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Pyridine- and benzene-based para- and meta-substituted diesters (1) were reduced by one-electron in CH3CN (with
0.1 M Bu4NPF6 as the supporting electrolyte) in a two-compartment controlled potential electrolysis cell at negative
potentials [�2.0 to �2.5 V vs. Fc/Fc� (Fc = ferrocene)] to produce anion radicals (2) that subsequently decomposed
to form carboxylate anions (3). The sequence of reactions beginning with 1 being reduced to 2, then 2 reacting to
form 3 was monitored using in situ FTIR spectroscopy with an attenuated total reflectance (ATR) probe containing
a diamond composite sensor inserted into the working electrode compartment of the electrolysis cell. Analysis of
the data obtained during the reduction of several esters allowed for the first time the identification of spectral features
that can be considered typical of carboxylate radical anions (2). It was observed that the C��O bond stretch that
occurs in the neutral esters (1) at 1720–1730 cm�1 was missing from the spectra of the anion radicals (2). Instead,
the anion radicals (2) showed a strong absorbance in the range 1600–1575 cm�1, which was at a slightly lower
wavenumber than the asymmetric carboxylate stretch in the corresponding carboxylate anions (3) (1620–1600 cm�1).
The O–C–R stretch present in the spectra of the neutral esters at 1120–1130 cm�1 shifted to 1075–1085 cm�1 in the
anion radicals (2), whilst the C–C(��O)–O stretch at ∼1280–1250 cm�1 in the neutral esters shifted by only 0–10 cm�1

lower in the spectra of the anion radicals (2).

1 Introduction
In situ electrochemical-IR spectroscopic experiments are most
frequently performed using an external reflectance (ER)
sampling method where the IR source passes through a thin
layer of solution/electrolyte and is reflected off the surface
of the electrode towards the IR detector.1 The ER method
allows both adsorbed 2,3 and solution phase 3–5 species to be
studied, and, when combined with potential modulation electro-
chemical techniques and a fast scanning FTIR spectrometer,
can allow the detection of species with relatively short life-
times. Thin-layer transmittance cells for IR spectroelectro-
chemistry have been employed for studying solution phase
processes where the redox active species are sufficiently stable
to allow generation under controlled potential electrolysis
time-scales (usually ranging from minutes to hours).6,7

Chemically resistant and mechanically robust mid-IR ATR
probes 8 have recently been developed for on-line monitoring of
industrial reactions.9–12 Heretofore, the ATR probes have not
been used for monitoring electrochemical reactions but it was
thought that in certain situations such devices would offer
advantages over existing in situ electrochemical-IR cells for
studying species present in the bulk solution. One advantage of
using an ATR sensor is that the probe can be conveniently
positioned away from the confinement of the IR spectrometer
inside an electrochemically efficient two-compartment bulk
electrolysis cell. A further advantage to using an ATR probe is
in situations where compounds are able to exist in multiple
redox states and exhaustive electrolysis is needed to exclusively
generate individual species (due to comproportionation reac-
tions favouring species in lower oxidation states). Such a situ-
ation is more difficult to achieve in ER systems that rely solely

† Electronic supplementary information (ESI) available: first derivative
EPR spectra of radical anions. See http://www.rsc.org/suppdata/p2/b2/
b206087f/

on diffusion control where the IR spectra may represent mix-
tures of the starting material and product(s), and which can be
difficult to interpret if the individual species have overlapping
vibrational bands. For this study, a conventional 13 two-
compartment bulk electrolysis cell was used to exhaustively
generate solutions of reactive radical anions for analysis
by FTIR spectroscopy using a commercial 14 ATR diamond
composite sensor.

Work from these laboratories has previously characterised
the voltammetric behaviour of all the mono- and disubstituted
alkyl (alkyl = Pr and some Et and Me) pyridine and benzene
esters,15 as well as the identity and yields of the products
obtained by bulk controlled potential electrolysis experiments
in acetonitrile.16–18 The esters can be reduced by one-electron at
negative potentials (–1.9 to �2.7 V vs. Fc/Fc�) with the para-
substituted diesters also exhibiting a second reduction step.15

The stability of the anion radicals formed during the first (least
negative) reduction step and the electrochemical reversibility of
the reduction process, as measured by cyclic voltammetry and
controlled potential electrolysis, varied considerably between
the compounds (from milliseconds to several hours at room
temperature),15 with EPR 15–17,19 and UV–VIS 20 spectra being
obtained of the more stable radical anions, thereby confirming
their existence. On the long time scale the ester anion radicals
decay via a simple bond cleavage mechanism to form the carb-
oxylate anions in very high yield (70–100 %) (Scheme 1).16,17

The mechanism in Scheme 1 was elucidated by product
analysis studies after exhaustive electrochemical bulk reduction
of the esters. The 1H NMR spectra for the electrolyte–product
mixture recorded at the completion of the electrolysis were
clean in the aromatic region, which suggested that only one
product was formed. The addition of an equivalent molar
amount of methyl iodide to the reaction mixture at room tem-
perature led to the immediate generation of the methyl ester.16,17

The observation that that esterification reaction occurred
readily at room temperature was used as supporting evidence
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that the carboxylate anions existed in their non-protonated
form, ion-paired with the supporting electrolyte cation 21 (since
esterification of carboxylic acids usually requires high temper-
atures). A possible reason why the carboxylate anions do not
react with trace water or the solvent to form carboxylic acids
after loss of the alkyl groups may be due to the stabilising
influence of the Bu4N

� cation. The alkyl radical, R
�
, in Scheme

1 is a postulated intermediate whose existence has been
proposed based on the high yield of the carboxylate anion and
the number of electrons transferred in the reaction.15–17,19,22

The reaction mechanism shown in Scheme 1 illustrates that
several species are available containing the carbonyl and carb-
oxylate functional groups, all of which would be expected to
absorb strongly in the mid-infrared region. While esters 1 and
carboxylate anions 3, 5 are well known infrared absorbers,23 as
far as we are aware there are no reports on the infrared spectra
of ester radical anions 2 or dianions 4. This is not surprising
considering the very negative reduction potentials of the start-
ing materials and the relative chemical instability of the anion
radicals, which to date, have not been isolated as solid com-
pounds. Therefore, the access to infrared data from unusual
chemical intermediates that do not exist out of solution, such as
the carboxylate anion radicals, is most readily achievable using
an in situ spectroscopic approach. Infrared spectroscopy will
also be useful in confirming the previous assumption 16,17 that
the carboxylate anions are able to exist as stable species in dry
acetonitrile, without undergoing further reaction to the carb-
oxylic acids (by reacting with trace water or the solvent).

2 Experimental
The preparation and purification of the esters has been
described previously.17 Tetrabutylammonium hexafluorophos-
phate (Bu4NPF6), which was used as the supporting electrolyte,
was prepared and purified by standard methods and dried
under vacuum at 393 K for 72 h. HPLC grade acetonitrile (EM
Science) was purified and dried according to a published pro-
cedure,24 stored over calcium hydride (under nitrogen) and
distilled immediately prior to use.

Voltammetric experiments were conducted with a PAR
model 273 potentiostat/galvanostat controlled through a PC
with standard PAR software. Bulk electrolysis experiments were
conducted at room temperature in a two-compartment cell
using platinum mesh as the working and auxiliary electrodes
and a silver wire reference electrode, isolated from the test
solution with a salt bridge (Fig. 1). The electrolysis potential

Scheme 1 Reduction performed in CH3CN with 0.1 M Bu4NPF6 as
the supporting electrolyte. Ar = benzene or pyridine. R = Me or Pr. 1a =
C��O stretch; 1b = asymmetric C–C(��O)–O stretch; 1c = asymmetric
O–C–R stretch; 2a = asymmetric carboxylate radical stretch; 2b =
asymmetric C–C(��O)–O radical stretch; 2c = asymmetric O–C–R
radical stretch; 3a = asymmetric carboxylate anion stretch; 3b =
symmetric carboxylate anion stretch; 5a = asymmetric carboxylate
dianion stretch; 5b = symmetric carboxylate dianion stretch (see Figs.
3–6).

was set at approximately 0.1 V more negative than the cathodic
peak potential (Ep

red) which was determined by recording a
cyclic voltammogram of the solution in the working electrode
compartment using a 1 mm diameter planar Pt electrode. Solu-
tions were thoroughly deoxygenated with solvent-saturated
nitrogen prior to the electrolysis and nitrogen was passed over
the solution during the experiments. Typical electrolysis times
for a one-electron bulk reduction of 20 mM ester were 30 min
for >99% conversion. The data for the fraction of electrons
transferred were calculated from eqn. (1),

where N = no. of moles, Q = charge, n = no. of electrons and
F = the Faraday constant.

In situ infrared spectra were obtained during the electrolysis
using a Mettler Toledo ReactIR 4000 14 with a diamond
composite ATR probe situated inside the working electrode
compartment (Fig. 1). Each reported spectrum represents 100
accumulated scans recorded at resolutions in the range 2–4
cm�1. The diamond composite probe has a usable wavenumber
range of 4000–2200 cm�1 and 1900–650 cm�1. Preliminary
experiments showed that the minimal concentration of analyte
necessary to obtain acceptably intense absorption bands within
a reasonable time frame was approximately 20 mM.

Continuous wave X-band EPR spectra were recorded at
room temperature on Bruker ESP 300e with a rectangular TE102

cavity and using a silica flat cell.

3 Results and discussion
Previously performed voltammetric, EPR and UV–VIS spec-
troscopic experiments on aromatic esters established that
diesters with carboxylate groups in the para-position formed

Fig. 1 Cross-section through electrochemical-ATR-FTIR cell. AE =
auxiliary electrode, RE = reference electrode, WE = working electrode.

N = Q/nF (1)
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the most stable anion radicals. Therefore, for the present study
dipropyl pyridine-2,5-dicarboxylate and dipropyl benzene-
1,4-dicarboxylate were chosen as species most likely to give
detectable anion radicals via in situ electrochemical-FTIR spec-
troscopy. Fig. 2 shows cyclic voltammograms of the two com-

pounds illustrating their two one-electron reduction processes
to form first the radical anion and then at more negative poten-
tials the dianion diamagnetic species. If the scan in the negative
potential direction is reversed prior to the second reduction
process (dashed line in Fig. 2), the anodic (ip

ox) to cathodic
(ip

red) peak current ratio is equal to unity indicating that the
anion radicals are stable on the time frame of the voltammetric
scan. At a scan rate of 100 mV s�1 the second (more negative)
one-electron reduction process has an ip

ox/ip
red ratio <1, due to

chemical instability of the dicarboxylate dianions. Increasing
the scan rate to 5 V s�1 increased the ip

ox/ip
red ratio associated

with the second reduction process to unity.15 Therefore, it was
anticipated that only the anion radicals and not the dianions
would be detectable by FTIR spectroscopy, the dianions being
too unstable to generate in sufficient quantity on the bulk
electrolysis time-scale.

3.1 Dipropyl benzene-1,4-dicarboxylate

Fig. 3 shows IR spectra obtained during the in situ electrolysis
of 20 mM dipropyl benzene-1,4-dicarboxylate in CH3CN with
0.1 M Bu4NPF6. The spectra were background subtracted to
remove the peaks associated with the solvent and supporting
electrolyte. The spectrum obtained prior to commencing
the electrolysis showed three strong bands associated with the
ester group: a C��O stretch at 1720 cm�1 (1a), and two asym-
metric coupled C–O stretches for the C–C(��O)–O and O–C–R
vibrations at 1275 cm�1 (1b) and 1120 cm�1 (1c), respectively.
Shortly after the electrolysis had begun, two new bands
appeared at 1575 cm�1 (2a) and 1075 cm�1 (2c), that reached
maximum intensity after ca. 20 minutes, then diminished again
in intensity with increasing time. Bands 2a and 2c were thus
determined to be associated with the intermediate anion radical
(2). Additional strong bands appeared during the electrolysis
at 1615 cm�1 (3a) and 1355 cm�1 (3b), which persisted until
the end of the experiment. Bands 3a and 3b occurred precisely

Fig. 2 Cyclic voltammograms of 2 mM analytes recorded at room
temperature with a 1 mm diameter planar Pt electrode in CH3CN with
0.1 M Bu4NPF6 at a scan rate of 100 mV s�1.

where the asymmetric (3a) and symmetric (3b) stretches
of carboxylate anions are expected to occur 23 and for that
reason are certainly due to the carboxylate anion final
product (3). Although the electrolysis reaction shown in
Fig. 3 occurred over a period of 60 min, the measured
current decreased exponentially over time indicating that
90% of the reduction was completed within the first
10–15 min.25

It is apparent from the data presented in Fig. 3 that the
intermediate anion radical (2) produced during the one-electron
reduction of the ester is decaying over the time-frame of
the experiment (one hour) to form the carboxylate anion
final product (3), so that many of the spectra shown in Fig. 3
represent a mixture of all the possible carboxylate-containing
species, 1, 2 and 3 (Scheme 1). The final spectrum shown in
Fig. 3 (t = 60 min) displays peaks associated with the ester and
carboxylate anion moieties since the stable product (3) contains
both functional groups. The band at 1575 cm�1 (2a) present in
the intermediate anion radical spectrum (2) is particularly
interesting since it occurs at a very similar wavenumber to
the asymmetric stretch (3a) of the carboxylate anion (3). The
implication of this observation is that the bonding in the
carbonyl region for the anion radical is very similar to that of
the carboxylate anion, that is, the bond strength/length is
intermediate between that of a C��O bond and a C–O bond.
Clearly no symmetric carboxylate stretch would be expected to
occur in the anion radical since the alkyl substituent remains
bonded to the oxygen atom.

EPR spectroscopic data 15 and results from semiempirical
molecular orbital calculations 20 predicted that the unpaired
electron in the anion radical was delocalised over the aromatic
ring and carboxylate functional groups as well as the alkyl
carbons immediately adjacent to the oxygen atom. Therefore,
some difference in the frequencies of the two asymmetric C–O
stretches present in the radical anions compared to that
observed in the ester starting materials was expected due to
changes in bonding around the oxygen–alkyl and oxygen–
carbonyl bonds. A shift in position of the O–C–R stretching
band from 1120 cm�1 (1c) in the neutral ester to 1075 cm�1 (2c)
in the anion radical was observed (Fig. 3), suggesting weaken-
ing of the oxygen–alkyl bond in the anion radical. In contrast,
the C–C(��O)–O stretch in the ester (1b) at 1275 cm�1 showed
no detectable shift in going from the ester to the anion radical
(Fig. 3). It is interesting to note that decomposition of the
anion radicals occurs via cleavage of the oxygen alkyl bonds
rather than the oxygen carbonyl bond (Scheme 1), presumably
due to the weakening of the O–C–R bond that is noticeable in
the IR spectra.

In order to maintain charge neutrality as the controlled
potential electrolysis proceeds, the supporting electrolyte ions
must transfer between the two compartments in the electrolysis
cell. Thus, the strong negative absorbance that occurred at
845 cm�1 (Fig. 3) was due to the PF6

� anion being lost
from the working electrode compartment and transferring into
the auxiliary electrode compartment of the electrolysis cell.
Simultaneously to this occurring, the BuN� cation transferred
from the auxiliary electrode compartment into the working
electrode compartment and the band between 2850 and 3000
cm�1 (data not shown) associated with the C–H stretching
vibrations of the electrolyte cation increased in size. The growth
of the supporting electrolyte bands at high wavenumber as the
electrolysis proceeded interfered with the interpretation of
the C–H stretching vibrations associated with the anion
radicals. In addition, the sensitivity of the diamond composite
probe is lower between 4000 and 2200 cm�1 than 1900–650
cm�1, making interpretation in the higher wavenumber region
much more difficult, such that no new bands or shifts in existing
bands were detected in the spectra of the anion radicals or
carboxylate anions when compared to the ester starting
materials.
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Fig. 3 Background (CH3CN with 0.1 M Bu4NPF6) subtracted in situ FTIR spectra obtained during the one-electron bulk electrochemical reduction
(applied E = �2.2 V vs. Fc/Fc�) of 20 mM dipropyl benzene-1,4-dicarboxylate at room temperature.

Fig. 4 Background (CH3CN with 0.1 M Bu4NPF6) subtracted in situ FTIR spectra obtained during the one-electron bulk electrochemical reduction
(applied E = �2.0 V vs. Fc/Fc�) of 20 mM dipropyl pyridine-2,5-dicarboxylate at room temperature.

3.2 Dipropyl pyridine-2,5-dicarboxylate

The FTIR spectroscopic data obtained during the one-electron
reduction of dipropyl pyridine-2,5-dicarboxylate (Fig. 4) were
similar to the benzene analogue described above, with the
exception that the reduced form was substantially more stable,
which enabled a purer spectrum of the anion radical to be
obtained. The lowering of molecular symmetry as a result of
the N-atom in the aromatic ring did not significantly change the
spectroscopic properties of the two inequivalent ester groups so
that the diester starting material showed one C��O stretch at
1725 cm�1 (1a), a C–C(��O)–O asymmetric stretch at 1280 cm�1

(1b) and a O–C–R asymmetric stretch as 1130 cm�1 (1c). Ten
minutes after the electrolysis had commenced, the C��O stretch
at 1725 cm�1 decreased in intensity almost completely whilst
simultaneously a new peak grew in at 1600 cm�1 (2a) due to the
anion radical, thereby confirming that the anion radical has no
formal C��O functional group. The reason why the band at 1725

cm�1 almost completely disappeared during the electrolysis in
the spectra shown in Fig. 4 (compared to Fig. 3) was due to the
increased stability of the pyridine-based anion radical. In the
benzene-based analogue (Fig. 3) the radical anion decayed to
the mixed carboxylate/ester final product (3) relatively quickly,
hence at all times there was a substantial quantity of species
containing the ester group present. Similar to the benzene
ester, the O–C–R asymmetric stretch (2c) in the pyridine ester
shifted to lower wavenumber (1085 cm�1) in the radical anion,
whilst the C–C(��O)–O stretch decreased only slightly (by
approximately 10 cm�1).

The final spectrum shown in Fig. 4 at t = 30 minutes was
obtained after bubbling dry air through the electrolysed
solution in order to speed up the decomposition of the anion
radical [it was known that the anion radicals react immediately
with molecular oxygen to form the ester/carboxylate anion (3)
in 100% yield 18]. Therefore, the increase in the peak intensity at
1725 cm�1 in the final spectrum (t = 30 min) was due to the
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Fig. 5 Background (CH3CN with 0.1 M Bu4NPF6) subtracted in situ FTIR spectra obtained during the one-electron (t = 0.1–30 min, applied E =
�2.0 V vs. Fc/Fc�) then two-electron (t = 30.1–60 min, applied E = �2.5 V vs. Fc/Fc�) reduction of 20 mM dipropyl pyridine-2,5-dicarboxylate at
room temperature.

increased rate of conversion to the ester/carboxylate anion
product (3) via the reaction with molecular oxygen. (Synthetic
scale controlled potential electrolysis experiments have shown
that the two possible carboxylate anion isomers (3) are obtained
in approximately equal yield).17 The asymmetric carboxylate
stretch present in the final product (3) spectrum at 1620 cm�1

(3a) is only 20 cm�1 higher than the band observed for the anion
radical (2a). The symmetric carboxylate stretch (3b) occurred
at the same position as the analogous benzene compound
(1355 cm�1).

Examination of the spectroscopic data suggested that the
anion radical of dipropyl pyridine-2,5-dicarboxylate was stable
for several hours at room temperature in CH3CN. The higher
stability of the anion radical of the pyridine diester did allow
the opportunity to extend the reduction process by two-
electrons in order to produce the dianion (4) (Fig. 5). The ester
was first reduced to the monoanion for 30 min, then the poten-
tial was changed to a value sufficiently negative to produce the
dianion (cf. Fig. 2) and the electrolysis continued for another 30
min (Fig. 5). It was anticipated from the cyclic voltammetry
data that the diester dianion (4) would not be sufficiently stable
to be detected by in situ FTIR spectroscopy (see discussion
above), and would react immediately to form the dicarboxylate
dianion (5), and this was verified by the spectroscopic data
presented in Fig. 5. As soon as the potential sufficiently
negative to produce the dianion was applied (t = 30 min), the
peaks associated with the two asymmetric C–O stretches (1b
and 2c) diminished in intensity due to the formation of the
dicarboxylate dianion (5), which had lost both alkyl groups.
The spectrum of 5 was relatively simple showing the bands
associated with the asymmetric (5a) and symmetric (5b) carb-
oxylate anion stretches at 1600 cm�1 and ∼1350 cm�1, respect-
ively. Bands 1b and 2c present in the final spectrum in low
intensity are likely to be due to residual unreacted 3 (due to the
partial decay of 2 to 3 before/after the two-electron reduction
had commenced). The absence of bands between 1800 and 1600
cm�1 in the spectrum of the dicarboxylate dianion confirmed
the previous assumption 16,17 that the dianion does not react
with trace water or abstract a proton from the solvent to form
a carboxylic acid (or dicarboxylic diacid), since the C��O stretch
in the spectra of carboxylic acids is expected to occur between
1760 and 1660 cm�1.23

Several other bands were present that could be associated
with the anion radicals of the pyridine- and benzene-based
para-substituted diesters, such as the bands at ca. 1450, 970 and
720–750 cm�1 (Figs. 3–5), although they are more difficult to
assign to particular vibrations.

3.3 Dimethyl benzene-1,3-dicarboxylate

EPR spectroscopy established that the anion radicals formed by
one-electron reduction of meta-substituted diesters were also
moderately stable, although their voltammetric behaviour was
more complicated than the corresponding para-substituted
diesters.19 For example, a cyclic voltammogram of dimethyl
benzene-1,3-dicarboxylate (Fig. 2) appears to show chemically
irreversible behaviour at slow scan rates (in the sense that ip

ox/
ip

red < 1) suggesting that the associated anion radical of this
compound is relatively unstable and quickly decomposes to
form the carboxylate anion. However, a detailed voltammetric
and EPR spectroscopic study found that the reason for the
diminished reverse ip

ox value in the cyclic voltammograms at
slow scan rates was due to a reversible dimerization mechanism
where the anion radical (2) exists in equilibrium with a dianion
dimer.19

The IR spectra of the starting material showed several strong
bands in the 1350–1050 cm�1 region, which made it difficult to
definitively assign bands associated with C–O stretching. The
FTIR spectroscopic data obtained during the in situ one-
electron reduction (Fig. 6) were also more complicated than for
the para-substituted diesters, although one noteworthy transi-
tory band grew in at 1600 cm�1 (2a) that appears to be typical
of carboxylate radical anions (by comparison with the data
from para-substituted diesters). Other bands, which were clearly
associated with an intermediate species, were detected at 1510,
1200, 1155 and 1070 cm�1. The broad band at ∼1510 cm�1 is
particularly interesting since it has no equivalent in the spectra
of the para-substituted diesters. Since it is likely that the IR
spectroscopic data obtained during the electrolysis of the meta-
substituted diester were complicated by the occurrence of the
dimer dianion jointly with the anion radical, the equilibrium
transformation may account for the additional band at 1510
cm�1, and possibly other bands present. Such a situation is
in marked contrast to the relatively straightforward reduction
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Fig. 6 Background (CH3CN with 0.1 M Bu4NPF6) subtracted in situ FTIR spectra obtained during the one-electron bulk electrochemical reduction
(applied E = �2.5 V vs. Fc/Fc�) of 20 mM dimethyl benzene-1,3-dicarboxylate at room temperature.

of the para-substituted diesters, indicating that the spectro-
scopic features of individual carboxylate radical anions should
preferably be ascertained by correlating a range of compounds
and analytical techniques (electrochemistry, EPR, UV–VIS,
etc).

The final spectrum was obtained after allowing dry air to
enter the solution, thereby allowing complete conversion of the
radical anion into the ester/carboxylate anion (3). This allowed
the unambiguous assignment of the asymmetric carboxylate
anion stretch at 1620 cm�1 (3a) (20 cm�1 higher than band
2a observed in the anion radical spectrum) and symmetric
carboxylate anion stretch at 1355 cm�1 (3b).

3.4 EPR spectroscopy

For the purpose of proving that the intermediate bands
detected in the ATR-FTIR spectra were due to paramagnetic
dicarboxylate anion radicals, solutions of the radical anions
were generated under identical conditions and concentration (to
the ATR-FTIR experiments) then transferred under nitrogen
to a silica flat cell for EPR spectroscopic analysis. Previous
reports on the EPR spectra of the dicarboxylate anion radicals
were obtained at concentrations ≤1 mM in order to minimise
the effects of line broadening caused by electron exchange
reactions.15–17,19,26,27 The EPR spectra obtained after exhaustive
one-electron reduction of 20 mM of the starting materials were
of a suitable intensity expected for such high concentrations.
The spectra of dipropyl benzene-1,4-dicarboxylate and dipro-
pyl pyridine-2,5-dicarboxylate consisted of a single line (∆Hpp =
1 and 2 G, respectively) whilst the anion radical of dimethyl
benzene-1,3-dicarboxylate showed additional hyperfine struc-
ture (see ESI†). The EPR spectra of the anion radicals of the
two benzene-based esters diminished by approximately 40%
over a period of one hour while the spectrum of the pyridine-
based diester radical anion diminished by approximately 10%
over the same time period. Accurate kinetic analysis of the
stability of the anion radicals in the two-compartment
ATR-FTIR cell is difficult since it is inevitable that some of
the anion radicals will migrate through the frit separating the
working and auxiliary electrode compartments, or interact
with charged species generated in the counter electrode com-
partment.16 Overall, the EPR and ATR-FTIR spectroscopic
data are consistent with the anion radicals being stable on a

minutes to hours time-scale in deoxygenated and moisture-free
environments.

4 Conclusions
In situ electrochemical-FTIR spectroscopy using an ATR
diamond composite probe was successfully applied to a study
of the reduction of solution phase aromatic diesters in a two-
compartment electrolysis cell. The diesters (1) were first reduced
to the anion radicals (2), which subsequently decomposed to
form the carboxylate anions (3). In most instances the spectra
obtained represented mixtures of all three species due to the
partial decomposition of the radical as it was being produced.
Analysis of the spectra from several compounds helped to iden-
tify bands that can now be considered as characteristic of carb-
oxylate anion radicals. For dipropyl pyridine-2,5-dicarboxylate
the anion radical (2) was sufficiently stable in air-free solutions
to enable its further reduction to the dianion (4), which rapidly
decomposed to form the dicarboxylate dianion (5).

It was observed that the C��O bond stretch that occurs in the
neutral esters (1) was missing from the spectra of the anion
radicals (2). The O–C–R stretch present in the neutral esters at
1120–1130 cm�1 shifted to 1075–1085 cm�1 in the anion radicals
(2), whilst the C–C(��O)–O stretch at ∼1280–1250 cm�1 present
in the spectra of the neutral esters shifted by only a small
amount (∼0–10 cm�1 lower) in the spectra of the anion radicals
(2). The shift in the O–C–R stretch to lower wavenumber
(weaker bond strength) correlates with the decomposition of
the anion radicals via cleavage of the alkyl–oxygen bond. The
anion radicals (2) showed a strong absorbance between 1600
and 1575 cm�1, which occurred at a slightly lower wavenumber
than the asymmetric carboxylate stretch in the corresponding
carboxylate anions (3) (1620–1600 cm�1), suggesting that the
carbonyl bond length/strength in the anion radicals was
intermediate between a C��O and C–O bond (similar to the
carboxylate anions).
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