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(7.e. stability os. time), fibre optic bundles and 3D

Summary 0 .

High-sensitivity charge coupled-device (CCD) cameras, effi- printing technologies }_135 paved t.he way for the devel-
cient fibre optic bundles, high stable light source and 3D opment of very efficient real-tlme SEC_ capable' of
printing technologies now open large possibilities to probe probing redox-response nanomaterials at high sampling

redox species in solution and on confined surface by real-time rgte (eg 1 optical spectrum per millisecond with a high
absorption spectroelectrochemistry. This short review aims at signal-to-noise ratio). By the way, Leon and Mozo [11]

providing an overview of the first work of absorption spec- provide a recent review dedicated to SEC and some

troelectrochemistry on redox-responsive self-assembled major breakthroughs in the field with more than 300

monolayers (SAMs). Some practical aspects are emphasized references.

to not underestimate the difficulties involved in set-up such

instrumentation. In this short review, the first paragraph reminds some
practical but essential aspects of real-time absorption

Addresses SEC (A-SEC) for monitoring very low absorbance

Univ Angers, CNRS UMR 6200, Laboratoire MOLTECH-Anjou, 2 bd

values. Then, a second paragraph will be dedicated to a
Lavoisier, 49045, Angers Cedex, France ’ paragrap

textbook case A-SEC response: a perylenediimide

Corresponding author: Levillain, Eric (eric.levillain @ univ-angers.fr) (PDI) redox probe in solution and immobilized on Au
substrate. Finally, the last paragraph gathers the very
first results of A-SEC on self-assembled monolayers

Current Opinion in Electrochemistry 2019, 15:34—41 (SAMs) extracted from the literature

This review comes from a themed issue on Organic and molecular

electrochemistry

, A few practical reminders
Edited by Marc Robert

In solution, Beer’s law defines the usual relationship

For a complete overview see the Issue and the Editorial between concentration and absorbance as follows:
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(mol LL™7).

For redox-responsive materials (e.g. a SAM), Beer’s law

. can be expressed as follows:
Introduction

Electronic (UV-visible and near-infrared (NIR)) trans- A — 1000 eapp I with T, the surface coverage (mol

mission and reflectance spectroelectrochemistry (SEC) em™2) and eapp the apparent extinction coefficient of
already proved to be an effective approach for studying  (he material.

the redox chemistry of organic, inorganic and biological

compounds. The z situ simultaneous acquisition of 1, g generally accepted that eapp depends on the
spectroscopic and electrochemical information in an average tilt angle of immobilized molecules (ie. the

clectrochemical cell (ze. real-time SEC) for investi-  ayerage dipole moment orientation os. the light beam
gating reaction kinetics and mechanisms and exploring  gjrection, perpendicular to the substrate), and readers
clectrode surface phenomena indeed has a long-  gpould keep in mind that, in a borderline case, a zero

standing history [1—9]. The pioneering work was  yajye of tilt angle induces a zero value of expp [12—21].
published in 1964 by Kuwana et al. [10], who reported a Consequently, the measured absorbance is highly
true technical feat for their time: the use of the SnO, structure dependent of the material.

electrode to monitor the absorbance during electrolysis
at a given wavelength. Half a century later, the Probing 2 SAM by A-SEC imposes to deal with very

improvement in CCD cameras (ie. very sensitive and  |ow  absorbance values, close to 0.001 (with
stable with low noise and large dynamics), light sources
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Figure 1
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(Top) A-SEC cell dedicated to redox-responsive materials: Disposable electrodes are made by physical vapour deposition (PVD), leading to a repro-
ducible geometry and low roughness (i.e. Ra = 2 nm). Produced by a 3D printer, the cuvette holder is designed to minimize the light signal attenuation
and accommodate the electrode placement in the optical cuvette, thereby offering a perpendicular light path for reflection and fluorescence measure-
ments. (a) (Bottom) Repeatability of the A-SEC bench on nude Au substrate versus time: the numbers of counts () measured by the CCD camera are
monitored over time (i.e. 200 s at a sampling rate of 100 Hz) in real-time A-SEC conditions (3D graph ). Note that the number of counts depends on the
wavelength range. (b) The values of the absorbance variation over the whole wavelength range (i.e. 450—900 nm) are calculated from the usual equation
AAbs = log (l/l) with 1o, the average of all the frames. The noise level reaches a wavelength-dependent value close to 0.001 (3D graph ). (c) According to
experimental data, the Gaussian noise can be removed via some specific 2D convolution operators to reach a noise level 10 times lower than the previous
one (3D graph). Note that the reliability and relevance of this procedure are highly dependent on the sensitivity of CCD cameras, the quality of the
calibrations and the maintenance of the A-SEC bench. A-SEC, absorption spectroelectrochemistry; CE, counter electrode; WE, working electrode; RE,

reference electrode; CCD, charge coupled-device.

' = 107 mol cm™% and eapp = 10 000 mol ™' L em™1).
"This challenge seems huge, but performing A-SEC in thin
layer conditions can be equally problematic because all
measurements need to be, at each step of potential, in an
effective steady state to correlate spectroscopic and
electrochemical data. In this case, a quite short conversion
time (t) close to 1 s imposes a thin layer thickness (2)
of about ten micrometres (with £ < (t.D)l/2 and a diffu-
sion coefficient D of a 5.107° cm?® s_l), resulting in
low absorbance values (¢g A = 0.01 with
e =10000mol 'Lem ™!, 2 = 10 pumand C = 1 mM) [6].
It should be noted that A-SEC on the SAM can lead to
unusual hardships when the substrate strongly absorbs
photon from the light source (e.g. vitreous carbon). In such
a case, a careful spectroelectrochemical study of
nonfunctionalised working electrodes is required to pre-
vent unexpected signals, which could result in misleading
or inaccurate interpretations.

In addition, it should also be kept in mind that, under
such conditions, performing A-SEC in transmission

mode has proven, so far, to be very difficult via a com-
mercial or homemade thin layer cyclic voltammetry
(TLCV) cell because £ is at best close to 200 pm.
Therefore, a reflection mode turns out to be a method of
choice because it (i) provides an optimal control of the
optical path length (via a micrometric screw, a
spacer and so on), (ii) doubles the absorbance (z.e. the
light beam passes through the thin film twice, meaning
that A = 2 ¢ ¢ C), (iii) minimizes the light signal
attenuation and, the icing on the cake, (iv) enables
photoluminescence monitoring via perpendicular exci-
tation to the electrode surface by real-time emission
SEC (E-SEC) [22—25]. By the way, a recent review of
Bizzotto [26] provides a general overview of E-SEC on

the SAM.

Last but not least, a high-sensitivity CCD camera with a
signal-to-noise ratio (S/N) above 1000 (i.e. S/N = (Gain.
I) 2 with I, the number of counts and Gain, the con-
version between the number of electrons recorded by
the CCD and the number of digital units contained in
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the CCD image) and a high stable light source over time
are required to monitor such extremely low absorbance
variation. Moreover, the large dynamic range of up-to-
date CCD cameras leads to sampling frequencies
around a few megahertz (on 16 or 32 bits) and thus a
real-time monitoring of redox process and possible
chemical reactions accompanying it on millisecond scale
or even less. However, reaching such a time scale
strongly depends on CCD camera settings, and a
compromise between the number of points and the lag
time is required to optimize either the dynamics or the
sensitivity.

One last point that is often problematic is as follows: the
choice of reference spectrum (ze. the radiant flux Iy [A]
received by the sample) is crucial to extract very low
absorbance or transmittance values because real-time A-
SEC imposes a single-beam scanning bench. To mini-
mize the noise propagation, the radiant flux Iy must be
at the steady state (eg lp = an average of the first
measured frames), and thus, A-SEC experiments
monitor an absorbance variation (AA) and not an
absorbance value (i.e. AA = log (I/Iy) = A — Ay with
Ay = absorbance at steady state). Consequently, an

Figure 2

electrochemical consumption of a steady-state species
results in a negative absorbance and the generation of a
redox species, and products arising from redox reaction
leads to a positive one.

Nowadays, a fine-tuned real-time spectroelec-
trochemical bench, equipped with the aforementioned
instrumentation, allows optical spectra to be monitored
at high sampling rate (typically between 10 and
100 Hz at 100 mV s~ ! for cyclic voltammetry (CV) ex-
periments) with experimental noise lower than 0.0005
(Figure 1).

A-SEC of PDI derivatives, a textbook case

A PDI derivative, known to be an efficient redox chro-
mophore, is suitable for illustrating the procedure for
performing A-SEC on the SAM. At this stage, it is worth
remembering that, before probing an electroactive SAM
by A-SEC, the molecule has to be studied first in
solution.

In nonaqueous solvents, PDI derivatives exhibit two
successive fully reversible one-electron processes in
negative direction, absorb most visible light in the blue
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Schematic layout of real-time A-SEC in reflection mode for monitoring spectroelectrochemical behaviour in solution (top). (a) A-SEC response at a
sampling rate of 5 Hz of a PDI derivative in nonaqueous solvents, exhibiting two successive reductions in thin layer conditions (2 = 20 mm, C =1 mMin
0.1 M TBAHP/CH,Cl, on Pt electrode at 5 mV s™"). Note that an electrochemical consumption of a steady-state species leads to observation of negative
absorbance and vice versa (reminder: AA = A - A0 and consequently d(AA)/dt = d(A)/dt). (b) First-time derivative of the absorbance variation of A-SEC
response, allowing the extraction of all the DCVAs over wavelength (see, for instance, the extraction at 760 nm on (c)) and, thereby, facilitating an effective
assignation of the optical bands monitored during the two reduction processes of PDI in solution. (c) Current vs. time on two electrochemical cycles and
DCVA at 760 nm. Note that a colour scale represents the 3D graph z-axis. [22]. A-SEC, absorption spectroelectrochemistry; DCVA, derivative cyclic
voltabsorptogram; PDI, perylenediimide; CCD, charge coupled-device; TBAHP, tetrabutylammonium hexafluorophosphate.
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and green regions (ie. Anax between 450 and 500 nm
with a € of ez 40 000 mol ' L cm™!) and produce green
light when excited at Ap, with a photoluminescence
quantum vyield close to 100%. A-SEC in thin layer con-
ditions at several scan rates and concentrations may help
to check the absence of any homogeneous or heteroge-
neous reactions coupled to charge transfer while iden-
tifying the spectral signatures of the radical anion and
dianion arising from the reduction of PDI in solution
(Figure 2) [22,23].

Several synthesis steps are required to afford graftable
PDI derivatives involved in the formation of PDI-based
SAMs on Au substrates. Furthermore, the chemical and
electrochemical stability of redox-responsive nano-
materials must be ensured to avoid any molecular
desorption during A-SEC experiments. The absence of
mass transfer by diffusion in the SAM allows perfor-
mance of fast and reliable A-SEC experiments in a large
range of scan rates and facilitates the monitoring of

Figure 3
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optical spectra of redox species and/or products arising
from redox reactions. The sensitivity of CCD cameras
and the high signal-to-noise ratio make the derivative
cyclic voltabsorptogram (DCVA) possible on the SAM in
a large range of surface coverage (Figure 3) [27].

The study of mixed PDI-based SAMs by A-SEC
revealed a Beer’s law issue (Figure 4). The absorbance
maxima of PDI species indeed vary nonlinearly with
surface coverage. In other words, the more the surface
coverage increases, the more the absorbance deviates
from Beer’s law, which has been interpreted (but still
not confirmed so far) by surface coverage dependence of
the tilt angle of PDI moieties, inducing a direction
change of dipolar moments [28].

Decreasing the number of PDI immobilized onto surface
induced by the formation of mixed PDI-based SAMs
provided an estimation of the detection limit in absor-
bance value. According to the wavelength range (from 320
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Schematic layout of real-time A-SEC in reflection mode for monitoring spectroelectrochemical behaviour of surface-confined redox species (top). (a) A-
SEC response at a sampling rate of 100 Hz of a PDI based SAM in nonaqueous solvents, exhibiting two successive reductions (I' = 2 107'° mol cm=2in
0.1 M TBAHP/CH,Cl, on Au electrode at 100 mV s™"). Note that an electrochemical consumption of a steady-state species leads to observation of
negative absorbance and vice versa (reminder: AA = A - A0 and consequently d(AA)/dt = d(A)/dt). (b) First-time derivative of the absorbance variation of
A-SEC response allowing the extraction of all the DCVAs over wavelength (see, for instance, the extraction at 755 nm on (C)) and, thereby, facilitating an
effective assignation of the optical bands monitored during the two reduction processes of PDI in solution. (c) Current vs. time on two electrochemical
cycles and DCVA at 760 nm. Note that a colour scale represents the 3D graph z-axis. [27]. A-SEC, absorption spectroelectrochemistry; DCVA, derivative
cyclic voltabsorptogram; PDI, perylenediimide; SAM, self-assembled monolayer; CCD, charge coupled-device; TBAHP, tetrabutylammonium
hexafluorophosphate.

www.sciencedirect.com Current Opinion in Electrochemistry 2019, 15:34—41


www.sciencedirect.com/science/journal/24519103

38 Organic and molecular electrochemistry

Figure 4

588
///

Successive
dllutlon

vvv

Y m

i o 0.008

( //(/ \,\‘ 2 ©  PDI (540 nm) It ,. ‘ - 2

e & ® Dianion (670 nm) e -
\ % | ] | B / o Radical anion (755 nm) //7%‘ 15

—_ § 0.006 =2 H SAM 100% s
© o i 10
H j

i’ - -~ ol ‘ >
}}( 2 >3 R ([= [ ‘ s

2 < 0.004 % L -

: 3 b
s V|
MIxedSAM(S%} % = E ¥ = D//’AF '-‘ ! 450 500 550 600 650 700 750 800 850 900
e = \
y v 8 0002 //I/I/ - ¥ A(nm)
- 2 A e
5 % >
__________ - ) / \
450 500 550 600 650 700 750 800 850 900 0 5e-11 1e-10 X ] > p
A(nm) I' (mol.cm?) S

Current Opinion in Electrochemistry

Maximum absorbance at 540, 670 and 755 nm has been extracted from A-SEC experiments of mixed SAMs in 0.1 M TBAHP/CH,Cl, at 10 mV s~" and
303 K. The dash lines are trend curves. Note that the experimental absorbance values at 540 nm (i.e. PDI) are negative, but they are displayed in

absolute value. The extraction of the maxima at low surface coverage is the main drawback, and the Levenberg—Marquardt least squares minimization
technique to fit absorption spectra is a successful [28]. A-SEC, absorption spectroelectrochemistry; PDI, perylenediimide; SAM, self-assembled

monolayer; TBAHP, tetrabutylammonium hexafluorophosphate.

to 1650 nm) and the type of CCD camera (ze. Vlslble or
NIR), the detection limit value varies between 10> and
1072,

The impact of nanoscale grafting such as the molecular
structure change and/or an increase in intermolecular
interactions can be studied by comparing A-SEC data in
solution with those recorded on confined species.
Hence, A-SEC performed on PDI-based SAMs did not
provide evidence of significant spectral change for the
confined PDI derivative and its reduced forms.

The grafting impact on the photoluminescence of PDI
moicties has also been studied by E-SEC, and as ex-
pected, no light emission was detected because of
quenching of molecular fluorescence on the Au sub-
strate via an energy transfer (ze. Forster resonance
energy transfer). [26,27,29].

Grafting impact on EDIM mechanism

A-SEC at the nanoscale enables the study of the grafting
impact on heterogeneous reactions coupled to charge
transfer. In this context, the initial work aimed at
probing the grafting impact on electrochemical reaction

followed by a dimerization reaction (EDIM)

mechanism.

Some short thiophene or thienylenevinylene derivatives
are known to produce a reversible dimerization of the
radical cation, leading to a T-dimer. In nonaqueous sol-
vents, fully reversible EDIM and EDIM followed by an
electrochemical reaction mechanisms were established
via an expected linear dependence of apparent potential
with log (C) (ze. a slope of £ 29 mV/log unit at 293 K),
and the equ111brlum constant of dimerization (Kppy) is
greater than 10*, Consequently, the absorption bands of
the cation radical and T-dimer were identified from a
systematic A-SEC study as a function of concentration
(Figure 5 a) [30—34].

A-SEC study of 5,5-disubstituted-2,2’-bithiophene—
based SAMs (z.e. EDIM mechanism) provided evidence
of the T-dimer optical signatures because of an ex-
pected increase of intermolecular interactions in
confined nanometre-scale spaces (Figure 5 b). [35,36].

Electrochemical and spectroelectrochemical studies on
mixed SAMs of a 2,5-bis(methylthio)-

Current Opinion in Electrochemistry 2019, 15:34—41
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Electrochemical behaviour of a 5,50-disubstituted-2,20-bithiophene in 0.1 M TBAHP/CH.Cl,, involving a EDIM process in a positive direction (top). EDIM
process supports by a linear variation of the apparent potential with log(c) (i.e. a slope of —29 mV/log unit). The invariance of apparent potentials with a
scan rate between 0.10 and 100 V s™" indicates that the dimerization equilibrium is fast. A-SEC experiment performed in solution and investigated at
several concentrations does not provide clear evidence of the development of the characteristic spectral features of the w-dimer in the visible region. A-
SEC experiment on thiophene-based SAMs has shown that the confinement of thiophene moieties on the Au substrate favours intermolecular interactions
and thereby the formation of wt-dimer. (a) Current vs. time and DCVA at 570 nm in thin layer conditions (2 = 50 mm, C =1 mMin 0.1 M TBAHP/CH,Cl, on
Pt electrode at 5 mV s™"). (b) A-SEC response at a sampling rate of 5 Hz. (c) Absorbance variation of A-SEC response at 120 s. (d) Current vs. time and
DCVA at 680 nm of a thiophene-based SAM (I' = 2 107'° mol cm™2 in 0.1 M TBAHP/CH,Cl, on Pt electrode at 50 mV s7'). (e) A-SEC response at a
sampling rate of 100 Hz. (f) Absorbance variation of A-SEC response at 10 s. Note that a colour scale represents the 3D graph z-axis. [35,37]. A-SEC,
absorption spectroelectrochemistry; PDI, perylenediimide; SAM, self-assembled monolayer; TBAHP, tetrabutylammonium hexafluorophosphate; EDIM,

electrochemical reaction followed by a dimerization reaction.

thienylenevinylene dialkyl disulfide derivative and
dodecanethiol were provided to study the surface
coverage impact on the EDIME process [37]. In
agreement with electrochemical simulations performed
with KISSA-1D® software [38], electrochemical data
have suggested a conservation of the EDIME process for
immobilized molecules. Then, A-SEC studies have
confirmed the predominance of the T-dimer in a wide
range of surface coverage (ze. a dilution factor of 20).
Nevertheless, the emergence of the signature of the
radical cation has been monitored at low surface
coverage by chronoamperometry coupled to absorption
SpECtroscopy.

These first results suggest that a SAM could be seen as a
high concentrated solution but that is to be confirmed
through studying various electrochemical mechanisms.

Conclusion

Only a very few studies are dedicated so far to real-time
A-SEC on SAMs in the literature because such equip-
ment is very expensive and requires numerous repeti-
tive and  time-consuming fine  adjustments.

Nevertheless, a real-time A-SEC devoted to very low
absorbance measurements is undoubtedly an asset for
examining a more thorough electrochemical mechanism
in solution (eg see study by Cotelle et al [39]) within
redox-responsive materials (¢.g. see the study by Jime-
nez et al [40]) or in surface-confined redox species
[27,28,35,37], and it should facilitate the establishment
of detailed structure properties and structure—reac-
tivity relationships at the nanoscale. Finally, it is
important to bear in mind that a fine study of current
voltage characteristics, supported, where possible, by
efficient electrochemical simulations (e.g. DigiElch or
KISSA-1D®), should be initiated before performing A-
SEC experiments on electroactive molecules in solution
or on redox-responsive materials.

What about the real-time A-SEC future? The improve-
ment in CCD cameras (eg deep depletion back-
illuminated CCD cameras) and light sources (e.g. laser-
driven light sources that enable extreme high bright-
ness with a relatively flat spectrum, from UV to NIR)
paves the way for better signal-to-noise ratios and
smaller time scale monitoring in a few years. However, it

www.sciencedirect.com
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is likely that signal processing will bring about a huge
improvement. Indeed, rapid advances in facial recogni-
tion have enhanced the alternating least squares algo-
rithm for principal component analysis, opening up a
whole range of possibilities for extracting very weak
spectroscopic signals from noise. [41,42].
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