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Carbon Isotope Effect during Oxidation of Carbon Monoxide with Nitrogen Dioxide*

Harorp S. Jomnston,} WirLiaM A. BonNer, AND Davip J. Wirsont
Department of Chemistry, Stanford University, Stanford, California

(Received August 23, 1956)

By use of naturally occurring C2 and C* isotopes in carbon
monoxide, the effect of carbon mass on the rate of the reaction

CO+NO;=CO;+NO

bas been studied in a 15-1 Vycor flask, in the temperature range
540-727°K, and at pressures between 1 and 20 mm. The rate
constant for the reaction was k=12X10" exp(—31,600/RT) cc
mole™? sec™™. The ratio of rate constants kya/k1; was 1.022at 540°K,
1.019 at 638°K, and 1.016 at 727°K. An activated complex was
set up with normal bond distances and normal force constants,
and with the reaction coordinate explicitly given in terms of
internal coordinates with an interaction term such that the
restoring force on an antisymmetric stretching symmetry co-

ordinate is reduced to zero, By means of E. B. Wilson’s FG matrix
methods, a vibrational analysis was made of the activated com-
plex, all vibration frequencies were determined for one species,
and shifts in frequency due to isotopic substitution were computed
by a perturbation method. Similarly, the ratio of effective mass
of the reaction coordinate was evaluated, and calculations were
checked by the Teller-Redlich product rule. The isotope rate
effect was computed by Bigeleisen’s formulation of the activated
complex theory. For a set of force constants well within the range
of normal values and for normal bond radii, calculated isotope
rate ratios at all temperatures are in excellent agreement with
observed ones.

INTRODUCTION

/ I ‘HE reaction

CO+NO,=CO0,+NO, 1)

was found by Crist!? and co-workers to be an elemen-
tary bimolecular reaction which occurs at a convenient
rate in the temperature range 500-800°. This appeared
to be a particularly simple and suitable case for a study
of the C¥?-— C¥ isotope effect on the reaction rate, both
because of the clean-cut kinetics and the molecular
simplicity of the reactants, making possible a detailed
theoretical analysis of the results.

EXPERIMENTAL
Materials

Nitrogen dioxide, obtained from Matheson Company,
was treated with oxygen to remove nitric oxide, passed
through phosphoric anhydride to remove moisture and
repeatedly distilled in vacuum. No impurity could then
be found in the nitrogen dioxide by means of infrared
analysis; in particular no water, nitric acid, or nitrogen
pentoxide was present. Absence of water or nitric acid
was essential to this study in order to avoid the chain
reaction

HO+CO=CO.+H (2)
H-+NO,=HO0O+NO. 3

Carbon monoxide was produced by the action of sul-
furic acid on sodium formate, and it was dried and freed
of carbon dioxide by passage through Dehydrite and
Ascarite towers. Carbon dioxide for the blank runs was

* This work was supported in part by the Office of Naval
Research, Contract Néonr 25131, Project NR 051246. One of us
(DJW) is grateful to the National Science Foundation for a
Fellowship.

t Present address: Department of Chemistry,
Institute of Technology, Pasadena, California.

! G. M. Calhoun and R. H. Crist, J, Chem. Phys. 5, 301 (1937).

2 F. B. Brown and R. H. Crist, J. Chem. Phys. 9, 840 (1941).
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prepared by complete combustion of a small sample of
the same sodium formate which was used in the prepa-
ration of carbon monoxide, using an ordinary analytical
semimicro combustion apparatus, Since the C2—CB
ratio is quite variable for naturally occurring carbon,
it was essential to generate the carbon monoxide for
the reactant and blank from the same sodium formate
sample.

Apparatus

All runs were made in a 14.5-1 Vycor flask which has
been fully described elsewhere.?

Procedure

The pressures of reactants were measured in gas
pipets, and the reactants were passed together into the
furnace. All runs were made with a 20-fold excess of
carbon monoxide to eliminate errors due to the de-
composition of nitrogen dioxide. The reaction was al-
lowed to proceed for a time interval which would
allow consumption of less than 19, of the carbon
monoxide. The reaction mixture was then pumped
through a trap at liquid nitrogen temperature, and the
excess carbon monoxide was discarded. The temperature
of the trap was raised to —135° (z-pentane slush), and
the carbon dioxide product was distilled into a bulb at
liquid nitrogen temperature. Distillation from —135°
to —195° was repeated, and complete separation of
carbon dioxide from dinitrogen trioxide and dinitrogen
tetroxide was achieved in this way. The pressure and
volume of carbon dioxide was measured in order to
calculate the rate constant for the over-all reaction.
By means of a ratio-recording mass spectrometer the
mass ratio 45/44 was determined in order to give the
relative rates of reaction of the two isotopes. At the
same time the mass ratio 45/44 was determined on the
carbon dioxide blank for purposes of comparison. We

3H. S. Johnston, Discussions Faraday Soc. 17, 1 (1954).
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are indebted to Dr. Harold Eding of Stanford Research
Institute for our mass spectrometric data.

RESULTS

Duplicate runs were made at each of three tempera-
tures, and duplicate blanks were measured. The con-
centrations of reactants and the mass ratios are given
in Table 1.

From the concentrations of reactants and the
quantity of carbon dioxide produced, the rate constant
for (1) was calculated from the relation

d[COx]/dt=E[NO,J[COT]. ()

For each isotope of carbon a chemical equation like (1)
and a rate expression like (4) may be written. The ratio
of these rate expressions gives

d[C20,] Ei[C2O0]
d[CB0,] Eu[CHOT

®)

Since less than 19, of the carbon monoxide was allowed
to react during each run, the total amount of carbon
dioxide produced may be regarded as the initial incre-
ment, d[CO,]}, and the isotopic composition of the
reactant is essentially unchanged and is given by the
blank. Thus one obtains as a good approximation

[C12O 2:] k12[C120 2:|b lank
[C#0.] k13[C1302]blank‘

The isotopic ratio (45/44) was measured directly so
that the ratio of rate constants is

kio/kis= (45/44)p1ani/ (45/44). )

An Arrhenius plot was made of (7) to give the difference
in activation energy as

Elz— E13= — 2045 cal/mole. (8)

An Arrhenius plot was made of & found by (4) to give
an energy of activation of 31.6 kcal/mole and a pre-
exponential factor 4 =12X 10" cc mole* sec™.

(6)

DISCUSSION

Using the notation of Wilson, Decius, and Cross* we
write down the Teller-Redlich product rule for an

TasLe 1. Experimental results.

Reactants

m/1 X104 Mass ratio
T°K CO NO: 45/44 X106 1. mole~! sec™! kis/k1s
540 5.1 0.35 11 06819 0.0019 1.0218
541 7.0 0.49 11 050413 0.0016 1.0225
638 5.8 0.29 11 09312 0.110 1.0193
638 438 0.26 1107145 0.120 1.0188
727 5.1 0.29 111224-14 2.7 1.0157
727 4.6 0.26 11 11347 3.2 1.0165

4 Wilson, Decius, and Cross, Molecular Vibrations (McGraw-
Hill Book Company, Inc., New York, 1955), p. 184.
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activated complex containing N atoms, r free internal
rotations, and one reaction coordinate which is essen-
tially a free translation or a vibration with no restoring
force.?

WN_T—r ' N S\ MINY /LT T\
i () ()
k=1 w1\ M II,I,
WY e /LN
x(5)n(>). ©
p /=N
where m is atomic mass, M is mass of the entire com-
plex, and p is the effective mass of the reaction co-
ordinate, reference 3, pp. 186-189.
Using the partition-function formulation of the
activated complex theory® for a bimolecular reaction,

one gets for the ratio of rate constants for isotopic
reactions

ko x QYQ"

e ¢ BAE(RT
kl K, Q/QI

where Q! is the partition function for the activated
complex with the contribution due to the reaction
coordinate factored out, Q is the complete partition
function for the reactant in which isotopic substitution
appears, and AAE represents the difference between
complex and reactant in the difference of zero point
energy, or in this case (E%p— E'3)t— (E'p— E%3)00,
The partition-function ratio Q;}/Q: in (10) gives rise
to the following product of ratios

(10)

)G,
o /t\M'J\ITI/I./ 1

r ] i ‘}3N——7—r Q,,
xH(—,) T(2), av
1i'/y Q' 7/t
where ¢ is the symmetry number and Q, is the partition
function for vibrations; there is a comparable expression
for the substituted reactant. If Eq. (11) for both

complex and reactant is substituted into (9) and (10),
the rate expression becomes

sv—1—sfu(1— &) t o\t
1)
5 w(l—e™) o K
3n—6 [u(l—e ) o\ «
T )
w'(1—e%) o
where #=hew/kT, N is the number of atoms in the
complex, # is the number of atoms in the substituted

reactant, and the terms in the denominator refer to the
substituted reactant. Equation (12), of course, is

§ Glasstone, Laidler, and Eyring, Theory of Rate Processes
(McGraw-Hill Book Company, Inc., New York, 1941).
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F16. 1. Structure of the activated complex: ri=r;=1.2 A;
re=r3=1.4 A; cy=0o2=03=120°; planar.

Bigeleisen’s®” expression for the rate ratio for isotopic
reactions, The only difference between Egs. (10) and
(12) is the Teller-Redlich product rule {(compare
reference 7, footnote 2). Whether one uses (10) or (12)
depends on whether one had rather compute moments
of inertia (including those for internal rotation) or
mass ratio along the reaction coordinate. [Actually it
is desirable to compute both sets of quantities to
substitute into (9) as a check against computational
errors. | Bigeleisen’s formulation is considerably more
convenient for computational purposes in the present
case.

To use Eq. (12) one needs the mass ratio u/p’ and
the vibration frequencies for unsubstituted and sub-
stituted reactant and activated complex. These quan-
tities are readily obtained by means of Wilson’s F and
G matrices,* provided one has a model of the activated
complex. For this reaction we use the model previously
proposed® with certain minor refinements. The acti-
vated complex was assumed to be of the planar
dinitrogen trioxide structure, Fig. 1, with bond angles
of 120°. The double-bond distances, 1.2 A, were taken
as the sum of the double-bond radii of the elements,
and the single bond distances, 1.4 A, were taken from
single bond radii.’ Partition functions for translation,
rotation, and internal rotation were calculated from
this model. For the vibrational analysis, a slight change
was introduced in order to increase the symmetry of
the unsubstituted activated complex and thus greatly
simplify the calculations. The actual masses of the
atoms in the activated complexes are 16~-12-16-14~16
and 16-13-16-14-16. The first of these was replaced
by the average-mass case 16-13-16-13-16, and the
second was retained. Thus the unsubstituted complex
had Cj symmetry and the substituted complex was
treated by a perturbation method.?

Force constants were assigned by analogy! and by
use of Badger’s rule.? Ratios of force constants were
assigned as: 2, double bond stretch to single bond
stretch; 10, single bond stretch to end ko/717s; 2, end
bend to center bend.® The magnitude of the single

& J. Bigeleisen, J. Chem. Phys. 17, 675 (1949).

7 J. Bigeleisen and M. G. Mayer, J. Chem. Phys. 15, 261 (1947).

8 Herschbach, Johnston, Powell, and Pitzer, J. Chem. Phys.
25, 736 (1956).

9 Linus Pauling, Nature of the Chemical Bond (Cornell University
Press, Ithaca, 1940).

10 See reference 4, p. 188.

It See reference 4, pp. 175-176.

12 R, M. Badger, J. Chem. Phys. 2, 129 (1934); 3, 710 (1935).

18 These ratios are based on reference 11 and on analogy to
nitrogen tetroxide and to ethers. Other ratios could be used within
the range of examples from normal molecules.
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bond stretching force constant is 5X10° dynes/cm
according to Badger’s rule; by analogy with C—C,
0—0, N—N, C—N, and C—O single-bond force
constants,!! the range 33X 105 to 6X10°® appears to be
very reasonable (we have made calculations for the
values of 4, 5 and 6X10%). The reaction coordinate was
treated as before®; an interaction constant was intro-
duced which reduces to zero the restoring force on the
antisymmetric stretching mode involving the central
oxygen atom

2V =ky(ro?+rs*)+ 2k, rors+other square terms. (13)

As k, approaches &, the restoring force of the anti-
symmetric center stretch goes to zero, and the reaction
coordinate becomes separated from the normal modes
of vibration.

Out-of-plane motions for this complex are the
internal rotations. A rough estimate of the barrier to
internal rotation' indicates it to be less than RT for
this complex. Thus computations are made on the
assumption of free internal rotation.

With this model for the activated complex the F
and G matrices* were set up in the usual way. The
seven-by-seven FG matrix reduces to a four-by-four
(4:) and a three-by-three (B;) which includes the
reaction coordinate with zero frequency. The six non-
zero frequencies and the corresponding normal modes
with their normalized eigenveciors were found ; then the
shifts in frequency caused by a single isotopic sub-
stitution in the activated complex were computed by a
perturbation method.’® These frequencies and their
shifts are given in Table II.

The “effective mass” along the reaction coordinate
is readily calculated as a by-product of the normal-
mode analysis. For the terms in (13) let k,/—£%, be ¢,
a number as close to zero as desired. The corresponding
A is so low that terms in A and higher may be neglected.
In terms of F and G determinants the value of X is!®

\=|G||F|/2G®F®, (14)

TaBLE II. Contribution of the various normal modes of vibra-
tion to the various rate factors. Q contributes to 4, Q12/Q13 con-
tributes to kiz/kis, and Ep—E;; is given directly. T is 638°K.
Force constants are 84-0.4-0.2.

Q12 Eiz—Eus, cal/mole

Normal Awt® —In—
Mode wen—t @ cm™t Q1s AE® RTgr
Sym, str., mid. 1160 1.08 124 0.0022 17.8 —-5.1
Sym. str., end 1495 1.04 124 0.0010 17.8 —3.2
Sym. bend, end 335 1.88 1.3 0.0027 1.9 —1.4
Mid bend 176 3.05 1.2 0.0054 1.7 —1.4
React. coord.
Anti. sym. str., ends 1381 1.05 13.8 0.0015 19.7 —4.3
Anti. sym. bend 45 1.57 4.9 0.0063 7.0 —4.8
co 2169 1.01 49.2 0.0008 70 —4.1
E calc -~20.2
E obs —20£5

= This is a decrease in all cases.
b9 =d InQ/d InT.

( 4 E. A. Mason and M. M. Kreevoy, J. Am. Chem. Soc. 77, 5808
1955).
15 See reference 4, p. 68.
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Tasie IIIL. Calculated rate factors as a function of variation of force constants assumed for the activated complex.

Force constants

dynes ecm™t X107% A X10—12
End Mid End Mid F1a/k1a E12—Eas cc m™1 gec~!
Str. Str. bend bend 540° 638° 727° cal/mole 638°=
8 4 0.4 0.2 1.0208 1.0180 1.0160 —20 26
10 5 0.5 0.25 1.0138 ©1.0124 1.0113 —10 20
12 6 0.6 0.3 1.0097 1.0092 1.0090 -3 14
observed 1.0221 1.0190 1.0161 —204+5 12

» Based on unity for kappa.

where G® is any two-rowed minor of |G| and F® is
the corresponding two-rowed minor of |F|, summed
over all such minors.!® For the isotopically substituted
complex the expression is

N=|G||F|/2G'@F®, (15)

The ratio of these two terms leads to cancellation of
IF|, and it is the ratio of effective masses u

MN=p'/u. (16)

Now, as one lets k,/=£k,, some terms in F® go to zero
and some others cancel out. For the present case (the
reaction coordinate is number 5, the antisymmetric end
stretch is 6, and the antisymmetric end bend is 7) the
expression for the ratio of masses is

g |G| Goa®

¥ |G Gl

(17)

where G'=G+ AG. The changes in G, that is, AG, were
used in the perturbation method calculation. In (17)
|G| is the complete three-by-three (B;) determinant.
For the present case the value of ui3/u12 was 1.0093.
By the use of this value of 4'/u and (9), a check can
be made against the six planar vibration frequencies.
The product of the ratio of vibration frequencies is
1.0521; the product of the ratios of atomic weights,
molecular weights, one moment of inertia, and u/u’ on
the right-hand side of (9) is 1.0510. The discrepancy
of 0.001 is believed to be a measure of the validity of
the perturbation method for this case; it might be
noted that this discrepancy is by no means negligible.
Rate constant ratios were computed!¢ for three sets
of force constants: 8-4-0.4-0.2, 10-5-0.5-0.25, and 12—
6-0.6-0.3. The calculated curve for kia/kq; is plotted
against 1000/7T in Fig. 2. The force constants 8-4-0.4—
0.2 give a curve lying very close to the observed points at
all temperatures; the other two curves miss the points
and have the wrong temperature dependence. The
calculated curves are very sensitive to small changes
16 Bigeleisen and Mayer7 give extensive tables of a function they
call G(u). This function employs the approximation, eAu/2
=1+4Au/2. Because of the very small isotope effect observed
here, we found this approximation to be extremely poor for this
case. In making these computations we kept all figures to six
significant figures, rounding off only at the end. Unless extreme
care is taken in these computations, rounding-off errors can easily

become as large as the isotope effect itself.
In these calculations the ratio of kappas was taken as one.

in the assigned force constants; obviously a small
reduction in the lowest set of force constants would
give almost perfect agreement with experiment. This
adjustment is unnecessary. The primary point estab-
lished is that this simple method® of setting up and
characterizing the activated complex and reaction
coordinate gives a good description of the isotope rate
effect within the limits of a normal set of bond distances
and force constants. In the calibration of this method
of constructing activated complexes, it might be noted
that the pre-exponential factor is particularly sensitive
to low frequency oscillators and free internal rotations.
On the other hand, these quantities have little or no
effect on the isotope rate factors k/k’, and E—E’. The
high-frequency oscillators are by far the most important
contributors to the isotope rate effect; this point has
been made by Bigeleisen.® The contribution of the
various frequencies to k/k' and E—E' is given in Table
II. A comparison of the different sets of force constants
for the rate factors, 4, k/k, and E—E' is given in
Table TII. The agreement between calculated and
observed pre-exponential factor is quite satisfactory
for all choices of the force constants (a factor of two
is precise agreement here and a factor of 10 is within
experimental error).

Finally, we wish to give a short discussion empha-
sizing the distinction between the isotope effect con-
tributed by the reaction coordinate and the isotope

1.024 3 T T T T
1ogo | _
8 x
Lo |- =)
kiz 1.012 -/’/"—’B’// |
ki3

loos[— 4

1.004 — —

] L | \ 1
i
000 ) 150 160 170 T80

1000/ T .

F16. 2. Calculated curves and observed points for the isotope
rate effect at various temperatures. The force constants for end-
stretch: mid-stretch: end-bend: mid-bend are respectively: 4,
8-4-0.4-0.2; B, 10-5-0.5-0.25; C, 12-6-0.6-0.3 in units of 10°
dynes/cm.
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effect contributed by the rest of the activated complex.
In terms of Bigeleisen’s formulation the reaction co-
ordinate contributes {(u/u’)} toward the isotope effect,
and that is all {actually this treatment neglects the
possibility of a very narrow §, width of the top of the
barrier to the reaction coordinate, and thus a significant
zero-point energy in the reaction coordinate itself).

JOHNSTON, BONNER, AND WILSON

The other normal modes in the activated complex
contribute their product of #%;, their product of Q;, and
the zero-point energy difference, Zhv;/2. Thus isotopic
substitution in atoms removed from the site of the
reaction coordinate, could lead to an isotope rate effect.
For the present reaction an isotope effect should be
observed between CO'¢ and CO'8, for example.
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Rate Constants of Second-Order Reactions from Kinetic Current Measurements

W. L. REYNOLDS AND STEPHEN PRAGER
Depariment of Chemistry, University of Minnesota, Minneapolis, Minnesola

(Received August 16, 1956)

Kinetic currents have been calculated for the case where the solution contains two electroactive species,
one of which may undergo a second order reaction with the reduced form of the other. The results have been
applied to the reaction between ferrous versenate and cumene hydroperoxide, assuming the diffusion co-
efficients of all species to be equal. The calculated and observed rate constants are found to differ by 33%,
which constitutes reasonable agreement in view of the assumptions made.

ELAHAY! has recently written a monograph

which reviews the mathematical treatment of
kinetic and catalytic currents for many systems in
considerable detail. In these systems the current which
results from the oxidation or reduction of a substance
at an electrode is controlled partly by diffusion of the
electroactive species to the electrode and partly by
the formation or consumption of the electroactive
species in a chemical reaction. An example of this type
of system, which has not yet been treated quantita-
tively, is obtained when solutions of ferric versenate
(0) and cumene hydroperoxide (Z) are mixed and
reduced at a dropping mercury electrode. Both species
yield reduction currents over the whole range of
available electrode potentials and hence neither one
can be selectively reduced in the presence of the other.
Ferric versenate is reduced, at the electrode, to ferrous
versenate (R). As R diffuses away from the electrode
it reacts with Z, diffusing toward the electrode to
produce O and a reduced form ¥’ of the hydroperoxide,
probably acetophenone.? Hydroperoxide is reduced at
the electrode to ¥, probably phenyldimethylcarbinol
and water, since the reduction is a two-electron re-
duction, Neither acetophenone nor phenyldimethyl-
carbinol reacts further unless an electrode potential
more negative than —1.5 volt (»s saturated calomel
electrode) is used, in which case acetophenone will be
reduced. The general reaction scheme is thus

Z+me—Y (at electrode) (D
O+ne—R (at electrode) (2
R+7—Y'4+0 (in solution). 3)

1 Delahay, New Instrumenial Methods in Elecirochemisiry
(Interscience Publishers Inc., New York, 1934).
( 'SW). L. Reynolds and I. M. Kolthoff, J. Phys. Chem. 60, 996
1956).

The equation for the instantaneous current resulting
from reduction of Z at the electrode is

. aCz
$z=ﬂzaFDz '——“) 5 (4)
ax E]
and that from reduction of O is
9Co
to=noal Do ——‘) ) (5
9 J o

where F is the Faraday constant, #z and #¢ the number
of faradays involved per mole of Z and O reduced, a
the area of the electrode at time ¢, Dz and Dy the dif-
fusion coefficients of the indicated species, and (8Cz/
9%) 20 and (8Co/3%) .o the concentration gradients of
Z and O at the electrode surface at time ¢ The total
instantaneous current is

(6

The average total current in the case of the dropping
mercury electrode is obtained by expressing the area,
a, and the concentration gradients at x=0 as functions
of time, averaging over the drop time of the electrode,
and then multiplying by the factor (7/3)}, which has
been used to convert results obtained for plane elec-
trodes to results for spherical electrodes.® The factor
(7/3)* is an empirical factor which corrects for the
nonplanar surface of the electrode and for the move-
ment of the growing drop.

The average total current differs, in general, when
reaction between R and Z occurs and when reaction
between R and Z does not occur. This difference is

'?:g = i.z:—i*'?:(}.

’P.) Delahay and G. L. Stiehl, J. Am. Chem. Soc. 74, 3500
(1952).



