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ABSTRACT

Polyoxometalates (POMs) are compounds that undergo multiple successive one-electron redox
transitions, making them convenient model reactants to study ion solvation effects. Room
temperature ionic liquids (RTILs) are solvents made entirely of ions, and are expected to have
interactions with the highly negatively charged POM reduction products. In this work, 12 RTILs
with a range of different anions ([FSI] =bis(fluorosulfonyl)imide, [TFSI] =bis(trifluoromethylsul-
fonyl)imide, [BETI] =bis(pentafluoroethylsulfonyl)imide, [BF4], [PFs] ) and cations (imidazolium,
pyrrolidinium, sulfonium, ammonium, phosphonium) were employed as solvents to study the
kinetics and thermodynamics of [SZW|SO62]4_ reduction, to shed light on solvation effects and
ion-pairing effects caused by different RTIL structures. Up to six reversible reduction processes
(producing highly negatively charged [S;W,5Q4,]'®") were observed. For the RTILs that showed
multiple processes, a clear trend in both the thermodynamics (inferred from the reduction peak
potentials) and kinetics (inferred from the peak-to-peak separation) was observed, in the order:
imidazolium < sulfonium = ammonium < pyrrolidinium < phosphonium, supporting strong interac-
tions of the negatively charged POM reduction products with the cation. Two related POMs,
[PaW,150¢,]°” and [PW,040]% ", were also studied in the optimum RTIL found for [S;W,g04,]*
([Comim][FSI]=1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide), revealing fast kinetics and
asymmetric peaks for [PW,,040]>". This work demonstrates the importance of understanding
the solvation effects of RTIL ions for highly charged electrogenerated products, allowing tuning of
the RTIL structure to achieve the optimum kinetics and thermodynamics for an electrochemical
process.
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Introduction

Polyoxometalates (POMs) are ionic metal oxide clusters that consist of so-called hetero
atoms such as sulfur, phosphorus and silica, addenda atoms, such as molybdenum and
tungsten, and oxygen with a variety of structures. Keggin-type POMs, [XM;5040]""
X =S, P, Si, etc.; M = Mo, W) and Wells—-Dawson type POMs, [XoM;g062]" ", have
been extensively investigated from fundamental and practical points of view.!'~ Fig. 1
shows the polyhedral representation of the structure of (a) Keggin-type, and (b)
Wells-Dawson-type POMs. Many POMs can accommodate and release multiple electrons
while retaining their structures (e.g. see electrochemical reaction scheme for a typical
POM reduction in Fig. 1c). Studies on the electrochemical behaviour of POMs in aqueous
solutions, organic solvents and mixed media have provided the following general obser-
vations: (1) the acidity of the electrolyte solution greatly affects the voltammetric
behaviour of POMs; at each reduction step, a one-electron transfer occurs under neutral
conditions where no proton is coupled, whereas a two-electron transfer step occurs under
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highly acidic conditions.™®! (2) The redox potential for the
first reduction process of Keggin-type POMs under neutral
conditions is linearly related to the total ion charge and
bond length of W—{1,0 where the oxygen is bound to the
central (hetero) atom.!”®!

Room temperature ionic liquids (RTILs) have been widely
investigated as combined solvent/salt systems owing to their
non-volatility and high conductivity,'*'*! which are also very
important properties for the synthesis and electrochemistry of
POMs. The appropriate selection of solvent is one of the key
factors required to prepare POMs in high yield and with
high selectivity. For example, novel POM [WFeg(l15-O)3(Lio-
OH)s04H,0(SiWs054)3]1'” ~ and POM-based metal-organic
frameworks (n-BusN),[Cu(BBTZ)2(M0gOs¢)] (BBTZ = 1,4-
bis(1,2,4-triazol-1-ylmethyl)benzene) have been synthesised
in 1-ethyl-3-methylimidazolium bromide ([Comim]Br) under
isothermal conditions.!*** Even IL-based POMs — which are
categorised based on their glass transition temperature (Ty);
where T, < 100°C, they are called POM-ILs, and T, > 100°C,
they are called IL-POMs — have been prepared by simple
synthesis methods using large-sized organic cations such as
trihexyl(tetradecyl)- or tributyl(hexadecyl)-phosphonium
cations, tetra-n-octyl-ammonium cations and imidazolium-
based cations.!"® They exhibit fascinating chemical propert-
ies: reversible conversion between the glass phase and the
liquid phase, solvent-free catalysis for alcohol oxidation and
epoxidation of olefins, anticorrosion and water treatment to
remove Cd®* and Pb>+.[1¢]

Moreover, the electrochemical behaviour of POMs dis-
solved in RTILs, as well as POMs mechanically attached on the
surface of electrodes with RTILs as conductors, has been also
investigated to obtain redox potentials and diffusion coeffi-
cients. The RTIL solvents studied have been mostly imidazo-
lium cation-based RTILs, in addition to a pyrrolidinium cation
and also a distillable liquid [Me,NH,] " [Me,N-CO,] ~.[}7-19]
Because most POMs possess low surface charge density and
high symmetry, with no solvent molecule directly bound to
the POMs, they are excellent probes to investigate the chemi-
cal properties of solvents, similar to tetraphenylarsonium tet-
raphenylborate, which is used as a reference compound to
estimate transfer activity coefficients.*® The voltammetric
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Fig. 1. (a) Keggin, and (b) Wells—Dawson struc-
tures of POMs, and (c) redox transitions for the
electrochemical reduction of [SZWISO62]4_- Yellow:
MOg¢ unit (where M = Mo, W). Red: XO, unit
(where X = Si, P, S).
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behaviour of Keggin and Wells—-Dawson-type POMs has been
investigated in various solvents, and the redox potentials for
the first reduction process of POMs in various organic
solvents are related to their acceptor number (Ay) and polarity
(E{M).1821-25] This relationship was recently applied to the
estimation of Ay and E" for a series of eight imidazolium-
based RTILs.!?*!

Despite several papers reporting POM electrochemistry in
RTILs, 1771920281 their fundamental electrochemical beha-
viour is still not fully investigated, especially in terms of
understanding the solvation effects arising from RTILs with
different chemical structures of cations and anions. RTILs have
many different chemical structures, and are well known to
have charged interfacial layers that are much more ordered
and more dense compared with conventional salt/solvent
systems.*!1 This could affect the electrochemistry of
charged analytes such as POMs (and their reduction products)
because they may have different properties when interacting
with these denser charged layers. It is vital to understand the
detailed electrochemical behaviour of POMs in RTILs because
the combination of excellent and specific chemical properties
of POMs and RTILs could lead to new research areas and
innovations (e.g. for use in electrochromic devices,®?! excel-
lent catalysts™>** and as anticorrosion reagents). >

In this work, the electrochemical behaviour of a Wells—
Dawson-type POM ((n-BuyN)4[SoW1g0621) is studied using
cyclic voltammetry in 12 RTILs containing a range of different
anions and cations. Measurements of formal potentials and
peak-to-peak separations for the different reduction processes
will uncover information on the thermodynamics and kinetics
of the electron transfer processes. In particular, the nature of
the cation is shown to have most effect on the potentials
and peak-to-peak separations, revealing solvation effects
and ion-pairing of the highly negatively charged reduction
products with the positively charged cations. Furthermore,
two additional POMs — (n-BuyN)g[PoW15062] and (n-BuyN)s
[PW;,040] — were briefly studied using the optimal RTIL for
[S2W15062]% ™ (fastest kinetics, smallest reduction potentials,
symmetrical peaks and absence of impurity signals), revealing
more negative potentials, but faster kinetics and asymmetric
peaks, especially for [PW;5040]° .
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Experimental

Chemicals and reagents

The ionic liquids 1-ethyl-3-methylimidazolium bis(trifluor-
omethylsulfonyl)imide ([Comim][TFSI], >99.5%), 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([C4mim][TFSI], >99.5%), N-butyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([C4mpyrr][TFSI], >99.5%),
diethylmethylsulfonium bis(trifluoromethylsulfonyl)imide
([S2,2,1]1[TFSI], >99%), butyltrimethylammonium bis(tri-
fluoromethylsulfonyl)imide ([N4,1,1,1]1[TFSI], >99%),
octyltriethylammonium bis(trifluoromethylsulfonyl)imide
([Ng,2,2,2]1[TFSI], >98%), methyltrioctylammonium bis(tri-
fluoromethylsulfonyl)imide ([N;,ggss][TFSI], >99%), tri-
hexyltetradecylphosphonium bis(trifluoromethylsulfonyl)
imide ([P146,6,6][TFSI], >98%), 1-butyl-3-methylimid-
azolium tetrafluoroborate ([Csmim][BF4], >99%), 1-butyl-
3-methylimidazolium hexafluorophosphate ([C4mim][PF¢],
>99.5%), 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)
imide ([Comim][FSI], >98%) and 1-ethyl-3-methylimid-
azolium bis(pentafluoroethylsulfonyl)imide ([Comim][BETI],
>98%) were purchased from IoLiTec (Heilbronn, Germany)
and used as received. It is noted that attempts to purify the
RTILs using standard synthetic work-ups were found to have
no effect on the intrinsic impurity features present in the
cyclic voltammetry for some of the dried RTILs (discussed
later in this work), and that cyclic voltammetry is a very
sensitive technique that can be used to monitor impurities.
Fig. 2 shows the chemical structures and abbreviations of the
cations and anions used in this study.

A 0.5M sulfuric acid solution was prepared by diluting
sulfuric acid (H>SO4, 98% w/w, Merck, Kilsyth, Victoria)
with ultrapure water (resistance 18.2 MQcm, Millipore
Pty Ltd, North Ryde, NSW, Australia). Nitrogen gas was
obtained from a gas line connected to a 99.99% purity N,
cylinder from the building’s nitrogen supply. A 4 mM ferro-
cene solution was made by dissolving ferrocene (>98%, Fc,
Fe(CsHs),, Sigma—Aldrich) in acetonitrile (>99.8%, Sigma—
Aldrich). Acetone (>99%, Sigma-Aldrich) was used as
received.

Synthesis and characterisation of
polyoxometalates

The POMs (n-BU4N)4[SQW18062], (n-Bu4N)6[P2W18062] and
(n-BuyN)3[PW;5,040] were synthesised by standard litera-
ture methods.>>*7-381 All POMs were recrystallised from
acetonitrile at least twice before their use in electrochemical
measurements.

Electrochemical experiments

All electrochemical experiments were performed using a
PGSTAT101 Autolab potentiostat (Metrohm Autolab,
Gladesville, NSW, Australia) interfaced to a PC using Nova
1.11 software, at laboratory temperature (295 *+ 1K) inside
an aluminium Faraday cage to reduce electrical interfer-
ence. Platinum thin-film electrodes (Pt-TFEs, ED-SE1-Pt)
were purchased from MicruX Technologies (Oviedo,
Spain). All Pt-TFEs have a 1-mm diameter platinum working
electrode (WE), a platinum reference electrode (RE) and a
platinum counter electrode (CE) built in. Electrode adapters
supplied by MicruX were used to connect the Pt-TFEs to the
potentiostat. All Pt-TFEs were electrochemically activated
before use by drop-casting 10 uL of 0.5M H,SO4(aq) onto
the three electrodes and running cyclic voltammetry (CV)
between ~+0.7 and —0.7V (~100 cycles, 1000 mV s™h
under a slow flow of nitrogen (~100 standard cubic centi-
meters per minute, sccm). The Pt-TFEs were then rinsed
twice with ultrapure water followed by acetone before
being dried under a stream of nitrogen.

The POM solid (~1 mg) was placed directly onto the WE
using the tip of a small spatula, using the ‘adhered solid’
method.®®! Then, 5 L of the RTIL was dropcast to ensure
that the electrodes and the POM material were fully covered
with the RTIL. The electrode was then placed inside a glass
T-cell, and purged with nitrogen (for ~30 min at 500 sccm)
to remove impurities that might interfere with electroche-
mical experiments, such as oxygen, carbon dioxide or water.
CV was then carried out to determine the electrochemical
reversibility of the POM (n-BuyN)4[S,W;506,] in different
RTILs, and scan rate studies were performed to determine
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CH 'm" 2m+1 6' 13
—~ N [ ) \ rL* | ﬁ
\—/ N . SN Haosd cu L
3 \/\\/ Ham1Crm CpHans1 13H 14125 NS
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[C,mim] [C mpyr]* Ny ] [Prososl [Sz.2.1]
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Fig. 2. Chemical structures and abbreviations of the RTIL cations and anions used in this study.
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the mass transport mechanism. The two other POMs were
also studied using CV in two chosen RTILs. Owing to the
unstable Pt pseudo-RE present on the TFE devices, an inter-
nal standard of ferrocene (~1 uL from a 4 mM ferrocene
solution in acetonitrile) was added directly to the POM/
RTIL mixture on the TFE after experiments with the POM
were completed, and the acetonitrile was allowed to evapo-
rate under nitrogen (at 500 sccm) for ~20 min. The resulting
solution of Fc and POM in the RTIL was scanned over the
ferrocene/ferrocenium (Fc/Fct) redox peak and the full
reductive window of the POM to determine the reduction
potentials of the POMs vs Fc/Fc™*.

Blank scans (RTIL without the POM) were obtained by
dropcasting the RTIL of choice (~5 pL) onto the Pt-TFE such
that all the electrodes were fully covered. The electrode
was then placed into a glass T-cell and purged under
nitrogen (at 500 sccm for ~30 min) to remove atmospheric
impurities and CV was recorded for the blank RTIL at a scan
rate of 100 mV s~ *. As RTILs are known to contain intrinsic
impurities that are often redox-active in the potential win-
dow, % recording the blank CV was important to determine
which redox peaks were arising directly from the POM, and
which were from the RTILs. All experiments were performed
under a high flow of dried nitrogen (relative humidity level
of <1%), which is sufficient to remove voltammetric peaks
arising from dissolved oxygen and water.!**! Although there
may still be some water present even in the ‘dried’ RTILs
(e.g. ~tens to hundredsof parts per million), there is no
evidence of water-induced oxidation or reduction signals
in the cyclic voltammograms of the blank RTILs. This obser-
vation is important, especially for platinum electrodes,
which are known to be more sensitive to water and oxide
formation!*!! compared with more inert surfaces such as
glassy carbon.

Results and discussion

Adhesion of solid POM to the electrode surface

To study the effect of the RTIL cation and anion structures
on POM electrochemistry (kinetics and thermodynamics),
the POM (n-BusyN)4[S2W15062] was first investigated in 12
different RTILs containing a range of different cations and
anions (see Fig. 2). Because POMs are known to have limited
solubility in RTILs,?%*®) attempts to dissolve low millimolar
concentrations were first made; however, full dissolution
was visually observed only in 6 of the 12 RTILs (see supple-
mentary information for details). Therefore, the ‘adhered
solid’ method reported by Zhang and Bond"**! was utilised
for the present study in all RTILs for consistency and to
enable comparison of the behaviour in all RTILs. This
method shows apparent equivalent voltammetry (except
for the current magnitude) for species that are dissolved in
solution vs adhered to the electrode,’®”! which we also
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observed for the POMs in this work. Therefore, by attaching
solid POM to the electrode, peak potentials and peak-to-
peak separations could be more accurately analysed and
compared, while also giving sufficient currents to overcome
the limited solubility of the POM in some of the RTILs.

Electrochemical reduction of
(n-BuyN)4[S2W,304,] in different ionic liquids

Cyclic voltammetry for the electrochemical reduction of the
adhered POM (n-BuyN),4[S,W1506-] was carried out in all 12
RTILs under dry nitrogen over the entire available potential
window before the breakdown of the RTIL solvent. In all
RTILs, the first two reduction peaks were clearly defined and
showed chemically reversible peak shapes. The CVs are
presented in Fig. 3; the green curve shows the scans reversed
after the first peak, and the red curve shows the scans
reversed after the second peak. It can be seen that both
electron transfer processes appear to be chemically revers-
ible owing to the presence of an oxidative back-peak after
the reduction, with peak shapes relatively symmetric for the
forward vs reverse currents, as observed previously for the
same POM in RTIL solvents.7-2%! It is important to note that
some of the ILs contained intrinsic impurities that showed
redox activity in the reductive potential region, making
observation of the additional POM reduction processes
after the second reduction peak difficult. This was particu-
larly problematic in the ammonium-based RTILs, where
large impurity peaks were consistently observed, noting
that the additional oxidation peak that can be seen at
~0.2V vs Pt in the [N; g gg][TFSI] RTIL (Fig. 30D is also
present in the blank scan, and was assigned to an impurity.
Although all RTILs were purchased from commercial suppliers
at the highest purities possible, they often contain intrinsic
impurities that are redox active.!*®! Usually, these impurity
peaks are much smaller than the analyte signals,'**! but
because of the low solubility of the POM in RTILs, the
POM redox peak currents themselves are very small, and
appear similar in size to the impurity peaks. These impurities
cannot be easily removed, meaning that they can interfere
with measuring the redox process of interest. This was also
discussed previously by Zhang et al. in their study of POM
reduction in the RTIL [C4mim][BF,].[*”}

In six of the RTILs, additional redox processes up to a
total of five or six peaks were observed (see Fig. 4, labelled in
roman numerals) before the edge of the electrochemical win-
dow. In the RTILs [Comim][FSI], [Comim][TFSI], [C4mim]
[TFSI], [C4mpyrr][TFSI] and [C4mim][PFg], a total of six
reduction peaks were observed, and five reduction peaks
were observed in the RTIL [P1466,6] [TFSI]. It is noted that
in [Comim][TFSI], [C4mim][TFSI] and [Cymim][PFe], a
slightly larger peak current for peak IV was observed at
~—1.1V vs Pt, which is most likely due to the overlap
from small impurity signals that were present in the blank;
this does not affect the measurement of the peak potentials
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and separations for the analysis. Fig. 4 also includes CV scans
where the potential is reversed after each reduction peak, to
show the reversibility of each process. Generally, the imidazo-
lium and pyrrolidinium cation-based RTILs showed clear
reversible reduction peaks. The two RTILs that showed the
most ‘symmetrical’ processes for [S;W;50e2]% ~, and were least
affected by impurities, were [Comim][FSI] and [C4ympyrr]
[TFSI]. [Comim][FSI] is notably the least viscous RTIL, with
a viscosity of ~19 cP,'**) whereas the RTIL [C4mpyrr][TFSI]
also has a relatively low viscosity (78 cP)"**! compared with
most of the other RTILs in this study.

To determine the mass transport behaviour, scan rate
studies were carried out between 10 and 1000mV s~ ' and
the peak current for the first reduction peak was measured at
all scan rates in the 12 RTILs (see Supplementary Tables
S1-S8, Supplementary Figs S1-S3 for data in all RTILs).
Plots of peak I current vs the square root of the scan rate
(see Supplementary Fig. S4), according to the Randles-Sevcik
equation,***>! were linear for all RTILs, suggesting that the
POM undergoes diffusion-controlled mass transport, even
though the solid was physically adhered to the surface of
the working electrode. This is consistent with the observations
made previously by Zhang and Bond,®! supporting the
method as suitable for studying the reduction potentials and
kinetics of electron transfer processes.

An understanding of the redox kinetics for an electron
transfer process can be inferred from measuring the peak-to-
peak separation (AE;,), which is calculated from the poten-
tial difference between the reduction and oxidation peak

potentials, |E,"~E,°*|. In conventional solvent/electrolyte
systems, an ideal fast reversible one-electron redox process
has a AE, close to 59mV (Butler-Volmer equation),"**’ but
this value is known to be highly dependent on various factors,
including the nature of the electrode surface (e.g. Pt, Au,
glassy carbon), oxide formation, temperature, uncompensated
resistance (iR drop) and inner-sphere vs outer-sphere reaction
mechanism. In RTILs, AE,, for an ‘ideal’ redox couple, Fc/Fc*t,
is usually larger than 59mV, and has been reported to
increase with scan rate and concentration.'*®! For example,
on a Pt TFE, AE,, for Fc/Fc® (3mM concentration of Fc) in
RTILs is between 78 and 98 mV in the 12 RTILs at 100 mV s~ *
(third column in Table 1), and does not appear to depend on
solvent viscosity, despite an order of magnitude difference in
the diffusion coefficient of Fc from the least to the most
viscous RTIL."”]

Table 1 also shows the AE, for all the visible POM reduc-
tion peaks shown in Figs 3, 4 on a Pt TFE. The peak-to-peak
separation data for the POMs (peak I/I’, 76-198 mV) are
found to be much more variable than for Fc/Fc™ as the
RTIL structure is changed, suggesting some dependence on
solvation, which is more than just a viscosity/diffusion
coefficient effect. The smallest peak-to-peak separation
(i.e. the fastest kinetics) for the first reduction process
(labelled 1/T) is observed in the RTILs [Comim][FSI] and
[S2,2,11[TFSI]. Although these are two of the least viscous
RTILs, there does not appear to be a systematic trend in the
peak-to-peak separations with increasing viscosity, as shown
in Table 1. However, comparing [C,mim]* RTILs, when

Table I. Peak-to-peak separations (AE,) for the ferrocene/ferrocenium (Fc/Fc*) redox couple, and the redox processes of the POM

[S;W50¢,]* on a Pt-TFE in 12 RTILs.

lonic liquid Viscosity n* ( cP) AE,, for Fc/Fc* (mV) AE,, for [S;W504,]*” (mV) at 100mV s™'
at 100mV s~
(ref. [48] and present work) i 11114 mmr v’ \"\'4 vivr

[Comim][FSI] 22041 8l 76 85 93 100 127 125
[Comim][TFSI] 341471 98 90 90 100 137 137 12
[S2.2.11[TFSI] 501471 9l 76 98 (117) (134) = =
[C4mim][TFSI] 520471 94 78 100 15 10 132 149
[Campyrr][TFSI] 89L#1] 84 120 139 134 132 147 164

4mim 4 - - - -
[C4mim][BF,] 112047 86 156 142
[N, 1TFSI] 1381471 78 93 17 (142) (98) n/a (76)
[C,mim][BETI] 153041 86 127 134 - - - -
[Ng222][TFSI] 288L°% 90 129 173 = = = =
[C4mim][PF] 371147 9l 8l 93 134 127 12 n/a
[Pi4ss6l[TFSI 450[471 9l 198 215 222 151 147 =
[N, ss][TFSI] 676[°" 97 190 225 - - - -

—, value was either not measured or a peak was not clearly visible for these processes.

(number), peaks overlaid impurity signals, but could still be measured.

n/a, peak was visible, but the value was difficult to measure because of the broad nature of the peak or presence of impurity.

ADynamic viscosity measured at ~293 K and standard pressure (~ atm).
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increasing the chain length and the number of fluorinated
groups on both sides of the bis(sulfonylimide) by varying the
anion from [FSI] ™ to [TFSI]~ to [BETI] ™, AE, increases for
the first two redox couples. Another trend is observed for the
ammonium-based RTILs with a common [TFSI]™ anion,
where the addition of alkyl groups from [N4;;;]1" to
[Ng222]" to [Ny ggs]l™ increases the bulkiness of the cation
and viscosity of the RTIL, resulting in an increase in AE,,. It is
also possible that the longer fatty chains (which also shield
the cationic charge) improve preferential adhesion onto the
WE surface, which could in turn increase ohmic drop and
result in a larger AE,,.

Fig. 5 shows a plot of the AE, values for successive redox
couples in the six RTILs where multiple peaks were
observed. Consistent with previous literature,'** a general
trend of progressively increasing AE, is observed in most
RTILs as the reduction proceeds. The exception is the RTIL
[P14,6,6,6] [TFSI], where a wide AE, close to ~200mV was
observed for the first three redox processes, which then
decreased to ~150mV for the fourth and fifth reduction.
Unusual behaviour for the same cation has been documen-
ted multiple times previously,*”-°>°3! and is thought to be
related to its structure, which has a central positive charge
surrounded by long and flexible carbon chains. This makes
the solvation of negatively charged analyte species much
more difficult owing to steric hindrance at the charged
centre, resulting in slower kinetics compared with the
more freely accessible charges on the imidazolium and
pyrrolidinium cations. Comparing the different cation
structures, the general trend observed in AE, for the first
reduction process is: imidazolium < pyrrolidinium < phos-
phonium, the same as was observed for 2,4,6-trinitrotoluene
reduction.'*®! This suggests that cation solvation effects play
an important role in the reduction of negatively charged

200 4 ./-/‘
160 7/
<120 A
E
o
Lg 80 4 ./.
40 - == [C,MM][FSI]  =#= [C,mpyrr[TFSI]
[C,mim][TFSI] == [C,mim][PF]
[C,mim[[TFSI] == [P, TFSI]
O T T 1 1 1 1
n i n/ny IV/IV' VIV VINTI
Redox couple
Fig. 5. Plot of peak-to-peak separations (AE;) for the six redox

processes of [52W|8062]4_ in six different RTILs at a scan rate of
100mV s

species such as POMs. To compare with a conventional
solvent/salt system, AE, for the first two processes of
(n-BuyN)4[SoW15062] on a Pt electrode in acetonitrile
(+0.5M [n-BuyN][PF¢] supporting electrolyte) was reported
to be 68 and 90 mV for I/I’ and II/Il’, respectively,'*> which
is similar to some of the less viscous RTILs in the present
study. The other peaks in acetonitrile were reported to be
poorly defined on a Pt electrode, or overlapping with the
solvent reduction process,'*! demonstrating the clear advan-
tage of using RTILs for observing the multiple reduction
processes at more accessible potentials.

In order to assess the thermodynamics of the reduction
processes, the mid-point potentials, E;q = (Epre“l — E;*)/2,
were measured for all visible peaks in the 12 RTILs, as shown
in Table 2. Mid-point potentials (rather than reduction peak
potentials) for the POM transitions were used to assess the
thermodynamics without the effect of the different heteroge-
neous electron transfer kinetics in the RTILs. Ferrocene was
added in situ to the POM/RTIL solution, and the potentials
were shifted so that the midpoint of the Fc/Fc™* redox couple
was at 0V. Ferrocene is commonly used as a reference
potential scale in RTIL solvents.>%>%]

The E,,q values reported in Table 2 compare very well
with other previously reported reduction potentials for simi-
lar POMs in RTILs," 72! noting that these experiments were
performed on different electrodes, so some variation is
expected. Interestingly, the E,;y values in the 12 RTILs are
~200 mV less negative than previously reported in a conven-
tional solvent system (acetonitrile + 0.5M [n-BuyN][PFg]),
which were —0.233 and —0.606 V vs Fc/Fc* for I/I’ and 11/
II', respectively.”*>! The difference in reduction potential was
assigned to the different polarity of the solvents by Rahman
et al.,'*! with the most negative E,,;q values observed in the
least polar solvent studied, dichloromethane, and the least
negative E,;y observed in the most polar solvent, water. The
Enmiq values observed in RTILs both in our study and in a
previous study by Zhang et al.'*”! are comparable with those
in water. However, the much wider available potential
windows of RTILs compared with water allow the observation
of the multiple reduction processes, again supporting the use
of RTILs as favourable solvents for observing POM reduction
processes.

The mid-point potentials in the 12 RTILs range from + 67
to —34mV, but there appears to be no clear trend with
increasing viscosity or with cation or anion structure.
However, the trends become more visually clear when all
six reduction processes are plotted together (see Fig. 6).
Whereas the first reduction process (I/I) at potentials close
to zero has ~100 mV variation, by the fifth and sixth reduc-
tion processes, these differences are as high as ~500 mV
(cf. [Comim] " cation vs [P14666] " cation for V/V"). In fact,
the reduction potential for the VI/VI’ process in [P146.6.6]
[TFSI] is so significantly more negative that it is out of the
range of the available potential window, explaining why only
five processes are observed in this RTIL. Fig. 6 therefore
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Table 2. Reduction mid-point potentials (E,,;q) for the POM [SZW|8062]4_ in different RTILs on a Pt electrode.

lonic liquid Viscosity n* (cP) Emia (MV) for [S;W,506,]*” vs Fc/Fc* (mV) at 100 mV s~

mn nr mmr W7\ \\'A vIvr
[Comim][FSI] 2204 44 =211 -671 -950 -1315 -1573
[Comim][TFSI] 340471 43 -209 -670 -945 -1297 -1560
[S2.2.11[TFSI] 500471 -34 -273 (-751) (-1099) = =
[C4mim][TFSI] 520471 -1 -249 -713 -974 -1354 -1629
[C4mpyrr][TFSI] 8947l 44 -254 -777 -1136 -1601 -1963
[C4mim][BF,] 1121471 22 -254 - - - -
[N41.1.[TFSI] 1380°¢! 40 -243 (-737) (-1033) n/a (-1832)
[C,mim][BETI] 153049 -26 264 - - - -
[Ng.222][TFSI] 28800 -26 -348 = = = =
[C4mim][PF¢] 371141 43 -237 -709 -967 -134] -1646
[Pi4s66l[TFSI 450047 =21 -386 -951 -1324 -1817 =
[N, sss][TFSI] 6761°" 67 -323 - - - -

Note: potentials were accurate to ~+2 mV on repeat experiments.
(number), peaks overlaid impurity signals, but could still be measured.

n/a, peak was visible, but the value was difficult to measure because of the overlap with impurity peak.

ADynamic viscosity measured at ~293 K and standard pressure (~1 atm).

Redox couple

I n' /' IV/IV' VNV VINI
Il | 1 1 | 1
—e— [C,mim][FSI]
0 [C,mim][TFSI]
[C,mim][TFSI]
0= [C,mpyrr][TFSI]
~500 - —e— [C,mim][PF]
—o— [P, 5clTFSII
< -1000
E
K=}
Ll;lé
—1500
—2000
Fig. 6. Plot of mid-point potentials (E.;q) for the six redox

processes of [52W|8062]4_ in the six RTILs that showed multiple
successive peaks.

clearly shows that the differences in cation solvation are much
more evident as the POM becomes more negatively charged.
Emia data for the [So21]" and [N4;1]" cations have also
been included in Table 2 in parentheses, but these peaks had
some overlap with impurity signals (see CV scans in the
Supplementary Fig. S5). However, these data provide important
information showing that the trend in voltage response with
respect to cation structure follows [Comim]* < [Cymim]* <
[32,2,1]+ = [N4,1,1,1]+ < [C4mpyrr]+ < [P14,6,6,6]+; with
imidazolium RTILs clearly the best choice for observation
of higher-order reduction processes at lower potentials.
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Because of the low solubility of the POM in the RTILs,
it was not possible to accurately calculate diffusion coeffi-
cients using the Shoup and Szabo™”! method. However,
diffusion coefficients have been previously estimated for
POMs in RTILs, and are typically very small, e.g. ~0.6 X
10" %cm?s™! in [C,mim][PF¢],"'® close to the self-
diffusion coefficients of the ions of the RTIL.”®®! The ratio
of the diffusion coefficient of the oxidised and reduced
species can affect the mid-point potential according to the
following equation: >’

RT Dg
Emiqa = Eo + — In| =2 1
mid 0 oF [DA) ()

where E, is the formal potential, R is the universal gas
constant, T is the temperature, F is Faraday’s constant and
Dy and D, are the diffusion coefficients of the reduced and
oxidised POM species, respectively. It is usually assumed
that Dy and D, are equal,’®>®®! but a ~30x difference
was observed between the oxygen/superoxide (0,/O5 )
redox couple in an ammonium cation-based RTIL.!°™ Such
a large variation, however, is not expected for the POM and
its reduction product, because of the more similar surface
charge densities of [S;W;5062]1* ™ /[S2W15062]°~ compared
with O,/0, . However, we performed a simulation with
DigiSim using a 10 X difference in diffusion coefficient, and
observed only a ~30 mV shift in E;4. This gives us confi-
dence that the much larger shifts in E ;4 between the differ-
ent RTILs (Fig. 6) mostly arise from different solvation
effects from the RTIL cations, even if the ratio of D, and
Dy varies in some of the RTILs.
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Electrochemical studies of the POMs
(n-BusN)[P2W50¢,] and (n-BuyN);[PW,040]
in [Comim][FSI]

To gain further knowledge on the electron transfer of POMs
in ionic liquids, two other phosphorus-based POMs were
studied in the most optimal RTIL (fastest kinetics and lowest
reduction potentials) found from the first POM, which was
[Comim][FSI]. The POMs studied were the phosphorous
Wells-Dawson-type (n-BuyN)g[P2W;50¢2], and the Keggin-
type (n-BuyN)3[PW;5040] POM. As seen in Fig. 7, CVs for
[P,W15062]°~ reduction showed a total of six peaks, whereas
[PW15040]°~ gave only four reduction peaks. A plot of peak
current vs the square root of scan rate for the first reduction
peak of [P,W1506,]°~ was linear (see Supplementary Fig. S6),
suggesting diffusion-controlled behaviour for the first process.
However, this plot was slightly curved for the Keggin-type
[PW15040]°~ POM (Supplementary Fig. S7), suggesting that
more complicated mass transport mechanisms are occurring.

For this POM, there was also noticeable asymmetry seen
in the reduction/oxidation peaks. Behaviour similar to this
for oxygen reduction was previously reported on microdisk
electrodes, where the voltammetry displayed both steady-
state and transient wave shapes on the same scan, which
was assigned to dramatically different diffusion coefficients
(a factor of 30) for the two species (oxygen/superoxide)
involved in the redox couple.'®'! However, attempts
to simulate the POM voltammetry using the digital simula-
tion program DigiSim on the macrodisk-sized electrodes

(1-mm diameter) did not yield the same-shaped peaks,
even with two orders of magnitude difference in diffusion
coefficient (D), suggesting that the discrepancy in D is not
the reason for this unusual shape. Attempts were also made
to vary other parameters in the DigiSim program, such as
concentration, transfer coefficient, scan rate and electron
transfer rate constant, but none of these gave the desired
asymmetric peak shape. However, changing the boundary
conditions from ORB (open to the bulk solution) to BRB
(blocked from interacting with the bulk solution) resulted
in similar shaped voltammetry (see Supplementary Fig. S8
for more details). This could imply that this POM exhibits
some degree of adsorption behaviour, which is not
unexpected because the material is physically attached to
the electrode, and this is consistent with the scan rate
studies. Additionally, because of the much denser ion struc-
turing at the RTIL/electrode interface, there may be some
‘adsorption’ into the interfacial charge layers, which could
slow the movement of the electrogenerated product
and produce the asymmetric peak shape. The Keggin-type
POM was noticeably less soluble than the other two
Wells-Dawson POMs in this RTIL, suggesting that it would
preferentially remain adsorbed on the electrode surface
(or near the interfacial layers), rather than dissolve into
the solvent. This observation warrants further investigations
in follow-up studies for this POM, but is out of the scope of
the current work.

Table 3 shows the peak-to-peak separations (AE,) and
the mid-point potentials (E,;q) for the six reduction processes

Fig. 7. Cyclic voltammograms for the reductions

(b)
0.6
0 4

—_ — 0.0 4
<< <<
2 2
= =

—0.6 -

vl Vv
[P2W18062]6’ in [C,mim][FSI] 12 v [PW1204O]3‘ in [Comim][FSI]
-2 T T —leA : T
-2 -1 0 -1
E (Vvs Pt) E (V vs Pt)

0 of the POM (G) (n-Bu4N)6[P2W|3062], and (b)
(n-BugN)3[PW,,040] in [Comim][FSI] at 100 mV s~

Table 3. Peak-to-peak separations (AE;) and midpoint potentials (Enig) for the redox peaks of the POMs [P2W|8062]6_ and [PW|ZO40]3_ in

the RTIL [Cmim][FSI] at 100mV s~

Peak [P2W|8061]6_ [PW|2°40]3_
AE, (mV) Epmia Vs Fc/lFc™ (mV) AE, (mV) Epmia vs Fc/Fc* (mV)

[C,mim] [FSI] In 98 -421 63 -372

I 109 -684 8l =731

mmr 103 -1154 8l -1272

IV/IV' 110 -1399 83 -1605

VIV’ 105 -1546 = =

VINVI 8l -1814 = =
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Fig. 8.

POMs in the RTIL [Comim][FSI] at a scan rate of 100mV s~'.

of [P;W1g062]°~ and the four reduction processes of
[PW1504013~. AE,, was slightly variable between the POMs,
with the Keggin-type POM exhibiting faster kinetics for the
electron transfer process. However, the E,;q potentials were
significantly more negative for the phosphorus POMs, indi-
cating that the successive reduction processes were more
thermodynamically difficult. These values are plotted in
Fig. 8 to visually show the differences. In Fig. 8a, AE,
increases or remains steady on successive electron additions
for the phosphorus POMs. Overall, they all exhibit relatively
fast kinetics in this IL in relation to other species in RTILs.

Emid for [P2W18062]6_ A\ [SzW18062]4_ is ~ 450 mV
different for the first reduction process (I/1"), but this difference
decreases to ~240mV for peak VI/VI’ (Fig. 8b), suggesting
better solvation of the more negatively charged phosphorus
species (up to 10 negative charges) as the reduction proceeds.
Interestingly, the reduction potentials for the Keggin-type
[PW15040]°>~ are ~400mV more negative compared with
[S;W15062]1%~, even though the charges on the species are
similar (3- vs 4-). The progression of the reduction potentials
follows a similar trend for the two POMs and explains why only
four peaks were observed in [PW;50.40]1°~ because the edge of
the potential window in the RTIL was already reached after the
fourth reduction in [PW;5040]°>~. It is noted that the potentials
are similar to those reported by other researchers for the same
POM compounds in RTILs. %27:28]

Conclusions

The reduction of the [S;W;5062]1%~ POM was studied in 12
different ILs with a range of different anions and cations. All
RTILs showed reversible reduction processes corresponding
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Plot of (a) peak-to-peak separations (AE,), and (b) mid-point potentials (Eniq) for the redox peaks of the three different

to successive one-electron additions, but some RTILs con-
tained intrinsic impurities that made analysis after the second
peak difficult. Where multiple reduction processes were visi-
ble, obvious trends in both the kinetics and thermodynamics
were observed on varying the cation. Smaller peak-to-peak
separations (faster kinetics) and lower energy barriers to
reduction (smaller reduction potentials) were observed
when the RTIL cation was an imidazolium, followed by
ammonium = sulfonium, pyrrolidinium, then phosphonium.
This suggests strong solvation and ion-pairing effects of the
RTIL cation with the negatively charged POM reduction prod-
ucts. The RTIL that showed the fastest kinetics and lowest
reduction potentials, ([Comim][FSI]), was also used to study
two phosphorus POMs, which both showed fast kinetics, but
much more negative reduction potentials (by ~450 mV).
Overall, this work shows that both the RTIL and the POM
structures can result in differences in the kinetics and the
thermodynamics of the electron transfer processes, and this
should be considered when employing both of these prom-
ising materials for relevant electrochemical applications.

Supplementary material

Description of the dissolution of POMs and their limited
solubility in the different RTILs; data tables for peak-to-peak
separations and reduction peak potentials for [S;W;50g2]1*~
for all visible peaks in the 12 RTILs; cyclic voltammetry at
different scan rates for five or six peaks in the RTILs, for the
first two peaks and the first process, respectively, along with
plots of peak current vs the square root of scan rate for the
first reduction process for [S;W15062]*~ in all 12 RTILs;
cyclic voltammetry at different scan rates for all visible peaks
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for [PaW150621°~ and [PW;5040]1° ™ in the RTIL [Comim] [FSI],
along with plots of peak current vs the square root of scan rate
for the first reduction peak; cyclic voltammetry in the sulfo-
nium and an ammonium ionic liquid that overlapped with
impurity peaks; digital simulation attempt to model the cyclic
voltammetry for the four reduction processes of [PW150.401%~
in [Comim][FSI]. This information is available on the Journal’s
website. Supplementary material is available online.
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