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ABSTRACT

Optimizing electrosynthetic reactions requires fine tuning of a vast chemical space, including
charge transfer at electrocatalyst/electrode surfaces, engineering of mass transport limitations and
complex interactions of reactants and products with their environment. Hybrid electrolytes, in
which supporting salt ions and substrates are dissolved in a binary mixture of organic solvent and
water, represent a new piece to this complex puzzle, as they offer a unique opportunity to harness
water as the oxygen or proton source in electrosynthesis. In this work, we demonstrate that
modulating water-organic solvent interactions drastically impacts the solvation properties of
hybrid electrolytes. Combining various spectroscopies with synchrotron small-angle X-ray
scattering (SAXS) and force field-based molecular dynamics (MD) simulations, we show that the
size and composition of aqueous domains forming in hybrid electrolytes can be controlled. We
demonstrate that water is more reactive for the hydrogen evolution reaction (HER) in aqueous
domains than when strongly interacting with solvent molecules, which originates from a change
in reaction Kinetics rather than from a thermodynamic effect. We exemplify novel opportunities
arising from this new knowledge for optimizing electrosynthetic reactions in hybrid electrolytes.
For reactions proceeding first via the activation of water, fine tuning of aqueous domains impacts
the kinetics and potentially the selectivity of the reaction. Instead, for organic substrates reacting
prior to water, aqueous domains have no impact on reaction Kinetics, while selectivity may be
affected. We believe that such fine comprehension of solvation properties of hybrid electrolytes

can be transposed to numerous electrosynthetic reactions.



INTRODUCTION

The field of electrocatalysis has long been driven by the design of ever better electrocatalysts with
optimal adsorption energy for reaction intermediates, allowing to steer selectivity and kinetics of
various reactions. Nevertheless, the past few years have seen a growing interest being paid to the
role of non-covalent interactions in liquid electrolytes and at electrochemical interfaces, with
numerous demonstrations of their role in governing the outcome of electrocatalytic and
electrosynthetic reactions.’ Hence, both the kinetics and selectivity of aqueous electrocatalytic
reactions have been tuned by electrolyte engineering approaches, in particular through the use of
tailored supporting salt ions. Pivotal results were obtained for the hydrogen evolution reaction
(HER),*® the oxygen evolution reaction (OER)®’ and the CO2 and N reduction reactions.®*! This
strategy was also successfully adopted for electrosynthetic reactions in aqueous electrolytes,
including to control the competition between the HER and the electrohydrodimerization of
acrylonitrile.*®*® In organic electrosynthesis, beyond the nature of supporting salt ions, the solvent
itself can impact the selectivity. For instance, the solvent deprotonation free energy controls the
selectivity (carboxylation vs hydrogenolysis) in organic halide electrocarboxylation.** Instead, the
solvent coordinating power was shown to control the yield of the anodic fluorination of 4-arylthio-

1,3-dioxolan-2-ones through the (de)stabilization of the radical cation intermediate.*®

In the quest towards greener reactants, mixtures of organic solvent and water with a supporting
salt (denoted as “hybrid electrolytes™) are currently investigated to harness water either as the
oxygen-atom source in anodic reactions*®-2* or as the proton/deuterium source in electrochemical
protonation/deuteration of alkyl, aryl and benzylic halides?®?>?" and alkynes.?*?® These mixtures
constitute a novel class of electrolytes and offer a formidable playground to tune electrocatalytic

and electrosynthetic reactions via the modulation of the electrolyte nano/microstructure.! Indeed,



while binary mixtures of water and water-soluble organic solvents are macroscopically
homogeneous, bulk heterogeneity can occur at different length scales depending on the molar
fraction of water and the nature of the organic solvent. When establishing strong hydrogen bonds,
the organic solvent molecules and water can mix at the molecular scale, as postulated for
dimethylformamide(DMF)/water mixtures.?! On the contrary, when water and the organic
solvent only weakly interact, such as for ACN/water mixtures, two types of domains are co-

existing at the nanoscale, one rich in organic solvent molecules and one aqueous.3>-¢

Although extensive research has been conducted on binary organic solvent/water mixtures, little
is known regarding their local structure in presence of supporting salts, with the exception of
ACN/water mixtures.'®323:38 The size of the aqueous domains depends on the molar fraction of
water and the concentration of supporting salt, with volumes for the aqueous domains found in the
range of 200 — 1000 A2 as computed by molecular dynamics (MD) simulations.? Such domains
are conserved at the electrochemical interface and large aqueous domains were found to correlate
with an increased reactivity of water towards the HER,? as a result of better diffusion properties
of hydroxyls and hydronium ions. Furthermore, the hydrophilicity of the electrochemical interface
was shown to be tuned by the nature of the supporting salt cation in ACN/water mixtures.'6-3 We
recently exploited this feature to steer the yield of the epoxidation of cyclooctene at gold

electrodes.!®

Hence, state of the art research in this field is limited to tuning the size of aqueous domains by
modulating water concentration and Lewis acidity of salt cations, while the role of organic
solvent/water interactions has remained elusive. Without this fundamental piece, the generality of
this strategy to modulate the reactivity of aqueous heterogeneities for electrocatalytic and

electrosynthetic applications is yet to be demonstrated. Equally important for the application,



beyond tuning non-covalent interactions and water dynamics, hybrid electrolytes were shown to
induce a shift in redox reactions, including the HER.323 Nevertheless, the origin for such shift
remains uncertain. Indeed, as previously observed for other non-ideal/diluted electrolytes, such
shift in potential could be kinetic, and thus be harvested to reduce the cell potential by improving
one half reaction, or simply arise from a shift in thermodynamic potential, which would shift both

half-reactions in the same manner and thus provide zero gain in energy for the overall process.

In this work, we investigate how the solvation properties of hybrid organic solvent/water
electrolytes can impact the electrochemical reactivity of water and the outcome of electrosynthetic
reactions. Toward that goal, four binary mixtures were selected, using DMF, ACN, tetrahydrofuran
(THF) and acetone as organic solvents. Among these mixtures, DMF and water form strong
hydrogen bonds, leading to little to no microheterogeneity. Instead, ACN and water are shown to
weakly interact, leading to the formation of agueous and organic nanodomains. Acetone and THF,
for which the binary mixtures with water were also shown to exhibit heterogeneity at the
nanoscale,*® interact stronger with water than ACN does via the formation of hydrogen bonds
with their oxygen atom. By combining NMR and IR spectroscopy, synchrotron small-angle X-ray
scattering (SAXS) and force field-based MD simulations of the four bulk mixtures, we first
investigate in details their structures at short and intermediate range. Our results demonstrate that
organic solvents can be used to tune aqueous heterogeneities in hybrid electrolytes and that the
water structure in the different mixtures modulates its reactivity at electrified interfaces. By
comparing these results with those collected from two recently developed electrosynthetic
reactions, namely the electrochemical oxidation of sulfides?®?* and the electrochemical deuteration
of benzylic halides,?” we demonstrate that the effect of aqueous heterogeneities in organic

electrolytes depends on the mechanism. Looking into the effect of electrolyte structuration, we



provide quantitative analysis of the impact of solvation structure on the kinetics of reactions.
Overall, our study answers critical questions regarding the effect of the short to intermediate range

structure in synthetically relevant organic solvent/water mixtures.

RESULTS AND DISCUSSION

Characterization of the mixtures.

For each mixture, the concentration of water is set at 5.0 M, a concentration previously shown to
result in optimal Faradaic efficiency of reactions such as the epoxidation of alkenes, while
maintaining sufficient solubility for the organic substrates.’®1"1® Unless stated otherwise, the
mixtures contain 0.1 M LiClO4 as supporting salt. In the mixtures of ACN, acetone, DMF and
THF with 5.0 M water and 0.1 M LiCIlOg4, the molar fraction of water is equal to 0.222, 0.283,
0.294 and 0.305, respectively, as determined by experimentally measuring their densities (Tables
S1-4). The excess enthalpy of mixing (AH™>) of the mixtures provides a good indication of the
strength of the solvent-water interactions (hydrogen bonding being the dominating one), with
negative (positive) values indicating stronger (weaker) solvent-water interactions than solvent-
solvent and water-water interactions. On the whole composition range, AH™* was reported to be
positive for ACN/water (except at molar fractions of water greater than 0.97)*° and negative for
DMF/water®® while it is positive for acetone/water®! and THF/water®? for a molar fraction of water
below 0.4 (Figure S1). DMF and water molecules form stronger hydrogen bonds than those
between water molecules whereas hydrogen bonds formed between ACN, acetone, THF and water
molecules are weaker. This difference in strength can be observed qualitatively by looking at the
attenuated total reflection (ATR) IR spectra of the mixtures (Figure 1a and Figure S2 for the

mixtures without supporting salt), with the wavenumber of the O-H stretching mode of water



evolving in the order ACN < acetone < DMF = THF and the intensity evolving in the order ACN
< acetone = THF < DMF. The observed trend for the O-H stretching mode of water suggests that
in the mixtures, the hydrogen bonds formed between water and ACN are the weakest and the
strongest with DMF, while acetone and THF constitute intermediate cases.>® However, the bands
are large and the ATR intensity depends on the difference between the refractive index of the ATR
prism and the liquid, thus making quantitative interpretation of the O-H stretching mode of water
difficult (see discussion below Figure S2). Unfortunately, no insights can be gained from the
bending mode of water, which is also a powerful probe of the hydrogen-bonding network,>* due

to its overlap with solvent bands in the 1500 — 1800 cm™ region (Figure S3).

Besides O-H stretching vibrations, the *H NMR chemical shift of water is also strongly affected
by the nature of the solvent in the mixture (Figure 1b). While the presence of LiClO4 causes a
downfield shift of *H §(H20) due to the strong Li*-OH, interactions,* the observed trend between
the different mixtures remains unaffected by the salt (Figures S4 and S5). The establishment of
hydrogen bonds with an electronegative acceptor atom such as oxygen or nitrogen is correlated to
a downfield shift of the hydrogen-bonded hydrogen nucleus.®® The *H NMR chemical shift of
water in the ACN mixture appears at more upfield chemical shifts than in the other mixtures
(Figure 1b). Nevertheless, we refrain from drawing quantitative conclusions from the *H NMR
results regarding the strength of hydrogen bonding between the different organic solvent/water
systems. Indeed, the chemical shift of a nucleus is related to its electron density and, aside from
the formation of hydrogen bonds, it can be influenced by the electron density of the acceptor atom,

i.e., the organic solvent here (see discussion in Figure S6).
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Figure 1. (a) ATR IR spectra in the 3800 — 3100 cm™ region and (b) normalized *H NMR peaks of water
in solvent/5.0 M water/0.1 M LiClO4 mixtures. Tetramethylsilane (TMS) is used as an internal reference
and is set at 0.00 ppm.

To obtain more direct evidence of the extent of microheterogeneity, we turned to synchrotron
small-angle X-ray scattering (SAXS), a technique sensitive to nanoscale electron density variation
previously successfully implemented to reveal the solvation structure of various electrolytes for
electrocatalytic and battery applications.®”*® The presence of LiClOs in the mixtures increases the
experimentally measured SAXS intensity due to the presence of Cl atoms, which have a higher
atomic number than the atoms in the solvent and water molecules and thus scatter more X-rays
(Figures S7-14). To overcome this issue and solely probe aqueous heterogeneities, the SAXS
patterns of solvent/0.1 M LiClO4 and solvent/5.0 M water/0.1 M LiClO4 mixtures were measured
(Figure 2a,b) and subtracted in the 0.02 to 0.6 A q range (Figure 2c). This is the g range of interest
for studying local heterogeneities in the electrolytes, which corresponds to distances of 10.4 to
314.2 A (2m/q).%8 Strikingly, the SAXS pattern of DMF/5.0 M water/0.1 M LiClOg is relatively
flat in the 0.02 to 0.6 A q range and no increase in SAXS intensity is observed compared to

DMF/0.1 M LiCIlO4 containing no water. On the contrary, the SAXS patterns of the three other



solvent/5.0 M water/0.1 M LiClO4 mixtures have a characteristic shape®’® showing a marked
increase in intensity compared to the patterns of the water-free solvent/0.1 M LiClO4 mixtures.
This marked distinction between DMF on the one hand and ACN, THF and acetone on the other
hand is also observed without supporting salt (Figure S15). The SAXS results confirm that, as
previously postulated, little to no heterogeneity is evidenced at the nanoscale in DMF/5.0 M water
mixtures because of the formation of strong DMF-water hydrogen bonds. Conversely,
heterogeneities form at the nanoscale in mixtures of ACN, THF and acetone with 5.0 M water.
One can note that a few simulation®® and experimental studies®*° report some degree of
heterogeneity in DMF/water mixtures, especially around equimolar ratios. These results will be

discussed below in light of our MD simulations.

The SAXS intensity depends on the electronic contrast, i.e., the average difference in scattering
length density (combined sum of the scattering lengths of the atoms — SLD) between aqueous and
organic regions in these mixtures.®* At 16 keV, the energy at which the SAXS experiments were
performed, the SLD (in 10" A?) of water, DMF, THF, acetone and ACN are equal to 9.433, 8.774,
8.385, 7.337 and 7.154, respectively.? Among all solvents, the electronic contrast between water
and DMF is the lowest. However, the SLD of THF is close to that of DMF (and in THF/5.0 M
water, the molar fraction of water is very close to that in DMF/5.0 M water) while its mixture with
water gives rise to the highest SAXS intensity (Figure 2c¢). Therefore, even though the smaller
electronic contrast between DMF and water certainly plays a role in the low SAXS intensity
obtained for DMF/5.0 M water mixtures, the different SAXS patterns cannot be simply explained
by different electronic contrasts. To grasp further insights into the nanoscale heterogeneities in the
different mixtures, in particular their size and shape, and confirm our interpretation of the SAXS

results, force field-based MD simulations were performed.
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Figure 2. Synchrotron SAXS patterns of (a) solvent/0.1 M LiCIO4 and (b) solvent/5.0 M water/0.1 M
LiClO, mixtures in the 0.02 to 3.0 A g range. (c) Difference in intensity between the SAXS patterns of
solvent/5.0 M water/0.1 M LiClO,4 and solvent/0.1 M LiClO4 mixtures in the 0.02 to 0.6 A q range. For
each pattern, the discontinuity at 0.238 A corresponds to the change from the small to the wide angle
configuration of the setup, corresponding to sample-to-detector distances of 6.2 m and 0.5 m, respectively.
For each pattern, the two curves are plotted as obtained experimentally. They are superimposable, hence
showing the good quality of the measurement. In the 0.02 to 0.6 A q range, the intensity of the DMF/5.0
M water/0.1 M LiCIO, pattern is either equal or slightly lower than that of DMF/0.1 M LiClOy, indicating
that the subtraction cannot be observed in log-log scale on panel c.

First, it is worth noting that the results of force field-based MD simulations strongly depend on the
chosen force fields. We thus tested several force fields for the solvents to reproduce as best as
possible the experimental SAXS patterns, i.e., the short to intermediate range structure in the
mixtures (see Supplementary Information 1 and Experimental Section). For each system, the
composition of the box was determined by experimentally measuring the density of the
corresponding mixture. Large ~ 100 * 100 * 100 A® (Tables S1-4) boxes were used to simulate
SAXS patterns at low q while maintaining reasonable computational times. For such box sizes, the
lowest accessible value of q is equal to 27/100 = 0.0628 AL, which is also the resolution of the
calculation. Aqueous nanodomains (in red) are visible on the snapshots of the simulations of the
mixtures with ACN, acetone and THF while water molecules are homogeneously distributed in
the mixture with DMF (Figure 3a-d). For each system, SAXS patterns were calculated from the
MD simulations with the GROMACS utilities (see Experimental Section and Supplementary

Information 1 for details). Very good agreement between the experimental and the simulated
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SAXS patterns is obtained (Figure 3e-h), showing that our simulations accurately reproduce the
structure of the mixtures. We note that a slight discrepancy exists between the experimental and
the simulated SAXS patterns for the DMF-based mixture (Figure 3h), which we discuss in details
in Supplementary Information 1.
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Figure 3. Snapshots of the MD simulations of the solvent/5.0 M H,0/0.1 M LiClO. mixtures with (a) ACN,
(b) acetone, (¢) THF and (d) DMF. Water molecules are represented in red, Li* in mauve, ClO4 in orange
and solvent molecules in gray (the size of which are decreased for clarity). In panels e-h are plotted the
corresponding experimental and simulated SAXS patterns.

A quantitative analysis of the domains (based on a VVoronoi tessellation) was then performed using
TRAVIS software.%3%* In the mixtures of ACN, acetone, THF and DMF with 5.0 M water and
0.1 M LiCIOg, the average calculated size of the aqueous (H20 + LiClO4) domains is 315.2, 376.9,
339.3 and 55.9 A3, respectively (Figure 4a). As can be seen on the snapshots, the shape of the
aqueous domains in the mixtures with ACN, acetone and THF is not spherical (average

isoperimetric quotient of ~ 0.65 whereas spherical domains would give a quotient value close to 1).
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Furthermore, isolated water molecules coexist with large domains (> 30 water molecules) at a
given time. Considering the molecular volume of liquid water at ambient temperature (29.9 A%)
and omitting LiClO4 (there are 50 times more water molecules than LiClO4 in the boxes), these
volumes correspond to an average of 10.5, 12.6, 11.3 and 1.9 water molecules per domain,
respectively. Consequently, the number of water-water hydrogen bonds is much smaller in the
DMF-based mixture compared to the other mixtures in which aqueous nanodomains are present
(Figure 4b). Although not directly comparable due to different numbers of solvent molecules per
system (Tables S1-4), the DMF-H20 hydrogen bonds are more numerous than the other solvent-
water hydrogen bonds (Figure S29). In the mixtures in which agueous nanodomains are present,
water molecules are surrounded by ~ 2.0 — 2.4 water molecules in their first solvation shell (Figure
4c and S30). On the contrary, in the mixture with DMF, the first solvation shell of water molecules
only contains ~ 0.8 water molecules. Water molecules are replaced with DMF molecules due to
the formation of strong hydrogen bonds between water and the oxygen atom of DMF (Figure S29
and S31). Water molecules are therefore found in average as isolated molecules or dimers in the
DMF mixture. As mentioned earlier, a few simulation®”*® and experimental studies®*®° report
some degree of heterogeneity in DMF/water mixtures, especially around equimolar ratios. As
discussed in the Supplementary Discussion 1, the degree of heterogeneity found in MD simulations
greatly depends on the force fields; to avoid such pitfall we selected our force fields to reproduce
as best as possible the experimental SAXS patterns, i.e., the structure in the mixtures. Moreover,
the existence of relatively large water and DMF aggregates were proposed based on IR
Spectroscopy measurements.>® At a DMF molar fraction of 0.7 (as in DMF/5.0 M H20/0.1 M
LiClOg4) the authors found that the fraction of water -OH bonds hydrogen-bonded to other water

molecules and to DMF molecules is equal to ~ 20% and ~ 80%, respectively. From our simulation
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which shows that water molecules are homogeneously distributed in the mixture with DMF, we
find the exact same fraction of water molecules hydrogen-bonded to DMF and water molecules
(Figure S32). That being said, our results only hold for DMF/5.0 M water mixtures and the

existence of large aqueous domains cannot be excluded at other water molar fractions.

Overall, our combined experimental and MD simulation results demonstrate the existence of
relatively large aqueous nanodomains containing a dozen of water molecules in average in the
mixtures of ACN, acetone and THF with 5.0 M water and 0.1 M LiClO4. On the contrary, due to
the presence of strong water-DMF hydrogen bonds, water molecules are homogeneously

distributed in the mixture with DMF and exist in average as isolated molecules or dimers.
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Figure 4. (a) Average volume of aqueous (H2O + LiClO4) domains and (b) average number of water-water
hydrogen bonds per water molecule in solvent/5.0 M water/0.1 M LiCIO4 mixtures. (c) Coordination
numbers for Onz0-Owzo as obtained from the corresponding Owz0-Owzo radial distribution functions. The
hydrogen bonds were computed using the following geometrical criteria: d(D —A) < 3.5A and
a(HDA) < 30° with d(D — A) the distance between the hydrogen bond donor (D) and acceptor (A) atoms
and a(HDA) the angle defined by the hydrogen atom (H) bonded to D, D and A with D being the vertex.
All the possible hydrogen bond donor and acceptor atoms of water molecules are considered in the
calculation.
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Water reactivity at electrified interfaces.

Having demonstrated that organic solvents can be used to tune aqueous heterogeneities in hybrid
organic solvent/water electrolytes, our attention then turned to the effect of the resulting
modification of the structure of water on its electrochemical reactivity. A common pitfall when
describing the reactivity of water in complex solutions, which include superconcentrated aqueous
electrolytes or binary mixtures with organic solvents, is the difficulty in estimating the reversible
hydrogen potential to accurately evaluate the kinetics of the HER and the OER due to the lack of
robust and reliable potential reference. The ferrocenium/ferrocene couple (Fc*°) is commonly used
as an internal reference in organic electrochemistry. However, while the use of Fc*”° is adequate
for potentials measured in a single solvent, several studies have pointed out that its redox potential
is dependent on the supporting salt and the solvent.®>®8 This dependence primarily arises from
ion-pairing forming between ferrocenium (Fc*) and supporting salt anions, which occurs to a large
extent in low permittivity solvents, as probed spectroscopically.®® Permethylated derivatives of
ferrocene, in particular decamethylferrocene (MeioFc), have been proposed as better internal
references for comparing potentials in different solvents.®>® Indeed, their bulkier structure can
isolate more efficiently the iron redox center from interactions with the solvent molecules and
supporting salt ions.®>-¢7 We thus first estimated the redox potential of MeoFc*® in solvent/5.0 M
water mixtures and compared it to the redox potential of Fc*/?in the same mixtures. The difference
between the MeioFc*® and Fc*© redox potentials [AE12 (FC*® — MewoFc*©)] only slightly depends
on the concentration of supporting salt but strongly depends on the organic solvent (Figure 5), in
very good agreement with values found for the pure solvents.®® This suggests that the redox
potential of at least one of the redox couples is dependent on the supporting salt/solvent. Strikingly,

AE1/; (FC® — Me1oFc™) is in the same order of magnitude for the mixtures with high permittivity
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solvents (ACN: 37.5, acetone: 20.7 and DMF: 36.7) whereas it is much lower for the mixture with
THF, which has a lower permittivity (7.5). The dependence of AE1, (Fc*® — MeioFc*) on the
supporting salt/solvent therefore likely arises from a shift of the Fc*'° redox potential due to Fc*-
anion pairing; nevertheless, a shift of the MeioFc*° redox potential cannot be completely excluded.

In the following, we reference our electrochemical data against both redox couples for comparison.
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Figure 5. Ey; difference between the Fc*’° and the MeioFc* couples for different mixtures studied in the
present work. E12 corresponds to the halfway potential between the anodic and cathodic peaks observed on
the cyclic voltammograms of the corresponding redox couples. Ei2 is a very good approximation of the
formal potentials of the couples. The AE1/, values were obtained by performing cyclic voltammetry at glassy
carbon electrodes (100 mV.s?) of 0.5 mM Fc + 0.5 mM MesoFc in the different mixtures. See Table S5 for
AE1, values for a larger number of mixtures. The values are in very good agreement with the values
obtained for the pure solvents.% Right: Van Der Waals sphere structures of Fc and MeioFc.

To probe the electrochemical reactivity of water, HER measurements at polycrystalline platinum
electrodes and OER ones at polycrystalline gold electrodes were carried out in solvent/5.0 M
water/0.1 M LiCIO4 electrolytes (Figure 6). Note that HER data could not be obtained in
THF/water mixtures as a parasitic reaction occurs before the HER at Pt electrodes (Figure S33).

Similarly, OER data could not be reliably obtained in DMF and THF/water mixtures as both
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solvents oxidize at potentials close to the OER (Figure S34). For both the HER and OER,
referencing potentials against MeioFc*° instead of Fc*° does not lead to significant changes. The
HER in the mixture with DMF occurs at potentials ~ 250 mV vs Fc*® more negative than that in
the mixture with acetone and ~ 350 mV vs Fc*’® more negative than with ACN (the shifts are
slightly higher when referenced against MeioFc*’® — Figure 6a,b and Figure S35). Strikingly, the
reactivity trend for the OER in the acetone and ACN-based mixtures is the exact opposite of the
trend observed for the HER, with the OER in the mixture with ACN occurring at potentials ~

100 mV vs Fc*’® more positive than with acetone (Figure 6¢,d).

As studied in depth in the field of OER and HER, strong Lewis cations such as Li* greatly impact
the reactivity of water at electrochemical interfaces. Li* cations were found to be detrimental to
the OER due to the strong Li*-OH; interaction and conversely activate the HER (weakening of the
O-H bond).5"32 Therefore, the reactivity trend observed in the acetone and ACN-based mixtures
could be tentatively explained by a greater amount of Li*-OH> interactions in the ACN mixtures
when compared with the acetone one. However, this hypothesis can be discarded as the trend
obtained in mixtures containing hydrophobic tetrabutylammonium (TBA*) cations in place of Li*
is identical (Figure S36), with both reactions shifted in an exact opposite way in acetone and ACN-
based mixtures. More strikingly, gold dissolution into the electrolyte, an event expected to be
independent of the structure of water and which occurs before the OER in organic solvent/water
mixtures,'® is also shifted in the same order of magnitude as function of the electrolyte composition
(Figure S37). Taken as a whole, these observations point toward a shift in thermodynamic potential
rather than a change in kinetics to explain the observed trend for the OER and the HER in acetone

and ACN-based mixtures.
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Figure 6. HER performed at polycrystalline platinum rotating disk electrodes (RDE) (a,b) and OER
performed at polycrystalline gold RDE (c,d) in ACN (red), DMF (green) and acetone (purple) mixtures
with 5.0 M H,0 and 0.1 M LiCIlO,. The electrochemical curves are referenced versus the Fc*® couple (a,c)
or the MexoFc*”® couple (b,d). Working electrode (WE): polycrystalline Pt or Au RDE, Counter electrode
(CE): Pt wire, Ref: leakless Ag/AgCl, Ar-saturated solvent/5.0 M water/0.1 M LiClO,, 25°C, 50 mV.s?,
1,600 rpm.

To conclude on the origin of the shifts observed in the different mixtures, we first examined the
hydrogen oxidation reaction (HOR). When referencing against Fc*’® and MejoFc*”®, the HOR and
HER curves in the mixtures with acetone and ACN are, once again, shifted in an exact opposite
way (Figure 7a,b). To verify if the observed shifts arise from a shift of the HO/H> thermodynamic
potential, we experimentally measured the equilibrium potential of a platinum rotating disk
electrode rotated at 2,500 rpm® immerged in H.-saturated solvent/5.0 M water/0.1 M LiClOa
mixtures, constituting a reversible hydrogen electrode (RHE) (see Experimental section and
Figures S38-40 for full details). When referenced against RHE, no shift is observed for the HER
and HOR curves between the acetone and ACN-based mixtures (Figure 7¢). This unambiguously
confirms that the previously observed shift when referencing against Fc*® and MeioFc*’® arises
from a shift of the H.O/H> thermodynamic potential. Accordingly, when referenced against RHE,

no shift is observed for the OER curves in both mixtures (Figure S41). These results are in
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accordance with our SAXS and MD results which showed that the nanostructure in ACN and
acetone/5.0 M water mixtures is similar, both exhibiting the presence of relatively large agueous
domains. However, in the mixture with DMF, in which water and DMF mix with each other on
the molecular scale, the HER occurs at ~ 100 mV vs RHE more negative potentials than in the two
mixtures that contain large aqueous domains (Figure 7¢). This trend is preserved at constant molar
fraction of water (Figure S42). To confirm this effect, an electrolyte composed of
dimethylsulfoxide (DMSQO) and water, which mix at the molecular scale due to the establishment
of hydrogen bonds that are stronger than the DMF-water ones®:434470-"2 (Eigure S1 and S6a), was
tested. Accordingly, the HER occurs at even more negative potentials in the DMSO/5.0 M water
mixture (Figure S43). Therefore, we conclude based on these results that the reduction of water is
more facile in the presence of large aqueous domains. This observation can be rationalized by
previous reports suggesting that several layers of water are required to accomplish the Volmer step
(H20 + € = Hadgs + HO") and evacuate OH" ions from the electrode surface following a Grotthuss
diffusion mechanism.3>73-% In addition to the establishment of aqueous heterogeneities, short-
range cation-water interactions can also impact the reactivity of water at electrified interfaces, as

previously observed for ACN/water mixtures,

and confirmed following this methodology.
Indeed, when referenced against the experimentally determined RHE, the increase of LiClO4
concentration is found to induce a decrease of the HER onset potential (due to the weakening of
O-H bonds by the strong Li*-OH: interaction) while being detrimental to the OER. Instead, the
use of large and hydrophobic cations such as TBA" prevents water from accessing the surface
under cathodic polarization and thus slows down the HER (Figures S44-47). Our results

demonstrate that the clustering of water molecules, which is controlled by the strength of the

hydrogen bonding with organic solvent molecules, drastically impacts the electrochemical
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reactivity of water. More importantly, we show that careful referencing against RHE is pivotal to

accurately probe and compare the reactivity of water in different mixtures.

a b c
10.0 10.0 10.0 o m e m e m -
Solvent/5.0 M H,0/0.1 M LiCIO, L 0 |
1 4

& e ACN — ACN = ACN ]! |

g 73 Acetone 78 Acetone s Acetone 4 ! 14 /— !

< ——DMF ——DMF X |

e 5.0 5.0 1 1

2 124 I

2 25- 254 1] !

% 1 I

et 1-34 I

5 004 -— 0.0 1 !

£ 1 ——ACN I
3

(&) [ Acetone |

2,54 2.5 | ——DMF I

I 1

-5.0 T T T T -5.0 —r T T 7T : -5 T :

20 -15 -1.0 -05 0.0 15 1.0 -05 00 05 !1p00 075 -050 -025!

E-iR (V vs Fc™) E-iR (V vs Me, Fc") E-iR (V vs RHE)

Figure 7. HOR and HER measurements at polycrystalline platinum electrodes in ACN (red), DMF (green)
and acetone (purple) mixtures with 5.0 M H,O and 0.1 M LiClO.. The electrochemical curves are referenced
against (a) the Fc*'° couple, (b) the MeioFc*® couple and (c) RHE. The arrow in panel a indicates the sweep
direction. The variations in HOR current densities are due to the different mass transport properties of the
mixtures and different Hyg solubility in the mixtures. WE: polycrystalline Pt RDE, CE: Pt wire, Ref:
leakless Ag/AgCl, Ha-saturated solvent/5.0 M water/0.1 M LiClO4, 25°C, 50 mV.s%, 1,600 rpm.

Effect on electrosynthetic reactions.

Having demonstrated that the electrochemical reactivity of water is modulated in hybrid
electrolytes by its solvation structure at short to intermediate range, we then investigated if similar
effect of the water structure can control the outcome of electrosynthetic reactions. Indeed, the
hybrid electrolytes herein studied are state of the art electrolytes used for reactions in which water
acts either as the oxygen-atom source in anodic reactions®-2* or as the proton/deuterium source in
cathodic reactions.?>?-2" Here, we examine two recently developed electrosynthetic reactions, the
electrochemical oxidation of sulfides?®?* and the deuteration of benzylic halides.?” Thioanisole
oxidation and benzyl bromide reduction at glassy carbon (GC) electrodes are selected as model

reactions (Scheme 1). Both reactions proceed first by the oxidation/reduction of the organic
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substrate, which generates an intermediate that subsequently chemically reacts with water. The
electrochemical oxidation of thioanisole generates a radical cation centered on the sulfur atom
following a one-electron process.?%** The sulfoxide product is obtained after chemical reaction
with water and subsequent oxidation and deprotonation. Instead, the electrochemical reduction of
benzyl bromide proceeds via a two-electron process giving the corresponding carbanion
(Scheme 1).”” The reduction is a two-electron process because the reduction potential of the neutral
radical formed after the dehalogenative one-electron reduction of benzyl bromide is more positive
than the reduction potential of benzyl bromide itself.””’® The carbanion subsequently reacts with

D,0 to form (methyl-di)benzene.

N
+ HO

Thioanisole

Br
+ D,0

Benzyl bromide

n=0

N

C/S“\

radical cation ;
Methyl phenyl sulfoxide

o

(methyl-d )benzene

Reactive intermediates

carbanion

Scheme 1. Top: Electrochemical oxidation of thioanisole into its sulfoxide with water as the oxygen source.
Down: Electrochemical deuteration of benzyl bromide with heavy water as the deuterium source.

The cyclic voltammograms of the oxidation of thioanisole and the reduction of benzyl bromide at
GC electrodes show that no significant shifts of onset potential are observed between the different
mixtures (Figure 8). Only variations in current intensities are observed, which are due to the
different mass transport properties of the mixtures (Figure S48). This result can be rationalized by
observing that the intermediates formed for both reactions are highly reactive, as probed by fast-

scan voltammetry (Figure S49). Indeed, for such reactions where the initial electron transfer is
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totally irreversible, the following chemical reaction causes no change in characteristic potential.”
Hence, in such case, the nanoscale structure of water will not impact the kinetics of the overall
electrochemical reaction. One can note that the choice of internal reference, i.e., Fc*’® or MegoFc*®
(referencing against RHE is meaningless here as water is not the reactant at the electrode), leads
to small ~ 10 — 20 mV variations in onset potential (Figure 8). Therefore, from one solvent system
to another, small shifts of onset potential in the order of 10 — 20 mV can hardly be attributed to

differences in reactivity and discussing such small shifts should be avoided.

Our results allow us to classify reactions occurring in hybrid organic solvent/water electrolytes in
two categories, as function of the mechanism, i.e., if water is the reactant at the electrode or if it
chemically reacts with highly reactive electrogenerated intermediates. When water reacts first at
the electrode, the kinetics of the reaction is sensitive to the existence and the composition of
aqueous heterogeneities in the organic solvent, as demonstrated for the HER and the OER. Hence,
for electrosynthetic reactions in which water reacts first at the electrode, such as for the deuteration
of alkynes at Pd electrodes,?® a modulation of the onset potential by the structure of water is
expected, which can only be quantitatively understood by referencing against the RHE. When a
highly reactive electrogenerated intermediate is first generated before to react with water, the
overall kinetics of the reaction is not affected by the structure of water in hybrid electrolytes as
observed for benzyl bromide reduction or thioanisole oxidation (Figure 8). Indeed, for such
reactions where the initial electron transfer is totally irreversible, the following chemical reaction
does not modulate the onset potential. However, one cannot exclude a modulation of product
selectivity in such case, due to interactions with intermediates/products and different mass

transport effects or double layer effects.
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Figure 8. Cyclic voltammograms obtained at a rotating GC electrode in organic solvent/5.0 M
water/0.1 M LiClO4 mixtures in the presence of 1.0 mM thioanisole (a,b) and 1.0 mM benzyl bromide (c,d).
Cyclic voltammograms are background-subtracted and are referenced versus the Fc* couple (a,c) or the
MezoFc*® couple (b,d). The variations in current intensities are due to the different mass transport properties
of the mixtures. The peak observed for the oxidation of thioanisole is likely due to product adsorption at
the GC electrode. WE: GC, CE: Pt wire, Ref: leakless Ag/AgCl, Ar-saturated solvent/5.0 M water/0.1 M
LiClO4 with 1.0 mM thioanisole or 1.0 mM benzyl bromide, 25°C, 50 mV.s?, 1,600 rpm.

CONCLUSIONS

In summary, through a comprehensive characterization of four synthetically-relevant mixtures and
careful electrochemical measurements, we have rationalized the effect of the electrolyte structure
on the outcome of electrochemical reactions performed in hybrid electrolytes. To get insights into
the structure of water in the electrolytes, synchrotron SAXS measurements were performed in
combination with MD simulations. A comprehensive investigation of force fields for the solvents
allowed us to accurately reproduce the experimental SAXS patterns both at short and intermediate
range. Our combined experimental and simulation results show the existence of relatively large
aqueous nanodomains containing a dozen of water molecules in average in the mixtures of ACN,
acetone and THF with 5.0 M water. On the contrary, due to the formation of strong water-DMF

hydrogen bonds, water molecules were found to be homogeneously distributed in the mixture with
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DMF and to exist, in average, as isolated molecules or dimers. We have demonstrated that water
in agueous domains is more reactive for the HER than isolated water molecules, in agreement with
previous reports suggesting that several layers of water are required to accomplish the VVolmer step
and evacuate OH- ions from the electrode surface following a Grotthuss diffusion mechanism.?73-
6 Importantly, our careful analysis of potential referencing unambiguously revealed that the
variation in the reactivity of water upon formation of aqueous nanodomains originates from a
kinetic effect rather than a thermodynamic shift due to a change in water activity. Our methodology
allowed us to confirm that short-range cation-water interactions can also impact the reactivity of
water at electrified interfaces, as previously observed for ACN/water mixtures.* Comparing the
results obtained for the reactivity of water with those collected from two recently developed
electrosynthetic reactions (the electrochemical oxidation of sulfides and the electrochemical
deuteration of benzylic halides),?>?4?" we classify electrochemical reactions performed in hybrid
electrolytes in two categories. For reactions proceeding via the activation of water first, such as
for the HER, OER or the deuteration of alkynes at Pd electrodes, fine tuning of aqueous domains
in hybrid electrolytes will impact the kinetics of the reaction. Instead, when organic substrates
react at the electrode prior to water, e.g. for the oxidation of sulfides or the reduction of organic
halides, aqueous domains will have no impact on reaction kinetics. The knowledge gathered in the
present study can be used to modulate numerous electrosynthetic reactions. For instance, our
results show that performing reactions in DMF/5.0 M water mixtures allows for slowing down the
HER while leaving unaffected reduction/oxidation potentials of organic substrates, which could
help minimizing the competing HER in the electrohydrodimerization of acrylonitrile for
instance.’® We believe that such detailed investigation of the solvation properties of hybrid

electrolytes can be transposed to other electrosynthetic reactions and help tune kinetics and product
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selectivities. Nevertheless, further development of the field will only be achieved by gaining
further insights regarding reaction intermediates forming in such hybrid electrolytes at the catalyst

interface and investigations on interfacial solvation structures are thus needed.

EXPERIMENTAL SECTION

Reagents. Acetone (RE-pure) was purchased from Carlo Erba. Acetonitrile (99.9%, Extra Dry
over Molecular Sieves, AcroSeal) was purchased from Acros Organics. Benzyl bromide (99%),
lithium perchlorate (anhydrous, 99%), tetra-n-butylammonium perchlorate (electrochemical
grade) and tetramethylsilane (99.9%) were purchased from Alfa Aesar. Decamethylferrocene
(99%) was purchased from Strem Chemicals. DMSO (99+%) and DMF (99.8%, extra dry,
AcroSeal) were purchased from Thermo Fisher Scientific. Ferrocene (99%), tetrahydrofuran
(anhydrous, >99.9%, inhibitor-free) and thioanisole (ReagentPlus, >99%) were purchased from

Sigma-Aldrich. Milli-Q water (18.2 MQ.cm at 25°C) was used for electrolytes containing water.

Electrochemical measurements (general). Data were acquired on a BioLogic VSP potentiostat.
All electrochemical measurements were recorded using a three-electrode cell setup with a leakless
Ag/AgCI (ET069, diam. 5 mm, L 100 mm, eDAQ, provided by Mengel Engineering) reference
electrode. A flame-annealed platinum wire was used as a counter electrode and placed in a separate
compartment. All electrochemical measurements were conducted in a jacketed electrochemical
cell to perform the experiments at constant temperature (25°C). Prior to any measurement, glassy
carbon, polycrystalline gold and polycrystalline platinum electrodes (5 mm diameter, 0.196 cm?
geometric surface area, Pine research) were polished with three polishing slurries (6 pm diamond
on nylon polishing disc, followed by 0.3 pm and 0.04 pm aluminum oxide on micro-cloth

polishing disc) using a polishing machine (Le Cube, Presi). Residual traces of slurries were
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removed by sonicating the as-polished electrodes three times in water (1 min each) and one time
in acetone (1 min). Polycrystalline platinum electrodes were further electrochemically cleaned by
the following procedure: 2 min potential hold at + 2.0 V vs RHE (under rotation at 1,600 rpm) in
an Ar-saturated 0.5 M H>SO4 solution followed by 20 cycles of CV between -0.15 and 1.60 V vs
RHE at 500 mV.s. Then, 10 cycles of CV between 0.0 and 1.35 V vs RHE at 100 mV.s™ were
performed to check the cleanliness of the electrode (Figure S50). The freshly cleaned electrodes
were rinsed with ultrapure water and air-dried. The ohmic drop was measured by electrochemical
impedance spectroscopy (EIS) after electrochemical measurements. Typical values of around 25
to 250 Q were obtained, depending on the supporting salt concentration and the solvent. The ohmic
drop compensation was performed manually during the data treatment (85% of correction). To
remove metallic impurities, the cell and the separate compartment for the counter electrode were
regularly washed with aqua regia and to remove organic impurities they were regularly washed
with KMnO4/H2S04 (1 g.L™* KMnO4 dissolved in 0.5 M H2S04) solution followed by a diluted 1:1

H>02/H2S04 solution.

RHE reference. A platinized platinum wire was first used to accurately measure the equilibrium
potential.8° However, the measured potential was found to be unstable (Figure S38) and a fade of
the black color of the wire was noticeable after the measurements. A platinum RDE rotated at
2,500 rpm was therefore used,® giving stable potentials (Figure S39). Great care was taken when
cleaning the RDE before measurements as the measured potentials are sensitive to the cleanliness

of the electrode (Figure S40).

Fast scan cyclic voltammetry. Fast scan CVs were obtained using homemade 0.5 mm diameter
Pt electrode for thioanisole oxidation and 0.5 mm diameter carbon fiber electrode for benzyl

bromide reduction (Figure S49). The electrodes were made by inserting a 0.5 mm diameter Pt or
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carbon fiber wire into a 0.5 mm inner diameter PEEK tube (Interchim) filled with epoxy resin. The
electrodes were let to dry overnight and the tip was cut to make sure no residue of epoxy resin was
left on the electrode surface. EC-Lab Express software was used to allow for a higher sampling

rate and data were acquired on a BioLogic VSP potentiostat.

Preparation of electrolyte solutions. All electrolyte solutions were prepared in 10 mL volumetric
flasks before measurements. 106.4 mg and 1064.0 mg of LiClO4 were added into the volumetric
flask to prepare the different mixtures containing 0.1 M and 1.0 M LiClO4. 341.9 mg of TBACIO4
were added into the volumetric flask to prepare the different mixtures containing 0.1 M TBACIOa.
900 pL of Milli-Q water were added into the flask for mixtures containing 5.0 M water. The flasks
were completed up to ~ 2 mm below the ring graduation with the corresponding organic solvent
and let to rest for ~ 10 min to allow for temperature equilibration (the mixtures of the different
solvents with water are either exothermic or endothermic). The flasks were subsequently
completed to the ring graduation. Mixtures with fixed water molar fraction were prepared by
mixing given volumes of organic solvent and water (determined from the molar volumes of the
solvents and water) in a separate flask. The as-obtained mixture was subsequently added into a
flask containing the supporting salt. Depending on the experiment, the organic solvents and water

were separately saturated with Ar or Hz before the preparation of the mixtures.

Infrared spectroscopy. IR spectra were acquired on a Shimadzu IRPrestige-21 spectrometer.

Nuclear magnetic resonance spectroscopy. Liquid-state NMR spectra were recorded on a Bruker
7.046 T Avance Ill HD NMR spectrometer mounted with a 5 mm HX(F) probehead. NMR tubes
were equipped with a coaxial insert filled with DO (99% D, Sigma-Aldrich) to lock the magnetic

field. Tetramethylsilane was used as an internal reference.
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Small-angle X-ray scattering (SAXS). SAXS patterns were collected at the SWING beamline
(SOLEIL synchrotron, Saint-Aubin, France). The beamline was operated at 16 keV and an Eiger
4 M Detector (Dectris) was used. SAXS patterns of empty 1.5 mm capillaries were first measured
and then the electrolyte samples were filled into the corresponding capillaries, sealed with Parafilm
and subsequently measured. The measurements were performed at room temperature (5 s
acquisition time). The sample-to-detector distances were set to 6.2 m and 0.5 m, covering the
scattering vectors in the range from q = 0.0013 to 2.53 A™*. Background subtraction was performed
manually after the measurements. The commercial acetonitrile bottles used in the present study
contain molecular sieves for dryness. Therefore, the acetonitrile was centrifuged at 6,000 rpm for
10 min before preparation of the solutions to avoid any effect of potential molecular sieve dust on

the SAXS signal.

Molecular dynamics simulations. Force field-based MD simulations of the bulk electrolytes were
performed using the GROMACS software package.®® All the force fields were carefully chosen to
reproduce as best as possible the experimental SAXS patterns, i.e. the bulk structure of the
mixtures (see Supplementary Information 1 for full details). Mixed Lennard—Jones parameters for
all of the different atom types were obtained using the Lorentz—Berthelot combination rules. The
simulations were performed in the NVT ensemble at 300 K for 75 ns using the Nosé-Hoover
thermostat®®? (relaxation time of 0.5 ps) with a timestep of 1 fs and saving configurations every
1 ps. The number of each species in the boxes and the size of the boxes were calculated to match
the experimental densities (the physical properties of the different electrolytes and the
corresponding box configurations are given in Tables S1-4). The initial configuration was obtained
by generating a cubic box using the PACKMOL package®. The systems were equilibrated in the

NVT ensemble at 700 K for 5 ns prior to the simulations at 300 K. Large ~ 100 * 100 * 100 A3
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boxes were used in order to simulate SAXS patterns at low g (up to 0.0628 A in that case) while
maintaining reasonable computational times. Long-range electrostatic interactions were computed
with the particle mesh Ewald method, while a cut-off of 12 A was adopted for the non-bonded
interactions. The LINCS algorithm was employed to constrain the stretching interactions involving
hydrogen atoms. The analyses were performed on the last 50 ns with GROMACS utilities. The
analysis of aqueous domains was performed on the last 10 ns with TRAVIS®6484 and the SAXS
patterns were simulated on the last 2 ns with GROMACS utilities.?% The size of the aqueous
domains computed with TRAVIS is not dependent on the size of the box (as long as it is not too
small). Indeed, their volume in the ACN/water mixture is identical to those found in our previous
studies on ACN/water mixtures in which we used 12 times smaller boxes (~ 44 A cell length

compared to 100 A here).1%32 VMD software was used to visualize boxes and generate snapshots.&

ASSOCIATED CONTENT

Additional experimental (synchrotron SAXS, IR, NMR, electrochemical data) and MD
simulations data to support the results of the main text (Figures S1-S50, Tables S1-S5).
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