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ABSTRACT: The gas phase reaction between nitric acid
and amidogen radical has been investigated employing
high level quantun-mechanical electronic structure meth-
ods and variational transition state theory kinetic
calculations. Our results show that the reaction proceeds
through a proton coupled electron transfer mechanism with a
rate constant of 1.81 × 10−13 cm3·molecule−1·s−1 at 298 K.
This value is similar to the rate constants for the reactions
of hydroxyl radical with either ammonia or nitric acid. An
analysis of these data in the context of the chemistry of the
atmosphere suggests that the amidogen radical, formed in
the oxidation of ammonia by hydroxyl radical, reacts with
nitric acid regenerating ammonia. On the basis of these
findings, we propose a potential new catalytic-like cycle
which couples the oxidation of ammonia by hydroxyl
radical and the reaction of nitric acid with amidogen
radical in the Earth’s atmosphere.

Nitric acid (HNO3) and ammonia (NH3) are important
trace species in the Earth’s atmosphere. HNO3 is formed

from oxidation of NOx and is believed to be the final major
product in the atmospheric oxidation of gaseous nitrogen
compounds. It can be removed by dry deposition, rain out, or
reaction with hydroxyl radical (OH) (reaction eq 1), which
converts nitric acid into the reactive nitrate radical (NO3).

1,2

+ → +HNO OH NO H O3 3 2 (1)

Ammonia is emitted to the atmosphere from biogenic and
anthropogenic sources and constitutes the third most abundant
gaseous nitrogen compound in the troposphere.3−6 It is the
only alkaline gas in the atmosphere and plays an important role
in the atmospheric heterogeneous chemistry and in the
formation of aerosols.7,8 In the gas phase, NH3 is oxidized by
OH leading to the formation of amidogen radical (NH2) and
water (reaction eq 2). This reaction is also important in the
combustion of fossil fuels and in the atmospheric formation and
elimination of NOx.

9

+ → +NH OH NH H O3 2 2 (2)

Due to the importance of these reactions, several
experimental and theoretical works have been reported in the
literature10−22 aiming to elucidate their reaction mechanism
and to determine the rate constants. For the reaction between

nitric acid and hydroxyl radical (reaction eq 1), a theoretical
estimate of 1.1 × 10−13 cm3·molecule−1·s−1 at 298 K has been
reported17 and experimental values in the range between 1.26 ×
10−13 and 1.64 × 10−13 cm3·molecule−1·s−1 have been measured
for different pressures at 298 K.10−13 For the reaction between
NH3 and OH (reaction eq 2), a theoretical estimate of 1.4 ×
10−13 cm3·molecule−1·s−1 at 300 K has been reported,21

whereas the most recent experimental rate constants range
between 1.47 × 10−13 and 1.60 × 10−13 cm3·molecule−1·s−1 at
298 K.18,23

Field observations and laboratory investigations have
revealed the existence of interdependence between nitric acid
and ammonia concentrations in the atmosphere.24−28 For
atmospheric chemistry purposes, it is convenient to write the
reaction rates for eqs 1 and 2 (designated by v1 and v2,
respectively) as

=v k [HNO ][OH]1 1 3 (3)

=v k [NH ][OH]2 2 3 (4)

where k1 and k2 are the rate constants of reactions eqs 1 and 2,
respectively.
It is now interesting to write the relative rates between

reactions eqs 2 and 1 as
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The rate constants k1 and k2 are very similar to each other, so
that we can assume that the k2/k1 ratio is close to 1.
Consequently, we conclude that the ratio v2/v1 of the reaction
rates for the OH radical oxidations of ammonia and nitric acid
depends on the relative concentration of these species.
Field observations have reported atmospheric concentration

of nitric acid and ammonia ranging between 1.16 × 1010 and
1.32 × 1012 molecule·cm−3,29,30 and in the range between 1.97
× 1011 and 3.74 × 1012 molecule·cm−3, respectively.30,31

Moreover, mean simultaneous concentrations measures of
ammonia and nitric acid, observed at different rural and urban
areas, indicate that the ratio [NH3]/[HNO3] ranges between
17 and 64.30,32−34 These findings suggest that, in atmospheric
situations with large ammonia concentrations, the OH radical
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should oxidize NH3 (reaction eq 2) rather than HNO3
(reaction eq 1). However, reaction eq 2 produces amidogen
radical, which can further react with nitric acid (reaction eq 6),
leading to the formation of nitrate radical and regenerating
ammonia.

+ → +HNO NH NO NH3 2 3 3 (6)

In an attempt to assess the potential role of the amidogen
radical in the tropospheric degradation of nitric acid, here we
report the results of high level quantum-mechanical electronic
structure calculations on the ground-state potential energy
surface (PES) of reaction eq 6. In addition, an estimate of the
rate constants of the elementary reactions considered, based on
the variational transition state theory calculations, is provided.
Figure 1 displays a schematic energy profile showing the

most relevant structures concerning the lowest-energy pathway

on the ground-state PES. First, the reaction begins with a
barrierless formation of a pre-reactive complex (CR) which has
a quite large binding energy (8.32 kcal·mol−1 at CCSD(T)/
CBS//QCID/6-311+G(2df,2p) level of theory). This result is
in line with the study reported recently by Clark et al.,35

although we predict a larger binding energy by 1.1 kcal·mol−1

according to the largest basis set used in this work. Next, the
reaction goes on through a transition state (TS1), before the
formation of two post reactive complexes and the release of the
NO3 and NH3 products. From the relative energies calculated
at the zero-point energy corrected CCSD(T)/CBS//QCID/6-
311+G(2df,2p) level of theory, TS1 is predicted to lie 0.17 kcal·
mol−1 above the energy of the separate reactants and the
reaction energy of reaction eq 6 is computed to be −3.44 kcal·
mol−1. It is worth mentioning that the lowest-energy transition
state for reaction eq 1 is calculated to lie 2.54 kcal·mol−1 above
the energy of the separate reactants.17

The analysis of the QCISD wave function in terms of the
natural orbitals obtained from the first-order density matrix
indicates that the reaction between nitric acid and amidogen
radical takes place through a proton coupled electron transfer
mechanism (pcet). In this process, the two moieties, HNO3 and
NH2, approach toward each other in such a way that the
nitrogen atom lone pair of the amidogen radical is directed
toward the hydrogen of the nitric acid, whereas the unpaired
electron of the NH2 radical interacts with one oxygen atom of
the NO2 group, so that there is a shift of one electron from the
oxygen atom to the nitrogen atom of the amidogen moiety and,

simultaneously, the proton of nitric acid is transferred to the
NH2 group. This process is depicted in Scheme 1, which

includes the two center O2−N6 bonding and antibonding
natural orbitals (with electron occupations 1.93 and 1.02,
respectively) arising from the interaction between the lone pair
of the oxygen atom and the unpaired electron of the amidogen
radical. At this point it is worth noting that the pcet mechanism
of reaction eq 6 shows the same electronic features described
for the gas phase oxidation of atmospheric acids by hydroxyl
radical.17,36−40

According to its pcet mechanism, the gas phase reaction
between nitric acid and amidogen radical is a two-step process
as described by eq 7, where the pre-reactive complex CR is in
equilibrium with the reactants, and the reaction proceeds
through the unimolecular decomposition of this complex.
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−
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Now, the rate constant can be approximated as
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where Keq is the equilibrium constant for the formation of the
CR complex and k2 is the unimolecular rate constant for its
decomposition.
The equilibrium constant has been evaluated from the

relative energies obtained at CCSD(T)/CBS level of theory
and partition functions computed at QCISD/6-311+G(2df,2p)
level of theory, whereas for k2, we have carried out variational
transition state theory calculations (VTST) employing energies
obtained at CCSD(T)/CBS level of theory and partition
functions computed at BH&HLYP/6-311+G(2df,2p) level of
theory. The tunneling factor has been evaluated by using the
small curvature approximation.
The results of the kinetic study are collected in Table 1,

which shows large values of the equilibrium constants for the
formation of the CR complex, ranging between 2.05 × 10−18

and 1.99 × 10−19 cm3·molecule−1, at temperatures within the
270−320 K range. These values are in agreement with the large
binding energy predicted for this complex and are about 7.1
and 7.5 times larger than those reported recently by Clark et
al.35

Our VTST calculations predict a rate constant of 1.81 ×
10−13 cm3·molecule−1·s−1 at 298 K. This value remains
practically constant in the range of temperatures investigated

Figure 1. Schematic potential energy surface for the reaction between
HNO3 and NH2.

Scheme 1. Pictorial Representation of the Electronic
Features of the Transition State TS1a

an stands for the electron occupation of the natural orbitals of the
QCISD wave function.
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(between 270 and 320 K). We observe that the value of this
rate constant is very similar (though slightly larger) to the rate
constants of reactions eqs 1 and 2. These results lead us to
conclude that, in those atmospheric conditions where the
concentration of ammonia is greater than the concentration of
nitric acid and where hydroxyl radical should preferentially
oxidize ammonia, amidogen radical could contribute to the
atmospheric degradation of nitric acid through reaction eq 6.
However, the small exothermicity of this reaction suggests the
possibility of reaction eq 6 to be reversible. Thus, we have
calculated a rate constant of 6.33 × 10−17 cm3·molecule−1·s−1 at
298 K for the reverse reaction of eq 6 (see the Supporting
Information), which is roughly 4 orders of magnitude smaller
than for the forward reaction. Despite this great difference in
the values of the rate constants, under large atmospheric
concentrations of NO3 and NH3, the reaction rate of the
reverse reaction could be larger than the reaction rate of the
forward one. This can occur at night with large concentrations
of nitrate radical, but the rapid photolysis of NO3 during the
day9 would prevent this situation.
The findings discussed above lead us to consider possible

atmospheric implications of the reaction investigated in this
work, so that the reactions of eqs 2 and 6 are coupled to each
other forming an atmospheric catalytic-like cycle such as
displayed in Figure 2. In this catalytic cycle, ammonia is

oxidized by OH radical to form NH2, radical and then
amidogen radical further reacts with nitric acid yielding nitrate
radical and regenerating ammonia so that the catalytic cycle is
closed.
The proposed cycle may be less operative or even inoperative

depending on the presence and concentration of other
atmospheric trace gases that can compete with the reactions
considered in the present study, in the same way as occurs in
many other atmospheric cycles that cannot be treated
independently. In particular, high relative humidity and low
temperature favors formation of particulate ammonium nitrate

according to the equilibrium eq 9,32 and consequently reduces
the atmospheric concentration of gas phase nitric acid and
ammonia, or the presence of some aldehydes or nitrogen
oxides, among others, that can compete with the reactions
investigated.

+ ↔HNO NH NH NO3 3 4 3 (9)

Finally, it is worth pointing out that the reaction investigated
in this work may have important implications in combustion
and postcombustion environments, where amidogen radical
and NOx compounds play an important role.41,42 In fact, this is
true if one realizes that the reaction mechanism described in
this work is not necessarily restricted to the reaction with nitric
acid.

■ ASSOCIATED CONTENT
*S Supporting Information
Theoretical methods employed in this work, details of the
results regarding the potential energy surface and the kinetic
study along with the absolute energies and Cartesian
coordinates of all stationary point considered; kinetic study of
the reverse reaction. This material is available free of charge via
the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
e-mail:anglada@iqac.csic.es
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Spanish DGYCIT (CTQ2011-
27812) and the Generalitat de Catalunya (Grant
2009SGR01472). The calculations described in this work
were carried out at the Centre de Supercomputacio ́ de
Catalunya (CESCA), at CTI-CSIC, and at the computer
cluster of our group.

■ REFERENCES
(1) Wayne, R. P. Chemistry of Atmospheres, 3rd ed.; Oxford University
Press: Oxford, 2000.
(2) Wespes, C.; Hurtmans, D.; Herbin, H.; Barret, B.; Turquety, S.;
Hadji-Lazaro, J.; Clerbaux, C.; Coheur, P. F. J. Geophys. Res. 2007, 112,
D13311.
(3) Schlesinger, W. H.; Hartley, A. E. Biogeochemistry 1992, 15, 191.
(4) Wofsy, S. C.; McElroy, M. B. Can. J. Chem. 1974, 52, 1582.
(5) Cicerone, R. J. Rev. Geophys. 1975, 13, 900.
(6) Monks, P. S.; Granier, C.; Fuzzi, S.; Stohl, A.; Williams, M. L.;
Akimoto, H.; Amann, M.; Baklanov, A.; Baltensperger, U.; Bey, I.;
Blake, N.; Blake, R. S.; Carslaw, K.; Cooper, O. R.; Dentener, F.;
Fowler, D.; Fragkou, E.; Frost, G. J.; Generoso, S.; Ginoux, P.; Grewe,
V.; Guenther, A.; Hansson, H. C.; Henne, S.; Hjorth, J.; Hofzumahaus,
A.; Huntrieser, H.; Isaksen, I. S. A.; Jenkin, M. E.; Kaiser, J.;
Kanakidou, M.; Klimont, Z.; Kulmala, M.; Laj, P.; Lawrence, M. G.;
Lee, J. D.; Liousse, C.; Maione, M.; McFiggans, G.; Metzger, A.;
Mieville, A.; Moussiopoulos, N.; Orlando, J. J.; O’Dowd, C. D.;
Palmer, P. I.; Parrish, D. D.; Petzold, A.; Platt, U.; Poeschl, U.; Prevot,
A. S. H.; Reeves, C. E.; Reimann, S.; Rudich, Y.; Sellegri, K.;
Steinbrecher, R.; Simpson, D.; ten Brink, H.; Theloke, J.; van der Werf,
G. R.; Vautard, R.; Vestreng, V.; Vlachokostas, C.; von Glasow, R.
Atmos. Environ. 2009, 43, 5268.
(7) Renard, J. J.; Calidonna, S. E.; Henley, M. V. J. Hazard. Mater.
2004, 108, 29.
(8) Lammel, G.; Pohlmann, G. J. Aerosol Sci. 1992, 23 (Suppl. 1),
941.

Table 1. Calculated Values, at Different Temperatures (in K)
of Tunneling Factors, κ, Equilibrium Constants (Keq in cm3·
molecule−1), k2 (in s−1), and Rate Constants (kTS in cm3·
molecule−1·s−1)a

T Keq κb k2
b kTS

270 2.05 × 10−18 2.27 4.11 × 104 1.91 × 10−13

280 1.20 × 10−18 2.15 7.36 × 104 1.87 × 10−13

290 7.27 × 10−19 2.05 1.23 × 105 1.83 × 10−13

298 5.00 × 10−19 1.97 1.84 × 105 1.81 × 10−13

300 4.57 × 10−19 1.96 2.02 × 105 1.81 × 10−13

310 2.97 × 10−19 1.86 3.22 × 105 1.79 × 10−13

320 1.99 × 10−19 1.80 4.96 × 105 1.78 × 10−13

aSee Supporting Information for more details of these calculations.
bThe k2 value of eq 8 corresponds to κ·k2 in Table 1.

Figure 2. Catalytic cycle involving the oxidation of NH3 by OH radical
and the reaction between amidogen radical and nitric acid.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja501967x | J. Am. Chem. Soc. 2014, 136, 6834−68376836

http://pubs.acs.org
mailto:e-mail:anglada@iqac.csic.es


(9) Finlayson-Pitts., B.; J. Pitts, J. Chemistry of the Upper and Lower
Atmosphere. Theory, Experiments, and Applications; Academic Press: San
Diego, 2000.
(10) Atkinson, R. J. Phys. Ref. Data 1997, 26, 1329.
(11) Brown, S. S.; Ravishankara, A. R.; Stark, H. J. Phys. Chem. A
2000, 104, 7044.
(12) Jolly, G. S.; Paraskevopoulos, G.; Singletonnext, D. L. Chem.
Phys. Lett. 1985, 117, 132.
(13) Carl, S. A.; Ingham, T.; Moortgat, G. K.; Crowley, J. N. Chem.
Phys. Lett. 2001, 341, 93.
(14) Smith, I. W. M.; Ravishankara, A. R. J. Phys. Chem. A 2002, 106,
4798.
(15) Brown, S. S.; Burkholder, J. B.; Talukdar, R. K.; Ravishankara, A.
R. J. Phys. Chem. A 2001, 105, 1605.
(16) Xia, W. S.; Lin, M. C. J. Chem. Phys. 2001, 114, 4522.
(17) Gonzalez, J.; Anglada, J. M. J. Phys. Chem. A 2010, 114, 9151.
(18) Diau, E. W. G.; Tso, T. L.; Lee, Y. P. J. Phys. Chem. A 1990, 94,
5261.
(19) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Crowley, J. N.;
Hampson, R. F.; Hynes, R. G.; Jenkin, M. E.; Rossi, M. J.; Troe, J.
Atmos. Chem. Phys. 2004, 4, 1461.
(20) Nyman, G. J. Chem. Phys. 1996, 104, 6154.
(21) Monge-Palacios, M.; Rangel, C.; Espinosa-Garcia, J. J. Chem.
Phys. 2013, 138, 084305.
(22) Ennis, C. P.; Lane, J. R.; Kjaergaard, H. G.; McKinley, A. J. J.
Am. Chem. Soc. 2009, 131, 1358.
(23) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Crowley, J. N.;
Hampson, R. F.; Hynes, R. G.; Jenkin, M. E.; Rossi, M. J.; Troe, J.
Atmos. Chem. Phys. 2004, 4, 1461.
(24) Huebert, B. J.; Luke, W. T.; Delany, A. C.; Brost, R. A. J.
Geophys. Res.: Atmos. 1988, 93, 7127.
(25) Harrison, R. M.; Kitto, A. M. N. J. Atmos. Chem. 1992, 15, 133.
(26) Kramm, G.; Dlugi, R. J. Atmos. Chem. 1994, 18, 319.
(27) Nguyen, M. T.; Jamka, A. J.; Cazar, R. A.; Tao, F. M. J. Chem.
Phys. 1997, 106, 8710.
(28) Cadle, S. H.; Countess, R. J.; Kelly, N. A. Atmos. Environ. 1982,
16, 2501.
(29) Tuazon, E. C.; Winer, A. M.; Pitts, J. N. Environ. Sci. Technol.
1981, 15, 1232.
(30) Robarge, W. P.; Walker, J. T.; McCulloch, R. B.; Murray, G.
Atmos. Environ. 2002, 36, 1661.
(31) Ianniello, A.; Spataro, F.; Esposito, G.; Allegrini, I.; Rantica, E.;
Ancora, M. P.; Hu, M.; Zhu, T. Atmos. Chem. Phys. 2010, 10, 9487.
(32) Lin, Y.-C.; Cheng, M.-T.; Ting, W.-Y.; Yeh, C.-R. Atmos.
Environ. 2006, 40, 4725.
(33) Bari, A.; Ferraro, V.; Wilson, L. R.; Luttinger, D.; Husain, L.
Atmos. Environ. 2003, 37, 2825.
(34) Hoek, G.; Mennen, M. G.; Allen, G. A.; Hofschreuder, P.;
vanderMeulen, T. Atmos. Environ. 1996, 30, 3141.
(35) Clark, J.; Kumbhani, S.; Hansen, J. C.; Francisco, J. S. J. Chem.
Phys. 2011, 135, 244305.
(36) Olivella, S.; Anglada, J. M.; Sole, A.; Bofill, J. M. Chem.Eur. J.
2004, 10, 3404.
(37) Anglada, J. M. J. Am. Chem. Soc. 2004, 126, 9809.
(38) Anglada, J. M.; Olivella, S.; Sole, A. J. Phys. Chem. A 2006, 110,
1982.
(39) Anglada, J. M.; Gonzalez, J. ChemPhysChem 2009, 10, 3034.
(40) Jorgensen, S.; Jensen, C.; Kjaergaard, H. G.; Anglada, J. M. Phys.
Chem. Chem. Phys. 2013, 15, 5140.
(41) Green, R. M.; Miller, J. A. J. Quant. Spectrosc. Radiat. Transfer
1981, 26, 313.
(42) Dean, A. M.; Bozzelli, J. W. In Gas-Phase Combustion Chemistry;
Gardiner, W. C., Ed.; Springer: New York, 1999; p 125.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja501967x | J. Am. Chem. Soc. 2014, 136, 6834−68376837


