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ABSTRACT: The equilibrium between a solvent cavity-localized electron, ecav
– , and a dimeric 

solvent anion, (CH3CN)2
•–, which are the two lowest energy states of the solvated electron in 

acetonitrile, has been investigated by pulse radiolysis at 233-353 K. The enthalpy and entropy for 

the ecav
–  to (CH3CN)2

•– conversion amount to –11.2 ± 0.3 kcal/mol and –39.3 ± 1.2 cal/(mol K), 

corresponding to a 0.44 ± 0.35 equilibrium constant at 25 °C. The radiation yield of the solvated 

electron has been quantified using a Co(II) macrocycle that scavenges electrons with a 1.55 × 1011 

M1 s1 rate constant. The apparent yield increases without saturation over the attainable scavenger 

concentration range, reaching 2.8 per 100 eV; this value represents the lower limit for the 

acetonitrile ionization yield in pulse radiolysis. The apparent molar absorption coefficient of (20.8 

± 1.5) × 103 M1 cm1 at 1450 nm and 20 °C for the solvated electron, and individual Vis-NIR 

absorption spectra of ecav
–  and (CH3CN)2

•–, are derived from the data. Variances with previous 

reports are thoroughly discussed. Collectively, these results resolve several controversies 

concerning the solvated electron properties in acetonitrile and furnish requisite data for 

quantitative pulse radiolysis investigations in this commonly used solvent. 
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INTRODUCTION 

As a polar, nearly aprotic solvent with excellent solubilizing ability, moderate nucleophilicity, 

and large electrochemical and optical transparency windows, acetonitrile (CH3CN) is an 

extensively used medium for investigating redox reactions by various time-resolved techniques. 

Among those, pulse radiolysis is of particular utility, for it allows rapid solvent ionization with 

attendant generation of solvated electrons. Scavenging of these electrons by solutes has been used 

for initiating a variety of reductive chemistries.e.g., 1-13 Requisite for quantitative interpretation of 

such studies are the radiation chemical yield, properties, and reactivity of the solvated electron, 

which is the subject matter of this work. Here, we will use the term “solvated electron” collectively 

for all reducing species that result from energy stabilization of a thermalized quasi-free 

(conduction band) electron in liquid CH3CN, regardless of their structures and types of electron-

solvent interactions involved in the stabilization. The term “excess electron” is also used in the 

literature in the same sense, but we find this term to be somewhat less descriptive and overly 

inclusive, for it does not discriminate between the conduction and valence band electrons. 

In their seminal 1977 pulse radiolysis study, Rodgers and co-workers discovered that in 60 °C 

CH3CN, the radiolytically-generated solvated electron exhibits a wide and strong NIR absorption 

band centered at 1450 nm, whose amplitude monotonically decreases upon sample cooling to 40 

°C with concomitant growth of a much weaker visible band around 500 nm.5 This highly unusual 

behavior was attributed to the existence of an equilibrium between two states that are accessible 

to the solvated electron in liquid CH3CN, one being a solvent anion radical, CH3CN•–, and the 

other a dimeric solvent anion (dsa) radical, (CH3CN)2
•–, containing two solvent molecules; that is, 

. Further, it was suggested that the monomer and dimer anion 

radicals are responsible for the 1450 nm and 500 nm bands, respectively, and that their 
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equilibration occurs much faster than 20 ns. Although no value for the equilibrium constant was 

derived from the data, the enthalpy of dimerization was estimated as 8.34 kcal/mol. 

A quarter century later, the nature of the solvated electron in CH3CN was further clarified by 

laser flash photolysis studies. Using pump-probe spectroscopy and deriving the solvated electron 

from photoionization of iodide or indole,14 Kohler and co-workers confirmed the existence of both 

strong NIR and weaker visible absorption bands consistent with those reported by Rodgers and 

co-workers and attributable to two different solvated electron states that equilibrate with a time 

constant of 0.26 ns. Simultaneously, Shkrob and Sauer used time-resolved dc conductivity to 

observe two kinds of electron photoejected from benzene dissolved in CH3CN that are 

distinguishable by their mobility and reactivity.15 However, their equilibration time estimate of 3 

ns is about 10 times larger than that of Kohler and co-workers. Both these reports concur with 

Rodgers and co-workers’ suggestion of (CH3CN)2
•– being the low-temperature state of the solvated 

electron, but present experimental and/or electronic structure computational evidence against the 

assignment of the high-temperature NIR absorbing species to the CH3CN•– anion. Instead, this 

species is suggested to be structurally analogous to a familiar cavity electron (ecav
– ) bound to the 

surrounding solvent molecules by ion-dipole interactions, which is believed to be the predominant 

form of solvated electron in water, alcohols, and several other polar solvents.16 Additionally, 

experimental17-20 and theoretical17, 21-25 investigations of (CH3CN)n
– clusters, particularly recent ab 

initio molecular dynamics simulations,26 have also provided compelling evidence for two solvated 

electron states in CH3CN, namely ecav
–  and (CH3CN)2

•–. Thus, the equilibrium between the two 

solvated electron states is better described as, 

    (1) 

and its standard equilibrium constant is, 
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where G°, H°, and S° are the standard Gibbs free energy, enthalpy, and entropy of reaction 1, 

respectively.27 The equilibrium distribution between the two states is given by, 

ሾecav
ି ሿ ൌ ሾesolv

ି ሿ ଵ

ଵା௄o and ሾሺCH3CNሻ2
•ିሿ ൌ ሾesolv

ି ሿ ௄o

ଵା௄o  (3) 

where ሾesolv
– ሿ = ሾecav

– ሿ ൅ ሾሺCH3CNሻ2
•ିሿ is the total solvated electron concentration. From a rather 

involved data analysis, Shkrob and Sauer evaluated H° = 10.6 ± 0.9 kcal/mol and 𝐾o = 1.32 ± 

0.2 at 25 °C; the latter value implies only slight preference for the (CH3CN)2
•– solvated electron 

state at or near room temperature. 

More recently, Doan and Schwartz expanded the aforementioned investigation of iodide 

photoionization in CH3CN using a more sophisticated pump-probe spectroscopic technique.28-29 

Although they generally concurred with the two-state solvated electron model and its formulation 

given by reaction 1, a much shorter equilibration time of only 0.08 ns was derived from the data, 

which was attributed to CH3CN contamination by water in the prior studies. Moreover, the “room 

temperature” K° value was revised to 4.1 ± 0.2,28 and it was concluded that solvated electrons 

favor the (CH3CN)2
•– state over the ecav

–  state. 

As with the quantitative data on equilibrium between ecav
–  and (CH3CN)2

•–, values of the radiation 

chemical yield (Table S1) of the solvated electron2-3, 5, 8, 30 and the absorption spectra of its two 

forms1, 5, 14, 28-29 that have been reported by several groups over the years, differ substantially. In 

the hope to clarify these controversies, we have re-investigated the temperature dependence of 

equilibrium 1 following pulse radiolysis of neat CH3CN, which has resulted in a revision of the 

previously reported K° values. We also show that the use of a cobalt-based macrocyclic complex 

as a solvated electron scavenger allows an accurate quantification of its radiation yield and 
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apparent molar absorption coefficient, both of which are found to differ from the previously 

reported values. From a practical standpoint, these new data allow direct quantitative evaluation 

of the total solvated electron concentrations in pulse radiolysis or flash photolysis studies. 

 

EXPERIMENTAL METHODS 

Materials. CH3CN (Sigma-Aldrich, HPLC Plus, ≥99.9%) was purified by refluxing over KBH4 

for several hours followed by distillation, freeze-pump-thaw degassing on a high-vacuum line, and 

vacuum-transfer onto activated 3Å molecular sieves, where the solvent was kept for several days 

prior to use for the sample preparations in a nitrogen-filled glovebox. The perchlorate salt of the 

Co(II) macrocycle (CoL2+), N-rac-[Co(HMD)(H2O)](ClO4)2, where HMD = 5,7,7,12,14,14-

hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene, was synthesized according to a literature 

procedure;31 upon dissolution in CH3CN, the axial H2O ligand in this complex is replaced by 

CH3CN. 

Pulse Radiolysis. The majority of the pulse radiolysis experiments were carried out at the 9 

MeV BNL Laser Electron Accelerator Facility,32 using electron pulses that are less than 50 ps in 

duration and deliver ~2–3 krad/pulse radiation doses. The detection optical path consisted of a 

pulsed xenon arc lamp, a 0.5 cm long quartz optical cuvette with an airtight Teflon valve, a 

selectable 10 nm bandpass interference filter, and either a silicon or a germanium photodiode (2-

3 ns response time). For variable temperature experiments, a home-built thermostat capable of 

sample temperature control to within ±0.5 °C was used. 

The pulse radiolysis experiment on electron scavenging by CoL2+ requiring higher dosimetry 

precision and pulse-to-pulse dose reproducibility (data in Figures 2b and 3 and Table S2) were 

carried out with 2 MeV electrons from a Van de Graaff accelerator using 60-400 ns near-
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rectangular pulses delivering 0.3-1.7 krad/pulse radiation doses that generated 0.25-1.4 μM 

concentrations of solvent-derived radicals or ions per unit G-value (here and throughout, the 

radiation yields, G-values, are given in number of radicals or ions per 100 eV absorbed energy). 

All experiments were performed using a 2 cm long quartz cell in the detection optical path with 

temperature stabilization at 25 ± 0.5 oC. 

In both radiolysis systems, the radiation dosimetry was performed at room temperature in the 

same sample cells that were used for the data collection, but with an N2O-saturated 10 mM KSCN 

aqueous solution, using G = 4.87×104 ions (100 eV)1 M1 cm1 for (SCN)2
• at 472 nm. 

Temperature-dependent solvent density corrections were made when applying this dosimetry to 

pulse radiolysis of the CH3CN samples. Additional details of the pulse radiolysis experiments are 

provided in the SI Section 1. 

Where possible, uncertainties are given as one standard deviation of multiple measurements. 

 

RESULTS AND DISCUSSION 

Equilibrium. To obtain the thermodynamic parameters of equilibrium 1, transient absorption 

kinetic traces have been recorded at 1450 nm following pulse radiolysis of neat N2-purged CH3CN 

at various temperatures from 40 to 80 °C. Although these experiments are analogous to those 

described by Rodgers and co-workers, we used much shorter electron pulses and a faster detector, 

allowing a more accurate representation of the data at early times, and extended the measurements 

to a higher temperature. The temperature dependencies of the initial absorption amplitude at 1450 

nm (A, obtained as detailed in SI Section 2) of the equilibrated mixture of ecav
–  and (CH3CN)2

•– are 

plotted in Figure 1a for two different solvated electron concentrations that were modulated by 
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radiation doses. The sigmoid shape of these curves is consistent with that expected based on eqs 2 

and 3, provided both H° and S° are negative, 
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Here, Amax and Amin are the asymptotic high- and low-temperature absorption amplitudes, when all 

solvated electrons occupy their cavity and dimeric solvent anion states, respectively. Thus, for a 

unity optical path and fixed radiation dose, Amax = εcav[esolv
– ] and Amin = εdsa[esolv

– ], where εcav and 

εdsa are the respective molar absorption coefficients of the cavity electron and dimeric solvent 

anion. 

It is clear from Figure 1a that the lowest and highest temperature data points must be close to 

the corresponding Amin and Amax asymptotic values, which means that equilibrium 1 nearly entirely 

shifts from (CH3CN)2
•– to ecav

–  over the 120 degrees temperature range. This fact allows a crude but 

straightforward evaluation of H° and S°. Assuming that 97 to 99 % of the solvated electrons are 

present as ecav
–  at 80 °C and as (CH3CN)2

•– at 40 °C, we estimate a 13 to 10 kcal/mol range for 

H° and 45 to 34 cal/(mol K) for S° (see SI Section 3). To refine these values and obtain their 

standard deviations, we have performed nonlinear, least-squares fits of two independently 

measured A vs T datasets to eq 4 as shown in Figure 1a and averaged the results. This procedure 

yields H° = –11.2 ± 0.3 kcal/mol, S° = –39.3 ± 1.2 cal/(mol K), and Amax/Amin = 24.5 ± 5.1. 

Because allowable variation for each of these parameters is confined to a narrow region as shown 

by the crude estimate above and Figure 1b inset, we are confident that their fitted values correspond 

to the global minimum. The large value of the Amax/Amin ratio indicates that the molar absorption 

coefficient of the dimeric solvent anion at 1450 nm is only 4% of that for the cavity electron. 
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Figure 1.  (a) Temperature dependencies of the initial absorption amplitude at 1450 nm for two 

different concentrations of the solvated electron (circles and squares) in N2-purged CH3CN. Curves 

show fits of the data sets to eq 4 with: Amax = 38.2 ± 0.5 mOD, Amin = 1.50 ± 0.55 mOD, H° = –

11.4 ± 0.6 kcal/mol, S° = –40.1 ± 2.0 cal/(mol K) for squares, and Amax = 21.9 ± 0.3 mOD, Amin 

= 0.93 ± 0.15 mOD, H° = –11.0 ± 0.3 kcal/mol, S° = –38.4 ± 1.1 cal/(mol K) for circles. The 
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dashed lines mark the asymptotic Amax and Amin positions. (b) Temperature dependence of the 

equilibrium constant 𝐾o computed using eq. 2 and the mean values of H° and S° from the two 

fits (solid line); dashed lines straddle the standard deviation for log(K°). The inset shows the range 

of allowable Ho and So values (shaded cuneate area) for the equilibrium shift from 90 % 

predominance of the dimer solvent anion at –40 oC to 90 % predominance of ecav
–  at 80 oC (see 

SI section 3 for details), and the green dot corresponds to the Δ𝐻o and Δ𝑆o measured in this work. 

 

The temperature dependence of the equilibrium constant for reaction 1 is plotted in Figure 1b. 

Over the entire temperature range, the value of K° decreases by a factor of 3700 and amounts to 

K° = 0.60 ± 0.49 at 20 °C and 0.44 ± 0.35 at 25 °C. These values suggest that around room 

temperature, solvated electrons are nearly equally distributed between their cavity and dimeric 

solvent anion states, with only a slight preference for the former. The relatively large uncertainties 

in K° arise from its power dependence on the H° and S° values, which greatly magnifies their 

comparatively small uncertainties. The steep temperature dependence of K° is due to a large 

negative S° arising from: (i) loss of translational entropy upon coalescence of three particles into 

one in reaction 1, and (ii) stronger charge localization with attendant tighter solvation in the solvent 

dimer anion state compared to the cavity electron state. 

Comparing our and previously published thermochemical data for equilibrium 1, we note that 

our H° is almost 3 kcal/mol more negative than 8.34 kcal/mol derived by Rodgers and co-

workers from their absorbance vs temperature data through, what we find, a rather ambiguous 

procedure (see SI Section 4 for a detailed assessment). On the other hand, our enthalpy value lies 

within the error margins of H° = 10.6 ± 0.9 kcal/mol obtained by Shkrob and Sauer from a 

temperature-dependent transient conductivity measurement. Our K° = 0.44 ± 0.35 at 25 °C is 

nominally by a factor of 3 smaller than the Shkrob and Sauer value of 1.32 ± 0.2 for the same 
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temperature. However, we notice a mismatch between their stated uncertainties for H° and K°. 

Indeed, their ±0.9 kcal/mol error in H° by itself engenders a ±1.9 error in K°, which engulfs both 

their and our K° values. The latest reported “room temperature” K° = 4.1 ± 0.2 derived by Doan 

and Schwartz from time-dependent solvated electron spectra cannot be reconciled with our results. 

Later in this paper, we will show that this high K°, at least partially, arises from their use of a too 

low literature value of the ecav
–  molar absorption coefficient in their K° derivation. The relatively 

high ionic strength arising from the 5 mM of tetrabutylammonium iodide used in that study might 

also have contributed to the K° overestimate through ion paring between the tetrabutylammonium 

cation and the (CH3CN)2
•– anion, resulting in preferential stabilization of this solvated electron 

state. Finally, we note that ours and all other previously reported H° values are difficult to 

reconcile with the large 24.4 kcal/mol separation of the two peaks at 2.61 and 3.67 eV in the 

photoelectron spectrum of the solvated electron in a CH3CN microjet observed by Neumark and 

co-workers, which were attributed to ecav
–  and ሺCH3CNሻ2

•ି, respectively.20 As detailed in SI Section 

5, to make these data compatible with our directly measured H° value, it is necessary to assume 

that bringing two CH3CN solvent molecules together to the same geometry as in ሺCH3CNሻ2
•ି 

requires 13 kcal/mol more energy than arranging several CH3CN solvent molecules into the same 

cavity geometry as in ecav
– . Because the assumption of such a large energy difference appears to be 

unrealistic, we are tempted to suggest that at least one of the photoelectron peaks observed by 

Neumark and co-workers belongs to a surface rather than a bulk localized solvated electron state 

in the microjet. 

Although rapid reversible attachment of the quasi-free (conduction band) electrons to solvent 

molecules has either been observed33 or proposed as the first step of the quasi-free electron 

solvation in several solvents,34, 16, 35 acetonitrile is presently the only solvent in which rapid 



 12

equilibrium between two metastable solvated electron states, that strongly shifts from one state to 

the other with temperature, has been detected. Moreover, we believe that the chances for observing 

an analogous solvated electron behavior in another solvent are rather slim. The main reason for 

this conjecture is that the values of H° and S° for an equilibrium shift between the two solvated 

electron states must be attuned in a manner specific to the liquid state temperature range of the 

solvent. This assertion is elaborated in SI Section 3 and illustrated in Figure 1b inset, which shows 

that the suitable H° and S° values for the observability of equilibrium 1 in CH3CN must reside 

within a relatively small cuneate area on the H°-S° surface, and that our measured H° and S° 

do belong in this area. In SI Figure S2, we show analogous H°-S° diagrams for several other 

solvents in which metastable solvent radical anions have been observed: acetone, formamide, 

hexafluorobenzene, N-methylacetamide, pyrrolidone, benzene, and toluene.16, 33 Notably, in none 

of these solvents has the coexistence of the solvent radical anions with cavity electrons or any 

other solvated electron state been detected. In addition to the restrictions on the allowable H° and 

S°, to be observable, attachment of the cavity electron to a solvent molecule must not be 

dissociative, and its equilibration with a solvent anion must occur more rapidly than the overall 

solvated electrons decay through all pathways. Based on this discussion, we will not be surprised 

if CH3CN turns out to be a unique solvent that serendipitously meets all the stringent requirements 

for examining the equilibrium between the two solvated electron states. 

Electron scavenging and radiation yield. The radiation chemical yield of the solvated electron 

(G(esolv
– ሻ = G(ecav

– )൅ G((CH3CN)2
•–)) has been quantified using a Co(II) complex with a 

macrocyclic ligand (CoL2+; see structure in Scheme 1a) as an electron scavenger. In addition to 

its high solubility, CoL2+ has several other desirable properties for this purpose: (i) it has been 

shown that one-electron reduction with Na(Hg) amalgam yields a CoL+ product that persists in 
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dry, deoxygenated CH3CN, allowing an accurate measurement of its absorption spectrum by 

conventional spectrophotometry,36 which is the most important prerequisite for quantification of 

the solvated electron radiation yield using a scavenger, (ii) conveniently, the CoL+ species exhibits 

a strong characteristic absorption band (max = 678 nm, max = 18.0 × 103 M1 cm1) in a region 

clear of the absorption by the CH3CN solvent radiolysis products,12 and (iii) being a divalent 

cation, CoL2+ is an extremely efficient solvated electron scavenger (vide infra). 

As shown by the data in Figure 2a, addition of CoL2+ accelerates the esolv
–  decay, consistent with 

the reaction, 

 

The complex esolv
–  decay kinetics in neat CH3CN becomes exponential upon addition of CoL2+ in 

excess over esolv
– , and the observed pseudo first-order decay rate constants (𝑘obs) linearly increase 

with the CoL2+ content in the 0.05-0.23 mM range, which yields essentially diffusion-controlled 

𝑘ହ = (1.55 ± 0.02) × 1011 M1 s1 (SI Figure S5a). This rate constant is 3.5 times larger than the 

corresponding value in aqueous solution,37 which is attributable to the lower viscosity of CH3CN 

that increases the reactants’ mobility and the greater dielectric constant of H2O that decreases their 

coulombic attraction. Because both ecav
–  and (CH3CN)2

•– could contribute to CoL2+ reduction, and 

under the prevailing conditions equilibration between ecav
–  and (CH3CN)2

•– is much more rapid than 

reaction 5 (Scheme 1b), this rate constant represents a weighted average of the rate constants for 

reduction of CoL2+ by ecav
–  and (CH3CN)2

•–; that is, 𝑘ହ ൌ ሺ𝑘5
ᇱ ൅ 𝑘5

ᇳ𝐾oሻ/ሺ1 ൅ 𝐾oሻ.  

 

Scheme 1. (a) Structure of the CoL2+ (N-rac-[Co(HMD)]2) electron scavenger, and (b) its 

solvated electron scavenging mechanism 
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The formation of CoL+ attributable to reaction 5 is readily detected by the rapid rise of transient 

absorption at or near its 678 nm band (Figures 2a, inset and 2b). To further verify that this 

absorption is due solely to reaction 5, Ar-purging has been replaced by saturation with N2O, which 

is commonly used to convert solvated electrons into oxyl radical anions,    

   
N2O  +  esolv k6 (6)N2 + O•––

 

As a preliminary, the dependence of the esolv
–  decay rate upon N2O partial pressure has been 

measured, which yielded 𝑘଺ = (6.42 ± 0.06) × 109 atm1 s1 (SI Figure S5b). Thus, in 1.28 mM 

CoL2+ solutions under 1 atm of N2O, the expected esolv
–  half-life is 0.10 ns due to reactions 5 and 

6, but less than 5% of esolv
–  would engage in the production of CoL+. Accordingly, only negligible 

prompt transient absorption is observed under these conditions (Figure 2b, lower trace). Instead, a 

weak absorption develops and decays on the 50 and 500 s timescales, respectively, and the 

kinetic trace can be satisfactorily fitted by a biexponential function. Although not further 

investigated, this pattern is consistent with the consecutive first- or pseudo first-order formation 

and decay of an intermediate originating from the oxyl radical anion. 

As seen in Figure 2b, promptly radiolytically produced CoL+ slowly decays via a second-order 

process, in contrast to chemically produced CoL+, which is stable in dry, deoxygenated CH3CN.36 
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Thus, the observed decay cannot be due to dimerization or disproportionation of CoL+. Most 

likely, CoL+ decays by recombination with the solvated protons to yield a hydride, 

 

We have previously shown that the CH3CN+ radical cation left behind by CH3CN solvent 

ionization is a superacid acid (pKa  -45 in CH3CN) that extremely rapidly expels Hsolv
+ .12 Thus, 

esolv
–  and Hsolv

+  are generated in the same quantities, hence the second order rate law for reaction 7. 

An analogous reaction occurring with a (23) × 109 M1 s1 rate constant and leading to the 

disappearance of the characteristic CoL+ absorption spectrum has also been observed in aqueous 

solutions.38, 37 
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Figure 2. (a) Representative kinetic traces of esolv
–  formation and decay recorded at 1450 nm 

following pulse radiolysis of N2-purged CH3CN without (black) and with 49 (red), 228 (blue) and 

503 (green) M added CoL2+. The inset shows the CoL+ formation kinetics recorded at 680 nm 

under the same conditions with 500 M CoL2+. (b) Kinetic traces recorded at 678 nm following 

pulse radiolysis of 1.28 mM solutions of CoL2+ in Ar-purged (upper, black) and N2O-saturated 

(lower, blue) CH3CN. The red curves give fits to second-order (1.2 × 1010 M1 s1, upper,) and 

biexponential (3.9 × 104 s1 and 3.7 × 103 s1, lower) kinetic models. The inset shows representative 

radiation dose dependencies of G(CoL+) values measured in Ar-purged solutions with various 



 17

concentrations of CoL2+. From bottom to top: [CoL2+] = 0.029, 0.30, 2.6, and 25 mM. Each data 

point and error bars represent averages and standard deviations, respectively, for 5–10 individual 

measurements, and the lines give the linear fits. 

 

To evaluate the radiation yields of CoL+, multiple traces of CoL+ decay at various CoL2+ 

concentrations and radiation doses were collected, fitted to second-order decays, and the fitted 

initial absorption values along with the dosimetry data and known CoL+ molar absorption 

coefficient36 were used to calculate G(CoL+). As seen in Figure 2b, inset, these values depend not 

only on [CoL2+], which is expected, but also somewhat decrease with the radiation dose due to the 

competition between reaction 5 and esolv
–  scavenging by other radiolysis products, most notably 

with Hsolv
+ . To minimize this effect, the dose dependencies were linearly extrapolated to zero dose 

and the resulting G(CoL+) are plotted in Figure 3. 

Based on the CoL2+ electron scavenging rate constant (k5) and the natural lifetime of esolv
–  (Figure 

2a), one would expect ~99% scavenging of esolv
–  and, hence, saturation of the G(CoL+) vs [CoL2+] 

dependence at ~0.6 mM CoL2+, when the scavenging time s = 1/(k5[CoL2+])  10 ns becomes 

much shorter than the esolv
–  natural decay half-time of ~500 ns. However, as seen in Figure 3, 

saturation is not observed, and G(CoL+) continues to increase, reaching 2.8 ± 0.2 at [CoL2+] = 220 

mM, the highest attainable concentration. The shape of the G(CoL+) vs [CoL2+] curve indicates 

that at the higher CoL2+ concentrations, there is a substantial contribution to the observed G(CoL+) 

from the scavenging of electrons that in the absence of a scavenger, recombine with other solvent 

radiation products on a shorter timescale than the 2–3 ns response time of our apparatus, which 

includes geminate and intraspur recombination. (In pulse radiolysis, spurs are well-separated 

nanoscale volumes containing several solvated electrons and other reactive species created along 
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the track of a high-energy electron passing through a liquid.) This assertion is supported by a 

decrease of the esolv
–  absorption amplitude with an increase of [CoL2+], notable in Figure 2a. 

The magnitude of G(CoL+) at the highest point in Figure 3 gives a lower limit of 2.8 per 100 eV 

for the prompt radiation yield of esolv
–  in liquid CH3CN (the solvent ionization yield) for low linear 

energy transfer radiation (gamma rays and relativistic electrons). Most likely, the actual yield is 

much larger than this limit, possibly close to or larger than the prompt solvated electron yield of 

4.2 per 100 eV that has been observed in liquid water.39 Indeed, the gas phase ionization energy 

of CH3CN (12.20 eV) is somewhat lower than that of H2O (12.62 eV).40 

All previously reported solvated electron yields in CH3CN, which average to 1.5 ± 0.4 per 100 

eV (Table S1), were deduced from scavenging experiments. These yields vary widely and are 

lower than the yields observed in this study at [CoL2+]  8 mM (Figure 3). Factors that may account 

for these variances include: (i) the electron scavenging rate constant and the maximum 

concentration of scavenger employed, the product of which is referred to as the scavenging power, 

(ii) the accuracy with which the molar absorption coefficient of the one-electron reduced scavenger 

product, scav, is known, (iii) the solvent purity with respect to the contaminants reactive toward 

esolv
–  that accelerate its natural decay, and (iv) the radiation doses used. The lower values of the 

electron yield in SI Table S1 are likely due to the use of scavenging systems with lower scavenging 

power than were used in our experiments, together with the fact that in most cases, the scav values 

were obtained from transient spectroscopy measurements in solvents other than CH3CN, which 

may lead to errors in the solvated electron yields.8 
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Figure 3. The concentration dependence of the observed G(CoL+) in Ar-purged CH3CN. The 

smooth curve serves as a visual aid only. These data are also tabulated in SI Table S2. The inset 

shows a time dependence of G(esolv
– ሻ௧εapp (in units of ions (100 eV)1 M1 cm1), obtained from a 

1450 nm transient absorption kinetic trace of esolv
–  decay in N2-purged CH3CN at 20 °C and 

thiocyanate dosimetry data (SI Figure S6a gives a more detailed view of this kinetic trace). 

 

Molar absorption coefficients and spectra. From esolv
–  absorption decay at 1450 nm in 

conjunction with dosimetry, we have evaluated the time-dependent G(esolv
– ሻ௧εapp product, where 

G(esolv
– )௧ is the apparent time-dependent solvated electron yield, and app is the weighted average 

of the molar absorption coefficients of ecav
–  and (CH3CN)2

•– at this wavelength, 

εapp = εcav + εdsa௄o

1+௄o      (8) 
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The resulting G(esolv
– ሻ௧εapp kinetics is plotted in Figure 3, inset. This kinetics is related to the 

measured G(CoL+) values through a Laplace transform; that is,  

  G(CoL+) = k5[CoL2+]

ఌapp
׬ G(esolv

–∞

0
)tεapp exp൫k5[CoL2+]t൯ dt   (9) 

We have resorted to a Laplace transform only because the esolv
–  decay could not be satisfactorily 

described by an exponential function (Figure S1) and the use of a simpler kinetic model for 

correlating G(CoL+) with G(esolv
– ሻ based on a competition between the pseudo first-order electron 

scavenging and its first-order decay, as was done by Rodgers and co-workers,5 would be 

inadequate. 

For evaluating app, integration in eq. 9 must be applied over the time range in which the 

G(esolv
– ሻ௧εapp product is known (i.e., from 2–3 ns after the radiation pulse) and with the 

G(CoL+) values measured when virtually all scavenging occurs within this time range. Based on 

these considerations, a CoL2+ concentration of 29 M, for which G(CoL+) = 1.03 ± 0.07 per 100 

eV (the leftmost point in Figure 3), has been chosen for evaluating app through eq. 9. At this 

concentration, the scavenging time, s  220 ns is significantly shorter than the natural decay time 

of the solvated electrons but long enough to exclude esolv
–  scavenging during the response time of 

our detection system used for measuring the G(esolv
– ሻ௧εapp kinetics. Indeed, a comparison of the red 

and black curves in Figure 2a shows that even at the higher CoL2+ concentration of 49 M, there 

is virtually no decrease in the initial amplitude of the esolv
–  absorption.  

Application of the chosen CoL2+ concentration and G(CoL+) yields app = (20.8 ± 1.5) × 103 

M1 cm1 at 1450 nm (see SI Section 7 for details of this procedure). Using this value in eq. 8, 

along with K° = 0.60 ± 0.49 at 20 °C and cav/dsa = 24.5 ± 5.1 at 1450 nm that have been previously 

determined in this study, we obtain dsa = (1.3 ± 0.5) × 103 and cav = (32.4 ± 9.6) × 103 M1 cm1 
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at this wavelength. The large uncertainties in these values almost entirely arise from the substantial 

uncertainty in K°, the origin of which was discussed earlier. On the other hand, the app uncertainty 

is relatively much smaller, and in practice, this parameter is more consequential because it allows 

direct quantitative evaluation of the solvated electron concentrations from its transient absorption 

amplitude in pulse radiolysis or flash photolysis experiments. 

In their pioneering paper, Rodgers and co-workers used pyrene and stilbene as the electron 

scavengers to derive a molar absorption coefficient of 23 × 103 M1 cm1 at 1450 nm for the high-

temperature solvated electron state,5 which we now understand to be ecav
– . However, a careful 

reading reveals that this value actually represents app rather than cav and, as such, agrees well with 

our app value. Moreover, Rodgers and co-workers could not possibly determine the individual 

molar absorption coefficients of the two solvated electron species because it would require a 

knowledge of K° (eq. 8), which had not been evaluated in their work. When deriving the 

equilibrium constant for reaction 1 and spectra of ecav
–  and (CH3CN)2

•–,28 Doan and Schwartz used 

the Rodgers and co-workers’ molar absorption coefficient without realizing that it was 

misassigned, which undoubtedly contributed to their overestimation of K° and underestimation of 

cav and dsa. 

The absorption spectra of ecav
–  and (CH3CN)2

•–, have been reconstructed from two transient 

absorption spectra of esolv
–  recorded at widely different temperatures, namely 233 and 348 K, values 

of K° at these temperatures (Figure 1b), and our cav = (32.4 ± 9.6) × 103 M1 cm1 at 1450 nm (for 

details, see SI Section 8). The resulting spectra are shown in Figure 4, where the relatively large 

error bars arise from the substantial uncertainties in K°, which was discussed earlier (Figure 1b). 

As a reality check, it is instructive to estimate the oscillator strength of the cavity electron 

absorption band, f (ecav
– ). Using the ecav

–  spectrum in Figure 4 and a procedure described by Bartels 
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and co-workers,41 we have estimated f (ecav
– ) = 0.91 ± 0.28 (see SI Section 9 for details). Although 

quite approximate, this value is comfortably close to unity, as is the case for the solvated electron 

in other polar solvents.42, 41 

 

 

Figure 4. Absorption spectra of ecav
–  (black circles) and (CH3CN)2

•– (red triangles), reconstructed 

by applying a procedure described in the SI Section 8 to transient absorption spectra recorded 

following pulse radiolysis of neat N2-purged CH3CN at 233 and 348 K. 

 

CONCLUSIONS 

Previous studies have established that the solvated electrons, esolv
– , in liquid acetonitrile occupy 

two structurally distinct states that are in rapid equilibrium with each other, namely, a solvent 

cavity-localized electron, ecav
– , and a dimeric solvent anion radical, (CH3CN)2

•– (so that ሾesolv
– ሿ = 

ሾecav
– ሿ ൅ ሾሺCH3CNሻ2

•ିሿ). Whereas the former exhibits a strong NIR band around 1450 nm, the latter 

only weakly absorbs in the UV-Vis. The literature data on the equilibrium between ecav
–  and 

(CH3CN)2
•– differ substantially. In the present work, we have used pulse radiolysis in the 233-353 
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K temperature range to obtain the equilibrium standard enthalpy H° = –11.2 ± 0.3 kcal/mol and 

entropy S° = –39.3 ± 1.2 cal/(mol K). These values correspond to an equilibrium constant of K° 

= 0.44 ± 0.35 at 25 °C, which indicates a predominance of the ecav
–  state near and above this 

temperature and revises the most recently reported room temperature K° of 4.1 ± 0.2. Variances 

between ours and other pertinent previously reported thermochemical data are extensively 

discussed. 

Presently, acetonitrile is the only solvent in which an equilibrium between two metastable 

solvated electron states that strongly shifts from one state to the other with temperature has been 

observed. A thermochemical analysis shows that: (i) in order to observe such a shift, the 

equilibrium values of H° and S° must reside within a small cuneate area on the H°-S° surface, 

and (ii) the uniqueness of CH3CN arises mainly from a serendipitous alignment of these 

parameters, and the chances of discovering a similar equilibrium in another solvent are small. 

To quantify the radiation chemical yield of the solvated electrons, we employed a Co(II) cyclam 

macrocycle (CoL2+, Scheme 1a) that captures esolv
–  with a rate constant of (1.55 ± 0.02) × 1011 M1 

s1 (Scheme 1b) to produce a long-lived CoL+ species, which exhibits a strong characteristic 

absorption band at 680 nm with an accurately known molar absorption coefficient in CH3CN. In 

N2O-saturated CH3CN, the CoL+ production is efficiently suppressed due to competitive esolv
–  

scavenging by N2O that occurs with a (6.42 ± 0.06) × 109 atm-1 s-1 rate constant. 

The apparent esolv
–  radiation yield, G(esolv

– ሻ, monotonically increases without saturation over the 

entire attainable scavenger concentration range, reaching 2.8 per 100 eV at [CoL2+] = 0.220 M. 

This value represents the lower limit for acetonitrile ionization in pulse radiolysis and is 

substantially larger than all previous G(esolv
– ሻ estimates ranging from 1.01–2.03 per 100 eV. The 
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actual CH3CN ionization yield is likely to be substantially larger than our limiting value, possibly 

close to the water ionization yield that exceeds 4 per 100 eV. 

The apparent molar absorption coefficient, app = (20.8 ± 1.5) × 103 M1 cm1 at 1450 nm and 

20 °C, for the solvated electrons was derived from an analysis of their time-dependent yield. From 

the scavenging data and measurements of transient esolv
–  spectra at 233 and 348 K, the individual 

Vis-NIR absorption spectra of ecav
–  and (CH3CN)2

•– have been reconstructed, the molar absorption 

coefficient of ecav
–  determined to be (32.4 ± 9.6) × 103 M1 cm1 at 1450 nm, and the oscillator 

strength for the NIR absorption band of ecav
–  estimated as 0.91 ± 0.28, which is in line with the 

oscillator strengths for the solvated electron absorption bands in other polar solvents.42, 41 

In summary, the present investigation serves to resolve several controversies concerning the 

solvated electron properties in CH3CN, which, together with the newly obtained data, will facilitate 

quantitative pulse radiolysis investigations in this commonly used solvent. 
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