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Decomposition of N2O over Cu wire, at initial N2O pressures 40–60 kPa and tempera-
tures 675–875K, showed first order kinetics in N2Owith an apparent activation energy of
110 ± 16 kJ mol–1. The 15N and 18O kinetic isotope effects under these experimental con-
ditions were determined and interpreted following the Bigeleisen’s formalism. A bent
NNO activated complex satisfactorily accounts for the experimental results.
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The decomposition of nitrous oxide has long been of great interest. It was used to
characterize the catalytic surfaces and as a model reaction for a number of catalytic
systems [1–4]. Its popularity further increased after N2Owas recognized as one of the
greenhouse gases, and its catalytic removal from the exhaust of mobile and stationary
sources became an urgent environmental problem [5]. Surfaces of metals [6–21],
metal oxides [22–42], either pure or supported, alloys [43], perovskites [44], and a
variety of zeolites [45–47] have been investigated as catalysts for the reaction. Re-
cently, attention has been focused on the production of N2 in N2O decomposition over
well-characterized surfaces of transition metals. The high translation energy and di-
rection of desorbing N2molecules [48–50] have been explained by a linear N2O acti-
vated complex lying on the surface [48,51–53].

The interaction of N2O with Cu is interesting from the catalytic point of view
[4,29,54–68] and also plays an important role in the production of high-temperature
superconductors [69–74]. Adsorption of N2O on Cumetal is accompanied by an elec-
tronic charge transfer from the substrate to N2O [43,55,59,63,75]. On single crystals,
the adsorbed N2O molecules are oriented normal to the surface, although whether
they are attached to the surface by the O or N atom has not yet been clarified [43,61].
The dissociation of N2O adspecies results into O adatoms and N2 molecules, which
are immediately desorbed [4,29,55,59]. The rate depends strongly on the crystallo-
graphic orientation of the surface, the initial reaction probability at room temperature
being 0.15 for the (110), 5�10–5 for (100) and 10–9 for (111) surface [60]. Due to dif-
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ferences in work function [78,79], the activation energy of dissociation increases, be-
ing – 8.5, 13.5, and 43.5 kJ mol–1 for these three surfaces in the temperature range of
475–675K and pressure range of 10–14 µPa [60]. The adsorbed oxygen further reacts
to form Cu2O [4,55,58,76,77]. The overall reaction is first order, or slightly less [55],
in N2O [58,59]. On polycrystalline copper under atmospheric pressure, between
490–580 K, an activation energy of 84 kJ mol–1 was obtained [55].

In order to characterize the activated complex in N2O decomposition over Cu, we
have studied nitrogen and oxygen kinetic isotope effects from 675 K to 875 K. The
same approach has already been applied successfully to homogeneousN2O decompo-
sition [80], homogeneous N2O decomposition catalyzed by bromine [81] and chlo-
rine [82], and N2O decomposition over MgO [83] and CoO [84].

For the isotopic reactions

14N14N16O + 2Cu
ko 14N14N + Cu2

16O
15N14N16O + 2Cu

k1 15N14N + Cu2
16O

14N15N16O + 2Cu
k2 14N15N + Cu2

16O
14N14N18O + 2Cu

k3 14N14N + Cu2
18O

15N and 18O kinetic isotope effects (KIE) were defined as KIE(15N) = 100 (�1 + �2) and
KIE(18O) = 100 �3, where �i = 1 – ki/ko and ki is the rate constant for each reaction. Be-
causeN2O of natural isotopic abundancewas used, �1 (secondary) and �2 (primary) ni-
trogen effects were not measured separately but the �1 + �2 sum was obtained.

EXPERIMENTAL

Apparatus: The same Pyrex glass vacuum systemwas used as in our previous work and is described
elsewhere [81,83]. Its main parts are: 10 dm3 vessels for storing N2O and hydrogen, traps for purification
and condensation of gases, a Töpler mercury pump to measure pressures and transfer gases, and a
220–250 cm3 cylindrical quartz reaction vessel (� = 40 mm). The desired reaction temperature was con-
trolled within ±1 K by an electric cylindrical kanthal furnace.

Materials:Gases. Pharmaceutical N2O (Lek Ljubljana, Slovenia) was purified by passage through a
trap filled with KOH pellets, followed by several vacuum sublimations between 195 K (CHCl3–CCl4 1:1
mixture in liquid nitrogen) and 77 K (liquid nitrogen). High-purity grade hydrogen (GTW, Munich, Ger-
many) was used without further purification.

Catalyst.Reagent grade (99.9%) electrolytic copper wire of 0.21mm diameter (SAFI,Milano, Italy)
was used. In order to facilitate handling, the wire was shaped into ca. 40 cm long spirals with a diameter of
ca. 0.4 cm. Spirals were degreased for 16 hours by benzene in a reflux apparatus and then introduced into
the reaction vessel. After 2–3 hour outgassing at a background pressure of 10 mPa, spirals were oxidized
by 1.5 mmole of N2O and regenerated with excess hydrogen, this treatment being repeated several times.
The geometric specific surface area was 0.21 m2 g–1.

Procedures: Detailed descriptions of all procedures are given elsewhere [81,83].
Kinetic runs: Prior to every experiment, the Cu wire was regenerated by hydrogen as described

above. The followingmasses of wire were used: 80 g at temperature 675K, 8 g at 775K and 3.7 g at 875K.
N2O was introduced to a pressure of 40–60 kPa at room temperature. Because there is no volume change,
the pressure of residual N2O during the reaction was obtained by measuring the pressure of N2 after N2O
had been condensed.
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KIE determinations: Nitrogen and oxygen kinetic isotope effects were determined at 675, 775 and
875 K. Prior to each run, the catalyst was regenerated by hydrogen. N2O was introduced to a pressure
40–60 kPa at room temperature.

After 70–90% of N2O decomposition, the reaction was stopped by removing the furnace and cooling
the vessel to room temperature. By means of the Töpler mercury pump the reaction gas mixture was
pumped back and forth through a trap cooled with liquid nitrogen in order to freeze out residual N2O. The
N2Owas purified by repeated sublimation between 195 and 77K (as described above). The extent of reac-
tion, f, was obtained from the initial, PN O

o
2
, and final N2O pressures, PN O

f
2
, measured at room temperature

using the expression f = 1 – (PN O
f
2
/PN O

o
2
). In order to remove any traces of CO2, N2Owas kept overnight in a

vessel with a freshly preparedKOHmirror, then sealed into a glass ampoule, and stored for isotopic analy-
sis. The isotopic mass ratios R1 = [15N14N16O]/[14N14N16O], R2 = [14N15N16O]/[14N14N16O], and R3 =
[14N14N18O]/[14N14N16O] in the initial N2O (denoted below by o) and in the residual N2O (denoted by f)
were measured by a Nier-McKinney type double collector mass spectrometer [81,83]. Both 15N14N16O
and 14N15N16O species contribute to the mass of 45, so the sum of the nitrogen effects was determined, but
not the individual effects. Kinetic isotope effects were calculated by applying the formulae [85,86]

KIE(15N) = 100(�1 + �2) = 200
S(

f)
44
45 )

log(

�

�

1

1
; KIE(18O) = 100�3 = –100

logS(

f)
44
46 )

log(1�

where S( 44
45) = (R R1

f
2
f� )/(R R1

o
2
o� ) and S(44

46) = R R3
f

3
o/ .

RESULTS AND DISCUSSION

Kinetics: Several typical kinetic runs are presented in Fig. 1. The straight lines
show that the data fit first order kinetics expressed as

dP

dt
kP

A

V
N O

N O
2

2
� �

where k is the rate constant of the overall reaction (µm s–1), A is the catalyst surface
area (m2) and V is the volume (m3) of the reaction vessel. At each temperature 5 to 8
experiments were carried out and the average values of the rate constants are col-
lected in Table 1. The desired reproducibility was achieved after 3–4 reduction/oxida-
tion cycles of the catalyst before the kinetic run. The Arrhenius plot gives an apparent
activation energy of 110 ± 16 kJ mol–1, which is about 20% lower than the previously
obtained value [55].
Kinetic isotope effects: Temperatures, extents of reaction, nitrogen and oxygen ki-
netic isotope effects are given in Table 2. Their temperature dependence is expressed
by: KIE(15N) = (0.377 ± 0.216) + (1698 ± 164)/T and KIE(18O) = (1.95 ± 0.06) +
(1678 ± 44)/T.
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Table 1. Rate constants in N2O decomposition on Cu at different temperatures.

T/K 675 775 875

k/�m s–1 37 ± 5 210 ± 30 3600 ±400

Table 2. Temperature, extent of reaction, and experimental KIE(15N) andKIE(18O) values forN2Odecompo-
sition on Cu.

T/K f KIE(15N) KIE(18O)

675 0.874 2.9 4.4

0.832 2.9 4.5

0.851 2.9 4.5

0.881 2.7 4.4

0.899 2.8 4.3

0.865 3.0 4.4

0.858 3.0 4.5

0.886 2.8 4.5

675 average 2.88 ± 0.10 4.44 ± 0.07

775 0.860 2.5 4.1

0.834 2.7 4.0

0.843 2.7 4.2

0.724 2.5 4.1

0.774 2.5 4.2

0.818 2.7 4.2

775 average 2.6 ± 0.11 4.13 ± 0.08

875 0.869 2.2 3.9

0.913 2.2 3.9

0.856 2.5 3.8

0.855 2.3 3.9

0.800 2.2 3.9

0.812 2.4 3.8

875 average 2.30 ± 0.13 3.87 ± 0.05
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Figure 1. Kinetics of N2O decomposition onCuwire. Reaction temperature andmass of thewire used are
indicated on each plot.



As in our previouswork, the results are interpreted using the Bigeleisen’s formula
to calculate the harmonic rate ratios [83–86]
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in which � denotes the transition state. The first product includes all the isotopic fre-
quencies of the N2O reactant molecule and the second one the real frequencies of the
transition state. 	L is the frequency of the normalmode belonging to the reaction coor-
dinate, and u = hc�/(kBT), where� –wave number in cm–1, h – Planck’s constant, kB –
Boltzmann’s constant, c – speed of light, T – temperature.

The isotopic frequencies of the transition state were obtained by solvingWilson’s
FG matrix equation [83–88]

GFL = L�

in which G is the Wilson matrix of kinetic energy, F is the force-constant matrix, L is
the eigenvectormatrix and� is a diagonal matrix of eigenvalues ii = 4�2	 i

2 with 	i be-
ing the frequency of the ith normal vibration.

The gaseous N2O molecule is considered to be in thermodynamic equilibrium
with the transition state. The interaction of the transition state with the surface was
not taken into account [86]. Isotopic normal frequencies for the reactant N2O mole-
cule were taken from the literature [89]. For the activated complex a linear NNO was
suggested, with its asymmetric normal mode of vibration as the reaction coordinate
[57]. In order to be more general, in our calculations we took into consideration an-
gles from 90� to 180� in steps of 10�. The force constant of the N–N bond (D), FD,
ranged from 1400 to 2600 Nm–1, the force constant of the N–O bond (d), Fd, ranged
from 100 to 1000 Nm–1 (both in steps of 100 Nm–1), while the bending force constant
for the N–N–O interbond angle�, F�, was fixed at 40, 70 or 100Nm

–1. As required for
the zero frequency of the reaction coordinate [83], the interaction force constant of
the N–N and N–O bonds was conditioned by FDd = +(FD Fd)

1/2. Bond lengths (in pm)
were calculated from force constants (in Nm–1) using the empirical relationships
[90,91]: D = 100 (3730/FD)

1/5.71 and d = 100 (3440/Fd)
1/5.97. For all the combinations

of parameter values stated above, theoretical nitrogen and oxygen kinetic isotope ef-
fects for the three temperatures were calculated and compared with the experimental
data. As an example, the ranges of values of the (FD, Fd) pairs giving agreement with
experiment within ±1� (standard deviation) are drawn separately for 15N (Fig. 2) and
18O (Fig. 3) effects. Only the dashed region is interesting for us: here, the regions for
the three temperatures overlap, showing that the same (FD, Fd) combination is suc-
cessful, providing agreement with experiment over the whole temperature range
studied. If Fig. 2 and Fig. 3 are combined, Fig. 4 is obtained, showing by its dashed re-
gion those (FD, Fd) values successful both for

15N and 18O effects. Results of all calcu-
lations are summarized in Fig. 5. It is evident that angles below 100� and above 130�
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Figure 2. Ranges of (FD, Fd) values for the NNO-bent activated complex, which for � = 100� and F� = 70
Nm–1, provide agreement with experimental 15N kinetic isotope effects at the three tempera-
tures.

Figure 3. Ranges of (FD, Fd) values for the NNO-bent activated complex, which for � = 100� and F� = 70
Nm–1, provide agreement with experimental 18O kinetic isotope effects at the three tempera-
tures.

Figure 4. (FD, Fd) values for the NNO-bent activated complex, which for � = 100� and F� = 70 Nm–1,
provide agreement with experimental 15N and 18O kinetic isotope effects, shown by the dashed
region.



were not successful. For a selected F�, only a slight increase in Fd is seen with increas-
ing �, while the increase in FD is substantial. The opposite effect is seen for F�: for a
selected �, both FD and Fd decrease with increasing Fd, that for FD being more pro-
nounced. If we take centres of parallelograms fromFig. 5 and replot them in Fig. 6, we
finally see the entire region of parameter values, which provide agreement with ex-
periment.

Our calculations reveal a bent NNO activated complex. Although this geometry
cannot be proven experimentally, it is anticipated from theoretical considerations, es-
pecially if electronic charge transfer or excitation is taken into account [92–95]. FD

values of the activated complex would be expected to be higher than the experimental
values of 1819–1859 Nm–1 for the N–N bond in N2O [96], but comparable to the val-
ues obtained by quantum chemical calculations, reaching even 2650Nm–1 [96–98]. If
we further assume that FD in the activated complex is expected to be lower than about
2300 Nm–1 (the experimental value in N2 [99]) then only angles between 100� and
110� from Fig. 6 are acceptable. Because, on the other hand, the calculated force con-
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Figure 5. Regions of (FD, Fd) values for the NNO-bent activated complex, which for selected � and F�,
provide agreement with experimental 15N and 18O kinetic isotope effects. F�/ Nm

–1: A = 40,
B = 70, and C = 100. �: 1 = 100�, 2 = 110�, 3 = 120�, 4 = 130�.

Figure 6. Regions of FD, Fd, F�, and � values of the NNO-bent activated complex, which provide agree-
ment with experimental 15N and 18O kinetic isotope effects.



stants for the N–N bond inN2 are as high as 2500Nm
–1 [99], wemay extent the accept-

able region up to 130� (see Fig. 6). This � value, which also has a theoretical
background [92], can also be used if higher F� values and concomitantly lower FD val-
ues are taken. Nevertheless, F� values much higher than 100 Nm–1 are not reasonable
[96–98]. The Fd value in the activated complex should lie between zero and about
1200 Nm–1, the value in gaseous N2O [96–98]. Values of 420–520 Nm–1 in Fig. 6 fit
this requirement.

As an example of the success of our proposed geometry for the activated com-
plex, lines of calculated kinetic isotope effects, obtained by a selected combination of
parameter values from Fig. 6, are drawn through the experimental points in Fig. 7 and
satisfactory agreement is evident.

Because the simple bent NNO activated complex satisfactorily reproduces the
magnitude and temperature dependence of both 15N and 18O kinetic isotope effects,
we have not extended our study to more complicated structures [83,100–102].

CONCLUSIONS

The decomposition of N2O on Cu over the temperature range from 675 to 875 K
and at initial N2O pressures between 40 and 60 kPa was found to be first order in N2O
with an activation energy of 110 ± 16 kJ mol–1. The interpretation of experimental ni-
trogen and oxygen kinetic isotope effects led to a bent NNO activated complex, val-
ues of parameters being in the following ranges: FD = 2100–2500 Nm

–1, Fd = 420–520
Nm–1, F� = 40–100 Nm–1 and � = 100–130�. A linear NNO activated complex does
not lead to an agreement with experiment. More complicated, four atom activated
complexes have not been checked.
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Figure 7. Comparison of calculated 15N and 18O kinetic isotope effects for the NNO-bent activated com-
plex with experimental values, � = 100o, FD = 2100 Nm–1, Fd = 440 Nm–1, F� = 70 Nm–1.
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