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Electrochemical Oxidation of the Phospha- and Arsaethynolate

Anions, PCO and AsCO™

Frank Tambornino®,® Eden E. L. Tanner",? Hatem
Richard G. Compton,®* and Jose M. Goicoechea®*

Abstract: The anions PCO  and AsCO are shown to be
electroactive and are studied in aqueous and non-aqueous solutions.
Cyclic voltammetry is used to extract fundamental physico-chemical
parameters such as oxidation peak potentials, and transfer and
diffusion coefficients of the anions to better understand the nature of
the oxidation process. Variation of the potential scan rate reveals
that electro-oxidation of PCO™ with the release of CO is controlled by
diffusion and is a one-electron irreversible process yielding
phosphorus-containing deposits. In contrast, the oxidation of AsCO~
is a near electrochemically reversible process, forming pure arsenic
deposits, with a chemically irreversible follow-up reaction. For both
anions, the electrode surface is substantially “blocked” by the
reaction products. The formed deposits were characterized by
scanning electron microscopy and energy dispersive X-ray
spectroscopy.

Introduction: Phosphorus compounds, and to a lesser ex
their arsenic analogues, are of relevance in a wide ran
industrial and biological applications.!! During the last decade,
the phosphorus- and arsenic-containing analogues of
specifically the 2-phosphaethynolate (PCO")
arsaethynolate (AsCO) ions, have gradually beco
chemical precursors to novel compounds.??
reported by Becker et al. in 1992, is remarka
isolated as a sodium or potassium salt allowin,
aqueous solution. In recent years, the phosphaeth
has been most commonly used as [Na(dioxane),]JPCO as
be conveniently prepared on a multi-gram scale from th
phosphide ion (PH;") and a carbonate source.! In 201
heavier analogue, the AsCO™ anion,
crown-6)]JAsCO by Hinz and Goic
lighter homologue, the synthesis of
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It has b shown experimentally, that both PCO~ and
CO™ are ily oxidized. Reaction of PCO™ with SO, leads to
ation of the P,C404° tetramer which exhibits a bicyclic
ly like structure with a central P—P bond.®” AsCO~
s in air to give elemental arsenic. Side products of
involving AsCO™ have been shown to contain Asi>
roducts stemming from partial oxidation of
single electron oxidation of these anions would
theoretically vyield the neutral radials PCO" and AsCO’,
respectively. Although PCO’ has been isolated in an argon
magix and studied by negative ion photoelectron spectroscopy,
stable as bulk substance.”” Reduction of PCO™ with KCsg
coordination sphere of Sc*" leads to a dinuclear complex
ged by the (OCPPCO)* ligand.” By contrast, reduction with
uranium(lll) compound affords a bimetallic oxo-bridged
species with a terminal CP~ ligand on one of the uranium
centers.!"”

Electrochemistry offers a useful and effective tool to
understand redox chemistry and the associated thermodynamic
and mechanistic information,' however the measurement of
electrochemical properties of the PCO™ anion has received
scarce attention:®® whereas the electrochemical behaviour of
the AsCO™ anion has not been reported. This prompted us to
investigate the fundamental electrochemistry of PCO™ and
AsCO™. We show that both are electroactive and form deposits
upon electro-oxidation, respectively. The electrochemical
oxidation of PCO™ and AsCO" is investigated in aqueous and
non-aqueous electrolytes using cyclic voltammetry. Significant
information on the nature of the oxidation process and important
physico-chemical parameters such as transfer coefficients and
diffusion coefficients of the anions were extracted from studying
the variation of the potential scan rate. The morphology and the
composition of the electrode surface were examined using
scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDX) in order to probe the nature of the
deposits formed. Whereas an ill-defined phosphorus-containing
product was observed on oxidation of PCO", oxidation of AsCO~
affords a compositionally pure coating of arsenic.
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Electrochemical oxidation of PCO™ in aqueous and non-
aqueous solutions: The aqueous electrochemistry of PCO™ in a
solution of 0.1 M KCI was investigated by submerging a glassy
carbon (GC) working electrode, Pt-sponge counter electrode
and Ag pseudo-reference electrode into a deoxygenated
solution of 2.0 mM NaPCO in 0.1 M KCI. Subsequently, a cyclic
voltammogram was recorded by sweeping the potential from 0.0
V to 1.1 V and back to 0.0 V (vs. Ag reference). A peak
appeared on the forward scan at ca. 0.85 V vs. Ag, whilst no
peak was seen on the reverse scan even at low potentials. This
behaviour is related to the formation of insoluble products on the
GC electrode surface which can be compared with a reported
irreversible oxidation of NaPCO in DMSO containing tBusNBF,
as electrolyte, which was interpreted, in part, to the possible
formation of insoluble (P4C404)*> anion.”® Next we recorded
cyclic voltammetry (CV) over a range of scan rates (from 10—
1000 mV s™) as shown in Figure 1.
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Figure 1. CV of 2.0 mM NaPCO in 0.1 M KCI recorded at 10 mV s (black),
25 mV s (red), 50 mV s (blue), 100 mV s™" (olive), 250 mV s (orange
mvs™ (violet), and 1000 mV s (green). Inset jf a plot of the peak curre]
square root of the scan rate. R?=0.980.

As can be seen from the insef of Figure 1, tl current
increased linearly with the
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(96485 C mol™). This gives B of 0.24 + 0.01 as averaged across
all of the scan rates, suggesting the process is consistent
with a one electron electrochemic: ersible process, with
the transition state being closer to the s ion in character.
The irreversible Randles-Sev¢ik equati ) can then

trons transferred before
ed to be 0), n is the
i, V*? is the slope of the
re 1, and B is the transfer
uced above). This gives a diffusion
water of (1.8 + 0.3) x 10° m?s™".
opy was used to independently
determine the icient by tracking the *'P signal.
This measurement gave a diffusion coefficient of (1.7 + 0.01) x
197 m? s’1'excellent agreement with the electrochemical

plot shown in
coefficient (as

asureme,

\The aqueous electrochemical behaviour of PCO™ was also
red using Pt and Au working electrodes; however
tion of the electrode surfaces gave rise to a weak
mical response relative to the GC electrode (see
is effect is most likely due to the different
adsorption\@ strengths of PCO~ and the oxidation
intermediates/products on the electrode surfaces.
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Figure 2. CV of 2.0 mM NaPCO in 0.1 M [Pmim][NTf,] in MeCN recorded at 1
mV s~ (navy), 10 mV s™' (black), 256 mV s (red), 40 mV s (cyan), 50 mV s™'
(blue), 100 mV s~ (olive), 250 mV s™" (orange), 500 mV s™' (violet), 750 mV s~
(pink) and 1000 mV s™ (green). Inset is a plot of the peak current vs. square
root of the scan rate. R?= 0.998

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry 10.1002/ejic.201801503

WILEY-VCH

P K series

Next, the above electrochemical process was repeated with
NaPCO dissolved in acetonitrile with 0.1 M [Pmim][NTf,] as the
supporting electrolyte ([Pmim][NTf,] = 1-propyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide). The ionic
liquid was selected as supporting electrolyte to minimise ion
pairing with the PCO™ anion. The electrodes were immersed in
the solution and a CV was recorded by scanning the potential
from 0.0 V to 1.1 V and back to 0.0 V across a range of scan
rates (1-1000 mV s™') as shown in Figure 2. An oxidation peak 2

appears at ca. 0.7 V (vs. Ag pseudo-reference) on the forward 100um
scan, whilst no peaks were observed on the reverse scan. The
oxidation potential of PCO™ in non-aqueous solution is ca. 200
mV less positive than that in aqueous electrolyte. A plot of peak
current vs square root of the scan rate was constructed (inset of
Figure 2) showing a linear behaviour for scan rates greater than
100 mV s™', suggesting, again, that the process is controlled by
diffusion. At lower scan rates, the electrode is passivated by the
product of the oxidation, resulting in a measured peak current
lower than expected. Note that the effects of electrode blocking

are scan rate dependent reflects the relative size of the diffusion -
layer and the size of the insulating blocking material.['¥ Figure 3. (a) SEM image of the GC electrode after electrochemical potential

g . ing bet 0V and 1V for 50 in 2.0 mM PCO™ soluti d
Values for the transfer coefficient were determined by ogeernI e:’? an or 9 scans in m solution an

n washing. elemental map showing the distribution of (b) P, (c) Na
measurement of the Tafel slope and application of Equation 1 to (d)C. Fo corresponding EDX spectrum see SI.
give B = 0.30 £ 0.02 (Figure S2). The irreversible Randles-
Sevc¢ik equation (Equation 2) was once again used and gave a
diffusion coefficient for PCO™ in MeCN of (23 + 03) X 10_9 2 hemical oxidation of AsCO in non-aqueous

s'. Again, Diffusion NMR Spectroscopy was used AsCO is not stable in aqueous electrolytes,” and
died in non-aqueous electrolyte. A solution of 2.0

independently determine the diffusion coefficient by tracki

*'P signal giving a diffusion coefficient of (2.3 £ 0.01) x 10° m*> mM NaAs®O in acetonitrile with 0.1 M [Pmim][NTf,] was

s, prepared. Electrodes were immersed into the solution prior to a
The above results imply that PCO™ is electr CV being recorded from 0.0 V to 0.8 V at scan rates of 10-500

oxidized in an irreversible process yielding mVIN (Figure 4).

containing deposits. These insoluble deposi

electrode surface and inhibit further electroch
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Figure 3a shows an SEM e of the electro® deposits
which consists a layer of micr, bright area and spots in
the image). The EDX its exclusively show 401
peaks corresponding > at the working
electrode is GC, we are i amount of C in j‘
the sample. The EDX analy: ules out the formation of a pure == s . =
phosphorus layer, see Figure and suggests that Na:P:O are 0.0 0.2 0.4 0.6 0.8
present in the i imately a 2:3:5 ratio. The Potential / V vs. Ag pseudo-reference
insolubility of this ny further analysis. EDX
elemental mapping also shows the overlay  Figure 4. CV of 2.0 mM NaAsCO in 0.1 M [Pmim][NTf,] in MeCN recorded at

of the maps for Na an®l elements, indicating the presence of 10 mV s™ (black), 25 mV s™" (red), 50 mV s™" (blue), 100 mV s™ (olive), 250
. mv s (orange), and 500 mV s (violet). Inset is a plot of the peak current vs.

square root of the scan rate. R?=0.996.

0 02 04 06 08
Square Root Scan Rate / V¢ g5

Current / pA

o]
o
1

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry

A peak appears on the forward scan at ca. 0.2-0.4 V vs. Ag

pseudo-reference, whilst no peaks appear on the reductive scan.

This peak corresponds to the electro-oxidation of AsCO’,
forming arsenic and CO gas, as represented in Scheme 1.

—a~ Scheme 1.

AsCO~ — "As"+CO

A plot of the peak current vs. the square root of the scan rate is
shown in the inset of Figure 4, which shows a linear response
(R? = 0.996) across all recorded scan rates, suggesting that the
process is controlled by diffusion of the AsCO™ anion to the
electrode. Tafel slopes were constructed, and Equations 1 and 2
were once again employed to give a transfer coefficient and a
diffusion coefficient of 0.93 + 0.03 and (3.8 + 0.3) x 10° m?s™",
respectively (Figure S4). The value of B (approaching unity)
suggests that this is a near electrochemically reversible process,
and that the absent back peak indicates follow up chemistry of
the electrochemically generated product. This therefore allows
the potential measured here to be considered approximately as
thermodynamic potentials. The variation of the peak potential
with scan rate likely reflects that the follow up kinetics shifts the
observed peak potential to less positive potential values as the
scan rate decreases, which is consistent with an
electrochemically reversible process followed by an irreversible
chemical follow-up reaction.!™!

Figure 5. SEM image of arsenic-dgRosits obtained after 8
cycling the electrode between 0 V for 50 scans in 2. mM AsCO"~
solution. Insert shows a zogm-in or the corresponding EDX
spectrum see Figure S4.

In order to confirm the de
electro-oxidation of AsCO, t
examined after ¢
Figure 5 shows a
the substrate. A co

ition of pure arsenic during the
urface of the electrode was
SEM and EDX techniques.
image of the deposits on
composes of spheroidal
icles, is formed and the particle size is
as can be observed in an enlarged
. Some of the particles tend to

aggregate. The cor DX spectrum of the lower part
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of Figure 5 shows the appearance of a main peak corresponding
to arsenic, confirming that the ained deposits are pure
arsenic (Figure S5). These results our discussion of the
oxidation of AsCO", depositing elemen
CO gas. As a result, the electrode is su

cked” after
dipping the
solution without any
iduals of the electrolyte
elemental arsenic
was observed.

Washing the d
remove the residu
deposits and/or s
the immersed
porous layer

away from the arsenic
the boundary between
the undipped part, still a

electrochemistry demonstrates the
oxidation of PCO™ an sCO™ anions to phosphorus and
arsenic-containing deposits, respectively, with the release of
@O; the pot Is indicate the ease of the process being under
etic con in the case of PCO™ and near- thermodynamic

anions at rdfatively low potentials with loss of carbon monoxide
and formation of phosphorus-containing deposits and pure
arsenic deposits as the reaction products. SEM and EDX

ace. Variation of the potential scan rate revealed that the
dation process is diffusion-controlled. Transfer coefficients of
e oxidation of PCO™ and AsCO" in non-aqueous electrolyte are
ca. 0.3 and 0.9, respectively, suggesting that the oxidation of
PCO" is a one-electron irreversible process, whilst that of AsCO™
is a near electrochemically reversible process followed by an
irreversible chemical follow-up reaction.

Experimental Section

Chemical Reagents and Synthesis: Ferrocene (Fe(CsHs),, Sigma
Aldrich, 98%) and potassium chloride (KCI, Sigma Aldrich, 99%) were
used as received. Acetonitrile (MeCN, Fischer Scientific, HPLC grade,
99%) was purified using an MBraun SPS-800 solvent system. lonic liquid
1-propyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([Pmim][NTf,]) was kindly donated by Professor C. Hardacre, School of
Chemical Engineering & Analytical Science, Manchester University and
was used as received. Argon (99.9%) was purchased from BOC, Surrey,
UK. Aqueous solutions were made up in nanopure water with a resistivity
not less than 18.2 MQ cm at 25 °C Millipore, UK). All chemical synthesis
reactions were carried out under inert argon or nitrogen atmosphere
using standard Schlenk-line or glove box techniques. PCO™ anion,
synthesized in the form of [Na(dioxane),JPCO (x = 2), was prepared
following the procedure from Heift et al.™! [Na(dioxane),]JAsCO (x = 5.6)
was synthesized and isolated following the procedure reported by Hinz

This article is protected by copyright. All rights reserved.
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and Goicoechea.®™ A similar synthetic procedure was applied for both
anions. Briefly, a reaction mixture of sodium and red phosphorus or
arsenic (in a molar ratio of 3:1) in dimethoxyethane (DME) with catalytic [2]
amounts of naphthalene led to the formation of a black suspensions of
NasP or NasAs, respectively. Subsequently, a protonation step using tert-
butanol, followed by carbonylation using diethylcarbonate affords PCO™
and AsCO™ solutions, respectively. The solutions were then dried in
vacuum, the residues redissolved in THF and the anions in question
precipitated with dioxane as their respective [Na(dioxane),]” salts. The
dioxane content was determined by 3'P.NMR (PCO", PPh; as external
standard) or 'H-NMR (AsCO~, naphthalene as external standard). The
structure of the anions was confirmed by *'P and "*C-NMR spectroscopy.
For characterization data see ref. 4 and 5.

(3]

Instrumentation: Electrochemical experiments (Cyclic Voltammetry

(CV)) were conducted using a p-Autolab potentiostat (Eco-Chemie,
Netherlands). All experiments were conducted inside a temperature [4]
controlled Faraday cage.!l' The working glassy carbon (GC)
macroelectrode (1.5 x 107> m radius, BASi Analytical, USA) was polished [5]
prior to each CV scan on white lapping pads (Buehler, USA) with
diamond spray (3.0, 1.0, 0.1 pm from Kemet, Kent, UK, three minutes on
each size in a descending order). A platihum mesh was used as a
counter electrode, whilst an Ag wire was used as a pseudo-reference
electrode. The potentials can be converted onto a scale vs. Fc/Fc’
considering that the formal potential of Fc/Fc” redox couple is 1.36 V vs.
Ag-pseudo reference electrode, as determined experimentally in 0.1 M
[Pmim][NTf,)/MeCN.

For the experiments recorded in acetonitrile solvent, the environment
was nominally oxygen free (prepared in a glove box, degassed wg
argon and transferred to a flushed flask by cannula), and the sol
was replaced fresh for each experiment.

Samples for NMR were prepared as solutions of 2.0 mM NaPCO in
D,O and ds-acetonitrile, respectively. 3p diffusion coeffici
measured at 298 K on a Bruker AVIIHD 500 NMR s
equipped with a triple resonance BB/'H/'°F probe. Measur,
made with the bipolar variant of the stimulated ecl
longitudinal Eddy current delay (LED) period (B
sequence). Diffusion times A were 100 ms and
gradients & 4 ms with recycle delays of 5s. 16 gradi€
collected using smoothed-square gradient profiles (SMSQ) wit
ranging from 1-25 G/cm, each of 16 transients. Data were fitted
Stejskal-Tanner equation using the Bruker T1T2 fitting routines in
TOPSPIN 3.5."
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Electro-oxidation of PCO™ is controlled
by diffusion and is a one-electron
irreversible process yielding
phosphorus-containing deposits. In
contrast, the oxidation of AsCO" is
near electrochemically reversible,
forming pure arsenic deposits
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