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Abstract To consider the past, present and future of in
situ spectroelectrochemistry, a review on the recent state
of modern spectroelectrochemistry and trends in the
development of spectroelectrochemcial techniques is
presented for the combined application of different in
situ spectroelectrochemcial methods like ESR spectroelec-
trochemistry, NMR spectroelectrochemistry, Raman spectroe-
lectrochemistry or IR spectroelectrochemistry to electrode
systems. Starting with a discussion of the first steps in
spectroelectrochemistry in the past, the main part of this
review is focused on the advantages of the combined
application of spectroelectrochemical techniques in the
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analysis of electrode reactions. The spectroelectrochemical
methods are demonstrated to be successful in electrode
reactions both for solid structures like polymers or carbon
nanotubes and for molecular structures like fullerenes and
oligothiophenes. The final outlook is attributed to future
developments in spectroelectrochemistry.
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Introduction

Among the more than 3,000 papers published within the
last decade in the field of spectroelectrochemistry, a
diversification of the spectroscopic methods applied in
electrochemical research is obvious. Based on modern
developments in spectroscopic techniques, the combination
of electrochemical and spectroscopic techniques is getting
more reliable and the performance of sensitive spectroscop-
ic measurements under well-controlled electrode potential
conditions accessible. This is the field of in situ spectro-
electrochemistry which embraces all spectroscopic meas-
urements at a working electrode under electron transfer. In
this way, the drawback of ex situ methods with a
spectroscopic characterisation of the electrode reaction
products far from the electrochemical cells and without an
applied electrode potential is avoided. In ex situ methods,
changes of the subject of electrochemical reaction under
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study will cause misinterpretations of the real situation at
the electrode. To study intermediates in electrode reactions,
the in situ spectroelectrochemical methods are the matter of
choice to get reliable results in time-dependent studies at
selected electrochemical conditions. The use of spectro-
scopic methods in electrochemistry is caused by the main
drawback of all electrochemical methods. Although we
have a large variety of electrochemical methods at hand [1—
6], there is no way to get any structural information of the
electrode system besides the detailed knowledge of charge
transfer, transport and distribution. As far as some metal
ions with a preferred redox state and their transformation
into the metallic state are studied, a clear description of the
chemical entity might be possible from electrochemical
data. But for metal ions with mixed redox states (in solution
or in the solid phase), metal complexes (with redox active
ligands) or organic structures, the matter of a charge-
transfer reaction is more complex, and a conclusion of
some intermediate states, like radicals from the number
of transferred electrons, ends up in speculation. As
modern electrochemistry is focused on electrode reaction
mechanisms, there is no other way than spectroelectro-
chemistry to get a qualified picture of the state-of-the-art
in electrochemical reactions.

It turns out that the spectroscopic methods are applied
both to the solid [7] and to the liquid phase [8] of the
electrode. Due to their specific interaction with the subjects
under study, some spectroscopic methods are applicable for
both phases of an electrode, while other methods are
preferred for a single phase and its characterisation. [UPAC
commission has summarised all spectroscopic methods
applied in electrochemistry resulting in a tremendous
variety of methods [9]. Nevertheless, there are some
spectroscopic methods which are preferred in their use in
spectroelectrochemistry. Astonishingly, it is not the impor-
tance of a spectroscopic method responsible for the access
of important structural data in an electron-transfer reaction
in experimental studies, but in most cases, the ease of
application (or the technical preference of the leading
author) is dominating the choice of the method. Otherwise,
there would be a predominance of in situ electron spin
resonance (ESR) spectroelectrochemistry in the study of
elementary reactions in the electron transfer. In a simple
consideration of the both components of a single-electron
transfer, one of these has an odd number of electrons. Thus,
the unpaired electron might be accessible to ESR spectros-
copy, and at least one component might be characterised by
this method (no doubt that the electron distribution in
chemical species is often more complex). But the availability
of the ESR technique to most of the electrochemical
laboratories and the requirements in the setup for electro-
chemical systems restricted the application of this method
very often. Therefore, UV/vis spectroscopy is the most
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applied method in spectroelectrochemistry irrespective of the
fact that other methods would result in more detailed
structural information.

There have been some monographs in the field [10—
18], but a modern extended overview of the most
important spectroelectrochemical methods is still missing.
Among all presentations of spectroelectrochemical techni-
ques, the role of radiation in the reactions at electrodes is
often not considered but should be mentioned. This is the
bridge to photoelectrochemistry which is not the subject of
the presentation.

The past

Although there is an extended number of papers in
spectroelectrochemistry since a first attempt in 1946 [19]
with ellipsometry until the end of the 1960s, the term
‘spectroelectrochemistry’ was introduced by Kuwana [20]
in 1969 who pushed the field forward based on the
activities in the Adams group since 1962. Astonishingly, it
was already in 1958 when a wave of in situ ESR
spectroelectrochemical studies was initiated [21, 22]. At
that time, the new spectroelectrochemical technique was
attractive for both fields: in electrochemistry, it was a matter
of choice to characterise the products of a primary electrode
reaction especially of organic structures. Therefore, the
growth of organic electrochemistry in the 1960s pushed
the studies in ESR spectroelectrochemistry forward. On
the other side, ESR spectroscopists used the electro-
chemical methods for generation of radicals, the structure
of which was of high importance. As far as the electrode
reactions (and the molecular structures) were quite
simple, the field was attractive for both sides. As more
complex situations were to be studied, the ESR spec-
troscopists lost their interest in the electrochemical
method, while electrochemists started to improve the
experimental setup for a detailed potential control of the
working electrode [23].

The field of spectroelectrochemistry was broadened in
the 1960s by the introduction of optically transparent
electrodes [24] in 1964 for absorption spectroscopy in
transmission, the introduction to the attenuated total
reflection (ATR) technique [25] and the use of thin layer
cells [26] for IR spectroelectrochemistry in 1968. A
breakthrough in Raman spectroelectrochemistry was the
discovery of surface-enhanced Raman pattern at silver
electrodes [27]. Together with the availability of the laser
Raman technique, this vibrational spectroscopy was since
then a standard method in in situ spectroelectrochemistry.
NMR spectroelectrochemistry of molecular structures was
made accessible in 1975 by a spinning cell construction
[28] to get well-resolved NMR spectra. It took the NMR
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technique three more decades to have the quality of probe
heads at such a level to require no longer a spinning of the cell
for quality improvements what allowed the construction of a
more suitable in situ NMR cell with high sensitivity for a
broad range of in situ NMR spectroelectrochemical studies
[29]. Furthermore, in situ X-ray diffraction was made
reliable with the cell construction [30] for Bragg-type
measurements and a special cell [31] for studies of metal
monolayers.

With this short presentation, the historical scheme of
modern spectroelectrochemcial methods, we considered
the background of modern spectroelectrochemistry. It is
by no means complete in the listing of all important
papers in the field which goes beyond the scope of this
paper like a description of all special methods used in
spectroelectrochemistry.

The present

Modern research in spectroelectrochemistry is characterised
by a combination of different spectroscopic methods for a
detailed study of electrode reaction mechanisms or complex
electrode systems. Considering the reaction of a neutral
organic redox system, it was stated already in the
introduction that the primary cathodic or anodic electron
transfer would result in an ion radical. The spectroscopic
method of choice is ESR spectroscopy to prove the
existence of a paramagnetic structure. But either a second
electron transfer or chemical follow-up reactions of the
radical can result in diamagnetic structures which are not
detectable by ESR. Therefore, at least one additional
spectroscopic method is required to detect the diamagnetic
intermediates and reaction products. The development of an
optical ESR cavity opened the route to a simultaneous
application of both ESR and UV-vis NIR spectroscopy
in a single in situ spectroelectrochemical technique [32]
(triple method) for studies at the same working electrode.
In this way, both the paramagnetic and diamagnetic
structures can be followed in electrode reactions at the
same working electrode. But the absorption spectra of
diamagnetic structures are overlapping in mixtures of
intermediates and/or products, and UV—vis NIR spectros-
copy generally suffers from fairly low resolution. There-
fore, other spectroscopic methods resulting in more
detailed structural information have to be applied (at least
in parallel). Among the candidates, FTIR spectroscopy is
the most spread method and based on effective cell
constructions [33], while NMR spectroscopy is unbeatable
in structural details of molecules and solids but suffers
from low applicability which was bypassed with new
technical standards [29] recently. Furthermore, Raman
spectroelectrochemistry turned out to be a powerful tool

especially in the study of charging (doping) of carbon
nanostructures [34, 35].

For all spectroscopic methods listed here, some experi-
mental studies are given. Furthermore, the following
presentation of experimental results in combined in situ
spectroelectrochemistry will deliver examples of electrode
reactions both in solution and in the solid state.

Spectroelectrochemistry of organic molecules in solution

As a first example, an oligothiophene is presented, which is a
material attractive for organic electronics. As the type, number
and position of substituents and the number of monomers in
oligothiophenes can influence both the stabilisation of
charged states as well as the solubility the recently prepared
5,5"-dicyano-3,3"-dibutyl-2,2":5",2":5" 2"-quarterthiophene
(DCNDBQT) was used for studies in solution [35]
(Scheme 1), as the alkyl side chains result in sufficient
solubility on organic solvents, while the electron-acceptor
cyano group promotes reduction processes.

The cyclic voltammetry of DCNDBQT (Fig. 1) points to a
two-step oxidation (a first reversible and an irreversible
second one) and a single reduction step. The reversibility of
the second oxidation under formation of the dication can be
shown (Fig. 1) by cyclic voltammetry at higher scan rates
(100 Vs') The first oxidation and reduction processes
should result in radical ions which are to be followed by in
situ ESR UV-vis NIR spectroelectrochemical analysis.
Figure 2 shows the UV-vis NIR spectra during the first
electron transfer in the anodic (Fig. 2a) and cathodic
(Fig. 2b) range. The two bands at 646 and 1,050 nm for
DCNDBQT"™ are assigned to SOMO-LUMO and HOMO-
SOMO transitions, respectively, while for DCNDBQT , the
bands at 752 and 1,506 nm can be assigned to HOMO-
SOMO and SOMO-LUMO transitions, respectively
(Fig. 2b).

Direct evidence for the radical species of DCNDBQT was
supplied by ESR spectroelectrochemistry. The ESR spectrum
of the cation radical DCNDBQT"" (g=2.0025) is given in
Fig. 3a, while Fig. 3b presents the ESR spectrum of the
anion radical DCNDBQT "~ (g=2.0042). Potential dependent
ESR measurements underline the reversible formation of
both radicals, the g-factors of which differ significantly. The

Scheme 1 Chemical structure of 5,5"-dicyano-3,3"-dibutyl-2,2":5'2":5",
2"-quaterthiophene (DCNDBQT)

@ Springer



1634 J Solid State Electrochem (2011) 15:1631-1646
20 4 80 4 -
a b c
i Oxidation  \_ 60 Oxidation ,r-/] 5 f Reduction
[ / ) [ \
40 4 / -
10 || / [ / 0 | I —

IfpA
—

5 / —
/ | | i
1 -
ad / |
= —-Nf e I M ’\J"
5 ' v v . 40 v v v v . ¥ ’ v v )
0.0 04 0.8 1.2 1.6 20 0.0 04 08 1.2 16 20 2.0 18 12 08 04 0.0

E vs. DmFe/DmFc* v

Fig. 1 Cyclic voltammograms of DCNDBQT in ACN/TBAPFg; a
oxidation, red—first oxidation step, black—first and second oxidation
steps, scan rate 0.05 V/s; b oxidation, scan rate 100 V/s ¢ reduction,

first value is close to the g-factor of the free electron
(2.0023). The following hyperfine splitting constants were
obtained for the cation radical: a(2Hz326)=0.2752 mT
(0.1778 mT), a(2H2425)=0.2056 mT (0.1549 mT), a
(2H3,.35)=0.0905 mT (0.0857 mT), a(2H3336)=0.1959 mT
(0.1121 mT), a(2H35,5)=0.0172 mT (0.0151 mT) and a
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Fig. 2 UV-vis NIR spectrolectrochemistry at the first a oxidation
and b reduction step of DCNDBQT (¢=0.0001 M) in 0.1 M
TBAPF¢/CH;CN electrolyte solution [36]
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scan rate: 0.05 V/s. (concentration 0.0005 mol/l, working electrode,
platinum wire) [37]

(2 Ns5.56)=0.0321 mT (0.0233 mT). The hyperfine splitting
constants of the DCNDBQT ~ radical are: a(2Hp; »6)=
0.1308 mT (0.0928 mT), a(2H24,5)=0.0222 mT
(0.0172 mT), a(2H3,35)=0.0429 mT (0.0395 mT), a
(2H3336)=0.1659 mT (0.1023 mT), a(2H»;,5)=0.001 mT
(0.0014 mT) and a(2 Ns5.56)=0.0560 mT (0.0402 mT).

By quantitative ESR analysis of the redox process, the
ratio of the charge transferred to the spin number for the
cation radical was determined to be 2.1. Obviously, less
than 50% of the charge result in a stable radical formation
(for the anion radical, this ratio is even higher—3.0). The
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Fig. 3 ESR spectroelectrochemistry of DCNDBQT in 0.1 M
TBAPF¢/CH;CN under potentiostatic control at a anodic and b
cathodic potentials (vs. DmFc¢/DmFc” redox couple) (accumulation
of 20 spectra) [36]
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Fig. 4 In situ 'H-NMR spectroelectrochemistry of DCNDBQT in
acetonitrile/TBAPF¢ at an electrode potential of 1.19 V (working
electrode—carbon fibre) at three different temperatures [37]

diamagnetic structures formed are expected to be caused by
dimerisation, but the type of dimerisation is to be clarified.
By in situ NMR spectroelectrochemistry [37], the dimer-
isations in both the first oxidation and the reduction steps
were followed under potentiostatic electrolysis. Starting with
the first oxidation peak at 1,190 mV, the NMR proton signal
(Fig. 4, first line) decreases during electrolysis to zero after
3 h of electrolysis (Fig. 4, second line). This decrease is
caused by the formation of the paramagnetic radical which is
not detectable in NMR. By temperature-dependent in situ
NMR spectroelectrochemical measurements (Fig. 4, third and
fourth line), a signal appears at 283 and 273 K shifted by
0.1 ppm to lower field. This signal can be attributed to the
diamagnetic 7-dimer of the monocation radical of
DCNDBQT. The slight shift of the signal to lower field is
due to the lower electron density of the oxidised molecule.
Furthermore, the second anodic electron transfer of
DCNDBQT was studied by in situ NMR spectroelectrochem-
istry as well (Fig. 5). The NMR spectrum in CD,Cl, solution
with TBAPFg as supporting electrolyte shows signals of

Fig. 5 '"H-NMR spectra of the a

monomer DCNDBQT (a) and 1

its dimer (b) (only aromatic

range is shown) at the second

anodic oxidation step [37] 5
©
z
5

three doublets and four singlets (Fig. 5). This pattern can be
attributed to a dimer formed by o-bond formation between
two thiophene rings in 4’ position. Although the oligothio-
phene is end-capped by CN groups, the doubly charged
DCNDBQT dimerises as the four thiophene rings cannot
stabilise two positive charges (Scheme 2). The dimerisation
is not reversible in re-reduction. The existence of the dimer
of the dication was also proved by ex situ MALDI TOF
mass spectrometry after extended electrolysis.

The quasi-reversible redox peak of DCNDBQT at
—1,680 mV results to a lower extent in an anion radical as
shown by quantitative ESR spectroelectrochemistry. The in
situ NMR spectroelectrochemical experiment results only in
a decrease of the signal intensity during electrolysis at
—1,680 mV, but no additional signals arise in the NMR
spectrum. After electrolysis, a dark-coloured precipitate is
observed in the spectroelectrochemical cell which was
analysed by ex situ MALDI-TOF mass spectrometry. As
higher mass peaks above 1,476 m/e were found pointing to
a trimer, the formation of insoluble polymeric structures by
follow-up reactions of the anion radical is demonstrated. As
a summary of all spectroelectrochemical studies applied
with different methods, the complete reaction mechanism of
DCNDBQT under oxidation (as well as reduction) was
clarified (Scheme 2).

Spectroelectrochemistry of solid structures at electrodes:
the conducting polymers

The spectroelectrochemistry of solid structures at electrodes
is preferably to be studied by in situ ESR UV-vis NIR
spectroelectrochemistry, and the long story of polyaniline
(PANI) still requires further work to follow the influence of
the chemical structure on the redox reactions of the
polymer. Especially the role of phenazine structures
(Fig. 6) in the stabilisation of charged states in PANI is of
interest for the use of differently prepared PANI. Therefore,
electrochemically prepared PANI and the copolymers of
aniline and a phenazine derivative (3,7-diamino-5-phenyl-
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q+e

Scheme 2 Mechanism of the oxidation of DCNDBQT including the chemical follow-up reactions via 7t- and o-dimer formation [37]

phenazinium chloride, phenosafranine) were compared in
their spectroelectrochemical behaviour [38].

For the detailed study of charged states in conducting
polymers, it is of high importance that the existence of a
polaron pair and that of a polaron can be differentiated by
in situ ESR UV/vis NIR spectroelectrochemistry, and their
electrode potential-dependent formation is available now to
give new insights in the formation of these charged states in
PANI. Therefore, the formation of charged states in PANI
and aniline—phenosafranine copolymers upon oxidation was
followed by in situ ESR UV—-vis NIR spectroelectrochem-
istry. The ESR response of PANI and the copolymers during
a voltammetric scan is presented in Fig. 7a. Here, a
reversible polaron formation in the forward and back scan
is detected. The ESR spectra of both PANI and the aniline—
phenosafranine copolymers in the doped state are very
similar and have a narrow ESR signal with linewidth of
0.5 G (Fig. 7b) which is unchanged during the voltam-

metric scan, while polyphenosafranine gives no ESR signal
upon oxidation or reduction. Obviously, some extent of a
linear chain is required to stabilise a polaron, but the extent
of the phenazine content in the copolymer does not have
any influence on the polaron behaviour. Contrarily, the
potential dependence of the ESR intensity of the copolymer
3, with a higher portion of phenosafranine, differs from that
of PANI for equal charges injected into the polymer layer
(Fig. 7c). Therefore, the potential dependence of the
formation of charged states requires a further detailed study.

The potential dependence of the polaron formation in
PANI and the phenazine copolymer (Fig. 8) points to a
potential difference between the half-peak current and the
ESR intensity (as the signal of the polaron) of 70-80 mV.
Therefore, the formation of the polaron is potential-delayed.
It is the rare case for PANI that the polaron is not the
primarily formed charged state at the polymer chain, but at
first, the polaron pair is formed by a two electron transfer

H H H
NN C P O i o
|
R/\\/l \\/\N/%/l %/\N/%/ﬁ/%/\N/%/l \\/\N/%/l
H H | mso,~ H H
a8
X

Fig. 6 Chemical structure of a linear polyaniline with a phenazine unit
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which can dissociate into two polarons at higher potentials.
The absorption peaks of the polaron might be hidden by the
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absorption of the polaron pairs, but the existence of the
polaron can be clearly proved by the simultaneous ESR
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Fig. 8 Potential dependence of the current, the ESR intensity and the absorbance at approximately 460 nm of polyaniline (a) and a phenazine/
aniline copolymer (b) normalized to the maximum of the ESR intensity [39]
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measurements. Due to the shift of the maximum of the
polaron formation from the peak current, it is to be
concluded that the polaron can be formed both by oxidation
of the neutral polymer at higher potentials and by
dissociation of the polaron pair at the lower potential range.
The mechanism for the formation of the charged states in
PANI upon oxidation includes an early step in the charge
injection as the polaron pair formation.

To analyse the role and charging behaviour of the
phenazine unit in PANI, the p-doping of PANI was studied
in addition to ESR by in situ ATR-FTIR spectroelectro-
chemistry [39]. At first, by FTIR spectra of as-prepared
polymers as well as in situ FTIR spectra during the
oxidation of the polymers, clear evidence for the presence
of phenazine-like units in the structure of electrochemically
prepared PANI is given, as shown by vibrations of the
phenazine rings.

The in situ FTIR spectra measured during the oxidation
of PANI are given in Fig. 9. The increase of the IR
absorption above 1,700 cm ™' is related to the presence of
free charge carriers, while the decrease in the IR band
around 1,510 cm ' caused the benzoid ring mode to
indicate a loss of the benzoid ring structure which is
transferred into semiquinoid or quinoid structures. During
p-doping, the in situ FTIR spectra with the characteristic
vibrations of linear structures are observed together with a
new peak at 1,540 cm ' attributed to the changes induced
in the phenazine-like units. The IR peaks at 1,572, 1,476,
1,318, 1,250 and 1,145 cm™' appear at higher potentials
than the polaron formation and correspond to doubly
charged states in the polymer such as the 7-dimers.

Therefore, the detailed analysis of the different FTIR
spectra give evidence of the existence of phenazine-like
units in polyaniline. By the potential dependence of the IR
band at 1,540 cm ! and the NIR absorption at 1,500 nm, it
was shown that the part of 7-dimers in the polymer is
stabilised at the link of the phenazine unit to the linear
PANI segment, while the linear aniline segment stabilises
the polaron and the polaron pair in the PANI structure in the
initial oxidation. Two peaks at 1,630 and 1,375 cm !
observed at high electrode potentials are attributed to the
bipolaron in PANL

Spectroelectrochemistry of composed solid structures
at electrodes: carbon nanostructures and conducting
polymers

The combination of in situ spectroelectrochemical methods
is advantageous in the case of composites of polymer/
carbon nanostructures, as selective spectroscopic methods
can be applied for each component of the composite. Thus,
for composites of carbon nanotubes and polymers/
oligomers, in situ ESR spectroelectrochemistry is the
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method to characterise the charge-injected changes in the
organic component [40], while Raman spectroelectrochem-
istry [34, 35] is the method of choice for a sensitive
evaluation of charged-induced changes in the carbon
nanostructure [41] influenced by the interaction with the
polymer/oligomer.

The in situ ESR UV-vis NIR spectroelectrochemical
study of the oligothiophene/single-walled carbon nanotube
(SWCNT) interphase shows for 3,3'-dihexylsexithiophene
(B,B'-DHST) two reversible redox steps. An ESR signal of
the oligothiphene cation radical is detected at the first
oxidation step (Fig. 10). The increased voltammetric
current (not shown) of the composite results astonishingly

I
Ii ‘ *
I
(I
[hl

di\dB

3480 3500
Magnetic field [G]

3460 3520 3540

Fig. 10 ESR spectroelectrochemistry of 3,3'- dihexylsexithiophene
(B,3'-DHST) cation radical in the absence (black line) and the
presence of SWCNT (red line) in 0.1 M TBAPF¢/CH,Cl, (*ESR line
of Mn?") [40]
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Fig. 11 Potential dependent Raman spectra (excited at 2.54 eV) of
SWCNT-PEDOT/PSS composites (solid lines) and pristine SWCNT
(dotted lines) on a Pt electrode in 0.2 M LiClOg/acetonitrile. The
electrode potential varied by steps of 0.2 V from 1.4 to —1.0 V vs. Ag

in a decreased cation radical concentration (Fig. 10, red
signal). This decrease of the ESR signal (and of the radical
concentration) can be explained by a 7-dimerization of this
oligothiophene radical and the formation multi 7t-stacks by
the interaction with SWCNT stabilising the structure of the
SWCNT/oligomer interphase [40].

On the other hand, the SWCNT is changed in its charged
states by the interaction with a conducting polymer [41].
Using in situ Raman spectroelectrochemistry as the selec-
tive and sensitive method for the carbon nanotube structure
[34, 35], the changes in a composite of semiconducting
SWCNTs with the polymer poly(3,4-ethylendioxythiphene/
polystyrenesulfonate) (PEDOT/PSS) were studied. The
Raman spectra of the SWCNT-PEDOT/PSS composite
correspond at a first glance to the superposition of the
spectra of SWCNT and PEDOT/PSS, but the spectra are
clearly dominated by the resonance-enhanced Raman lines
of the SWCNT. It is obvious that already the mixing of
SWCNT with PEDOT/PSS causes a partial doping of
SWCNT as indicated by the change of the relative intensity
of the Raman features of SWCNT. The in situ Raman
spectroelectrochemical measurements (Fig. 11) clearly
demonstrate that semiconducting tubes are doped even if
they are embedded in PEDOT/PSS. However, in contrast to
the neat SWCNT, the doping of SWCNT in composite is

L I
I 1 I ! I ! I 1 I !

SRR N S =

1000 1200 1450 1500 1650 1600

pseudoreference electrode for curves from top to bottom. Spectra are
offset for clarity. The spectra of pristine SWCNT are scaled by a factor
of 0.3 for clarity [41]

less efficient. Therefore, a larger potential (by about 0.4—
0.6 V) is required to achieve the same doping level given
by the bleaching of Raman bands as for neat SWCNT. By
in situ Raman spectroelectrochemistry, it was thus demon-
strated that the properties of the SWCNT/polymer composite
are not a simple superposition of the properties of its

0.6

0.4

I/ uA
o
o
1

-0.8 1
20 15

L B B B
-1.0 -0.5 0.0 0.5 1.0

E/Vvs Fc/Fct

Fig. 12 Cyclic voltammogram of C,-Cgy:3 fullerene isomer in
TBAPF/0-DCB solutions (potentials referred to the Fc/Fc™ redox
couple) [44]
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Fig. 13 Potential dependence of 34
the ESR signal of the Cr—Cg:3 ™
anion radical observed by in situ
ESR spectroelectrochemistry.
Inset Cyclic voltammogram of
C,—Cg,:3 isomer in TBAPF
6/0-DCB solution for the first
reduction [44]

2

1/ uA
o
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components what is important for a precise control of the = Raman spectroscopy, it was possible to clarify the state of

doping level. Ceo in electrochemically structured layers [42]. Neverthe-

less, for soluble carbon nanostructures, like fullerenes
Spectroelectrochemistry of carbon nanostructures available in a molecular state in organic solvents (quite
in solution: the fullerenes different from carbon nanotubes), it is the challenge to

follow their electrode reaction in solution by a combined
Like for carbon nanotubes, in situ Raman spectroelectro-  application of ESR and UV—vis NIR spectroscopy. In this
chemistry is also a preferred method for fullerenes  way, it was possible to clarify the state of the Cgg
especially in layers or other solid components [42]. By = monoanion in organic solvents under electrochemical

Fig. 14 UV/vis/NIR spectra of 0.3+
the C,—Cg,:3"" cation radical
observed during the anodic for- E_o20V
ward scan in in situ spectroe- i _E _ 0'90 v
lectrochemistry (/nset, ESR e
spectrum of the Cg,:3™ cation T lesn
radical) [45] o
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~
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Fig. 15 The 24 IPR structures
C,—Cg,: during the anodic for-
ward scan in in situ spectroe-
lectrochemistry (Asterisk
denotes the preferred studied
Cg4 isomer)

D2 C84:21

reduction [43]. The advantage of the two methods is
demonstrated by the studies of different isomers of Cgy
and the behaviour of the most abundant isomer of Cg,.

The increase of the fullerene cage size causes an increase
in the number of stable cage isomers according to the
isolated pentagon rule (IPR) but also a lowering of the
oxidation potentials of large-size fullerenes, thus, being
available for anodic reactions and the formation of
positively charged fullerene cages in organic solvents like
for Cg, and Cgy cages.

The Cg, cage is the basis for a large variety of stable
cage isomers in endohedral metallofullerenes for which the
inclusion of different metal ions stabilises, e.g. the Cs, C,,
C, C, isomers of Cg, among the nine IPR obeying isomers.
To understand the structure of endohedral Cg, fullerenes
with their charge separation of the endohedral metal and the
fullerene cage, a detailed spectroelectrochemical study of
the different anions and cations of an ‘empty’ cage Cg, is

sz C84:1 8

@*

D2 C84:22

ng Cg4:23

D5h Cs4:24

required. The Cg,:3 fullerene structure with C, symmetry is
the most abundant isomer of Cg, and, therefore, the best
candidate for spectroelectrochemical studies [44—46].

The cyclic voltammogram of the C,—Cg,:3 fullerenes in
0-DCB/TBAPF solution (Fig. 12) points to four reversible
reduction steps and two oxidation steps to be followed by
in situ ESR UV-vis NIR spectroelectrochemistry [44, 45].
A very sharp ESR line (AB,,=0.15 G) with a g-factor of
2.0009 and additional "*C satellites is detected in the first
reduction step for the monoanion (Fig. 13). In addition
absorption bands of the monoanion with maxima at 670,
890, 1,135 and 1,850 nm are found by in situ UV—-vis NIR
spectroelectrochemistry (Fig. 13). Their potential depen-
dence corresponds well with that of the ESR signal during
the voltammetric cycle. Therefore, they can be assigned to
the Cg,:3 monoanion. The high degree of stability of the
monocation is concluded from the reversible redox step in
the cyclic voltammogram (Fig. 12). This made the ESR

@ Springer
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Fig. 16 ESR spectra of anion radicals of a Cg4—Cy(14), b Cg4—C5(11),
¢ Cg4—D,(22) and d Cgs—D,4(23) isomers detected by ESR spectroe-
lectrochemistry at the first reduction step [47]

study of the cation radical of the C,—Cg;:3 isomer formed
by anodic generation possible. Like for the monoanion, a
very sharp ESR line (AB,,,=0.13 G) with *C satellites and
a g-value of 2.0029 was observed for the cation radical. The
3C satellite pattern is significantly different from the
monoanion signal, pointing to a different spin distribution
at the cage of the monocation. Two absorption bands at 890
and 1,995 nm are detected during the first oxidation step
(Fig. 14). Their potential-dependent behaviour was that of
the ESR signal and they can be clearly assigned to the
Cg,:3 cation radical. The absorption pattern was analysed
by DFT calculations [47] and allows a clear description of
the electronic state. It is important to point out that the NIR
absorption maxima of fullerene cage as high as to around
2,000 nm requires the use of UV-vis NIR spectroelec-
trochemistry up to wavelengths of 2,000 nm and higher to
get a complete characterization of the ionic states of
fullerene ages. Therefore, modern in situ UV-vis NIR
spectroelectrochemistry cover the range from 200 to
2400 nm in wavelength.

@ Springer

The electrochemistry of Cgs fullerene isomers can
demonstrate the power of ESR UV-vis NIR spectroelec-
trochemistry in many respects. As Cg4 is the third most
abundant empty cage structure with 24 IPR isomers
(Fig. 15), there are several cage structures available to be
differentiated in their electronic structure in the ionic state.
Based on extended high-performance liquid chromatography
(HPLC) separations of individual isomers, the structures
CCsq—Cy(11), Cgy—Cy(14), Cgs—D,(22) and Cgs—D14(23)
were studied in detail, to get new insights in the electronic
state of the Cgy fullerenes with respect to the stability of
these cage isomers in many endohedral fullerenes where the
charge contributes essentially to the stability of the endohe-
dral structure [47, 48].

The cyclic voltammetry of the four Cg4 isomers under study
in 0-DCB/TBAPF{ solutions is in general similar to that of
Cs, (Fig. 12) but differing in the redox potentials of the single
isomers and their electron-transfer steps. This difference is
also obvious by the ESR spectra (Fig. 16) of Cgs—Cy(11),
Cg4—CS(14), Cg4—D2(22), and Cg4—D2d(23). While the low
symmetric isomers Cgs—Cy(14) and Cgq—C5(11) gives sharp
singlet ESR lines (Fig. 16a, b) accompanied by '*C satellites
(ABp,=0.20 G and g=2.0011 for Cg4~Cy(14)) the third Cg,
fullerene isomer Cgy—D,(22) exhibits a sharp but not very
intense ESR line (g=2.0008 AB,,=0.17 G) with some
sidebands (Fig. 16¢). The reduction of the fourth Cg4 isomer
Cgsq_D>4(23) in the potential region of the first reduction step
results in a quite complicated ESR spectrum consisting of at
least three signals (Fig. 16d). The main broad ESR signal
with a g-factor of 2.0013 and a linewidth AB,,=1.00 G was
attributed to the Cg4—D»4(23) monoanion. The minor impurity
in the Cg4 monoanion ESR spectrum with a sharp line (ABy,
=0.15 G) and g=2.0009 which composes the 2% of the
signal was identified as the monoanion of the Cg,—C5(3)
isomer. The second impurity in the Cgq—D-4(23) is attributed
to the Cg4—Cy(16) isomer as these two isomers of Cgq have
very close retention times in HPLC. In this way, ESR
spectroscopy turns out to be a powerful tool in the analysis of
the purity of cage isomers of fullerenes via spectroelectro-
chemical electrochemical characterization. In general, ESR
spectroelectrochemistry demonstrates that the symmetry of
the fullerene molecule has a strong influence on the linewidth
of the ESR signal of the monoanion decreasing with lower
cage symmetry.

When expanding the potential range to the second
reduction step, a decrease in the intensity of the monoanion
ESR line was observed for all isomers as illustrated for
Cg4—Cy(14) isomer (Fig. 17a). The diamagnetic dianions
formed in the second reduction step are to be followed by
vis-NIR spectroelectrochemistry. Here, new optical bands at
835, 1,147 and around 1,850 nm appear in the second
reduction step (Figs. 17b, 4a green line). These bands can
be assigned to the Cg4—Cy(14) dianion based on the
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Fig. 17 a Potential dependence
of the ESR spectra of Cgy—
Cy(14) detected in the first and
second reduction step. (Inset, a
cyclic voltammogram at the frist
two reduction steps) b Potential
dependence of the Vis/NIR
spectra of Cg4—Cy(14) in the first
and second reduction step;
neutral, black lines; monoanion,
red lines; dianion, green lines [48]
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correlation of their intensities with the charge transferred in
the second reduction step.

During the reduction of the Cg4—Cy(14) isomer at the third
reduction step, a new ESR signal with a g-factor of 2.0015
and a linewidth of AB,,=0.18 G appeared (Fig. 18a). This
new signal can be assigned to the Cgs—Cy(14) trianion
according to the correlation of its intensity with the third
reduction and re-oxidation peaks in cyclovoltammetric trace.
The new ESR signal is partially overlapped by that of the
monoanion but the subtraction of the monoanion signal
results in the ESR spectrum of the Cg4—Cy(14) trianion which
significantly differ in its '*C satellite pattern (Fig. 18b). In
the fourth reduction step of Cgs—C(14), a decrease of the
trianion ESR signal is observed pointing to the diamagnetic
state of the tetraanion of the Cgs—Cy(14) fullerene. A larger
separation in g-factors between the signals of the mono- and

A/ nm

trianion was observed for the Cgs—C,(11) isomer and again
the '3C satellite patterns are different for the singly and triply
charged fullerene (Fig. 18c).

Summarising the fullerene isomer study, in situ ESR
vis NIR spectroelectrochemistry turns out to be the
matter of choice for the Cgy4 isomers Cgq—C5(11), Cgy—
Cy(14), Cg4—D5(22) and Cgy—D-»4(23) as examples for the
large variety of fullerene isomers to characterise the
electronic situation of their neutral and negatively
charged states.

How different the electronic situation in a fullerene
structure might be in dependence on charging will be
demonstrated with the example of in situ ESR Vis NIR
spectroelectrochemistry of the endohedral derivative
ScsN@Cgo(CF3), which exhibits three reversible reduction
and two reversible oxidation steps [49]. The monocation,
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Fig. 18 a The potential depen-

dence of ESR spectra of Cgq —

Cy(14) and Cgs> —Cy(14) in the a
potential region of the first,

second and third reduction step.

(Inset cyclic voltammogram),

b ESR spectrum of Cg,> —

Cy(14) overlapped by the signal

of Cgq —Cy(14) (black line) and

after Cgy —Cy(14) signal sub-
traction (red line) and ¢ ESR
spectrum of C8431C2(11) with

I/ A
AbONMIEToabd®
T

45 40 05
/V vs Fc/F+

the signal of Cgy —C5(11) (black
line) and after Cgq —C,(11)
signal subtraction (red line) [48]

b __ E=-1.8V vs Fc/Fc'
after substracting C,’
g=2.0015
=2.0011
- /9
2G
c —— E=-1.85V vs. Fc/F¢’
after subtracting C,,°
g =2.0021
g =2.0004
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the monoanion and the trianion are available by ESR
spectroscopy in solution, providing for the first time a
broad range of spectroscopically available charged states of
an endohedral fullerene via spectroelectrochemistry. The
addition of two CF; groups to a Sc;N@Cgo endohedral
structure dramatically changes the spin density distribution

@ Springer

upon charging. The DFT analysis of the ESR spectra of the
monoanion and the trianion indicates a spin-density shift
from the fullerene cage to the Sc;N cluster upon charging
resulting in a high spin density on one Sc atom in the
trianion (Fig. 19). Therefore, in complex fullerene struc-
tures, it is the spin density distribution which can be varied
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Fig. 19 DFT computed spin
density distribution in the
lowest energy conformers of
monoanion Sc3N@Cgo(CF3),
(top left), the trianion
Se;N@Cso(CF3)” (top right)
and the non-derivatised
monoanion ScsN@Cgo (middle
bottom) [49]

by charging of selected fullerenes structure. This opens new
insights into endohedral fullerene structures enabled by
spectroelectrochemistry.

The future

As demonstrated in this review, a general trend in
spectroelectrochemistry is under way from single spectro-
electrochemical towards multi-spectrolectrochemcial tech-
niques. There is no doubt that further progress in
spectroscopic techniques will result in a variety of triple
methods like in situ ESR UV-vis NIR spectroelectrochem-
istry to make a more detailed structural characterisation of
electrode systems and reaction mechanisms possible.
Nevertheless, strong efforts are required to develop spec-
troelectrochemical setups for such triple methods to ensure
the accuracy of the electrode potential control and the
sensitivity of the spectroscopic methods. While this future
work is an obvious consequence of the current develop-
ments in spectroscopy, there are further aspects which
require a new technical breakthrough. Especially, the time
resolution in spectroelectrochemistry must be turned to a
new dimension of time scale to fulfill the requirements of
current developments in electrochemistry as it is, e.g. the
field of endohedral electrochemistry [50]. Here, the
pathway of the endohedral electron transfer at the fullerene
cage is to be followed experimentally at a time scale
beyond the current available range.

Sc;N@C,(CF,),*

Furthermore, locally resolved spectral information of an
electrode surface is the matter of choice to get the
distribution of chemical structure under dynamic conditions
of an electrode reaction. Currently, Raman spectroscopy is
the most developed spectroscopic method in this field [51],
but there is no doubt that other spectroscopic techniques
might reach a high standard of spatial resolution as well. It
is obvious that for the phase boundary of an electrode, it is
of high importance to follow the gradients of chemical
species under reaction conditions. Therefore, the applica-
tion of any type of spectral imaging will have a great
chance in electrochemistry as far as the spatial resolution is
in the range of the extension of the (diffuse) electrochem-
ical double layer and sufficient for an analysis of the
diffusion in the concentration layer at both sides of the
electrode interface.

In general, it is a great challenge for experimental
electrochemists in the next future to contribute to
modern electrochemistry with outstanding developments
in experimental methods—because of and beyond the
main stream of charge storage systems or fuel cells.
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