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Isotopic rate constant ratios, k14/k; s, have been determined for the decomposition of nitric
oxide over copper wire at initial NO pressures 40-60 kPa over temperature range
725-825 K. They were interpreted using the Bigeleisen formalism. Under these experi-
mental conditions the reaction was found to be second order in NO. On the basis of the
temperature independence, k14/k;s = 1.010 £ 0.001 at all temperatures studied, a cis
ONNO transition state was shown to account satisfactorily for the experimental k4/k;s
values.
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Because ofincreasingly stringent legislation for car emissions world wide [1], the
reactivity, selectivity and operational stability of the three-way catalyst (TWC),
which is designed to simultaneously convert NOy, CO and unburned hydrocarbons
into harmless compounds, have been studied extensively and steadily improved
[2—4]. Although catalytic converters based on precious metals, such as Rh, Pt and Pd
are in widespread use, more readily available and less expensive metals are sought.
Recently, interest in Cu has increased, both in the form of Al,O; supported catalysts
[5] and Cu-exchanged zeolites [6,7], with Cu-ZSM-5 being the most active [8,9]. It
was also shown that the addition of Cu to Pd increases the catalytic activity of the lat-
ter [10,11]. Therefore, interaction and reaction of NO with Cu are crucial processes,
whose characteristics should be known in order to better understand and hence im-
prove catalytic features.

Adsorption of NO to polycrystalline as well as to (111), (110) and (100) copper
surfaces is accompanied by a charge transfer [ 12—15]. Both upright and bent geome-
tries have been confirmed [14,16-20], with the N atom attached to the surface
[12,18,19], although linkage via O cannot be excluded [12,18]. NO adspecies are sta-
ble at 85 K and dissociate above 290 K into adsorbed N and O atoms [12-15,21-26].
N adspecies recombine and desorb as N, above 395 K [26], while O adspecies are
firmly bound and form Cu,0 [26-28]. The mechanism of the overall reaction has not
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been entirely explained. Most probably it proceeds via formation of an adsorbed N,O
intermediate [13,14,22,24,25,29], which then dissociates, as also found in NO de-
composition on Pd [30]. For the formation of a linear N,O(a), weakly linked to the
surface via O atom, two possibilities have been proposed [25]: (i) dissociation of a
weakly bound surface dimer, (NO),(a) - N,O(a) + O(a), or (ii) recombination,
NO(a) + N(a) - N,O(a). (NO), dimers have been found experimentally in gaseous
[31] and condensed [32] phases, on Cu, Ag and Rh surfaces [33—-35], and also pre-
dicted theoretically [33—40].

In this paper we present results on kinetic isotope effects (KIE), k4/k;s rate con-
stant ratios, in the reaction NO + 2Cu — 1/2 N, + Cu,0O, measured on polycrystalline
Cu at NO initial pressures 40-60 kPa between 725-825 K. This study aimed at pro-
viding geometry of the transition state of the rate-determining and isotope fraction-
ation governing elementary step of the reaction mechanism. In the theoretical
interpretation and according to proposals (i) and (ii) above, we assumed (NO), dimer
and NNO as the transition states of this elementary step.

EXPERIMENTAL

Apparatus: The same Pyrex glass vacuum system was used as previously [41,42]. Its main parts are:
10 dm’® vessels for storing NO and CO, traps for purifying and condensing gases, a Tépler mercury pump
to measure pressures and transfer gases, and a 220-250 cm? cylindrical quartz reaction vessel (¢ =40 mm)
fitted with a capillary mercury manometer. The desired reaction temperature was controlled within +1 K
by an electric cylindrical kanthal furnace.

Materials: Gases. NO was obtained from the reaction of sodium nitrite with sulphuric acid in a Kipp
gas evolving apparatus [43]. Uncondensed impurities were removed by repeated condensation at liquid
nitrogen temperature, followed by evacuation and sublimation. NO,, N,O; and water were removed by
several vacuum sublimations at 156 K (ethyl alcohol in liquid nitrogen). Mass spectrometric analysis of
the purified NO showed no argon or NO,. CO 0£99.9 vol. % purity (L’air Liquide, France) was used with-
out further purification.

Copper. Reagent grade (99.9%) electrolytic copper wire of 0.2 mm 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. About 100 g of spirals with a total surface area of about 2.5 dm* were degreased for 20 hours
with benzene in a reflux apparatus and then introduced into the reaction vessel. Two kinds of Cu treatment
were applied: (a) spirals were degreased as described above (Cu-a sample), and (b) spirals, degreased as
above, were further subjected to NO at 725-825 K to form a 0.8—1.0 um thick surface Cu,O layer, which
was then quantitatively reduced by CO at 675 K (Cu-b sample). Thus, NO decomposition took place on a
compact Cu layer on Cu-a samples, but on a porous spongy Cu layer on Cu-b samples. Prior to each kinetic
or KIE experiment, the spirals were degassed for an hour at 675 K to a background pressure of about 10
mPa.

Procedures: Kinetic runs. Because under our experimental conditions N,O was not found in the re-
sidual gas phase, the reaction NO + 2Cu — 1/2 N, + Cu,0 is accompanied by a volume change. Its time
course was followed by recording the total pressure in the reaction vessel, taking into account the relation-
ship Pxo=2P — P, where P is the total pressure at time t, and By, and Py are NO partial pressures at time
0 and t, respectively. NO was introduced into the reaction vessel at room temperature, the vessel was
heated to and kept at the desired temperature and the pressure measured by the capillary manometer. The
reaction was stopped by removing the furnace and cooling the reaction vessel to room temperature. Kinet-
ics were studied on both Cu-a and Cu-b samples.
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KIE determinations. Nitrogen-15 kinetic isotope effects, k14/k;s, were determined on Cu-b samples
at 725, 775 and 825 K. Prior to each run, the spirals were degassed. If NO decomposition became signifi-
cantly slower due to formation of a Cu,O layer, the spirals were regenerated by CO. NO was introduced to
an initial pressure, B, , of 40—60 kPa at room temperature, measured using the Tépler pump. The reaction
vessel was heated to and kept at the desired temperature. After more than 70% NO decomposition, the re-
action was stopped by removing the furnace and cooling the vessel to room temperature. By means of the
Topler mercury pump the reaction gas mixture was pumped back and forth through a trap cooled with lig-
uid nitrogen in order to freeze out residual NO and separate it from N,. The NO was purified by repeated
sublimation. The final NO pressure, P.,, was measured by the Topler pump at room temperature, and the
extent of reaction, f; obtained from the expression: f= 1 — P4, /P% . The NO was then sealed into a glass am-
poule and stored for isotopic analysis on a Nier-M°Kinney type double collector mass spectrometer
[41,42] to determine the isotopic mass ratios Ry =[""N'°0]o/["*N'°0], and R;=[""N"°0]¢["“N'°O]; in the
initial and residual NO, respectively. The relative standard deviation in R was usually below +£0.5%.

Kinetic isotope effects were calculated by applying the formula [44—46]:

b _ (1 , log(Ri/R, j

ks log(1- /)

RESULTS AND DISCUSSION

Kinetics: The kinetics of formation of coherent oxide layers generally obey the
parabolic rate law [47] which, in our static system, was expressed by:

V=_dPNO =Sk0P1\?o

1 or in the logarithmic form: log v = logS + logko + nlogPno — logrno
t Ho

where v is the rate of oxidation, S is the sample surface area (2.5 dm?), 1o the number
of moles of O atoms involved in Cu,O formation (equal to the number of moles of NO
consumed) per unit area, and ko and » are the parameters defining the parabolic rate
constant, k, = koPyo. Decreases of NO partial pressure on compact Cu layers (Cu-a
sample) in four consecutive reactions at 775 K are shown in Fig. 1. The rate is sup-
pressed by increasing the thickness of the Cu,O layer. If slopes of tangents to the
curves in Fig. 1 at selected NO pressures are plotted versus ng, calculated from the
consumption of NO, the straight lines in Fig. 2 are obtained, confirming the parabolic
rate law with n =2.0 £ 0.3.

For decomposition on the porous Cu layers (Cu-b sample) at 775 K, 1/Pno was
plotted versus time ¢. Four consecutive runs are shown in Fig. 3. Straight lines indi-
cate the second order kinetics in NO, expressed by:

1 1
—_— T = kzt
PNO PNO
where k; is the second-order rate constant. The rate was not decreased with increasing
the thickness of the porous Cu layer, indicating that the rate-determining step is one of
the surface reactions at the Cu,O/NO interface, and not diffusion of reactants.
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Figure 1. Decrease of NO partial pressure, Pno, during consecutive decompositions of NO on Cu at
775 K. Value of no/mmol m™ (see text) before each run is: 1) 1.9, 2) 9.4, 3) 19.2 and 4) 40.
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Figure 2. Logarithm of rate of NO decomposition on Cu at 775 K versus log ng at Pyo/kPa =: 1) 25,
2) 40 and 3) 55.

Kinetic isotope effects: Values of temperature, extent of reaction, isotopic ratio
and nitrogen kinetic isotope effects are listed in Table 1. The latter are temperature in-
dependent, the average being 1.011£0.001 at all three experimental temperatures. As
in our previous work, the results were interpreted using the Bigeleisen’s formula to
calculate the harmonic rate ratios [44,46,48]:



Nitrogen-15 kinetic isotope effects... 1013

0.035 -
:
o 4
4
T 0.025-
2
|ac
0.020 -
0.015 : : 1
0 20 40 60

t /min

Figure 3. Reciprocal Pyo versus time for four consecutive decompositions, 1-4, of NO on Cu at 775 K
over a 0.8—1.0 um thick Cu,O layer.
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in which # denotes the transition state. The first product includes the isotopic frequen-
cies of the NO reactant molecule, available from the literature [32], and the second
one the real frequencies of the transition state, which were obtained by applying Wil-
son’s FG' method [48,49]. v, is the frequency of the normal mode belonging to the re-
action coordinate, and u = hcw/kgT (w — wave number, h — Planck’s constant, kg —
Boltzmann’s constant, ¢ — speed of light, 7 — temperature). According to the above
proposed alternatives (i) and (ii) for the reaction mechanism [25], we assumed ONNO
and NNO structures as possible transition states. Because (NO),(a) and N,O(a) were
found to be only weakly bound to the surface [25], interaction of the transition state
with Cu atoms has not been taken into account in our calculations [46].

ONNO transition state. Internal co-ordinates were defined (see inset in Fig. 4)
[32,48] as changes of the N-N and N-O bond lengths (D and d, respectively), of the
interbond angle a between N-N and each of the two N—O bonds, and of the torsional
angle T, which is the twisting angle between the two N—O bonds around the N—N axis.
Accordingly, force constants, elements of the F matrix, were defined [48]. In order to
obtain vi = 0 as the result of a zero determinant of F, the following conditions were
imposed in solving the FG matrix equation [49]: a) Fps= (FpF4/2)"? with F;4=0, b)
Fpa=+(FpF,)"* with Fuy=0, ¢) Fpy=—(FpF,)"? with F;= 0, and d) F,;; = —F, with
Fp,=0,thus describing the reaction co-ordinate in four different ways. In our calcula-
tions, Fp and F; were varied in ranges of 100-1900 Nm ' and 100-1500 Nm ', respec-
tively (both in steps of 100 Nm ™), o in the range 100—160° (in steps of 5°). F, was
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fixed successively at 60, 80 and 100 Nm', while t and F, were fixed at 0° and 20 Nm ',
respectively. For a selected value of the stretching force constant, the related bond
length was calculated applying semi-empirical relationships [50-52]. Selected re-
sults for 775 K are presented in Fig. 4.

Table 1. Temperature, extent of reaction, isotopic ratios and experimental kis/k;s values for NO
decomposition on Cu.

T/K f Rf/R() k14/k15
725 0.970 1.041 1.011
725 0.832 1.021 1.012
725 0.842 1.021 1.011
725 0.900 1.022 1.010
725 0.876 1.021 1.010
725 0.881 1.024 1.011
775 0.823 1.020 1.011
775 0.853 1.026 1.013
775 0.932 1.041 1.011
775 0.980 1.052 1.012
775 0.854 1.021 1.011
775 0.887 1.020 1.009
775 0.873 1.023 1.011
775 0.857 1.020 1.010
775 0.815 1.017 1.010
825 0.875 1.019 1.010
825 0.849 1.020 1.010
825 0.912 1.034 1.012
825 0.970 1.043 1.011
825 0.953 1.038 1.012
825 0.844 1.022 1.012
825 0.921 1.031 1.012
825 0.897 1.026 1.011
825 0.902 1.029 1.012
825 0.827 1.020 1.010

NNO transition state. Internal co-ordinates are defined as in the inset in Fig. 5
[48]. Fp, F;and F, were varied in the same ranges as above for the ONNO transition
state and o in the range 100—180° (in steps of 5°). The reaction co-ordinate was de-
fined in two ways, as a) Fpy =+ (FpF,)"? with F;;=0, and b) Fp,=—(FpF,)"? with F
= 0. Selected results for 775 K are presented in Fig. 5.

We are interested in those combinations of the parameters of the transition states
for which the calculated values of kinetic isotope effects fall into the experimental
range of 1.011 £0.001. Figs. 4 and 5 reveal a variety of such combinations, both for
ONNO and NNO transition state. Nevertheless, if the results are analysed further, tak-
ing into account the temperature independence found experimentally, only case a) of
the ONNO transition state was found to fulfil this requirement. Fig. 6 shows the de-
pendence on temperature of two combinations for each type of transition state. In con-
trast to NNO, both combinations for the ONNO transition state show lack of
temperature dependence. With the condition Fp; = (FpF, d/2)” 2 an asymmetric reac-
tion co-ordinate was defined as the simultaneous strengthening of the N—N bond and
weakening of both N-O bonds. Thus, our calculations suggest a direct dissociation of
dimers into Ny(a) + 20(a), without an N,O intermediate as the rate-determining and
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Figure 4. ONNO transition state: ky4/ks at 775 K versus Fp for selected values of other parameters. Inter-
nal co-ordinates are defined as in the inset.t = 0°, F, = 80 Nm ', F, =20 Nm . Values of o and
F,are given in a).

isotope fractionation governing step, which is in agreement with our experiments,
where N,O was not found in the residual gas mixture. The interbond angle o is limited
to the range 110-130°, close to the values in the TS2 and TS3 transition states pro-
posed by applying the B3LYP method with cc-pVTZ basis set [40]. On the other
hand, a wide range of values of (¥p, F;) pairs equally well reproduce both the absolute
values and temperature independence of kinetic isotope effects. Thus, merely on the
basis of our analysis, we cannot distinguish between a dimer with a very weak N-N
interaction (=100 Nm ', D = 188 pm) and strong N—O bonds (¥, = 1400 Nm ', d =
116 pm), and a dimer with stronger N-N bond (Fp = 900 Nm ', D = 128 pm) and
weaker N—O bonds (F; =800 Nm ', d =128 pm). With reference to the TS2 and TS3
geometries mentioned above [40], the latter combination appears to be more realistic,
although additional support is reviewed and expected from our quantum chemical
calculations currently underway [53-55].

CONCLUSIONS

Over the temperature range from 725 to 825 K and at initial NO pressures be-
tween 40 and 60 kPa, the reaction NO +2Cu — 1/2 N, + Cu,0 was found to be second
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Figure 5. NNO transition state: k14/k;5s at 775 K versus Fp for selected values of other parameters. Internal
co-ordinates are defined as in the inset. F, =80 Nm . Values of o and F, are indicated in a). For
o= 180° (dotted line) only F, =100 Nm™' is shown.
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Figure 6. Temperature dependence of calculated k4/k;5 for selected values of parameters of ONNO and
NNO transition states. 1: ONNO: F,=100Nm™', F;= 1400 Nm™", Fpy=(FpF,/2)"?, F;u=0,F,
=80Nm ', F,=20Nm', a= 130°, t=0°; 2: ONNO: F;, =900 Nm ', F,= 800 Nm ', Fp, =
(FpFy/2)"?, Fgq=0,F,=80Nm', F,=20Nm', .= 110°,7 =0°;3: NNO: F,=1400Nm ', F,
=100Nm™, Fpy=(FpF,)"?, Fz4=0,F,=100Nm™, o= 130°;4: NNO: Fp=1400 Nm™', F,=
100 Nm™', Fpy=—(FpF)"* Fuu=0, F,=80Nm™, o= 180°.

order in NO, with no N,O intermediate observed. For theoretical interpretation of the
experimental nitrogen-15 kinetic isotope effects, ONNO and NNO transition states
were used. A planar cis ONNO with o = 130°, Fp =900 Nm ' and F,=800 Nm ', to-
gether with an asymmetric reaction co-ordinate, satisfactorily reproduces the abso-
lute value as well as the temperature independence of k14/k1s=1.011 £0.001. Neither
ONNO with other reaction co-ordinates nor any NNO transition state successfully ac-
counts for the experimental results because of too high a temperature dependence.
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