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Abstract

In this work, we investigate the applicability of TCNQ (7,7,8,8-tetracyanoquinodimethane) for
cation transfer at a three-phase electrode. This molecule is a noted organic redox probe for
studies of heterogeneous electron transfer at the interface of two immiscible electrolyte
solutions. Although it was also recently proposed as a potential candidate for cation transfer
studies at a three-phase junction [S. Wu, B. Su, J. Electroanal. Chem. 656 (2011) 237-242] our results
clearly show that its reduced form is not sufficiently hydrophobic for this particular application.
Expulsion of the redox probe was confirmed by both the decrease of current for consecutive
scans, as well as lack of dependence of the peak potential on the type of cation present in the
aqueous phase. Anion dependence of the peak potential as well as differences in behaviour
observed for inorganic and organic cations present in the aqueous solution further confirm that
TCNQ is not a suitable candidate for cation transfer studies at the three-phase junction.
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1. Introduction

TCNQ (7,7,8,8-tetracyanoquinodimethane) is a redox active organic molecule, which
can undergo a two-step one-electron reversible reduction via the radical anion (TCNQ™) to the
dianion (TCNQ?") in acetonitrile and 1,2-dichloroethane [1-7]. The electrochemical generation
of TCNQ™ in acetonitrile having different transition metal electrolytes (Cu, Co, Ni, Zn, Cd, Ag,
and Mn) is a common way to prepare semiconducting metal-TCNQ complexes [7,8].
Applications of such compounds, ranging from data storage to sensing and catalysis together
with their synthetic routes, were recently reviewed by Alan Bond’s group [9]. Moreover,
TCNQ is well-known to form highly conductive charge-transfer complexes with different
metals due to its strong electron acceptor property (electron affinity 2.88 eV) and delocalised
electronic structure. Both reduced forms TCNQ™ and TCNQ?* are excellent ligands for the
synthesis of coordination polymers and metalorganic frameworks [9]. TCNQ is insoluble in
water, hence reduction on a TCNQ modified glassy carbon (GC) electrodes in transition metal

aqueous solutions leads to the deposition of metal-TCNQ coordination polymers [9,10].



Various metal-TCNQ complexes have found applications in electron transfer reactions,
galvanic replacement reactions for photocatalytic degradation of organic dyes and catalysis
[11]. Metal-free TCNQ and its derivatives are suggested as low-cost high-capacity, monomeric
organic cathode materials for lithium-ion batteries, which are expected to possess high cell
voltage [6,12-14]. Additionally, a derivative of TCNQ and 11,11,12,12-tetracyano-9,10-
anthraquinodimethane gained substantial interest in many fields such as light-emitting diodes,
photoinduced electron transfer, molecular rectifiers, organic optoelectronic devices, sensors
and field effect transistors [15-17].

In acetonitrile, two reversible one-electron reductions of TCNQ are diffusion controlled. The
diffusion coefficient for both TCNQ and TCNQ" is nearly the same (1.9 and 1.7 cm? s
respectively) but considerably larger than for the TCNQ?™ (1.2 cm? s%) [5]. TCNQ" is quite
stable under ambient condition [9] whereas TCNQ?™ decomposes to dicyano-p-toluoylcyanide
in the presence of oxygen [5,18,19]. The stability of TCNQ anions and the effect of acid on the
chemical/electrochemical reduction of TCNQ are well studied. Yamagishi and co-workers
reported the kinetics of TCNQ™ protonation to HTCNQ" species in acidic aqueous and organic
solvent systems (methanol, ethanol and acetonitrile in presence of HCI) [20-22]. In spite of
aerial oxidation of TCNQ?", the protonation is achieved in the presence of appropriate metal
cations and as shown by Robson et al [23,24] it is possible to obtain air-stable H,TCNQ. This
approach was used further to produce various metal(I1)-TCNQ coordination polymers [24].
Also, electrochemical reduction of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(TCNQF4) in acetonitrile makes it possible to generate an air-stable TCNQF4*~ dianion [15].
lon pair formation between (electrochemically generated) TCNQ?~ with different mono- and
bivalent cations is well studied in acetonitrile and DMSO [25-27]. It was shown that cations of
+2 charge, like Ba?* and Mg?* showed stronger ion-pair interactions than alkaline metals of +1

charge, such as Na"[27].

Although TCNQ is insoluble in water it is possible to study its interactions with aqueous
electrolytes by means of liquid/liquid electrochemistry. In situ generated TCNQ™ was used to
study the electron transfer rate between the reduced compound and a redox probe across the
liquid-liquid interface using scanning electrochemical microscopy [28,29]. It was shown that
the electron transfer was accompanied by the transfer of anions from the aqueous phase in case
of 1,2-dichloroethane and by the expulsion of the TCNQ™™ when nitrobenzene was used as the

organic phase[29].



TCNQ can form metal-TCNQ compounds as metal ions are transferred across the liquid/liquid
interface [3]. A study by Wu and Su [4] showed that reduction of TCNQ at a three-phase
junction between water, 2-nitrophenyl octyl ether and a screen-printed carbon electrode can
lead to the transfer of cations from the aqueous to the organic phase. This is quite uncommon
since expulsion of reduced probe from the organic to aqueous phase is the most probable
reaction pathway when a neutral compound is reduced at the three-phase electrode (TPE
configuration) [30,31]. Although many organic compounds are insoluble in water, their salts
formed by reduction and association with a cation are often quite soluble. Studies of
microcrystals of TCNQ immobilised on electrodes in aqueous electrolytes with alkali ions show
that the alkali cations readily form salts with the TCNQ™ [1,32,33]. The highest solubility is
observed for the Li* TCNQ™, whereas the higher alkali salts, as well as those formed with
bivalent cations are much less soluble [32]. Due to these intriguing results observed at the
screen-printed electrode, in this article, we decided to investigate the electrochemistry of TCNQ
at a standard droplet-based TPE in a water/NOP system. This study is intended to shed some
light on the applicability of TCNQ as a redox probe for cation transfer studies.

2. Experimental

7,7,8,8-tetracyanoquinodimethane (TCNQ) (Sigma-Aldrich), n-octyl-2-pyrrolidone (NOP,
Santa Cruz Biotechnology) and 2-nitrophenyl octyl ether (NPOE, Sigma-Aldrich) were used as
received without further purification. All the inorganic salts were dissolved in ultrapure water

to prepare the aqueous phase, which was not saturated with NOP or NPOE solvents.

All the experiments were performed using a SP-300 Biologic or Palmsens4 potentiostats.
Preliminary experiments to determine the redox behaviour of TCNQ in NOP solvent were
performed after deoxygenation with argon gas. In this case, a 3-electrode cell setup with GC
working, Ag wire quasi-reference and Pt counter electrodes were used. Three-phase
experiments were performed in a standard three-electrode setup with a glassy carbon working
(3 mm radius), Ag/AgCI (3.5 M KCI) reference and a Pt wire as the counter electrode. 10 mM
TCNQ was dissolved in NOP solvent, a droplet of 2 pL-in-volume was attached on the GC and

submerged in the aqueous electrolyte to create the three-phase junction (see scheme in Fig. 1).
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Fig. 1 Schematic illustration of the experimental setup
3. Results and discussion

Preliminary CV studies of 10 mM TCNQ in NOP solvent having 0.1 M TBACIO4 and LiClO4
as the supporting electrolyte are shown in Fig. 2. Two subsequent one-electron reductions of
TCNQto TCNQ" and TCNQ? in NOP are observed, which is in good agreement with previous
reports where CVs were performed in NPOE [4], 1,2-dichloroethane [3] and acetonitrile [1-7].
But in acetonitrile and 1,2-dichloroethane, TCNQ successive reductions are, diffusion-
controlled, chemically, and electrochemically reversible. In NOP, the redox process is strongly
influenced by the supporting electrolyte. As seen in Fig. 2 in the case of LiClO4 both reduction
peaks are pronounced and reversible. However, in TBACIO4 we can observe that the second
reduction peak is poorly developed, which may be attributed to limited interaction between
TCNQ?* and TBA*in the quite viscous NOP solvent. The corresponding SWV is shown in Fig.
S1.
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Fig. 2. CVs (50 mV s) of 10 mM TCNQ dissolved in NOP solvent having 0.1 M TBACIOs
or LiClO4 supporting electrolyte.

Fig. 3 shows results from the 3-phase measurements. Multiple subsequent CV cycles of
10 mM TCNQ dissolved in NOP droplet deposited on the GC electrode and submerged in 0.1
M KNO:s (Fig. 3a) aqueous solution are shown. To maintain charge neutrality of the NOP phase
after the electrochemical reduction of TCNQ either transfer of the counter cations from W to
NOP or the transfer of the reduced TCNQ anions (TCNQ"™ and TCNQ?") from NOP to W phase
can occur. The cation transfer takes place if the free energy of such transfer is lower than the
free energy of expulsion of the reduced TCNQ anions from NOP to the W phase. The theory of
ion-transfer at three-phase electrode was recently summarised by Scholz and co-workers in
[30]. The marked decrease in peak currents (indicated with arrows) for the subsequent CV
cycles (Fig. 3) indicates the expulsion of the redox probe during cycling. This is probably due
to an increase in the water solubility of TCNQ upon salt formation between TCNQ anions and
alkali/alkaline metal cations during the reduction at 3-phase junction. When a reducible non-
ionic compound is dissolved in a nonpolar organic solvent (like NOP), expulsion of the reduced

form from the organic to the water phase is the most common pathway [30]:
TCNQ (o) + An~(aq) + e~ 2 TCNQ (aq) + An"(aq) 1)

Similar results were obtained when the aqueous electrolyte was based on a more hydrophobic
cation (TBA™) (Fig. 3b). When measured a different scan rates the decrease of the peaks is
much faster during slow scans where the ions have more time to diffuse away from the liquid

junction into the bulk of the aqueous phase (Fig. S2a). Conversely, at a high scan rate, the



decrease between subsequent scans is smaller (Fig. S2b). We can estimate the energy needed
for the expulsion of the TCNQ™ by comparing the experiments in NOP with the three-phase
experiments. We performed cyclic voltammetry of ferrocenedimethanol in both aqueous and
organic solutions of TBACI (Fig. S3). Assuming that the redox potential is the same in the two
solutions, although in NOP the reaction is quite sluggish [34], gives a shift between the Ag|AgCl
reference electrode and the Ag wire quasi-reference of 530 mV. Comparing the redox potentials
for the first TCNQ redox reaction in NOP with LiClIO4 in Fig 1 and in the three-phase system
(details below) we get AE = 190-360 mV depending on the anion in the aqueous solution. This
corresponds to an expulsion energy AG = 18-35 kJ/mol, which of similar magnitude as ion-
transfer potentials between water and NPOE cited by Samec et al. [35].
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Fig. 3. (a) 15 consecutive three-phase junction CVs (20 mVs™?) of the NOP droplet having 10
mM TCNQ on GC immersed in 0.1 KNOs and (b) in 0.1 TBACI solution

In Fig. S4 it can be seen that the expulsion of the probe is observed also if only the first
reduction is taking place. The expulsion can be limited to some extent by scanning at higher
rates (100mV/s and above), not giving the anion time to diffuse away. CVs scanned to a more
negative potential are shown (Fig. S5). Here we can see a third, irreversible, reduction peak. As
described above, the first two reductions (Fig. 3a and 3b) are attributed to the reduction of
TCNQ to TCNQ™ and TCNQ?™ respectively. The third reduction may be the reduction of
dicyano-p-toluoylcyanide, since TCNQ?™ decomposes to dicyano-p-toluoylcyanide due to the
presence of oxygen and water in the 3-phase configuration [19,36]. It is possible that the third
reduction could be associated with another species, such as the protonated TCNQ (HTCNQ™
and H,TCNQ), although this is unlikely. Under these conditions, protonation of TCNQ?* (to
electroactive HTCNQ™ and electro inactive H.TCNQ) is difficult before it decomposes to

dicyano-p-toluoylcyanide and only in dry box condition, the protonation of TCNQ?™ will



generate the electroactive HTCNQ ™. Moreover, the reduction of HTCNQ™ undergoes at a more

positive potential in relation to the TCNQ?" reduction [5].

Further, as shown in Fig. 4a and 4b, the reduction potential for neither of the three
reductions changes substantially regardless of the cation (of +1 and +2 charge) present in the
aqueous electrolyte. If the reduction would be associated with cation transfer the SWV peak
potentials should shift to more negative values for more hydrophilic cations (Li* > Na* > K¥)
as shown by Quentel et al [37] and Scholz et al [38]. However, it is well known that the
reduction of TCNQ to TCNQ? " in acetonitrile results in ion-pair formation with cations of +2
charge (Ba?* and Mg?*) [27]. In our previous work [31], the three-phase reduction of quinones
was accompanied by the transfer of cations from water to NOP and the reduction potentials
followed the ionic potentials of the cations (due to ion-pair formation with the transferred
cations) rather than their hydrophilicity. In the case of TCNQ, as shown in Fig. 4, this behaviour

is absent, which further indicates lack of associated cation transfer.
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Fig. 4. SWVs of 10 mM TCNQ in NOP droplet on GC and immersed in 0.1M electrolytes of
different cations of (a) +1 and (b) +2 charge.

On the other hand, we observed that the peak potential of the first reduction clearly depends on
the hydrophilicity of the anion present in the aqueous electrolyte (Fig. 5a). The negative shift
in the reduction potential (S04* < CI" < Br < NO3 < SCN™ < ClO; < PF%) follows the
hydrophobicity of the anions due to the salting out effect when TCNQ™ is expelled from NOP
to the aqueous phase [39]. This result is identical with that presented in our recent article, where
we observed the salting out effect of the 2,3-dichloro-1,4-naphthoquinone radical anion at the
NOP/water interface [31]. Although the reduction peak potential follows the hydrophobicity of
the anion, the relationship is not linear as would be expected in the case of ion insertion into the
organic phase (see Fig. S6). TCNQ™ salts of alkali, alkaline earth metal, and

tetraalkylammonium ions are easily formed at room temperature upon one-electron reduction



of TCNQ treated with certain metals, metal iodides, and alkyl-substituted ammonium [40,41].
The potential of the second reduction is not influenced by the type of anion, as seen in Fig. 5b.
This is expected since the TCNQ™ has already transferred to the aqueous phase, where further
reduction takes place, and no associated ion transfer is needed. The exception is in the presence
of the relatively large ions, PFe- and SCN™ where the second reduction occurs at less negative
potential than for the other ions. A series of subsequent SWVs were recorded for the same
droplet (Fig. S7), the decrease in current (marked with arrow) during each successive scan

further indicates the expulsion of reduced TCNQ.
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Fig. 5. SWVs of 10 mM TCNQ in NOP droplet on GC and immersed in electrolytes of different

anions

When the aqueous electrolyte is based on one of the organic quaternary ammonium salts the
reduction from TCNQ to TCNQ is also characterized by a clear decrease of current with each
successive scan. The potential of the first reduction peak is stable during consecutive
measurements performed on the same droplet (Fig. S8 a-d). However, in the case of the second
reduction, there is a clear potential shift towards more negative values for TBACI and TMACI
and towards more positive values for TPACI. The reason for this behaviour is not quite
understood. The comparison of SWVs showing the first reduction of different
tetralkylammonium salts is shown in Fig. 6, only a very small peak shift can be seen in the
order of lipophilicity of the organic cations TBA* < TPA* < TEA" < TMA". No peak potential
dependency on concentration (1 M, 0.1M, and 0.01M) of TBA cation was observed for this
process (Fig. S9), supporting the hypothesis that the process is dominated by the expulsion of
the TCNQ™ anion. However, in a non-linear manner, concentration influences the second and

third reduction peak potentials.
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As mentioned above, it was already noted that the electrochemistry of TCNQ is highly
dependent on the nature of the solvent. In case of reduced TCNQ™ electron transfer can be
accompanied by the anion transfer from water to the organic phase or expulsion of the redox
probe depending if the reaction is carried out with 1,2-dichloroethane or nitrobenzene,
respectively [29]. Given that the cation transfer using TCNQ as a redox probe in TPE
configuration was previously observed using NPOE [4], electrochemistry in this solvent was
also investigated (Fig. 7). As compared with NOP (Fig. 2) striking is the lack of reversibility
of the second reduction step. A clear decrease in charge of about 5% with each consecutive
scan is still visible even if the measurement is carried out only in the shortened potential range
before the irreversible reduction can take place (Fig. 7 inset), which would indicate expulsion
of the reduced TCNQ™ as seen in the case of NOP. These data are in contrast to the results
published by Wu and Su [4]. We can only speculate that some interaction with the screen-
printed electrode used in their measurements influences the transfer of the TCNQ™". In any case,
this would indicate that similarly as in the case of NOP, TCNQ is not a suitable redox probe for

three-phase electrochemistry studies using glassy carbon electrodes.
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Fig. 7. 30 consecutive three-phase junction CVs (20 mVs™) of the NPOE droplet having 10
mM TCNQ on GC immersed in 0.1 TBACI solution.

Conclusions

Studies of ion transfer voltammetry at the three-phase electrode are often limited by the number
of redox probes available. Although there is a considerable number of molecules which are
sufficiently hydrophobic after oxidation than can serve for investigation of the anion transfer
process, finding a redox probe which can be reduced and not pass to the aqueous phase is still
a challenge [42]. Even though TCNQ (7,7,8,8-tetracyanoquinodimethane) is widely applied in
heterogeneous electron transfer at the interface between two immiscible electrolyte solutions
there are still many unknowns regarding the mechanism of its redox process in biphasic
systems. More than 20 years ago, Bond and co-workers[1] showed it is possible to use this
molecule for inorganic cation transfer in a thin film configuration. In 2011 it was also stipulated
that TCNQ can be used for cation-coupled electron transfer in a three-phase junction setup [4].
Due to those promising reports, we decided to investigate its electrochemistry at a three-phase
junction using n-octyl-2-pyrrolidone (NOP) as the organic phase. An aprotic nonpolar solvent
was chosen to limit the number of possible processes, in particular, protonation of the TCNQ
anions. We have shown that TCNQ is not retained in the organic phase, as the current decreases
with each successive scan. We also did not observe any transfer of inorganic cations. The
absence of any dependence of the reduction potential on the cation used and clear dependence
on the anion hydrophobicity confirm the expulsion of the reduced TCNQ anion. Although weak

dependence of the reduction potential on the concentration and lipophilicity or organic cations



was observed, the measured shift in the potential is too small to let us think that TCNQ could
be used as a redox probe for cation transfer studies in this setup. Similar behaviour in a different
solvent, namely 2-nitrophenyl octyl ether (NPOE) is in contrast with previous reports using a
different type of working electrode. In summary, this leads us to conclude that the
electrochemistry of TCNQ at a three-phase junction is too complex and dependant on too many
factors to be a reliable redox probe in this kind of experiments. A more suitable system might
be the thick-film setup where the limited hydrophobicity of the reduced form is less of an issue.
[43]
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