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H I G H L I G H T S

• Nitrous oxide is a greenhouse gas and a potential O3-depleting substance.

• OH, Cl, and NO3 do not react fast enough with N2O.

• These reactions are too slow to be observed experimentally.

• A reaction of NO3 with N2O might influence the atmospheric lifetime of N2O.

• Mechanism and kinetics of the NO3+N2O reaction have been studied for the first time.

A B S T R A C T

The reaction of N2O with NO3 is studied for the first time using high-level quantum chemical calculations, followed by statistical rate coefficient estimations. Two
reaction pathways giving NO2+N2+O2 and NO2+ 2NO have been explored. The formation of NO2+N2+O2 is exothermic by 30 kcal mol−1 while that of
NO2+2NO is endothermic by 13 kcal mol−1. Both mechanisms have significant reaction barriers, and the reaction rate constants are very low: about
6×10–43 cm3 s−1 at 298 K. Therefore, this reaction is not expected to affect the lifetime of N2O in the atmosphere.

1. Introduction

Nitrous oxide, N2O, is a major greenhouse gas and its emissions are
now the largest of all ozone layer depleting gases [1]. One of the key
reasons for these two influences is the long atmospheric lifetime of N2O
(roughly 120 years), which appears not to have any appreciable loss
pathway in the troposphere where it is emitted. If there were any re-
actions in the troposphere that lead to destruction of N2O, the atmo-
spheric lifetime of this species would be altered even if the reaction
were slow. Therefore, a search for potential slow reactions of tropo-
spheric free radicals with N2O is of interest.

It is not always easy to directly measure the rate coeffcients for very
slow radical-molecule reactions due to various experimental difficul-
ties. These include the need to avoid impurity reactions and unwanted
side reactions, and the need to use of very large concentrations of N2O
with potential deleterious effects on the ability to detect the radicals.
Therefore, assessing the feasibility of slow reactions via theoretical

calculations represents an attractive alternative, especially for small
molecules. Quantum chemistry calculations have advanced to a stage
that it is now fairly straightforward to obtain energetics that are ac-
curate to a few tenths of kcal mol−1. In addition, approaches for cal-
culating rate coefficients using the mapped out potential energy sur-
faces have advanced. Therefore, we have undertaken a study of the
potentially important atmospheric reaction of NO3 with N2O. The
abundance of NO3, though highly variable, is sufficiently large that this
reaction could have an impact on the lifetime of N2O if the rate coef-
ficient were of the order of 10–20 cm3 molecule−1 s−1, or larger.

Previously, Cantrell et al. [2] attempted to measure this rate coef-
ficient and obtained an upper limit of 2× 10−17 cm3molecule−1 s−1.
As can be inferred from the preceding, this is not a sufficiently stringent
upper limit to dismiss the possibility that this reaction contributes
meaningfully to the loss of N2O in the atmosphere. Therefore, better
estimates are needed. A computational estimation of the rate coefficient
for the reaction of NO3 with N2O is the goal of this focused study.
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1.1. Quantum chemfficafl caflcuflatffions

The tffitfle reactffion ffinvoflves seven heavy atoms, so hffigh-accuracy

HEAT[3–5]caflcuflatffions woufld be extremefly tffime consumffing; conse-

quentfly, a compromffise ffis made here. Thffis work ffis based ffin part on

caflcuflatffions done wffith the composffite G3B3 method[6], whffich ffis a

varffiatffion off G3 theory[7]. G3B3[6]uses geometrffies and harmonffic

zero-poffint vffibratffionafl correctffions obtaffined at the B3LYP/6-31G(d)

flevefl off theory, ffoflflowed by a serffies off sffingfle-poffint energy caflcuflatffions

done wffith methods ffincfludffing QCISD(T)/6-31G(d), MP4/6-31+G(d),

MP4/6-31G(2dff,p), and MP2/G3Large ffin order to estffimate the QCISD

(T) flevefl at the compflete basffis set flffimffit. In addffitffion, empffirfficafl hffigh-

flevefl correctffions (HLC) and spffin-orbffit correctffions[6]are aflso ffincfluded

[7]. It ffis expected that the G3B3 caflcuflatffions provffide (roughfly) che-

mfficafl accuracy (ffi.e., wffithffin 1–2 kcafl mofl−1) ffor reflatffive energffies. As

can be seen ffinFffig. 1, such a flevefl off accuracy ffis ffindeed achffieved ffor the

reactffion enthaflpffies off two maffin pathways, and ffit ffis expected that thffis

accuracy wffiflfl not be serffiousfly degraded ffor transffitffion state (TS) struc-

tures. Moreover, ffintrffinsffic reactffion coordffinate (IRC)[8–10]caflcuflatffions

were aflso perfformed ffin order to verffiffy that the flocated transffitffion state

structures properfly connect reactant(s) and products. It shoufld be

mentffioned that NO3ffis a notorffiousfly dffifficuflt moflecufle ffor both ex-

perffiments and theory. DFT caflcuflatffions wffith B3LYP gffive a C2vequffiflffi-

brffium geometry ffor NO3, aflthough the experffimentaflfly determffined

ground state average geometry ffis D3h. Aflthough a comparffison off

equffiflffibrffium geometrffies wffith experffimentafl structures ffis ffraught wffith

dffifficufltffies, especffiaflfly ffor a system off thffis type, ffit ffis true that the po-

tentffiafl surfface ffor NO3near the mffinffimum ffis extremefly flat. Hence,

many methods gffive symmetrffic structures whffifle many others gffive

broken symmetry structures. However, the energetffics are flargefly ffin-

sensffitffive, owffing to the flatness off the potentffiafl. The G3B3 and IRC

caflcuflatffions were done usffing the Gaussffian 09 program suffite[11].

In addffitffion to the G3B3 caflcuflatffions, we have aflso used hffigh-flevefl

coupfled-cfluster caflcuflatffions to characterffize key statffionary poffints (see

Fffig. 1) ffor the purpose off chemfficafl kffinetffics anaflysffis. Fffirst, geometrffies

were optffimffized usffing the coupfled-cfluster method wffith sffingfle, doubfle,

and perturbatffive trffipfle excffitatffions (CCSD(T))[12–14]ffin combffinatffion

wffith the atomffic naturafl orbffitafl doubfle-zeta (ANO0) basffis set[15,16],

ffoflflowed by harmonffic vffibratffionafl anaflyses ffin order to check ffiff they are

reafl mffinffima or ffirst-order saddfle poffints. Second, the ANO0 geometrffies

and Hessffian matrffix obtaffined above were used ffor reoptffimffizffing wffith a

flarger trffipfle-zeta (ANO1) basffis set[15,16]. Thffird, sffingfle-poffint energffies

were reffined usffing the same CCSD(T) method, but wffith Dunnffing’s

quadrupfle-zeta basffis set[17], cc-pVQZ. Fffinaflfly, addffitffionafl mffinor cor-

rectffions have been appflffied ffor the effects off scaflar reflatffivffity, the dffi-

agonafl Born-Oppenheffimer correctffion (DBOC), and spffin-orbffit coupflffing.

As can be seen ffinFffig. 1, both the sffimpfle G3B3 and more eflaborate CCSD

(T)/cc-pVQZ caflcuflatffions agree weflfl (wffithffin 1–2 kcafl mofl−1) wffith one

another, aflthough the CCSD(T) vaflues are systematfficaflfly about

1–2 kcafl mofl−1 flower. A sffimffiflar dffifference has been ffound ffin the re-

actffion off OH wffith N2O[18]. Aflfl CCSD(T) caflcuflatffions are done usffing

the CFOUR quantum chemffistry package[19].

1.2. Reactffion mechanffisms and energetffics

Two pathways have been characterffized ffor the thermafl reactffion off

NO3radfficafl wffith N2O (wffith the reactffion enthaflpffies obtaffined ffrom

pubflffished data (reff.[20])). The ffirst:

NO3+ N2O → NO2+ N2+ O2; ΔrH (0 K) = −30.7 kcafl mofl
−1(reff.

[20]) (1)

(hereaffter deffined as pathway 1) ffis very exothermffic[20], and fleads

to the fformatffion off three stabfle moflecufles, NO2, N2and O2. The second

pathway (hereaffter deffined as pathway 2)

NO3+ N2O → NO2+ 2NO; ΔrH (0 K) = +12.6 kcafl mofl
−1(reff.[20])

(2)

ffis endothermffic[20], resufltffing ffin NO2+ 2NO, and thereffore ffis hffighfly

unflffikefly to occur under atmospherffic condffitffions. The G3B3 caflcuflatffions

gffive −29.9 and 12.9 kcafl mofl−1 ffor reactffions(1) and (2), respectffivefly,

whffich agree wffithffin 1 kcafl mofl−1 wffith both the CCSD(T) caflcuflatffions

and weflfl estabflffished thermochemfficafl vaflues[20]. The optffimffized geo-

metrffies off varffious specffies are gffiven ffin the suppflementary materffiafl,

whffifle those off key transffitffion states and ffintermedffiates aflong the reactffion

coordffinate obtaffined wffith the DFT-B3LYP method are shown ffinFffig. 1.

The caflcuflated reflatffive energffies ffincfludffing zero-poffint energy correctffions

Fffig. 1.The potentffiafl energy surfface ffor the

reactffion off NO3radfficafl wffith N2O caflcuflated

usffing the G3B3 method. The energy vaflues

gffiven ffin parenthesffis are obtaffined at the

CCSD(T)/cc-pVQZ flevefl off theory. The bflack

and bflue flffines correspond to the en-

dothermffic and exothermffic pathways re-

spectffivefly. The bond flengths are gffiven ffin Å.

(For ffinterpretatffion off the refferences to

coflour ffin thffis ffigure flegend, the reader ffis

refferred to the web versffion off thffis artfficfle.)
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ffor varffious specffies are gffiven ffinTabfle 1.

For pathway 1 as presented ffinFffig. 1, NO3attacks the oxygen end off

N2O. Inffitffiaflfly, a weakfly bound pre-reactffive compflex ffis fformed (Pre-1)

wffith a bffindffing energy off −2.3 kcafl mofl−1 as caflcuflated wffith G3B3.

Thffis compflex then proceeds to abstract an O atom through TS-1 fleadffing

to Post-1. The barrffier heffight off TS-1 ffis caflcuflated to be 51.6 and

49.9 kcafl mofl−1 usffing the G3B3 and CCSD(T) methods, respectffivefly.

Post-1, a post-reactffion compflex wffith a reflatffive energy off

−31.6 kcafl mofl−1, when produced, shoufld rapffidfly dffissocffiate at tem-

peratures reflevant to the atmosphere to the ffinafl products,

NO2+ N2+ O2drffiven by the very flarge entropy ffincrease, together

wffith a negflffigffibfle barrffier and flow endothermfficffity (~1 kcafl mofl−1).

Accordffing toFffig. 1, TS-1 ffis the key saddfle poffint, because passffing over

(or through) TS-1 ffis the rate-determffinffing step. Yet, TS-1 has a flarge spffin

contamffinatffion (< S2>) off 1.5. So, ffin addffitffion to UHF-CCSD(T)

method, ROHF-CCSD(T) was aflso used ffor optffimffizatffion. A comparffison

off two optffimffized geometrffies are dffispflayed ffinFffig. 2wffith the ROHF-

CCSD(T) vaflues shown ffin parentheses. Inspectffion offFffig. 2shows that

the two geometrffies are ffin good agreement: there are smaflfl dffifferences

off 0.015 Å ffor the OeO bond flength and off 0.4 degrees ffor the∠NOO

angfle. However, there ffis a dffifference off 2 kcafl mofl−1 (not shown ffin

Fffig. 1) ffor the caflcuflated barrffier heffights, where the ROHF-CCSD(T)

method gffives a flower vaflue. Because off thffis, we take the

49.9 kcafl mofl−1 barrffier heffight ffrom ROHF-CCSD(T)/cc-pVQZ, but re-

cognffize that ffit ffis assocffiated wffith a reflatffivefly flarge uncertaffinty (up to

perhaps 3–5 kcafl mofl−1).

For pathway 2 as dffispflayed ffinFffig. 1, NO3can attack the nffitrogen

end off N2O vffia TS-2 fleadffing to the fformatffion off an ffintermedffiate adduct,

INT1. The energy barrffier off TS-2 ffis caflcuflated to be 35.1 and

34.4 kcafl mofl−1 usffing the G3B3 and UHF-CCSD(T) methods, respec-

tffivefly. INT1 flffies a ffew kcafl mofl−1 flower than TS-2. There are two

possffibfle pathways startffing at INT1: ffit effither dffissocffiates vffia TS-2 back to

the ffinffitffiafl reactants, NO3+ N2O, or decomposes ffurther vffia TS-3 to gffive

products, NO2+ 2NO. Gffiven that the redffissocffiatffion step ffaces a much

flower barrffier, ffit ffis expected to be domffinant. As a resuflt, the rate-de-

termffinffing step ffin thffis scenarffio ffis to surmount TS-3.

1.3. Statffistfficafl rate coefficffient caflcuflatffions

Pathway 1:NO3+ N2O → TS-1 → NO2+ N2+ O2

As seen ffinFffig. 1, when fformed ffrom the assocffiatffion off NO3wffith

N2O, Pre-1 rapffidfly re-dffissocffiates back to reactants because the sub-

sequent O-abstractffion step must overcome a very hffigh barrffier. As a

resuflt, the canonfficafl equffiflffibrffium, NO3+ N2O Pre-1, ffis quffickfly es-

tabflffished beffore the ffoflflowffing O-abstractffion can occur. In addffitffion,

Post-1 – as produced by passffing over TS-1 – has substantffiafl ffinternafl

energy, and thus rapffidfly decomposes to products, NO2+ N2+ O2.

Because off thffis, the ffinfluences off Pre-1 and Post-1 on kffinetffics off the

reactffion are negflffigffibfle (ffor exampfle, ffit makes a dffifference off fless than

5% at any atmospherffic reflevant temperature, see theSuppflementary

Materffiafl). Consequentfly, a kffinetffics scheme ffin thffis scenarffio can be

sffimpflffiffied to: NO3+ N2O → TS-1 → NO2+ N2+ O2, whffich does not go

through a flong-flffived ffintermedffiate, and thereffore ffis expected to be

pressure-ffindependent. Thermafl rate constants can be caflcuflated usffing

transffitffion state theory (TST)[21,22]

= × × +
=

k (T)
h

Q Q

Q ·Q
(2J 1) G (E, J)exp( E/k T)dETST

tr e

NO
re

N O
re

J 0 0

rv B

3 2

at the hffigh-pressure flffimffit:

(3)

where h ffis Pflanck’s constant, kBffis Bofltzmann’s constant, and σ = 12 ffis

the reactffion path degeneracy. For the flatter, note that rotatffionafl sym-

metry numbers are 6, 1, and 1, respectffivefly, ffor NO3, N2
QNO
re
3

O, and TS-1. In

addffitffion, TS-1 ffis chffirafl and thereffore has a mffirror ffimage. QN O
re
2

and

are the compflete partffitffion ffunctffions ffor NO3and N2O, respectffivefly. Qtr
ffis the transflatffionafl partffitffion ffunctffion and Qe

Grv

ffis the eflectronffic partffitffion

ffunctffion (the superscrffipts “re” and “≠” desffignate reactants and tran-

sffitffion state, respectffivefly). J ffis the totafl anguflar momentum quantum
number. ffis the sum off rovffibratffionafl states ffor TS-1 obtaffined by

convoflutffing vffibratffionafl and rotatffionafl quantum states[23]

=G (E, J) G (E E ) (E )dErv

E

0

v r r r r

:

(E )r r

(4)

where ffis the densffity off states at energy Er. It ffis assumed that aflfl

statffionary poffints on the potentffiafl energy surfface are approxffimated by a

rffigffid-rotor symmetrffic top[23], ffor whffich rotatffionafl energy flevefls are

gffiven by Eq.(5)

= + +

= +

E (J, K) J(J 1)B̄ (A B̄)K , wffith B̄

B·C and J K J

r
2

:

(5)

Wffith A, B, and C as the rotatffionafl constants. It shoufld be mentffioned that

tunneflffing effects wffith an asymmetrffic Eckart modefl[24]
Gv

are ffincfluded ffin
computffing ffin Eq.(4)through Eq.(6) [25]:

Tabfle 1

Caflcuflated reflatffive energffies (kcafl mofl−1) off varffious specffies ffinvoflved ffin the reactffion off NO3wffith N2O ffor the exothermffic and endothermffic channefls.

NO3+ N2O → NO2+ N2+ O2 NO3+ N2O → NO2+ 2NO

Specffies G3B3 CCSD(T)/cc-pVQZ Specffies G3B3 CCSD(T)/cc-pVQZ

Pre-1 −2.3 n/a TS-2 35.1 34.4

TS-1 51.6 49.9 INT1 34.1 31.8

Post-1 −31.6 n/a TS-3 43.4 42.5

NO2+ N2+ O2 −29.9

(−30.72 ± 0.1)a)
−30.6

(−30.72 ± 0.1)a)
NO2+ 2NO 12.9

(12.60 ± 0.1)a)
12.7

(12.60 ± 0.1)a)

a)Taken ffrom ATcT, versffion 1.122d, 2019[31].

Fffig. 2.Geometrfficafl parameters off TS-1 are optffimffized usffing UHF-CCSD(T)/

ANO1 and ROHF-CCSD(T)/ANO1 (parenthesffis) flevefls off theory. The energy at

the ROHF-CCSD(T)/ANO1 flevefl off theory ffis 2 kcafl mofl−1flower than that off the

other.
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= ×G (E) P(x) (E x)dxv

E

0
Eckart v

(6)

Here P(x) is the asymmetric Eckart tunneling probability.
The rate constants calculated as a function of temperature are

shown in Table 2. Inspection of Table 2 shows that k(T) increases
sharply by about sixty-three orders of magnitude when temperature rises
from 100 to 400 K, as expected for a reaction having a high reaction
barrier. Because of the motion of the heavy oxygen atom, the tunneling
correction also increases significantly with decreasing temperature: it is
a factor of ca. 4 at 300 K and becomes about 2× 1019 at 100 K; but,
even such a large tunneling enhancement is insufficient to overcome
the very small rate constant caused by the high barrier. At room tem-
perature, the calculated rate constant is 1× 10–47 cm3molecule–1 s−1,
which corresponds to a N2O lifetime of 2×1038 s (about 1031 years),
assuming an atmospheric [NO3]≈ 5×108molecules/cm3 [26]. Note
that the globally averaged NO3 abundance is ill-defined and would be
much smaller. Even if this rate coefficient were ten orders of magnitude
larger, it would not make any contribution to the atmospheric removal
of N2O. At the lower temperatures, the rate coefficient will be even
smaller. Therefore (even allowing for considerable uncertainty in our
calculations), it can be safely concluded that reaction pathway 1 has
absolutely no relevance in the atmosphere; it is most certainly not a
potential sink for N2O.

Pathway 2: NO3+N2O→TS-2→ INT1→TS-3→NO2+2NO

As shown in Fig. 1, the endothermic reaction pathway 2 to form
NO2+2NO from NO3+N2O passes through an intermediate INT1,
which does not have a long lifetime. Therefore, this pathway may de-
pend on pressure. If it does, a master equation analysis is required to
compute rate constants as functions of both temperature and pressure.
To check this idea, we have computed thermal rate constants at two
extreme conditions: the low- and high-pressure limits where analytical
solutions can be obtained through Eq. (7) and Eq. (8), respectively.

At the low-P limit [27,28]:

= × × +=
=

k(T)
h

Q Q
Q ·Q

(2J 1) G (E, J)exp( E/k T)dEP 0
tr e

NO
re

N O
re

J 0 0
eff B

3 2

(7a)

Here Geff is the effective sum of rovibrational quantum states, which is
given by Eq. (7b):

=
×
+

G
G (E, J) G (E, J)
G (E, J) G (E, J)eff

TS2 TS3

TS2 TS3 (7b)

At the high-P limit [28]:

= ×
+=k(T) k (T) k (T)

k (T) k (T)P
2 3

2 3 (8)

where k2(T) is the thermal rate constant for the forward step:
NO3+N2O→TS-2→ INT1, k−2(T) is the thermal rate constant for the
reverse process: INT1→TS-2→NO3+N2O, and k3(T) is the thermal
rate constant for the formation of the products: INT1→TS-3→
NO2+2NO.

These three rate constants are computed using TST and presented in
Table 3. Inspection of Table 3 shows that the loss of INT1 through TS-2
is many orders of magnitude faster than via TS-3, so that INT1 rapidly
re-dissociates back to the initial reactants once it is produced. Conse-
quently, INT1 has a very short lifetime that is not compatible with
thermalization via collisions with a third body such as N2 (and/or O2)
under atmospheric conditions. In other words, this reaction pathway is
pressure-independent (also supported by the numbers in Table 4 where
the difference between the low- and high-pressure rate constants is
much smaller than 1%).

Comparison of the rate coefficient calculated at 298 K with the only
reported value is useful. Cantrell et al. [2] measured the rate coefficient
at P=1 atm in air. Their reported upper limit is consistent with our
calculations, but it is to be noted that our value is many orders of
magnitude smaller than their upper limit.

Inspection of Table 4 shows that the calculated rate constants in-
crease with temperature, as expected for a reaction having a high
barrier. At room temperature, we obtain a rate constant of ca.
6×10–43 cm3molecule–1 s−1 which, although five orders of magnitude
faster than pathway 1, still leads to a calculated atmospheric lifetime of
N2O of ca.~3×1033 s (> 1026 years). Thus, taken together with our
results for Reaction (1), the contribution of NO3 reacting with N2O to

Table 2
Calculated thermal rate constants (cm3molecule−1 s−1) and tunneling correc-
tions for the direct O-abstraction pathway 1: NO3+N2O→N2+NO2+O2.

T (K) CTST CTST/Eckart Tunneling correction

100 2.82× 10−121 6.04×10−102 2.15× 1019

125 1.81× 10−99 4.94×10−87 2.73× 1012

150 6.54× 10−93 5.38×10−85 8.23× 107

175 1.70× 10−74 1.10×10−69 6.48× 104

200 1.14× 10−66 6.14×10−64 538
225 1.44× 10−60 5.16×10−59 35.9
250 1.12× 10−55 1.14×10−54 10.2
275 1.15× 10−51 6.20×10−51 5.41
300 2.58× 10−48 9.56×10−48 3.72
325 1.79× 10−45 5.18×10−45 2.89
350 4.96× 10−43 1.20×10−42 2.42
375 6.56× 10−41 1.39×10−40 2.12
400 4.78× 10−39 9.10×10−39 1.91

Table 3
Calculated individual thermal rate constants (in the reaction pathway 2) at the
high-pressure limit.

T (K) k2(T) in cm3molecule−1 s−1 k−2(T) in s−1 k3(T) in s−1

100 3.38× 10−86 4.89× 106 3.84× 10−7

125 1.09× 10−71 2.07× 107 1.60× 10−5

150 6.32× 10−62 6.44× 107 8.56× 10−4

175 6.62× 10−55 1.56× 108 3.59× 10−2

200 1.30× 10−49 3.14× 108 8.45× 10−1

225 1.77× 10−45 5.51× 108 1.13× 101

250 3.70× 10−42 8.70× 108 9.63× 101

275 1.97× 10−39 1.27× 109 5.74× 102

300 3.76× 10−37 1.75× 109 2.59× 103

325 3.24× 10−35 2.29× 109 9.38× 103

350 1.50× 10−33 2.89× 109 2.85× 104

375 4.20× 10−32 3.52× 109 7.49× 104

400 7.86× 10−31 4.20× 109 1.75× 105

Table 4
. Calculated rate constants (cm3molecule−1 s−1) at the low- and high-pressure
limits for the addition/elimination reaction pathway 2: NO3+N2O→
O2NONNO→NO2+2NO.

T (K) Low-P limit a) High-P limit b) diff. (%) c)

100 2.6460×10−99 2.6460×10−99 0
125 8.4208×10−84 8.4208×10−84 0
150 8.4022×10−73 8.4022×10−73 0
175 1.5226×10−64 1.5226×10−64 0
200 3.4888×10−58 3.4894×10−58 1.33× 10−2

225 3.6344×10−53 3.6354×10−53 2.48× 10−2

250 4.0874×10−49 4.0890×10−49 4.09× 10−2

275 8.8806×10−46 8.8862×10−46 6.23× 10−2

300 5.5558×10−43 5.5616×10−43 8.99× 10−2

325 1.3233×10−40 1.3269×10−40 1.25× 10−1

350 1.4762×10−38 1.4787×10−38 1.67× 10−1

375 8.9186×10−37 8.9380×10−37 2.18× 10−1

400 3.2716×10−35 3.2808×10−35 2.78× 10−1

a) Eq. (5) in the main text.
b) Eq. (6) in the main text.
c) Difference (%)= [k(T,P=∞)−k(T,P= 0)]× 100%/k(T,P=∞)
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the lifetime of N2O in the atmosphere is completely negligible. Even
local influences of NO3 on N2O, and vice-versa, would be negligible. At
lower atmospheric temperatures, the loss rate would be even smaller. It
is of importance to compare the impact of NO3 on the lifetime of N2O
with that of OH (ref. [18]). As reported previously [18], at room tem-
perature the pseudo first-order reaction rate constant of N2O with OH is
predicted to be about 7×10−22 s−1, which is about 1012 times faster
than the title reaction. So, it can be concluded that the influence of NO3

is entirely negligible.
It is worth noting that our calculated thermal rate constants may be

in error by a few orders of magnitudes due to numerous possible errors
in our kinetics calculations that involve barrier heights, RRHO model,
tunneling corrections, and so on. Yet, the main conclusion obtained
from this study is that the loss of N2O through either pathway 1 or
pathway 2 is utterly negligible in Earth’s atmosphere or even on a
geological timescale.

2. Discussion

As stated in the introduction, N2O is one of the most important
greenhouse gases, trailing only CO2 and CH4 in importance, and is
believed to be the most important ozone-depleting substance emission
of the 21st Century [1]. Its concentration in the atmosphere has risen
steadily in modern times (a roughly linear rise of ca. 0.8 ppb yr−1 (since
1980 [29]), which has been attributed in large part to an increase in
food production. If steps are not made to mitigate its anthropogenic
sources (it also has natural sources), its importance as an atmospheric
constituent will continue to increase. While it is known that N2O can be
destroyed by photolysis and via reaction with O(1D) atoms in the upper
atmosphere – the modeling of which leads to its estimated atmospheric
lifetime of 114 years [30] – other chemical sinks for the molecule are
unknown. Accordingly, this is the second in a series of studies that in-
vestigate “slow” reactions of N2O, done with an eye towards dis-
covering potential chemical sinks that are relevant on a time scale of
centuries to perhaps millenia. And this is also the second study to in-
vestigate a plausible reaction (the first being reaction of N2O with the
hydroxyl radical, OH [18]) to find that N2O is exquisitely unreactive;
atmospheric lifetimes found so far are so long that they are several
orders of magnitude greater than that of the universe itself.

It seems likely that N2O is resistant to all potential chemical loss
mechanisms in the atmosphere (apart from reaction with O(1D) in the
stratosphere), and that it is simply a highly unreactive atmospheric
molecule like CO2. One could rationalize this by recognizing that it is
isoelectronic with CO2; decomposition reactions of the latter will lead
to the most stable diatomic molecule (CO) while those of nitrous oxide
lead to the second most stable diatomic molecule (N2). Hence, the fact
that both molecules lack chemical sinks in the troposphere is not par-
ticularly surprising; the consequence of such a situation is that N2O will
continue to grow in importance as a greenhouse gas, and is a molecule
that is “here to stay”.

3. Conclusions

Since it is very difficult to measure very slow free radical reactions,
in this work we have estimated the rate coefficient for the potential
reaction of NO3 with N2O using high-level quantum chemical and sta-
tistical chemical kinetics calculations. We find that there are potentially
two reaction pathways, both of which have substantial barriers. The
following kinetics analysis shows that these reactions are extremely
slow and negligible in Earth’s atmosphere. It should be noted that un-
certainties of even 5 kcal mol−1 do not alter the conclusions regarding
the loss of N2O from the troposphere since the upper limits for the rate
coeffients are so small.
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doi.org/10.1016/j.cplett.2019.136605. Theoretical methods, optimized
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are provided.
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