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Abstract 

The role of nitrous oxide (NzO) in the global nitrogen cycle is discussed. Nitrous oxide is 
an important trace component of the Earth’s atmosphere with a 120-year atmospheric 
residence time. It exhibits a global warming potential 310 times that of CO2 on a per 
molecule basis, and like CO1, its atmospheric concentration is increasing. Nitrous oxide is 
produced naturally as a byproduct of nitrification and denitrification. There are also several 
anthropogenic sources. Structural. physical, spectroscopic, bonding, thermodynamic, and 
solution properties of NO, are reviewed. The reactions known to yield N20 are surveyed. 
Fundamental chemical kinetics and mechanisms that lead to its formation are discussed. 
which emphasize our research involving nitric acid, nitric oxide, and ammonium nitrate as 
N,O precursors. These results are discussed in the context of their relevance to biological and 
environmental chemistry. 0 1999 Elsevier Science S.A. All rights reserved. 

K~>,IIxvc/~: Nitrous oxide; Nitric oxide; Ammonium nitrate; Adipic acid; Kinetics 

1. Introduction 

Nitrous oxide (dinitrogen oxide, N,O) is a colorless gas under ambient condi- 
tions, which exhibits a slightly sweet odor and taste. It was discovered in 1772 by 
Joseph Priestley, who called it “diminished nitrous air”, from the reduction of NO 
with iron or iron/sulfur mixtures [l]. Sir Humphrey Davy inhaled N20 during his 
medical training in 1799, as part of a study on the physiological effects of several 
newly discovered gases, and he discovered the ability of N,O to promote lighthead- 
edness. Public demonstrations rapidly popularized the remarkable effects of N,O, 
and laughing gas parties and traveling shows became fashionable. During 184& 
1846 the dentists Horace Wells and Gardner Colton demonstrated the useful 
anesthetic properties of N,O. About the same time Wells’ former partner, William 
Morton, discovered diethylether was an effective anesthetic. Nitrous oxide contin- 
ues to be used widely as a mild anesthetic for dental surgery and obstetrics. In 
major surgical procedures, N,O is employed as the carrier gas in combination with 
more potent inhalation general anesthetics, such as halothane. Nitrous oxide is also 
a trace component of the Earth’s atmosphere. 

Measurements of the amount of N1O entrapped in polar ice show that the global 
concentration of N,O is higher now than at anytime during the past 45000 years 
[2]. After the last ice age the N,O concentration increased, and then it remained 
constant ( - 275 ppb) for about 10000 years until the 19th century. Since then, the 
N,O concentration has increased significantly, and this has been attributed to 
anthropogenic contributions [3]. The atmospheric N,O concentration now is about 
315 ppb, and it has been increasing at a rate of 0.8 ppbv per year [4-lo]. There are 
several reasons why this merits consideration. First, the half-life of atmospheric 
NzO is estimated between 110 and 168 years [1 1,121, and 120 years is the currently 
accepted value [lo]. Even a small rate of increase results in accumulation, and any 
concentration perturbation that occurs will last for centuries. Second, N,O is a 
potent greenhouse gas with a global warming potential about 310 times that of CO, 
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[9,10,13]. This must be included in models of future greenhouse warming and in 
public policy decisions about greenhouse gas reductions. It may be more cost 
effective to first reduce N,O emissions instead of CO, emissions. Third, N,O is the 
main source of stratospheric NO,., which is an important sink for stratospheric 
ozone [14]. However, stratospheric NO and NO,, also react with chlorine oxide 
radical species in the lower stratosphere and produce stable compounds (e.g. 
C10N02) that do not destroy ozone. In the lower stratosphere, the NO derived 
from N,O may help reduce ozone depletion from CFC degradation products [15]. 
The main anthropogenic source of ozone depletion, the CFCs, have been limited by 
international treaties. As atmospheric levels of CFCs decrease, N,O would be 
expected to play an increasing role as an ozone sink. Given the contributions to 
radiative forcing and stratospheric ozone chemistry, N1O could someday become 
problematic if its atmospheric levels continue to increase. 

The quantification of N,O sources is incomplete. Industrial uses of N,O, as a 
propellant in canned whipping cream, as a fuel additive in racing cars, and as an 
anesthetic are small. They cannot account for the significant global increase of 3-4.5 
Tg N per year [7-91. The widespread use of nitrogen fertilizers is suspected to be 
an important contributor, but this has been difficult to quantify. On a fundamental 
level, the chemical mechanisms that yield N,O relate to problems in atmospheric 
chemistry, biochemistry, and the control of NO, emissions. Therefore this review 
will summarize chemical, physical, and mechanistic aspects of N,O relevant to 
environmental issues of interest to our research group. 

2. Physical properties of nitrous oxide 

2.1. The electronic and geometrical structures of nitrous oside 

Nitrous oxide is a linear molecule (point group C, ,.) that is isoelectronic to CO,. 
Bond distances (r,), determined from rotational spectroscopy measurements, are 
given in Fig. 1 [16- 181. The electronic structure and geometrical structure can be 
understood in the context of the valence bond resonance forms shown in Fig. 1. 

Both the N=N and the N=O distances in N20 are reduced from the respective 
average double bond values of 1.25 and 1.21 A [19]. The significant shortening of 
the N=N distance can be attributed to the second contributing resonance form (Fig. 
1). Slight shortening of the N=O distance can be attributed to a contraction of 
orbitals on the central nitrogen atom, because of its positive formal charge in both 
resonance forms. The opposing charge distribution in the two resonance forms 
helps explain the relatively low dipole moment (0.161 D) observed for N,O [20,21]. 

- + + - 
::N=N--$ - : NE N- 6: 

. * 
1.1282 ‘4 1.1842A 

Fig. 1. Resonance forms of nitrous oxide and bond distances, r,. 
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N N 0 

17c 

Fig. 2. Allyl-like p frontier orbitals of N,O. Each degenerate set contains a second orbital in the plane 
perpendicular to the one depicted that also contains the internuclear axis. 

The molecular orbital electronic configuration for N,O is 
(lo)‘(2cr)‘(3o)‘(4o)‘(5cr)~(6o)‘( lr~)~(70)‘(2rt)~ [22]. The highest occupied 1~ and 27~ 
orbitals each consist of a degenerate (s and ~1) pair of ally1 type TC orbitals, as shown 
in Fig. 2 [23]. 

In this scheme, the 27t orbital is approximately nonbonding and the lowest 
unoccupied orbital is the antibonding 37~ molecular orbital. Theoretical calculations 
suggest that the 2rr orbital is slightly N-N bonding and N-O antibonding [24,25], 
which would agree with the shorter N-N distance. The higher electronegativity of 
oxygen favors a higher composition of its TC character in the occupied orbitals and 
a greater nitrogen TC orbital character in the unoccupied 3~ antibonding orbital. The 
highest occupied CT orbital (70) is predominantly N-O cr bonding in character 
[22,26]. Quantitative aspects of the electronic structure calculations will be consid- 
ered in the section concerning spectroscopic properties. 

2.2. Thermodynamic and solubility properties of nitrous oxide 

Nitrous oxide liquefies at 183.7 K, freezes at 170.8 K, and the critical temperature 
and pressure are 36.5”C and 72.4 bar [27,28]. Commercial cylinders of N20 contain 
both liquid and gas phases. At S.T.P. the gas has a density of 1.977 g l- ’ (specific 
gravity of 1.530 relative to air at 15’C). Traces of N,O often occur as an impurity 
in commercial cylinders of NO. Molecular sieves bind NzO relatively strongly, and 
are often used in laboratory gas separation schemes. There is recent interest in the 
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use of supercritical fluids, and N,O may potentially be used as a reactive solvent 
[29]. 

Nitrous oxide dissolves in hydrocarbon and alcohol solvents more readily than 
CO,. The fat solubility of the gas makes it a useful propellant in whipping cream 
cans. It also permits N,O to pass through the hydrophobic blood/brain barrier and 
act as an anesthetic gas. At a partial pressure of 1.013 bar, the range of reported 
solubilities for N,O vary between a maximum mole fraction (sp) of 0.0305 in pentyl 
acetate (294.3 K) to a minimum sL? = 0.00535 in methanol (298.2 K) [28,30]. In 
water, N20 is less soluble than CO,, since N20 is a much weaker Lewis acid. The 
mole fraction of dissolved N,O at 298.2 K is 4.4 x lo-“. Added electrolytes further 
depress the solubility. Two equations for the temperature dependent solubility 
(273-313 K) of N20 in pure water have been published [28]. 

The thermodynamic properties for NZO at 298.15 K are AH;! of 82.048 kJ 
mall ‘, AC; = 104.172 kJ mall ‘, S” = 219.979 J K- ’ mol ‘, and C,, = 38.838 J 
K - ’ mol ’ [18]. The heat of vaporization at the boiling point is 15.55 kJ mol ~ ’ 
and the heat of fusion at the melting point is 6.540 kJ mol- ’ [27,31]. The high 
stability of NzO in the atmosphere, and its relative chemical inertness, must be 
attributed to kinetics, because it is thermodynamically unstable with respect to the 
free elements. Decomposition to N2 and l/20? commences at h 600°C. Because 
N,O is diamagnetic and the product 0, is paramagnetic in its ground state, the 
reaction pathway must proceed by a spin-forbidden route. This results in a high 
activation energy ( m 250 kJ molt ‘) for the thermal decomposition [32]. There has 
been considerable interest in the activation of N,O for oxygen atom transfer 
reactions to organic substrates. Several examples where 0x0 transfer to a metal or 
organic ligand has been reported [33-391, along with one rare example of N=N 
bond cleavage to form a metal nitrido [40,41]. 

2.3. Spectroscopic properties qf‘ nitrous oxide 

23.1. Vibrationnl spectru 
The infrared spectrum of N,O exhibits three strong fundamental absorptions, 

with superimposed rotational fine structure [42]. The frequencies of the three 
fundamentals are 11, (asymmetric stretch, C f ) = 1284.91 cm - I, r2 (bending, II) = 
588.77 cm- ‘, and I+ (symmetric stretch, C + ) = 2223.76 [43-451. Two of these (v, 
and 1~~) also appear in the Raman spectrum. Vibrational spectroscopy provided the 
initial proof [42] that the molecule adopted an asymmetrical linear structure. The 
infrared spectrum also exhibits numerous weak absorptions assigned to overtone 
and combination transitions [1167 cm - ’ (2~~)~ 1867.5 cm - ’ (11, + r,), 2461.5 cm - ’ 
(II, + 2r2), 2563.5 cm- ’ (2r,), 2798.3 cm- ’ (11~ + I’~), 3365.6 (21)~ + r3), 3481.2 
(if, + II>), 4419.5 (211,), 4734.7 cm ’ (2v, + I’~)]. In addition, there are several very 
weak overtones just to lower energy of some stronger fundamentals and combina- 
tions. They are found at 579.3, 590.3, 1282, 1828, 1844, 2210, 2776, and 2785 cm- ’ 
and arise from molecules thermally populating the 11~ (~1 = 1) level [42]. 

Initial attempts to use a simple harmonic valence force field to model the 
stretching vibrations of N,O only yield imaginary force constants because of the 
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strong coupling between the N-N and N-O stretches [46]. The more complete 
quadratic force constants are f,, = 18.01 x 10’ dyn cm- ‘, & = 11.33 x 10” dyn 
cm-‘,f,?= 1.41 x 1O’dyn cm-‘,f;,,,=0.654 x lo-” erg radd’, and.f;,,=0.486 x 
10” dyn cm - ‘. The values off’ I and fz2 are reduced slightly from the triple bond 
values found in Nz (22.97 x lo5 dyn cm- ‘) [42] and NO (15.5 x 10’ dyn cm ~ ‘) [47], 
which is consistent with the structural data (Fig. 1) mentioned earlier. 

23.2. Ionization potentials and electron gffinities qf nitrous aside 
The He(I) photoelectron spectrum of N,O has been determined [48,49]. Energies 

and qualitative molecular orbital assignments for the outermost valence orbitals are 
given in Table 1. There have been several valence shell photoionization studies of 
N20 that have employed optical excitation or electron energy loss spectroscopy 
[50-621. Core binding energies of N,O have been determined with the use of X-ray 
photoelectron spectroscopy [63], Auger spectroscopy [64], and synchrotron radia- 
tion [65]. 

Photoionization quantum efficiencies of N,O have been measured by several 
methods. Shaw and coworkers have used synchrotron radiation and a double ion 
chamber technique to obtain data between 975 and 480 A [66]. They have critically 
reviewed earlier investigations. AfLer a sharp increase in ionization efficiency at 
threshold (12.9 eV or /II! = 960 A), the quantum efficiency shows modulation 
between 0.5 and 0.8 before rising to aDvalue near 1.0 at wavelengths below 600 A. 
The complicated behavior above 600 A can be assigned to several Rydberg series. 
Photoionization of N20 has limited relevance to its atmospheric fate because N20 
undergoes photodissociation at longer wavelength, and the photoionization 
threshold of NzO lies above that of 02, NO, and 0 [67]. 

Measurements of the electron affinity of N,O have been complicated by the 
anion’s tendency to undergo dissociative attachment, yielding 0 ~ and N, [68-771. 
A Franck-Condon distortion is expected, since N,O- is isoelectronic with NO, 
and predicted to possess a bent structure [26,78,79]. This has made measurement of 
the electron affinity (EA) problematic, and electron transfer from NO- to N,O 
provided the first method for making stable N20 - [70,80-821. A value of 0.22 ?c 
0.1 eV is favored for the adiabatic EA of N,O [26,57,83]. The large structural 
change in NzO - is evident in the difference between the adiabatic EA of NzO and 
the photodetachment onset at 0.76 ) 0.1 eV in the photoelectron spectrum of 

Table 1 

Valence shell ionizations of nitrous oxide 

Peak energy (eV) Assignment 

12.894 XS, Z ionization from 271 

12.931 X’FI, ,ionization from 2n 
16.388 A% ’ ionization from 70 
17.64 B’lI ionization from In 
20.105 C%+ ionization from 60 
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NZO - [84]. This latter value serves as an upper limit for the EA of the neutral 
species. Negative ion chemistry of N,O is not thought to be important in the 
atmosphere, because of the slow kinetics of electron transfer to N,O [85,86]. This 
can be attributed to the large Franck-Condon energy barrier expected for electron 
transfer. Similar factors may explain the relative kinetic inertness of N,O as an 
oxidant, even though it is a kinetically strong oxidizing species (being a combina- 
tion of N2 and atomic 0). 

17.3.3. Electronic spertm and molecular orbital theory of nitrous oxide 
Early studies of the electronic absorption spectrum of N,O at several atmo- 

spheres in 33 m path length cells [87] suggested that it contained two weak 
absorptions in the 270-290 nm region. A reinvestigation that determined more 
accurate cross sections for the lowest electronic transitions failed to find any 
significant absorption above 260 nm in purified samples [88]. This finding implies 
that negligible photolysis of N1O occurs in the troposphere. The erroneous early 
report of the weak absorptions has appeared in some reviews of N20 electronic 
absorption spectra [89,90], which has even led to their proposed assignment in more 
recent studies [22]. 

The first diffuse absorption system centered at 182 nm (6.81 eV) has a low 
oscillator strength (f= 1.4 x 10 - ‘) [23,91]. The first absorption system is attributed 
to states derived from the valence (70)‘(27t)~(37t)’ electronic configuration, which 
generates a’C 7, b’A, c?Y -, A’C-, and B’A electronic states [22]. Only the 
X’Z + [(70)‘(27r)‘] + A’C - [(70)‘(27r)“(3~)‘] transition is both spin and dipole al- 
lowed. The weak intensity of the first absorption raises the possibility that it may 
arise from a vibronically allowed transition (X’Z + [(70)‘(27r)‘] + B’A 
[(70)‘(2~)“(3~c)‘]). 

A second structured absorption system is observed centered at 145 nm (8.52 eV) 
with an oscillator strength of 7.2 x lo-’ [23,91,92]. This absorption exhibits a long 
vibrational progression that begins with a 821 cm- ’ spacing, but ends with the 
spacing near 448 cm ~ ‘. The high degree of anharmonicity would be consistent with 
an excited state that has a bent (C,,) geometry, and the progression is assigned to 
the NNO bending mode (compare with ‘I? = 589 cm - ‘, ground state). This presents 
a dilemma in the assignment. Walsh diagrams [23] show that the 3rt orbital is 
stabilized the most on bending, which could suggest that this transition be assigned 
to X’C + [( 70)‘(2rt)~] + A’C - [( 70)‘(2~)‘( ~TC)‘] and the weak 182 nm absorption be 
assigned to one of the dipole forbidden components. MCSCFjCI calculations [22] 
predict that a dipole allowed Rydberg transition X’C T [(7o)‘(2rr)‘] --f 
C’II[(70)‘(2rr)~( loo-3s)‘] should occur near 8.15 eV; however, this excited state 
might be expected to resemble N,O + in structure. Spectroscopic studies of the 
latter species show it to have a linear structure only slightly distorted from the 
parent neutral species (vl = 1126.5 cm ~ ‘, 11~ = 456.8 cm- ‘, and ‘Jo = 1737.7 cm- ‘) 
[17,91]. Other weaker features have been observed in this band system, and the 
complete assignment of all states in this spectral region is uncertain. 

A third intense absorption system lies centered at 128 nm (9.66 eV) with an 
oscillator strength of 0.36 [23,91,92]. This has been assigned to another Rydberg 
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Standard Reduction Potentials Involving N20 

1.297 -0.05 

I.,,. 
Acid Soln 

0.15 -1.05 

104. 
Basic Soln N02- - NO- N20 - N2 - NH~OH 

~N~~~ 

Fig. 3. Redox potential diagram showing standard reduction potentials for reactions that could directly 

lead to nitrous oxide formation. 

type of transition X’C + [(70)‘(27c)‘] + A’C - [(70)‘(2rc)~(4~~-3p)‘] [22,93]. It should be 
noted that the dipole allowed X’C + [(70)‘(2rr)“] +A’II[(7o)‘(2rc)‘(3rc)‘] transition is 
aiso anticipated to occur in this energy region. State assignments and a comparison 
of earlier MO calculations [94-971 are summarized in the paper of Hopper [22]. 
There have also been theoretical attempts to quantitatively reproduce the cross 
sections for photoabsorption and photoionization [25,98,99]. In addition to the 
lowest absorptions in the ultraviolet and vacuum ultraviolet spectral regions, N1O 
has been examined with radiation to 203 eV excitation. These studies bear little on 
the environmental chemistry of N,O, and have been summarized elsewhere by Chan 
and coworkers [93]. 

2.4. Solution electrochemistr~~ qf nitrous oxide 

In aqueous solution, the redox inter-conversion between nitrate (N(V)) and 
ammonium (N( - III)) ions may occur through the intermediacy of N1O. Half-po- 
tentials coupling N,O with the stable species nitrite, nitric oxide, nitrogen, and 
hydroxylamine are provided in Fig. 3 [loo]. Values are also given for the formation 
of hyponitrite (N,O?), which contains nitrogen in the same oxidation state ( + 1) 
as N,O. Hyponitrous acid (HON=NOH, pK,,, = 6.9 and pK,,> = 11.6) [loll is 
unstable in aqueous solution, and it rapidly decomposes to yield N,O (Eqs. (1) and 
(2)). The reaction requires available protons, so N,Oi - persists for days in strongly 
basic solutions (pH 14). Surprisingly, H?N,O, is also stable in strong acid solutions 
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(pH < 3) which suggests that further protonation forms a species, such as 

HJ’W’ , of enhanced stability. 

HzW&, -+ I-I@,,, = N,O,,, AG” = - 169.0 kJ mol- ’ (1) 

HN@,,;,, + OH,,,, = KO,,, AG” = - 129.2 kJ mol- ’ (2) 

Based on thermodynamic considerations (Fig. 3) NO is a likely precursor to 
N,O from high oxidation state compounds, while hydroxylamine is a likely 
precursor from reduced nitrogen compounds. Dinitrogen is an extremely unlikely 
precursor to N20 for both thermodynamic and kinetic reasons. 

Reduction of NO at Pt electrode surfaces has been studied extensively. There 
is some disagreement about the chemical species involved, which is complicated 
by the irreversibility of the reaction, the complex wave shapes, and the highly 
favorable competing reduction of N,O to N2 (Fig. 3) [102-1081, which is subject 
to electrocatalysis [109-l 111. Early studies of the reduction of N20 have been 
summarized [112]. The previous suggested mechanisms for N-0 formation in- 
cluded the reduction of surface NO dimers (NO), to hyponitrite (N1Oz - ), fol- 
lowed by protonation and N,O formation. This was not favored for reduction 
on Hg electrodes [112]. Here there was evidence for a preequilibrium, postulated 
to involve protonation of electrode bound NO. Subsequent reduction of the 
(NOH +)C,d species and dimerization to yield H,N,O, en route to NzO was 
favored [112]. Others suggest that protonation of surface bound NO occurs after 
reduction, and the surface (NOH),,, species then dimerizes [113- 1151. Some sug- 
gest that in acid solution NO disproportionates, so the species being reduced at 
the electrode surface is NO +, which is common to reduction of nitrous acid as 
well [116]. This seems unlikely, since NO adlayers can be directly observed by 
FTIR spectroscopy on platinum single crystal electrodes when nitrite is reduced 
in aqueous solution [117]. Electrogenerative reduction of nitric oxide on platinum 
[11&l 191 has been considered as a method for removing NO from exhaust 
streams [120-1241. Given the importance of NO in chemistry and biology, a 
better understanding of its aqueous electrochemistry is needed. 

3. Reaction mechanisms for the formation of nitrous oxide 

3.1. The environmental nitrogen cycle 

Nitrogen compounds occur in nature in all the available oxidation states. The 
most common species relevant to the natural nitrogen cycle are shown in Scheme 

For example, nitrogen occurs in soil as nitrate in aerobic environments, but as 
ammonium or ammonia in anaerobic environments. Redox interconversion be- 
tween the two extremes is referred to as denitrification and nitrification, as 
depicted below. 



312 W. C. Trogler /i Coordination Chemistr,v Reviews 187 (1999) 303-327 

denitrifying bacteria use NO*- and 

use of reduced nitrogen as 

assimilatory nitrate and nitrite reduction 
by most plants and most bacteria 

in living organisms 

Scheme 1 

denitrification -+ t nitrification 

The average oxidation state of nitrogen in N,O places it halfway between the two 
redox extremes. It is thought that NzO can be formed by either nitrification or 
denitrification pathways, but that denitrification predominates [11,125- 1291. It is 
often assumed that oceanic and terrestrial total nitrogen fluxes are in balance in the 
nitrogen cycle, with the assumption that denitrification can be used to bring the 
cycles into agreement [130]. It is thought that there are only terrestrial and oceanic 
sources of NzO, and that the only sink for NzO is the stratosphere (photolysis or 
reaction with O( ID)). 

3.2. Chemical reactions yielding nitrous oxide 

Some of the common chemical reactions that produce N,O are shown in Scheme 
2 [1,101,131,132]. 

The most common routes to N20 involve reduction of an oxide of nitrogen. 
There are relatively few quantitative studies of the detailed mechanisms of these 
reactions. Because of their relevance to environmental issues, we focused on 
reactions involving NO, NO,, and NH:. Results of these studies will be 
summarized. 

3.3. Nitrous oxide from ammonium nitrate 

While the average oxidation state of nitrogen in NzO is + 1, it contains a central 
N in the + 2 oxidation state and a terminal N atom in the 0 oxidation state. Most 
synthetic pathways to form N20 involve the coupling reactions between high and 
low oxidation state nitrogen compounds. The common laboratory method for 
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HNO, + reductant (NH,*, NH,OH’, Zn, Sn, SnCl,/HCI, HCOOH, cyclohexanol 

or cyclohexanone) -> N,O 

NO; + reductant (hydrazine, HN,, SO,, Snr’) --> N,O 

2 NO + reductant (Cu,O, SO,, FeO, Fe, S, Fe, Zn, FeS, SnCI,, CuCI, CO, 1,2,3-tri- 

hydroxybenzene) --> N,O 

2 NH,OH + oxidant (CL?‘, HNO,, Ce’+, Fe”, RI”‘) -> N,O 

H,NNO, --> N,O + H,O (base catalyzed through monoanion) 

H,N,O, --> N,O + H,O (rapid via monoanion, pH 4-14) 

slow disproportionation of NH,OH in acid and NO in base or acid 

4 NH,OH+ -> N,O + 2 NH,’ + 3 H,O + 2H 

2 MOH + 4 NO --> 2 MNO, + N,O + H,O (M = alkali metal) 

4 NO + 2H’ -> 2NO’ + N,O 

Scheme 2. 

forming N20 involves the controlled thermal ( - 220-250°C) decomposition of 
ammonium nitrate, Eq. (3) [l]. This reaction is complicated because of several 
competing processes. 

NH,NO, : N,O + 2H,O (3) 

As solid ammonium nitrate is heated, proton transfer begins to evolve gaseous 
ammonia and nitric acid. The intermediacy of NO+ in the decomposition mechanism 
has been suggested to occur by autoprotolysis of the released HNO, [1,133- 1361. 

Ammonium nitrate is an important fertilizer and over 34 billion kg are produced 
each year. It is a powerful explosive compound, which detonates with difficulty 
around 350°C [137]. Because the ultimate product of explosive thermal decomposi- 
tion (chiefly Nz and l/20,) contains excess oxidizing capacity, the explosive yield can 
be doubled by mixing ammonium nitrate with an additional reductant, such as fuel 
oil. This mixture is an inexpensive explosive used widely in mining and road 
construction. Given the ready availability of ammonium nitrate fertilizer, it is also 
an easily obtained explosive that has been used by terrorists [138]. Traces of chloride 
salts are known to sensitize the explosive decomposition of solid ammonium nitrate 
[139-1411. 

Much ammonium nitrate is produced by the exothermic neutralization of ammo- 
nia and nitric acid in titanium pressure reactors where temperatures approach 
180-190°C [142]. Therefore, we explored the possible production of N,O byproduct 
under conditions similar to those used in the commercial process [143]. The 
decomposition of aqueous ammonium nitrate at elevated temperatures and pressures 
was examined as a function of chloride, nitrate, and total acidity. Catalysis requiring 
both chloride and acid was observed in solutions containing 20% (w/w) NH,NO, at 
180°C. Nitrous oxide and dinitrogen were coproduced in a 4:l ratio below 0.2 M 
H +. Dinitrogen formation correlated with the production of additional acidity by 
the reaction of Eq. (4). 
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SNH,NO, + 4N, + 2HN0, + 9Hz0 (4) 

The decomposition reaction’s second-order dependence on [H’] is consistent with 
the reversible formation of NO’ as a key step. Incorporation of “0 into the N,O 
product is observed as for organic nitrations [144]. The observed inverse deuterium 
isotope effect of approximately two further supports this conclusion. Inverse 
isotope effects usually reflect the influence of the zero point energy differences on 
equilibrium constants [145]. Thus, DNO, is less dissociated than HNO, because the 
O-D bond is slightly stronger than the O-H bond. The ultimate product of nitric 
acid dehydration is water and the greater stability of D20 over H,O further favors 
NOT formation. Autoprotolysis of nitric acid might not be expected at the modest 
acid concentrations employed; however, at 180°C the K;, of nitric acid is estimated 
to be 0.1-1.0 from literature data [146]. Nitric acid is the weakest of the ‘strong 
acids’ and the rapid decrease in the dielectric constant of water with increasing 
temperature is enough to cause it to become incompletely ionized at temperatures 
above - 120°C. 

A novel mechanism based on the intermediacy of NO,Cl was suggested (Scheme 
3) for the chloride catalysis in contrast to the radical-based pathways previously 
proposed [133] for molten NH,NO, decompositions. It also differs from a mecha- 
nism proposed for the chloride-catalyzed decomposition of ammonium nitrate in 
l-8 M HNO, solutions, which invoked the initial formation of HOC1 [147]. Isotope 
labeling experiments using ‘-SNH,NO, yield lSN=N=O labeled N20 and the dinitro- 
gen products “N=“N and N-j5N in a 1:3 ratio. Decomposition of NHi’NO, 
produces only N=“N=O and NE’~N. The distribution of isotopes in NzO product 

KI KI b b 
HN03+H+ q+= HN03+H+ q+= H2N03+ + H2N03+ + NO*+ + H20 N02+ + H20 

k2 k2 

k3 k3 
N02+ + Cl- - N02+ + Cl- - N02Cl N02Cl 

I NH4N03 - N20 + 2H20 

3N02CI + 3NH3 - 3NH2CI +3N02- +3H+ 

3 NH2CI - N2 + NH,,+ + 20 + 2H+ 

3NO7- + 3NH,i+ - 3N? +6H70 

5 N&NO3 - 4Nz + 2HN03 + 9Hz0 

Scheme 3 



W.C. Trogler / Coordination Chemisrry Revi<ws 187 (1999) 303-327 315 

is the same as had been observed for decomposition of the solid [148]. The unusual 
isotope distribution in the N, product agrees with the reaction mechanism shown in 
Scheme 3. This scheme explains the second order proton dependence of the initial 
rates. The k, step explains the catalytic role of chloride. The branching of the 
mechanism, with the NO?Cl/NH,+ reaction yielding N,O and the NO,Cl/NH, 
reaction producing N,, explains the excellent linear dependence of the N,O/N, 
product ratio on the proton concentration. The pathway for dinitrogen production 
was based on the known ability of NO,Cl to chlorinate ammonia [149]. A steady state 
treatment of NOT yields the kinetics expression of Eq. (5). 

rate = (k,k,[Cl -][H2N0,t])/(k - 2 + k,[Cl - 1) (5) 

Because [HNO,] can be approximated as [H ‘][NO,]/K,,,,,o,, this rate expression 
is consistent with the second-order acid dependence and the first-order chloride 
dependence observed for the initial rates of decomposition. 

The pathway that generates N2 also produces protons, which appear in the rate 
law. Thus, the reaction is product catalyzed and the autocatalytic shape to the entire 
reaction curve can be reproduced with the kinetic parameters derived from the initial 
rate studies. The kinetics experiments were conducted in 20% (w/w) solutions of 
ammonium nitrate. At concentrations above 50% the rates accelerate dramatically 
and it is not necessary to have acid present initially for the reaction to accelerate. 
Apparently the traces of HNO, produced when NH,NO, is heated, as well as the 
protons accompanying N, production, are sufficient to promote a rapidly accelerat- 
ing decomposition. Concentrated solutions also favor dehydration of nitric acid due 
to the high level of salts. The temperature dependence is also very steep, with the 
reaction approaching explosive rates in concentrated solutions above 200°C. The 
exothermic character of the decomposition would be expected to cause a temperature 
increase in concentrated solutions, which would further accelerate decomposition. 

These mechanistic findings bear on the industrial preparation of NH,NO,, and 
suggest conditions under which N,O emissions from fertilizer manufacturing might 
be important to the global N,O budget. The high efficiency of chloride catalysis also 
suggest a plausible mechanism for a 1994 accidental explosion at Terra Industries 
[150]. There an 85-90s solution of ammonium nitrate containing chloride contam- 
inated nitric acid was heated to - 220°C during steam cleaning of the neutralizer. 
The greatest industrial disaster in the US (Texas City, 1947) [151] occurred when a 
ship hold laden with ammonium nitrate fertilizer caught fire. Whether an influx of 
salt water from fire fighting efforts or from breaches in the hull helped initiate the 
explosion in this incident (and in several other accidental shipboard explosions) 
remains an interesting question. 

3.4. Nitrous oxide from nitrate reduction during adipic acid production 

Estimated excess N,O emissions of - 1 Tg N per year in the Northern Hemisphere 
have suggested the presence of unknown industrial N,O sources [5]. This was 
puzzling because nitrous oxide’s commercial uses as a dental anesthetic (laughing 
gas) and a propellant in canned whipping cream were too small to be significant. In 
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/ 
COOH 

__) N,O + adipic acid 
NO2 

Scheme 4 

1990, we became aware that N,O is produced as a byproduct from the manufacture 
of adipic acid for the synthesis of 6,6-nylon. Oxidation of cyclohexanol/cyclohex- 
anone mixtures with 50% nitric acid charged with VO, and Cu’ + catalysts evolved 
about 1 mole of N20 gas for each mole of adipic acid isolated [152]. By using the 
known yearly production of adipic acid it is estimated that 0.4-0.6 Tg N per year 
are produced as a byproduct of this process. The mechanism responsible for this 
reaction is speculative; however, the stoichiometry is consistent with one proposal 
shown in Scheme 4 [153]. 

These industrial emissions account for about half the difference seen in N,O 
emission rates from the Northern and Southern Hemispheres. Two months after 
publication of this article [152] worldwide nylon producers voluntarily committed 
to a 5-year phase out of N,O emissions. An EPA ‘Green Nylon’ program was 
created to help the US meet 10% of its target greenhouse gas emission reduction 
goals by placing controls on adipic acid manufacturing facilities. This has also led 
to modifications in commercial adipic acid synthesis. The most recent advance has 
been an industrial process, which originated at the Boreskov Institute of Catalysis 
and was recently commercialized by Solutia [ 154- 1601. It captures N1O from the 
adipic acid process and uses it for the one-step catalytic oxidation of benzene to 
produce phenol. There has been considerable interest in the mechanism for N,O 
decomposition on surfaces because of the relationship to this catalytic process, as 
well as to the catalytic destruction of N,O emissions [161-2101. 

3.5. Nitrous oxide from reductive coupling of’ nitric oxide 

On a more fundamental level we have explored metal-catalyzed mechanisms that 
might be important in NzO forming reactions from NO as the immediate precursor. 
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The palladium-copper catalyzed reduction of nitric oxide (NO) to nitrous oxide 
(N,O) with carbon monoxide (Eq. (6)) was of particular interest because of its gross 
similarity to the Wacker process [211,212]. This reaction is also significant because 
it may resemble a pathway by which NO is reduced to dinitrogen in automotive 
catalytic converters. As noted earlier, N,O is thermodynamically unstable and it 
could be an intermediate along catalytic NO decomposition pathways that yield N2 
and H,O/O,. - - 7 

2NO + CO”‘dC”‘-+ “C’2N@ + CO, 

A similar catalytic system was reported based on Pt(I1) and Cu(I), and its kinetics 
and reaction mechanism have been carefully studied [213]. In this system, the major 
species present during the catalytic cycle was shown to be [PtCI,(CO)] -. This 
complex reacts with NO and water according to a rate law first order in the NO 
partial pressure (PNo) and in [CuCI] to yield N,O. The key intermediate involved in 
the N,O forming step was postulated to be a Pt(1) species, [PtCI,(NO)]‘-. A key 
difference was noted because N20 evolution is simultaneous with CO disappear- 
ance, whereas in the palladium system most CO disappears before N,O formation 
commences. 

Particularly intriguing in the palladium-catalyzed reaction was the report of a 
yellow intermediate (A,,;,, = 436 nm) postulated to be the active catalyst. It was 
thought to be a soluble Pd/Cu nitrosyl species [212]. In initial stoichiometry 
experiments we found that the yellow intermediate built up rapidly from one 
equivalent of NO, CuCI, and [PdCI,]‘- . However, the same species could be 
produced in the absence of copper by adding NO to a suspension of Pd” in HCI 
solution. Addition of Ph,AsCl and extraction of this solution with dichloromethane 
led to the identification of blue trans-[Ph,As]JPdlC1,(NO),l (rNo = 1701 and 1623 
cm - ‘) [214]. From the stoichiometry experiments (1 mol [PdCl,]’ -, 1 mol reducing 
equivalent, 1 mol NO) and the observation of the blue dimer on extraction, it 
seemed likely that a monomer-dimer equilibrium similar to that undergone by the 
parent complex [PdCl,]’ - was occurring (Eqs. (7) and (8)). 

aqueous ct nonaqueous 

Z[PdCl,]‘- t*2Cl- + [Pd&Cl),CI,]” - (7) 

2[PdCl,NO]’ ~ 4+2Cl- + rrrms-[Pd,(p-C1),Cll(NO)$ - (8) 

Although the yellow monomeric nitrosyl was too unstable to isolate, it exhibits a 
strong v,,,o at 1662 cm - ’ in D,O/DCl [215]. This is exactly the average of the NO 
stretching frequencies for the symmetric and asymmetric stretches in the blue dimer, 
which argues for a common metal oxidation state and coordination environment in 
both compounds. It is surprising that such a simple coordination complex, 
[PdCl,NO]‘-, was unknown. Since this complex forms rapidly during the catalytic 
reaction between NO and CO, it suggests that the next step is rate determining. We 
inferred that the known reaction between CO and [PdCl,]‘- provided Pd” which, 
by analogy to the Wacker process, reduced Cu’+ to Cu’ and regenerated 
[PdCl,]‘- Thus, the catalytic cycle can be more simply studied without CO 
according to Scheme 5. 
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The rate-determining step for N,O formation was first order in the palladium 
concentration and NO partial pressure. The cuprous chloride dependence was 
first-order below 0.1 M; at higher concentrations saturation kinetics were observed. 
The rate of reaction was also independent of H’ and Cl - concentrations. These 
results are consistent with the initial reversible attack (k,/k _ ,) of free NO on the 
bound nitrosyl of [PdCl,NO]‘- yielding [PdCl,(N,O,)]‘-, which is then reduced by 
Cu(I) (kl) to generate products and recycle the palladium, as shown in Scheme 5. 

While the structure of the species formed by addition of the second NO is 
unknown, we speculate that it occurs by electrophilic attack of free NO on the lone 
pair of the coordinated bent nitrosyl. The low NO stretching frequency in 
[PdCI,NO]‘~ suggests a bent Pd-N-O geometry with a nucleophilic lone pair on 
nitrogen. Subsequent addition of the second reducing equivalent (after N-N 
coupling) would yield hyponitrite, an unstable species that rapidly decomposes to 
N,O, as noted earlier. Addition of NO to the lone pair of a bound NO had been 
suggested previously for cobalt nitrosyls [216-2181. A k, value of (6.0 + 0.4) x lo-” 
(torr)- ’ s- ’ at 20°C was calculated, with a k,/k, ratio of 0.116 + 0.004 M. The rate 
of N20 evolution from the catalytic system using CuCl as the reductant was 93% 
the rate of N,O evolution by Eq. (6), which shows that this scheme quantitatively 
models the rate limiting step in the complete CO/NO catalytic process [215]. 

Nitric oxide is thought to be an obligatory intermediate to NzO in the biological 
denitrification pathway [129]. Functional models of copper nitrite reductase have 
been developed that reduce NO to N,O [219-2241. The reaction employs either 

NO + [CuC12]- CuCl* + cl- 

N20 + CuC12 + * '\ 
Hz0 + Cl- 

Scheme 5. 
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mononuclear or dinuclear Cu(1) complexes, and one study suggests that a 
Cu(II)(N,O~-)Cu(II) species is a likely intermediate [222]. Attack of free NO on 
complexed NO has been suggested in several proposed N20 generation schemes 
[223,225,226]. The mechanism of NO binding, one-electron reduction, NO cou- 
pling, one-electron reduction observed for the homogeneous Pd( II)/Cu( I) catalytic 
system may serve as a model for N,O formation in several biological systems. The 
parallel between the nitric oxide reductase activity of cytochrome c oxidases, which 
proceed by two-electron reduction (provided by Cu(1)) of a heme bound nitrosyl, 
was drawn [215]. Although a two-electron reduction to a metal nitrido complex had 
been suggested [227], we proposed that a stepwise mechanism would provide a 
lower energy pathway [215]. Similarly, for the eukaryotic denitrification enzyme 
P450nor isolated from the fungus Fusurim os~~spo~n [228-2321, a mechanism 
involving two-electron reduction of an intermediate nitrosyl complex was proposed 
originally [232]. However, this enzyme cannot catalyze the monooxygenase reac- 
tion, and we suggested that it too might involve a hyponitrite intermediate. The 
hyponitrite mechanism has now been considered as a better model for the mecha- 
nism of NO reduction by P450nor [231], and it may be of broad biological 
significance. The advantage to this mechanism over the alternative suggestion of 
reductive coupling of 2N0 at a single metal center [129] is that it can explain NzO 
formation in heme enzymes where cis coordination is unlikely. Of course, it is 
always possible that several mechanistic pathways are employed in biological 
systems. 

3.6. Catalyzed disproportionation qf nitric aside under basic condition;, 

A heterogeneous Pd” on activated charcoal catalyst was examined in 3 M NaOH 
[233]. The activity of this catalyst for removing NO from the headspace above the 
solution was high, and control reactions showed little activity in the filtrate from 
these solutions. Control experiments showed that the disproportionation reaction of 
Eq. (9) is catalyzed weakly by a slurry of activated carbon, and greatly accelerated 
by palladium-treated activated carbons. Mass balance experiments are consistent 
with the stoichiometry of Eq. (9). 

4N0 + 20H - -+ N20 + 2NO; + H,O (9) 

The rate can be followed conveniently by monitoring the evolution of N,O, which 
established true catalytic turnover, with no loss in activity after hundreds of 
turnovers. The catalytic activity with supported Pd” or Pt” on carbon is 2-4 
turnovers min - ’ mol Pd - ’ or Pt ~ ’ at 21°C. Catalysts prepared from adsorbing 
Pt(I1) and Pd(I1) salts on activated carbon have low catalytic activities and the 
adsorbed metal ions must be reduced to the metallic state under HZ before high 
activity is observed. Other supports, such as alumina or silica can be used, but 
unlike activated carbon, the alumina and silica possess no catalytic activity alone. 
A suspension of freshly reduced PdO (prepared by CO addition to [PdCl,]’ - ) colloid 
also exhibits catalytic activity in basic aqueous solution. In addition, we have 
recently found that other metals, such as gold, are catalysts for this process. 
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Postulated Surface Redox Mechanism 

2 NO 2 NO + 20H- 

Scheme 6. 

The Pd/C catalyzed reaction ceases when the pH falls to about 6-6.5, which was 
interpreted as being suggestive of the presence of a hyponitrite intermediate. While 
the reaction of Eq. (9) is thermodynamically favorable at all accessible pH values 
(Fig. 3) it would be expected to become unfavorable according to the Nernst 
equation at pH 6.3 if H2N20J were a requisite intermediate. Since all the catalyti- 
cally active solids (C, Pt, Pd, and Au) are electrical conductors, we postulated a 
galvanic surface mechanism (Scheme 6) similar to that involved in corrosion. While 
the known ability of NO to dimerize on carbon surfaces suggests that dimeric NO 
species are involved, reduction of NO to a HNO intermediate is also possible. 

Formation of N,O can be blocked by the addition of as little as l-2% 0, to the 
reaction gases. These experiments were conducted at low partial pressures of NO 
(below 5000 ppm) so the direct reaction between NO and O2 is slower (due to the 
second order NO dependence) than the catalytic process. This suggests that surface 
bound 01, which is a stronger oxidant than NO dimer, can compete as the electron 
acceptor and the product can be directed entirely to NO; formation. 

This offers a new catalytic approach for NO scrubbing from exhaust gases. The 
catalysts are not poisoned by SO, and the basic solution simultaneously removes 
SO,. Current post-combustion technologies for controlling stack gas emissions are 
especially problematic for coal-fired utilities. Selective catalytic reduction (SCR) of 
NO by NH, at 300-400°C is the preferred NO, control method [234]; however, 
difficulties with fly ash poisoning, precipitation of ammonium sulfate, and high 
capital and operating expenses have prompted a search for other methods. Selective 
non-catalytic reduction (SNCR) of NO,. to N2, employing ammonia or urea is used 
infrequently, and it requires the costly reheating of stack gases to temperatures in 
the range 800-1200°C. The decomposition of NO to N, and O2 with Cu-doped 
ZSM-5 zeolites and related transition metal exchanged zeolites has been explored 
[174,235-2481; however, this process is not yet viable for stationary combustion 
sources. 

Non-catalytic oxidation/reduction and absorption techniques (chemical scrub- 
bing) have the advantage of being able to eliminate both NO, and SO., simulta- 
neously [249,250]. The primary difficulty with their industrial application has been 
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the low solubility of NO in aqueous solution. Nitric oxide constitutes 90-95% of 
the NO,V present in typical flue gas streams, and one solution has been to preoxidize 
NO to NO, before the scrubber. Because of the second order dependence of the 
direct oxidation of NO with 02, the reaction is inefficient at the low NO concentra- 
tions encountered in exhaust gases. Other approaches considered for treating NO in 
aqueous scrubbers include adding heavy-metal chelators for nitric oxide and adding 
yellow phosphorous emulsions and O2 to oxidize nitric oxide to a combination of 
nitrite and nitrate salts [251-2531. Metal on carbon catalysts offer the advantage of 
an absorptive method for removing NO and a surface catalyzed oxidation to fix it 
as a solution species. Turnover rates will need to be improved significantly before 
it could be applied. 
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