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Radiolytic formation of the carbon dioxide radical anion in 

acetonitrile revealed by transient IR spectroscopy 

David C. Grills* and Sergei V. Lymar* 

The solvated electron in CH3CN is scavenged by CO2 with a rate constant of 3.2 × 1010 M−1 s−1 to produce the carbon 

dioxide radical anion (CO2
•–), a strong and versatile reductant. Using pulse radiolysis with time-resolved IR detection, this 

radical is unambiguously identified by its absorption band at 1650 cm–1 corresponding to the antisymmetric CO2
•– stretch. 

This assignment is confirmed by 13C isotopic labelling experiments and DFT calculations. In neat CH3CN, CO2
•– decays on a 

∼10 μs time scale via recombination with solvent-derived radicals (R•) and solvated protons. Upon addition of formate 

(HCO2
–), the radiation yield of CO2

•– is substantially increased due to H-atom abstraction by R• from HCO2
– (R• + HCO2

– → 

RH + CO2
•–), which occurs in two kinetically separated steps. The rapid step involves the stronger H-abstracting CN•, CH3

•, 

and possibly, H• primary radicals, while the slower step is due to the less reactive, but more abundant radical, CH2CN•. The 

removal of solvent radicals by HCO2
– also results in over a hundredfold increase in the CO2

•– lifetime. CO2
•– scavenging 

experiments suggest that at 50 mM HCO2
–, about 60% of the solvent-derived radicals are engaged in CO2

•– generation. 

Even under CO2 saturation, no formation of the radical adduct, (CO2)2
•–, could be detected on the microsecond time scale.

1. Introduction 

In the gas phase, the carbon dioxide radical anion (CO2
•–) is 

unstable toward electron autodetachment, and the 

equilibrium, 

CO2 + e– CO2
•– ∆G0  

lies to the left, with ∆G
0 ≈ 15 kcal/mol1 based on the CO2 

electron affinity, EA ≈ –0.6 eV.2 However, condensed media 

tend to stabilize CO2
•– much more strongly than the excess 

electron. Even in solvents with dielectric constants of less than 

2, the above equilibrium is shifted to the right, with ∆G
0 

ranging from –7 to –13 kcal/mol, as has been deduced from 

pulse radiolysis/transient conductivity studies.3-5 In the highly 

polar aqueous environment, ∆G
0 further decreases to –23 

kcal/mol,6 and water remains the only solvent in which CO2
•– 

has been unambiguously identified by UV-Vis,7-10 ESR,11 and 

resonance Raman12 transient spectroscopies. 

Although a weaker reductant than the hydrated electron, 

CO2
•– is still strongly reducing (E°(CO2/CO2

•–) = –2.14 and –2.21 

V in water13 and dimethylformamide,14 respectively, vs SCE) 

and substantially more selective and long-lived. These 

properties have engendered an extensive application of CO2
•– 

as a versatile reductant in kinetic and mechanistic studies 

using pulse radiolysis in water,15,16 where CO2
•– can be 

generated through both reduction of dissolved CO2 with the 

solvated electrons (es
–), 

CO2 + es
– CO2

•– (1)
kCO2

 
and oxidation of the formate ion (HCO2

–).17 The latter method 

is based on formate’s ability to scavenge the radiolytically-

generated radicals, OH• and H•, 

OH•/H• + HCO2
– H2O/H2 + CO2

•– (2)  
and has the added benefit of providing a cleaner system for 

mechanistic studies by eliminating these rather 

indiscriminately reactive radicals. 

In this work, we explore the radiolytic production of CO2
•– in 

the polar aprotic solvent, acetonitrile (CH3CN), which includes 

both direct CO2 reduction by es
– and use of solvent-derived 

radicals for H-atom abstraction from HCO2
– by analogy with 

reaction (2). Specifically, we aim at direct, definitive, 

spectroscopic detection of CO2
•–, maximizing its yield, and 

characterizing its formation and decay kinetics. As a principal 

tool for these studies, we employ the recently-developed 

technique of pulse radiolysis combined with time-resolved IR 

spectroscopy (PR-TRIR) in liquid samples.18,19 

Our interest in this subject matter arises primarily from the 

utility of CH3CN and pulse radiolysis for investigating redox 

reactions in an aprotic environment. Due to its excellent 

solubilizing propensity and large electrochemical window, 

CH3CN is one of the most widely used solvents in redox 

catalysis, and pulse radiolysis is a versatile method for 

generating catalytic intermediates.20,21 These factors, and its 

good mid-IR transparency, have made CH3CN a solvent of 

choice for PR-TRIR work on the dynamics of redox catalysis in 

our group.22,23,21,19 

The properties and reactivity of CO2
•– in CH3CN are also of 

importance for understanding electrochemical CO2 reduction 
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in this and other aprotic solvents.24-29 Although CO2
•– has been 

invoked as a key intermediate, it has not, with one possible 

exception,24 been detected. In that work, the UV absorption 

bands appearing in CH3CN and propylene carbonate upon 

applying cathodic currents, revealed by modulated specular 

reflectance spectroscopy, were assigned to free CO2
•– in the 

catholyte. In the present study, we have used PR-TRIR to 

obtain a definitive spectroscopic identification of CO2
•– in 

CH3CN, via its antisymmetric stretching vibration. 

Although the current understanding of CH3CN radiation 

chemistry leaves much to be desired, the basic features that 

have emerged from previous studies30-40 are summarized in 

Scheme 1. As with other solvents, the early radiolysis events 

consist of solvent ionization and electronic excitation that are 

clustered into radiation spurs containing es
–, solvent holes 

(CH3CN•+), and excited solvent molecules (*CH3CN). The 

subsequent rapid processes include diffusional spur expansion, 

geminate electron-hole recombination producing additional 

*CH3CN, deactivation of *CH3CN and its fragmentation along 

the weakest C–H and C–C bonds (bond dissociation energies of 

∼97 and ∼125 kcal/mol, respectively41), and an ion-molecular 

reaction of CH3CN•+ with solvent. The latter may occur either 

through acid dissociation of CH3CN•+ or by H-atom abstraction 

from CH3CN, which are indistinguishable in that they yield the 

same products; namely, CH2CN• and the solvated proton 

(CH3CNH+), as shown by reaction (3) in Scheme 1b). The CH3
• 

and CN• primary radicals are thermodynamically capable of 

abstracting an H atom from CH3CN (reactions (4) and (5); Table 

1), which would further contribute to the CH2CN• yield, making 

CH2CN• the predominant solvent radical in solution. Although 

H• can also abstract an H atom from solvent (reaction (6a); 

Table 1), this reaction is much slower than H• addition across 

the solvent’s C≡N bond (reaction (6b)).30,42,43 A computational 

study has suggested that C-addition is less activated than N-

addition, and that CH3C(H)N• is more stable than CH3CNH•.44 

It has been shown that in liquid CH3CN, the conventional 

cavity-solvated electrons absorbing at 1450 nm co-exist in 

equilibrium with dimer radical anions comprised of two  

 

 

Scheme 1 (a) Early radiolysis events in CH3CN leading to the solvated electron and 

primary solvent-derived radicals (R•). (b) Reactions of primary radicals with solvent; the 

CH3CNH
+
 product of reaction (3) is equivalent to the solvated proton. 

Table 1 Gas-phase bond dissociation energies (BDE, kcal/mol) in H-CO2
–
 and the 

products (H-R) of H-atom abstraction by solvent-derived radicals (R
•
) shown in Scheme 

1a. 

Species H-CO2
– H-CH2CN H-H H-CH3 H-CN CH3CN-H+ 

BDEa 86b 97c 104.15 105.0d 126.3e 154 

∆BDEf 0 11 18 19 40 68 

aAveraged or selected values from a literature compilation,41 except those for H-

CO2
–and CH3CN-H+ that are derived in the ESI sections 4 and 5, respectively; b±5; 

c±1; d±0.1; e±0.2; fRelative to H-CO2
–, ∆BDE ≈ −∆R7H

0. 

solvent molecules, (CH3CN)2
•–, that absorb in the 500-600 nm 

region.37,45-48 The equilibrium is established on a ∼100 ps time 

scale and was originally estimated to favor the dimer by a 

factor of 1.3 at room temperature,45 but this factor has since 

been reevaluated as ∼4.47,48 Although the reactivity of these 

two reducing species toward electron-accepting solutes may 

differ, in many cases, including those considered here, this 

difference is inconsequential due to the rapidity of 

equilibration, and herein we will refer to both reducing species 

in CH3CN collectively as a solvated electron (es
–). 

Radiation yields of es
– that survive geminate and spur 

recombination (Scheme 1a) ranging from G(es
–) = 1 to 2 

electrons/100 eV have been deduced from es
– scavenging 

experiments33,34,37,49,50 with an average value of G(es
–) = 1.5 ± 

0.5 (Table S1). The individual radiation yields of the primary 

solvent-derived radicals (Scheme 1a) are more uncertain. 

However, their combined yield of G(R•) ≈ 7 radicals/100 eV 

gleaned from total radical scavenging studies51,30 is much 

larger than G(es
–). This assertion is supported by end-product 

analyses upon radiolysis of liquid CH3CN.52,30,31
 

2. Experimental methods 

Materials and sample preparation. CH3CN and CD3CN were 

purified and dried by refluxing over KBH4, followed by 

degassing and vacuum transfer onto activated 3Å molecular 

sieves. Tetrabutylammonium formate ([nBu4N][HCO2]) and its 
13C-labeled analogue ([nBu4N][H13CO2]) were synthesized by a 

previously published procedure23 or a slightly modified version 

of it, and fac-ReCl(bpy)(CO)3 was synthesized as previously 

described.53 Samples were prepared in a nitrogen-filled 

glovebox. CO2 or 13CO2, diluted by inert gas, was introduced 

into solutions by bubbling at ambient pressure. The 

concentration of dissolved CO2 was assigned using the 

published solubility in dry CH3CN (280 mM/atm).54 TRIR 

experiments involving 13CO2 and H13CO2
– required the use of 

CD3CN solvent (see ESI section 1 for detail). 

Pulse radiolysis. The pulse radiolysis experiments were 

performed at either (i) the BNL Laser Electron Accelerator 

Facility (LEAF) using 8.7 MeV electron pulses of <50 ps 

duration (for vis/near-IR detection) and ∼7 ns duration (for 

TRIR detection), or (ii) a Van de Graaff accelerator using 2 MeV 

electron pulses of 200-500 ns duration (for UV/vis detection) 

and 2 µs duration (for step-scan FTIR detection). Dosimetry for 

the UV/vis Van de Graaff experiments was performed with an 

N2O-saturated 10 mM KSCN aqueous solution using Gε = 

4.87×104 ions (100 eV)−1 M−1 cm−1 for (SCN)2
•− at 472 nm. A 
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solvent density correction was made when applying this 

dosimetry to pulse radiolysis in CH3CN. 

Additional details of sample preparation, computational 

methods, and pulse radiolysis experiments are provided in the 

ESI section 1. 

3. Results and discussion 

3.1 Generating CO2
•–

 through es
–
 capture 

Monitoring at 1460 nm, near the λmax of es
– (Fig. S1), we have 

observed a gradual es
– lifetime decrease upon increasing CO2 

concentration (Fig. S2). This result is attributable to the 

capture of es
– by CO2 to generate CO2

•– (reaction (1)), with a 

second-order rate constant kCO2 = 3.2 × 1010 M−1 s−1, which is 

close to the diffusion-controlled limit in CH3CN. However, our 

attempts to detect CO2
•– through its characteristic UV 

absorption (λmax ≈ 220-240 nm in water7,9,55) have met with 

considerable difficulty. As shown by Fig. S3, a broad 

featureless transient absorption due to a medley of solvent-

derived radicals strongly obscures absorption by any other 

species below 350 nm. However, we do observe the 

appearance of some additional absorption around 275 nm 

upon saturating CH3CN with 10% CO2 that could belong to 

CO2
•–, provided its spectrum is ∼40 nm red-shifted from that in 

water (Fig. S3). The only support for this tentative assignment 

comes from the spectroelectrochemical observations of 

Aylmer-Kelly et al.24 

For an unambiguous CO2
•– detection we have turned to the 

structurally-sensitive technique of TRIR spectroscopy.18 In 

cryogenic noble gas matrices, the antisymmetric stretch of 

CO2
•– has previously been observed as an IR band at 1657-

1658 cm−1,56-58 while in room temperature solid alkali halide it 

appeared at 1665 cm-1 after gamma irradiation of trapped 

formate.59,60 Indeed, Fig. 1a shows that the TRIR spectrum 

recorded promptly after pulse radiolysis of CH3CN containing 

28 mM CO2 exhibits an absorption band at 1650 cm−1. This 

band, which we assign to CO2
•–, is formed within the ∼40 ns 

rise time of our TRIR detection system18 and is not observed in 

the absence of CO2. This assignment has been verified using 
13C-labeled CO2. As shown in Fig. 1a this isotopic substitution 

results in the transient IR band shifting to 1605 cm−1. This 45 

cm−1 shift is identical to the isotopic shift predicted for the 

antisymmetric stretch of CO2
•– by Density Functional Theory 

(DFT) calculations (ESI section 2) and is also close to the 

isotopic shift of 44 cm−1 observed in matrix isolation 

studies.56,58 These results confirm the assignment of the 1650 

and 1605 cm-1 transient bands to the antisymmetric stretches 

of 12CO2
•– and 13CO2

•–, respectively, and provide direct, 

unambiguous evidence for the formation of CO2
•– in CH3CN via 

the capture of es
– by CO2.‡ 

 

3.2 Generating CO2
•–

 via scavenging solvent-derived radicals 

We23 and others35 have previously obtained evidence for the 

radiation-induced generation of a reducing species in addition 

to es
– in CH3CN solutions containing formate ions (HCO2

–) and 
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Fig. 1 TRIR spectra recorded 60 ns after 7 ns pulse radiolysis of deoxygenated 

acetonitrile solutions and normalized for radiation dose. Panel (a): 28 mM 
12

CO2 in 

CH3CN (●, νmax = 1650 cm−1
, Amax = 2.0 mOD); 28 mM 

13
CO2 in CD3CN (■, νmax = 1605 

cm−1
, Amax = 2.0 mOD); 50 mM H

13
CO2

–
 in CD3CN (▲, νmax = 1605 cm−1

, Amax = 0.8 

mOD). Panel (b): 28 mM 
12

CO2 and 50 mM H
13

CO2
–
 in CD3CN (●, νmax = 1650 cm−1

, Amax 

= 2.6 mOD and νmax = 1605 cm−1
, Amax = 0.8 mOD); 28 mM 

13
CO2 and 50 mM H

13
CO2

–
 in 

CD3CN (■, νmax = 1605 cm−1
, Amax = 3.3 mOD). 

conjectured that this species is, in fact, CO2
•– produced by H-

atom abstraction reactions between the solvent-derived 

radicals (collectively denoted R•) and HCO2
–, 

 
Based on the BDEs in Table 1, reaction (7) is 

thermodynamically favorable, albeit to varying degree, for all 

primary R•. To substantiate the occurrence of reaction (7), we 

have recorded TRIR spectra following pulse radiolysis of a 50 

mM solution of H13CO2
–. As shown in Fig. 1a, the band at 1605 

cm−1 due to 13CO2
•– is formed promptly after the electron 

pulse. The prompt TRIR spectrum obtained with 50 mM 

H13CO2
– and 28 mM 12CO2 exhibits bands of both 12CO2

•– and 
13CO2

•–, which allows spectroscopic separation of the two 

CO2
•– formation pathways (reactions (1) and (7)) and 

evaluation of their relative contributions (Fig. 1b). 

The appearance of the 1650 and 1605 cm−1 absorption 

bands upon pulse radiolysis of solutions containing 
12CO2/H12CO2

– and 13CO2/H13CO2
–, respectively, has also been 

detected using a time-resolved step-scan FTIR spectroscopic 

technique (Fig. S4). 

 

3.3 Kinetics and yields 

Kinetics and yields are related, as evidenced by Fig. 2. When 

CO2 is the only solute, the IR absorption of promptly formed 

CO2
•– rapidly decays with kinetics that is close to second-order 

(t½ = 1.9 and t¼ = 5.3 µs). This decay is, we believe, primarily 

due to the reactions of CO2
•– with the more abundant solvent-

derived CH2CN• and CH3C(H)N•. The former may occur either 

by simple addition, producing stable 2-cyanoacetate 

(NCCH2CO2
−), or by electron transfer, yielding CO2 + CH2CN−. 

Indeed, our estimates for E
0(CH2CN•/−) range from −0.04 to 

0.22 V vs SCE (ESI section 5), which suggests that CH2CN• 
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Fig. 2 TRIR kinetic traces of 
13

CO2
•–

 absorption normalized for radiation dose and 

recorded at 1605 cm−1
 after 7 ns pulse radiolysis of deoxygenated CD3CN containing: 28 

mM 
13

CO2 (black); 50 mM H
13

CO2
–
 (wine); 28 mM 

13
CO2 and 50 mM H

13
CO2

–
 (blue). For 

all traces, the initial rise rate is limited by the ∼40 ns IR detection time resolution. The 

absorption decay half-lives are 1.9 µs (CO2 only), 800 µs (HCO2
–
 only), and >1 ms (CO2 

and HCO2
–
). Note the time axis scale change at 20 μs. 

should be readily reducible by CO2
•–. For the CO2

•– + CH3C(H)N• 

reaction, H-atom transfer appears to be the likely pathway. It 

has been calculated that the H atom is extremely weakly 

bound to the CN group (BDE ≈ 19 kcal/mol),44 which makes the 

CO2
•– + CH3C(H)N• = HCO2

– + CH3CN reaction exothermic by 

∼67 kcal/mol. Other reactions contributing to CO2
•– absorption 

decay are the concurrent CO2
•– + CO2

•– radical-radical and 

CO2
•– + CH3CNH+ acid-base recombinations; the latter would 

preserve the radical, yielding HCO2
•, but destroy the CO2

•– IR 

band. For more on the CO2
•– decay pathways see ESI section 6. 

When CO2 is replaced by HCO2
–, an entirely different 

biphasic kinetic pattern of CO2
•– formation emerges. It consists 

of a prompt rise followed by a slower accumulation, but no 

decay occurs on a 20 µs time scale (Fig. 2). This pattern is 

explicable in terms of reaction (7) where the prompt rise is due 

to the more strongly H-abstracting solvent-derived radicals, 

namely, CN•, CH3
•, and possibly, H•, for which reaction (7) has 

standard enthalpies of ∆R7H
0 ≈ −40, −19, and −18 kcal/mol, 

respectively (Table 1). The efficacy of CO2
•– generation by 

these reactions depends on their competition with reactions 

(4)-(6), and at 50 mM HCO2
–, the prompt CO2

•– yield amounts 

to ∼40% of that observed in the CO2-only solution (Fig. 2). 

Despite the very large exothermicity of reaction (7) for 

CH3CN•+, ∆R7H
0 ≈ −68 kcal/mol, its significant participation in 

the prompt formation of CO2
•– appears doubtful. As detailed in 

the ESI section 5, we estimate the consumption of CH3CN•+ by 

the solvent through reaction (3) to be nearly 60 kcal/mol 

exothermic due to the extreme acidity (pKa ≈ −45) and H-atom 

affinity (∼154 kcal/mol) of this radical, which should make this 

reaction exceedingly rapid, possibly occurring on the time 

scale of the thermal equilibration of CH3CN•+. Indeed, reaction 

(3) is analogous to the immeasurably rapid H2O•+ + H2O → 

H3O+ + OH• process in water. It thus appears unlikely that the 

strongly H-atom accepting and one-electron oxidizing CH3CN•+ 

(E0(CH3CN•+/0) ≈ 4.6 V in CH3CN vs SCE, ESI section 5) is 

sufficiently long-lived to engage in redox reactions with solutes 

at ordinary concentrations, as has been suggested in several 

papers.61-64 

In contrast to the CO2-only conditions, a growth of CO2
•– 

absorption in the HCO2
–-only solution is observed over the 

next 20 µs, which more than doubles the apparent CO2
•– yield 

(Fig. 2). We attribute this additional CO2
•– production to 

reaction (7) with R• being the weaker H-atom abstracting but 

much more abundant radical, CH2CN• (∆R7H
0 ≈ –11 kcal/mol, 

Table 1). Apparently, this reaction outcompetes all CO2
•– decay 

modes until CH2CN• is depleted (at ∼20 µs), and the CO2
•– 

recombination reactions take over, causing its slow decay on 

the sub-millisecond time scale. 

With both 28 mM CO2 and 50 mM HCO2
– present, the IR 

absorption amplitude of the promptly produced CO2
•– is ∼18% 

greater than the sum of the prompt amplitudes in the CO2-only 

and HCO2
–-only solutions (Figs. 1 and 2). At lesser HCO2

– 

concentrations, this effect is reduced and more difficult to 

ascertain. The data for the 12CO2/H13CO2
– solution in Fig. 1b 

show that this enhancement comes entirely from the ∼30% 

increase in the 12CO2
•– yield compared to the 12CO2-only 

solution, while the 13CO2
•– is unchanged compared to the 

H13CO2
–-only solution, which can only occur if the yields of 

scavengeable es
– and attendant contribution of reaction (1) are 

increased by this amount in the presence of formate. This 

interpretation is supported by a comparison of the es
– 

absorption amplitudes at 1460 nm following pulse radiolysis of 

deoxygenated CH3CN with and without added HCO2
– (Fig. S5) 

that reveals a ∼35% increase of es
– yield upon adding 50 mM 

HCO2
–. 

The effect of HCO2
– on the prompt es

– yield is, we believe, 

best explained by the suppression of the geminate 

recombination reactions of electron and CH3CNH+ produced in 

reaction (3), 

 
occurring during the radiation spur expansion over 2-3 ns, thus 

increasing the homogeneous es
– yield, which in turn leads to 

an increase in the yield of CO2
•–. The suppression of reaction 

(8) by HCO2
– is likely due to a combination of the inhibiting 

primary salt (ionic strength) effect on reaction (8) and HCO2
– 

acting as a Brønsted base, scavenging CH3CNH+, 

 
Investigation of the relative contributions from these factors is 

in progress. 

Another significant effect of added HCO2
– apparent in Fig. 2 

is a dramatic increase in the CO2
•– lifetime. Although the 

observed bi-phasic decay kinetics is not yet understood, it 

clearly involves more than a simple self-recombination of 

CO2
•–. Our working hypothesis is that the initial rapid decay is 

due to CO2
•– cross-recombination with the remaining solvent 

radicals, and the slower decay reflects its self-recombination 

and, possibly, reaction with impurities including adventitious 

O2. 

 

3.4 CO2
•–

 scavenging 

Scavenging of CO2
•– has been briefly investigated using a Re 

tricarbonyl complex (Re, fac-ReCl(bpy)(CO)3) as a scavenger in 

order to determine the aggregate enhancement of the CO2
•– 

yield by HCO2
– and evaluate the possibility of (CO2)2

•– adduct 
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formation in our systems. One-electron reduction of Re yields 

the radical species, Re
•–, with the unpaired electron localized 

on the bipyridine ligand.65 Re
•– is intrinsically stable on the 

sub-second time scale and exhibits characteristic absorption 

around 500 nm.66 

The Re complex scavenges es
–, 

N

N
Re

CO

CO

Cl

CO

N

N
Re

CO

CO

Cl

CO

+ es
–(Re)
kRe

(Re•–) (10)

 
with a second-order rate constant, kRe = 6.0 × 1010 M−1 s−1 (Fig. 

S6). However, with a sufficiently large [CO2]/[Re] ratio, most 

es
– are intercepted by CO2, and the reduction of Re occurs 

through the intermediacy of CO2
•–, 

 
with a rate constant, k11 = 5.5 × 109 M−1 s−1 (Fig. S7). This 

nearly diffusion-controlled rate is consistent with the CO2 

reduction potential being much more negative than E°(Re/Re
•–

) = –1.35 V in CH3CN vs SCE.65 

The kinetic data obtained under these conditions presented 

in Fig. 3(lower trace) show that the rapidly produced Re
•– 

decays with t½ ≈ 24 µs. This kinetic trace is virtually identical to 

the one recorded without added CO2 where Re is reduced 

directly by es
– (Fig. S8), and the decays in both cases are 

probably due to Re
•– reactions with the solvent-derived 

radicals and CH3CNH+. 

With both CO2 and HCO2
– present, however, a much 

different Re
•– kinetics is observed (Fig. 3, upper trace). First, 

significantly more Re
•– is produced over the first 2 µs, which is 

expected considering the data in Fig. 2. Second, accumulation 

of Re
•– continues over the next 50 µs reaching a concentration 

that is 3.7 times larger than the maximum Re
•– concentration 

obtained in the absence of HCO2
–. Because Re

•– reduction 

closely tracks the CO2
•– production through reaction (7), this 

factor reflects the apparent aggregate enhancement of the 

CO2
•– yield by HCO2

–. If we accept G(es
–) = 1.5 ± 0.5 (Table S1) 

and G(R•) ≈ 7, the data in Fig. 3 would suggest that 60 ± 20% of 

the solvent-derived radicals are engaged in CO2
•– generation 
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Fig. 3 Transient absorption of Re
•–

 normalized for radiation dose and recorded at 505 

nm after 100 ns pulse radiolysis of deoxygenated CH3CN containing 1 mM Re and: 28 

mM CO2 (lower black trace); 28 mM CO2 and 50 mM HCO2
–
 (upper blue trace). In these 

samples, ∼95% of es
–
 are scavenged by CO2, the es

–
 lifetime is ≈ 1 ns, and Re

•–
 is 

produced predominantly through reaction (11). 

from HCO2
–. Experiments toward further enhancing the yield 

of reducing species from the solvent-derived radicals are 

under way. 

The (CO2)2
•– adduct produced via a hemicolligation reaction, 

 
has been implicated as an intermediate of electrochemical CO2 

reduction in aprotic solvents.24,14,25,67,27,68 Adducts of this type 

are well documented for aqueous halides and pseudohalides.69 

To evaluate the occurrence of reaction (12) under the 

experimental conditions used in this study, we have 

investigated the Re
•– absorption growth following pulse 

radiolysis in the presence of increasing concentrations of CO2. 

As detailed in the ESI section 8, these experiments give no 

evidence for the occurrence of reaction (12), which can be 

explained either by the smallness of the hemicolligation 

equilibrium constant (Kh << 3.6 M−1) or by the sluggishness of 

the hemicolligation reaction (kh << 1×107 M−1 s−1). Although 

we favor the latter explanation, it is clear that under the 

conditions of the experiments discussed throughout this 

paper, no appreciable amount of the (CO2)2
•– adduct can be 

generated. 

4. Conclusions 

Pulse radiolysis combined with TRIR spectroscopy allowed the 

first IR detection of CO2
•– in CH3CN via its antisymmetric 

stretch at 1650 cm-1, following its formation by the scavenging 

of the solvated electron by dissolved CO2. This spectral 

assignment was confirmed by 13C isotopic labelling and DFT 

calculations. We have also shown that formate ion is capable 

of scavenging radiolytically-generated solvent-derived radicals 

via H-atom transfer reactions, thus providing another pathway 

for the formation of CO2
•– in CH3CN. This latter pathway is 

biphasic, with a prompt growth of CO2
•– due to reaction with 

strongly H-atom abstracting radicals, followed by a slower 

growth over the next 20 µs due to the more abundant but 

weaker H-atom abstractor, CH2CN•, which more than doubles 

the apparent yield of CO2
•–. In fact, preliminary experiments 

using a Re-based transition metal complex as an electron 

scavenger showed that the apparent aggregate enhancement 

of the CO2
•– yield by formate is a factor of 3.7. Based on 

published radiation yields of es
– and R•, our data suggest that 

60 ± 20% of the solvent-derived radicals are engaged in CO2
•– 

generation from formate. Thus, while providing an increase in 

the yield of reducing species upon pulse radiolysis of CH3CN, 

formate also eliminates a large fraction of the solvent radicals, 

resulting in a cleaner system for mechanistic investigations. 

Isotopic labelling experiments also revealed that the 

presence of formate in solution boosts, by ∼30%, the prompt 

yield of CO2
•– from the scavenging of es

– by CO2 (reaction (1)). 

This is likely due to formate suppressing the geminate 

recombination of es
– and CH3CNH+ (reaction (8)) by some 

combination of an ionic strength effect on reaction (8) and the 

scavenging of CH3CNH+ by formate (reaction (9)), thus 

increasing the homogeneous yield of es
–. Another significant 
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effect of formate is the dramatic increase in the lifetime of 

CO2
•– that it induces. 

Work is under way to identify alternative radical scavengers 

that will further enhance the yield of reducing species from the 

solvent-derived radicals, and we expect TRIR detection to play 

an important role in these studies. 
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