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Ionic liquid-based electrolytes (ILs) have gained tremendous attention as sustainable, green electrolytes for
electrochemical processes due to their negligible vapour pressure and high boiling points. A rising trend is to
fabricate solid electrolytes based on ionic liquids to address the risk of leakage associated to liquid electrolytes.
These solid electrolytes, which are commonly known as ionogel membranes (IGs), contain the intrinsic properties
of ILs, while having excellent mechanical strength. These characteristics make them ideal for investigating re-
action mechanisms and facilitating electrosynthesis processes. By providing a stable and conductive environ-
ment, ionogels enable precise control and monitoring of electrochemical reactions in solid electrolytes, leading to
more accurate and reproducible results. Their application not only enhances our understanding of fundamental
electrochemical processes but also paves the way for innovative advancements in electrosynthesis, contributing
significantly to the development of new materials and technologies. In this body of research, the reduction
mechanism of p-nitrobenzyl bromide (p-NBBr) is studied and disclosed in IG membranes for a first time. We
successfully performed a controlled potential electrolysis of p-NBBr in IG membranes, as well as studying two
different electrochemical setups to obtain the most optimal configuration. We also demonstrate that the addition
of electrolyte additives, such as lithium bis(trifluorometahnesulfonyl)imide (Li TFSI), in the IG composition

raises the ionic conductivity of the resulting membrane from 0.15 up to 0.2 mS/cm.

1. Introduction

Nitrobenzyl halides have been the focus of numerous electro-
chemical studies over the years. Reductive cleavage of their C-X bond
provides ample opportunities for organic synthesis, such as for the
preparation of organometallic compounds and dimer products and is
also a model for studying intramolecular electron transfer processes
[1-4]. The electrochemical reduction mechanism of halogenated
organic compounds in organic solvents has been well documented. The
recognized mechanism begins with the first electron transfer to form an
anion radical, followed by bond cleavage of the C-X bond to form a
radical intermediate, which can then be coupled to provide a dimerized
product following an EC (Electrochemical-Chemical) mechanism or can
be further reduced to a carbanion, leading mainly to nitrotoluene,
following an ECE (Electrochemical-Chemical-Electrochemical) mecha-
nism [5-7].

Solvents and electrolytes play critical roles in electrosynthesis. An
electrolyte medium consisting of a solvent and a supporting electrolyte
is essential for all electrochemical reactions. Most electrochemical
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studies have been performed in conventional organic solvents such as
acetonitrile (ACN) and dimethyl sulfoxide (DMSO), which are one of the
main causes of waste in synthesis and environmental degradation due to
their volatile nature. It has been reported that extensive use of organic
solvents generates about 80 % waste leading to environmental pollution,
energy consumption, and higher resource wastage. There is a major
drive towards more green and sustainable solvents [8,9]. Some of the
strategies for more sustainable synthesis are the use of benign solvents
such as water, supercritical CO3, and ionic liquids [10-12].

ITonic liquids or room temperature ionic liquids (RTILs) are, in gen-
eral, a class of salts that are liquids below 100 °C and have excellent
thermal and chemical stability. ILs have irregular structures with large
organic cations and organic or inorganic anions. These structural fea-
tures disfavour compact molecular packing and result in a very low
melting point and low lattice energy. ILs generally have high boiling
points, low vapour pressures, high flame slowing down, and from
moderate-to-high ionic conductivities (generally spanning from 1.0 mS/
cm to 10.0 mS/cm) [13-16]. Conventional organic electrolyte solutions
used for electrochemical purposes include the use of high concentrations
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Fig. 1. (Up) Ionogel membrane. (Bottom) Chart of structures of BMIM TFSI, PVDF-co-HFP, and Li TFSI.

of supporting electrolytes. ILs as an electrolyte medium can act as both
solvent and supporting electrolyte simultaneously due to their inherent
conductive nature. There have been several recent reports of the use of
ILs to conduct electrochemical studies effectively instead of conven-
tional electrolyte solutions such as imidazolium-based ILs as electrolytes
for high-energy green supercapacitors and lithium-sulphur batteries
[17-22].

Despite having several excellent properties as electrolytes, ILs fall
short due to their liquid nature, which implies a risk of leakage and
consequent prevention of their use in practical, long-term applications
[23,24]. To avoid this limitation, they can be synthesized into a
quasi-solid class of electrolytes known as ionogel membranes. In IGs a
dispersed IL phase is immobilized in a continuous solid matrix to obtain
a gel-like material, which has the intrinsic physicochemical properties of
ILs in combination with the mechanical strength caused by the solid
matrix eliminating the problem of outflow [25-29]. IG-based electro-
lytes have been extensively investigated in the last decade for use as
electrolytes in lithium batteries, solid-state superconductors, and sen-
sors [30-34]. However, neither the disclosure of electrochemical reac-
tion mechanisms nor electrosynthetic processes has been reported up to
now.

These features make them perfect for studying reaction mechanisms
and supporting electrosynthesis processes. By offering a stable and
conductive setting, ionogels allow for precise control and observation of
electrochemical reactions, resulting in more accurate and consistent
outcomes. Their application not only deepens our understanding of basic
electrochemical processes but also fosters innovative progress in elec-
trosynthesis, significantly aiding the development of new materials and
technologies.

For this reason, this work presents the electrochemical reduction of a
nitrobenzyl halide, p-nitrobenzyl bromide (p-NBBr), in IG membranes,
as quasi-solid electrolyte media for a first time as a model process,
optimising the membrane composition for performing the electro-
chemical reduction process. Besides, IG membranes are explored as
sustainable alternatives for reaction electrolytes in electrosynthesis, of-
fering several significant advantages in terms of conductivity, stability,
versatility as well as environmental benefits showing the recyclability of
this kind of membranes.

2. Experimental section
2.1. Materials and reagents

p-Nitrobenzyl bromide (99 %), p-nitrotoluene (p-NT, 99 %), and poly
(vinylidene fluoride-co-hexafluoropropylene) (PVDF-co-HFP), and tet-
rabutylammonium hexafluorophosphate (TBA PFg, for electrochemical
analysis, > 99.0 %) were purchased from Merck and used as received. p,
p’-dinitrobibenzyl was purchased from Molekula and used without
further purification. High-purity acetonitrile was purchased from Acros
Organics (> 99.5 %). The ionic liquid 1-butyl-3-methylimidazolium bis
(trifluoromethanesulfonyl)imide (BMIM TFSI) was purchased from
Solvionic and used without further purification. Li TFSI was purchased
from Sigma-Aldrich (purity > 99.0 %) and used as received.

2.2. Preparation of IG membranes

For p-NBBr-loaded IG membranes, PVDF-co-HFP (0.23 g) and BMIM
TFSI (0.8 mL) were mixed in a 1:5 wt ratio. 5 mL of acetone were added
to the mixture and left to stir overnight at room temperature until the
polymer pellets were completely dissolved. Then the desired amount of
p-NBBr was dissolved into de IG solution mixture and was stirred until it
was completely dissolved. After adding p-NBBr to the mixture, 90 pL of
IG solution was poured into a poly(dimethylsiloxane) (PDMS)-based
silicone template and left to air-dry for 15-20 min. As a result, free-
standing and elastic 1 cm diameter solid membranes were obtained of
~200 pum of thickness (Fig. 1). For increasing ionic conductivity in the
membranes, Li TFSI was added to the membranes, obtaining ionogels
with a composition of 10 wt. % PVDF-co-HFP, 10 wt. % Li TFSI and 80
wt. % BMIM TFSI.

2.3. Characterization techniques

Cyclic voltammetry (CV) was used for electrochemical character-
izing p-NBBr in the different electrolytic media. For ACN/0.1 M TBA PFg
and BMIM TFSI solvents, cyclic voltammetry experiments were per-
formed in a three-electrode system with glassy carbon (¢ = 1 mm) as the
working electrode (WE). A Pt disk (¢ < 1 mm) was used as the counter
electrode (CE) along with a saturated calomel electrode (SCE) as the
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Fig. 2. (a) Cyclic voltammograms of p-NBBr (c = 15 mM) in ACN/0.1 M TBA PFg (b) Cyclic voltammogram of p-NBBr (¢ = 15 mM) in ACN/ 0.1 M TBAPFg, focusing
on only the first reduction electron transfer. (inset) CV of tetraethylammonium bromide (TEA Br, ¢ = 10 mM) solution in ACN/0.1 M TBA PFe. Arrows in (a) and (b)
indicate the direction of the potential scan in each case. WE GC, CE Pt and RE SCE, scan rate 0.1 V/s.

reference electrode (RE). All the potentials given in this work are
referenced to this electrode. CV measurements were recorded on the
Model 660E Potentiostat CHInstrument. For controlled-potential elec-
trolysis, experiments were performed at room temperature with con-
stant Ar gas purging. A graphite rod was used as the working electrode
with a Pt bar and SCE as counter and reference electrodes, respectively.
The reference electrode isolated from the working electrode compart-
ment by a salt bridge. The salt solution of the reference calomel elec-
trode is separated from the electrochemical solution by a salt-bridge
ended with a frit, which is made of a ceramic material, allowing ionic
conduction between the two solutions and avoiding appreciable
contamination. Ideally, the electrolyte solution present in the bridge is
the same as the one used for the electrochemical solution, in order to
minimise junction potentials. The error associated with the potential
values is <5 mV.

Regarding the IG membranes, CV and AC impedance spectroscopy
(EIS) analyses were conducted using a three-electrode system based on
screen-printed commercial electrodes from Methrom DropSens. The
DRP-110 three-electrode system selected had working and counter
electrodes made of carbon vitreous and a silver pseudo-reference elec-
trode. The diameter of the working electrode was 4 mm. For AC
impedance analysis, the testing frequency was set between 1 Hz to 100
KHz with 5 mV of amplitude for both samples. These measurements
were recorded on the Model 660E Potentiostat CHInstrument and
impedance spectra were fitted with CHI660E software to calculate the
ionic conductivity of the membranes. In order to improve the control
potential electrolysis in IGs membranes, a two-electrode system based
on two foils of Cu in a sandwich configuration were used.

In addition, all the currents were normalized and they are given as a
current function (Ip/c-vl/ 2).

IG film thickness was examined by means of confocal imaging as a
non-contact optical 3D profiling technique using a DCM 3D optical
profilometer (Leica).

All products obtained, and the commercial analogues were charac-
terised by 'H NMR. Measurements were made using a Bruker DPX400
(400 MHz) (Billerica, MA, USA) spectrometer. Proton chemical shifts
were reported in ppm (d) (CDCls, 8=7.26, or CD3CN, 6=1.94). The J
values are reported in Hz.

Table 1
Electrochemical parameters of the cyclic voltammograms of p-NBBr (¢ = 15 mM)
in ACN + 0.1 M TBAPFg at 25 °C.

scan rate (V/s) Epe (V vs SCE) * AE, (mV)® n°. of electrons®
0.05 —0.84 75 1.06
0.1 ~0.85 72 115
0.2 —0.86 73 1.0g
0.3 -0.87 74 1.1p
0.5 —0.88 70 1.1,
0.7 —0.88 72 1.2

@ Peak potential of the first cathodic peak. b AE,, = |Epc - Epe/a|. © Number of
electrons transferred for the first cathodic peak, which was determined by
comparison with a redox probe under the same experimental conditions.

3. Results and discussion

3.1. Electrochemical reduction mechanism of p-NBBr in conventional
electrolytic media

First, the electrochemical behaviour of p-NBBr in acetonitrile (+ 0.1
M TBA PFg, as supporting electrolyte) was established using CV on
glassy carbon as a working electrode (Fig. 2a). The cathodic scan, up to -
2.7 V (vs SCE), shows three different electron transfers. First, a fast
electron transfer at —0.84 V (vs SCE), followed by a second reversible
electron transfer at —1.18 V (vs SCE), and a third multi-electron irre-
versible cathodic wave at —2.36 V (vs SCE), which corresponds to the
reduction of the nitroso group of the molecule. It is possible to detect the
formation of nitroso derivatives due to the appearing of new oxidation
peaks at E,; = —0.91 V (vs SCE) and E,, = —0.54 V (vs SCE) in the
anodic counter scan [35,36]. However, the current study will focus only
on the first electron transfer (Fig. 2b), which electrochemical parameters
where summarized in Table 1.

According to the electrochemical characterization performed, p-
NBBr anion radical is formed after the first electron transfer (electro-
chemical reaction (E)) corresponding to the 1 electron irreversible
reduction wave at —0.84 V (vs SCE), which is confirmed by other studies
reported [37-38]. Considering the irreversible nature of the reduction
wave, it is presumed that the formed anion radical would evolve
following a bond-breaking cleavage reaction (first-order chemical re-
action, C) after intramolecular electron transfer from the nitro group to
the C-Br bond, leading to the formation of a p-nitrobenzyl radical and a
bromide anion. This conclusion was supported by the observation of the
subsequent oxidation peak at +0.80 V (vs SCE), which can be attributed
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Fig. 3. Cyclic voltammograms monitorization of p-NBBr CPE in ACN/0.1 M
TBA PF,

to the oxidation wave of the Br” anion formed. In fact, we could confirm
this assignment by recording the cyclic voltammogram of tetraethy-
lammonium bromide, whose anion gave the same oxidation peak at
+0.80 V (vs SCE) (inset in Fig. 2b).

To determine the nature of the electrochemically formed product
after the first reduction electron transfer, controlled-potential electrol-
ysis (CPE) was used and tracked with cyclic voltammetry. CPE was
performed for the acetonitrile solution of p-NBBr, after first reduction
peak, at E;, = —0.95 V (vs SCE), and cyclic voltammograms were
recorded to monitor the electrolysis process (Fig. 3). After passing 1 F of
current, the solution turned from transparent to pale yellow, indicating
the formation of a new product.

The product was extracted from the resulting solution and, after
subsequent analysis by 'H NMR, it could be identified as p,p’-dini-
trobibenzyl, which had been obtained electrochemically in 95 % yield.
In view of this, we could propose a one-electron EC reduction mecha-
nism for the reduction of p-NBBr followed by a dimerization reaction, as
established from the electrochemical data (Scheme 1) [36].

3.2. Electrochemical reduction mechanism of p-NBBr in BMIM TFSI

Next, cyclic voltammetry was used to characterise the electro-
chemical reduction of p-NBBr in BMIM TFSI, a common ionic liquid
which will be based the IG membrane. The electrochemical parameters
were summarized in Table 2. Similar results to those previously
measured in ACN were obtained, registering a fast irreversible mono-
electronic electron transfer (E,c = —0.81 V (vs SCE)) followed by a
reversible electron transfer (Epc = —1.10 V (vs SCE)) in the initial
cathodic scan (Fig. 4). The dependence of the peak current and potential

Electrochimica Acta 527 (2025) 146232

values with the scan rate followed the same behaviour previously
established in ACN, which allowed us to assume that p-NBBr should also
undergo an EC reduction mechanism in BMIM TFSI leading to C-Br bond
breaking.

To know the nature of the product obtained, a controlled potential
electrolysis of a p-NBBr solution in BMIM TFSI was performed after first
electron transfer, at E;p = —0.95 V (vs SCE), and after the passage of 1F
and a chemical treatment of the electrolysed sample, 'H NMR analysis
revealed the presence of the expected p,p’-dinitrobibenzyl product with
a yield of 56 %, and a 44 % of the unreacted starting material (p-NBBr).
This result confirmed that p-NBBr also follows an EC reaction in BMIM
TFSI after one-electron reduction, which leads to the formation of the p-

Table 2
Electrochemical parameters of the cyclic voltammograms of p-NBBr (¢ = 15
mM) in BMIM TFSI at 25 °C.

scan rate (V/s) Epe (V)° AEp. (mV)® N°. of electrons®
0.05 -0.78 74 1.0¢
0.1 -0.81 68 1.0,
0.2 -0.82 68 1.03
0.3 —-0.83 68 1.0,
0.5 -0.84 71 1.0,
0.7 -0.85 74 1.0¢

2 Peak potential of the first cathodic peak. ® AE, = |Ep. - Epe/2|. € Number of
electrons transferred for the first cathodic peak, which was determined by which
was determined by comparison with a redox probe under the same experimental
conditions.

w172
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Fig. 4. Comparison between cyclic voltammograms of p-NBBr (¢ = 15 mM) in
BMIM TFSI and ACN/0.1 M TBA PF,. (WE = GC, CE = Pt and RE = SCE; scan
rate 0.1 V/s).
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Scheme 1. EC reduction mechanism proposed for p-NBBr, which leads to p,p’-dinitrobibenzyl formation via radical dimerization.
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Fig. 5. (a) Schematic representation of solid IG membranes to solution (b) CV
of p-NBBr IG membrane dissolved in ACN + 0.1 M TBA PF¢. (WE = GC, CE = Pt
and RE = SCE; scan rate 0.1 V/s).

nitrobenzyl radical after electroinduced C-Br cleavage that eventually
undergoes dimerization to generate the p,p’-dinitrobibenzyl product
(see Scheme 1 above).

3.3. Electrochemical reduction of p-NBBr in ionogel membranes

It was evaluated the electrochemical behaviour of p-NBBr in ionogel
membranes, which are IL-based solid electrolytes. For IG preparation,
PVDF-co-HFP was used as the continuous solid polymer phase that was
swollen with BMIM TFSI. For this reason, we first analysed whether
PVDF-co-HFP could affect the electrochemical performance of p-NBBr,
for which we conducted CV and CPE experiments in an ACN (+ 0.1 M
TBAPF¢) solution in which it was dissolved an ionogel (Fig. 5). As ex-
pected, similar results to those previously measured in the absence of the
dissolved polymer were observed. Thus, a fast irreversible mono-
electronic electron transfer was found to occur at E,. = —0.87 V (vs SCE)
by CV, while exhaustive bulk electrolysis led to the major formation of p,
p’-dinitrobibenzyl (40 % Yield). Hence, we did not observe any signifi-
cant effect of polymer addition on the electrochemical behaviour of p-
NBBr, except for a slight decrement of the coupled chemical reaction
that can be attributed to the increased viscosity of the medium caused by
dissolving PVDF-co-HFP.

After establishing the negligent character of PVDF-co-HFP into the
solution, p-NBBr-loaded IG membranes of 230 pm thickness were
fabricated with a 1:5 polymer/BMIM TFSI weight ratio (c,-nppr = 10 mM
in the IL phase) and were characterized by means of CV. However, cyclic
voltammograms obtained did not reproduce the behaviour previously
observed in liquid solution; instead, ill-defined reduction waves were

12
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measured at lower potentials (Fig. 6a). As this result could not be
enhanced by increasing the concentration of p-NBBr, we attributed it to
the slow ion diffusion within the IG membranes caused by the contin-
uous solid polymer matrix surrounding the IL domains. Consequently,
this should lead to low ionic conductivities for these materials. It is
important to highlight that no release or leakage of the IL from the
membrane was detected after performing the electrochemical
experiments.

To overcome this limitation, a dopant salt (Li TFSI) was added to the
IG membranes to increase their ionic conductivity, which was quantified
using EIS (Fig. 6b). A clear increase in ionic conductivity from 0.15 mS/
cm to 0.19 mS/cm was observed in this way for the Li TFSI-containing
membrane. Fig. 6b showed how the cyclic voltammogram of the IG
enhance its electrochemical response, observing the two expected
reduction waves for p-NBBr that resemble those previously measured
with liquid electrolytes.

In view of these results, we postulated that the same EC reduction
mechanism of p-NBBr previously established in liquid electrolytes
should also be operating in IG membranes despite their lower ionic
conductivity. Thus, it was conducted a control potential electrolysis of p-
NBBr on the IG membranes placed on SPE electrode at an applied po-
tential of —0.95 V (vs Ag) for 1F. Then, the membrane was dissolved in
ACN, and the products generated were extracted with mixtures of
toluene/water and identified by 'H NMR analysis, which confirmed the
formation of p,p’-dinitrobibenzyl (Table 3, entry 1). It must be noted that
the time required for the exhaustive electrolysis of p-NBBr in the IG
membranes was much larger than for analogous experiments conducted
in liquid electrolytes, increasing the electrolysis time from <1 hup to 4 h
when the CPE was stopped. This means that, despite adding Li TFSI, the
electron-transfer kinetics in IGs and, therefore, the resulting electro-
chemical reaction are significantly slower, which we ascribe to the slow
diffusion of ions in the membranes as well as to the poor contact

Table 3
Results of electrochemical reduction of p-NBBr in IG membranes.

— with Li TFSI

-09 -06 -03 00
Potential (V vs Ag)

-1,5 -1.2

Entry Electrode Eqp (V) Time Yield p,p’- Selectivity (
for 1F dinitrobibenzyl ( %)
%)
1 3-Electrode —-095V  4h 22 100
System, SPE (vs Ag)
2 2-Electrode -11vV 1h 24 100
system, Cu (vs Cu)
foils
(b)
2000 4 .
1500 *
S 1000 * . S
500 v .
B S .
|4 W
0 *  Without Li TFSI
] «  With Li TFSI
T T T T T 1
1000 2000 3000 4000 5000 6000 7000
Z'(ohm)

Fig. 6. (a) Cyclic voltammograms of p-NBBr in PVDF-co-HFP/BMIM TFSI IG membranes with and without the addition of Li TFSI (WE and CE = screen-printed
vitreous carbon, RE = screen-printed silver; scan rate: 0.1 V/s). (b) Electrochemical impedance spectra of the p-NBBr/PVDF-co-HFP/BMIM TFSI IG membranes

with and without added Li TFSI.
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between the electrode surface and membranes. The latter is even further
aggravated by the screen-printed three-electrode system used to conduct
the electrolysis experiments, where only one of the faces of the mem-
branes was in contact with a 4 mm-in-diameter WE.

To avoid this issue, exhaustive controlled electrolysis experiments
were performed with a different electrochemical setup to increase the
efficiency of the reaction. For this, we moved from a three-electrode to
two-electrode system consisting of two Cu strips sandwiching the solid
IG membrane. In this case, a control potential electrolysis was per-
formed at Eap = —1.1 V (vs Cu) for 1F. After treatment of the electrolysed
membrane and 'H NMR analysis, major transformation of p-NBBr into p,
p’-dinitrobibenzyl was confirmed after only 1 h (Table 3, entry 2).

Therefore, in both cases p,p’-dinitrobibenzyl was obtained as a
unique product of an electrochemical reduction reaction in a quasi-solid
electrolyte media with high selectivity. The lower yield obtained in IG
membranes compared to conventional organic electrolyte media is due
to the mass transfer process. In IG membranes, the reactant only reaches
the electrode surface by diffusion (with a diffusion coefficient of
approximately 107! m?/s for p-NBBr), whereas in organic electrolytes,
mass transport is mainly by convection. If the experiment is performed
discontinuously, allowing the material at the electrode surface to be
renewed, it is expected to achieve the same yield values since the elec-
trochemical reaction is completely selective. Finally, it is important to
note that the membranes can be recycled and reused after each elec-
trosynthesis. Recyclability studies conducted with the IG membranes
revealed that a recovery of ca. 85 % can be achieved after 4 cycles
without any loss of the physicochemical properties of the membrane.

4. Conclusions

In summary, the reductive electrosynthesis of p,p’-dinitrobibenzyl
was analysed in different electrolytic media: organic solvents with
supporting electrolytes, ionic liquids, and polymer ionogels. An EC-
based electrochemical mechanism was established for the reduction of
p-NBBr in all these media, which resulted in the formation of p-nitro-
benzyl radicals through electroinduced C-Br cleavage that eventually
dimerised to produce p,p’-dinitrobibenzyl. To ensure this process to
occur in ionogels, membranes were prepared by combining the fluori-
nated copolymer PVDF-co-HFP with the ionic liquid BMIM TFSI and
adding Li TFSI as a dopant salt. The latter allowed increasing ionic
conductivity without affecting the EC reaction mechanism. To the best
of our knowledge, this is the first report of the use of IG membranes as
reaction media in the performance of sustainable electrosynthesis. Based
on all the preceding results, IG membranes could be an effective and
environmentally friendly replacement for the aprotic reaction media
typically used for electrosynthesis.
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