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Abstract

The rate constants of O- + N2  N2O + e- from 800 K to 1200 K and the reverse process e- + N2O  O- + 
N2 from 700 K to 1300 K are measured using a flowing afterglow – Langmuir probe apparatus.  The rate 
constants for O- + N2 are well described by 3×10-12 e-0.28 eV / kT cm3 s-1.  The rate constants for e- + N2O are 
somewhat larger than previously reported and are well described by 7×10-7 e-0.48 eV / kT cm3 s-1.  The 
resulting equilibrium constants differ from those calculated using the fundamental thermodynamics by 
factors of 2-3, likely due to significantly non-thermal product distributions in one or both reactions.  The 
potential surfaces of N2O and N2O- are calculated at the CCSD(T) level.  The minimum energy crossing 
point is identified 0.53 eV above the N2O minimum, similar to the activation energy for the electron 
attachment to N2O.  A barrier between N2O- and O- + N2 is also identified with a transition state at a 
similar energy of 0.52 eV.  The activation energy of O- + N2 is similar to one vibrational quantum of N2.  
The calculated potential surface supports the notion that vibrational excitation will enhance reaction 
above the same energy in translation, and vibrational-state specific rate constants are derived from the 
data.  The O- + N2 rate constants are much smaller than literature values measured in a drift tube 
apparatus, supporting the contention that those values were overestimated due to the presence of 
vibrationally excited N2.  The result impacts the modeling of transient luminous events in the mesosphere. 
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Introduction

Transient Luminous Events (TLE) are a collection of electrical phenomena that occur in the 
mesosphere (i.e. ~50 – 100 km altitude) above tropospheric thunderstorms.1  Since their first 
identification in 1990, a large body of work (see ref. 1) has emerged to characterize the nature, cause, and 
effects of TLE.  Notably, these discharges occur at much lower pressures than does lightning in the 
troposphere, and multiple groups have highlighted the resulting increased importance of associative 
detachment events.2–4  Specifically, as pressure decreases, the reaction

O- + N2 → N2O + e- (1) 

is assumed to become dominant over association with O2 for the fate of O-, reforming free electrons and 
affecting breakdown.  Janalizadeh and Pasko5 (J&P) point out that despite the newly identified 
importance of reaction 1, kinetic models rely entirely on values from a 1978 drift tube experiment by 
Rayment and Moruzzi (R&M).6  J&P present a detailed analysis of the R&M experiment concluding that 
vibrationally excited nitrogen was present, artificially increasing the reported reaction rate constants.  The 
recent interest in the measurement is large (R&M received 9 citations in the first 30 years after 
publication, but 22 further citations since 2010) and updated studies are warranted.    

An upper limit on the rate constant of reaction 1 at room temperature of 10-12 cm3 s-1 was reported 
by Ferguson and co-workers in their early flowing afterglow work.7  The same group at NOAA later 
implemented a flow-drift tube apparatus and reiterated that upper limit over the range of kinetic energies 
up to 1 eV.8  This was in contrast to a study using an ion beam apparatus reporting rather substantial 
cross-sections approaching low energies and implied a room temperature rate constant of ~10-11 cm3 s-1.9  
The later drift tube data from R&M rise to an apparent asymptote of ~10-12 cm3 at the highest field 
strengths investigated.  The result is consistent with the upper limit determined by the NOAA group, but 
just barely so.  A second study by Moruzzi and co-workers with a distinct drift tube apparatus reported a 
consistent result at low field strength, approximating a room temperature rate constant of 3 ×10-13 cm3 s-1, 
as well as an upper limit of 3 ×10-11 cm3 s-1 for reaction with N2(v=1).10  

We are unaware of relevant studies more recent than 1982; however, there are several studies of 
the reverse process,11–15 dissociative attachment to N2O 

N2O + e-  O- + N2 . (2)

It is possible that kinetic information on reaction 1 can be derived from the kinetics of reaction 2 through 
the fundamental thermodynamics.  Moruzzi et al.16 suggested that microscopic reversibility sets an upper 
limit to the room temperature rate constant for reaction 1 to yield N2O (v=0)  of 10-19 cm3 s-1.  However, 
the argument is complicated because product states from both reactions 1 and 2 are undetermined and the 
effects of vibrational excitation unclear.

Reported rate constants for reaction 1 are scarce because the process is very inefficient and 
therefore difficult to measure.  Whether the results of R&M are due to translational or vibrational 
excitation, the rate constant appears likely to increase significantly with increasing temperature.  Here we 
report the rate constants of reaction 1 and 2 under thermal conditions at elevated temperatures up to 1300 
K.  This does not meet the condition suggested by J&P that only N2(v=0) be present, but rather 
approaches the question by having a well-determined thermal population of N2(υ) varying with 
temperature.  Because the thermodynamics of the system are very well determined, the equilibrium can be 
calculated and the extent to which microscopic reversibility can be used to relate the gas-phase results can 
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be assessed.  The experiments are supported by quantum chemical calculations of the neutral and anion 
potential energy surfaces.  

Methods

Experimental

Experiments were conducted on a high-temperature flowing afterglow – Langmuir probe (HT-FALP) 
apparatus that has been described previously.17  Measurement of reactions 1 and 2 utilized different 
plasma sources.  For reaction 1, He gas (99.999%, Matheson) metered at 12 std. L min-1 using a mass 
flow controller (MKS) and N2O (99.99%, Matheson) metered at typically 0.1 std cm3 min-1 passed 
through an electron-bombardment ion source containing a hot tungsten filament, yielding a weakly-
ionized (~109 cm-3) ion-electron plasma.  For reaction 2, the He was passed through a microwave 
discharge.  In both cases, Ar (99.999%, Matheson) was added downstream of the discharge at a minimum 
of 200 std cm3 min-1 to convert He2

+ and metastable He* into Ar+, leaving Ar+ along with some He+ 
dominating the cation component of the plasma.  The flow entered a 1.2-m long, 7-cm diameter quartz 
flow tube passing through a commercial oven (Mellen Co.).  The electron density along the center axis 
was measured using a movable Langmuir probe (51-m diameter, 8-mm long, W wire).  The flow tube 
was heated in three independent zones such that the gas temperature from a reactant inlet halfway along 
the flow tube to the terminus of the flow tube was roughly constant at the desired temperature, as 
determined in separate experiments using a thermocouple movable along the center axis of the flow tube.  
The upstream zone is needed to heat the buffer gas to desired temperature prior to the reactant inlet.  The 
temperature decreases rapidly through the final 4 cm prior to the terminus of the flow tube, as it exits the 
oven.  To minimize this effect, heating rods were added to the downstream end of the oven.  In this 
apparatus, we tend to use a flow tube pressure equal to T/300 Torr (T in K), such that the gas number 
density in the flow tube is unchanged.  Some variation in the number density occurs because the Ar flow 
was increased with T in order to keep the ambipolar diffusion rate low, as described in Ref. 17.  In the 
present experiments the pressure was often lower (e.g., 2 Torr at 800 K) so that the concomitant higher 
flow velocity improved the O- ion signal.  The reactant inlet consisted of a 5 mm diameter quartz tube 
running from the upstream end of the flow tube to a circular quartz racetrack with four needle openings 
63 cm prior to the terminus of the flow tube, which allows for addition of N2 (99.9999, Matheson) or N2O 
through a mass flow controller (MKS).  At the end of the flow tube, the bulk of the gas flow was removed 
using a Roots pump while the center of the flow was sampled through a 0.2-mm aperture in a rounded 
nose cone into a high vacuum region.  Relative ion concentrations were measured using a quadrupole 
mass filter and electron multiplier.

The behavior of N2O in a discharge has been recently characterized.18  On the timescale of μs, 
several anions N2O-, NO-, and O- are produced.  At the helium densities here, NO- collisionally detaches 
with a half-life of about 100 μs,19 and no NO- was observed on the ms timescales of the experiment.  N2O- 
was not observed, as thermal detachment is likely at the elevated temperatures of these experiments.  O- is 
longer-lived under these conditions and was observed.  N2O will convert O- to NO-, which will then 
undergo detachment, requiring that minimal N2O flow be used.  In our experiment, the flow of N2O 
through the electron-beam plasma source was typically 0.004 std cm3 min-1 from a weak mixture of N2O 
in He to achieve optimal O- signal downstream.    Adding additional N2O was unfavorable for O- 
production consistent with the reactions discussed in the previous sentence  
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This technique did not convert all negative charge to O-.  Besides electrons detected by the 
Langmuir probe, anions due to impurities were observed.  Other mass peaks were observed at 26, 35, 37, 
42, and 46 Da. The peaks at 26 and 42 Da were CN- and probably CNO- presumably from impurities in 
the He or Ar.  The 42 Da peak could also be N3

-, the source of which is not clear, but is a product of N2H- 
+ N2O as is also OH-, which is observed at smaller intensity.20  A Cl- peak at 35 and 37 Da were due to 
remnant chlorine-containing species from prior experiments. A small air leak with the N2O present 
created NO2

- at 46 Da.  None of these are surprising since they represent a small amount of the negative 
charge with the bulk being electrons.

The presence of these species was used advantageously. Normally addition of a reactive gas is 
limited to <1% of the buffer to avoid disturbing the flow dynamics. Addition of 1% N2 led to little decay 
in the O- signal, so instead we added up to 10% (preheated) of the buffer which caused a measurable 
decay in the ion signals overall, but notably a steeper decrease in the O- signal. Causes of the overall 
decrease in signal would be either altered diffusion, changing flow dynamics, or changes in the plasma 
potential. Because each impurity ion is unreactive with N2, the relative decrease in O- ([O-]/[impurity 
anions]) as a function of N2 concentration determines the rate constant of reaction 1.

Data was taken both with and without SF6 present in the flow tube at ~1010 cm-3.  SF6 rapidly 
attaches electrons producing primarily SF5 - at temperatures above 600 K, which decomposes to yield F- 
at the higher temperatures studied here.21–23  Without SF6 present, electrons either remnant from the initial 
plasma or produced by reaction 1 can reform O- via reaction 2 complicating determination of the rate 
constant. At low N2O concentrations, this potential artifact is small.

The electron attachment measurements were made using the same apparatus with a procedure 
described previously.11  

Calculations

Quantum chemical calculations were performed using the Gaussian 16 software.24  Points on the 
potential energy surfaces of N2O and of N2O- were calculated at CCSD(T)/aug-cc-pVTZ.  Coordinates are 
defined as shown in Figure 1 being rNN, rNO, and ϴ.  ~4500 points were calculated over the region rNN = 
0.9 to 1.5 Å, rNO = 0.9 – 3.0 Å, ϴ = 70 – 180o (coordinates as shown in Figure 1).  Calculated energies are 
available in the SI.  Several stationary points were optimized at the same level of theory, and the energies 
calculated at the CCSD(T)/CBS level extrapolated to the complete basis set limit from aug-cc-pVXZ 
X=T, Q, 5.  Stationary point geometries, energies, and frequencies are provided in the SI.

Page 4 of 23Physical Chemistry Chemical Physics



5

Figure 1. Coordinate scheme for potential energy diagrams below.

Results

Representative data for the determination of the rate constant of reaction 1 appears in Figure 2 at 
800 and 1200 K.  These are the relative abundances of the indicated species (determined from the height 
of the peaks in the quadrupole mass spectra, see SI) as a function of the N2 concentration. As the N2 
concentration increases to large amounts (up to ~10% of the buffer concentration, required for sufficient 
extent of reaction to probe rate constant as small as ~10-14 cm3 s-1), changes in the diffusion rate affect the 
concentrations of all ions.  The decline in the raw O- signal does not follow a single exponential decay, as 
it is a function of both reaction 1 and the change in diffusion rate.  However, the decline in the abundance 
of the O- peak relative to the impurity anion peaks does follow a single exponential decay, while the ratios 
of all impurity anion peaks to one another are constant as a function of N2 concentration.  We conclude 
that the diffusion effects are consistent across ions, all impurity anions are unreactive with N2, and the 
additional decline in the O- signal reflects the rate of reaction 1.  That the impurity anions are unreactive 
is expected as O- is the only ion present that has an exothermic reaction channel available.  Constant 
flows of N2O and SF6 are present, resulting in concentrations of ~1011 cm-3 and ~1012 cm-3, respectively.  
The reaction of O- + N2O to yield NO- + NO occurs to a small, but consistent extent.  NO- is not observed 
because the electron is detached rapidly through collisions with the buffer gas.  SF6 efficiently scavenges 
electrons, such that the reaction 2 does not reform O-.  The modeled fits (Figure 2) assuming only this 
chemistry reproduce the data well.  Derived rate constants and uncertainties for reaction 1 appear in Table 
I and Figure 3.
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Figure 2. Representative data for measurement of reaction 1, O- + N2 at 800 K (top) and 1200 K 
(bottom).  Measured relative abundances (solid points) of the indicated species as a function of N2 
concentration along with modeled fits (solid curves) as described in the text.  Reactions times are 5.9 ms 
(top) and 5.3 ms (bottom).
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Figure 3. Measured kO-+N2 as a function of inverse temperature (blue solid circles) along with values 
derived from equilibrium with kN2O+e- from the present data (open red circles) and previously published 
data (open black circles).

Table 1. Rate constants for reaction 1 O- + N2 and reaction 2 N2O + e- at the indicated temperatures along 
with the derived equilibrium from both the experiment and the fundamental thermodynamics.

T (K) k1 (cm3 s-1) O- + N2 k2 (cm3 s-1) N2O + e- Kexp = k1/k2 Kcalc

700 - 2.5×10-10 - 1.85×10-4

800 5×10-14 6.0×10-10 8×10-5 1.31×10-4

900 8×10-14 1.6×10-9 5×10-5 1.04×10-4

1000 1.0×10-13 3.5×10-9 2.9×10-5 8.8×10-5

1100 1.5×10-13 5.5×10-9 2.7×10-5 8.0×10-5

1200 2.0×10-13 6.5×10-9 3.1×10-5 7.4×10-5

1300 - 8.5×10-9 - 7.1×10-5

Our prior work on reaction 2 was investigated up to 1000 K.11  Higher temperatures were not 
studied due to concerns of thermal dissociation.  However, after measuring the O- + N2 rate constant up to 
1200 K, we extended the measurements of reaction 2 up to higher temperatures.  Representative data 
appears in Figure 4.  No clear evidence of thermal decomposition was found.  At 1200 K this is in 
accordance with the literature indicating that the half-life of N2O at is ~30 ms, about five times the length 
of the experiment.25  At 1300 K, the literature half-life is just 1.5 ms, which should result in a measurable 
decrease in N2O concentration and a commensurate decrease in attachment.   However, this is not 
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apparent in the results, which reasonably follow Arrhenius equation behavior.  Still, the highest 
temperature results here should be interpreted cautiously.  The determined rate constants increasingly 
deviated from our prior reported values11 as temperature was increased, despite being measured using the 
same apparatus and nominally the same procedure.  The present results were consistent over attempts 
spanning several weeks.  We were unable to conclusively reconcile the discrepancy but consider the 
present values to supersede those previously reported.  Both the previously reported and present values 
appear in Table 1 and Figure 5. 
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Figure 4. Representative data of electron density as a function of reaction time at 1200 K and 1.7 Torr.  
Open points are without N2O present indicating a diffusion rate constant of 925 s-1.  Solid points are with 
2.3 ×1011 cm-3 of N2O present and indicate an electron attachment rate constant of 7 ×10-9 cm3 s-1.  Curves 
are best fits to the data.
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Figure 5. Measured kN2O+e- as a function of inverse temperature from the present data (solid red circles) 
and previously published data (solid black circles; black triangles indicate upper limits) along with values 
derived from equilibrium with kO-+N2 (blue open circles).  Curve is the calculated collision rate.

Reactions 1 and 2 are reverse reactions of one another and can be related by microscopic 
reversibility.  The equilibrium constants for the reaction as a function of temperature were calculated and 
details presented in the SI.  Care must be taken in calculating the thermicity of the reaction from 
enthalpies of formation that values employing either the “electron convention” or the “ion convention” in 
the treatment of the electron enthalpy are not mixed.  Additionally, the electron here is treated using 
Fermi-Dirac statistics as detailed by Bartmess.26  Reaction 1 is exothermic by about 22 kJ mol-1 at room 
temperature, but this value decreases with increasing temperature and the reaction becomes endothermic 
above about 1450 K.  Reaction 1 has a decrease in entropy of about 106 J mol-1

 K-1 at room temperature, 
with the change becoming smaller as temperature increases.  Reaction 1 is endergonic at room 
temperature by about 9 kJ mol-1 and becomes increasingly disfavored as temperature increases such that 
the equilibrium favors O- + N2.  Interestingly, the calculated equilibrium constant reaches a minimum at 
about 1500 K and then increases, although investigation of N2O at such high a temperature would be 
prohibitive as the half-life to thermal decomposition is ~10 μs. Results are shown in Table S2 and Figures 
S1 - S4.

Inherent to both associative detachment and electron attachment processes is a crossing between 
the neutral and anion surfaces.  Here, we calculate the potential energy surfaces of N2O and N2O- at the 
CCSD(T) level to further understand the reaction dynamics occurring.  A semi-quantitative picture of the 
N2O and N2O- potential surfaces was deduced decades ago.27  Full surfaces were calculated using early ab 
initio methods and a minimum energy crossing point (MECP) identified at rNN = 1.18 Å, rNO = 1.28 Å, 
and ϴ = 154o, values all quite close to the average of the N2O and N2O- equilibrium structures, at an 
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energy of 0.4 ±0.1 eV above the N2O minimum.  These results are in good agreement with present 
calculations at the CCSD(T) level, especially considering the tools available in 1978.  At a given ϴ, the 
surfaces form a crossing seam as shown in Figures 6 and 7. The seam “translates” from high energy 
structures with small rNN and rNO bond lengths at smaller ϴ, through a lower energy region, and then back 
to a high energy region at large rNN and rNO bond lengths at larger ϴ.  The full crossing between these 
states of the neutral and anion is a three-dimensional surface, reaching a minimum at ϴ = 151o shown in 
Figure 7.  The electronic energy of the MECP lies 0.62 eV above that of the N2O minimum using the aug-
cc-pVTZ basis set and is lowered to 0.57 eV by CBS extrapolation for aug-cc-pVXZ (X=3,4,5).  It is not 
obvious how to account for zero-point energy in this comparison.  We note that the MECP lies very close 
to being along the normal mode for a bending vibration of N2O and it is reasonable to expect that the best 
comparison is excluding the zero-point energy of this one mode, lowering the MECP to 0.53 eV above 
the minimum.

The energies of the N2O and N2O- minima are very similar, with the adiabatic electron affinity of 
N2O being close to zero, although the specific value has a long history of debate.  The most recent 
experimental determinations28–31 date back to the 1970’s and 1980’s and suggest a small, likely positive 
electron affinity.  More recent theoretical32 work indicates a small negative electron affinity, with the 
Active Thermochemical Tables33 adopting an adiabatic value of -9.1 ±2.9 kJ mol-1 to form a weakly 
bound O-(N2) structure and -13.2 ±1.9 kJ mol-1 to the  metastable N2O- structure of more interest here.  
Calculations here at the CCSD(T)/CBS (aug-cc-pVXZ X=3,4,5) // CCSD(T)/aug-cc-pVTZ level yield 
values of -3.6 kJ mol-1 and -14.3 kJ mol-1, respectively (Figure S6).   
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Figure 6. Regions of the potential energy surfaces of N2O (solid lines) and N2O- (dashed lines) with ϴ = 
140o – 165o calculated at the CCSD(T)/aug-cc-pVTZ level.  Energies are relative to the N2O minimum.  
Solid black curves indicate crossing seams. Contours are spaced by 0.2 eV.
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Figure 7. Top) Region of the potential energy surfaces of N2O (solid lines) and N2O- (dashed lines) with 
ϴ = 151o in the region of the minimum energy crossing point calculated at the CCSD(T)/aug-cc-pVTZ 
level.  Contours are spaced by 0.05 eV.  The solid black curve indicates the crossing seam. Bottom) 
Energy of the minimum crossing point between the N2O and N2O- surfaces as a function of the N-N-O 
angle ϴ.

As noted elsewhere,32,34 there is a substantial barrier between N2O- and the O-(N2) exit complex.  
The minimum energy profile of N2O- as a function of the rN-O distance is shown in Figure 8.  The energy 
of the transition state is nearly identical to the energy of the MECP between the N2O and N2O- surfaces, 
with a CBS ZPE-corrected value of 0.52 eV   For most of the potential surfaces, the T1 diagnostic35 is 
small, but rises to a moderate value of 0.04 at the N2O- barrier and of 0.03 at the MECP indicating some 
multireference character.
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Figure 8.  Minimum electronic energy profile of the N2O- system as a function of the rN-O coordinate 
calculated at the CCSD(T)/aug-cc-pvtz level showing the N2O-  well near 1.3 Å and the O-(N2) well near 
2.7 Å.  The location of the MECP with the N2O ground state surface is indicated (red circle, not on the 
minimum energy path).  Energies are relative to the electronic energy of the N2O minimum; zero-point 
corrections are not included.

Discussion

The rate constant of reaction 1 is found to increase steeply with temperature but remains highly 
inefficient over the range measured.  The largest reported rate constant of 2 ×10-13 cm3 s-1 at 1200 K 
corresponds to ~1 reactive event out of every 5,000 collisions.  Comparing the rate constants derived 
above with the previous drift tube experiments6 requires understanding of the various energy 
distributions. The present experiment involves pure temperature so all forms of energy are described by 
Boltzmann distributions. In a drift tube, various effective temperatures apply and one has to worry about 
how distributions differ from thermal. These have been explained in detail previously.36,37  Briefly, an 
effective center of mass kinetic energy is given by the Wannier expression 

(3)
3
2𝑘𝑇𝑒𝑓𝑓 =

3
2𝑘𝑇0 +

1
2

𝑚𝑖 + 𝑚𝑏

𝑚𝑖 + 𝑚𝑛
𝑚𝑛𝜐2

𝑑                                 

where Teff  is an effective translational temperature, k is the Boltzmann constant, mi is the mass of the 
reactant ion, mn is the mass of the reactant neutral, mb is the mass of the buffer species, and υd is the drift 
velocity.  The drift velocity is a function on the applied electric field (E/n) and the reduced ion mobility 
(κ0)

(4)𝜐𝐷 = 𝜅0(𝐸/𝑛)𝑁0

where N0 is the Loschmidt constant, the ideal gas number density at standard conditions.  In He buffers 
the distribution at Teff is close to what is found at an equivalent temperature but the distribution in heavier 
buffers is distinct from thermal ones. For instance, for the reaction of O+ with N2, which has a similar 
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steep rate of increase in the rate constant as a function of temperature, the rate constants in an Ar buffer 
are up to 3 times higher than those in a helium buffer for the same Teff.38  The present data is compared to 
the drift tube measurements of R&M as a function of Teff in Figure 9; the agreement is poor.

Figure 9.  Comparison of rate constants of reaction 1, O- + N2  N2O + e-, from the present data (solid 
circles) as a function of temperature and the drift tube values reported by R&M (open circles) ref. 6 as a 
function of effective translational temperature (see text).  Fits to the present data (curves) are as described 
in the text.

The pathway for reactions 1 and 2 requires surmounting two energetic barriers: the transition state 
between O-(N2) and N2O- and the crossing from the anion to the neutral surface, both about 0.5 eV above 
the N2O minimum.  Assuming Arrhenius equation behavior for N2O + e-, the present data yields an 
activation energy of 0.48 eV, very close to the calculated barriers.  Two prior studies, including our own, 
report smaller activation energies of 0.2 – 0.3 eV; these are inconsistent with the potential surfaces 
presented here.11,12  Assuming Arrhenius equation behavior for reaction 1, the present data yields an 
activation energy of 0.28 eV, very close to both the vibrational frequency of N2 (0.29 eV) and the 
calculated energetic barrier relative to the O- + N2 asymptote (0.31 eV).

J&P deduced that the reactivity observed by R&M was primarily due to reaction with 
vibrationally excited N2.  If we assume that all reactivity observed here is due to N2 (v=1) (i.e. that v = 0 
is unreactive and that v > 1 populations are negligible, the rate constant at a given temperature is 
kv1*P(T,v1).  This yields a very good fit to the data (Figure 9, model 1) and implies a temperature-
independent rate constant for O- + N2(v=1) of k = 3×10-12 cm3 s-1.  A somewhat more complex model may 
be constructed by inspection of the N2O- potential energy surface (Figure 10).
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Figure 10.  Slice of the N2O- potential surface at ϴ = 135o calculated at the CCSD(T)/aug-cc-pVTZ level.  
Energies are relative to the N2O neutral minimum.  Contour spacing is 0.1 eV.

The slice of the potential surface presented in Figure 10 offers an interesting variation on the 
Polanyi reaction rules.39  The O- + N2 reaction has an “early” barrier, such that translational energy would 
generally promote reaction to a greater extent than would vibrational energy.  However, the saddle point 
is offset from the entrance valley centered at the N2 equilibrium bond length of rNN = 1.09 Å.  The N2 
must be elongated as it approaches the O- in order to access the transition state, and this is more likely 
under vibrational excitation.  The transition state between O-(N2) and N2O- lies at ~rNN = 1.14 Å and rNO = 
1.60 Å over a broad range of angles ϴ (Figure S7 and S8).  Integrating the product of the probability 
density functions of a harmonic oscillator with the N2 vibrational frequency and an Arrhenius equation 
with an activation energy equal to the most favorable energy on the reactant-product ridge at the rNN on 
the N2O- potential surface (Figure 11) yields vibrational state specific rate constants (see SI for more 
description).  The probability of crossing to the neutral surface is accounted for in the manner detailed by 
Troe for electron attachment processes, a function decaying exponentially with the collision velocity (see 
SI) including an adjustable parameter to fit to the data.40  Summing these weighted by the vibrational 
populations reproduces the experimental rate constants well (Figure 9, model 2).  The vibrationally-
resolved rate constants derived in this manner appear in Figure 12 and Table S3.  The v=0 rate constant is 
very small at room temperature, rising steeply so that about half of the observed reactivity at that 
temperature is due to v=0 even though the rate constant is still small, ~10-13 cm3 s-1.  The v=1 rate 
constant has much less temperature-dependence because in this model the activation energy is effectively 
smaller for the excited state.  The rate constant across the measured range of temperatures is ~2×10-12 cm3 
s-1, in agreement with that derived by the simpler method above. The values for v=2 have large 
uncertainty as not much of that state is populated and relies only the above analysis. The negative 
temperature dependence of the v = 2 rate constant is due to the decreasing crossing probability at higher 
temperatures and is also apparent in the modeled total rate constant (Figure 9, model 2) at extreme 
temperatures.  Assuming these vibrationally-resolved rate constants, the fraction of vibrationally excited 
N2 in the R&M experiment can be estimated (Figure S9) and rises linearly with the applied drift field.   
Further evaluation of the vibrational effect could be achieved through state-selected experiments or 
through theory via trajectory or direct dynamics calculations.  The rate constant extrapolated to room 
temperature is ~10-17 cm3 s-1, with large uncertainty, and may be directly measurable using an ion trap.
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Figure 11.  Harmonic potential of N2 (solid line) and probability density functions for v=0 (green), 1 
(red), and 2 (blue) overlayed with the shape of the potential surface near the saddle point (dashed line) at 
ϴ = 135o. 
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Figure 12.  Derived rate constants for reaction 1, O- + N2 from ‘model 2’ as described in the text.  Top) 
Total rate constant (black solid curve) and contribution from v = 0 (green dashed), v = 1 (red dashed), v = 
2 (blue dashed).  Bottom) Vibrational state specific rate constants for reaction 1 for v = 0 (green), v = 1 
(red), and v = 2 (blue).

In the same spirit as above, the attachment kinetics for reaction (2) are well-modeled using a 
simple framework.  The MECP lies quite close to the N2O bending vibration normal mode. Treating the 
activation energy as the energy of the MECP less the energy in an N2O bending mode and summing 
across the vibrational populations of the two bending modes υ2

0 and υ2
1  

 (5)𝑘(𝑇) = 𝑘𝑐𝑜𝑙𝑙(𝑇)∑
𝑚.𝑛𝑃𝑚,𝑛(𝑇)(𝑒

―𝐸𝑎(𝑚)

𝑘𝑇 + 𝑒
―𝐸𝑎(𝑛)

𝑘𝑇 ― 𝑒
―𝐸𝑎(𝑚) ―𝐸𝑎(𝑛)

𝑘𝑇 )

Page 17 of 23 Physical Chemistry Chemical Physics



18

(6)𝐸𝑎(𝑥) = 𝐸𝑀𝐸𝐶𝑃 ―𝑥𝐸(𝜐2)

where kcoll(T) is the calculated collision rate constant of e- + N2O using an analytical form of the extended 
Vogt-Wannier framework,41,42 Pm,n(T) is the thermal population of the bending mode vibrational states 
υ2

0=m and υ2
1=n, and Emecp is the energy of the MECP relative to the N2O minimum (0.53 eV).  Summing 

equation (5) through the first seven levels of each bending mode results in the fit shown in Figure 13.  We 
note that the fit is largely indistinguishable from a simple Arrhenius equation fit.  The agreement with the 
present experimental values is very good, supporting that excitation of the bending modes enhances 
reactivity.43   Literature results at lower temperatures14 are in excellent agreement with the model, while 
those at higher temperatures13 are consistent, although with large apparent uncertainty.  Not shown is the 
data of Mullen et al.15 at still higher temperatures, which are in modest agreement, but carry very large 
uncertainty.

.

Figure 13.  Rate constants for reaction (2) N2O + e- as a function of temperature from the present 
experiment (solid circles), the model described in the text (red curve), and literature values from Warman 
et al.14 (open squares) and Chantry13 (open diamonds).     Dashed curve is the calculated collisional rate 
constant.

Experimentally derived and calculated equilibrium constants between reactions (1) and (2) are 
shown in Table 1.  They do not agree, with the calculated values being 2 – 3 times larger (the older 
attachment rate constants published by our group11 provide better agreement, but we believe this was 
fortuitous).  A reasonable interpretation is that one, or more likely both, reactions have significantly non-
thermal product distributions.  This is of course not a statement that microscopic reversibility fails, but 
that the microscopic processes linking the thermally populated states O- + N2 and N2O + e- do not 
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dominate the overall rate constants of the reactions.  As a result, accurate rate constants of reaction (1) are 
not accessible from the measurements of reaction (2) coupled with the calculated equilibrium constants.

The small rate constant for reaction (1) suggests that associative detachment with N2 will not 
dominate the destruction of O- in upper atmospheric TLE.  Ternary association of O- with O2 to form O3

- 

44 should remain the dominant process above pressures of ~100 mTorr (up to ~65 km). At altitudes above 
~80 km, the dissociative attachment process

O- + O  O2
 + e-  (7)

which proceeds at a substantial fraction of the Langevin rate is most significant.45,46 At altitudes in-
between, several processes could be contributing, including 

O- + CO  CO2 + e-  (8)47

O- + H2  H2O + e- (9)47

O- + O2(1Δg)  O3 + e-  (10a)48,49

O- + O2(1Δg)  O2 + O2
- (10b)

O- + CO2 + M  CO3
- + M  (11)44.

More details on implications for TLE will be published in the geophysics literature.

Conclusions

The kinetics of the associative detachment reaction O- + N2 and the reverse dissociative 
attachment reaction N2O + e- have been measured up to 1300 K using a flowing afterglow apparatus.   
The O- + N2 rate constants are very small, rise steeply with temperature, and are in disagreement with the 
previous literature values.  It is likely that N2 vibrational excitation enhances the reaction rate and that a 
prior analysis of the literature values concluding that the results were affected by vibrationally excited N2 
is correct.5  Vibrationally-resolved rate constants are derived from the present results.  

The N2O + e- rate constants also rise steeply with temperature, described by an activation energy 
of 0.5 eV.  The reaction must overcome two energetic barriers, a crossing to the anion surface and a 
barrier to dissociation, both of which are calculated to be ~0.5 eV.  The experimental rate constants are 
well-described by assuming that reactivity is enhanced by excitation of the N2O bending modes.

These results impact modeling of transient luminous events in the mesosphere.  Likely, the O- + 
N2 associative detachment process does not appreciably occur as previously assumed.  Alternative 
reactions with CO, H2, CO2, O2(1Δg), or O should be considered depending on the altitude of interest.
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