biochemistry, University of California San
Diego, 9500 Gilman Drive, La Jolla, California 92093-0358, USA

5.1 Introduction

The introduction of spectroelectrochemical (SEC) cells in the 1960s made pos-
sible for the first time the spectroscopic characterisation of unstable oxidation
states, either in thin layers or at the electrode surface.'> Early versions of SEC
cells were typically optically transparent thin-layer electrodes (OTTLEs) which
involved the use of platinum or gold optically transparent minigrid electrodes,
or germanium crystals.*'* The limitations of these SEC cells included leaking
and the difficulty of maintaining an oxygen-free environment. Furthermore,
many complexes become unstable in various oxidation states at room tem-
perature or display interesting temperature-dependent properties; therefore,
control of temperature is often desirable. Here, we review the design of the most
recent generation of a variable-temperature reflectance spectroelectrochemical
cell developed in our laboratories. We also review its use in infrared (IR)
spectroelectrochemical studies of ultrafast (~10'?s™") electron transfer in in-
organic and organic mixed-valence complexes.

Spectroelectrochemistry
Edited by Wolfgang Kaim and Axel Klein
© Royal Society of Chemistry, 2008

123



124 Chapter 5

5.2 Cell Design

With temperature control and anaerobic considerations in mind, we designed a
variable-temperature thin-layer specular (external) reflectance spectroelectro-
chemical cell (Figure 5.1). The cell design is such that the incident light from the
spectrometer reflects off the working electrode, ensuring that the species detected

From FTIR
To Detector

Figure 5.1 Disassembled view of the spectroelectrochemical cell. (1) Tightening brass
cap (threaded inside). (2) Brass ring required to tighten the cell. (3)
Working electrode (brass rod with platinum soldered to the base). (4)
Auxiliary electrode: platinum wire with the tip made flush to the teflon
base of the cell. (5) Pseudoreference electrode: silver wire, also made flush
to the teflon. (6,7) Luer-lock-type injection ports. (8) Cell body, top part
aluminium, lower part teflon. (All three electrodes and both filling ports
are press fitted into the cell body, so that they can be replaced if needed.)
(9) Teflon spacer, determines the pathlength of the cell and masks the
reference and counter electrodes from the incident beam. (10) Calcium
fluoride window (Wilmad, standard 38.5 x 19.5 x 4mm). (11) Rubber
gasket. (12) Hollow brass cell body with threaded inlet and outlet ports
(Swagelock) for connection to circulating bath. (13) Two-mirror reflect-
ance accessory (Thermo-SpectraTech FT-30). (14,15) Mirrors.
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is in the immediate vicinity of the working electrode. A teflon mask (spacer) is
layered underneath the cell window to block the portion of the solution nearest
the counter electrode.

A concentric three-ring electrode geometry optimises the amount of pro-
duct visible to the spectroscopic beam and results in a small and symmetric
voltage drop across the working electrode (Figure 5.2). The temperature is
controlled by a hollow brass heat-exchanger ring that surrounds the cell and is
connected to a high-capacity low-temperature circulating bath. The spectro-
meter body was fitted with a custom faceplate to allow the insulated hoses
connected to the circulator to pass through. At low temperatures (ca. —30°C) a
sufficient flow of purge gas in the spectrometer is required to keep the windows
free of frost.

i
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Figure 5.2 (a) Cross-sectional view of cell. (b) View of electrode geometry. “In” and
“out” represent the inlet and outlet solvent ports, respectively.
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5.3 Applications

The spectroelectrochemical cell described here has been used for infrared
spectroscopy, UV-Vis electronic spectroscopy, and resonance Raman experi-
ments. As designed, it can be used in a standard specular reflectance cell
accessory holder in an IR spectrometer at room temperature. For temperature-
dependence studies, a custom faceplate was fabricated for the spectrometer
body to allow cooling hoses from a circulating bath to pass through and
connect to the hollow brass housing surrounding the cell. For electronic
spectroscopy, the same standard IR accessory holder was installed into the
chamber of a UV-Vis—NIR spectrometer. For low-temperature electronic
spectra, a custom plexiglass purge box equipped with CaF, windows was fitted
over the SEC cell to prevent fogging of the mirrors. The SEC cell head can also
be removed from the specular reflectance accessory to be used in laser experi-
ments, such as resonance Raman spectroscopy.

5.3.1 Trinuclear Ruthenium Cluster Dimers

Trinuclear ruthenium cluster dimers of the type [RusO(CH3;COO)s(CO)(L)]»
(u-BL), where L =4-dimethylaminopyridine (dmap) 1, pyridine (py) 2, or 4-
cyanopyridine (cpy) 3; BL =pyrazine (Figure 5.3), first synthesised by Ito
et al.,"* ' are ideal candidates for spectroelectrochemical studies due to their
rich electrochemistry and presence of the CO ligand as a strong IR chromo-
phore. In the neutral dimers, the CO-ligand stretching frequency appears ca.
1935cm ™" in methylene chloride solution. It is highly sensitive to the oxidation
state of the metal clusters due to its strong w-acceptor nature. Although the CN
groups of isocyanides are also strong m-acceptors and IR chromophores, iso-
cyanides are often not well suited to spectroelectrochemistry since combination
bands arising from the overlap of overtones of lower-energy normal modes
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Figure 5.3 Structures of complexes 1-3.



Infrared Spectroelectrochemical Investigations of Ultrafast Electron Transfer 127

2025 1975 1925 1875 1825

.-
Y
4 ron
3 \
’ .
| : \
w PA
B v
/ \ S
i : ¥
/ .
o oo M, e
T T T
+1 0 -1 2028 1978 1925 1878 1825
E (V) vs. SCE wavenumber (cm™!)

Figure 5.4 Cyclic voltammetry (left) and IR-SEC (right) of 1-3.

with the fundamental C-N stretching frequency (Fermi resonances) can com-
plicate the spectra.'’

The neutral Rus dimers display four reversible oxidation waves corres-
ponding to (+4), (+2), (0), (—1), and (—2) redox states (Figure 5.4). It is
important to note here that although the oxidation waves are each two-electron
processes, the reduction waves involve a single electron. The splitting between
these one-electron reduction waves, AE,,, is a composite of five factors that
determine the magnitude of the splitting:'®2°

AEl/Z = ALgeloc + ALcou + AEgtar + AEingue + AE

where AEg. o i the resonance stabilisation energy imparted to the complex in
the mixed-valence state, AE., is the electrostatic repulsion term, AFE.,, is the
statistical thermodynamic contribution to the stability (~RT'In2), AE;j,quc 1S the
inductive and backbonding effects, and AE, the intrinsic energy difference be-
tween donor and acceptor reduction potentials (AE=0 in the case of the sym-
metric dimers 1-3 discussed here). Since the dimers are similar in structural
framework, but have different degrees of ligand—metal cluster overlap, the only
terms that should vary significantly from dimer to dimer are AEge1oc and AE;nquet-
Therefore, the splitting in the electrochemistry can be used as a guideline to
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predict the degree of electronic coupling (AEdeIOC:HiB /7, where 1 is the total
reorganisational energy, usually measured by the energy of the intervalence
charge-transfer absorption)?! between the two bridged cluster moeities in the
mixed-valence state. A comproportionation constant, K, is calculated for the
stability of the (—1) state relative to a mixture of the neutral and (—2) states.”
Dimer 1 has the largest electrochemical splitting (AE =400mV; K, =2.3 x 107),
while 3 cpy had the smallest (AE=255mV; K.= 1.7 x 10%), and dimer 2 falls
between the two (AE=380mV; K.=2.7 x 10°).

Cyclic voltammetry indicates that the dmap dimer is the most stable in the
(—1) state compared to the other dimers, but does not provide insight into the
detailed nature of the redox states observed. Is the charge localised, either at one
cluster site or the ligands, or is it delocalised over the molecule? If the charge
is at least quasilocalised, what is the rate of intramolecular electron transfer?
Spectroelectrochemistry provides an additional level of electronic structural
information required to investigate the electronic (and geometric) structure
of these complexes. We will show that in favourable cases the lineshape of
the IR spectroelectrochemical response can be used to obtain dynamical
information regarding the rates of intramolecular electron transfer in the mixed-
valence states.

The ruthenium cluster dimers were dissolved in 0.1 M tetra-n-butylammo-
nium hexafluorophosphate (TBAH) solutions. TBAH was recrystallised from
hot absolute ethanol, vacuum dried at 150 °C for 18 h, and stored under a ni-
trogen atmosphere. Solvents were dried over alumina in a custom solvent-
purification system (Glass Contour). Spectroelectrochemistry was carried out
at temperatures below 10 °C to prevent decomposition of the dimer in the (—1)
and (—2) states, as the reduced dimers tend to break apart into their constituent
monomeric species over prolonged periods above 10 °C.

The v(CO) band can be observed in each of the five available redox states,
and it shifts to progressively lower frequencies upon reduction from the (+4)
state to the (—2) state due to the increasing n-backbonding ability of the metal
centre. All of the redox states can be considered “‘symmetric”” in that both
cluster monomers are in the same oxidation state, with the exception of the
singly reduced (—1) mixed-valence state. As such, the v(CO) band in each of the
symmetric states is sharp (FWHM = 16 cm '), while the v(CO) band in the (—1)
state is broad (FWHM ~ 50-60 cm ™) and is midway (with half-intensity) be-
tween the peaks for the (0) and (—2) states (Figure 5.4).

This behaviour is reminiscent of dynamical averaging seen in NMR spec-
troscopy, which is treated using a Bloch-equation analysis. Turner and co-
workers ** were the first to use this type of analysis of dynamic infrared spectra
to calculate rate constants and self-isomerisation barrier heights in the case of a
“turnstile”-type exchange of CO ligands observed in trigonal bipyramidal [(n*-
diene)Fe(CO);3] complexes. In a similar fashion, rate constants for electron
transfer in the ruthenium cluster dimers were calculated from the lineshapes of
the (—1) states. As expected from the electrochemical data, the rate constant
was fastest for the most electronically coupled dimer (1) and slowest for the
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Figure 5.5 Spectra of 2 in the mixed valent (—1) state in three of the solvents studied:
acetonitrile, methylene chloride, and tetrahydrofuran.

least coupled (3) (rate constants of all compounds discussed here are sum-
marised in Table 5.2, page 142).

The SEC cell is versatile for use with a wide range of solvents, which allows
for the determination of the role of the solvent in the electron-transfer process.**
Many factors are thought to contribute to the electron-transfer rate, such as
choice of ancillary and bridging ligands, electrolyte, temperature, and solvent.
IR-SEC spectra of 2 in three representative solvents are shown in Figure 5.5.

The rate of electron transfer scales not with dielectric constant, solvent
polarity, or calculated “outer-sphere reorganisation energies”,?! as might be
expected, but with the “inertial” solvent relaxation time (¢;.) as measured and
discussed by Maroncelli and coworkers® (Figure 5.6). It can be concluded from
this study that for a given set of ancillary and bridging ligands, the role of the
solvent is the single most important factor influencing the rate of electron
transfer. Deviations from the linear correlation of (ko) ' with ¢, (particularly
for complex 3 in the fastest solvents) indicate where solvent is no longer the
limiting factor for the electron transfer. This is significant in that the solvent-
relaxation times measured by Maroncelli were ultrafast time-resolved emission
measurements of Coumarin 153. These data represent the first connection
between our static IR-SEC rate estimates and a direct ultrafast time-resolved
measurement of solvent dynamics.

In spite of the strong solvent dependence observed, no appreciable tempera-
ture dependence of the CO spectrum is observed in the temperature range
available in the spectroelectrochemical cell (25 °C to ca. —60 °C). In cryogenic
studies reported elsewhere, we have observed that electron transfer rates in-
crease in frozen solvents, indicating that the frozen solvent no longer plays a
dynamical role in limiting the electron transfer rate.?*’

Small modifications to the bridging or ancillary ligands of these complexes
result in large changes in electronic communication between the dimers, as
evidenced by the measurement of comproportionation constants over a range
of five orders of magnitude and the dramatic changes in appearance of the
spectra of the mixed-valence state (Figure 5.7). By choosing the appropriate
combination of bridging (BL = pyrazine, 2-methylpyrazine, 2,5-dimethylpyr-
azine, or 2-chloropyrazine) and ancillary (L =4-(dimethylamino)pyridine,
pyridine, or 4-cyanopyridine) ligands, the electronic coupling can essentially be
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Figure 5.6 Graph of the relation between exchange time estimated by lineshape an-
alysis of IR-SEC data for 1-3 and solvent relaxation time, 7.
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Figure 5.7 Spectra of [Rus(p3-O)(u-CH3CO,)s(CO)(py)lo(n-BL) in the mixed valent
(—1) state; where BL = pyrazine-d, (pz-d,), 2-methylpyrazine (mpz), 2,5-
dimethylpyrazine, or 2-chloropyrazine (clpz).

“fine tuned” (Table 5.1). The rates of all of the complexes studied were esti-
mated from lineshape analysis and plotted against the electrochemical splitting.
The relationship was found to be linear and, within experimental error, the
intercept is 0 (Figure 5.8).

The v(CO) mode is not the only mode that provides insight into the electronic
structure of these complexes. The symmetric vga mode of pyrazine (Figure 5.9)
appears only in the spectrum of the (—1) state.?®

This phenomenon was originally thought to be indicative of a localised
mixed-valence state, i.e. that the appearance of this mode is proof of electronic
asymmetry on the infrared timescale.?> However, control experiments with the
cluster monomers that have pronounced structural asymmetry, were carried
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Table 5.1 Electrochemical data for [Rus(uz-O)(u-CH3CO,)s(CO)(L)]»(n-BL).“

BL L E;2(0/-1),V  Eja(~1/-2),V  AE (mV) K.

1 Pz dmap  —1.216 —1.649 435 2.27 % 10’
d4-pz dmap —1.216 —1.649 435 2.27 % 107
mpz dmap  —1.249 —1.605 355 1.01 x 10°
dmpz dmap —1.291 —1.613 320 2.58 % 10°

2 pz py —1.133 —1.507 380 2.67 % 10°
depz  py —1.133 —1.507 380 2.67 % 10°
mpz py —~1.169 —~1.503 334 4.63 x 10°
dmpz  py —1.207 —1.492 285 5.44 x 10*
clpz py —~1.198 —1.438 240 1.39 x 10*

3 pz 4-cpy  —1.058 —~1.313 255 1.69 x 10*
dspz  4-cpy  —1.058 —~1.313 255 1.69 x 10*
mpz 4-cpy  —1.110 —1.310 200 2.41 x 10°
dmpz  4-cpy  —1.150 —1.300 150 3.44 x 10?

“In dichloromethane at 25°C; 0.1 M tetra-n-butylammonium hexafluorophosphate supporting
electrolyte; potentials referenced to ferrocene.
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Figure 5.8 Graph of the relationship between the electrochemical splitting, AE) , be-
tween the (—1) and (—2) states and the rate constants estimated from v(CO)
IR lineshapes of the symmetric dimers: ke, =4.7 x IOQ(AEW) —2.6x 10

out and the symmetric vgp mode was not observed (Figure 5.10). This led to the
interpretation of the appearance of the symmetric mode not as an indicator of
electronic asymmetry, but as an indicator of strong vibronic coupling in the
mixed-valence state. In inorganic chemistry, vibronic coupling is most fre-
quently discussed with respect to the fact that Co(III) complexes are not
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Figure 5.10 Comparison spectra for 1 (a) and its monomeric analogue:
Ru;0(CH3CO0)6(CO)(dmap)(pz) (b).

colorless. Although [Co(NH;)e]** with a 'Alg ground electronic state should
have electronic transitions that are symmetry (g—g) forbidden, vibronic
coupling of normal modes of vibration that are asymmetric give some over-
all symmetric character to the integrand of the transition moment inte-
gral, f ‘le‘I’iibﬁx,y,zlf'el‘f’vibdf, producing nonzero intensities of vibronic d—d
transitions in the electronic spectra. In the case of inorganic mixed valency,
vibronic involvement of normally IR forbidden symmetric vibrations with
intervalence charge-transfer (IVCT) electronic transitions that have strong
g—u character, produces nonzero intensities of the vibrational transitions in
the IR spectra.’® This follows the same line of reasoning as vibronic enhance-
ments of forbidden d—d transitions, but applies to vibronic enhancement of

forbidden IR bands instead.
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5.3.2 Resonance Raman Experiments

Resonance Raman spectroscopy is a valuable tool for probing the electronic
structure of mixed-valence complexes. The Creutz—Taube ion, [(NH;3)sRul(pz)° ",
was the subject of much controversy surrounding whether the charge was es-
sentially localised on one ruthenium cluster (Robin—Day Class II) or delocalised
over the molecule (Robin—Day Class III). After much investigation into the
electronic structure, the compelling results of Stark (electroabsorption)’' and
resonance Raman®’ spectroscopies led researchers to understand the Creutz—
Taube ion as an average-valence complex with vibronically enhanced bridging
ligand modes.

The trinuclear ruthenium cluster dimers (1-3) were also studied by spectro-
electrochemical resonance Raman spectroscopy.’>?* Raman spectra were
obtained in a backscattering geometry from solution samples in the SEC
cell. Raman excitation was carried out using A.. =801 nm (in resonance with
the bands at 830 nm, 850 nm, and 930nm of 1, 2, and 3, respectively) from an
Ar+ -pumped Ti:sapphire laser (Spectra Physics model 3900) operating at
approximately 7-8 mW power. Scattered light was collected and passed through
a triple spectrometer (SPEX 1877) onto a liquid-nitrogen-cooled charge-coupled
device (CCD) detection system (Princeton Instruments) interfaced to a PC.
Typical integration times to acquire spectra were 5—10 min (average of at least 30
scans per 10 s). Data were collected and processed using Princeton Instruments
WinSpec32 software. Spectra were calibrated using known spectral lines from
low-intensity Ne calibration lamps. In-situ controlled-potential electrolyses were
performed in the SEC cell at —20 °C.

In each case an enhancement of totally symmetric pyrazine modes (v, vo,,
vg,) was observed in the spectra of the mixed-valence state (Figure 5.11). En-
hancement of nontotally symmetric modes was not observed. Interestingly, the
degree of resonance Raman enhancement scales with the degree of electronic
coupling in the cluster dimers (as estimated by 4E ), i.e. 1 showed the greatest
enhancement, while 3 showed the least, although it should be mentioned here
that 1 has the greatest overlap with the excitation wavelength. The enhance-
ment of these modes is significant in that it provides further compelling evi-
dence that the totally symmetric normal modes of the bridging pyrazine ligand
in the mixed-valence states of 1, 2, and 3 are vibronically involved with the
IVCT bands. This adds strong support to the vibronic interpretation of the
anomalously high intensities of some of these same modes, vga in particular, in
IR-SEC measurements.

5.3.3 Individual Cluster “Monomers”’

The isolated trinuclear clusters are also suitable for spectroelectrochemical
studies of intracluster mixed-valence states. A new trinuclear cluster was syn-
thesised by treatment of Rus;O(CH;COQO)s(CO)(CH3OH), with excess 4-
acetylpyridine (acpy) in a 1:1 mixture of methanol and methylene chloride.
After stirring overnight, the desired product, Ru;O(CH;COO)4(CO)(acpy),
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Figure 5.11 Stick graph displaying Raman frequencies of observed totally symmetric
pyrazine modes (vy, vg,, and vg,) and peak intensities (relative to CH,Cl,
solvent peaks at 1157cm ™", for v, and vg,, and 1424cm ™" for vg,).

was isolated by column chromatography (eluent: 2% MeOH in CH,Cl,) and
precipitated with hexanes from a methylene chloride solution.

The synthesis of this cluster provided the addition of the two acetyl IR
chromophores to aid in characterisation of the reduced state. In the neutral
state, this monomer contains three ruthenium atoms, one formally in the (+2)
(bonded to CO) and two in the (+3) (bonded to acpy ligands) redox states.
However, this formal description of the charge may not accurately represent
the actual charge distribution over the cluster. Infrared spectroelectrochemistry
was carried out on this monomer to determine whether the charge was in fact
localised in this manner.

IR spectra were obtained for each of the four readily available oxidation states:
(+2), (+1), (0), and (—1). At —10°C, the spectrum of the (—1) state indicates
rapid, irreversible decomposition of the cluster. The experiment was repeated at
—30°C with no apparent decomposition of the (—1) state (Figure 5.12).

The v(CO) band redshifts 220cm ™" on going stepwise from the (+2) redox
state down to the (—1) state (Figure 5.13). The acetyl carbonyl band, however,
does not shift quite so dramatically (ca. 30cm™'). It is clear that the most
dramatic shift in the CO stretching frequency occurs between the (+ 1) and (0)
oxidation states, while the most dramatic shift in the acetyl stretching frequency
occurs between the (0) and (—1) oxidation states. Since the formal electronic
distribution of the neutral state is thought to be Ruco(Il), Ru,ep (I11), Rugepy
(III), (Figure 5.14) reduction of the cluster would produce Ruco(Il), Ru,epy(11),
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Figure 5.13

Spectra of Ru;O(CO)(acpy), in methylene chloride at —30 °C.
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oxidation state are indicated in bold.
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Figure 5.14 Schematic of the possible formal charges on the ruthenium clusters in
each of the available oxidation states. The points of the triangles rep-
resent the positions of the three ruthenium atoms.

Ru,epy(I1T); however, since the peak at 1677 em~ ! appears broad, the actual
picture may be a Class III delocalised description: Ruco(Il), Ruyepy(I1.5),
Ru,epy(I1.5). Clearly, the oxidation of the neutral cluster to the singly oxidised
state produces the symmetric Ruco(Ill), Ruy,ep (II1), Ru,ep (I111) state, but it
appears that the Ru(IV) character is mainly on the ruthenium atom bearing the
CO ligand in the (+2) oxidation state, i.e. Ruco(IV), Ruyepy(I1I), Rugep (I1T),
since V(CO) shifts approximately 40 cm™', while the acetyl band shifts only
2cm ™! between the (+ 1) and (+2) oxidation states.

5.3.4 Organic Intervalence Radicals

Although much of the research of our laboratory involves electron transfer in
inorganic coordination compounds, the applications of the SEC cell are not
limited to studies of inorganic compounds. Nelsen ez al.** discovered an or-
ganic radical complex that was thought to be comparable to a traditional
intervalence M-B-M ™ complex in which a bridging-oxo played the role of the
bridge between two dialkylaniline moeities (Figure 5.15). Two reversible one-
electron waves are observed at +0.70 and +0.95 V vs. SCE by cyclic voltam-
metry, indicating electronic coupling between the two dialkylaniline moeities,
and a broad (7000 cm ™) intervalence charge-transfer band is observed in the
electronic spectrum at 10 600 cm~'. These properties suggest the presence of a
strongly coupled charge-transfer state; and the presence of a ketone moeity
allows for further characterisation by infrared spectroelectrochemistry.
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Figure 5.15 Structure of the oxo-bridged dialkylaniline dimer.
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Figure 5.16 Spectra of 4 in a 0.1 M tetra-n-butyl ammonium hexafluorophosphate
solution in methylene chloride at —25°C.

The organic complex was dissolved in a 0.1 M tetra-n-butyl ammonium
hexafluorophosphate (TBAH) solution in methylene chloride and introduced
to the SEC cell at —25 °C to ensure stability of the oxidised species. The ketone
stretch was examined in the (0), (+1), and (+2) states. Single sharp v(CO) bands
were observed in the (0) and (+2) oxidation states, while two peaks of half-
intensity were observed in the (+1) state (Figure 5.16). The maxima of these
peaks were not shifted from the peaks for the (0) and (+2) oxidation states.

The (+ 1) peaks in this case are best approximated by a simple Gaussian/
Lorentzian overlap of two bands present in solution, and not the Bloch-type
analysis appropriately used for rapidly exchanging systems. It is concluded that

this particular “organic mixed-valence complex” is localised on the infrared
timescale.
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5.3.5 Ligand Centred Dendrimers

In addition to forming dimeric complexes, these trinuclear ruthenium clusters
can be extended into dendrimeric networks by choosing a tridentate central
bridging ligand. A Oth-generation ligand-centred dendrimer (LCD) with the
central ligand 2,4,6-tri-(4-pyridyl)-s-triazine has been synthesised and studied
by SEC*® (Figure 5.17). In the cyclic voltammetry, there are two, three-electron
oxidations (E1,= +0.14V, +0.92V) and a subsequent one-electron reduction
(E1p=-1.26V) followed by a two-electron reduction (£,,=—1.40V). In the
case of this LCD, the reduction of the bridging triazine ligand is observed in the
cyclic voltammetry as well (£, =—1.82V).

Although the cyclic voltammetry for this complex seems fairly similar to the
trinuclear ruthenium cluster dimers, the lower-lying LUMO (as evidenced by
the lower reduction potential) of the triazine bridging ligand plays an important
role in explaining the details of the spectroelectrochemistry observed for this
LCD. The CO stretching frequency of the neutral complex appears at
1940 cm~'. Upon application of —1.050 V (vs. Ag pseudoreference, roughly 0 to
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Figure 5.17 Structure of [Ru3z(OAc)sO(CO)(py)]s-p3-2,4,6-tri-(4-pyridyl)-s-triazine.
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Figure 5.18 IR-SEC spectra of [Rus(OAc)sO(CO)(py)ls-ps-2,4,6-tri-(4-pyridyl)-s-
triazine in the neutral state (r=0, 0V, dashed line), —3 (= 10min,

—1.05V, dotted line), and —2 (=20 min, —1.05V, solid line).

—1.42V) at 25°C, the v(CO) band at 1940 cm ™' diminishes in intensity, while a
new band at ca. 1900 cm ™' grows in until (after 10 min) the bands are present in
a 1:2 ratio (1940cm™":1900cm™") (Figure 5.18). This is a three-electron re-
duction, with two electrons essentially localised on two of the three ruthenium
clusters and the third localised on the triazine ligand (as evidenced by the shift
of Viriazine(C—C) ca. 1550cm ™" upon reduction). Exchange intensity indicates
the rapid electron transfer between sites (ke = 1.1 x 10'%s71).

After holding at this potential for an additional 10 min, the band for the
neutral cluster increases in intensity, while the band due to the reduced clusters
at 1900cm ™" diminishes in intensity. Therefore, an oxidation event occurs
without changing the potential of the cell. This can be explained by considering
that the reduced triazine ligand is a strong electron donor, driving the cluster
reduction potentials more negative. Also, these LCDs are highly resonance
stabilised, which contributes to 4E;, (c.f. Section 5.3.1).

At —30°C, reduction of the triazine ligand is not observed. Instead, full
reduction of the clusters via a three-electron process occurs, and no exchange
intensity is apparent. This is likely due to restriction of rotation about
the cluster—triazine bonds, resulting in unfavourable orbital overlap at low
temperature.

When the triazine ligand is reduced, electron transfer is ““on’’ and when it is
not reduced, electron transfer is “off.” This is an example of electrochemically
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“switched on” electronic communication between ruthenium clusters. Our
work on the spectroelectrochemistry of larger and dendrimeric cluster
assemblies is continuing.

5.3.6 Observation of “Mixed-Valence Isomers”

A particularly elegant example of the use of the spectroelectrochemical cell
is in the observation of “mixed-valence isomers.” Unlike the other complexes
presented in this study, the asymmetrically bridged complex, [Rus;O(p-
CH;COO)4(CO)(py)lompz, undergoes electron transfer in the presence of a
driving force. Determination of the equilibrium constant for the charge dis-
tribution introduced by this driving force by IR spectroscopy is hindered by
overlap of the CO stretching frequencies for each charge-transfer isomer.
Therefore, isotopic substitution of the CO ligand is required to spectro-
scopically differentiate the two sides of the mixed-valence complex. Complexes
5 and 6, Figure 5.19, were synthesised in a stepwise fashion.?’

Cyclic voltammetry of § and 6, in a 0.1 M tetrabutylammonium hexa-
fluorophosphate solution in methylene chloride vs. the ferrocene/ferrocenium
reference, reveals two two-electron oxidations (£, =200mV, 1000mV); and
two one-electron reductions (£, = —1160mV, —1500 mV). The splitting in the
reduction waves, AE, is 340mV, and corresponds to a comproportionation
equilibrium constant of 5.6 x 10°. The total electrochemical splitting reflects
both the electronic interactions typical of a strongly electronically coupled
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Figure 5.19 The two dimers synthesised for this study, differing only in location of the
13C'80 label relative to the methyl group on the bridge.
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mixed-valence complex and the intrinsically different reduction potentials of
the clusters bound to the different nitrogen atoms of the bridging methyl
pyrazine ligand.'**® The equilibrium constant between the mixed-valence iso-
mers formed from 5 and 6 is small, and thus the electrochemical splittings
observed by cyclic voltammetry are dominated by the electronic interactions.
This indicates the presence of a strongly coupled mixed-valence state.
Infrared spectroelectrochemistry of 5 and 6 reveals exchange pairs consistent
with mixed-valence isomerism (Figure 5.20). In the case of 5 (Figure 5.20, left),
the neutral and doubly reduced (—2) states each show two v(CO) bands, sep-
arated by ca. 90cm ™', the intrinsic frequency separation due to the isotope
substitution, v(**C'%0) vs. v(**C'®0). In the mixed valence (—1) state of 5, four
v(CO) bands are observed, and these correspond (from higher to lower energy) to
(1) the v(**C'®0) contribution from the minor (less stable) mixed-valence isomer,
(2) the v(*>)C'®0) contribution from the major (more stable) mixed-valence
isomer, (3) the v('*C'®0) contribution from the major isomer, and (4) the
v('*C'80) contribution from the minor isomer. Note that in the mixed-valence
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Figure 5.20 Infrared spectroelectrochemistry of 5 (left) and 6 (right) at —30°C in a
0.1 M tetra-n-butylammoniumhexafluorophospate solution in CH,Cl,.
Spectra for the neutral (top), charge-transfer (middle), and doubly
reduced (bottom) states are shown with a schematic of the exchanging
populations. A qualitative potential energy surface is depicted at the top.
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state of 5, the spectral pattern (from higher to lower energy) corresponds to
contributions from the minor, major, major, and minor isomers, while in the
mixed-valence state of 6, the spectral pattern is reversed to major, minor, minor,
major. This is the expected result of reversing the side of the asymmetric mixed-
valence complex that contains the '*C'®O ligand. On account of the N-atom
basicity differences of the mpz ligand, the minor isomer of 5 is expected to have
the negative charge mostly on the cluster with the '*C'®0 ligand. The lowest-
frequency component of the overall v(CO) spectrum is assigned easily to the
cluster of the minor isomer bearing both the negative charge and the '*C'*0O
since both the charge and heavier isotopes shift ¥(CO) to lower frequency. For
similar reasons, the highest-frequency part of the overall v(CO) spectrum is as-
signed to the '>C'°O substituted cluster of the minor isomer since v(CO) will be
unaffected by either charge or heavier isotope substitution. The remaining, more
intense bands in the centre of the v(CO) spectrum of the mixed-valence state of 5
are assigned to the major isomer. Reversing the '*C'%0 substituted side of the
cluster in going from 5 to 6, reverses whether each spectral component originates
from the major or minor isomer. These data provide the most compelling evi-
dence to date of the existence of mixed-valence isomers as discrete chemical
species. It can also be seen that both the high-frequency v(**C'°0) and low-
frequency v('*C'®0) portions of the IR spectra of the mixed-valence states are
extensively coalesced exchange lineshapes resulting from the dynamics of the
intramolecular electron transfer between the minor and major mixed-valence
isomers. Using the same lineshape-simulation methods as for the symmetrically
substituted dimers, we can estimate the rate constants for electron exchange, as
well as the equilibrium constant between the major and minor mixed-valence
isomers.

Analysis of the spectral lineshapes of 5 and 6 gave an uphill rate for charge
transfer of 6.5 x 10" s™! (Table 5.2), and an equilibrium constant of 2.2 for the
charge distribution, which compares well with previously reported rate con-
stants for similar mixed-valence dimers of trinuclear ruthenium clusters.'>*

[RuzO(CH;COO)¢(CO)(py)]o(p-clpz), which is also bridged by an unsym-
metric bridging ligand (clpz), appears to be at the limit of valence trapping by
infrared spectroelectrochemistry (Figure 5.7). The two peaks present in the
(—1) state of the dimer are fully resolved and appear at the same frequencies as

Table 5.2 Rate constants for electron transfer. *This is the “downhill” rate of
electron transfer with a calculated K.q=2.2.

L BL ke (s71)
1 dmap pz, d4-pz 2.0 x 102
dmpz 1.5x 10"
2 py pz, d4-pz 1.8 x 10"
5,6 mpz* 1.2x 10"
dmpz 1.2 x 10"

3 cpy pz, ds-pz 1.2x 10"

dmpz 7.0 x 10"
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the single peaks observed in the spectra of the neutral and (—2) species. This
suggests that the rate of electron transfer in this dimer can be no faster than
10"'s7!. Comparing this value to the electron-transfer rate constant of
1.1 x 10"%s7! predicted from the relationship of AE; ) to ke (Figure 5.8, which
is valid only when the electronic coupling dominates the electrochemical
splitting), it can be concluded that it is the intrinsic difference in reduction
potentials of each cluster site that dominates AL, in this case. Therefore, the
observed infrared spectrum is essentially that of one valence isomer, in stark
contrast to the highly coupled complexes S and 6.

5.4 Conclusions

The different case studies presented here show how a variable-temperature
reflectance spectroelectrochemical cell provides the versatility to carry out
studies of UV-Vis electronic spectra, IR spectra, and resonance Raman spectra
of inorganic and organic compounds in a multiplicity of different redox states.
A key finding is that when rates of intramolecular electron transfer in mixed-
valence states approach the “ultrafast” timescale of 10"'-10"*s™!, IR line-
shapes provide dynamical information and the rate constants for charge
transfer. In principle, reflectance SEC can provide detailed dynamical infor-
mation about charge transfers occurring in larger macromolecular systems
including redox-active dendrimers and conducting polymers.
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CHAPTER 6
Spectroelectrochemical
Investigations on Carbon-Rich
Organometallic Complexes

RAINER F. WINTER

Institut fiir Anorganische Chemie der Universitdt Regensburg,
UniversititsstraBBes 31, D-93040 Regensburg

6.1 Introduction

During the past decades spectroelectrochemistry has emerged as a powerful tool
for following the course of electrolyte processes and simultaneously collecting
the spectroscopic fingerprints of electrogenerated products. Many cell designs
with different degrees of sophistication have been reported and put into practical
use.' Ingenious solutions have adjusted spectroelectrochemical cells to various
experimental demands such as the rigorous exclusion of moisture and air, more
accurate control of the applied potential, the ability to conduct experiments at
different and especially at low temperatures or specific cell geometries in order to
fit the attached spectrometer. The experimenters’ reasons for resorting to
spectroelectrochemistry can be just as varied and reach far beyond simply col-
lecting spectroscopic data of the electrogenerated product. They may involve the
identification of the actual electron-transfer site within a molecule when two or
more redox-active constituents with similar oxidation or reduction potentials
but distinct spectroscopic properties of their oxidised or reduced forms are
present.

Molecules where identical or similar redox-active moieties are connected by
conducting spacers generate mixed-valence systems upon partial oxidation or
reduction.® Spectroelectrochemistry here serves the purpose of evaluating the
strength of the electronic coupling provided by the bridge, which is a central

Spectroelectrochemistry
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issue in this field. Spectroelectrochemistry can also be employed to reversibly
alter the electronic properties of a redox-active substituent or ligand in some
part of a molecule and to simultaneously monitor the spectroscopic changes.
Such experiments allow direct visualisation of electronic substituent effects.
Recent work has also disclosed that it is possible to implement or reversibly
switch molecular properties such as NLO effects” or luminescence by using
spectroelectrochemistry.® Yet another application of spectroelectrochemical
methods is to monitor chemical reactions following electron transfer and to
identify the final products. If the subsequent chemical reactions occur on a
timescale that well exceeds that of the electrolysis, this approach may also be
employed to monitor the kinetics of such follow-up reactions.

A central question in much of the published work is how the uptake or loss of
an electron affects the bonding within the analyte molecule. Changes in the
electronic or vibrational spectra mirror the altered charge distribution. Electron
transfer also changes the spin state of a system. Most electrogenerated products
are therefore amenable to ESR spectroscopy and valuable information can be
obtained from this method.*® Isotropic g-values and g-tensor anisotropies
allow one to differentiate between metal- and organic-centred odd-electron
species, while hyperfine splittings, if resolved, provide detailed insight as to the
spin distribution within the molecule. If one accepts the approximation that
electron transfer mainly involves the HOMO or LUMO frontier orbitals,
spectroelectrochemical experiments can be used to map these so-called redox
orbitals.! Such investigations are particularly rewarding for molecules with
highly delocalised bonding. This is certainly true for carbon-rich organome-
tallics where the unsaturated, conjugated or cumulated organic ligand attaches
to the metal by a direct metal-carbon single or multiple bond. Spectro-
electrochemical investigations on such compounds, including alkynyl, vinyl,
vinylidene and higher cumulenylidene complexes, are the subject of this
contribution.

There is still the question of what benefits spectroelectrochemistry offers
compared to the more traditional approach of electrolytically or chemically
generating the electron-transfer product and analysing it separately by various
spectroscopic means. While a large variety of chemical oxidants and reduct-
ants are available, the success of chemical redox reactions critically depends
on the judicious choice of the electron-transfer agent and strict control over
the reaction stoichiometry, especially in cases where the analyte may undergo
several individual, closely spaced redox events. Intermediate redox states
are then accessible by comproportionation of the fully reduced and fully oxi-
dised forms in their appropriate stoichiometric ratios. With chemical redox
reactions, one must also keep in mind that the reduced form of a chemical
oxidant or the oxidised form of a reductant may engage in chemical follow-up
reactions with the oxidised or reduced forms of the analyte or interfere with its

'In a grossly simplified picture, the redox orbital is often considered as the molecular orbital from
where the electron is removed in an oxidation or where it is added to in a reduction process, i.e. the
HOMO or LUMO orbitals. In reality, electron transfer affects more than just one molecular orbital
and may even change the entire ordering of the energy levels in the frontier orbital regime.'®!°
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isolation and spectroscopic detection. A detailed discussion of these issues is
available in the literature.'”

The stepwise electrolytical generation of an electron-transfer product and its
separate spectroscopic investigation finds its limitations in the case of highly
reactive, unstable oxidised or reduced species. Intimate coupling of bulk elec-
trolysis and spectroscopy, on the other hand, may well allow us to identify and
gain structural information on even short-lived intermediates." Moreover, the
spectroelectrochemical experiment eliminates the problem of sample transferal
to the spectroscopic cell. The greatest advantage of a spectroelectrochemical
experiment is, however, that it allows direct correlation of electrochemical and
spectroscopic data as a function of potential and time. This may be highly
advantageous as compared to acquiring two or more independent data sets.
If, for example, the initial electrogenerated product is of only limited stability it
may still be monitored at a suitable wavelength and the time course of its
concentration established. When combined with the time profile of the total
charge passed in the electrochemical process or the decreasing absorbance of
the starting material the kinetics of the chemical follow-up reaction can be
established. This is again under the premise that the rate of mass transport is
fast compared to the kinetic process under study.

There are, nevertheless, some drawbacks and trade-offs."*!" One relates to
the difficulty of realising or maintaining a uniform current—potential distri-
bution within a thin layer cell with often large spatial separations between the
working, reference and auxiliary electrodes. This leads to large uncompensated
resistance (iR drop) and severely compromises potential control. Redox systems
with multiple, closely spaced waves constitute particularly problematic cases.
Thin-layer spectroelectrochemical cells with small optical pathlengths may also
require high analyte concentrations in order to achieve acceptable signal-to-
noise ratios. This is especially true for vibrational spectroscopy where bands
with relatively small absorbencies may be involved. High analyte concentrations
not only increase the problem of iR drop but may also cause severe adsorption
of an electrogenerated product to the working electrode up to the point of
electrode passivation. In less unfavourable cases still, exceedingly long elec-
trolysis times may be required to convert all the starting material. The inevitable
presence of a solvent and a suitable supporting electrolyte at high concentration
levels may also impede with the spectroscopic detection of electrogenerated
products. Thus, large sections of the infrared are usually concealed by strong
background absorption.'> Moreover, some spectroelectrochemical cells perform
rather poorly at low temperatures. Typical problems are the large increase in
supporting electrolyte viscosity and supporting electrolyte precipitation. As a
final caveat, spectroelectrochemistry may lead to erroneous spectral assignments
in cases where the initial electrogenerated product rapidly converts to a
follow-up product and this reverts to the starting material upon backelectrolysis.
This corresponds to the square scheme in Scheme 6.1 where the rate constants
k_y and k, are large and the equilibria are completely displaced toward species
A and B™. Since chemical reversibility is maintained over the whole chemical
cycle, the underlying reactivity may completely escape observation under
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Scheme 6.1 General square scheme summarising redox and chemical interconversions.

spectroelectrochemical conditions. Electron-transfer-induced isomerisation or
dimerisation reactions are possible candidates of such a scenario. In order to
avoid such pitfalls, it seems therefore mandatory to supplement spectro-
electrochemistry with conventional electrochemistry and bulk electrolysis, where
such phenomena are readily recognised.

The desire to combine the advantages of conventional multicompartment
electrolysis cells and the simultaneous collection of spectroscopic information
has led researchers to the use of bifurcated fibre-optic cables that connect the
electrochemical cell to a remote spectrometer. Source radiation is guided into
the analyte solution and returned to the detector by the reflective working
electrode surface'® or a mirror with adjustable separation from the source.'*
Setups for optical and IR spectroscopy have been described and successfully
employed to address the issue of chemical reactivity coupled to electron
transfer.'> !’

This overview on the use of spectroelectrochemistry within the field of car-
bon-rich organometallics is organised by the experimenters’ main purpose for
conducting these experiments rather than by individual compound classes.
With that, we wish to emphasise the various applications of spectro-
electrochemical methods and to demonstrate their utility. Some complementary
work based on chemical redox agents or bulk electrolyses and remote spec-
troscopic investigations is also cited to provide a more complete picture, though
not in a wholly comprehensive manner.

6.2 Uses of Spectroelectrochemistry in the Field
of Carbon-rich Organometallics

6.2.1 Spectroelectrochemistry as a Tool to Identify Redox Sites

Several complexes offer two or more redox-active moieties that may undergo
electron transfer at rather similar potentials. In such cases voltammetric
or potentiometric techniques alone may not suffice to unambiguously assign
individual redox processes or to elucidate the order of redox events within
such molecules. If, however, the individual redox-active constituents generate
oxidised or reduced forms with clearly distinguishable spectroscopic properties,
a suitable combination of electrochemical and spectroscopic investigations can
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Figure 6.1 Schematic structure of the radical cation of {Cl(dppm),0s}(—C=CC¢H;—
{C=CFc},) and its ESR spectrum; a) experimental, b) simulated. Repro-
duced from ref. 20 with permission.

solve this issue. Illustrative examples for such use of spectroelectrochemistry can
also be found within the class of carbon-rich organometallics. Long and co-
workers®® have reported on heterodimetallic complexes of the 1,3,5-triethy-
nylbenzene bridging ligand. Cyclic voltammetry on {Cl(dppm),Os}(—C=
CC¢H;—{C=CFc},) (Fc=ferrocenyl, dppm = Ph,PCH,PPh,) reveals one
reversible one-electron wave followed by a second reversible feature with
about twice the peak current of the first couple. This allowed the authors to
assign the first wave to an Os-centred process and the second wave to the
simultaneous oxidation of the ferrocenylethynyl subunits. Unequivocal proof
came from in situ ESR spectroelectrochemistry on the mono-oxidised cation.
ESR activity at 100K and the rhombic pattern are clearly at odds with a
ferrocenium based radical (Figure 6.1). In trans-(FcC=C—),Ru(dppm), the
situation is just reversed in that the ferrocenyl end groups are oxidised prior to
the central ruthenium site.’’*® IR investigation reveals that the chemically
generated dication is a centrosymmetric species, while NMR spectroscopy
shows a paramagnetic broadening of the ferrocenyl CH resonances. Ferrocene
oxidation has also been corroborated by X-ray photoelectron spectra (XPS)
showing a shift of the Fe 2p,, and 2p;, peaks to higher binding energy.”
Complexes all trans-(FcC=C—),Ru(CO)L(PBus;), (L = CO, pyridine, P(OMe);)
show the same behaviour.? Particularly revealing are the only slight changes of
the CO stretching frequencies in the mono- and dicarbonyl complexes upon
dioxidation, which rules out a direct involvement of the central ruthenium atom
in the oxidation process. Interestingly, the coligands at the ruthenium atom
modulate the degree of electronic interactions between the ferrocenyl substitu-
ents (see Section 6.2.3).%

Heterodimetallic complexes with fully conjugated oligoynediyl or diethynyl
arence bridges constitute another interesting family of compounds where an
assignment of individual redox sites may not be trivial. In these systems, strong
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electron delocalisation of the frontier orbitals onto the bridging ligand even poses
the more fundamental question of whether there is such a thing as a defined
redox site at all. The oligoynediyl-bridged dinuclear Re/Pd complexes
Cp*(NO)(PPh3)Re—(C=C),—Pd(PEt;),Cl (n=1, 2) and the related trimetal
complex trans-{Cp*(NO)(PPh;)Re—C=C—-C=C—},Pd(PEt;), present clear cut
cases because of the large differences of the intrinsic redox potentials of the in-
dividual metal subunits (£;,=0.52V for Cp*(NO)(PPh;)Re—C=C-C=
C—-CHj, E,,=1.48YV for trans-(PEt3),Pd(—C=CPh),).>* ESR spectroscopy on
chemically generated radical monocations of the dinuclear complexes and the
dication of the Pd-bridged dirhenium complex showed sextet patterns due to Re
hyperfine splittings. Since the Ay values are of the same magnitude as for similar
mononuclear Re alkynyl complexes, the oxidation was safely assigned as oc-
curring at the Re units (Figure 6.2).

In the butadiynediyl C4-bridged Fe/Re derivative Cp*(dppe)Fe—C=C—-C=
C—Re(NO)(PPh3)Cp* and the para-diethynylbenzene-bridged fac-{(CO);(bi-
py)Re}(u-C=CC¢H4C=C-1.,4) {Fe(dppe)Cp*} the intrinsic redox potentials of
the different metal-alkynyl subunits are much closer. Iron-centred oxidation of
the diethynyl phenylene complex was established by a combination of cyclic
voltammetry, quantum-chemical calculations, X-ray structural studies and by
UV-Vis spectroelectrochemistry.”> Upon oxidation, the Fe—n* transition in
the visible bleaches, leaving the Re — bipy and Re — n* transitions at somewhat
lower energies when compared to the neutral. The observation of oxidation-
state-dependent luminescence constitutes another interesting aspect of this
work as we will detail in Section 6.2.4. Substantial electron delocalisation in the
ground state and the various oxidised forms was observed, and this will be
discussed in Section 6.2.3. Of importance here is that spectroscopic and
Maéssbauer investigations on the chemically generated radical cation argue for
a mainly iron-centred process.?® Indicative are the strongly decreased hyperfine
splittings to Re in ESR spectroscopy and the close resemblance of the Mdss-
bauer quadrupole splitting and isomer shift values to those of related di-iron

complexes.?’
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Figure 6.2 The monocation trans-Pd(PEt;),{~C=C-C=C-Re(NO)(PPh3)Cp*}, and
its ESR spectrum. Reproduced with permission from ref. 24.
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The question about the identities of the redox sites and the sequence of redox
events also applies to complexes built from redox-active metal ions and elec-
troactive substituents or ligands. One such class of compounds are alkynyl
complexes derived from ethynyl substituted mono-, bi-, or terthiophenes.
Ferrocenylethynyl®® and ruthenium mono- and bis(alkynyl) derivatives® have
been studied. In each case, the first oxidations were assigned as metal-based
processes. This follows from the insensitivity of the first oxidation potential on
the number of linked thiophenyl subunits and its close correspondence to the
half-wave potentials of similar ferrocenylethynyl and ruthenium alkynyl
derivatives. The number of thiophenyl repeat units on the ligand has, however,
a strong bearing on the number and potentials of additional waves at more
anodic potentials. The above assignment was further substantiated by com-
paring the UV-Vis—NIR spectra of the neutrals and their chemically or
electrochemically generated mono-oxidised forms. Mono-oxidation produces
only slight shifts of the intraligand m—7* type transitions while intense
n(oligothiophenyl) > M™ LMCT bands appear at low energy. In the ferrocenyl
series, the LMCT band maxima and intensities linearly correlate with the dif-
ferences between the metal- and ligand-based redox potentials, and this has
been taken as an indication for an electronic modulation of the donor/acceptor
interactions.

Due to its highly developed derivative chemistry and its ideal (or nearly so)
electron-transfer behaviour, the ferrocenyl substituent constitutes an especially
attractive redox tag. In the field of carbon-rich organometallics, the ferroce-
nylethynyl ligand is a widely used building block that endows these systems
with electroactivity and the possibility to reversibly alter their electronic
properties. Once the ferrocenyl entity is connected to another redox-active
transition-metal moiety that oxidises at similar potentials, there is ambiguity as
to the order of redox events. Examples of such systems can be found in the
work of Sato et al.,’* Long and coworkers,21 Wolf and coworkers>>?? and
Ren and coworkers,*® but they will be discussed in greater detail in later sec-
tions of this chapter since the main purpose of this work was either to in-
vestigate the bonding changes resulting from ferrocene oxidation or to establish
the degree of the electronic interactions between two ferrocene sites or a fer-
rocene and another redox site at the mixed-valence oxidation level.

Allenylidene complexes of the type trans-[Cl(L,),Ru=C=C=C(ER,)R’]"
(L, = chelating diphosphine, ER,, = NR,, SR, SeR, alkyl, aryl) are reversibly
oxidised and possess mainly metal-based HOMO and HOMO-1 orbitals. ¥’
Introducing electroactive ferrocenyl-derived substituents ER,, or R’, or the 1,1'-
bis(diphenylphosphanyl)ferrocene (dppf) ligand, thus generates some ambiguity
as to the sequence of redox events. Since oxidation of the allenylidene chromo-
phore itself drastically changes its spectroscopic properties,”®*’ spectroelectro-
chemical techniques were successfully employed to resolve this issue. Cyclic
voltammetry on trans-[Cl(dppm),Ru = C = C = C(NMe,)(C-H4Fc)]* (Chart 6.1)
revealed two reversible well-separated one-electron waves. When the first oxida-
tion was followed by means of IR- and UV-Vis spectroelectrochemistry, the
intense Ru— allenylidene ©* charge-transfer band in the visible region shifted to
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Chart 6.1 Allenylidene complexes with redox-active substituents and ligands.

slightly lower energy. This was accompanied by the growth of a ferrocenium-type
absorption and a very slight shift of the allenylidene IR band. These results are as
expected for the oxidation of the remote ferrocenyl substituent. Low-temperature
ESR spectra of the in-situ generated radical cation displayed the characteristic
signature of a ferrocenium-based radical.*® The second oxidation caused con-
siderably larger blueshifts of the MLCT and IR bands in accord with a sub-
stantial decrease of the eclectron density at the ruthenium atom. In ESR
spectroscopy, the initial ferrocenium-type signal was gradually replaced by a
spectrum that is ascribed to a triplet species. This indicates the presence of un-
coupled spins at the ferrocenyl and the ruthenium sites.

In trans-[Cl(dppm),Ru=C = C = C(SeFc)(C,H,CH = CH,)]", the redox-
active ferrocenyl substituent is directly attached to the allenylidene ligand.
Oxidation of the ferrocenylselenyl group caused a redshift of the allenylidene
IR band by 10cm™".* This result fully conforms to what one would expect of
the replacement of a substituent ER,, by a weaker donor. Such substitution
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Scheme 6.2 Resonance forms for cationic allenylidene complexes.

increases the weight of the cumulenic resonance forms in Scheme 6.2 and hence
lowers the energy of the allenylidene stretch. The energy of this latter band
reflects the bond order between the metal-bonded and the internal carbon
atoms.””*" Direct attachment of ferrocenyl-based redox tags to either the
terminal carbon atom of the allenylidene ligand, the ruthenium atom, or both
was achieved in the complexes [Tp(L,)Ru=C=C=C(Ph)R]" (L,=2PPh;,
dppf; R =Ph, Fc; Tp = hydridotris(pyrazolyl)borate, HB(pz);).*'** All com-
plexes with the ferrocenyl substituent attached to the cumulated ligand display
an intense absorption band in their visible spectra, and this is located at even
lower energies than the Ru— n*(allenylidene) band. This additional absorption
has been assigned as an intraligand charge transfer (ILCT) from the electron-
donating ferrocenyl group to the electron-accepting allenylidene ligand. One
electron oxidation of [Tp(PPhs),Ru=C = C=C(Ph)(Fc)]" in an OTTLE cell
caused this band to bleach (Figure 6.3(b)). IR spectroelectrochemistry of the
same process revealed a redshift of the allenylidene band of 20 cm ™", which is
about twice that for the ferrocenylselenyl substituted congener (Figure 6.3(a)).
The larger effect can be traced to more efficient conjugation between the alle-
nylidene ligand and the redox-active tags. In [Tp(dppf)Ru=C=C = CPh,]",
oxidation of the dppf ligand had the opposite effect, thus inducing a shift of the
allenylidene ligand by an average of 15cm ™' to higher energy (Figure 6.3(c)).
This finding is readily accommodated by invoking larger contributions from
the alkynyl-type resonance forms III and IV (Scheme 6.2) as the backbonding
capability of the {TpRuL,} unit decreases. The complex [Tp(dppf)Ru=
C=C=C(Ph)(Fc)]" finally poses the question as to which of the two ferrocene
containing subunits, the dppf ligand or the ferrocenyl substituent, is oxidised
first. IR- and UV-Vis spectroelectrochemistry allowed for an unequivocal
assignment. During the first oxidation the ferrocene — n*(allenylidene) ILCT
band is bleached (Figure 6.3(d)) while under IR monitoring a redshift of the
allenylidene band by 20 cm ' was observed. Both findings are only compatible
with the oxidation of the allenylidene-bound ferrocenyl substituent. The second
oxidation, now at the dppf site, shifted the allenylidene IR band back to its
original position in the parent monocation. The direction of this shift is the
expected one for oxidation at the dppf site. For most of these complexes the
effects of further oxidation at the ruthenium atom could also be addressed by
IR and UV-Vis spectroelectrochemistry. The most notable feature is the de-
crease of the intensity of the MLCT band along with a slight blueshift as the
largely metal-based donor orbitals are depopulated and energetically stabilised.

Spectroelectrochemistry has also allowed discrimination between metal- or
ligand-dominated oxidations in the 1,3-divinylphenylene-bridged diruthenium
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Figure 6.3 Spectroelectrochemical investigations on [Tp(L,)Ru=C =C= C(Ph)(R)]*
complexes bearing electroactive substituents (R =Fc) and/or ligands
(L,=dppf). a) IR and b) UV-Vis traces for the first oxidation of
[Tp(PPhs),Ru=C =C=C(Ph)(Fc)]"; ¢) IR traces during the first oxidation
of [Tp(dppf)Ru = C = C = C(Ph),]" and d) UV-Vis-spectroelectrochemistry
on the first oxidation of [Tp(dppf)Ru= C = C = C(Ph)(Fc)]*.

complex E,E-trans-{(PPh;),(CO)Cl(4-EtOOCpy)Ru}>(i-CH =CH-C¢Hy4—C =
CH-1,3) (4-EtOOCpy = ethylisonicotinate) to be made.** This complex under-
goes two consecutive one-clectron oxidations that are separated by 320mV. As
was shown by IR spectroelectrochemistry, the initial single CO band splits into
two resolved features at the mono-oxidised state. These new bands are blue-
shifted by 15 and 37cm™' with respect to the neutral. During the second oxi-
dation both bands collapse to a single feature, which is now at 46cm ™! higher
energy as in the neutral starting complex. Much smaller shifts of 3 and 4cm ™',
respectively, of the isonicotinate ester band were noted for the first and second
oxidations. Overall, the CO band shifts are much smaller as is expected for a
metal-based process, and this suggests a sizable contribution of the bridging
ligand to the redox orbital.” UV-Vis-NIR and ESR spectroelectrochemistry
revealed that the oxidation is even dominated by the bridge. Structured low-
energy absorption bands in the visible and the near-IR grow in upon mono-
oxidation (Figure 6.4) and closely resemble those observed for radical cations or
anions of diphenylethylene or distyrylbenzene. The in-situ electrogenerated

i Removal of an electron from a mononuclear carbonyl complex normally causes CO band shifts of
100cm ™" and more.
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Figure 6.4 UV-Vis-NIR traces recorded during the in-situ mono-oxidation of E,E-
trans-{(PPh3)>(CO)CI(4-EtOOCpy)Ru}»(p-1,3-CH = CH-C4H4-CH = CH)
(bottom left) and ESR spectra recorded at different temperatures.

monocation displays a strong isotropic ESR spectrum in fluid solution, which
clearly argues for a ligand-centred paramagnetic species. Some rhombic splitting
of the g-tensor in the frozen state and a deviation of the isotropic g-value
(2.0201) from that of the free-electron (g, = 2.0023) are nevertheless in line with
a detectable metal contribution to the SOMO of the mono-oxidised complex.
Quantum-chemical calculations agree with this view.

Ambiguities as to the identity of the redox site may also arise in complexes
bearing different electroactive ligands. The work of Adams and coworkers** on
2,2'-bipyridine ruthenium and platinum complexes with 4-nitrophenylethynyl
ligands provides instructive examples of the use of spectroelectrochemistry for
deciphering the sequence of redox events. Thus, the ESR spectrum of the in-situ
generated [(4,4"-'Bu,bipy)Pt(—C=C-C¢H4NO,-4),]* strongly deviates from that
of the related phenylacetylide congener [(4,4’-'Bu,bipy)Pt(-C=C-C¢Hs),]™ in
displaying much larger couplings of the unpaired spin to "*N (10.1 compared to
3.4G) and smaller coupling to the Pt*" ion (15.8 versus 21.0 G). Moreover, the
unpaired spin is coupled to just one '*N nucleus in the nitrophenyl-substituted
dianion as opposed to two '*N nuclei in the case of the reduced phenylacetylide
complex. This suggests reduction at the nitro groups of the alkynyl ligand for the
nitrophenyl but at the bipy site for the phenylethynyl complex (Figure 6.5).
Differences in the UV-Vis spectroscopic traces recorded during reduction
inside an OTTLE cell point in the same direction. Whereas [(4,4’-"Bu,bipy)
Pt(-C=C-C4Hs),]™ displays the typical signatures of an anionic bipy * ~-type
ligand, such features are completely absent from the spectra of
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Figure 6.5 Comparison of the ESR spectra of the in-situ generated reduced forms of
(4,4'-Busbipy)Pt(-C=C-CgHsNO»-4), and of (4,4'-"Busbipy)Pt(-C=C-
C¢Hs),. Reproduced with permission from ref. 44.

[(4,4'-Buybipy)Pt(—C=C-CgH4NO»-4),]> * The ruthenium complexes [(4.4'-
X,bipy)(PPhs),RuCl(—C=C—C¢H,NO»-4)] (X=Me, Br, I) and [(4.4-
X,bipy)(PPh;),Ru(—C=C—C¢H4NO,-4),]* behave in an identical fashion.*’

6.2.2 Spectroelectrochemistry as a Probe
for Metal-Ligand Bonding

6.2.2.1 The Issue of Backbonding in Alkynyl Complexes

The nature of the metal-alkynyl bond has long been a matter of debate, especially
with regard to the metal-C(sp) bond order. Multiple bonding could in principle
arise from interactions between occupied alkynyl « levels and empty d-orbitals
at the metal or from backbonding between filled metal d-orbitals and unoccupied
n* levels on the alkynyl ligand. Early photoelectron spectroscopy work on
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Cp(CO),Fe-C=CR (R=H, Ph, ‘Bu, C=CH) and Cp*(CO),Fe-C=CH con-
cluded that alkynyl-to-metal © donation is significant and destabilises the metal
d, levels due to filled—filled interactions, while metal-to-ligand n* backdonation is
very weak.*®*’" The same overall picture obviously applies to bis(alkynyl) com-
plexes trans-M(—C=CR),(PR3), of palladium and platinum.*® Application of
alkynyl complexes in the fields of nonlinear optics and photoluminescence has
given new impetus for research into this topic. Countless new derivatives have
meanwhile been synthesised, many of them strongly polarised with pronounced
donor/acceptor characteristics. It soon became evident that in complexes of
electron-rich metal ions and electron-poor acceptor-substituted alkynyl ligands
metal-to-alkynyl ©* backdonation may significantly contribute to the overall
bonding.*** Clear experimental evidence for backbonding to alkynyl ligands
comes from the work of Hopkins and coworkers’' who compared the C=C
stretching frequencies of Mo,(PMes),(—C=CSiMe;)4 (MoMo) and its chemically
reduced monoanion (MoMo™) in their ground and electronically excited states
(MoMo*, MoMo™ *) (Scheme 6.3). In these Mo—Mo quadruply bonded systems,
the 6 and 6* orbitals have appropriate symmetry to interact with the alkynyl ©*
orbitals and are involved in the low-energy excitations. With increasing occu-
pancy of the 8* orbital the energy of the C=C stretch drops from 1991 cm™" in
MoMo (8% 8*%) to 1970 cm ™" in MoMo* (8' 8*"), and 1954cm ™" in MoMo ™ (82
3*!) to finally 1890 cm ™" in MoMo ™~ * (8' 8*?). This implies a weakening of the
alkynyl C=C bond by increasing backdonation from the Mo, core.

Paul and coworkers have scrutinised a series of differently substituted iron
half-sandwich complexes Cp*(dppe)Fe(—C=C—-CcH4X-4) and their chemically
oxidised cationic Fe(IIl) congeners bearing para substituents X of variable
donor or acceptor capacity. They made a convincing case for © backdonation in
acceptor-substituted derivatives based on IR, Raman, Méssbauer,”>>* and
quantum-chemical studies.>* In the oxidised Fe(III) forms, on the other hand,
alkynyl to metal donation dominates the Fe-alkynyl © bonding, especially when
conjugated electron-rich substituents are present at the phenyl para position.>
These studies, in essence, demonstrate that the issue of the nature of the metal—
alkynyl bond is not a trivial one. Every parameter, such as the metal ion, its

SiMe,
| | E == n"(C=CR)
SiMe,
N d 44
Moo= M¢’ o
i ’
=
Me,Si | PMe; (L) 8
| 1 1 1= 1=
. ai 1999 1970 — 1890 cm~1
SiMe, e: 1991 - 1954 -

Scheme 6.3 Orbital occupation and C=C IR frequencies in quadruply bonded {Mo
(-C=C-TMS),L,}, dimers. Adapted from ref. 51 with permission.
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oxidation state and the substituent on the alkynyl ligand exert their influence on
the metal-alkynyl n-bond.>® There is a subtle interplay of o donor,  donor and
1 acceptor metal-alkynyl interactions with sometimes congruent, sometimes
opposing contributions to the overall bonding and on the structural and
spectroscopic properties.

The above examples emphasise that redox reactions have a direct bearing on
the nature of the metal-alkynyl bond through changes in the occupancy of the
metal d, levels. It is therefore only natural that several alkynyl complexes have
been subjected to spectroelectrochemical investigations with the aim to monitor
bonding changes as a function of oxidation state. Ruthenium bis(alkynyl)
complexes of the macrocyclic 1,5,9,13-tetramethyltetraazacyclohexadecane (16-
TMC) ligand with differently substituted arylethynyl ligands are interesting
examples.’” These complexes undergo two consecutive oxidations at easily
accessible potentials that were assigned as the Ru(II/III) and the Ru(I11/IV)
couples. Electrochemical or chemical oxidation of the Ru(Il) congener was
followed by UV-Vis—NIR spectroscopy (Figure 6.6). Upon oxidation, the
initial metal »alkynyl ©* MLCT band near 390 nm bleaches while an intense
vibrationally structured m(alkynyl) —d,(Ru) LMCT absorption at ca. 720 nm
grows in. Vibrational progressions are due to v(C=C) of the alkynyl ligands
and range from 1730 to 1830cm™'. The strong decrease from the 7 (C=C)
ground state values of 2002 to 2012 cm ™" has been taken as an indication for a

Absorbance

300 400 500 600 700 800
Wavelength/nm
Figure 6.6 UV-Vis spectroscopic changes during electrochemical oxidation of
(16-TMC)Ru(C=C-C¢H4Cl-4), in an optically transparent thin-layer
electrolysis cell (0.1 M "BuyPF4/ CH,Cl, solution). Reproduced with
permission from ref. 57.
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distortion of the alkynyl ligand, most probably toward a vinylidene struc-
ture, as a consequence of increased metal-carbon m-bonding in the LMCT
excited state.

In the same vein, oxidation of the complexes frans-(dppe),RuX(—C=CR)
(dppe = 1,2-bis(diphenylphosphino)ethane, X=Cl or C=CPh, R=Ph or
C=CPh) inside an optically transparent thin-layer electrolysis (OTTLE) cell
gives rise to an intense, structured low-energy band. Based on quantum-
chemical calculations, this absorption was assigned as a mixed LLCT/LMCT
transition involving charge transfer from out-of-plane w orbitals of the chloride
or phenylacetylide ligands to a SOMO that is heavily delocalised across the
Ru—C=CR units.” Here, the vibrational spacings are only slightly reduced
from the ve—c values of the Ru(II) congeners. No attempts have, however, been
made to establish the energies of the IR stretch for the ground states of the
oxidised forms of any of these complexes.

A more comprehensive collection of ve—c values was reported for [(4,4'-Me,
bipy)(PPh;),RuCl(C=CR)]"" (n=0, 1; R=para-tolyl, Ph, 'Bu; 44-Me,
bipy = 4,4’-dimethyl-2,2’-bipyridine).”® Oxidation of the Ru(II) congeners to
their Ru(IIT) forms removes an electron from the plane containing the CI,
bipyridine and alkynyl ligands and thus directly influences the Ru-—alkynyl
bonding via the in-plane alkynyl © orbitals. ESR spectroscopy on chemically
oxidised samples identified the metal centre as the oxidation site. Oxidised
samples display their C=C stretch at up to 100cm ™' lower energies when
compared to their Ru(Il) forms, and this is in line with increased alkyne to ru-
thenium m donation in the oxidised state (viz. resonance forms II and III in
Scheme 6.4). The crystallographically observed contraction of the Ru—C(sp) and
the slight elongation of the alkynyl C=C bond in the oxidised state further
support this view. While chemical oxidation served the purpose of IR and ESR
characterisation of the Ru(III) forms well, UV-Vis—NIR spectroelectrochemistry
in an OTTLE cell was the method of choice for establishing the optical data since
it avoids overlapping bands of the ferrocenium/ferrocene or any other chemical
redox system. In addition to the expected bleaching of the Ru— bipy* MLCT
bands near 330 to 350 cm ™' and at ca. 500 cm ™! the growth of a new low—energy
LMCT absorption was observed (Figure 6.7). Its position strongly depends on
the nature of the alkynyl substituent with a shift to lower energy as the conju-
gation length increases. Vibrational subbands at spacings of 1676 or 1223 cm ™'
were observed for the aryl-substituted congeners and an even more substantial
reduction of C=C bond order in the LMCT excited state was thus proposed.

6.2.2.2 Reorganisation of m Electron Density within Conjugated
or Cumulated M—L Entities

Redox reactions can induce significant redistribution of m electron density
along the metal-carbon backbone when conjugated or cumulated carbon-rich
ligands are present and may thus lead to major bonding changes. Particularly
common are interconversions between alkynyl and cumulenic structures.
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Figure 6.7 Changes in the UV-Vis spectrum of CI(PPh;),(4,4'-Me,bipy)Ru—C upon
oxidation in an OTTLE cell showing the bleach of the Ru— bipy MLCT
bands and the growth of a structured low-energy LMCT band. Repro-
duced with permission from ref. 22.
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Scheme 6.4 Resonance forms for the oxidised forms of transition metal-alkynyl
complexes.
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Scheme 6.5 Stepwise oxidation of complexes bearing metallocenylethynyl ligands.

Just as vinylidene-type resonance forms constitute one extreme description for
the oxidised forms of alkynyl complexes (Scheme 6.4), cumulenic structures
may result from the oxidation of oligoynediyl-bridged dimetal complexes
(Schemes 6.5 to 6.8). Interesting examples come from the work of Sato, who
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Scheme 6.6 Redox-induced bonding changes in a dimanganese acetylide complex.
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Scheme 6.7 Resonance forms for complexes {Ru}»(u-C4)]"" in different oxidation
states. IR data apply to {Ru} = (n°>-CsHs)(PPh;),Ru or (n°-CsHs)(PPh;)
(PMes)Ru (data in brackets).

investigated a series of ruthenium alkynyl complexes featuring ferrocenyl- or
ruthenocenylethynyl ligands in different oxidation states. Chemical
oxidation of (n°-CsHs)(L,)Ru—C=C—Fc (L,=2 PPh;, dppf), (n°-CsMes)
(PPh;),Ru—C=C—Fc and of (n°-CsRs)(CO),Fe—C=C—Fc (R=H, Me)
shifts the ve—c band by about 90 cm ™' to lower energy into a position inter-
mediate between those typical of alkynyl and allenylidene structures.’!
X-Ray crystallography on [(n’-CsHs)(PPhs),Ru—C=C—Fc]" revealed a
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Scheme 6.8 Redox-induced bonding ranges and resonance structures for buta-
diynediyl-bridged di-iron complexes.

fulvalenyl-type distortion of the substituted ferrocenyl ring (Scheme 6.5) and
a shortening of the Fc—C and Ru—C bonds, while Mdssbauer spectroscopy
served to identify the ferrocenyl entity as the primary oxidation site. In
the related ferrocenylacetylide diphosphine iron complexes (1°-CsRs)
(L),Fe—C=C—Fc (R=H, Me; L,=chelating diphosphine) the order of
redox events is inverted such that the iron diphosphine half-sandwich moiety is
oxidised first.>* Chemical oxidation with either the ferrocenium ion or 2.3-
dichloro-5,6-dicyano-p-benzoquinone (DDQ) caused the v (C=C) band to shift
to lower energies by again about 100 cm ™' along with a considerable intensity
increase. Similar cases are the bis(ferrocenylethynyl)ruthenium complexes a//
trans-(FcC=C—),RuL, reported by Long, Wolf and their coworkers.?!
Oxidation of the outer ferrocenyl substituents again redshifts the C=C stretch
by some 50 to 90cm ™', depending on the coligands at the ruthenium atom.
Particularly instructive are the mono-oxidised mixed bis(alkynyl) complexes
trans-[(dppm),Ru(—C=CFc)(—C=CC¢H,4R-4)]" (R =H, Me, Ph, NO,). These
show one C—C stretch at around 1985cm ™! for the FcCC and one at ca.
2070 cm ™! for the CCAryl groups, the latter being almost unshifted with respect
to the neutrals.”’ Oxidising the ferrocenylethynyl entity of complexes
(PPh3),(Aryl)Pt(—C=CFc) has a considerably smaller effect and this can be
traced to the reluctance of the platinum centre to engage in Pt—carbon multiple
bonding.*?

Oxidation of both terminal sites was finally achieved in the alkynyl-bridged
bis(ruthenocenes) {(n>-CsR's)Ru(n’-CsR%)}(1-C=C)>® and the ruthenoceny-
lethynyl half-sandwich ruthenium complexes (1°-CsR's)Ru(n’-CsR%)—C=
C—Ru(P))L (R'=H, R’=Me, P,=2 Ph;, dppe, L=Cp, Cp*, indenyl;
R'=R?=H, Me, P,=dppe, 2 PPh;, L =indenyl).**** Multiple pieces of evi-
dence support cumulenic structures in the dioxidised states (Scheme 6.5). Charac-
teristic attributes are the extreme low field shift of the cyclopentadienylidene
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carbon atoms of more than 300 ppm and a low-energy shift of the C=C stretch of
more than 200cm ™' when compared to the neutrals. Structural comparison be-
tween the neutral and the dioxidised forms of {(°-CsMes)Ru(n>-CsHy)}(pi-
C=C) and of [(n’-CsHs)(dppe)Ru—C=C—(n’-CsMe,)Ru(n>-CsHs] point in the
same direction. In an intuitive and simple manner, the above results are readily
explicable by the preference of 17 valence-electron {ML,} entities toward mono-
anionic ligands and of 16 valence-electron fragments toward neutral two electron
donors. The unsubstituted C,, and, by analogy, the homologous C,,, ligands can
easily accommodate these preferences of the attached metal entities by either
assuming dianionic (oligo)ynediide (|C=C|> and C=(C—C=),_,C>") or neutral
cumulenic =C=C= and =C=(C=C=),_;C= structures, or hybrids be-
tween both, in the odd-electron, mixed-valence states.

Electron removal from metal-capped cumulenylidene chains causes further
bonding changes to bis(carbyne) structures. Berke and coworkers®' have recently
reported rare examples of such redox conversions for the C,-bridged dimanganese
complexes [{(°-CsHsMe)(dmpe)Mn}»(p-Co)I"* (dmpe = Me,PC,H PMe,, n=0,
1, 2). The resonance forms in Scheme 6.6 serve to visualise the redox-induced
bonding changes within the Mn,C, core. The mixed-valence monocation reveals
an intense Raman band at 1564 cm ™" that has been assigned as the vec vibration
of the C, ligand. Ferrocenium oxidation to the dication causes this band to shift
to 1314cm ™', which is indicative of a C—C stretch of a Mn=C—C=Mn array. This
view also agrees with the diamagnetism of the dication. Neutral {(n’-
CsHyMe)(dmpe)Mn},(u-C,) was obtained by Na/Hg reduction and showed no
Raman CC bands. Of note is the observed spin equilibrium. Magnetic meas-
urements reveal that {(n°>-CsHsMe)(dmpe)Mn},(1-Cs) possesses a singlet ground
state with an excited triplet state at just slightly higher energy. The latter is
thermally populated even at 2 K in the solid state but probably only above 183 K
in solution. Crystallographic data are available for every member of this redox
series. The continuous shortening of the MnC and a concomitant lengthening of
the internal CC bonds with an increase in the overall oxidation state support the
proposed bonding changes.

The unsubstituted (“‘naked”) C4 bridge offers an even larger electronic and
structural flexibility when spanning two metal centres and several examples for
redox-induced conversions between butadiynediyl, butatrienylidene and ethy-
nylbis(carbyne) structures have been reported. Particularly instructive ex-
amples come from the work of Bruce ef al.°*® on C4-bridged diruthenium
complexes [{(1°-CsRs)(L,)Ru}»(n-C)]"" (R =H, L, =2PPh; or one PPh; and
one PMes; R=Me, L,=dppm, dppe). Each complex undergoes four con-
secutive, well-separated one-clectron oxidations. The first three waves are
chemically reversible on the voltammetric timescale. All partially oxidised
forms up to the trication level could be generated inside a modified infrared
reflection absorption spectroscopy (IRRAS) or OTTLE cell. Each of these
oxidations caused a shift of ve—c by about 100cm ™' to lower energies as is
shown in Figure 6.8 for the [{(n°-CsHs)(PPhs),Ru}>(n-Co)]"" D% (n/
(n+1)=0—-1, 1-2 and 2—3) series. Of note is the large increase in band
intensity upon the first oxidation. Taken together with the shift, this
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Figure 6.8 IR spectroscopic changes upon the stepwise oxidation of {Cp(PPhs),
Ru},(n-Cy) (3-Ph) from a) the neutral to the monocation, b) the mono-
cation to the dication, and c) the dication to the trication in an IRRAS
cell. Negative peaks indicate consumption of the starting material while
positive peaks apply to the electrogenerated products. Reproduced with
permission from ref. 62.
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absorptivity increase provides clear evidence for large contributions of a
cumulenic structure (Scheme 6.7). Weakening of the internal CC bonds con-
tinues up to the trication level. At —40°C it was even possible to electrogenerate
and IR spectroscopically characterise the tetracations [{(n-CsHs)
(PPh3),Rul>(u-Co)I** and [{(n’-CsHs)(PPh3)(PMes)Ru}y(p-Cy)]**.* This last
oxidation step is accompanied by a marked increase of vc—c by about
300cm ™', from 1627 or 1628 to 1936 or 1928 cm ™', respectively. The tetra-
cations are thus best described by the ethynylbiscarbyne structure (structure
E in Scheme 6.7). Comparisons between the crystallographically determined
structures of [{(n’-CsMes)(dppe)Ru},(n-C4)] and its mono- and dioxidised
forms confirm the conclusions from IR spectroelectrochemistry in showing
successive shortenings of the Ru—C and the internal C*—C? bonds along with a
lengthening of the outer C'—C? and C*—C* bonds. All CC bonds become
virtually identical at the dication state.®> Quantum-chemical calculations on
various models nicely reproduce these experimental findings, especially with
regard to the bond sequence along the Ru—C4—Ru chain. They also indicate an
increasing contribution of the {CpL,Ru} entities to the frontier orbitals as more
electrons are removed. In accordance with the proposed cumulenic and ethy-
nylbis(carbyne) structures, every even-electron system possesses a diamagnetic
ground state. Electronic spectroscopy also revealed the presence of intense ©—
n*-type absorption bands for the di- and trications. The mixed-valence mono-
and trioxidised forms also exhibit sharp and intense intervalence charge-
transfer bands that are typical of strongly coupled Class III systems.®* These
bands are of pivotal importance for assessing the degree of the electronic
coupling between the metal centres as we will discuss in Section 6.2.3.

Very similar findings have been made for C4-bridged complexes of rhenium,
iron, or manganese. For the latter metal, rigid-rod like [{(X)(dmpe),Mn},
(u-C4)]"" have been prepared in three different oxidation levels (n=0, 1, 2;
dmpe = Me,PC,H4PMe,, X=1, CCR, (R=H, SiM€:3).65’67 Interconversions
between the different redox states were achieved by chemical oxidation/
reduction with the ferrocenium ion or cobaltocene or by comproportionation
reactions between the extreme redox states. The iodo complexes have been
structurally characterised in all three oxidation levels while the structures of the
mono- and dications are available for the (trimethylsilyl)ethynyl-substituted
complex. Structural variations within the central {Mn},(u-C4) core closely
resemble those observed for the above diruthenium complexes, that is a diy-
nediyl-type structure in the neutral and a cumulenic butatrienylidene one in the
dioxidised state, while the monocations assume an intermediate position.®® The
rhenium complex {(n>-CsMes)(NO)(PPh;)Re}»(u-C,) has likewise been con-
verted to the dication by chemical oxidation with Ag* while the intermediate
redox state was generated by comproportionation of the neutral and the
dication. Crystallographic and quantum-mechanical investigations are again
indicative of successive interconversions between conjugated {Re}—C=C—
C=C—{Re} and cumulated "{Re}=C=C=C=C={Re}" forms. Raman
spectroscopy revealed a stepwise low-energy shift of the CC stretch from

2056 cm ™" in the neutral to 1990 cm ™! in the monocation and to 1883 cm ™! in
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the dication.®®7® Oxidatively induced transformations between butatrienyli-
dene ((M}=C=C=C=C={M}> and ethynylbis(carbyne) structures {M}=
C—C=C-C={M} have also been reported for the {Tp’(CO),M} (M =Mo, W)
complexes (Tp’ = hydridotris(3,5-dimethylpyrazolyl)borate).”! Again, these
redox transformations were effected by chemical redox agents.

The C,-bridged di-iron complexes {(n>-CsMes)(L,)Fel»(u-Ca) (L, =dppe,
dippe, dippe = "Pr,PC,H,P'Pr,) behave, however, differently in that they form
butadiynediyl-bridged dications upon dioxidation with even stronger C=C
bonds as in the neutral. Evidence comes from the blueshift of ve—c upon
dioxidation.”*”® This is a direct consequence of a distinctly higher metal
character of the occupied frontier levels as is expressed by the dominant con-
tributions of resonance forms I and V in Scheme 6.8. In keeping with a
description as a largely metal-based diradical, the diamagnetic ground and
the paramagnetic triplet states are separated by only a small energy gap.
Replacement of the dppe by the stronger donor ligand dippe even allowed the
highly oxidised trication to be accessed. ESR investigations indicate an unusual
quartet ground state with two unpaired spins on the iron centres and one on the
all-carbon bridge (resonance form VI in Scheme 6.8).”*

Considerably less is known about redox-induced bonding changes in com-
plexes with even longer all-carbon chains. Chemically oxidised [{(n°-
CsMes)(dppe)Fe},(u-C=C—-C=C—-C=C—-C=C)] " displays an average redshift
of the ve—c bands of 200cm ™' when compared to the neutral. Based on this
observation a similar reorganisation of m-electron density as in the Cy4-bridged
analogues and a structure intermediate between a polyacetylenic and a cumu-
lenic form have been proposed.”

Extending the butadiynediyl ligand by inserting aromatic spacers such as
phenylene-1,4-diyl or thiophene-2,5-diyl leads to similar phenomena with
bis(alkynyl) structures in the reduced state and increasing contributions of
cumulenic/quinoidal structures in the oxidised ones. Evidence comes from IR
spectroscopic investigations as well as quantum-chemical calculations on series
of different redox congeners, extending from the neutral to the mono-oxidised "
or di-oxidised states.”” ” Just as is the case for the C,-bridged systems, half-
sandwich iron end groups have a high tendency toward spin localisation on the
metal. This reduces the contribution of the cumulenic resonance forms and
renders the dications ESR active.”” " Meta-connections at the interspersed
phenylene ring lead to a high-spin ground state with a thermally populated
excited low-spin configuration.®**? None of the oxidised forms were, however,
generated by spectroelectrochemical techniques.

Reductively induced alterations from cumulenic to alkynyl resonance struc-
tures have been observed for mononuclear and dinuclear ruthenium allenylidene
complexes. The half-wave potentials for the one-electron reduction of allenyli-
dene complexes [{Ru}=C=C=C(ER,)(R)]" ({Ru}= trans-Cl(L,),Ru; L,=
chelating diphosphine; ER,=NR,, SR, SeR, aryl, alkyl; R’=aryl, alkyl)
strongly depends on the nature of the ER,, substituent. Amino- and aryl-
substituted congeners with reduction potentials of ca. —2.2'V and —1.0 V, respec-
tively, constitute the two extremes within this series.***” These sizable potential
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variations indicate that the allenylidene ligand is strongly involved in the
reduction process. Quantum-chemical calculations agree with this view.*”*
Experimental confirmation comes from IR-, UV-Vis-, and ESR spectro-
electrochemistry. Vibrational spectroscopy has revealed that reduction leads to
distinct bonding changes within the metallacumulene chromophore. Irrespective
of the substituents attached to the terminal carbon atom, reduction causes the
collapse of the strong and intense allenylidene band and the growth of a con-
siderably weaker absorption at 2065 to 2045cm ™", as is typical of the alkynyl
C=C stretch in ruthenium(II) complexes (Figure 6.9(a)). An exception is the
diphenylallenylidene complex trans-Cl(dppm),Ru = C = C = CPh,, which upon
reduction displays a much smaller IR shift from 1930 to 1968 cm ™' along with
an only moderate decrease in band intensity (Figure 6.9(b)).*® This may be due
to a larger confinement of the unpaired spin onto the phenyl substituents. /n-situ
ESR spectroscopy on the electrogenerated neutral radicals has yielded intense
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Figure 6.9 IR spectroelectrochemical reduction of a) rrans-[Cl(dppm),Ru=C=C=
C(SeFc)(C4H,)]" (reproduced with permission from ref. 39 and b) frans-
[Cl(dppm),Ru= C =C=CPh,]*.
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Figure 6.10 ESR spectra of electrogenerated Cl(dppm),Ru=C = C = C(SeFc)(C,H,)’
(left: experimental, right: simulated) and of Cl(dppm),Ru= C = C = CPh,"
(overlay of experimental and simulated spectra).

and richly structured spectra from fluid solutions. This finding strongly supports
reduction on the unsaturated ligands and argues against ruthenium-centred odd-
electron species. The observed coupling patterns show, however, interesting dif-
ferences. When ER,, = NR,.** SR® or SeR,* hyperfine splittings to the phos-
phorus nuclei amount to some 7G. Once a phenyl group is attached to the
terminal carbon atom, the *'P hyperfine splitting decreases to 2.39 G while large
couplings to the ortho and para hydrogens on the phenyl groups are observed
(Figure 6.10).°%%%7 When the reduction of rans-[Cl(dppm),Ru=C=C=
C(Ph)(R)]" was monitored by UV-Vis spectroelectrochemistry, two strong and
sharp bands at around 330 and 350 nm were observed (Figure 6.11), and these
strongly parallel those found in aryl methyl radicals. In the absence of phenyl
substituents no such bands were present. It was also noted that the electronic
spectra of the reduced forms of such allenylidene complexes and those of alkynyl
complexes of ruthenium(II) closely resemble each other.*®**®> The complexes
[TpL,Ru=C=C=C(Ph)R)]" (L,=2 PPh; or dppf, R=Ph or ferrocenyl)*
and dinuclear derivatives [{Ru}=C=C=C(R")—X—(R")C=C=C={Ru}]"
with a connecting conjugated m-spacer give similar results.®”*®

Reduction of diaryl-substituted complexes also gives rise to interesting
chemistry. Trapping the radical formed from cobaltocene reduction of
[Cl(dppe),Ru=C=C=CR,]" with Ph;SnH gives the alkynyl complexes
Cl(dppe),Ru—C=C—-CR,H (R = Me, Ph). When the same sequence was applied
to the “cumulogous™ pentatetraenylidene, regioselective formation of the
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Figure 6.11 Spectroscopic traces during the reduction of trans-[Cl(dppm),Ru=C=
C=CPh,]" in an OTTLE cell.

corresponding substituted butadiynyl derivative Cl(dppe),Ru—(C=C),—CPh,H
was observed.®

Redistribution of m-electron density as a consequence of redox processes is not
restricted to unsubstituted all-carbon chains and their elongated arylene-bridged
congeners. In essence, any conjugated C,R,,, ligand may give rise to such phe-
nomena. Well-documented examples are the dimetallapolyenes M—CR(= CH—
CH),, = CR-M. These are commonly oxidised in two consecutive one-electron
steps to finally give bis(carbenes) "M = CR—(CH = CH),~CR =M" where the
metal centres are bridged by an olefinic ligand with one C = C bond less than in
the starting material. Evidence for such bond reorganisation mainly rests on
X-ray crystallography of different redox congeners and quantum-chemical cal-
culations.®*® Both indicate a shortening of the metal-carbon bonds from typical
single to double bond values as well as a shortening of the inner and lengthening
of the outer CC bonds of the polyenic ligands.®***9%-93¢ §pin distributions in the
intermediate redox states have been probed by ESR spectroscopy and revealed
interesting differences depending on the attached metal entities. In [{(n>-CsH4Me)
(CO)Mn),{p-C(OEH)—CH = CH-C(OE)}] ¥ [{(n’-CsHs)(CO)(PMes)Fe},
(u-C4H]'" and the two diastereoisomers of [{(n°-CsHs)(CO)(PPhs)Fe},
(1-C4H,)]" "% hyperfine coupling to the metal (Mn) and the phosphine P nuclei
exceeds that to the hydrogen atoms on the bridge. The opposite is true for the
radical cation [{(PPh3),(CO)YCHRu}»(u-C4Hy)]'+, where *'P and °*'°'Ru
hyperfine splittings are smaller than those to the bridge protons.’® This is
suggestive of a larger metal contribution to the SOMO in the 3d metal complexes.
Additional support comes from IR spectroscopy. Owing to the synergistic nature
of the metal-carbonyl bond, CO band shifts provide a highly sensitive measure
of the electron density at a metal atom. In the ruthenium complexes
{(PPh3),(CO)(CI)(L)Ru}»(u-C4Hy) the overall CO band shift upon dioxidation



170 Chapter 6

a)
PPh, COOEt
oy Y o IOy
A H Ru’
0.35 7 \CI
prp H.  ,C=C_ Pph,
0.30 c. | .wC=C, H
;’Ru\ H
0.25 @ | Yco
0.20 EtO0C Ph:P

v
0

0.15
0.10
0.05

0.00

1950 1900 1850 1800 1750 1700 1650 1600
vincm’

0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00 +

2000 1950 1900 1850 1800 1750 1700
vincm”

Figure 6.12 IR spectroelectrochemistry on {(PPhs),(CO)(CI)(4-EtCOOpy)Ru},(u-
C4H,); a) first oxidation and b) second oxidation.

(ca. 55ecm™")?® is considerably smaller than those for the C4R4-bridged di-iron
(ca. 100cm™") and dimanganese (ca. 90cm™") derivatives. Only the ruthenium
complexes were investigated by means of spectroelectrochemistry. IR traces
acquired during the stepwise oxidation of {(PPhs),(CO)(CIl)(4-EtCOOpy)
Ru},(u-C4Hy) to the mono- and dication are displayed in Figure 6.12. In that
specific example, the isonicotinate ester band provides an additional spectro-
scopic label for monitoring the oxidation-induced electron density changes
on the metal. The di-iron complex [{(CsMes)(dppe)Fe},(u-C(OEt)CHCH
(OEt)C) is unique among this series in that it displays a spin equilibrium bet-
ween the antiferromagnetically coupled singlet and thermally excited, ferro-
magnetically coupled triplet forms with a larger energy gap between these
states in solution.”’ This state ordering is opposite that for the Cg-bridged
derivatives.
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Scheme 6.9 Redox-induced bonding range in a vinyl bridges bis(ruthenocene).

The terminal olefinic carbon atoms may also be part of a metallocenyl
cyclopentadienyl ring, and redox-induced interconversions between neutral
bis(ruthenocenyl)oligoenes and dicationic (cyclopentadienyl)pentafulva-oli-
goene diruthenium complexes have been reported (see Scheme 6.9).””%? X-Ray
crystallography on the oxidised dications clearly shows a bending of the ful-
valenic carbon atoms toward the metal, thus allowing for significant contacts to
the ruthenium atom. There is also substantial shortening of the CsH4~C and
the former C—C bonds as well as elongation of the former olefinic C = C bonds
upon oxidation. Further support for fulvalenepentadiene-type substructures in
the oxidised forms comes from NMR spectroscopy and from quantum-
chemical calculations.”® A combination of bulk electrolysis and Raman spec-
troscopy provided yet another convincing piece of evidence for reorgani-
sation of the m-electron density within the polyolefin ligand. Upon oxidation,
the original C =C band at 1641 cm ™! is gradually replaced by a new, stronger
band at 1540 cm~'. These changes are completely reversed during reduction
(see Figure 6.13).” Bis(ferrocenyl)polyenes'**'%! behave quite differently. The
largely metal-centred nature of the oxidation process renders these systems
diradicals with 17 valence electron ferrocenium sites such that oxidation does
not involve reorganisation of the m-system.'%?

Redox-induced changes of the bonding sequence may also affect conjugation
between individual subunits. Examples are dyads of ferrocenylethynyl (FcC=C)
and acridine, acridone or anthraquinone units as were described by Robinson
and coworkers.!® Due to a symmetry mismatch between the FcC=C substi-
tuent and the polycylic arene there is little conjugation between them in the
parent state. Optical spectra are thus simply the sum of the absorptions charac-
teristic of their individual FcC=C and arene constituents without any
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Figure 6.13 Evolution of Raman spectra during the bulk oxidation of E- (CsMes)Ru
(CsH4~CH = CH-CsH4)Ru(CsMes) (upper trace) and upon back-
reduction (lower trace). Reproduced with permission from ref. 98.

additional charge-transfer band. Likewise, vc—c of the FcC=C entity is essen-
tially unperturbed by the attached fluorophore. Oxidation was performed in an
OTTLE cell and established the appearance of low-energy bands that were as-
signed as involving a charge transfer from the organic dye to the oxidised
FcC=C" site. A redshift of this band with an increasing donor capacity of the
attached arene and a large negative solvatochromism are consistent with this
view. Increased conjugation in the oxidised state as expressed by cumulenic
resonance forms also has a strong bearing on the luminescence of these dyads,
and this aspect will be discussed in Section 6.2.4. Despite irreversible reduction
waves in cyclic voltammetry, weak ESR signals of the reduced forms could be
recorded on samples that were generated by in-situ electrolysis at low tempera-
ture. The g values and hyperfine splittings are virtually identical to those of the
reduced forms of the respective fluorophore, confirming localisation of the
LUMO on the polyarene.
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6.2.3 Spectroelectrochemistry in the Assessment
of the Electronic Coupling Between Redox Sites

6.2.3.1 General Comments

Much of the work on di- or polymetallic complexes with unsaturated, conju-
gated carbon-rich ligands was motivated by these ligands’ ability to provide
efficient pathways for electronic interactions (often referred to as “‘communi-
cation”) between the redox-active end groups. This makes them interesting
candidates for molecular wires®!%* 1% and, in a broader context, as constitu-
ents of miniaturised devices in the emerging field of molecular electronics.
Shorter-chain oligoynediyl bridges are particularly popular since they combine,
in a highly favourable manner, convenient access routes, efficient electron
delocalisation via two orthogonal w-systems regardless of the torsional angle
between the individual subunits and effective control of the electron-transfer
distance. Oligoenediyl bridges, though less common, may even give superior
performance owing to a better energy match between the metal-based and
bridge orbitals.®**!°> In such highly conjugated systems the differentiation
between redox-active end groups and the bridge becomes somewhat arbitrary,
if not impossible. The underlying reason is that the spacer contributes signifi-
cantly to the frontier orbitals. The spacer thus constitutes an integral part of
the redox orbital that is directly involved in the electron-transfer process,
and there are even cases where the redox processes are dominated by the
nominal bridge.*

The ability of the spacer to transmit electronic information between the
terminal redox sites is often probed by electrochemistry. The parameter of
interest is the splitting of half-wave potentials between consecutive redox
events, AE|,. According to common belief, AE;, increases as electronic
interactions across the bridge get stronger. Some caveats, however, apply.
Redox potentials and their differences depend on a variety of factors other than
an electronic stabilisation of the mixed-valence state and these contributions
often dominate the observed potential splittings.'°” 1% A more direct and un-
ambiguous measure of the extent of electron delocalisation within these systems
is clearly warranted. The rate at which the odd electron is transferred from the
formally reduced to the formally oxidised site in the mixed-valence state is one
such. The intramolecular electron-transfer rate has been probed by various
experimental techniques such as ESR, IR or, if applicable, M&ssbauer spec-
troscopy. Each of these techniques is associated with its own intrinsic time
constant,''” and there are cases where molecules appear completely delocalised
by a slower method (e.g. M&ssbauer or ESR spectroscopy) but valence loca-
lised on the faster vibrational timescale.''"''? Systems where even the fastest
spectroscopic probe cannot distinguish chemically equivalent redox-sites in the
mixed-valence state are termed intrinsically delocalised and assigned as Class
III compounds according to the Robin and Day classification scheme.®* The
other extreme, Class I, is characterised by essentially noninteracting redox sites.
Each individual subunit behaves as it would in a similar mononuclear analogue
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in the respective redox state. In the intermediate regime of Class II the formally
oxidised and reduced forms already acquire some of the properties of the other
redox state. The intramolecular electron-transfer rate is, however, still too low
to render them truly equivalent. Another asset of electronically coupled mixed-
valence compounds is the appearance of a characteristic intervalence charge-
transfer (IVCT) band in the low-energy region of the visible regime or the near-
infrared. The energy, shape, intensity and solvent dependence of this band
allow for a determination of the electronic coupling V4 and of the interaction
parameter «.''> Both are quantitative measures of the degree of electronic
interactions between the bridged sites. All of these methods require the gen-
eration and spectroscopic characterisation of the intermediate mixed-valence
state. Given the main purpose of this contribution we will largely restrict
ourselves to work that actually employed spectroelectrochemistry for that
purpose and less comprehensively cover related work where the mixed-valence
state was assessed by chemical or redox agents or bulk oxidation in a con-
ventional electrolysis cell.

6.2.3.2 Electron Transfer across All-carbon Bridges

Dimetal complexes with unsubstituted all-carbon bridges have been realised for
chain lengths of up to ten acetylenic repeat units.''*''® Within the extensive
series of complexes with redox-active {(1°-CsMes)(NO)(PPh;)Mn} termini,
electrochemical wave splittings prevail right up to the C;s homologue that
spans a length of about 23 A. Although electrochemical wave splittings by
themselves do not necessarily prove the existence of electronic interactions
between the terminal sites, their mere existence over such large distances is
nevertheless remarkable.''*!'3117 To date, [{Cp*(dppe)Fe}»(1-Cs)]" seems to
be the most extended all-carbon-bridged complex to be characterised in the
mixed-valence state.”>”*'> While completely localised on the vibrational
timescale in solution, temperature-dependent valence delocalisation is seen al-
ready on the slower Mdssbauer timescale in the solid state. Any shorter oli-
goynediyl linker produces intrinsically delocalised mixed-valence systems and
exhibits wire-like behaviour, 6!~6363:67.68.70.72.73.118-121

The Cy4-bridged bis(diruthenium) complex {Rus(ap)s}>(n-Cy) (ap =2-anili-
nopyridinate) is quite remarkable in that it generates strongly coupled mixed-
valence species upon oxidation and reduction.'?® Both redox processes were
effected inside an OTTLE cell using spectroelectrochemistry. Figure 6.14
displays the optical and near-IR spectra for both processes along with the
crystallographically determined structure of the neutral. The new absorption
bands in the near-infrared have no counterparts in the oxidised or reduced
forms of related complexes Ru,(ap)s;—(C=C),R containing just one redox-
active diruthenium end group. Class 111 behaviour was deduced from the low
half-widths of these IVCT bands.

The diruthenium complexes [{Cp(PPh;)(L)Ru}»(u-C4)]"* (L =PPhs, PMes)
also form two different mixed-valence states at the mono- (formally Ru"/Ru'"")
and trication (formally Ru'™/Ru'Y) levels.®? Spectroelectrochemistry was again
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Figure 6.14 Spectroelectrochemical traces upon the reduction (a) and oxidation (b) of
{Rurapy}o(p-Cy4). The crystallographically determined structure of the
neutral is also shown (top). Reproduced with permission from ref. 120.

the method of choice to generate and characterise any of the oxidised forms.
Complete valence delocalisation follows from the IR pattern of the all-carbon
bridge (see also Section 6.2.2.2 and Figure 6.8) and the appearance of IVCT
bands with half-widths that are appreciably narrower than those expected for
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Class II systems applying the model of Hush.!'*'?>123 Data analysis points to a
slightly larger intermetal coupling at the trication stage. It is quite interesting to
note that this parallels a contraction along the Ru—C,~Ru axis upon pro-
gressive oxidation as was revealed by quantum-chemical calculations®® and by
X-ray crystallography.®* " UV—Vis—NIR spectroscopic traces recorded during
stepwise oxidation of the bis(triphenylphosphane) diruthenium complex
(L =PPh;) are displayed in Figure 6.15. Cyclic voltammetry also points to the
existence of two different mixed-valence states for [{Cp*(L,)Ru},(n-C4)]""
(Lo=dppm, dppe) (z=1, Ru'/Ru"; n=3, Ru"""/Ru'"),** [{CpRu(dppi)}
W-CoI"" (n=1, Ru"/Ru™; n=3, Ru"/Ru™)"?' and [{(n’-CsMe,H)dm-
pe)Mn}>(p-C,)]" (dmpe = Me,PC,H,PMe,) (n = + 1, Mn""/Mn"", n=—1, Mn"Y/
Mn").®! Only the monocations were, however, investigated in these cases and
they were all found to be intrinsically delocalised.

As was stated above, spectroscopic investigations on the mixed-valence
congeners provide the most conclusive information on the strength of the
electronic interactions across a bridging ligand or a spacer. Given the large
variety of metal-capped all-carbon chains with redox-active termini that have
been generated over the years, it is somewhat surprising that most studies
pertaining to their mixed-valence congeners are limited to the C4-bridged sys-
tems. While the ability of all-carbon chains to function as a molecular wire is
undebatable, it is still difficult to quantify their attenuation factor, i.e. the
distance dependence of the strength of the electronic interactions conveyed by
these ligands™.®!1%%124125 Thjs is because for most series of C,-bridged com-
plexes differing in bridge lengths, VA has been determined for a maximum of
just two members. From the literature data, a moderate decrease of Vap from
0.47 in [{Cp*(dppe)Fe}»(n-C4)] "7 to 0.32 eV in [{Cp*dppe)Fe}»(n-C )]*75 79 can
be deduced. This translates into an attenuation factor of about 0.032 A~'. The
most extensive series of mixed-valence oligoynediyl-bridged complexes re-
ported to date consists of [{Rus(ap)s}ou-(C=C),]” where n=2, 3, 4 and 6
(ap = 2-anilinopyridinate). Based on the crystallographically determined or
estimated Ru—Ru separations across the polyynediyl brldge and the energies of
the IVCT band an attenuation factor y of 0.064 A~ has been estimated (see
also Figure 6.14).'%°

Electronic coupling across oligoynediyl bridges is not restricted to systems
comprising identical redox systems. Due to the inherent differences in ground-
state energies of dissimilar redox sites there is, however, a larger tendency
towards valence localisation onto the easier reduced or oxidised one. Since this
area has just been reviewed,'”® we just mention here recent work on un-
symmetrically substituted Cy4-bridged di-iron or iron/rhenium complexes. Upon
oxidation of [Cp*(CO),Fe—(nu-C4)—Fe(dppe)Cp*] to its monocation the IR

"According to Hush analysis the intermetal coupling is reciprocal to the intramolecular electron-

~ transfer distance between the donor and the acceptor sites, rap.

"“The efficiency of long-distance energy transfer and its gradual decrease with intercomponent
distance is usually described by an exponential decay law of the type Vap = Vy exp (=yRap),
where y is denoted the attenuation factor and Rap is the spatial separation between the redox sites.
In the case of ligand-bridged complexes Rap is set as the distance between the metal centres.
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Figure 6.15 UV-Vis—NIR spectroscopic traces recorded upon the first (a), second
(b) and third (c) oxidation of {(n>-CsHs)(PPhs),Ru}»(1-Cy). Reproduced
with permission from ref. 62.
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carbonyl bands shift on average by merely 28 cm ™', and this shows that the
charge is predominantly localised on the electron-rich {Cp*(dppe)Fe} end
group. Further support comes from the observation that *'P hyperfine coup-
lings in the ESR spectrum are of a similar size as in related mononuclear
CpL,Fe(III) alkynyl complexes.'"” In keeping with this, the electronic coupling
parameter of 0.21 eV as was derived from the NIR IVCT band is considerably
smaller than that of the symmetrically substituted [{Cp*(CO),Fe},(u-Cq)]*
counterpart (0.32eV). Even stronger charge and spin localisation
(Vap=0.19¢V) was reported for the butadiynediyl-bridged iron rhenium
complex [Cp*(dppe)Fe—(p-C4)—Re(NO)(PPh;)Cp*]*.%¢ In all these cases the
mixed-valence forms were generated by chemical oxidation of the homovalent
precursors.

Electron delocalisation has also been observed in the chemically oxidised,
mixed-valence forms of complexes bearing the ferrocenylacetylide ligand,
{M}—C=C-Fc, where {M} is (n°-CsRs)L,Fe (R=H, Me, L,=2 CO; R=H,
L, =2 P(OMe)s, 2 PPhs, dppe, dppm, dmpe or one CO and one PPhs; R =Me,
L, =2 PPhs, dmpe, dppe),**** (n>-CsRs)L,Ru (R = H, L, = 2 PPhs, dppe, dppf;
R=Me, L,=2 PPhs, dppe).’® rrans-Ru(dppm),(—C=CC¢H4R) (R =4-Ph,
4'Ph-C¢Hy-4, 4-Me, 4-NO,) and trans-Ru(dppm),CL>' or rrans-(C¢H4R-
4)Pt(PPhs), (R = OMe, Me, H, Cl, COOMe, COMe).* Similar ruthenocenyl or
tetramethylruthenocenyl acetylide half-sandwich ruthenium complexes have
also been studied.®® It was demonstrated that the tuning of the coligands at the
iron half-sandwich unit allows determination of the primary redox site (ferro-
cenyl vs. the iron half-sandwich one) in the di-iron complexes. This has a strong
bearing on the coupling between them, and primary oxidation at the half-
sandwich site seems to enhance intermetal interactions.** In the complexes (Fc-
C=C—)Ru(dppm), and all-trans (Fc-C=C—),M(PPh3),(L)(CO), where
L =CO, py or P(OMe)s, Ru(Il) -» Fe(III) IVCT transitions are observed at the
mono- and the dioxidised levels.® Increasing the electron density at the ru-
thenium decreases the energy gap between the Fe(I1I)-Ru(II)-Fe(II/III) and the
Fe(ID)-Ru(III)-Fe(II/I1T) states such that the electronic coupling between the
ferrocenium and the ruthenium sites gets stronger. Some hints as to long-range
IVCT between the remote ferrocene and ferrocenium sites across the bis(ethy-
nyl) ruthenium linker were found for mono-oxidised [(Fc-C=C—),Ru(dppm),]"
only, which constitutes the most electron-rich congener within this series.

For (Fc-C=C—),Ru,(DMBAR), (DMBAR =3-substituted dimethylbenzi-
midate, see Chart 6.2) the sequence of redox events seemingly differs from that
of the monoruthenium-bridged relatives.*® Based on the results of Vis—NIR
spectroelectrochemistry, the first oxidation involves the diruthenium amidinate
core while the second and third anodic processes occur at the peripheral fer-
rocenyl sites. The single NIR bands observed at the monocation stages have
thus been ascribed to a Fc— Ru,(I1I/1V) IVCT. For any of these complexes the
second oxidation produces another NIR band at higher energy while leaving
the first one essentially unaltered. This latter band has thus been ascribed as an
Fc—Fc" IVCT across the bis(acetylide) diruthenium connector. Both NIR
bands vanish upon oxidation of the second ferrocenyl group.



Spectroelectrochemical Investigations on Carbon-Rich Organometallic Complexes 179

R
H.C CH |
TN XN Fe
N N 4
CEC—Ru Ru—C=C
|
Fe

R = H, OCH,, OC,H,
Chart 6.2 FcC=C-substituted DMBA diruthenium complexes.

Yip and coworkers'?” have reported interesting cases of interactions between
remote ferrocenyl sites across a triangular diphosphine-bridged array of copper
atoms in [Cus(pu-dppm)s(ps-n'-C=CFc),]*" or a Pt—Pt o-bond in [Pty(p-
dppm)»(—C=CFc),]"."*® Since no IVCT bands are observed in similar complexes
with only one ferrocenylacetylide unit, the ones observed upon chemical oxi-
dation of the bis(ferrocenyl)acetylide complexes were ascribed as arising from an
intramolecular Fe(II) —» Fe(IlI) electron transfer. The Pt—Pt o-bond was found
to be a particularly effective mediator. Cluster expansion to a Pt,Au array such as
in Pty(u-AuX)(u-dppm),(—C=CFc), (X=Cl, Br) forces the ferrocenylethynyl
entities away from a collinear arrangement with each other and the Pt—Pt bond
and shuts down any observable interaction between them.'*® A dramatic dif-
ference in the splitting of the individual redox waves of the FcC=C subunits has
also been observed for trans-Ru(dppm),(C=CFc), and cis-Ru(dppm),(p-n'n?
CECFC)2Cu1.23 It is, however, difficult to disseminate between the effects of
comparing two different isomers and copper coordination to the alkynyl ligands.
The latter event withdraws electron density from the m-system and may thus
additionally contribute to lessening the electronic interactions between the two
C=C-Fc sites. There is also an interesting case of a trans-bis(acetylide) metal
unit serving as an electronic coupler between terminal organic (triaryl)amine-
based redox systems.'? In this instance, the frans-Pt(PEts),(—C=C—), moiety
was found to be slightly less efficient as a coupling unit than the 1,4-phenylene
spacer.

6.2.3.3 Oligoenediyl-bridged Complexes

Though less numerous than the oligoynediyl-bridged systems, several examples
of oligoenediyl-bridged dinuclear complexes have been reported, most notably
for the group 8 metals. The most extensive series derives from {Ru(PRj),
(CO)(CI)L)} or {Ru(PR3),(CO)(L»)} end groups, where L denotes a neutral
two-clectron donor (mostly a substituted pyridine) and L, a monoanionic
chelate ligand. Within this series, spacer lengths of four, six, and eight CH-units
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have been realised. Electrochemical studies show that the splitting of the in-
dividual redox waves gradually decreases with increasing chain length with a
still sizable splitting even for the octatetraenediyl congener. This has been taken
as an indication for strong intermetal coupling across the unsaturated
bridge."**"*? In depth studies to support such a notion have, however, been
restricted to the shorter-chain butadienediyl-bridged di-iron and diruthenium
congeners [{(n>-CsRs)(LL")Fe},(i-CH=CH—-CH=CH)] (R=H, LL' =
dppm, dppe, L=CO, L'=PPh;, PMe;; R=Me, LL'=dppm)°****
[Cp*(dppm)Fe}a{p-C(OMe) = CH-CH = C(OMe)}],”* [{Ru(PR3)»(L)(CO)Cl},
(1-C4Hy)] (R=Ph, L=none, R=Et, L=PEt;) and [{Ru(PPh;),(CO)
CI(NCsH4COOEt-4)},(n-C4H4)].”® IR spectra of the mixed-valence monoca-
tions of the carbonyl containing [{Cp(CO)(PPh;)Fe},(u1-CH=CH-
CH=CH)]" and [mer-{(PEt;);Ru(CO)(Cl)}»(u-CH = CH—CH = CH)]" com-
plexes provide clear evidence for complete valence delocalisation. There is just
one CO band as in the neutrals, and the CO band energy in the mixed-valence
state resembles the average of veo observed for the neutrals and the dications.””
This is also true for the isonicotinate ester bands of [{Ru(PPhjs),(-
CO)CI(NCsH4COOEt-4)},(u-C4H,)] and shifts of 11 cm™! were observed for
each consecutive oxidation step.”® For the ruthenium complexes the stepwise
oxidations were followed by spectroelectrochemical techniques, and this
allowed even for the spectroscopic detection of the rather labile dications. Of
note is the significant increase of the CO bandwidths for [{Ru(PPhs),
(COXCl}y(p-C4Hy)]" and  [{Ru(PPh3)y(CO)CI(NCsH4,COOEL-4)}5(n-C4Hy)]
(see Figure 6.12). The latter possibly results from exchange broadening, i.e.
intramolecular electron transfer occurring at a comparable timescale as the
molecular vibration.'**'** Several of the mono-oxidised forms of the buta-
dienediyl-bridged dimetal complexes gave well-resolved ESR spectra with
couplings to two sets of two identical CH protons each and the appropriate
number of equivalent phosphorus nuclei on the metals. All butadienediyl-
bridged dimetal complexes examined thus far produce mono-oxidised forms
that are fully delocalised on the ESR timescale. This makes the
—CH=CH-CH =CH- an as efficient electronic coupler as is its more un-
saturated butadiynediyl counterpart, despite the larger conformational re-
quirements for efficient coupling such as a coplanar arrangement of the
individual subunits.”* Large Vsp values in the range of 0.5 to about 0.85 were
derived from the positions and intensities of the IVCT bands in the low-energy
region of the visible or the near-IR and support this notion.”>*® We have al-
ready pointed out that the iron- and ruthenium-based butadienediyl complexes
differ insofar that in the ruthenium systems the bridge contributes considerably
more to the redox orbitals and even dominates the HOMO and HOMO-1
levels. Consistent with this view is the finding that hyperfine splittings of the
unpaired spin of the phosphine ligands” *'P nuclei are twice as large for the iron
complexes as for the ruthenium ones. It remains, however, to be explored how
the more extended oligoenediyl ligands compare to their oligoynediyl counter-
parts as far as charge and spin delocalisation in odd-electron states are
concerned.
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Reference should also be paid to Launay’s pivoting series of oligoene-bridged
diferrocenes Fc—(CH = CH),,—Fc, where n ranges from 1 to 6.'% Careful redox
titrations coupled with periodical spectra sampling provided the optical/NIR
traces of all mixed-valence congeners within this series. This is despite only
small comproportionation constants that even reach the statistical limit for the
more extended analogues. Adherence to an exponential decay law with a
comparatively small attenuation factor of 0.087 Al (or rather of 0.054 A~ for
the shorter congeners with up to three conjugated double bonds and of 0.113
A~ for the higher homologues) was observed. This finding places polyenediyl
bridges amongst the most efficient electronic couplers.

6.2.3.4 Arylene—Ethynylene and Arylene—Vinylene Spacers

A popular method in order to access “rigid-rod” complexes with more extended
bridges spanning the metal sites is to insert arylene units into the bridging
oligoynediyl or, less commonly, the oligoenediyl ligand. Several arylene-
ethynylene-bridged complexes have been synthesised and investigated with
respect to the degree of the intermetal electronic coupling conveyed by these
linkers. Even more extensive are the series of complexes with arylene-ethynylene
or arylene-vinylene spacers inserted into the backbone of ligands such as
pyridine, bipyridine, terpyridine or phthalocyanine, but they are not considered
here because of the lack of a direct metal-carbon bond. The reader who is
interested in that topic may refer to authoritative reviews available in the litera-
ture.! In the case of arylene-ethynylene- or arylene-vinylene-type spacers
additional complexity arises from the different topologies that are possible with
these architectures. From simple considerations one may infer that the coupling
is more efficient with ortho and para linkages than with the meta one, and there
are numerous examples to support such a notion, particularly from Lapinte’s
group.?>’”#2 Theoretical analysis has led to topological quantum-interference
rules that provide a rationale for these effects.'*> Thus, the mixed-valence cat-
ions of the meta-diethynylbenzene-bridged [{Cp*(dppe)Fel},{(u-C=C),CcHy-
1,3)]" and [{Cp*Fe(dppe)}s{(u-C=C);CcH-1,3,5)1"" (n=1, 2) display two dif-
ferent C=C stretches in the infrared. The higher-energy absorption is typical of
a largely localised Fe(II)-arylethynyl site while the one at lower energy corres-
ponds to a localised Fe(III) unit. Slight deviations of the band energies from
those of the corresponding homovalent forms have been ascribed to weak
interactions between the iron sites and some degree of charge and spin de-
localisation onto the central phenylene ring. Further studies have shown that
localised valencies still exist on the slower Mossbauer and ESR timescales.
Analysis of the broad, weak IVCT bands observed in the near-infrared provided
coupling parameters in the range of 71 to 161cm ™" (0.009 to 0.02eV) that are
typical of weakly coupled class II mixed-valence systems.®? In contrast, the
mono-oxidised form of the para-diethynylphenylene isomer, [{Cp*(dppe)-
Fe),{(n-C=C),C¢H4-1,4}]", is seemingly situated at the borderline of a com-
pletely delocalised (class IIT) and strongly coupled, yet valence-trapped class I1
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system according to Méssbauer and ESR studies.”® Curiously enough, the
simultaneous existence of valence-trapped and valence-detrapped forms is
seen for crystalline samples on the Mdssbauer timescale with some bias toward
the valence-trapped form as the temperature decreases. This parallels the
behaviour of the corresponding octatetraynediyl congener.”” A strong bias to
valence delocalisation in solution seems to be a more general phenomenon.®'

Replacing the phenylene by a thiophene-2,5-diyl entity enhances the elec-
tronic coupling such that the mixed-valence radical cation [{Cp*(dppe)Fe},
{(u-C=C),C4H,S-2,5}]" appears fully delocalised even at 4K in Mdssbauer
spectroscopy. IR data are, however, less conclusive. The radical cation has a
C=C band at an energy close to the average of the homovalent bis-Fe(II) and
bis-Fe(III) forms, just as expected for complete valence detrapping. In addition,
there is another absorption at an even lower energy than that for the homvalent
bis-Fe(II) form, and this was proposed to arise from the coexistence of a second
form that is represented by the cumulenic structure [Cp*(dppe)Fe™ =
C =C"—C4H,S—C=C—Fe(dppe)Cp*]" where the oxidation has occurred on
the bridge. This complex thus provides another example of a system where
discrimination between metal- and ligand-based redox events is probably
inadequate.” All variously oxidised forms of these bis(iron) complexes were
prepared by means of chemical oxidation, though.

Bis(ethynyl)phenylene (1,3- and 1,4- isomers)-, 2,5-dimethyl-1,4-bis(ethynyl)
phenylene-, 2,5-bis(ethynyl)pyridinylene- and 2,5-bis(ethynyl)thiophenylene-
bridged diruthenium and diosmium complexes containing trans-Cl(dppm)M
end groups provide another interesting series of complexes where the influence
of the conjugated spacer and of the transition metal on the degree of metal—
metal interactions becomes apparent.”® Judged by the IVCT bands observed
for the electrogenerated monocations, a pattern grossly consistent with the
results on the di-iron complexes from above appears. The thiophenyl spacer
allows for more efficient coupling than the 1,4-phenylene, and the pyridinylene
group occupies a position intermediate between the methyl-substituted and the
unsubstituted 1,4-phenylene. No IVCT band at all was observed for the meta
phenylene linker. Couplings for the diruthenium complexes are consistently
larger than those for their osmium counterparts. This has been explained by a
more favourable interaction of the bis(acetylide) donor with a stronger electron
acceptor, i.e. Ru(Ill) as compared to Os(III). Even the stronger coupled dir-
uthenium complexes are, however, more localised than their Cp*(dppe)Fe
based counterparts. Comparison of the voltammetric data of [{Cp(dppf)
Ru},(u-C=C—arene—C=C-)] (arene = 1,4-phenylene, 1,4-naphthalenylene, or
9,10-anthracenylene) and of the NIR absorption bands of their monocations
have revealed an enhancement of the bridge-mediated interactions between the
metal sites with increasing size of the arene m-system.'?! This may be due to a
better energy match of the bridge and the metal-based orbitals as more bridge
n-levels become available. The half-widths of the IVCT bands are appreciably
lower than those expected for a class II systems based on the Hush model. This
led the authors to describe them as situated on the borderline between class 11
and class III systems.
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Chart 6.3 Ru tris(bipy)-complexes with arylene-ethynylene bridged bipy-ligands.

In a similar vein, Launay and coworkers'*® have compared metal-metal
interactions between two {Ru(bpy),(pp-)} groups, where pp- denote cyclome-
talated 2-phenylpyridine ligands that connect to a —C=C-X-C=C— spacer via
their 4-positions (see Chart 6.3). Within the series X =none, 1,4-phenylene, 2,5-
thiophenylene and 9,10-anthracenylene, insertion of the first two aromatic
spacers was found to decrease the intermetal coupling significantly below that
of the butadiynediyl complex. Here, the thiophenylene and phenylene bridges
gave almost identical results. The remarkably enhanced interaction via the
anthracenylene unit was attributed to a more favourable energy match between
the lower-lying bridge and the higher-lying metal orbitals. In this instance,
electrochemical generation of oxidised samples and spectra acquisition were
performed in a discontinuous manner, that is by removing small aliquots for
spectra sampling from the electrolysis cell at certain stages and returning them
into the cell after recording the spectra.

As we have already pointed out in Section 6.2.1, divinylphenylene-bridged
diruthenium complexes [{Ru(CO)CI(PR;);L}(u-CH =CH-C¢H4-CH = CH)]
(R = Ph, L= 4-EtOOCC5H4N, 4-MGC5H4N, 4-OMCC5H4N, L= lPr,
L =none) present unique cases of a situation where the anodic redox processes
are not only influenced but dominated by the bridge.*® Despite a splitting of the
individual oxidation waves by some 250 to 350 mV, none of the PPhs-substi-
tuted complexes displayed any observable IVCT band in the near-infrared or
the infrared. Instead, a low-energy structured transition due to the oxidised
form of the bridge occurred which closely resembles a characteristic absorption
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reported for the purely organic analogues. It remains to be explored whether
similar 1,3,5-trivinylphenylene triruthenium- or 1-ethynyl-3,5-divinylpheny-
lene-bridged diosmium complexes'®’ display similar behaviour. This also ap-
plies to phenylene-bridged diruthenium cyclopropenyl complexes where each
ethylene group is part of a cyclopropenyl ring.'*®

6.2.3.5 Dimetal Complexes Bridged by Highly Unsaturated
C,R,, (m<n) Cumulenic or Cumulene Arylene Linkers

As we have noted in a previous section of this chapter, cumulenic resonance
forms present one extreme description for dimetal complexes linked by all
carbon bridges. They are frequently encountered in some oxidation state
(mostly the dioxidised one) and also contribute to intermediate ones between
the purely cumulenic and oligoynediyl or the cumulenic- and the alkynyl-
bridged dicarbyne forms (see Schemes 6.6—6.8). Purely cumulenic wires are
encountered in a,m-di- or -tetraferrocenyl substituted cumulenes, but no evi-
dence other than a splitting of the ferrocenyl-based redox waves has been
presented to support the presence of electronic interactions between the fer-
rocenyl end groups across the cumulenic ligands. Based on the results of ex-
perimental'***'* and quantum-chemical studies'*' a splitting of the individual
redox waves prevails up to the 1,6-diferrocenyl-1,6-diphenyl[5]cumulene where
the redox-active end groups are separated by a chain of six cumulated carbon
atoms. Quantum-chemical studies pose a conjugation length limit of about 16
A before the breakdown of electronic interactions occurs. This compares
favourably to other classes of organic conjugated linkers such as oligoynediyl
or oligoenediyl chains.®'%®

Dimetal complexes bridged by an odd-numbered all-carbon chain present
another interesting class of compounds. Depending on the identity of the metal
units, the all-carbon ligand preferably assumes oligoynylcarbyne (i.e.
{M}=C—(C=C),—{M’}) or cumulenic (i.e. {M}=C=(C=C),={M’}) reson-
ance structures. There is ample precedence for both forms. Dominant contri-
butions of the cumulenic structures were proposed for the Cs- or Cs-bridged
manganese/rhenium complexes [Cp*(NO)(PPh;)Re = C =(C =C),,=Mn(CO),
(M>-CsCls_ H)] (n=1, c=1, 4 or 5; n=2, ¢ =0),'** the iron/rhenium complex
[Cp*(NO)(PPh;)Re = C =C = C =Fe(CO),]",'"* and the molybdenum/tung-
sten derivative [Tp/(CO),Mo=C=C=C=W(C0),Tp']*~ (Tp’ = hydridotris
(3,5-dimethylpyrazolyl)borate).'** In contrast, the tricarbido complexes [Tp’
(CO),M=C—C=C—-M'(0),Tp'] M =Mo, M'=W or M=W, M'=Mo),'"
[Cp*(NO)(PPh;)Re—C=C—C=W(O'Bu);]'** and rrans-[Tp'(CO),W=C—C=
C—M(CO)(PPh3),] (M =1Ir, Rh), all-trans-[{Tp'(CO),W=C—C=C—},1r(PPh;),
H(CO)], as well as heterodimetal ruthenium/molybdenum or ruthenium/tung-
sten complexes of the type trans-{(CO)(H)(PPh;),(L")Ru}—C=C—-C={M’'}
(L’ = 3,5-dimethylpyrazole, CO, PPhs;, 2,4,6-Me;C¢H,NC) adopt ethynyl
carbyne structures.'*'*” Quantum-chemical calculations have aided in ratio-
nalising the experimental findings. They predict symmetrical cumulenic
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structures when {M} and {M’} are electronically similar, but polarised, un-
symmetrical ones when {M} and {M'} differ from each other with an increasing
bias toward the alkynyl carbyne resonance forms as the electronic disparity
increases.'**!* While calculations and experimental data for the ground-state
forms of electronically more balanced representatives suggest sizable metal—
metal interactions,'® there seemingly have been no attempts to directly probe
for such effects in their partially oxidised mixed-valence states.

The same holds for the vast majority of dinuclear complexes with various
types of linear'* "> or cyclic!*®'%* C,R,, ligands (m<n), where the un-
saturated ligands constitute partially hydrogenated forms of all-carbon chains.
Notable exceptions are oligonuclear allenylidene complexes where the
individual M = C =C = CR; subunits radiate from a common central arylene
unit?’*%1%* or are interconnected by an ethynediyl spacer.’” Owing to the
mainly ligand-centred reductions but metal-centred oxidations of allenylidene
complexes,’” ¥ % two different kinds of mixed-valence systems may be ex-
pected to arise from such architectures. In fact, large redox splitting has been
observed for the stepwise reduction®”%%1%* and oxidation®® processes. This has
been substantiated by recent spectroelectrochemical studies on the mono-
oxidised and monoreduced forms of a bianthracenylidene-bridged diruth-
enium bis(allenylidene) complex. UV—Vis—NIR spectroscopic traces acquired
during the gradual reduction and oxidation of this complex are depicted in
Figure 6.16, along with the basic structure of this complex. Given the fact that
the half-widths of the IVCT bands are much lower than those predicted by
Hush theory for moderately coupled Class II systems, both mixed-valence
forms appear to be highly delocalised.®™ ESR spectra recorded on frozen glasses
of the singly reduced monocation show a distinct rhombic splitting of the g-
tensor and thus a detectable contribution of the metal to the spin-bearing or-
bital. The mono-oxidised trication is, however, ESR silent under these con-
ditions in accord with an appreciably higher Ru(III) character. Sizable redox
splittings for the individual ligand-centred reduction waves have also been
observed for similar arylene-bridged dinuclear allenylidene complexes
(arylene = 1,4- or 1,3-phenylene, 2,5-thiophenylene, 2,2’-bithiophenyl-5,5'-ene
or 2,2',2"-terthiophenyl-5,5""-ene) (Chart 6.4).®” The authors also report on
large anodic shifts of both reduction potentials with respect to the corres-
ponding monoruthenium complexes in all cases except for the largely insulating
1,3-phenylene linker. Such potential shifts seem to constitute another indication
of the presence of electronic interactions across the carbon-rich bridging ligand.
Spectroscopy on the chemically generated monoreduced form of the 1,4-phe-
nylene-bridged congener provides additional evidence for electron delocalisa-
tion over both ruthenium allenylidene constituents.

Mixed allenylidene ethynyl and allenylidene butenynyl ligands are present in
the CsH-bridged diruthenium, diosmium and diiron complexes [{(n’-CsRs)
LoM},(u-C=C=CH-C=C-)]" (R=Me, L,=dppe, M=Ru; R=H, L,=2
PPh;, M =Ru, Os; R=H, L, =dppe, M = Fe)'*1°¢ and the vinylogous C;R-
bridged diruthenium complexes trans-[{Cl(dppe),Ru},(u-C=C=C(CHj3)—
CR =CR’'—C=C-)]" (R=H, R’ =Me, Ph; R =Me, R’ =Ph).'® The splitting
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Figure 6.16 UV-Vis—NIR spectroscopic traces recorded during stepwise reduction, a) and
oxidation, b) of frans-[{Cl(dppe),Ru= C = C = C},(bianthracenylene)]*".
Adapted with permission from ref. 88.
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Chart 6.4 Arylene-bridged bis(allenylidene)ruthenium complexes.

of the oxidation waves exceeds 650 mV in each case and points to complete
electron delocalisation at the mono-oxidised mixed-valence state. No experi-
mental data on the mono-oxidised forms are, however, presently available.

An interesting case of charge and spin delocalisation over two allenylidene
chains has been reported for the monoreduced form of the unique mono-
ruthenium bis(allenylidene) complex [(Ph,C =C = C = ),Ru(dppe)-]**.'® Spin
delocalisation follows from the observation of an ESR quintet that arises from
coupling of the unpaired spin to the four equivalent phosphorus nuclei of the
diphosphine ligands. Charge delocalisation is indicated by the presence of just
one single broad absorption for the unsaturated carbon-rich ligands in the IR.
Quantum-chemical calculations support the view that the unpaired spin mainly
resides on the odd-numbered carbon atoms with an almost equal spin distri-
bution over both allenylidene chains and a sizable lowering of the IR frequency
following reduction.

Comparatively little work has been done on complexes with highly unsaturated
linear C,H,,, bridges composed of alternating ethynyl/ethenyl or carbyne/ethenyl
bridges. Examples are hex-3-ene-1,5-diyne-1,6-diyl-bridged complexes {Ru,(ap)4}>
(u-C=C—C(CH,0Si'BuMe,) = C(CH,0Si'BuMe,)—C=C—) (ap = 2-anilinopyr-
idinate)'®” and Tp/(C0O),M=C—CH = CH-C=M(CO0),Tp’."®® In both cases the
presence of some interactions between the metal-based redox sites was concluded
from a splitting of the individual redox waves but nothing more has been done to
test this assumption by investigating their partially oxidised and reduced forms.

The work summarised in this chapter gives an overview of the various forms
of highly unsaturated linear or cyclic hydrocarbon bridges C,H,, (n<m) that
have been utilised in connecting redox-active transition-metal moieties. We
wish to emphasise how important it is to not just rely on electrochemical data
for evaluating the degree of electronic interactions across these bridges and how
misleading such a notion can be. In fact, there are cases of complete
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delocalisation despite small redox splitting, and vice versa,'®® while another

study demonstrated the impressive effects on ion pairing on the redox poten-
tials.'” Any conclusion with regard to the actual strength of the intervalence
coupling thus calls for detailed investigations of the mixed-valence forms.
To these ends, spectroelectrochemistry provides a powerful tool in addition
to the more traditional chemical or stepwise coulometric/spectroscopic
approach. More work towards these ends is encouraged in order to fully
explore the potential of highly unsaturated hydrocarbons as constituents of
conducting ‘“‘wires’.

6.2.4 Spectroelectrochemistry in the Switching
of Molecular Properties

One major impetus for the synthesis of carbon-rich organometallics with ever-
higher degrees of sophistication arises from their fascinating molecular properties,
and these have been met with considerable interest from materials sciences.'”
This pertains, for example, to the fields of nonlinear optics,'”" '™ lumine-
scence,' 17517 and, as we discussed in the previous section, the emerging field of
molecular electronics. In this context it is important that the actual performance
of an organometallic compound for any of these purposes may dramatically
depend on its oxidation state. The ability to reversibly switch between “ON" and
“OFF” states and to exert control over the magnitude of such a molecular
property'®® may constitute a decisive advantage of redox-active organometallic
systems over their frequently easier-to-synthesise organic competitors. To dem-
onstrate this switching effect has thus been the focus of some recent work. Again,
spectroelectrochemistry has been of great utility toward these ends.

Some accounts on the redox-induced switching of hyperpolarisabilities util-
ised penta-ammine ruthenium complexes bearing substituted 4,4’-bipyri-
dinium coligands. The intense bipyridinium—Ru LMCT band at 580 to
636 nm bleaches upon reduction of the metal centre, thus switching off their
quadratic NLO response.'8!8! The oxidation of the ferrocene donor in an
ethenyl-linked ferrocene—nitrothiophene dyad likewise results in a decrease of
the quadratic NLO response by about one order in magnitude.'®* Oxidation-
state-dependent quadratic NLO performance has also been noted by Lapinte
and coworkers'® who compared the complexes Cp*(dppe)Fe—C=CPh,
{Cp*(dppe)Fe—C=C—}y(n-CsHy-1,4),  {Cp*(dppe)Fe—C=C—}a(n-CsHa-1,3),
and {Cp*(dppe)Fe—C=C—}5(u-CgHy-1,3,5) in their various oxidation states.
Redox interconversions were initially brought about by means of chemical
redox agents that severely limit practical applicability. Subsequent work,
however, led to reversible electrochemical switching of the quadratic NLO ef-
fect in an OTTLE cell for the latter dyad.'®® Other examples of redox switching
of NLO effects inside an OTTLE cell originate from the groups of Humphrey,
Heath and coworkers.” Their work is based on the finding that ruthenium
alkynyl complexes are optically transparent in their Ru(II) reduced states but
display significant absorption in the near-IR in their oxidised Ru(III) states.
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The new NIR absorption arises from the promotion of an electron from a
lower-lying filled orbital centred on the terminal donor ligand(s) (CI, alkynyl)
to the newly generated hole in the SOMO, which is of a mixed metal/alkynyl
character. Such LMCT/LLCT transitions are thus only operative when the
oxidised ruthenium moiety acts as an electron acceptor. Mononuclear and
triangular-shaped octopolar alkynyl complexes like frans-[X—Ru(—C=CR)]
(X=Cl, R= Ph or C=C—-C¢H;-4; X =C=CPh, R=C=C—-C¢H4-4) or trans-
{CIRu(dppe),—C=C—-CsHy-4}3(CsH3-1,3,5) display significant two-photon
absorption at the 800 nm laser wavelength in their reduced state. Strong linear
absorption in the oxidised state overrides this effect and causes a change of the
magnitude and of the sign of the cubic hyperpolarisability. Likewise, cubic
NLO is simply turned on when there is no two-photon absorption in the re-
duced state (see Figure 6.17).'%* Later work demonstrated that the NLO
switching itself occurs on a exceedingly rapid timescale (within femtose-
conds)."®! In practise, this rate is, however, limited by the time required to effect
the macroscopic redox transformation.

Other work has demonstrated that it is possible to switch “ON’’ and “OFF”
luminescence by reduction/oxidation,'®*!®” and it has been demonstrated that
such switching is possible inside an OTTLE cell.®* Many alkynyl complexes, es-
pecially those of rhenium,'’®!77-188:15 platinum, ' 1%° copper,' ™ silver'**'7 or
gold'** 2% are highly luminescent from their excited *MLCT or metal perturbed
n* states. This opens up the possibility to significantly influence their emissive
properties by redox processes. An interesting example is found in recent work of
Wong et al®® Unlike other rhenium(I)-alkynyl complexes, heterobimetallic
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Figure 6.17 UV-Vis—NIR spectroelectrochemical traces (top right) upon oxidation of
[{Cl(dppe),Ru-C=C-CcHy-4-}3CsH5-1,3,5] (left); closed and open
aperture Z-scan traces for the complex and its trioxidised form at 800 nm
using 100-fs pulses. Neutral: Closed aperture (squares), open aperture
(circles); trication: closed aperture (triangles), open aperture (diamonds).
Drawn out theoretical curves assume a thin sample approximation.
Adapted with permission from ref. 184.
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bis(alkynyl)-bridged para-[(bpy)(CO);Re—C=C—-CcHy—C=C—Fe(dppe)Cp*] is
found to be nonemissive due to the intramolecular quenching of the emissive
d(Re)— nt *(bpy) *MLCT state by the low-lying MLCT and LF excited states of
the iron moiety. Oxidation of the Fe site removes this quenching pathway and
renders the radical cation of this complex emissive. Similar effects were observed
upon protonation to the corresponding vinylidene [(bpy)(CO);Re—
C=C—-CeH,4—CH = C = Fe(dppe)Cp*] ™.

Ethynyl- or ethenyl-linked ferrocenyl polyarene dyads provide another
interesting series of compounds that underpin the viability of the above concept.
Depending on the nature of the unsaturated linker and that of the arene, fer-
rocene oxidation may either result in an enhancement or quenching of the arene-
based emission.'”***> In ferrocenylethynyl derivatives of 2-acridine, 2,
7-acridine, 2-anthraquinone and 9-N-acridone the organometallic and the arene
entities are electronically decoupled because of a symmetry mismatch between
the ferrocenylethynyl and the arene subunits and small contributions of the
unsaturated linker to the HOMO and the LUMO orbitals. Multiple pieces of
evidence including the results from quantum-chemical studies and from ESR
spectroscopy on the radical anions generated by in-situ electrolysis suggest, that
the LUMOs of these systems reside on the polyarene (see also Section 6.2.1.2).
Emission thus occurs from an excited state that is largely dominated by the
organic fluorophore. Just like in the above rhenium/iron complex this emission
is partially quenched by intramolecular charge transfer from the ferrocenyl
donor. Spectroelectrochemistry with monitoring in the Vis—NIR range revealed
the growth of a new low-energy charge-transfer band accompanying oxidation
of the electroactive ferrocenyl group (Figure 6.18(a)). The oxidised forms of 2-
(ferrocenylethynyl)acridine, (Figure 6.18(b)), ferrocenylethynyl-9-N-acridone,
and of 2-(ferrocenylethynyl)anthraquinone were electrogenerated inside an
OTTLE cell and display redshifted and more intense emissions compared to
their neutral precursors. Rather unexpectedly, ferrocene oxidation decreased the
emission from 2,7-bis(ferrocenylethynyl)acridine (Figure 6.18(c)) and trans- 2-
(ferrocenylethenyl)anthraquinone. Similar lowering of the emission intensity
following ferrocene oxidation was noted for naphthalimides bearing ferroce-
nylalkyl substituents.'®® This effect probably arises from intramolecular
quenching by enhanced association between the charged ferrocinium headgroup
and the imide carboxyl group in the excited charge-transfer state.?’’

Electrochromism is another potentially useful property, and examples of
colour changes or electroswitchable NIR dyes have been presented in previous
sections of this account. Other examples of the redox switching of molecular
properties include host—guest chemistry and reversible ion binding, especially
by ferrocenes with appended multidonor macrocycles. Some relevant work
can be found in references 206,207. The ability of these systems to act as re-
versible ion scavengers mostly relies of a modulation of electrostatic attraction
or repulsion by electron transfer. Although recent work has utilised alkynyl
complexes for pH?® or ion sensing,'?*>%?!% the switching ability by electron
transfer and its visualisation under the conditions of spectroelectrochemistry
remain to be explored.
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a) Effect of ferrocene oxidation inside an OTTLE cell on the Vis—NIR
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ethinyl-acridine (b) and the bis(ferrocenylethinyl)acridine dyads. Re-
produced with permission from ref. 103.
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6.2.5 Spectroelectrochemistry in the Monitoring of Chemical
Reactions Following Electron Transfer

Electron transfer from substrates frequently generates highly reactive species,
and these may be subject to further chemical reactions. So-called EC processes
may well occur at a faster rate than the electrochemical process itself. In such
cases the primary redox congener may just appear as a transient or totally
escape spectroscopic detection, the only new responses being those of the follow
product(s). We emphasise here that the presence of clean isosbestic points
that is commonly quoted as a bona fide confirmation of the chemical stability of
the primarily generated redox congeners does not necessarily preclude such a
scenario. Seemingly ideal behaviour can also result when the chemical follow-
up step is very fast and produces a uniform product. We therefore encourage
probing for overall chemical reversibility by performing a re-electrolysis and
comparing the spectroscopic traces at the beginning of the experiment and after
performing the full redox cycle and to verify conclusions from spectro-
electrochemistry by means of a bulk electrolysis experiment. While spectro-
electrochemistry is mostly used to investigate and characterise the
electrogenerated redox congener, its scope is even wider when the above situ-
ation applies. In fact, spectroelectrochemistry is a powerful tool to monitor
reactions following electron transfer and to identify the product(s) formed
during such processes by virtue of their spectroscopic fingerprints.

The potential of combining electrochemistry and spectroscopic detection
has yet to be fully explored and carbon-rich organometallics may provide a
rewarding testing ground. As a matter of fact, many interesting cases of elec-
tron-transfer-induced coupling or isomerisation reactions of organometallic
radicals derived from complexes with unsaturated hydrocarbon ligands have
been reported over the years. Prominent examples are the homocoupling
of oxidised metal-alkynyl complexes to the corresponding bis(vinylidenes)
owing to delocalisation of the unpaired spin onto the remote P carbon
atom.%37373:120.211217 The radijcal cations derived from neutral alkynyl com-
plexes may also suffer cleavage of the metal-alkynyl bond. The titanocene
complexes Cp/>Ti(—C=C—C=CFc), (Cp’=n>-CsH4R, R=H, SiMes), for
example, are oxidised in an irreversible two electron step. Oxidation is ac-
companied by the release of Fc—(C=C),—Fc, which results from the coupling
of two alkynyl radicals released from the parent dication.?'?

Vinylidene and carbyne complexes also offer a rich chemistry following
electron transfer, and a comprehensive review on that topic is available in the
literature.’’® As an example, oxidation of vinylidene complexes generates
highly reactive radical cations. These may undergo a host of different follow-up
reactions and they are summarised in Scheme 6.10. Possible follow reactions
include dimerisation by direct Cg—Cg homocoupling to dinuclear butanediyli-
dyne complexes {M}"=C—CRH—CRH—-C={M}",”"*!* deprotonation to 17
valence-clectron alkynyl radicals {M}'—C=CR, which subsequently dimerise to
the corresponding bis(vinylidenes) (= 1,3-butadiene-1,4-diylidene derivatives)
{(M}=C=CR-CR=C=C{M}*">*'® and CH-bond homolysis. The latter
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Scheme 6.10 Possible reactions following oxidation of vinylidene complexes.

event generates cationic mononuclear 16 valence-electron alkynyl intermediates
{M}*—C=CR which in turn may dimerise to dicationic 2-butene-1,4-diylidyne
complexes T{M}=C—CR =CR—-C={M}*.>'7 Bis(vinylidenes) of the type
{(M}=C=CR—-RC=C={M} may also be oxidised by two electrons to give
electrophilic ethenyl-bridged dicarbyne complexes {M}"=C—-CR=CR-
C=(M}"*.2"® Berke and coworkers®” have reported on the deprotonation of
[(RC=C)(dmpe),Mn(C=CH)]* to neutral alkynyl radicals and their dimer-
isation to the Cy-bridged {(RC=C)(dmpe),Mn},(u-C=C—-C=C). A sequence
consisting of one-clectron oxidation of alkynyl complexes bearing a propargylic
hydrogen atom, deprotonation and further oxidation of the resulting radical by
one more electron has been established as a synthetical route to cationic alle-
nylidene complexes’’® and ultimately given access to trans-[(dppe),
Ru(=C=C=CPhy)]*", a unique example of a bis(allenylidene) derivative.'®
An intriguing case of the redox-induced coupling of butadiynyl complexes
trans-[Cl(dppe),Ru—C=C—-C=CR (R =H, SiMe;) to the highly delocalised
alkynyl/allenylidene substituted cyclobutenylidene complex trans-[Cl(dppe),
Ru—C=C—{CH=CHCCH,)=C =C=C ={Ru(dppe)-Cl}]* (Scheme 6.11)
has also been reported.'®® The oxidation of the parent alkynyl complex
is thermodynamically unfavourable but becomes feasible through the shift-
ing of the equilibrium by irreversible subsequent processes, here desilylation
in the case of the MejSi-protected alkynyl complex, formal [2+2] cyclo-
addition with another equivalent of the starting complex via the terminal
C,=CsR bonds and finally abstraction of a hydrogen atom from the reaction
medium.

Compared to this plethora of redox-initiated reactions of carbon-rich
complexes, the ones that have been studied by in situ techniques constitute a
vanishing minority with not even a handful of examples in the literature.
The most remarkable study deals with the shifting of the equilibrium bet-
ween alkyne and vinylidene isomers by electron transfer.'> Thus, oxidation of
the vinylidene complex [(n®-C¢Meg)(CO),Cr=C =C(SiMes),] generates a
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Scheme 6.11 Oxidation induced coupling of a butadiynyl ruthenium complex.

short-lived vinylidene cation that rapidly converts to the cationic alkyne com-
plex [(n%-CsMeg)(CO),Cr(n*Me;SiC=CSiMes]" (k;>>k_, in Scheme 6.12).
Reduction of the cationic alkyne isomer initially produces its neutral congener
which in turn backisomerises to the thermodynamically more stable neutral
vinylidene starting complex (k, >> k_, in Scheme 6.12). The rates for the
redox-induced isomerisations in Scheme 6.12 were established by cyclic vol-
tammetry at variable temperature. IR spectroelectrochemistry at low tem-
perature was employed to spectroscopically characterise the neutral alkyne
complex and to determine the rate of the alkyne-to-vinylidene isomerisation at
temperatures where the reaction rate is too small to be determined by elec-
trochemical techniques (Figure 6.19). IR spectroelectrochemistry also served to
probe for the extent and rate of the crossreaction between the neutral alkyne
and the cationic vinylidene complexes to give the cationic alkyne and neutral
vinylidene derivatives (k3 and k_; in Scheme 6.12). The cationic vinylidene
isomer is only present in small equilibrium quantities besides its alkyne isomer,
but appreciably affects the overall isomerisation rate. IR spectroelectro-
chemistry, along with kinetic CV analysis, thus provided a comprehensive data
set from which the thermodynamics of all the reactions involved in this ECEC
square scheme could be established.

Shaw and coworkers'® have studied the anodically induced formation of the
o,n complex [{CpFe(CO),}»(u-n":n*-C=CPh)]* from Cp(CO),Fe—C=CPh by
infrared reflectance spectroelectrochemistry (IRRAS). This process goes along
with the cleavage of the Fe-alkynyl bond and attack of the CpFe(CO),"
electrophile thus formed onto the parent alkynyl complex. Such processes are
commonly dubbed as mother—daughter (or father—son) reactions. The identity
of the electrogenerated product was established by comparing its IR absor-
bances to those of the independently prepared product.

In our laboratories we have studied the reduction of trans-[Cl(dppm),
Ru=C=C=CMePh]" by voltammetric and in-situ techniques.*® The initially
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Scheme 6.12 Redox-induced isomerization of a ruthenium vinylidene and alkyne
complex.
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Figure 6.19 Monitoring of the conversion of electrogenerated [(n°-
CeMeg)(CO)-Cr(n*-Me;SiC=CSiMes)] to the vinylidene isomer [(1n°-
C¢Meg)(CO),Cr = C = C(SiMes),] inside an OTTLE cell. Spectra were
recorded immediately after the electrochemical production at 228 K a)
and after b) 2 min, ¢) 7 min, d) 11 min, ¢) 19 min, f) 22min and g) 25
min at 234 K (reproduced with permission from ref. 15.
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formed neutral radical gives rise to a weak alkynyl band near 2036cm™ ' in

agreement with a large contribution of the alkynyl-type resonance structure
trans-[Cl(dppm),Ru—C=C—C-(Me)(Ph)]. Such resonance structures are fre-
quently proposed and have been experimentally verified for the reduced forms
of cationic allenylidene complexes.’’*® This band is gradually replaced by a new
alkynyl absorption at a slightly higher energy of 2066 cm™~'. Chemical reduction
of the allenylidene complex by cobaltocene produces the same species. This
product has been identified as the butenynyl complex trans-[Cl(dppm),
Ru—C=C—-CPh=CHj] resulting from CH-bond homolysis of the primary
radical. Chemical reduction of more concentrated solutions under NMR
monitoring revealed the simultaneous formation of a chiral complex that was
identified as trans-[Cl(dppm),Ru—C=C—CHMePh], albeit in low quantities.
This second product likely arises from disproportionation of the parent
[Cl(dppm),Ru—C=C—C*(Me)(Ph)]. It thus constitutes the product of a second-
order process that requires fairly high analyte concentrations to be operative.

6.3 Concluding Remarks

With this account it was our aim to demonstrate the utility of spectro-
electrochemistry within the field of carbon-rich organometallics. Such com-
plexes are particularly amenable to such studies since they present characteristic
spectroscopic labels that allow one to monitor the progress of the electrolysis.
Simultaneously, these labels are highly revealing with respect to the charge and
spin distribution in the electrogenerated forms and the alterations of the former
brought about by the electron-transfer event. A spin-off of these characteristics
is that spectroelectrochemistry allows one to address such questions as to the
identity of the redox site associated with each electron-transfer event when
more than just one possible candidate is present. Another application is to
quantify the strengths of electronic interactions between remote redox sites
connected by such bridges. This is an especially important issue since conju-
gated or cumulated hydrocarbon bridges rank amongst the most efficient
electronic coupling units. We have also highlighted how useful this method-
ology is when it comes to monitoring the changes of molecular properties or
functions or the nature or the rates of chemical reactions following electron
transfer. Many of these issues are right at the heart of the current interest in
carbon-rich organometallics. It is thus not difficult to predict that more work
along these lines will appear, especially as spectroelectrochemical equipment is
further disseminated across the scientific community. It is our hope that this
account provides further encouragement toward these ends.

Abbreviations

ap 2-anilinopyridinate

bipy 2,2’-bipyridine

Fc ferrocenyl, (n°-CsHs)(1n’-CsHy)Fe

DDQ 2,3-dichloro-5,6-dicyano-p-benzoquinone
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dippe 1,2-bis(diisopropylphosphanyl)ethane
DMBA dimethylbenzimidate

dmpe 1,2-bis(dimethylphosphanyl)ethane

dppe bis(diphenylphosphanyl)ethane

dppf 1,1’-bis(diphenylphosphanyl)ferrocene
dppm bis(diphenylphosphanyl)methane

IRRAS infrared reflection absorption spectroscopy

4-EtCOOpy isonicotinate, NC,H,C-COOEt-4
4,4'-Me,bipy  4,4'-dimethyl-2,2'-bipyridine

OTTLE optically transparent thin-layer electrolysis
16-TMC 1,5,9,13-tetramethyltetra-azacyclohexadecane
Tp hydridotris(pyrazolyl)borate, HB(pz); ™~

Tp' hydridotris(3,5-dimethylpyrazolyl)borate
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CHAPTER 7

EPR Spectroelectrochemistry

P. R. MURRAY AND L. J. YELLOWLEES

School of Chemistry, University of Edinburgh, The King’s Buildings, West
Mains Road, Edinburgh, EH9 3JJ

7.1 Introduction

The in situ combination of electrochemistry and EPR spectroscopy make for
an ideal partnership since a reversible one-electron-transfer process must result
in either a paramagnetic starting material or product species. It is therefore
surprising that there are considerably fewer examples of the use of EPR
spectroelectrochemistry in the literature compared to its UV—Vis analogue.
This chapter will discuss EPR spectroelectrochemical cells, the experiment itself
and what information can be gained about the system under study. It will not
consider EPR spectra that have been collected as a result of electrogeneration
performed ex situ and the paramagnetic solution then transferred to an EPR
tube. Furthermore, only paramagnetic species in solution will be discussed.

In general, EPR spectroelectrochemical experiments are usually conducted on
species that are diamagnetic in their starting redox state and hence the EPR
signal appears on electrogeneration. Transition-metal coordination compounds
often show rich electrochemical behaviour and it is from this class of compounds
that many of the examples considered here are taken.

EPR spectrochemical experiments yield information about (i) the site of
redox activity in the compound ' (ii) the contribution of various nuclei to the
molecular orbital occupied by the unpaired electron that may then be checked
against the results of theoretical calculations and (iii) the half-wave potentials
of systems where direct measurement is difficult (usually as a result of slow
electron-transfer rates). Examples of each of these have been taken from our
investigations and are detailed below. Initially, however, the cell used in these
experiments is described followed by a review of some other cell designs.

Spectroelectrochemistry
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7.2 Experimental Setup

7.2.1 Design of the In-Situ, Variable-Temperature
EPR Spectroelectrochemical Cell

One of the challenges of combining electrochemical techniques with EPR
spectroscopy is that the solvents most suited to the electrochemical experiment
(e.g. dimethylformamide or acetonitrile) have a high dielectric constant that
makes them less than ideal for study by EPR spectroscopy. This is due to the
fact that the radiation required for EPR spectroscopy lies in the microwave
region. Solvents with high dielectric constants absorb microwaves and thus a
spectrum often cannot be obtained in a cylindrical EPR tube. Such problems
can be overcome by using a flat cell with a small pathlength. An additional
problem lies in the fact that many redox products are not stable at room
temperature. These may be inhibited from decomposing by decreasing the
temperature. Therefore, the ability to be able to generate paramagnetic species
at depressed temperatures is of enormous benefit to these spectroelectro-
chemical experiments. The temperature may be decreased further such that a
frozen glass is obtained and therefore the cell design must also incorporate the
capacity to record both the solution and solid EPR spectra of the same solu-
tion. The EPR cavity used for variable-temperature (VT) work in the X-band is
narrow and thus the flat cell could be no wider than ~4mm. EPR spectro-
electrochemical results are usually run on an X-band spectrometer (9.5 GHz)
and all results given herein are indeed recorded at this field strength.

Thus, the desire was to design a narrow, robust, easily cleaned, flat cell in
which the pathlength is short enough such that microwave absorption is min-
imal. The cell was also required to be spacious enough such that the three
electrodes for electrogeneration could be incorporated.

A schematic of the in-situ variable-temperature spectroelectrochemical EPR
cell used in our laboratory is shown in Figure 7.1.° The quartz flat cell is
purchased from Wilmad and then customised in-house. The Pt/Rh gauze
working electrode is placed in the flat region of the cell with the Ag/AgCl
reference clectrode and Pt counter-clectrode placed as near to the working
electrode as the cell geometry will allow. The connecting Pt wire from the gauze
electrode is sheathed in PTFE tubing so that electrolysis only occurs in the flat
portion of the cell. The total cell volume is 2 ml. The temperature of the flat cell
may be varied by placing it inside the variable-temperature EPR cavity and
passing prechilled N5 gas over its surface. This cell design has been successfully
used over the temperature range 100-350 K.

Variable-temperature work was carried out using a Bruker ER 4111 VT unit.
EPR spectra were recorded on an X-band Bruker ER 200 D spectrometer using
EPR acquisition system version 2.42 software.® All EPR spectra were corrected
for DPPH, g=2.0036£0.0003. EPR solution spectra were simulated using
WIN-EPR Simfonia software’ and frozen glass spectra by the EPR service in
Manchester. Spectroelectrochemical electron-transfer reactions were initiated
using a BAS CV-27 voltammograph potentiostat.



EPR Spectroelectrochemistry 209

Counter

Electrode
Reference

Electrode

Working
Electrode

Figure 7.1 Schematic representation of the in-situ, variable-temperature flat cell for
EPR spectroelectrochemistry.

7.2.2 Other Reported Cell Designs

Hartl and Vlcek® describe a low-temperature, air-tight EPR cell based on a
round-tube design. The Au working electrode has a helical shape with the Pt
counter electrode placed down the middle of the working electrode.” The
electrochemical circuit is completed by a Ag wire pseudoreference electrode. The
small solution volume between the working electrode and the cell wall permits
the use of solvents such as CH3CN. The cell was used to study the one-electron
oxidation of 3,6-diphenyl-1,2-dithiine in CH,Cl, and the radical anions of
6-methyl-6-phenyl fulvene and fac-[Re(Bn)(CO);(dmb)], where Bn=CH,Ph,
dmb = 4,4'-dimethyl-2,2'-bipyridine. Hartl and Vleek used a Pt minigrid
electrode in an EPR tube to study the redox chemistry of [Mn(CO);(DBCat)] ,
DBCat = 3,5-di-terz-butyl catecholate in THF.®

Bond and coworkers'”!" have developed a small-volume (0.2 ml) variable-
temperature EPR spectroelectrochemical cell that enables simultaneous
rapid-scan voltammetry and EPR measurements to be made. The performance
of this cell is compared to that of a flow-through cell designed by Coles and
Compton.'*"* The small-volume cell permits cyclic voltammetric studies at
variable temperatures but has significantly lower sensitivity compared to the
flow-through cell, which is not amenable to low-temperature work.

In 1990 Kaim et al.'* detailed an in-situ two-electrode EPR cell with a Pt tip
working electrode and a Pt wire electrode contained in an EPR tube with an
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internal diameter of 1 mm. Radical species are generated by short electro-
lysis times. Recent uses of this cell include the study of [(acac),Ru(p-bpytz)
Ru(acac)], (acac=acetyacetonate, bpytz=(3,5-dimethylpyrazolyl)-1,2,4,5-
tetrazine) in CHCl, in which the reduction site is confirmed to be the bridging
bpytz ligand.'®> The EPR spectroelectrochemical study of the family of com-
plexes (abpy)Re(CO);(Hal) (Hal=F, Cl, Br, I, abpy=2,2'-azobispyridine)
confirms the one-electron reduction to be primarily localised on the abpy lig-
and.'® However, coupling is observed of the unpaired electron to the halide
ligand when Hal = F, since fluoride has the largest isotropic hyperfine coupling
constant for all the halides.

A laminated platinum-mesh working electrode positioned in an EPR flat cell
combined with a Ag pseudoreference electrode and a Pt counter electrode was
used by Dunsch and coworkers'” for the in-situ study of C;,,0. The same group
also performed simultaneous variable temperature EPR/UV-Vis—NIR experi-
ments on Wurster’s reagent and thianthrene.'®'? Similar cells using laminated
ITO and gold working electrodes have also been reported.”*?!

An EPR microspectroelectrochemical low-temperature cell has been detailed
by Wilgocki and Rybak* with a Pt working electrode and has been used to
characterise the unstable cation [O = Re(OEt)Cly(py),] .

7.3 EPR Spectroelectrochemical Experiment

Figure 7.2 shows the growth of the EPR signal as [Pt(bpy)Cl,], bpy=
2,2'-bipyridine, is reduced by one-electron in DMF/0.1M ["BuyN][BF,] using
the cell shown in Figure 7.1° at 253 K. The diamagnetic [Pt(bpy)Cl,] is EPR-
silent whereas the one-electron reduction product [Pt(bpy)Cl,] is paramagnetic
and responsible for the growth of the signal observed in Figure 7.2. The EPR
signal arises from coupling of the unpaired electron to '*°Pt (I= Y%, natural
abundance 34%). The spectra show several clear isosbestic points that indicate
a clean conversion from the neutral starting material to the monoreduced
paramagnetic product. Further discussion of the spectrum of [Pt(bpy)Cl,] is
given later.

It should be noted here that the temperature at which the spectra are re-
corded can have a dramatic effect on the resolution of the signal. Figure 7.3
shows the EPR spectra of [Pt(4,4’-(NO,),-bpy)CL,]*" generated at —0.75V in
DMF/0.5M ["BuyN][BF,] at several temperatures.”® The signal is significantly
better resolved at 313 K compared to 233 K. As the temperature of the cell is
decreased so the viscosity of the solution is increased, thereby hindering the
tumbling of the paramagnetic species and resulting in loss of signal resolution.
Thus, the variable-temperature facility of the in-situ cell may well enable
reactive intermediates to be generated and stabilised, however, low tempera-
tures do not necessarily lead to well-resolved EPR spectra. It is also often
observed that increasing the temperature of the cell in an attempt to improve
the resolution results in collapse of the EPR signal and loss of resolution as the
redox product decomposes at the elevated temperature. It is therefore necessary
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Figure 7.2 EPR spectroelectrochemical study of one-electron reduction of [Pt(bpy)Cl,]
(Egen=—1.6 V) in DMF/0.1 M ["BusN][BF,] at 253 K.

to record any EPR spectrum at several temperatures in order to obtain the
optimum result.

The chemical integrity of a redox-active solution is easily established
using UV—Vis spectroelectrochemistry since after recording the spectrum of the
reduced or oxidised spectrum the applied potential may be reversed such that
the starting material is reformed. The UV—Vis spectrum should then change
from that of the redox product to that of the starting material, thereby ensuring
that the redox product has not undergone a chemical reaction and that the
recorded spectrum is indeed that species generated as a result of the electron-
transfer process only. Unfortunately, this definitive test is not open to the EPR
spectroelectrochemical experiment. The starting material is usually EPR-silent
as are most decomposition products. It is therefore best practice to firstly carry
out the UV—Vis spectroelectrochemical study and ascertain which temperature
is necessary to stabilise the redox product and then to undertake the EPR
experiment at this temperature.

The choice and concentration of electrolyte can be important in EPR spec-
troelectrochemical experiments. Usually, it is assumed that the electrolyte,
added to lower the resistance of the solvent and hence aid the electrogeneration
process, is inert. This is not always the case, particularly, if the unpaired
electron occupies an orbital that is localised on one part of the redox-active
molecule. Such a situation will lead to a highly polarised redox product that
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Figure 7.3 EPR spectra of [Pt(4,4’-(NO,),-bpy)CL]*" generated at —0.75V in DMF/
0.5M ["BuyN][BF,] at several temperatures.
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Figure 7.4 Experimental and simulated EPR spectra of [C4HsNO,]™ generated in situ
at—1.0V vs. Ag/AgCl at 233 K, recorded at 233K in 0.1 M ["BuyN][BF4]/
CH;CN.

may strongly interact with the electrolyte (and/or the solvent). A good example
of this behaviour is observed for the nitrobenzene anion radical.

Nitrobenzene undergoes a one-electron reversible reduction with a half-wave
potential of —1.00V vs. Ag/AgCl in acetonitrile/0.1 M ["BuyN][BF,4] at 298
K.?*2° The anion radical [C¢HsNO,] was generated in the EPR spectro-
electrochemical cell at 233 K at —1.5 V in CH3CN/0.1 M ["BuyN][BF,]. The
resultant spectrum is shown in Figure 7.4. The experimental spectrum is best
simulated (as shown in Figure 7.4) by a large coupling of the unpaired electron
to the nitrogen of the NO, group (10.56 G) and further couplings to the ring
protons; 3.92G (1H), 3.40G (2H) and 1.07G (2H). The unique proton is
obviously the hydrogen in the para position and it is assumed that the larger of
the two equivalent proton couplings is to the ortho positions with the smallest
coupling observed to the meta protons.”® As expected there is only a small
deviation of g from that of the free electron.

Repeating the experiment in acetonitrile to which no electrolyte had been
added gave a very different EPR spectrum, see Figure 7.5. The EPR spectro-
electrochemical experiment may be conducted in the absence of electrolyte, albeit
on a longer timescale than if electrolyte is present, since the reduced anion can
serve as a charge carrier. We are confident that the EPR spectrum is that of
reduced nitrobenzene since the UV-—Vis results are indistinguishable in the
presence and absence of electrolyte and the parameters required for successful
EPR simulation fit those of nitrobenzene. The EPR simulation of nitrobenzene
radical formed in acetonitrile alone is shown in Figure 7.5. Comparison of
Figure 7.4 and Figure 7.5 shows several similar features but also two important
differences. The g value is the same within experimental error. The hyperfine
couplings to the ring protons are either identical or very similar; 3.80 G vs. 3.92 G
(para), 3.37G vs. 3.40 G (ortho) and 1.08 G vs. 1.07 G (meta). However, the two
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Figure 7.5 Experimental and simulated EPR spectra of [C4HsNO,]' generated in situ
at —1.0V vs. Ag/AgCl at 233K, recorded at 233K in CH3CN (no
electrolyte).

significant differences are the hyperfine coupling values to the nitrogen nucleus
namely 11.60 G in the absence of electrolyte and 10.56 G in 0.1 M ["BusN][BF ],
and the linewidth of the signals 0.15G (no electrolyte) vs. 0.6G (0.1 M
["BugN][BF4]). The very sharp linewidths of the no-electrolyte solution result in
observation of hyperfine couplings to '*C (1% natural abundance) of 9.00 and
5.60 G presumably to the NO, carbon and the para carbon nuclei, respectively.
It is remarkable that the '*N hyperfine coupling constant can be affected by more
than 1 G simply by changing the amount of electrolyte in the solvent.

The large coupling to the "N nucleus suggests that the molecular orbital
occupied by the unpaired reduction electron has a large contribution from the
nitro group, which is as expected for such a strong electron-withdrawing group.
Concentration of the electron density on the nitro group in the monoreduced
species results in an electrostatic interaction between the negatively charged
nitro group and the positively charged tetra butyl ammonium cation, that is, an
ion pair is formed. The interaction with the ["Bu,N]" cation will decrease the
electron density on the nitro group and hence a smaller '*N hyperfine coupling
is observed. Ion pair formation between the reduced NO, group and the
["BugN]"-electrolyte cation has little effect on the other nuclei of the nitro-
benzene anion as evidenced by the minor changes in the coupling constants to
the hydrogen nuclei in the presence and absence of electrolyte.

Altering the electrolyte cation, but leaving the [BF4]” unchanged should af-
fect the strength of the ion pair formed and indeed the '*N hyperfine coupling
constant does vary with electrolyte cation. A smaller cation should form a
tighter ion pair than a larger cation, thus a cation with a large radius should
result in a large "*N coupling (smaller interaction) and conversely a small radius
cation should give rise to a small '*N coupling. Table 7.1 gives coupling
data for the nitrobenzene anion in acetonitrile with 0.1 M concentrations of
tetrapropyl-, tetrabutyl- and tetrahexylammonium cations.>’
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Table 7.1 EPR hyperfine coupling constants for (NO,—C¢Hs) in CH3CN for
various electrolyte cations (0.1 M).

Electrolyte cation av a’ a™ a”
(C3H,)4N* 10.32 3.39 1.09 3.97
(C4Ho)N™" 10.56 3.40 1.07 3.92
(CeH3)4 N 10.90 3.35 1.10 3.86

The EPR spectrum of the nitrobenzene anion radical is also dependent on
the solvent. For example, the coupling constants measured in 0.1M
[C3H;N]CIO4/CH5CN and 0.1M [C3H;N]CIO4/DMF are a™=10.3G vs.
9.70G, a"°=3.39G vs. 3.36G, a"™=1.09G vs. 1.07G and a"?=3.97G vs.
4.03 G.* The largest reported value for the nitrogen coupling constant in the
nitrobenzene anion radical is 13.3 G measured in H,0.”* The EPR coupling
parameters for the nitrobenzene radical anion generated electrochemically in
the presence of electrolyte have been referred to as “free-ion” values.’*' This
study calls into question this assignment since even so-called “inert” electro-
lytes influence the value of the a™ coupling. Most electrogenerated radicals
show little or no dependence on solvent or electrolyte. However, if the site of
reduction is localised then the EPR study should be repeated in different
solvents and electrolytes.

7.4 Uses of EPR Spectroelectrochemistry
7.4.1 Determination of the Site of a Redox Process

The site of redox activity in reducible or oxidisable compounds may be con-
sidered to be primarily based on the metal centre, or on one of the ligands or on
a molecular orbital spanning both the metal and the ligand. Interrogation of
the EPR results can reveal much about the electronic character of the orbital
occupied by the unpaired electron. However, if the redox orbital has a sig-
nificant contribution from the central transition metal then the resultant EPR
signal may be dominated by the contribution from the metal since the isotropic
coupling constant, @y, of most transition metals is larger than that of most
common ligand nuclei. In addition the spin-orbit coupling constant of the
transition metal may be large enough to result in significant broadening of the
EPR signal thereby masking the superhyperfine coupling to ligand nuclei.
The compounds [Pt(4,4’-'Bu,-bpy)L,] (Figure 7.6) undergo reversible
reduction processes at —1.32V (X=H) and —1.08 V (X =NO,).** The cyclic
voltammogram for the Pt complex where X =H is shown in Figure 7.7. The
ligands 4,4’-'Buy-bpy, C,-Ph and C,(C¢Hy4-p-NO») are all redox-active and
therefore the question arises as to where the site of redox activity is located.
EPR spectroelectrochemical study proved definitive in this regard rather than
UV-Vis—NIR spectroelectrochemistry. Figure 7.8(a) gives the experimental
and simulated spectra for [Pt(4,4’-'Bu,-bpy)(C»(Ph)),]” and Figure 7.8(b) shows
the spectra for [Pt(4,4'-"Bu,-bpy)(Co(CsH4-p-NO»)),J* . Note that the spectra in
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Figure 7.6  [Pt(4,4'-"Buy-bpy)(C»(CsHu-p-X))s] (X = H, NO,).
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Figure 7.7 Cyclic voltammogram of [Pt(4,4’-'Buy-bpy)(Ca(ph),] in 0.1 M ["BuyN]
[BE,]/DMF, 290 K.

Figure 7.8(a) contain the whole spectral range of 100 G, whereas the spectra in
Figure 7.8(b) only contain the low field half of the signal.

The spectra of the monoreduced anion [Pt(4,4’-'Bu,-bpy)(C»(Ph)),] may be
simulated using the parameters given in Table 7.2. Thus, the unpaired electron
couples to the Pt nucleus, two equivalent nitrogen nuclei and two equivalent
protons. The spectrum shows a great similarity to the previously reported so-
lution EPR spectrum of [Pt(bpy)(CN),],' ¥ and the coupling constants are in
good agreement. Thus the conclusions reached for [Pt(bpy)(CN),] apply to
[Pt(4,4’-'Bus-bpy)(C»(Ph)),] ; that is, that the unpaired electron in [Pt(4,4’-'Bu,-
bpy)(C»(Ph)),] primarily resides on the coordinated 4,4’-'Bu,-bpy ligand.
Table 7.2 shows that two sets of two equivalent protons are required for a
successful simulation of the spectrum of [Pt(bpy)(CN),], whereas only one set
of two equivalent protons are required for [Pt(4,4’-'Buy-bpy)(C»(Ph)),] . Thus,
one pair of protons in [Pt(bpy)(CN),] must be attributed to 4,4’ positions since



EPR Spectroelectrochemistry 217

Experimental Experimental
(@) (b)

Simulation Simulation

iso = 2.0145

Jiso = 2.004 af=1520G

aPt=21.00 G N —
a=337 G B 5332.0
a2H=2.85G a2H=1.16 G
AHy, =32G AH,,=05G
3410 3510 3420
Magnetic Field/G Magnetic Field/G

Figure 7.8 Solution EPR spectra and simulations for (a) [Pt(4,4’-'Bu,-bpy)(Cx(ph),]
and (b) [Pt(4,4'-'Buy-bpy)(Co(CeHy-p-NO»))l* in 0.1M ["BuyN][BF,]/
DMF.

Table 7.2 Parameters used to model the EPR spectrum of [Pt(4,4'-'Bu,-bpy)
(Ca(Ph))a]",  [Pt(4,4-'Buy-bpy) (Ca(CeHy-p-NO)),I* [I;t(bp}’)
(CN),]" and [Ru(4.4'-"Buy-bpy)(PPh3)y(Ca(CsHy-p-NO)) .

Compound APt/ """ Ru) |G A("N)|G  A('H)|G AH,,
[Pt(4.,4'-'Bu,- 21.0 2x337  2x2.85 3.2
bpy)(Ca(ph))2]
[Pt(4,4'-'Bu,- 15.2 2x9.59  2x3.32 0.5
bpy)(Cy(CsHy-p- 2x1.16
NO,)),*
[Pt(bpy)(CN),] 20.5 2% 3.4 2%2.8
2x3.2
[Ru(4,4'-Bus- 0.53 2%x986  2x3.28 0.45

bpy)(PPh3),(C, 2 x1.05
(CeHyp-(NO»)»))oJ

substitution by 'Bu groups removes coupling to this position. Further studies
indicate that the 5,5’ position has the most significant contribution to the orbital
occupied by the unpaired electron. Therefore, the '*N coupling in [Pt(4,4’-'Bu,-
bpy)(Ca(Ph)),] is assigned to the bpy nitrogens and the 'H coupling to the 5.5
positions on the derivatised bpy ligand and the monoanion can be formulated as
[Pt(I1)(4,4’-"Bu,y-bpy) (C5(Ph)),] . In addition, the similar EPR behaviours of
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[Pt(4,4"-"Bus-bpy)(C»(Ph)),] and [Pt(bpy)(CN),] indicate that the phenylace-
tylide ligands are electronically comparable to the cyanide ligands.

The solution EPR spectrum of [Pt(4.4’-"Bu,-bpy)(Co(CsHy-p-NO,))-]* and
simulated spectrum are shown in Figure 7.8(b) and the simulated parameters are
given in Table 7.2. The two experimental EPR spectra in Figure 7.8 are obvi-
ously very different as are the hyperfine coupling constants given in Table 7.2.
The ligand simulation parameters for [Pt(4,4’-'Buy-bpy)(C»(C¢Ha-p-NO»)),* of
one large "N coupling and two sets of two equivalent protons suggest that the
site of redox activity in this complex is the [Cy(C¢Hy-p-NO,)]™ ligand. Fur-
thermore, the large '*N coupling indicates that the nitro group carries much of
the electron density when the compound is in its reduced state. Note that the di-
anion experimental spectrum is best simulated to a spin- 2 system, that is, there
is no evidence in the EPR spectrum (solution or frozen) of a triplet ground state.
The complex [Pt(4,4-'Bu,-bpy)(C»(CsHy-p-NO»)),]* therefore has a degenerate
pair of LUMOs primarily based on the C¢H4-p-NO, groups that will be ortho-
gonal to each other and are spatially well separated. Thus, the two reduction
electrons are not interacting with each other and the direduced complex can
satisfactorily be modeled using a S= ' system.

Assignment of the coupling to specific nuclei was done using the results of
semiempirical molecular orbital calculations at the PM3 level. These calcula-
tions reveal that the LUMO of [Pt(4,4"-"Bu,-bpy)(C,(CsHy-p-NO»))5] is based
on one [(Co(CsHy4-p-NO»))| ligand and that the spin densities in the carbon 2p,
orbital contributing to the  system (pc") on C. and Cy, Figure 7.6, are 0.130
and 0.055, respectively. Thus the reduction electron is coupling to the Pt nucleus
(15.20G), the N atom of the NO, group (9.59G), two equivalent protons
attached to C, (3.32 G) and two equivalent protons bonded to Cq (1.16 G). The
McConnell equation, eqn (7.1), which relates the hydrogen hyperfine coupling
value to the spin density, pc",>* where Q is a semiempirical parameter of the
order of 24 G* can be used to check the above assignments.

al = Qpc™ (7.1)

Feeding the values obtained above for ¢! and p™ into eqn (7.1) gives values of
QO of 25.5 and 21.1 G for C, and Cy, respectively.

Thus the site of redox activity in [Pt(4,4'-'Bu,-bpy)L »] where L = C»(C¢Hy-p-X)
(X=H or NO,), is critically dependent on X. When X = H, then the derivatised
bpy ligand is reduced, but when X =NO, the redox activity is located on
the organometallic ligand. This is directly attributable to the strong electron-
withdrawing nature of the NO, group compared to H.

The related complex trans,cis-[Ru(4,4’-'Bu,-bpy)(PPh3)»(Cs(CsHy-p-NO»))-]
exhibits a one-electron metal-based oxidation at +0.44 V and a two-electron
reversible reduction at —0.84 V. The experimental and simulated EPR spectra of
the di-reduced species are shown in Figure 7.9%° with hyperfine coupling con-
stants given in Table 7.2. The couplings indicate that the sites of redox activity
in [Ru(4,4'-"Bu,-bpy)(PPhs)»(Co(CsHy-p-NO»)),]* are the non-interacting NO,
containing ligands.
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Figure 7.9 Solution EPR spectra and simulations for [Ru(4,4’-'Buy-bpy)(PPhs),(Cs
(CsHa-p-NO))> in 0.1 M [*BuyN][BF,]/DMF.

The power of in-situ generation of radical species is fully exploited in the
study of a redox series. In such series several redox states can be characterised
from the starting material that undergoes more than one reversible reduction/
oxidation process. The site of redox activity accompanying the stepwise
reductions or oxidations is difficult to probe by means other than in-situ
spectroelectrochemical studies since it is imperative that complete generation of
each of the redox partners is achieved and recorded for successful assignment.
The use of a large surface area working electrode makes accomplishment of
100% electrogeneration of the sequential redox species possible. In addition,
use of a reference electrode such as Ag/AgCl or SCE rather than a pseudo-
reference electrode is preferred so that the exact value of E,,, is known.

The donor—acceptor (diad) molecule 5,10,15,20-[N-benzyl-N'-(4-benzyl-4,4’-
bipyridinium-4-pyridyl)]-triphenylporphyrin tris(hexafluorophosphate, Figure 7.10,
comprises a porphyrin ring (donor) covalently attached to a dibenzylviologen
unit (acceptor). The diad has a one-electron reduction at —0.30V followed by
two closely spaced one-electron reductions centred at —0.78V in CH3;CN/
0.1 M["BuyN][BE,4].%

EPR spectroelectrochemistry at 233K elucidated which centres on the
molecule were reduced. Reduction at —0.61V results in the EPR spectrum
shown in Figure 7.11(a) that is best simulated by coupling of the unpaired
electron to three equivalent nitrogens (a(N)=4.08 G) and two sets of six
equivalent protons (a(H)=1.41, 1.00 G). Consideration of the structure of the
diad in Figure 7.10 suggests that the redox site at —0.30 V be attributed to the
acceptor part of the molecule that has three equivalent nitrogen sites. It is likely
that six H couplings observed in the EPR spectrum are due to methylene
protons (2 per nitrogen) and six are aromatic protons (again 2 per nitrogen)
adjacent to N™.

On application of a potential of —1.40 V the EPR signal decays as the system
becomes diamagnetic. Thus, the second reduction electron probably enters the
same orbital as the first on the acceptor part of the compound. A new signal
subsequently develops as a third electron is added to the molecule, see
Figure 7.11(b). The third electron enters a molecular orbital linked to the
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Figure 7.10 Structure of 5,10,15,20-[N-benzyl-N'-(4-benzyl-4,4'-bipyridinium-4-pyri-
dyl)]-triphenylporphyrin tris(hexafluorophosphate).

porphyrin ring since the EPR signal is best simulated using four equivalent
nitrogen nuclei (2.65 G) and two equivalent protons (5.40 G) and this fragment
is clearly to be found at the heart of the porphyrin ring. Note that the EPR
spectra generated on addition of one and three reduction electrons are very
different in form and are centred at differing magnetic fields. Reversal of the
applied potential to —0.61 V shows collapse of the signal at g=2.011 to give a
featureless EPR spectrum and then growth of the first signal at g=2.012. The
EPR experiments show that at 233 K the diad is stable in four redox states, two
of which are diamagnetic and two are paramagnetic.

Successful interpretation of EPR results can also be used to quantify the
amount a given nucleus contributes to the molecular orbital containing the
unpaired electron. The solution EPR spectrum of [Pt(bpy)Cl,]'~ (Figure 7.12)
may be best explained as arising from the reduction electron interacting with
the Pt metal centre since '*°Pt is 34% naturally abundant with /=" and all
other naturally occurring isotopes of Pt have /=0. Thus, a broad singlet res-
onance is observed at g, = 1.998 with '*°Pt satellites (Ao =—54 x 10 *cm ™).
Any superhyperfine coupling to the ligand nuclei is unresolved. The small shift
of giso from the free-electron value of 2.0023 is indicative of only a small
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Figure 7.11 EPR, experimental and simulated, spectra for reduced diad in DMF/0.2 M
["BusN][BF,] at 233 K; (a) one-electron reduction product Ege, =—0.61V,
g=2.012; (b) three-electron reduction product Ey.,=-1.40V, g=2.011.
Simulation parameters as in text and linewidth=1.00 G.

contribution to the semioccupied molecular orbital (SOMO) from the Pt
orbitals.

The frozen solution spectrum for [Pt(bpy)Cl,]' is shown in Figure 7.13. The
spectrum is clearly rhombic and the g values are given in Table 7.3.%! The '*°Pt
coupling is apparent on g, and g, and values are given in Table 7.3. The '*°Pt
hyperfine splitting about the high field g5 component is not resolved and the
value given in Table 7.3 has an uncertainty of +5 x 10 *cm™'. The SOMO of
[Pt(bpy)Cl]" is of b, symmetry (in C, symmetry with the axes as defined in
Figure 7.14. The Pt 5dy, and 6p, orbitals are the only metal orbitals that can
formally admix to this ground state and thus the metal contribution to the
SOMO can be described by eqn (7.2):

[SOMO> = alys> + b|z> (7.2)

where g and b are the linear combination of atomic orbital coefficients of the
5dy, and 6p, orbitals in the SOMO, respectively. Following Rieger’s methodo-
logy®’ it is possible to analyse the '*°Pt hyperfine couplings in order to calcu-
late the unpaired electron spin densities in the 5d,, and 6p, orbitals (a® and b*
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Figure 7.12  Solution X-band EPR spectrum of [Pt(bpy)Cl,]' in 0.1 M ["BusN][BF,]/
DMF.

respectively) from eqns (7.3-7.5)

A = Ay — 4)TPga* — 2/5P,b* (7.3)
A,y = As +2/TPga* — 2/5P,b* (7.4)
A. = A+ 2/TPga® + 4/5P,b* (7.5)

where P4 and P, are the electron nuclear dipolar coupling parameters for
platinum 54 and 6,, electrons, respectively, and A is the isotropic Fermi contact
term. This approach ignores the contributions to the hyperfines from mixing in
of excited states via spin-orbit coupling. In experimental terms this is to ignore
deviations of the g values from g.. Since g, g» and g5 values for [Pt(bpy)Cl,]"
are close to g, this assumption should not have a major effect on the final result.

Solving eqns (7.3)—(7.5) requires experimental 4; to be mapped onto A.,,
A, or A.. and likewise for 4, and A;. The three 4 values obtained from
simulation average well to the experimental solution value and therefore all 4
values have the same sign, which is negative in this case. Since P4 and P, are
positive quantities, eqns (7.3)—(7.5) suggest that 4 will have the most negative

value and A.. the least negative. Hence 4, is assigned to 4,,, 4, to A, and A3
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Figure 7.13  Experimental and simulated frozen solution EPR spectra of [Pt(bpy)>Cl]"~
in 0.1 M ["BuyN][BF,]/DMF.

Table 7.3 Experimental and simulated frozen solution EPR parameters for
[Pt(bpy)>Cl,]" in 0.1 M ["Bu4N][BF4]/DMF.

Ziso &1 g2 g3 Ajgo(P1)¢ A/ A5 A5
Expt.? 1.998 2.038 2.009 1.935 -54 -56 -95 -
Sim.” - 2.038 2.011 1.938 - -57.4 -80.6 -20.8

“Parameters estimated from spectra.
bParameters from computer simulations.
“4/10*cm .

to A... Equations (7.3)—(7.5) can now be solved for Pya* and Ppbz. Rieger’’ has
derived equations for calculating the required dipolar coupling parameters Py
and P,. These parameters represent the expected hyperfine couplings for unit
population of the metal valence orbitals and hence are necessarily dependent on
the assumed electronic configuration. Table 7.4 lists the calculated values of Py,
Py, a® and b” for various assumed configurations.
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Figure 7.14 Principal axes of [Pt(bpy)Cl,].

Table 7.4 Platinum unpaired electron densities for [Pt(bpy)Cl,]'~ calculated
from EPR data.

Configuration P/ P, @ v’ Total’
d® 549 402 0.050 0.076 0.126
dss! 539 268 0.050 0.113 0.163
d®p! 544 402 0.050 0.076 0.126
d° 507 183 0.054 0.166 0.220
“0*cm .

bTotal Pt unpaired electron density.

Table 7.5 Platinum 5d,, and 6p, admixtures to the SOMO of [Pt(4,4"-(NO,),-

bpy)ClL]'".
X & v Total
OEt 0.015 0.057 0.07
Me 0.033 0.075 0.11
Ph 0.049 0.060 0.11
H 0.050 0.076 0.13
Cl 0.053 0.057 0.11
CO,Me 0.055 0.067 0.12

UV-Vis spectroelectrochemical results for [Pt(bpy)Cl,]' indicate that the
reduction electron is primarily located on the bpy ligand and that the reduced
complex should be formulated as [Pt(II)(bpy)' Cl,]'". Thus, the platinum
centre should be regarded as having a d® configuration. The platinum 5dy, and
6p, orbitals contribute 5% and 7.6% to the SOMO. Therefore, the Pt centre
contributes <13% to the SOMO which is in agreement with the formulation of
a predominantly ligand-based LUMO in [Pt(bpy)Cl,].

The electronic influence of substitution in the 4,4’ position of 2,2-bipyridine
in complexes of the type [Pt(4,4’-X,-bpy)Cl,]'~ on the metal contribution to the
SOMO has also been investigated using this method.*® Results are tabulated in
Table 7.5.

In each case, the contributions from the metal orbitals to the SOMO consist
of almost equally small amounts of 5d,, and 6p,, although the latter is always
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slightly larger. The total metal contributions to the SOMO are in the range
7-13%, thus confirming a predominantly ligand-based orbital in each case. One
apparent trend is that the 5dy, admixture to the SOMO increases as X becomes
a stronger electron withdrawing group. As the energy of the ligand ©* (b,)
orbital is decreased by stronger electron-withdrawing substituents there will be
a better energy match with the filled low-lying platinum 5d,s (b,) orbital
and hence, a more efficient metal-ligand orbital overlap. This results in a still
predominantly ligand-based n* orbital but with greater metal 5d character.

7.4.2 Determination of the Half-Wave Potential
of a Redox Process

The spectroelectrochemical experiments where the EPR spectrum is recorded as
a function of applied potential is a useful method for measuring the half-wave
potential of a redox process and the number of electrons transferred in that
process. It is a particularly good method when the electron-transfer process is
slow at an electrode surface and the resultant cyclic voltammogram too broad
to analyse. Biological molecules often fall into this category.’**’ They are
usually large and the redox-active centre may be buried within the molecule
making direct electrochemical study of the half-wave potential difficult. The
solvent system containing the biological species of interest may or may not
contain molecular mediators to aid electron transfer.

Thus, as a paramagnetic species is generated so the EPR signal will increase
in intensity, with the relative concentration of the EPR active material obtained
from the relative resonance intensity.*' The EPR response as a function of
applied potential for a solution of E. coli flavodoxin from —150 to —550 mV is
presented in Figure 7.15.

A flavodoxin-containing species reveals two redox processes, the first one-
electron reduction yielding a paramagnetic radical and the second one-electron
reduction resulting in the diamagnetic form. Thus, as the applied potential is
stepped from —150 to —550 mV the EPR signal increases in intensity to a max-
imum value and then decreases. If the applied potential is reversed from
—550 to =150 mV, the result is the growth and then collapse of the EPR signal.
The profile exactly mirrors that of the response in the forward direction. The
half-wave potential is given by the potential at which the relative peak size is half
the final value. Thus analysis of the data in Figure 7.15 gives the two formal
potentials —300 and —506 mV vs. SHE for the first and second electron-transfer
processes, respectively. Note that using a large surface area working electrode
considerably shortens the electrolysis time and that the solution is allowed to
equilibrate fully at each applied potential before the EPR signal is recorded.

7.4.3 Determination of Zero-Point Energy Splitting

The complex cis-Ru(bpy),(CN), (bpy =2.,2'-bipyridine) exhibits a reversible
one-electron oxidation at +0.93V and two reversible one-electron reductions
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Figure 7.15 EPR signal of reduction of E. coli flavodoxin from —150 to —550 mV at
293 K.

at—1.50 V and —-1.78 V in 0.1 M ["BusN][BF,]/DMF at 240 K. The oxidation is
assigned to a metal-based Ru(II)/Ru(IlI) process whilst the redox waves at
negative potentials involve the sequential reduction of the two bpy ligands. The
potential of the Ru(Il)/Ru(I1l) couple and the position of the Ru(Il) — bpy
MLCT band (v, around 20000cm ') both depend on the solvent with both
parameters showing a linear correlation with solvent acceptor numbers.** **
The frozen glass (100 K) EPR spectrum of electrogenerated [Ru(bpy)>(CN),]' ¥,
is shown in Figure 7.16. The rhombic signal (g; =2.469, g, =2.305, g3 =1.895)
is typical of that for a low-spin d° metal centre. Interestingly, the EPR spectra
and the UV-Vis adsorption bands for the mono-oxidised species [Ru(bpy),
(CN),]'* show minimal solvent dependence.

The frozen glass EPR spectrum exhibits a rhombic signal because the Ru
centre has, at best, C,;r symmetry. The net result of the distortion from Oy
symmetry to C,p is to remove the degeneracy of the ““#,” orbitals. The axial
distortion (A) splits the 7, subshell into e+ b components, whilst the super-
imposed rhombic distortion (V) further splits the ¢ into two nondegenerate
components (Figure 7.17). The splitting of the ¢, orbitals will result in two
optical transitions E; and E, that are predicted to have weak molar extinction
coefficients.

The EPR spectrum can be analysed by g-tensor theory of low-spin d> metal
ions.**7 Unfortunately, the EPR experiment only yields the absolute magni-
tudes of the g values, not their signs. It also gives no information on the
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Figure 7.16 Experimental and simulated frozen solution EPR spectra of cis-[Ru(bpy),
(CN),]* in 0.1 M ["BuyN][BF,]/DMF.

correspondence between g, g> and g3 with g, g, and g.. Thus, in analysing the
data it is necessary to solve for each combination of +g,, +g, and +g3 with g,
g, and g.. Of the forty-eight variations, only two solutions gave sensible values
of E; and E, (Table 7.6). Note that the parameters A, v, E; and E, are given as a
function of the spin-orbit coupling constant /4 of Ru(III).

The UV-Vis—NIR absorption spectrum of a concentrated solution of
[Ru(bpy)>(CN),]' " has a very weak band (¢ ~ 40M ' cm ') at 4300cm '. The
spin-orbit coupling constant of complexed Ru has a value around 1000 cm .
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Table 7.6 Assignment of g values and parameters for [Ru(bpy)»(CN),]'*.

Solution no. gy gy g AJ2 v/ A E; /2 E>/2
1 —2.500 2.300 1.789 4.10 1.50 3.46 5.17
—2.500 2.300 -1.789 0.21 0.08 1.44 1.58

Hence, solution 1 in Table 7.6 gives the preferred values for the parameters A/A,
v/2, Ei/J. and E,/J. If the observed transition at 4300cm™' is assigned to Ej,
then 1 for Ru(IIl) is computed to be 1240cm ', whereas the alternative as-
signment of E>=4300cm ' gives a value of A for Ru(IIl) of 840cm '. The
larger value of /4 is in better agreement with the reported values of 1180-
1250cm ' for Ru(IIT).*® Table 7.6 gives E»/A=5.17, which for A =1240cm
predicts a value of 7400 cm ' for E,. Unfortunately, it is not possible to observe
this transition directly as it is masked by a more intense charge-transfer tran-

sition that peaks at 9000 cm .

7.5 Solvents and Compounds Used

The syntheses of [Pt(4,4-"Bu,-bpy)(Co(CsHyu-p-NO»))5], bpy = 2,2'-bipyri-
dine,* 5,10,15,20-[N-benzyl-N'-(4-benzyl-4,4"-bipyridinium-4-pyridyl]-triphe-
nylporphyrin tris(hexafluorophosphate),*® [Pt(4,4-X,-bpy)Cl,], X =NO,,”
H.,>! are described in the literature.

[Ru(bpy),(CN,)] was prepared using a literature method.>

Dichloromethane was pretreated with KOH pellets and distilled over P,Os5
immediately prior to use. All other solvents and compounds were used as
obtained without further purification. ["BuyN][BF,] was synthesised from the
neutralisation of ["BusNJOH H[BF,], recrystalised from water/methanol and
dried at 350 K under vacuum for three weeks before electrochemical use. All
electrochemical studies were performed using a Dell GX110 personal computer
with general-purpose electrochemical system (GPES) version 4.8 software
connected to an Autolab system containing either a PSTAT 20 or PSTAT 30
potentiostat. Cyclic volumetric experiments employed a Pt microworking



EPR Spectroelectrochemistry 229

electrode (we, 0.5mm diameter), a Pt counter electrode (ce) and a Ag/AgCl
reference electrode (re) in a 0.45M ["BuyN]|[BF,4]/0.05M ["BuyN]Cl/dichloro-
methane solution. The ferrocinium/ferrocene couple was measured at +0.55V

VS.

the Ag/AgCl reference electrode. The exact composition of the solution

under study is detailed as appropriate in the text. Dissolved oxygen is removed
from the solvent by N, saturation prior to study.
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