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13C and 14C kinetic isotope effects in the catalytic oxidation 
of CO over ZnO 

I. Kobal, M. Senega~nik, and H. Kobal 

1. Stefan Institute. University of E. Kardelj Ljublijana. 61000 Ljubljana. Yugoslavia 
(Received 26 August 1981; accepted 19 April 1982) 

13C and 14C kinetic effects in the reaction CO + 1/2 O, ...... CO, over ZnO catalyst were experimentally 
determined. The kI2/k13 and k12/k14 ratios were found to be temperature independent in the temperature 
range studied (200-500 0c) and amounted to 1.0101 ±O.OOIO and 1.0204±O.OOI9, respectively. Interpretation 
of the experimental values, following Bigeleisen's formalism, reveals that (CO,)! with an interband angles of 
(90±1O)" and planar (C03)! with two interband angles in the range of (120±1O)" may be considered as 
activated complexes of the rate determining and isotope effect fractionation governing step of the reaction 

mechanism. 

INTRODUCTION 

Apart from NiO, ZnO has been frequently investi
gated in the past as a catalyst in the oxidation of CO to 
CO2, It has been challenging many investigators to 
study its n-type semiconducting properties and related 
phenomena, among them surface reactions have a pre
dominant position. 1-26 It was found that oxygen in con
tact with a ZnO surface reacted with interstitial Zn ions 
to form3- 5,B,9,18 02, 0-, and c}- adsorbed species (or 
probably an 0 3 complex17

). Calculations showed that 
the adsorption of oxygen on interstitial Zn atoms was 
rather improbable. 13 Of the above mentioned adsorbed 
forms of oxygen, the 0; species is perSistent only at 
room temperature and is converted to 0- above 160°C. 9 

CO from the gas phase can be adsorbed on ZnO sur
face reversibly (at room temperature) or irreversibly 
(at higher temperatures). 5,14 

CO2 at the surface of ZnO catalyst which is in contact 
with a CO-Oz gas mixture can be formed as a product of 
the reaction of reversibly adsorbed C014 or gas phase 
C04 with the adsorbed oxygen. This reaction is believed 
to be the rate determining stepB,9 of a complex reaction 
mechanism. This step in which a new C-O bond is 
formed also governs the isotope fractionation during 
the reaction. 

The question arises8,lO,14 whether in this step only 
one or two oxygen atoms (ions) are involved. Thus, 
from the view point of the transition state theory of 
chemical reactions,27,88 (COz)* or (COs)! structures 
could be considered as the activated complexes of this 
reaction step. 

Encouraged by the results of similar investigations 
on NiO, Z9 we have investigated the kinetic isotope ef
fects in the catalytic oxidation of CO over ZnO in order 
to answer this question. 

First, the reaction kinetics were studied, then 13C 
and 1~ kinetic isotope effects in the temperature range 
from 200 to 500 °c were experimentally determined by 
measuring carbon isotopic ratios in the COz formed 
during the reaction. Following the formalism of Bige
leis en, 30,31 such geometries and force fields of the ac
tivated complexes were sought as to furnish a satisfac-

tory agreement between experimental and theoretical 
values of the isotope effects. 

EXPERIMENTAL 

Equ ipment, materials, and procedure 

To perform the experimental part of our work we used 
the same equipment and procedures as in our previous 
work on NiO. 32 

The reaction gas mixture of CO+Oz (mole ratio 1: 2) 
was obtained by mixing oxygen from a commercial cy
linder and HC-Iabeled CO. The latter was prepared by 
decomposition of Ba14 C04, reduction of CO2 to CO, and 
dilution with CO of natural isotope composition (99.9% 
purity L' Air Liquid France) to get a final activity of 
about 003 Ci/m3

• 

The ZnO catalyst (Riedel-de-Haen, p. a.) was put into 
a 250 cm3 cylindrical Pyrex glass reaction vessel, evac
uated at 500°C for 2 h and stabilized with two catalytiC 
oxidations with CO+Oz gas mixture at 500°C. The 
specific surface area of ZnO, as determined by the BET 
method, amounted to 2.8 ± O. 3 m3/g and remained un
changed during oxidations. The same charge of ZnO 
was used for all oxidations at one temperature. The 
masses of catalyst ranged from 35 mg (at 500°C) to 2 g 
(at 200°C) to enable a 10%-30% conversion in 5-50 min 
(only in a few cases was it longer). Before each oxida
tion the catalyst was evacuated at 500 °C for 30 min. 

Reaction was started by enclosing a known amount of 
reaction gas mixture in the reaction vessel preheated 
to a desired reaction temperature, and was stopped 
by removing the furnace and cooling the vessel with air. 
The CO2 formed during the reaction was separated from 
the gas mixture in a trap cooled with liquid nitrogen and 
purified by several distillations between a liquid nitro
gen trap and a CCI,: CHCI3 : liquid nitrogen (- 78°C) 
trap. 

Conversion was calculated from the initial total pres
sure of the reaction gas mixture (ranging from 150 to 
300 Torr) and the CO2 pressure measured in a special 
vessel by a mercury manometer. Thus only in kinetics 
studies, the reaction vessel was connected to the mer
cury manometer. 
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TABLE I. Kinetic data according to Eqs. 
(1). 

T 
(OC) 

kills (em3/m2 min) 

(d~;o ;k_xpcox ~) 
m;2g. A=2.B m2/g V;250 em3 

250 0.760* O. OOB 
250 O. 70B* O. OOB 
300 1.96* 0.04 
300 2.26* 0.04 
350 B. 46* 0.12 
350 7.20* 0.14 
400 17. 6 * O. B 

E; (15. 2* 0.7) keal/mol 

S(~) and Sa:) factors for Eq. (6) (see below) were 
determined on a double collector mass spectrometer 
and with an ionization chamber, respectively. 

REACTION KINETICS 

To study reaction kinetics the total pressure of re
action gas mixture in the reaction vessel was followed 
during a reaction. The time and total pressure data 
were fitted into equations: 

~(P_p");~(PO_p .. ) _ k.k.t 
mA mA --

(1) 

and 

2V(po_p .. ) pO_p" _ 2V (po_P);k t 
mA p-p" mA - , 

(2) 

which are the integrated forms of equations 

dPgo k mAp 
dt =- -V co (3) 

and 

dPCL _
k 
mA~ 

dt - Ills V P , 
COa 

(4) 

respectively. 

In the above equations k_ is the absolute rate con
stant; V, effective reaction volume; m, mass of cata-

160 '-'-l 
'F ~ 140 -.- 120 Q. 

I 

~100 
>I~ 80 

60 

'

moe 
em3 

• .~b' = ( 2.26 :t 0.02) m2 min 

.~ 

'-, 
.~ 

400~--~1±0----~20~--~30~--~4~0----~5~0~ 
t I min 

FIG. 1. Fitting experimental kinetic data for 300·C into 
Eq. (1). 

8 R = 1.9872 call mol K 

1: 6 ·e 
'" E .., 4 
E 
u -.. 
i 

2 .¥ 

.s 
E = 15.2 :t 0.7 kcal/ mol x 

0::: 
0 

-2 

1.5 1.6 1.7 

1000 IT IK-1 

FIG. 2. Arrhenius plot. 

lyst; A, specific surface area of catalyst; t, time; P, 
total pressure of gas mixture at time t; po, initial total 
pressure; p .. , total pressure at 100% conversion; and 
Pco and Pcoz' partial CO and CO2 pressures at time t, 
respectively. 

The fitting was made by applying a statistical com
puter program stepreg 1, 33 and as a criterion the F 
test was considered. 34 The partial F value is defined 
as33 

where q is the partial correlation coefficient of killS, 

and N is the number of observations. 

Only in case of Eq. (1) did significance level of par
tial F values fall below 0.05, confirming that under our 
experimental conditions the reaction was of order 1 in 
Pco and order 0 in PC02 and POz • 

The results of the kinetics investigations are collected 
in Table I. The reaction run at 300°C is graphically 
represented in Fig. 1. 

U sing the same computer program, the apparent ac
tivation energy was calculated; its value is given at the 
bottom of Table I. The corresponding Arrhenius plot is 
drawn in Fig. 20 

ISOTOPIC EXCHANGE REACTIONS 

It was proven that during the oxidation, isotopic ex
change reactions 

12CO + ICOz = 'CO + 1ZCOa, j; 13, 14 

do not take place, allowing us to use Eq. (5) (see be
low) for calculation of experimental kinetic isotope ef
fects. 

This was performed after an oxidation run with an 
initial gas mixture of oxygen and CO of natural isotopiC 
composition to which about 10 vol. % of 1~ labeled COa 
(specific activity about 1 Ci/m3

) had been added. The 
reaction at 500°C was stopped after about 30% conver-
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sion. The final activity of the residual CO was found 
to lie at background level. 

On the other hand, reactions on the catalyst enriched 
with 180, showed isotopic exchange of oxygen between 
CO and COa and the oxide surface. Hence, we did not 
determine the 180 kinetic isotope effect. 

KINETIC ISOTOPE EFFECTS 

Kinetic isotope effects, the absolute rate constant 
ratios klJk13 and klJku, for the simultaneous isotopic 
reactions 

12CO+1/20a ~2 lZCOa, 

TABLE II. 13C and 14C kinetic isotope effects. From 200 to 
500°C: k12/k13 = 1.010801:0.0010 and k12/k14 = 1. 0204± 0.0019. 

No. 

43 
44 
45 

119 
121 

46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
59 
60 
61 
62 
63 
64 
65 
66 
67 
74 
76 
77 
78 
79 
80 
83 
84 
86 
88 
89 
91 
93 
93 
95 
96 
97 
98 
99 

100 
101 
102 

T 
(0C) 

200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
400 
400 
400 
400 
400 
400 
450 
450 
450 
450 
450 
450 
450 
500 
500 
500 
500 
500 
500 
500 
500 
500 

f 
0.20 
0.26 
0.29 
0.23 
0.29 
0.34 
0.23 
0.22 
0.30 
0.28 
0.29 
0.36 
0.28 
0.32 
0.30 
0.27 
0.25 
0.45 
0.39 
0.28 
0.09 
0.31 
0.32 
0.33 
0.33 
0.17 
0.56 
0.26 
0.48 
0.45 
0.35 
0.17 
0.37 
0.40 
0.14 
0.29 
0.25 
0.20 
0.19 
0.11 
0.18 
0.19 
0.18 
0.24 
0.25 
0.18 
0.18 
0.18 

0.9925 
0.9915 
0.9913 
0.9905 
0.9902 
0.9911 
0.9916 

0.9911 
0.9908 

0.9916 
0.9916 
0.9903 
0.9905 
0.9901 
0.9928 
0.9913 

0.9913 

0.9905 
0.9908 
0.9905 
0.9913 
0.9896 
0.9933 
0.9918 
0.9925 
0.9913 
0.9915 
0.9905 
0.9933 
0.9919 

0.9910 
0.9915 
0.9889 
0.9895 

0.9907 
0.9902 
0.9905 
0.9915 
0.9907 

0.984 
0.984 
0.981 

0.985 
0.984 
0.982 
0.983 
0.983 
0.981 
0.983 
0.984 
0.982 
0.981 
0.985 
0.981 
0.985 
0.985 
0.985 
0.982 
0.985 
0.982 
0.983 
0.986 
0.984 
0.981 
0.987 
0.983 
0.986 
0.985 
0.985 
0.981 

0.982 
0.982 

0.981 
0.985 
0.989 
0.984 
0.980 

0.981 
0.981 
0.981 
0.981 
0.984 

1.0085 
1.0100 
1. 0105 
1.0110 
1.0118 
1.0111 
1.0097 

1.0108 
1.0110 

1. 0107 
1. 0100 
1.0120 
1.0115 
1.0118 
1.0084 
1.0120 

1.0104 

1.0116 
1.0113 
1.0118 
1. 0108 
1.0116 
1. 0105 
1. 0096 
1.0107 
1.0120 
1. 0107 
1.0105 
1.0086 
1.0107 

1. 0108 
1. 0099 
1. 0126 
1.0118 

1.0104 
1.0109 
1.0110 
1.0099 
1.0104 

1.018 
1.019 
1.023 

1. 018 
1.020 
1.021 
1.020 
1.021 
1.023 
1.021 
1.020 
1.022 
1.024 
1.018 
1.023 
1.018 
1.021 
1.020 
1.022 
1.016 
1. 022 
1. 021 
1.017 
1.020 
1.021 
1.020 
1.020 
1.020 
1.021 
1.019 
1. 021 

1.020 
1.022 

1.022 
1. 017 
1.023 
1.018 
1.023 

1.022 
1.022 
1.021 
1.021 
1.018 

TABLE m. Coefficients of Eqs. (5) and (6). 

Coefficient Value 
Standard 

error 
Partial 
F value 

Significance 
level 

A (13) 
A (14) 
B (13) 
B (14) 
C (13) 
C (14) 
D (13) 
D (14) 

1.014 
2.14 

-0.021 
-0.069 

1.09 
2.080 

-0.008 
-0.021 

0.099 
0.18 
0.060 
0.111 
0.05 
0.095 
0.018 
0.033 

13CO + 1/20z ~3 13COz, 

UCO + 1/20z ~4 14COZ' 

124 
134 
0.12 
0.38 
462 
476 
0.21 
0.38 

were calculated by the follOwing equation30
•
3Z

: 

~ 1-! .. _ 
k

J 
1-!XS({2)' J -13,14 . 

In it, ! is the conversion factor and 

<10" 
<10.4 

0.72 
0.54 

<10.4 

<10.4 

0.65 
0.54 

(5) 

Saz) = ([iCOz]/[lZCOz])sm: ([lCOaV[1zCOaDst • (6) 

The index "sm" refers to the isotopic ratio in COa 
formed up to a conversion!, while "st" refers to a COz 
standard, obtained by a 100% conversion of CO. 

The experimental values of kinetic isotope effects 
are summarized in Table II. 

In order to find the temperature dependence of kinetic 
isotope effects, the experimental values were fitted (us
ing stepreg 1) to equation35 

100 In(k12/kJ) =A(j) + B(j) x 0 

for the low-temperature approximation, and into equa
tion 

100In(klz/kJ)=C(j)+D(j)XOz , 

with 0 = 1000/ T, T temperature in K for the high tem
perature approximation. 

Thus the coefficients for the above equations were ob
tained and are collected in Table Ill. Significance levels 
connected to partial F values of B and D coeffiCients are 
greater than 0.50. This means that their values arise 
by chance, with a probability greater than 50%.34,36 
Hence 13C and HC kinetic isotope effects may be con
sidered as practically temperature independent in the 
range from 200 to 500°C having mean values (± a stan
dard deviation): 

klJ k13 = 1. 0108 ± O. 0010 , 

klJkU = 1. 0204 ± O. 0019 • 

DISCUSSION 

Comparing our experimental data with those from 
the literature, we find good agreement. Thus it is well 
known (with the exception of Ref. 5) that the reaction is 
of first order in Pco and zeroth order in Paz. In addi
tion, some investigations4

• 8 confirmed the inhibition of 
COa and thus an order of -1 in P coz• In our experi
ments, CO2 inhibition was not observed. 
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1818 Kobal, Senegacnik, and Kobal: Catalytic oxidation of CO 

The values of activation energies are very different; 
they range from 94•6.11 to 244 kcal morl • Our value of 
(15.2 ± 0.7) kcal mol- l is somewhat inbetween. 

On account of these similarities we may, with confi
dence, apply our experimental results for kinetic iso
tope effects to the interpretation of the reaction schemes 
previously postulated by other authors in order to ob
tain information about the activated complexes, at least 
in the rate determining and isotope effect governing step 
of the reaction mechanism. 

We consider (C02)t and (C03)t structures as activated 
complexes, calculate theoretical values of isotopic rate 
constant ratios, and compare them with the experimen
tal values. 

The calculational basis is the same as in our former 
work. 29 

The normal frequences of an activated complex were 
calculated by the Wilson FG matrix method. 37 

The solution of the equation38 

CFL=LA, 

where C is the Wilson matrix; F the force constant ma
trix; L, the eigenvector matrix; A, the diagonal matrix 
of eigenvalues, (with i\ = 41T211~ for the ith normal vibra
tion) gives 3nt-7 (nt is the number of atoms in a non
linear activated complex) real frequencies and one fre
quency (referred to reaction coordinate) is given a real, 
zero, or imaginary value using the condition: 

IFI~o . 
< 

(7) 

IFI is the determinant of the F matrix. 

The thus obtained normal frequencies of an activated 
complex designated by t and the normal frequency of 
the reactant molecule CO furnish, when applying equa
tions, 29.39.40 

HRR(j) = TIF(j) x TDF(j) , j = 13, 14 , 
3n -7 

TIF(j) = lIi2.dIlJ.L =( I Cui / I C J I )1/2 X 11 IIjjlli2.1 , 

TDF(j) = 3fT !!.J....L sinh(U12.,/2) 
tt U12.1 sinh(uj, /2) 

31fT7 t . t / 
x 11 ~ smh(ut,l 2) 

1=1 UJ.I sinh(uI2j2) 
(8) 

rate constant ratios k l Jk13 and k12/k14 for two isotopic 
reactions. 

The meaning of the symbols are as follows: HRR: 
harmonic rate constant rati031; TIF: temperature in
dependent factor; TDF: temperature dependent factor; 
IIi: reaction-coordinate frequency (in our case always 
zero: imaginary and real values are taken only for 
Figs. 10 and 11); n: number of atoms in the molecule; 
u: hcw/kT (w = wave number of a normal vibration, 
cm- l ); h: Planck's constant; k: Boltzmann's constant; 
T: temperature. 

In the interpretation of our experimental findings we 
proceed from the statement that carbon kinetic isotope 

~ o 

• C atom (12, 13,14) 

o 0 atom (16) 

FIG. 3. (CO:!) + activated complex. 

effects were found to be temperature independent in the 
temperature range studied. We are thus looking for 
such activated complex models as will give TIF equal 
to experimental values of the appropriate rate constant 
ratio, and TDF very close to 1, in order to obtain the 
product T IF x TDF over the whole temperature range 
within the limits of the experimental values; thus the 
conditions: 

TIF(13),:::j 1. 0108, TDF(13) ~ 1 , 

TIF(14),:::j1.0204, TDF(14)~1, (9) 

were preliminaryly obeyed; but only as a first orienta
tion. 

To obtain acceptable values (giving satisfactory agree
ment between theory and experiment) of the parameters 
of the activated complexes (geometry and force con
stants), we follow the graphical method29 previously in
troduced by Senegacnik, 41 taking into account all results 
of HRR obtained in the regions (11) and (14), respective
ly (see below). 

(C02)* activated complex 

The definition of the fl.D, t::..d, and fl.a internal coor
dinates are evident from Fig. 3. Of the F matrix ele
ments (generalized valence bond field) FD , Fd , and Fa 
are given physically reasonable values, while values of 
FDd are calculated from the condition 

FDd=±(FDXFd-fl.d/2 (10) 

and the others are set to zero. fl.1 stands for the deter
minant of the upper left 2 x 2 block of the F matrix of 
the (C02)+ activated complex. 

The values of parameters were varied over the fol-
lowing range s: 

F D : 2-20 mdynl A (in steps of 2) ; 

Fd: 2-20 mdynl A (in steps of 2) ; 

Fa: 0.5-3 mdynl A (in steps of 0.5) ; 

Fa: 70-180° (in steps of 10) . 

Bond lengths D and d are calculated from the for
mula42 

Fr =35.5/,-5·79 , r=D,d. 

(11) 

(12) 

All the calculated TIF(13) for asymmetric (FDd> 0) and 
symmetric (FDd < 0) stretching vibration as reaction 
coordinate motion are comprised29 in the two areas of 
Fig. 4. It is immediately clear, that only by taking into 
account the "-" sign in Eq. (10) and at small interbond 
angles a may we expect conditions (9) to be realized. 

By drawing graphs like those in Fig. 5 of Ref. 29 
for the combinations of values in the ranges given under 
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1.030 

1.025 

1.020 

..., = 1.015 u. ;::: 

1.010 

1.005 

1.000 

(C02). 
Fa= O.S mayn/'" 

80 100 120 140 160 180 
al· 

FIG. 4. Ranges of TIF(13) values for the (COz)t activated com
plexes with F Dd ~ 0 and At = O. 

Eq. (11), we obtained intervals of acceptable values of 
FD and Fa as represented in Figs. 5(a)-(c). We may 
conclude that the interbond angle in (COa)t ought to be 
between 80 and 1000 (apprOximately). GOing from 100 
to 800 of a, intervals of acceptable values are pushed 
to smaller values of FD, Fa, and greater values of F ao 

With increasing Fa, the intervals are shifted to smaller 
FD and Fa values. 

Figure 6 shows the agreement between experimental 
and theoretical kinetic isotope effects (calculated for a 

1.025 

a = 90' 

F. = 6.0 mdyn/A 

F. = 6.0 mdyn IA 

F. = 2.0 mdynl A 

-----= 
_ 1.020 j.14 

1.015 

tOlD 
j.13 ____ a 
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F. = 6.0 mdyn/A 

F. = 3.0 mdyn/A 

c::.:::::::.:::_-___ -~---- -

-

300 GOO 500 
T I'e 

FIG. 6. Agreement between experimental and calculated 
kinetic isotope effects as achieved with (COz)+ activated com
plex with FDd<O and Aj=O (reactant molecule: CO, Fco 
= 19. 338 mdyn/A4I,). 

selected combination of values of activated complex 
parameters) for (C02Y as activated complex. For the 
complex of a = 90° the isotopic frequencies of its nor
mal vibrations are collected in Table IV. 

(C03r~ activated complex 

For a better understanding of the definition of the 
internal coordinates AD, 6.d (twice), 6.Q (twice), and 
!l:r, the shape of the (COs)* planar structure is drawn 

cl <1 =100· 

246810 

FIG. 5. Ranges of acceptable values 
of parameters of (COz)+ activated 
complexes with FLIf<O and ~ =0. 
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o 
• C atom (12, 13,1') 

o 0 atom (16) 

FIG. 7. (co~t activated complex. 

in Fig. 7. For the F matrix elements F D. Fd• F tI4. Fa;. 
and FT physically reasonable values are given; F Dd 
values were calculated by the relation 

F Dd = ± (1/2)1!2 x[F D(Fd + Fda) - ilal(Fa - Fad)]1!2 (13) 

and all others were kept zero. il2 stands for the deter
minant of the upper left 3 x 3 sub matrix of the F matrix 
of the (COs)t activated complex. 

20 

18 

16 

~ 
c: 
>-
~ 12 ..... 

c 
u. 10 

8 

6 

4 

2 

20 

18 

16 

~14 

(COl 
a = 120·, 1: = O· 
Fa. = 0.2 mdyn/A 

® 

al Fdd = 0.6 

2 4 G 8 

(C03'* 
a = 120·, 1: = O· 
Fa = 0.6 mdyn/A 

® 

10 

~ @ 
E 12 

~10 

8 

G 

4 

2 

2 4 6 8 10 

bl Fdd= 1.6 I@ 
2 4 6 8 

Fd I mdynA-
1 

10 

10 

TABLE IV. Isotopic normal frequencies 
(in em-I) of the (CO:!)t activated complex 
with the following parameter values: 
F D=6.0 mdyn/A, Fa=6.0 mdyn/A, Fa. 
=2.0 mdyn/A, (%=90°, F D4 <O, ~=O. 

1759.43 
737.26 

0.58 i 

1720.33 
720.86 

0.57 i 

1686.12 
706.52 

0.57 i 

The lengths of D and d were correlated to the appro
priate force constants by Eq. (12). In Eq. (13) only 
"+" sign was taken into consideration on the basis of 
the assumption that only an asymmetric vibration of 
the (co,i complex can lead to formation of a COz mole
cule. 

2 4 6 8 10 

fl Fdd = 2.6 

2 4 6 8 10 

FIG. 8. Ranges of acceptable 
values of parameters of 
(C~)t activated complexes 
with F D4 >O and ~=O. 
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1.025 

1.020 

1.015 

1.010 

1.005 

a =120· 
FD = 17.2 mdynl A 
F.. = '.5 rnct;n/A 
F,,= 2.6mdyn/A 

F. = 0.6 mdyn/A 
F, = 0.5 mdyn/A 

a = 130" 
FD = il.O mdyn/A 

Fd = 5.0 mdyn/A 

F" = 0.6 mdyn/A 

F. = 0.6 mdyn/A 

F, = 0.5 mdyn/A 

T I"C 

FIG. 9. Agreement between experimental and calculated 
kinetic isotope effects as achieved with (COs>* activated com
plex with FDa>O and ~=O (reactant molecule: CO, Fco 
= 19. 338 mdyn/ A28). 

The values of the parameters were varied over the 
following ranges: 

F D: 2-20 mdyn/ A (in steps of 2) ; 

Fd: 2-20 mdyn/ A (in steps of 2) ; 

Fad: o and 0,6-2,6 mdyn/ A (in steps of 1) ; 

Fa: 0.2-1 mdyn/ A (in steps of 0.4) ; (14) 

F T : 0.1-0.9 mdyn/ A (in steps of 0.4) ; 

Q' 110-140° (in steps of 10) ; 

T: 0° • 

It was already known that TIF values obtained with 
(COs)t are much smaller than those with (C02 )t andfall 
in the range of the experimental kinetic isotope effect 
on ZnO. 29 

For all combinations of values of (COs)t parameters 
given under Eq. (14) the calculated HRR (13) values 
were plotted in graphs like those in Fig. 5 of Ref. 29. 
The intervals of thus obtained acceptable values of 
parameters are represented in Figs. 8(a)-(p). It is 
seen that only values of 110 to 130° for Q'S are able to 
explain the experimental results. A glance at Figs. 
8(a)-(i), and especially j, shows us that with increasing 
Fdd values, the intervals move to greater FD and Fa 
values; the opposite is true for dependence on Fa and 
FT' One valence force constant (FD ) may take values 

TABLE V. Isotopic normal frequencies 
(in cm-I ) of the (C~)* activated complex 
with the following parameter values: 
F D =17.2 mdyn/A, F a=4.5 mdyn/A, 
F aa =2.6 mdyn/A, F",=O.6 mdyn/A, FT 
=O.5mdyn/A, a=120°, T=O°, Fru>O, 
~=O. 

e2C03)t e3C03)t ( 14C03)t 

1821. 37 1805.56 1791. 96 
914.76 886.60 861. 75 
679.80 658.41 639.69 
395.45 395.26 395.09 
282.07 276.84 272.14 

0.18 i 0.18 i 0.18 i 

up to 20 mdyn/ A, while the force constants of the other 
two of the three C-O bonds never exceed values of 
about 10 mdyn/ A. 

The agreement between experiment and theory (for a 
selected combination of parameter values) is graphical
ly represented on Fig. 9. For the complex of Q = 1200

, 

the isotopic frequencies of its normal vibrations are 
collected in Table V. 

CONCLUSIONS 

The aim stated at the beginning of our work, (i. e., 
whether the activated complex in the rate determining 
and isotope effects governing step of the reaction mech
anism corresponds to a (C02)t or (COs)* structure) was 
only partially achieved. In contrast to studies on NiO 

1,040 
HRR 

~ 1.030 
TlF ---------

~ 1.020 

:5 1.010 ~T..::;OF:...... _________ _ 

~ 1.000 

0,990 

500 

-\= 500i 

".... 1000i 
*c. 

3 1500i 

(C02}'*' 

Fd =18mdyn/A 

Fo = 4mdyn/A 

Fa = 2 mdyn/A 

a = 135' 

FOd> 0 

2000iL----L--L------L-----L--L------L----'---
-250 -200 -150 -100 -50 50 

fl • .!( mdyn/A}2 

FIG. 10. Dependences of kinetic isotope effects on.a.1 [Eq. 
(10)] for (C02)': activated complex. 
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FIG. 11. Dependence of kinetic isotope effects on ~ [Eq. (13) I 
for (COs>l activated complex. 

catalyst where we were able to confirm the (C02)+ as 
the only activated complex, [(COsi was not acceptable], 
in the case of ZnO the study of kinetic isotope effects 
was not selective enough to confirm one and reject the 
other of the structures. 

Nevertheless, as a successful result of our investi
gations on 13C and 14C kinetic isotope effects in the cat
alytic oxidation of CO over ZnO, we obtained informa
tion about geometry and force constants of the accept
able activated complex models conceived as physically 
reasonable on the basis of reaction schemes. 

We found that a (C02)+ activated complex could ex
plain the experimental isotopic rate constant ratios. In 
this case the interbond angle ought to be in the range 
(90:1:: lOt. A symmetric stretching normal vibration 
(F"" < 0) of a loose (C~)+ complex (a simultaneous 
strengthening of both C-O bonds) leads to formation of 
a CO2 molecule. 

The CO2 molecule could also be formed by decompo
sition of the (COs)+ activated complex if the movement 
along the reaction coordinate is described by an asym
metric stretching normal mode. (COs)+ is planar with 
interbond angles a in the range (120:1:: lOt. 

By comparing the results of kinetic isotope effect in
vestigations in the reaction CO + 1/2~ - C~ over NiO 
and ZnO catalysts we may conclude that the rate deter
mining step of the reaction mechanism which also gov
erns isotopic fractionation is in the two cases different. 

On NiO it takes place via (C02)+ activated complex with 
an asymmetric stretching normal vibration describing 
the movement along the reaction coordinate. (C~)+ can 
be also considered as activated complex on ZnO, when 
a symmetric normal vibration is taken as reaction co
ordinate motion. 

Catalytic oxidation of CO on both oxides proceeds 
over such reaction mechanism steps as to give temper
ature independence (within experimental errors) of the 
carbon kinetic isotope effects in the temperature range 
studied. This situation seems to be somehow anoma
lous but it can be explained by the phenomenon of the so 
called crossovers. 31,43,44,45 A small temperature de
pendence of a kinetic isotope effect, at least in a limited 
temperature range, can be obtained by two-element re
action coordinate (one nonzero off-diagonal force con
stant element) of the activated complex. This was con
firmed on NiO. The probability of occurrance of cross
overs, and hence temperature independence, is greater 
for symmetric reaction coordinate vibration and with 
increasing the complexity of reaction coordinate (more 
than one nonzero off-diagonal force constant). This can 
be applied for the activated complexes on ZnO. 

All the above calculations are based on zero reaction 
coordinate frequencies. We have also made calculations 
using different values of ~1 [Eq. (10)] and ~2 [Eq. (13)]. 
Results for two typical activated complex models are 
graphically shown in Figs. 10 and 11. The dependence 
of TIF on ~ (and thus indirectly on reaction coordinate 
frequencies) is in the case of (C03 )+ complex very large 
at negative ~ values, but TDF dependence on ~ for 
(C02)+ and (C03)+ complexes becomes important at posi
tive values. This obliges us to strictly use the inter
pretation of the kinetic isotope effects in this paper with 
a limitation to zero reaction coordinate frequencies. 
Further calculations are still in progress and will be 
elaborated separately. 

Activated complexes comprising two or more carbon 
atoms, though these structures were found as inter
mediates in some chemical reactions, 46,47 have until now 
not been taken into consideration. 
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