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The spectroelectrochemical response of the macrocyclic com-
pound 1,4-dimethoxypillar[5]arene (P5A) and its monomer 1,4-
dimethoxybenzene was investigated using cyclic voltammetry
combined with UV-Vis spectroscopy. The influence of three
different aprotic solvents, acetonitrile, dichloromethane, and
dichloroethane, as well as supporting electrolyte, on the anodic
behaviour of P5A were studied and discussed. The results
indicate that the donor-acceptor Lewis-type interactions be-

1. Introduction

Supramolecular chemistry, which is a relatively new branch of
chemistry, focuses on weak non-covalent interactions between
molecules and/or ionic species.” The non-covalent linkages
allow for molecular self-assembling. Therefore, studying the
nature of these interactions is essential to understand processes
taking place in living organisms. Inspired by biological models,
scientists obtained synthetic receptors like crown ethers, cyclo-
dextrins, or calixarenes to investigated host-guest interactions.
From 2008, when Ogoshi reported on 1,4-dimethoxypillar[5]
arene (hereinafter called P5A), a new family of host macrocyclic
molecules, pillar[n]arenes (P[n]A), emerged.”” Not surprisingly,
since that time many derivatives of P[n]A, bearing other
moieties have been synthesised.

P5A consists of 1,4-dimethoxybenzene subunits linked by
methylene bridges.”” The presence of oxygen atoms in the P5A
structure results in an electron-rich cavity of this phenolic
macrocycle. Thus, the alkoxybenzene subunits might easily
undergo oxidation to the corresponding benzoquinones,
providing changes in the oxidation state of P5A, and hence in
the corresponding absorption spectra. So far, the well-known
structure and complexing properties of P[n]JA as well its
derivatives were mainly characterised by spectrochemical
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tween tested compounds and the solvent molecules affect the
oxidation processes and thus the formal potentials (E). In all
solvents we see subsequent oxidation of P5A to P5A°* followed
at higher potential by an irreversible oxidation to the
corresponding quinone. The results also show that small
amounts of water can significantly influence the redox behav-
iour of the P5A.

analysis, including fluorescence techniques, UV-Vis, FTIR or NMR
spectroscopy,”®™ whereas the electrochemistry of these P[n]A
macrocycles still needs to be studied in detail.

Comparison of the electrochemical behaviour of pillar[n]
arene and its model units has been an interesting approach to
study their electrochemical response, and was initiated by
Cheng and Kaifer.’ In that work, structures of pillar[5]quinone
(P5Q) and its monomer p-xyloquinone (XQ) were examined by
three different voltammetry techniques.”” It was shown that for
measurements carried out in dichloromethane, which is an
aprotic solvent, p-xyloquinone (XQ) underwent a subsequent
reversible two-step reduction reaction. In the first step, p-
xyloquinone was reversibly reduced, forming a radical anion,
and then dianion. On the square wave voltammograms, two
separate peaks appeared at potentials —0.67 V and —1.19V vs
Ag/AgCl. Provided that quinone groups in the macrocycle do
not strongly influence each other, a similar cathodic electro-
chemical behaviour was expected for pillar[5]quinone. However,
for P5Q, four consecutive peaks corresponding to 2, 1, 2, and 3
electron uptakes were observed in the square wave voltammo-
gram. It is worth noting that the first reduction processes for
P5Q took place at more positive potentials than for the
monomer, —0.388V and —0.596V, followed by peaks at
—0.800V, and —1.080V vs Ag/AgCl. This electrochemical
response is most likely related to the pentagonal structure of
P5Q where electrostatic repulsions of neighbouring units occur.
Similar experiments for a series of 1,4-dimethoxypillar[m]arene-
[nlquinones (P[m]A[n]Q) were performed by Liu etal in
acetonitrile.” In this study, a correlation between a number of
quinone units in macrocycle on the electrochemical behaviour
was examined. In contrast to the previously described results
for P5Q, only two reduction peaks have been observed.” The
discrepancy between the obtained results could be explained
by the difference of solvent being used (ACN vs DCM).

The strong influence of the solvent effect on the electro-
chemical behaviour was also seen for pillar[5]arene, consisting
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of five hydroquinone rings, and for its hydroquinone form. The
Evtugyn®® group recorded cyclic voltammograms on screen-
printed carbon electrode in 50% acetone containing 0.1 M
Na,SO,, whereas Yamagishi et al."” performed experiments on a
platinum electrode in a nonaqueous solvent - 0.1 M tetrabuty-
lammonium hexafluorophosphate dissolved in acetonitrile. The
comprehensive study shows that upon similar reaction con-
ditions, at platinum electrodes in acetonitrile, hydroquinone
undergoes an irreversible two-electron oxidation process to
protonated quinone, resulting in one broad peak followed by
irreversible two-electron reduction process on the cathodic
sweep.""'? Ogoshi et al'® concluded that the shape of the
curves obtained in acetonitrile for both compounds was similar,
indicating that oxidation of the five hydroquinone in macro-
cycle appeared separately at the potential 1.02 V vs SCE. This
kind of electrochemical response was not observed in 50%
acetone containing 0.1 M Na,SO, The redox activity of pillar[5]
hydroquinone and hydroquinone were strongly dependent on
their concentration and the concentration of their oxidation
products. On cyclic voltammograms recorded for hydroquinone,
in a wide range of potentials only one pair of peaks appeared
under the potential of 0V, while for the macrocycle, two pairs
of oxidation and corresponding reduction steps were
observed.®?

The latest research on the redox properties of the fully
alkylated pillar[5]arene: 1,4-dimethoxypillar[5]arene (P5A) and
its analogues with one (P4AQ1) or two quinone units (P3AQ2)
were conducted by Champness etal, in dichloromethane
containing 0.4 M tetrabutylammonium tetrafluoroborate as a
supporting electrolyte.™ Cyclic voltammograms of P5A, re-
corded in the negative potential range, did not show any redox
processes. However, in the positive range of potentials, three
consecutive oxidation peaks and corresponding reduction
peaks were observed. Based on spectroelectrochemical experi-
ments, all these processes were described as chemically
reversible."” According to the authors of this work, the use of a
dry aprotic solvent such as dichloromethane prevented oxida-
tion of dimethoxybenzene units to their corresponding qui-
nones. Various studies can be found in the literature relating to
the solvent’s influence on the obtained -electrochemical
response of dimethoxybenzene. The electrochemical oxidation
process of dialkoxybenzene was examined in different organic
media such as dry acetonitrile, wet acetonitrile, methanol, and a
mixture of methylene chloride with trifluoroacetic acid."*'? As
reported, the dialkoxybenzene molecule undergoes oxidation
via formation of aromatic radical cation which stability depends
on the solvent nucleophilicity. Hydrated solvents, i.e., wet
acetonitrile or mixture of methylene chloride with trifluoro-
acetic acid, stabilised once formed radical cation affecting
protonation equilibria and caused reversible oxidation process.
While in the presence of other nucleophiles such as cyanide
(CN7) and methoxide (OCH;") ions, decomposition of the radical
cation was observed."*?*?"! Therefore, in the dry acetonitrile, the
polymerisation process of dialkoxybenzene occurred." In other
experiments performed in acetonitrile with 0.1 M lithium
perchlorate at platinum electrodes, two-steps oxidation was
registered. The first oxidation process occurred at 1.2-1.4V (vs
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Ag/AgCl) and was reversible, whereas the second step was
irreversible and appeared at more positive potentials 1.4-1.9V
(vs Ag/AgCl)."™ On the contrary, for the oxidation of dialkox-
ybenzene derivatives carried out on GC electrodes in methanol,
the first oxidation step became irreversible. These data indicate
higher stability of cation radical intermediates in acetonitrile
than in methanol media."” Furthermore, as pointed by Becker
et al., the electrochemical oxidation of dialkoxybenzene deriva-
tives also depends on its substituents. For the oxidation
reactions performed in the mixture of acetone with sulfuric
acid, only monosubstituted derivatives were fully oxidised
towards corresponding quinones whereas disubstituted deriva-
tives underwent partial oxidation." As reported by Champness
etal, for the partial oxidated P5A derivatives, bearing one
(P4AQ1) and two (P3AQ2) quinone units, two reversible
oxidation process for P4AAQ1 and one for P3AQ2 were observed
in anodic potential range."

Apart from this study, there are relatively sparse data
available concerning the electrochemical behaviour of P5A in
different organic solvents. Consequently, in this work, we
present the spectroelectrochemical response of 1,4-dimeth-
oxypillar[5]-arene (P5A) and its monomer in different aprotic
solvents, i.e., in acetonitrile, dichloromethane, and dichloro-
ethane.

2. Results and Discussion

In this article, we investigated the redox behaviour of 1,4-
dimethoxypillar[5]arene (P5A) and 1,4-dimethoxybenzene (MET)
in three different aprotic solvents as acetonitrile (ACN), dichloro-
methane (DCM), and dichloroethane (DCE) using TBAHPF as a
supporting electrolyte. The concentration of the examined
analyte was 0.1 mM, and supporting electrolyte TBAHPF was 0.1
or 0.2 M. High concentration of supporting electrolyte increase
the conductivity of the used solutions and limits transport of
electroactive species by ion migration in the electric field.

2.1. P5A and MET Electrochemistry in DCE Containing 0.1 M
and 0.2 M TBAHPF

On the voltammogram (Figure 1A) registered for 0.1 mM MET
dissolved in 0.1 M TBHAFP/DCM, only one pair of peaks
corresponding to oxidation and reduction processes were
present. The formal potential (E) of this process is 1.0837 V (vs
Ag/AgNO;), and peak separation (AE) is 0.0694 V. Since the
separation of the peaks is slightly greater than 59 mV, and the
ratio of oxidation and reduction currents (I,./l..q) is different
from 1 (it is 0.8), the process could be described as quasi-
reversible. It is worth noting that the values of both anodic and
cathodic currents in each subsequent cycle do not change,
which could mean that the cation-radical intermediate is
stabilised in DCM." The polymerisation process, expected for
very dry solvent (less than 107°% H,0) which results in an
increase of the peaks current in each subsequent cycles, was
not observed which may be related to the water concentration
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Figure 1. Cyclic voltammograms on glassy carbon of A) 0.1 mM MET and B,
C) 0.1 mM P5A in DCM containing (A, B) 0.1 M TBAHPF or (C) 0.2 M TBAHPF
as supporting electrolyte, v=100 mV/s.

in DCM. For the electrochemical experiments, we used DCM
with low water concentration (<0.01%). However, the water
concentration could have increased slightly during sample
preparation, since the solutions were prepared under a non-
inert atmosphere. The effect of water concentration on the
electrochemical response of MET in ACN was investigated by
Ortis et al. The author suggested that the oxidation current
does not change in relatively dry conditions (about 0.02%
H20).5” Obtained electrochemical response may also be related
to a very low MET concentration (0.1 mM).2” According to
literature data, monomer concentration is a very important
factor in a polymerisation process, for higher concentration
(5 mM) polymerisation process occurs more easily than for
lower concentration (0.5 mM)."” In the next subsections of this
manuscript, we show results obtained in another strongly
hydrophobic solvent as DCE, in which one electron quasi-

reversible process was also observed in this potential range 0-
1.2V vs Ag/AgNO;. It is also worth noting that most of the
studies related to the electrochemical behaviour of MET were
carried out on platinum electrodes. There are reports in the
literature showing the influence of the type of working
electrode (Pt or GC) on the electrochemical response.'® The
related data for MET obtained from voltammograms from all
the investigated solvents are shown in Table 1. Additionally, we
performed a series of cyclic voltammograms with increasing
scan rate from 20 mV/s to 500 mV/s (Figure SI 1.1 A) to plot the
peak currents vs square root scan rate and/or scan rate. Based
on these results, both oxidation and reduction processes can be
described as diffusion-controlled, since a linear dependence of
the peak currents vs the square root of the scan rate was
observed. (Figure Sl 1.6).

Cyclic voltammetry was applied to investigate the anodic
electrochemical behaviour of 0.1 mM P5A dissolved in DCM
containing in 0.1 M TBAHFP (Figure 1B; SI 1.1B). The obtained
results indicate three consecutive oxidation processes. These
data seem to be in good agreement with the available
literature."® Champness et al™ reported a similar electro-
chemical behaviour of T mM P5A in DCM and 0.4 M tetrabuty-
lammonium tetrafluoroborate (TBATFB) salt, although the
relative peak currents seem to differ. Based on these electro-
chemical and spectroelectrochemical studies, the first two
anode processes can be described as a reversible or quasi-
reversible one-electron process. The peak separation for the first
pair of signals was AE=0.054V which is very close to the
theoretical value of 0.059V. Interestingly, the AE values for
these two subsequent processes were lower (0.046V and
0.044 V, respectively). The significantly higher current for the
3rd peak suggests that more than 1 electron is involved in this
process. To determine the exact number of electrons involved
in the processes electrochemical measurements (CV and DPV;
Table 2) were supplemented with computer simulations in the
program Comsol (Figure 2B, details on the simulations in the
Sl). As expected, two first anodic steps could be defined as a
single electron process forming P5A™ and P5A?", respectively.
During the third oxidation step, three electrons are involved
leading to the P5A°" oxidised form. Cheng and Kaifer reported
the sequential 5 electron uptake for pentagonal symmetry of
P5Q;"® therefore, a loss of 5 electrons of PSA appears to be
possible.

The main differences between the CVs recorded here, and
those described by Champness’ group" are the interpretation
of the electron numbers for the three oxidation steps and the
shape of the third reduction peak (Figure 1B; SI 1.1B) marked as
. The sharpness of this peak could be attributed to an

Table 1. Potential value and peak width (calculated from CV curves), b, ,-peak width at the half-height from (calculated from DPV curves) for MET in three
different solvents. All values were given in [V] vs Ag/AgNO;. The error is the standard deviation for three measurements.”’

100 mV/s Ex V] Epeq [V] E AE b
MET ACN 1.008£0.009 0.93840.002 0.973+0.005 0.069 40.005 0.094
DCM 1.118£0.004 1.048 +0.005 1.0840.004 0.069 40.004 0.098
DCE 1.110£0.004 1.041£0.002 1.075£0.002 0.069 £ 0.004 0.098

[a] E,/E.q: anodic/cathodic peak potential; AE: the difference between anodic and cathodic potential (E.,-E.q); E¢: formal potential.
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Table 2. The potential value and peak width (calculated from CV curves), b, ,-peak width at the half-height from (calculated from DPV curves) for P5A in
DCM containing 0.1 or 0.2 M TBAHPF as a supporting electrolyte. All values were given in [V] vs Ag/AgNO;. The error is the standard deviation for three
measurements.”
PA5 DCM 0.1 M TBAHPF
Step Eox [V] Ered [V] Ef AE Eox (DPV) b1/2 (DPV)
1 0.806 £ 0.002 0.7524+0.004 0.779£0.002 0.054 £ 0.004 0.773 £0.004 0.074+0.001
2 0.951£0.004 0.905 £0.006 0.928 £0.005 0.046 £ 0.004 0.916 £0.008 0.0647 +£0.004
3 1.086 +0.006 1.042 +0.005 1.064 +0.002 0.044+£0.010 1.05540.004 0.0480+0.004
4 1.408+0.011 - - - 1.31440.020 0.085+0.009
PA5 DCM 0.2 M TBAHPF
Step Eo V] Ereq V] E AE Eqx (DPV) b/, (DPV)
1 0.803 £0.007 0.744+0.003 0.773 £0.005 0.059 £+ 0.004 0.764 £+ 0.003 0.074+0.001
2 0.942 £+0.003 0.896 +0.006 0,919 £0.004 0.045 £ 0.004 0.906 £ 0.005 0.066 £ 0.002
3 1.07940.006 1.037 +0.006 1.060 4+ 0.004 0.039+0.011 1.046 +0.003 0.047 £0.001
4 1.426 +0.025 - - - 1.365+0.021 0.098 +0.002
[a] E,/E..q: anodic/cathodic peak potential; AE: the difference between anodic and cathodic potential (E.,-E.q); E¢: formal potential.
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Figure 2. Cyclic voltammograms registered in various ranges of potentials
on glassy carbon of 0.1 mM P5A in DCM containing A) 0.1 M TBAHPF or C)
0.2 M TBAHPF as supporting electrolyte, v=100 mV/s. B, D) Comparison of
0.1 mM P5A cyclic voltammogram with simulation curves (B) 0.1 M TBAHPF/
DCM and (D) 0.2 M TBAHPF/DCM.

adsorption process on the electrode surface. In the literature,
the adsorption phenomenon in the electrochemical system for
other compounds, e.g. viologens, is well described.”'*? Adsorp-
tion can also explain the discrepancy between the simulations
and the experiments, as this was not taken into account in the
computer model. To confirm the adsorptive character of peak
III', a series of cyclic voltammograms were recorded at different
scan rates (Figure SI 1 B). For the third reduction peak (Ill) we
did not observe a linear relationship neither for cathodic peak
heights as a function of the scan rate nor as a function of the
square root of the scan rate, which indicates a mixed process
(Figure SI 1.7). For the rest of anodic (I, Il, lll) and cathodic (I', II)
process we have obtained a linear relationship of the square
root of the scanning rate which means that these processes are
diffusion controlled. (Figure SI 1.7). To finally verify that the
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adsorption process occurs, we performed additional experi-
ments where a CV was registered for a clean electrode in an
electrolyte solution (0.1 M TBAHPF DCM), showing no Faradaic
processes, and then the electrode was transferred to a solution
containing 0.1 mM P5A in 0.1 M TBAHPF DCM in which
chronoamperometry was carried out by applying a potential of
1.1V for 300 seconds. After the CA, cyclic voltammetry was
again done in the clean electrolyte solution. The reduction
peaks that appeared are evidence of weak adsorption on the
electrode surface (Figure SI 1.5). The ongoing adsorption
process may be caused, among other reasons, by the
interaction of P5A with the solvent™ or with the salt TBAHPF
via formation of ion pairs.*¥ Another possibility is the formation
of oxidation side products that deposit on the GC electrode. To
better understand the nature of this adsorption phenomena,
we have increased the TBAHFP concentration from 0.1 to 0.2 M
(Figure 1C; 2 C). The positions of all recorded peaks hardly
change (Table 2), but, importantly, under these measuring
conditions, the third reduction peak IIl, previously identified
with the adsorption process, turned into a peak mainly
corresponding to a diffusion-controlled process. (Figure SI 1.8).
This may suggest that the oxidized P5A** macromolecules are
less soluble in a low polarity solvent like DCM compared with
P5A. We assume that a higher concentration of supporting
electrolyte can partially or totally prevent precipitation of P5A®*
macromolecules. Possibly the higher concentrations of larger
supporting electrolyte anions lead to ion-pairing with the P5A®*
species, thus favouring their solubility in the nonpolar medium.

Extending the potential range towards higher positive
values (Figures 2A; B) revealed a 4™, irreversible, oxidation
process. This is consistent with the literature data because for
the monomer MET where and the additional irreversible
oxidation process is also observed."*'¥ Based on simulations
made in COMSOL, we determined that 5 electrons are involved
in this oxidation process. As reported, coulometric determina-
tion of the oxidation stoichiometry performed for P5A showed
10 electrons per one P5A molecule.®” In order to clarify the
product of this process, we have also performed spectroelec-
trochemical studies. These confirmed that the appearance of

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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the 4th peak is related to the oxidation of P5A°" towards a
corresponding quinone (see section Results and Discussion 3).
In contrast to measurements carried out in 0.2 M TBAHPF/DCM
(Figure 2C), a sharp-edge IV peak profile was observed under
0.1 M TBAHPF/DCM measuring conditions (Figure 2A). However,
this effect is visible only when the background current is not
subtracted (Figure 2B). As expected, this 4th oxidation peak
(marked as IV) significantly influenced the current of the 3rd
reduction peak (marked as Ill') causing its decrease. Contrary to
our results, no quinone formation was observed by Pearce
etal." Control experiments in a glove box under dry
conditions showed the same initial three peaks, but the fourth,
irreversible, peak disappeared (Figure S1.10). This shows that
even the minute amount of water absorbed during preparation
of the electrolyte can change the oxidation of P5A. Keeping in
mind that the addition of water could influence the current
response, we have registered series of CV experiments adding
water before and after each measurements. To 5 ml of 0.1 mM
P5A in 0.1 M TBAHPF/DCM or 0.2 M TBAHPF/DCM we added
5l or 45 pl of water, affording 0.1% and 1% water content,
respectively. These results are presented in the SI (Figure SI
1.3A-D). The shape of obtained CV curves do not change when
measurements are performed immediately after first addition of
water. For the experiments carried out about 30 minutes after
addition, the current response changed slightly. We assume
that this time is sufficient for an hydrolysis reaction to take
place. When the measurement was carried out in a potential
range of 0-1.2'V, a decrease of the current intensity of peak Il
was observed. An additional peak in the range of 0.5-0.7 V (vs
Ag/AgNO;), was observed for the wider range of potentials (0-
1.55V) but only after the first cycle (SI 1.1D). The addition of
1% water significantly changed the anodic behaviour of P5A.
Under these reaction conditions additional redox processes
appear at potentials less positive than 0.7 V (vs Ag/AgNO). As a
control we added water to the electrolyte solution itself and
measured CVs without any P5A. No Faradaic responses were
recorded in this case, which indicates that the addition of water
causes additional reactions related to the P5A oxidation
process. Similar pre-peaks in the CVs were observed for 8-
hydroxyquinoline. The authors of that study suggest that they

appear as a consequence of a quite complex electro-oxidation
process that leads to dimerisation or polymerisation taking
place on the electrode surface.®

Additionally, the presence of water leads to a shift of peak
IV to less positive values. This means that in the presence of
water, the oxidation of P5A°" to the corresponding quinone is
favoured, but that the results from the original experiments are
likely not significantly affected by the minute water content
possibly present in the solutions.

2.2. P5A and MET Electrochemistry in DCE and ACN
Containing 0.1 M TBAHPF

To compare the anodic behaviour of P5A and its monomer in
different organic solvents, we performed additional experi-
ments in ACN and DCE. In ACN successive anodic process took
place at lower potential compared to the DCM and DCE
(Table 3), which indicated that the tested compounds’ oxidation
process is more favourable in ACN. A similar dependence was
observed for the ferrocene oxidation process, where donor-
acceptor Lewis-type interactions could explain the shift in £
potentials.”® The electrochemical oxidation of PSA and MET
corresponds to the formation of cation radicals, which acts as a
Lewis electron-pair acceptor, whereas solvent molecule act as
Lewis electron-pair donor. The strength of the interaction
between cation and solvent molecule influenced donor number
(DN) of the solvent. The donor number (DN) of ACN is 59.0 kJ/
mol while DCE is 0kJ/mol.?3® Consequently, the weaker
electron contribution of the solvent (DCM and DCE) to the
cations resulted in increasing the E; value.

The shape of P5A cyclic curves also changed depending on
the solvent used. As shown in the corresponding voltammo-
grams, the characteristic oxidation peaks in both DCM and DCE
(Figure 1B; 3B) are well separated, while in ACN the individual
peaks are not so well-defined (Figure 3A). Neither increasing
nor decreasing the scan rate resulted in better separation of the
peaks (Figure SI 1.2 A). Moreover, for CVs registered in DCE, the
third reduction peak has the highest current intensity, similar to
in DCM (Figure 1B), and it disappears almost entirely in ACN

Table 3. Potential value and peak width (calculated from CV curves), b, ,-peak width at the half-height from (calculated from DPV curves) for P5A in DCE or
ACN containing 0.1 TBAHPF as a supporting electrolyte.*”’
PA5 ACN 0.1 M TBAHPF
Step Eox [V] Ered [V] Ef AE Eox (DPV) b1/2 (DPV)
1 0.763 £0.002 0.717 £0.004 0.74040.002 0.046 +0.004 0.718+0.016 0.075+0.010
2 0.867 £0.002 0.827 +0.002 0.847 +0.002 0.04040.002 0.827 £0.015 0.052+0.002
3 1.0524+0.009 0.963+0.015 1.008+0.012 0.089 +0.008 0.990+0.015 0.086 +0.006
4 1.46910.022 - - - 1.385+0.021 0.166 +0.009
PA5 DCE 0.1 M TBAHPF
Step E, V] Ereq V] E AE E,, (DPV) b,,, (DPV)
1 0.847 £0.003 0.801+0.003 0.8244+0.002 0.046 +0.004 0.813+0.003 0.074+0.002
2 0.970£0.002 0.926 +0.002 0,948 +0.001 0.044 +0.005 0.937 £0.001 0.059+0.001
3 1.087 +0.003 1.047 £0.003 1.067 +0.001 0.03940.006 1.056+0.002 0.043+0.003
4 1.407 +£0.023 - - - 1.36540.020 0.134+0.003
[a] All values were given in [V] vs Ag/AgNO; The error is the standard deviation for three measurements. [b] E,,/E..q: anodic/cathodic peak potential; AE: the
difference between anodic and cathodic potential (E,-E.q); E: formal potential.
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Figure 3. Cyclic voltammograms on glassy carbon of 0.1 mM P5A (red curve)
or 0.1 mM MET (blue curve) in A) ACN containing 0.1 M TBAHPF as
supporting electrolyte, v=100 mV/s, B) DCE containing 0.1 M TBAHPF as
supporting electrolyte, v=100 mV/s.

(Figure 3A; SI 1.2 A). The change in the electrochemical
response for macrocycles dissolved in ACN solution was already
highlighted in an article by Liu et al” As reported, ACN has
approximately 2-fold higher dipole moment value (3.71 D),?” in
comparison with DCM (1.60 D)®® and DCE (1.80 D),*” as well as
the lowest density (0.786 g/ml) and viscosity (0.334 mPa:-s).
Densities of DCM and DCE are 1.325 and 1.256 g/ml"“"
respectively, and their viscosity is 0.410 mPa-s and 0.78 mPa:s,
respectively."” Consequently, one could assume that the differ-
ence observed in the electrochemical response is affected by
the solvent’s polarity, which influences the charge separation,
and its viscosity that influences the rate of diffusion of charge
carriers.*"*? Formation of inclusion complexes between P5A
(host) and solvent molecules (guest) could also influence the
shape of the electrochemical response. Literature data show
that acetonitrile is more likely to interact with P5A than is DCM.
The P5A-ACN complex association constant (29.8 M) is higher
than that of PSA-DCM (7.9 M™"). The more substantial binding
ability towards ACN is related to dipole-dipole interactions,
multiple C—H--N interactions, dispersion forces, and the size-fit
effects.44

As noticed with DCM, extending the potential range to
more positive values shows the 4th anodic peak with no
corresponding reduction peak in neither ACN nor DCE media.
This shows the irreversible nature of P5A°" oxidation to a
quinone (Figure 4 A, B) in all investigated solvents. In contrast
to DCM, the fourth peak remained in ACN also under water-free
conditions in a glovebox. (Figure SI1.10) The electrochemical

24 15
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——P5A 0.1 M TBAHFP DCE
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" 7 e
04 06 08 10 12 14 16
E/V vs. Ag/AgNO3

Figure 4. Cyclic voltammograms on the glassy carbon of 0.1 mM P5A in A)
ACN containing 0.1 M TBAHPF as supporting electrolyte, B) DCE containing
0.1 M TBAHPF as supporting electrolyte, v=100 mV/s.
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studies performed for the monomer (MET) in ACN and DCE, in
the investigated potential range 0-1.3V, revealed a one-
electron oxidation step in a diffusion-controlled process
(Figures SI 1.2, SI 1.6) with a second irreversible oxidation step
visible in more positive potential ranges (Figures S| 1.4).

2.3. Spectroelectrochemical Studies

The absorption spectra of 1,4-dimethoxypillar[5]arene, regis-
tered in DCM and TBAHFP as supporting electrolyte, exhibits a
characteristic absorption band at 295 nm. Changes in the
absorption spectrum occur gradually with an increase in the
magnitude of applied potential. Increasing the applied potential
from 04V to 1.6V results in new absorption bands with
maxima at 443 nm/464 nm and 260 nm and a slight decrease of
the intensity band at 295 nm. As reported by Champness,” the
new absorption band, in the region 400-500 nm, corresponds
to various oxidised states of P5A. The band at 260 nm,
generated from n-;t* transition, is assigned to the correspond-
ing 1,4-dimethoxypillar[n]arene[5-n]quinones." The oxidation
of P5A to the corresponding quinones undergoes gradually
through the mixed-valent intermediates in a multistep electron-
transfer process and depends mainly on the reaction
conditions.* To better understand this process’s mechanism, a
series of chronoamperometric measurements were carried out
at an applied potential of 0.83V, 098V, 1.15V, and 145V (vs
Ag/AgNO;) for up to 300 sec.

The corresponding electrochemical data (Figure 1B) indicate
consecutive one-electron oxidation processes at potentials
0.83 V and 0.98 V (vs Ag/AgNQ,). Therefore, once formed, P5A™
and P5A’" intermediates are correlated with new absorption
bands with the maximum at 443 nm and 464 nm (Figure 5A; B),
assigned to n-m, m-m* transitions.*® Further increase in an
absorption intensity in the region 400-500 nm (Figure 5C) and
a progressive broadening of the peak at 295 nm is related to
the three-electron oxidation process at 1.15V (vs Ag/AgNO;),
which resulted in the formation of P5A°". Such spectroscopic
behaviour (observed in Figure 5A-C) is explained by the cation-
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295 nm A
02 A oz2f| \
< \ \ < 1 / \
\ /| \ /A 443/464 nm
oap | | oap A/ /7
\ \ 443/464 nm ) \ avin!
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300 r E] w00 F o F )
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205297 om 118V c 145V D
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A 443/464 nm
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; AT
o0 00 260 nm
00 ) F w00 F 3 F )
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Figure 5. The absorption spectra of 0.1 mM P5A registered at an applied
potential of A) 0.83 V; B) 0.98 V; C) 1.15 V, and D) 1.45 V. Spectra recorded in
DMC containing 0.1 M TBAHFP at 22°C. The time between each spectrum is
20s.
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states geometry changes, where the transitions are allowed due
to vibronic coupling.”’*® Nevertheless, no definite emission
spectra for these various oxidised forms can be easily
registered. A significant spectral change occurs; an additional
absorption band arises at 260 nm when the potential of 1.45V
is applied (vs Ag/AgNO;) (Figure 5D). This band’s intensity
increases linearly with time, whereas the progressive displace-
ment of the absorption at 295 nm with an isosbestic point at
286 nm is observed. The point corresponds closely to the cross-
over point in the oxidation of P5A toward quinone derivatives.

As noticed, the absorption spectra indicate fully reversible
changes when a reducing potential is applied, after the first
(0.83V), second (0.98V), and third (1.15V) oxidation step,
pointing to a chemically reversible electron transfer (E mecha-
nism). The absorption spectra of P5A registered at 1.45V (vs
Ag/AgNO;) indicates irreversible changes. Hence, a chemically
irreversible electron transfer in which the redox event is
followed by a chemical reaction (EC mechanism).“? This
complementary spectroscopic data is in good agreement with
changes observed on the CV scans (Figure 2A).

In Figure 6 we can follow the kinetics of the growth of the
new bands over time depending on the applied potentials. For
464 nm (Figure 6A), the kinetic profiles show changes in the
absorption intensity corresponding to the various oxidised
forms (i.e, P5A*, P5A*", P5A°"), and hence the differences in
their concentration during electrochemical measurements. As is
expected, the concentration of these oxidised forms increasing
quickly with the increasing potential applied, reaching a plateau
concentration after approximately first 60-120 sec of reaction,
depending on the potential value. This steady-state concen-
tration profile indicates the diffusion-controlled process. For the
potential 1.45V, a rapid decrease in the concentration of the
intermediate oxidised forms is observed after the first 60
seconds that correlates with the conversion of P5A°" into
corresponding quinones. The formation of quinones is assigned
to the increased absorption at 260 nm at 1.45V (vs Ag/AgNO;),
(as shown in Figure 6 B). As mentioned before, an increase in
the absorption intensity observed at lower potential values is
due to strongly overlapped absorption bands of oxidised
intermediates. The reaction rate towards intermediates and
quinones is altered for experiments carried out in acetonitrile
and dichloroethane and depends on the solvent and applied
potential (SI 3.4; 3.5; 3.6). It can be clearly seen that the

0,16 04
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Figure 6. Changes in the absorption spectra of 0.1 mM P5A registered during
the time for a given wavelength at A) A =464 nm and B) 1 =260 nm. Spectra
recorded in DCM containing 0.1 M TBAHPF at 22°C.
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oxidation reaction rate towards P5Q was faster in DCM and ACN
media and slower in DCE. Whereas the oxidation reaction
towards intermediates oxides forms (P5A", P5A?*, P5A*") was
faster in DCE. Nevertheless, in both cases oxidation process
follows the above-mentioned E/EC mechanism (SI 3.5; 3.6).

3. Conclusions

We have carried out spectroelectrochemical studies of the
oxidation P5A and its monomer in three common aprotic
solvents to understand the differences in electrochemical
behaviour in acetonitrile, dichloromethane and dichloroethane.
These solvents differ from each other in polarity, viscosity, and
donor-acceptor Lewis properties.”® Lewis-type interactions
seem to have had the most significant impact on the shift of
oxidation potentials. Due to electron-donating properties of
ACN, oxidation of both compounds P5A and MET appeared at
less positive potentials compared to DCM and DCE. Our study
also indicates a significant effect of host-guest interactions
between the macrocycle molecules and solvent molecules. It is
likely that the stronger interaction of ACN compared to DCM
and DCE with P5A affected the shape of the recorded current
responses.**! However, in all three solvents the oxidation of
P5A showed three (quasi-)reversible reaction steps correspond-
ing to two one-electron reactions and the third peak a three-
electron oxidation, leading to P5A°*. The electron numbers
here differ from the ones presented earlier by the Champness
group. If scanned to higher potentials a fourth irreversible peak
appears indicating the oxidation of P5A to its quinone-form
P5Q. It has also been observed that the behaviour of tested
structures is related to water concentration. In very dry aprotic
solvents, oxidation of pillar[5]arene to their corresponding
quinones does not take place.”™ While in relatively dry
conditions (less than 0.02% H,0), this process appears for all
solvents, it disappears using water-free DCM in a glovebox
under dry conditions.

This study shows the sequential charging of a pillar[5]arene
and its subsequent irreversible oxidation. It also underlines the
influence of solvent on the redox process for organic
compounds®® and that the presence of even minute amounts
of water can have substantial effect on the redox behaviour of
pillararenes.

Experimental Section

Electrochemical methods

Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and
chronoamperometry (CA) experiments were performed using an
Autolab potentiostat (Metrohm Autolab B.V. Netherlands) con-
trolled by the NOVA software (version 2.1.2). CV measurements
were performed at different scan rates, and at least 6 scans were
recorded. Parameters for DPV measurements were as follows: step:
0.005 V, modulation amplitude 0.025 V, modulation time 0.05 s, and
interval time 0.5s. Each CA measurement was performed for 300
seconds, with a probing interval of 1 second. All experiments were
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done in a three-electrode arrangement, with an Ag/AgNO; (0.01 M)
in acetonitrile as the reference electrode, a platinum rod as the
counter electrode, and a glassy carbon disk electrode (GCE from
Mineral, Poland 0.0706 cm?) as the working electrode. The reference
electrode potential was calibrated using a ferrocene (Fc) redox
probe. Because the main measurements were carried out in three
solvents, acetonitrile (ACN), dichloromethane (DCM), and dichloro-
ethane (DCE), the formal potential of Fc/Fc™ was measured in these
three solvents containing 0.1 M Bu,NPF, (TBAHPF). The formal
potential of Fc/Fc* in 0.1 M TBAHPF in acetonitrile was 97+
4mV:?222 in 0.1M TBAHPF in dichloromethane was 205+
8 mV;®* and in 0.1 M TBAHPF in dichloroethane was 201+
7 mV.* The solvent dependence of the formal redox potentials of
the ferrocene/ferrocenium couples is well known.?#% % The
oxidation of ferrocene to the ferrocenium cation is shifted to the
more positive potentials in DCM and DCE than for ACN solution
due to donor-acceptor Lewis-type interactions.”® Argon was
applied to deaerate the solution, and an argon blanket was
maintained over the solution during the experiments carried out at
room temperature (22 +2°C). Prior to each voltammetric measure-
ment, the GCE was polished on a Buehler polishing cloth to a
mirror-like surface, using aqueous slurries of 0.05um alumina
powder followed by 1 min acetonitrile ultrasonication to remove
the remaining powder.

Spectroelectrochemical measurements

Redox properties of P5A were investigated by cyclic voltammetry
and chronoamperometry, both combined with UV-Vis spectroscopic
measurements. The measurements were performed using 0.1 mM
P5A dissolved in DCM, DCE or ACN, containing 0.1 M TBAHPF as
supporting electrolyte, at ambient temperature. The spectroelec-
trochemical experiments were carried out using a quartz photo-
electrochemical cell with a 1 mm optical path length. A three-
electrode configuration with Ag/AgNO; as the reference, a platinum
wire as the counter, and platinum gauze working electrode were
used in the cell. The absorption spectra were acquired using an
Ocean Optics Flame-T spectrophotometer.

Chemicals and materials

Ferrocene (99%), 1,4-Dimethoxybenzene (hereinafter called MET)
(99%) Tetrabutylammonium hexafluorophosphate (TBAHPF, for
electrochemical analysis, >99.0%), Acetonitrile (ACN, for gas
chromatography, >99.8% (GC), water: <0.05%), Dichloromethane
(DCM, for gas chromatography, >99.8% (GC), water: <0.01%), 1,2-
Dichloroethane (DCE, anhydrous, 99.8%) purity, were supplied by
Sigma-Aldrich and used without further purification. Per-meth-
ylated pillar[5]arene was synthesised according to literature
procedures.” The purity of the compound was confirmed by NMR
Spectroscopy (see SI 4). All electrochemical experiments were
performed under inert atmosphere, using mother solutions de-
gassed with argon prior to each measurement. The concentration
of P5A and MET was 0.1 mM, whereas the supporting electrolyte
concertation was equal to 0.1 M or 0.2 M for DCM solvent. Before
measurements, all solutions were sonicated to ensure solubility of
analytes.
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