
future workers who may study such systems. It is 
worth noting that in order to stabilize approximately 
one-half of the methyl iodide resulting from the associa
tion of CH3 + I at 6000K., about 1 atm. pressure is 

The pulse-radiolysis method has been used to study the 
kinetics of ozone formation in gaseous argon-oxygen 
solutions. The absolute rate constant for the reaction 
O + O2 + Ar = Oi + Ar was found to be (0.83 ± 
0.08) X 10s M- 2 seer1 at 23°. 

Introduction 

The extension of the technique of pulse radiolysis2 

to the gas phase has been described in a preliminary 
report.3 In this paper we present the details of the 
experimental determination of the rate constant of the 
reaction 1 by direct observation of the ozone formation 
curve in the pulse radiolysis of gaseous argon-oxygen 
solutions. 

O + O2 + Ar = O3 + Ar (1) 

The reaction of oxygen atoms with molecular oxygen 
has been the subject of numerous investigations,4 

often producing conflicting values of ki. These 
values, obtained by a variety of methods, range over 
very nearly an order of magnitude. Because of its 
importance in the chemistry of the atmosphere, the 
ozone formation reaction continues to be a subject of 
investigation.5-8 The reaction is also of importance 
in the radiation chemistry of oxygen and oxygen-
containing systems.9 

The value of kx is determined here by a fast reaction 
method in which the reaction is initiated by a short
lived perturbation of the system. The method is direct, 
involving fast optical detection of ozone formation in 
a homogeneous system. The use of probes or any 
heterogeneity associated with phase discontinuity is 

(1) (a) Based on work performed under the auspices of the U. S. 
Atomic Energy Commission; (b) to whom correspondence should be 
addressed at the Chemistry Department, The Ohio State University, 
Columbus, Ohio. 

(2) M. S. Matheson and L. M. Dorfman, / . Chem. Phys., 32, 1870 
(1960). 

(3) M. C. Sauer, Jr., and L. M. Dorfman, / . Am. Chem. Soc, 86, 
4218 (1964). 

(4) For a survey see F. Kaufman, Progr. Reaction Kinetics, 1, 1 
(1961). 

(5) F. S. Klein and J. T. Herron,/. Chem. Phys., 41, 1285 (1964). 
(6) M. A. A. Clyne, J. C. McKenney, and B. A. Thrush, Discussions 

Faraday Soc, 37, 214 (1964). 
(7) F. Kaufman and J. R. Kelso, / . Chem. Phys., 40, 1162 (1964). 
(8) F. Kaufman and J. R. Kelso, Discussions Faraday Soc, 37, 26 

(1964). 
(9) K. Fueki and J. L. Magee, ibid., 36, 19 (1963). 

required. Similar calculations1215 have been done for 
methane formed by H + CH3 which satisfied the exist
ing experimental data and predicted that SjD = 1 at a 
pressure of about 400 cm. at 673 0K. 

avoided. The result provides a useful addition to the 
current literature on this reaction. 

Experimental 

Pulse Irradiation. A 12- to 15-Mev. electron beam 
from the linear accelerator was used. The maximum 
current at the cell window was about 80 to 100 ma. 
The diameter of the electron beam at the cell window 
was about 15 mm. The pulse duration was generally 
1.0 or 0.4 /usee, although a 5-^sec. pulse was used 
occasionally. General aspects of the experimental 
arrangement have been described previously.10 

Irradiation Vessels. The vessels used in this work 
were designed for the collinear entry of the electron 
beam at the front window and the analyzing light beam 
at the rear window. A diagram of the cell is shown in 
Figure 1 and a photograph in Figure 2. The cell 
body was made of 304 stainless steel, and the valves 
were 0.25-in. "speed valves" with "ermeto" connec
tions from Autoclave Engineers Inc. The gasketing 
arrangement for the aluminum electron beam-win
dow and the quartz light beam-window was similar 
to that in vessels used in a pulse radiolysis study11 in 
which high pressures of hydrogen were needed over a 
liquid sample. The cell was hydrostatically tested at 
200 atm. and was used up to 100 atm. of gas pressure. 
The cell volume was about 50 cc , of which the pres
sure gauge section made up 3 cc. and the cold-finger 
7 cc. 

Spectrophotometry. The technique of spectrophoto
metry observation of transients was in general the 
same as described previously.10'12 An Osram xenon 
lamp, Type XBO 450W, was used as the source of 
continuum. Ozone formation was monitored at 2600 
A.13'14 using a 1P28 photomultiplier. A Bausch and 
Lomb grating monochromator, Type 33-86-25, f/3.5, 
was used witho grating No. 33-86-01 and a band width 
of 24 to 70 A. The light beam passed through the 
irradiation vessel twice, giving an optical path length 
of 26 cm. A schematic diagram of the optical system 
is given in Figure 3. The amplification of the signal 
from the 1P28 photomultiplier and its display on an 

(10) L. M. Dorfman, I. A. Taub, and R. E. Biihler, / . Chem. Phys., 
36, 3051 (1962). 

(11) J. Rabani and M. S. Matheson, J. Phys. Chem., 69, 1324 (1965). 
(12) G. CzapskiandL. M. Dorfman, ibid.,68, 1169(1964). 
(13) E. C. Y. Inn and Y. Tanaka, / . Opt. Soc. Am., 43, 870 (1953). 
(14) A. G. Hearn, Proc Phys. Soc, 78, 932 (1961). 
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LINAC VESSEL MIRROR LAMP 

Figure 1. Diagram of high pressure vessel. The vessel was con
structed from 304 stainless steel: B, window (6061T6 aluminum), 
0.025 in. thick; L, groove, 0.080 in. deep, 0.75-in. i.d., 3V32-Ui. 
o.d., for 3/32-in. O-ring GRC-27-14; F, window, high purity silica 
(the inside surface of the window is a few thousandths of an inch 
below the surface of the holder); G, lead washer, 0.03 in. thick; 
H, groove, 0.077 in. deep, 7/s-in. i.d., l5/64-in. o.d., for 3/32-in. CD-
ring GRC-513-118; M, mirror, 0.5 mm. thick, 0.75-in. diameter 
quartz, aluminum deposited on surface indicated by arrow; C, 
dotted line represents stainless steel tube for supporting the mirror 
(M) (the tube fits snuggly inside the vessel and has a Vsr-in. wall; 
the mirror is held in a groove cut into the end of the tube; the 
fit can be adjusted by means of tabs cut along the sides of the 
tube); D, arm, Vie-in. wall, 0.50-in. o.d., 4 in. long; J and K, 
high pressure valves (see text) (fittings at top of valves not shown); 
I, aluminum block to support valves; A, six equally spaced No. 
8-32 bolts, with centers on a 13/8-in. diameter circle; E, six equally 
spaced No. 10-32 bolts, with centers on a l5/s-in. diameter circle. 

Figure 2. Photograph of high pressure vessel. 

oscilloscope have been described.10 In this work, a 
Tektronix Type 555 dual-beam oscilloscope was used, 
and the display on the oscilloscope was photographed 
using Polaroid Land Picture Roll, 3000 speed/type 

H 

SCALE h—H 
10cm 

-LENS 
(4cm focal length) 

-SHUTTER 

<> LENS (30cm focal length) 

MONOCHROMATOR 

C Z l PHOTOMULTIPLIER 

Figure 3. Diagram of optical detection system. 

47 film. The pictures obtained were enlarged by a 
factor of two photostatically to facilitate analysis. 

Because of light emission during and slightly after 
the electron pulse, the first measurements of the forma
tion curves were taken at about 1.5 /isec. after the end 
of the pulse. Furthermore, every ozone "growth" 
curve was accompanied by a picture taken with the 
shutter (see Figure 3) closed so that only this emitted 
light was registered. This "blank" was used to correct 
the observed growth curve and, in general, was negligi
ble except for the first 10 to 20% of the optical density 
change of the analyzable portion of the curve. 

The light passing through the monochromator was 
checked for spectral purity using Corning filter 0-52 
and was found to contain only about 1 % light of 
longer wave length than that expected from the mono
chromator setting and slit width. 

Materials. The argon was from Linde and the 
oxygen was from General Dynamics. Both were used 
without purification. The oxygen was checked for 
hydrocarbon impurities by gas chromatographic anal
ysis using a flame detector and was found to contain 
approximately 15 p.p.m. methane. The purity of the 
argon was stated by the manufacturer as being 7 
p.p.m. O2, 15 p.p.m. N2, and 5 p.p.m. carbon-con
taining compounds. Mass spectral analysis of a 
sample of the argon taken from one of the high pressure 
vessels filled to about 60 atm. with argon only snowed a 
maximum oxygen content of 20-30 p.p.m. Hydro
carbon impurities in the argon were determined by 
gas chromatographic analysis using a flame detector. 
This method actually measures the difference in the 
impurity contents of the helium carrier gas and the 
argon sample. The level of hydrocarbon impurities in 
the helium should be less than 1 p.p.m. according to 
information from the manufacturer (Bureau of Mines). 
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No hydrocarbon (C1-C4) peaks were detectable in the 
argon; therefore, the level of such impurities must be 
less than 1 p.p.m. 

Method of Filling Vessels. The vessel was con
nected to a vacuum system through the two-way valve 
outlet and to a tank of argon through one of the out
lets on the three-way valve (the pressure gauge being 
on the other outlet; see Figure 2). After evacuation, 
the valve to the argon tank was closed and the argon 
tank valve opened. Then oxygen at the desired pres
sure was let into the vessel from the vacuum system 
and the valve to the vacuum system was closed. The 
valve to the argon tank was then opened slightly and 
argon allowed to fill the vessel until the desired pres
sure was reached as read on the gauge. The total 
pressure in the cell was determined independently of the 
gauge reading by expanding the contents of the cell 
(of known volume) into a calibrated volume (about 
5.5 1.) and measuring the resulting pressure on a 
manometer. The concentrations of argon and oxygen 
were known to ± 2 %. 

Results and Discussion 
The formation of ozone was monitored at 2600 A. 

A typical ozone formation curve is shown in Figure 4. 
That the absorption was due to ozone was established 
by spectrophotometric determination of the absorption 
curve which was found to be in close agreement with the 
data reported.1314 

The value for k\ was determined as follows. Each 
rate curve was analyzed by plotting log (log ItT/hr) 
against time as a test of a first-order rate law. Itr 

is the light transmitted at 2600 A. at any time; It* 
is the light transmitted after the ozone concentration 
has reached a plateau as evidenced by the plateau in 
the rate curves. All rate curves showed a well-defined 
plateau, the rate of disappearance of ozone being 
substantially lower than its rate of appearance. Fig
ures 4 and 5 show a typical oscilloscope picture and 
first-order plot. 

The plots were linear, and the values for Zc1 were ob
tained from the relationship 

2.3035 m 
kl = ~ r T nro n ® 

[Ar][O2] 
where S is the slope of the straight line obtained. It 
may be readily shown that in principle a straight line is 
to be expected when the data are plotted as described 
above if the following conditions hold: (1) the pro
duction of oxygen atoms is negligible at any time for 
which a value of ItT is taken from the rate curve; 
(2) only one precursor is responsible for ozone forma
tion (or the rate constants for the reactions of dif
ferent precursors are equal); and (3) the time scale of 
our observed rate curves is such that h(k2r + Zc3[Ar]) 
> > 1, where h is the time after the pulse of the first 
value for Itr. k2 and Zc3 are the rate constants for the 
reactions 

O + O2 ^ ± O3* (2) 

O3* + Ar —> O3 + Ar (3) 

k2r is the rate constant for the reverse reaction 2. 
Reaction 1 is thought to consist in detail5 of these two 
reactions. 

The usual steady-state hypothesis may be applied to 
reactions 2 and 3 if the concentration of the inter
mediate O3* is much less than the sum of the concen
trations of oxygen atoms and ozone at all times. This 
will be true if Zc2r + Zc3[Ar] > > Zc2[O2]. Based on 
rate constant values in the literature,5 k2r + Zc3[Ar] 
is about 1010 sec."1, while Zc2[O2] is about 106 sec.-1 

(for concentrations of O2 and Ar typical to this work). 
Therefore, the steady-state hypothesis is applicable 
here. 

Condition 3 above arises from a consideration of the 
induction period, i.e., the time necessary for the steady 
state of O3* to be reached. This can be estimated by 
integrating the equation d[03*]/d? = Zc2[O][O2] — 
fer[08*] - Zc3[Ar][O3*] with the assumption that [O] 
is constant during the induction period. Then, setting 
d[03*]/d? = 0, one can solve for the steady-state con
centration of O3*, again under the assumption that [O] 
is constant. Combining this with the results of the 
integration leads to the result that the steady state is 
reached when (k2r + Zc3[Ar])? > > 1 which is satisfied 
if t is about 1O-8 sec. or greater. Since the time scale 
of our experiments is about 1000 times greater than 
this, the steady-state approximation is applicable 
over the entire time range of the experimental ozone 
formation curve. 

Application of the steady-state approximation that 
d[03*]/d? = O leads to the equation 

dt k2r + Zc3[Ar] 

Our experimental value of Zq is therefore given by 

Hence, the experimental value OfZc1, when determined as 
described earlier, should begin to decrease with in
creasing pressure of argon when the argon pressure is 
great enough that Zc2r > > Zc3[Ar] no longer holds. At 
given concentrations of argon and oxygen the forma
tion of ozone will still be pseudo first order, and a 
linear plot will be obtained for log (log Itrlhr) vs. 
time. 

The values for Zci and the experimental conditions 
are shown in Table I. The lower half of the table 

Table I. Rate Constants for O + O2 + Ar ->- O3 + Ar 

.—Concentration 

Ar, M 

0.45-0.58 
0.99-1.12 
2.4-2.6 
3.8-4.3 
0.45-0.58 
1.02-1.12 
2.4-2.6 
3.8-4.3 

range—. 
O2, M 
X 104 

20-124 
6.6-107 
4.1-70 
7-9 

20-50 
12-26 
5-28 
7-8 

No." of 
expt. 

7 
10 
15 
7 
4 
4 
4 
4 

ki ± av. dev., 
M~2 sec.-1 

X 10-8 

0.83 ± 0.056 

0.78 ± 0.09" 
0.76 ± 0.126 

0.63 ± 0.05» 
0.86 ± 0.05" 
0.77 ± 0.03" 
0.82 ± 0.03e 

0.66 ± 0.06= 

° Each experiment represents analysis of one or more O3 forma
tion curves using a fresh cell filling. 6 Average of all experiments. 
c Experiments in which samples stood at least 20 hr. before pulsing. 

shows the results from experiments where the filled 
vessel had been standing at least 20 hr. before pulsing. 
The reason for this separation is that for samples which 
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had been standing only 0.5 hr., the apparent rate con
stant of ozone formation was about 50% less than 
for samples which had been standing a few hours or 
more, apparently owing to lack of complete mixing. 
AU of the results in the table were obtained on samples 
which stood a few hours or more after filling. How
ever, owing to the above observation, the results on 
samples which stood at least 20 hr. are considered to 
be more accurate and are used in the following cal
culations and consideration. The fact that the results 
from the two halves of Table I are the same within 
experimental error is, however, significant, for it in
dicates that complete mixing of the gases takes place in 
a few hours. 

The values of fa show no apparent change within 
experimental precision from [Ar] = 0.5 to 2.5 M, 
i.e., up to 900 p.s.i., but the value appears to have de
creased significantly at [Ar] = 4.0 Af. From these 
data, by plotting l/fa vs. [Ar], we can estimate from 
the intercept that fa = fafajfar = (0.83 ± 0.08) X 
108 M-2 sec.-1, and from the slope fa = (0.7 ± 0.5) 
X 10« Af-1 sec.-1, both at 23°. 

The exchange rate for the reaction O18 + O16O16 -> 
O18O16 + O16 was found to be 0.6 X 109Af-1SeC.-1 

at 37° in a mass spectrometric study16 of exchange re
actions of oxygen atoms. This gives us a more accurate 
and independent value of fa. From this value and our 
experimental value for fafajfar, we can estimate the 
expected decrease in fa at [Ar] = 4.0 Af. The result 
is in accord with experiment. 

The limiting value of fa determined in these experi
ments, that is, fa = fafajfar = (0.83 ± 0.08) X 108 

Af-2 sec.-1, may be compared with values obtained by 
different methods. Recent publications7'8 indicate 
that the rate constant as determined by the "discharge 
flow" technique has been in error owing to the pres
ence of energetic, metastable species which redissociate 
O3, and that the true value for the rate constant, with 
O2 as the third body 

O + 2O2 — > O3 + O2 (4) 

is ki = (2.7 ± 0.7) X 10s Af~2 sec.-1, as determined in a 
flow system where oxygen atoms were produced by 
thermal decomposition of ozonized purified oxygen. 
Values of Zc4 derived from several studies on the thermal 
decomposition of O3 by using the equilibrium constant 
for reaction 1 derived from thermodynamic properties16 

are ki = 1.5 ± 0.3 X 108 Af-2 sec.-1. The possible 
error in the latter value due to the uncertainty in the 
equilibrium constant (not included in the error limit) 
is claimed8 to be easily large enough to explain the dis
crepancy between the values Zc4 = 2.7 X 105 and Zc4 = 
1.5 X 108. 

We may compare these values for Ar4 with our experi
mental value for fa by taking into account the dif
ferent efficiencies of Ar and O2 as the third body. It 
has been reported17,18 that the third-body efficiency of 
Ar relative to that of O2 is 0.6. On this basis we obtain 
Zc1 = 1.6 ± 0.4 X 108 and fa = 0.9 ± 0.2 X 10s from 
the two values for Zc4 cited above. 

(15) J. T. Herron and F. S. Klein, / . Chem. Phys., 40, 2731 (1964). 
(16) See ref. 7 for a list of pertinent references. 
(17) E. Castellano and H. J. Schumacher, Z. physik. Chem. (Frank

furt), 34, 198 (1962). 
(18) F. Kaufman and J. R. Kelso, unpublished results. 

The value of fa has recently been determined directly6 

by a discharge flow method in which metastable O2 

molecules were supposedly eliminated, the value ob
tained being fa = 8.0 X 106 exp(+1900i?r) from 193 
to 3730K., which yields 2.0 X 108 Af-2 sec.-1 at 2970K. 
Also, fa = (1.3 ± 0.3) X 106 Af-2 sec.-1 was deter
mined18 in a flow system where oxygen atoms were 
produced by thermal decomposition of ozonized purified 
oxygen. We see then that our value, fa = (0.83 ± 
0.08) X 108 Af-2 sec.-1, differs by slightly more than 
the combined experimental errors with the lower of the 
two direct determinations of fa. The difference is 
also greater than the combined experimental errors for 
the values cited above and calculated on the basis of 
the relative O2-Ar third-body efficiencies, with the 
exception of the value calculated from thermal de
composition studies. 

It is in order that we examine in detail the possible 
sources of uncertainty in our value for fa. The possi
bility exists that oxygen atoms are formed after the 
pulse by neutralization of ions. This would be ex
pected to yield a low value for fa. Since neutralization 
of ions is expected to be a second-order process, the 
importance of this process in producing oxygen atoms 
after the pulse relative to oxygen atoms produced by 
all processes during the pulse should increase for a 
pulse of constant duration with decreasing current. 
Variation of the current over a factor of six yielded no 
variation in fa. Also, consideration of data on the 
recombination rate constants for ions indicates that 
most of the ions are neutralized within 1-2 /isec. after 
the pulse.19 

If oxygen atoms were produced after the pulse by 
the reaction of a long-lived excited state of argon with 
molecular oxygen, we would expect our experimental 
value of fa to be low compared to the true value. In 
principle, deviation from linearity would be expected 
in the plots of experimental data; however, as dis
cussed later, only a large effect would produce a notice
able deviation from linearity. As is discussed later, the 
plots are linear over a factor of 25 in log (hrlhr), but 
this may not be a large enough range to rule out the 
possibility that metastable argon atoms cause a low 
value of the rate constant fa. The only information 
contained in our experiments which has any bearing on 
this problem is the fact that the effect of argon pressure 
on the value of fa is small and can be explained en
tirely on the basis of the transition to second-order 
kinetics at high argon pressures, as has already been 
discussed. If metastable argon atoms are important 
because of Ar* + O2 -* 20 + Ar, we expect the experi
mental value of fa to increase, at constant oxygen 
pressure, with decreasing argon pressure, owing to the 
different effect of argon pressure on reaction 1 and the 
latter reaction. If Ar* + Ar -»• Ar2 occurred, the 
situation would probably remain unchanged because 
most of the energy would still be available to dissociate 
oxygen, either by absorption of light emitted by Ar2 

or by collision of Ar2 with O2. Metastable argon 
atoms would have a negligible effect on fa if energy 

(19) Assuming that neutralization of ions occurs by O2
- + Ar+ -»-

2O + Ar (&N), and using the value of/CN = 1.1 X 1O-7 cm.3/sec. at 100 
atm.20 for O+ + O2

- —• 3O •, we can estimate that under the conditions of 
our experiments the initial half-time for decay of ions is a few tenths of a 
microsecond. 

(20) Given by K. Fueki and J. L. Magee, Discussions Faraday Soc, 
36, 676 (1963). 
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Figure 4. Oscilloscope trace of photomultiplier response. Ozone 
formation is shown in a vessel containing 1.09 M argon and 1.19 X 
1O-3 M oxygen. The horizontal scale is 100 /xsec. full scale and 
vertical deflection indicates changes in the signal from the photo-
multiplier. Two traces were taken simultaneously. A and F 
are the 100 and 0% transmission lines, respectively, for the upper 
trace with no amplification. B and C are the 100% line and the 
ozone formation curve, respectively, for the upper trace amplified 
2.5 times. Lines D and G are the 100 and 0% lines for the lower 
trace with no amplification. E is the ozone formation curve 
amplified 10 times; its display on the scope was delayed 15 ^sec. 
compared to that of C (the 100% fine amplified tenfold does not 
appear because it had to be set off scale). 

transfer between Ar* and O2 proceeds on every 10 
collisions or less. 

The experimental value of k\ would also be low if O3 

were decomposed by reaction with excited oxygen 
molecules (or other species) simultaneously with the 
formation of ozone by reaction 1. Occurrence of such 
reactions can also be ruled out on the basis of experi
mental evidence. The concentration of ozone pro
duced in a typical pulse is about 1O-6 M. If the con
centration of excited oxygen molecules were similar, the 
half-time for the reaction O2* + O3 = O + 2O2 would 
be at least 100 ,usee, assuming unity colhsion efficiency 
and a collision cross section on the order of molecular 
dimensions for this reaction. This would have a 
negligible effect on the ozone growth curves since these 
had half-times of about 10 ,usee, or less. Other evi
dence against such a reaction is the lack of dependence 
of kx on pulse current or on the concentration of ozone 
built up in the vessel by successive pulses. 

The reactions 0 + 0 + A r - » 0 2 + Ar and O + 
O3 -*• 2O2 can be ruled out on the basis of known rate 
constants4,21 and would, if they did occur, cause the 
value of ki to be high. 

Likewise, impurities in the argon or oxygen which 
result in the stabilization of oxygen atoms as products 
other than ozone would lead to a high value of k\. 
Such impurities would have resulted in a variation of 
k\ with the ratio of argon to oxygen, which was not 
observed. 

It is very likely that the oxygen atoms produced by the 
pulse radiolysis of argon-oxygen solutions are not all 
in the (3P) ground state initially. Experimental evi
dence indicates that 0(1D) is deactivated to 0(3P) 
by interaction with many gases.22-25 Considerations 
of reactions occurring in the upper atmosphere23 

indicate that the half-time for deactivation of 0(1D) 

(21) F. Kaufman and J. R. Kelso, "Chemical Reactions in the Lower 
and Upper Atmosphere," Interscience Publishers, Inc., New York, N. Y., 
1961, p. 255. 

(22) S. Sato and R. J. Cvetanovic, Can. J. Chem., 36, 1668 (1958). 
(23) M. J. Seaton, Astrophys. J., 127, 67 (1958). 
(24) (a) H. Yamazaki and R. J. Cvetanovic, / . Chem. Phys., 39, 1902 

(1963); Cb)IMl,40, 582(1964); Cc) ibid.,41, 3703 (1964). 
(25) W. DeMore and O. F. Raper, ibid., 37, 2048 (1962). 
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Figure 5. First-order formation plot of curves in Figure 4. The 
open circles correspond to the upper trace and the filled circles to 
the lower trace. 

in 1 M air would be a few hundredths of a microsecond, 
and that 0(1S) would be deactivated more rapidly. 
However, this estimate involves a long extrapolation 
from the low pressures which exist in the upper atmos
phere, and furthermore, argon is a very inefficient de
activator of 0 ( 1 D) 2 2 2 4 compared with O2 or N2. 

The reaction 0(1D) + O2 + Ar — 0(3P) + O2 + 
Ar is probably rapid enough to deactivate most of the 
0(1D) within a few microseconds under the conditions 
of our experiments. From a study24c of the reactions 
of 0(1D) in liquid nitrogen solutions, the estimated 
rate constant of this reaction is 5 X 109 to 5 X 1010 

M~2 sec.-1. It appears, therefore, that 0(1D) will 
not be important in this work. However, if any sig
nificant number of 0(1D) (or 0(1S)) are not deactivated 
within a few microseconds after the end of the pulse, 
we must consider that the observed rate curves rep
resent a combination of the two over-all reactions 

0(3P) + O2 + Ar —>• O3 + Ar (la) 
0(1D) + O2 + Ar —>- O3 + Ar (lb) 

In principle, deviation from linearity in the plots of 
log (log hrlht) vs. time is expected if the rate curve con
sists of the two reactions and klaL ̂  klh. However, the 
linearity of such plots is not noticeably affected by small 
differences in fcla and kXh. For example, unless the 
rate constant ratio is almost 2, the deviation from 
linearity is difficult to detect over a factor of 50 in log 
(JtJJJ) for a 50-50 mixture of 0(3P) and 0( 1D). 

The experimental data could be analyzed over a 
maximum range of about 30 to 50 in log (ItxJlJ), 
which corresponds to a factor of 30-50 in (Dt — Z)1)/ 
( A - Dn), where D{ is the final optical density of ozone, 
and Dx and Dn are the optical densities corresponding 
to the first and last points taken from a transient curve. 
Figure 4 shows a typical oscilloscope picture represent
ing the ozone formation. Figure 5 shows a logarithmic 
plot of log (,hrlhr1) vs. time using data obtained from the 
curves in Figure 4. Such plots were always linear over 
a factor of at least 25 in log (JtJlJ) and often over 
nearly twice as great a range. Curvature was some-
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times obtained, however, after a factor of 25, in a 
direction which would be compatible with the presence 
of two types of oxygen atoms. Even though we feel 
that this curvature is most likely due to errors in the 
graphical analysis of the curves, we cannot be certain 
that the plots are linear over a factor of more than 25 to 
30. 

Therefore, the participation (to an important extent) 
of excited oxygen atoms cannot be ruled out because 
the observed linearity is over an insufficient range. 
However, from the linearity over the first factor 
of 25-30 in log (ItrlhJ), we can say the following: 
(1) if ku > 2klb, then initially 0(3PVO(1D) > 3, 
and our experimental value is approximately 25% 
(or less) lower than A;ia; (2) if klb > 2kia, then initially 
0(1D)ZO(3P) > 3, and our experimental value is ap
proximately 25% (or less) lower than fclb; (3) if 0(3P)/ 
0(1D) is initially approximately unity, then (a) kisL 

is less than about 1.8/cib, and our experimental value is 
approximately midway between /cia and klb, or (b) 
kib is less than about 1.8/cia, and our experimental value 
is approximately midway between k\& and kih. 

One can see that the above statements are valid by 
making test plots of two simultaneous ozone growth 

The significance of the chronopotentiometric diffusion 
coefficient Dch of an ion in a fused salt solvent is elucidated 
by developing rigorous equations that relate this quantity 
to other transport properties of the system {"ordinary" 
diffusion coefficient and transference numbers). It is 
shown that when sufficiently small concentrations are 
employed Dcn becomes substantially identical with both 
ordinary and self-diffusion coefficients. A new method 
is proposed for taking account of the double layer charg
ing current in determining the "transition time" to be 
used in the calculation of Dch from experimental chrono-
potentiograms. 

Chronopotentiometry is an experimental procedure in 
which the potential of an electrode is observed as a 
function of time during passage of a constant current 
sufficiently large to produce concentration polarization 
with respect to a species undergoing electrochemical 
reaction. In addition to being an analytical tool, the 
technique has been used to measure a transport param
eter usually referred to as the "ionic" diffusion coef
ficient. Here this will be called the "chronopotentio
metric" diffusion coefficient. Its relation to other 

(1) (a) This work is supported by a contract with the U. S. Atomic 
Energy Commission; (b) School of Chemistry, Rutgers University, New 
Brunswick, N. J. 

curves, using various values for kijk%b and 0(3P)/ 
0 ( 1D), and adding together the curves due to reactions 
la and lb. One can then see the extent of nonlinearity 
expected. 

The most reliable value of kla, as determined1S by the 
steady-state flow method already described, appears to 
be 1.3 ± 0.3 X 108 M~2 sec.-1. On the basis of this 
we can rule out (2) and (3b) above as being possibilities. 
From (1), our experimental value predicts that £ia = 
0.83 X 108 to about 1.0 X 108 M~2 sec.-1, and (3a) 
predicts from our experimental value that kla, ~ 1.0 
X 108 M - 2 sec.-1. Within the uncertainty allowed 
by either (1) or (3a), therefore, there is agreement be
tween the value of kl2l obtained from our experiments 
and the value of 1.3 ± 0.3 X 108 M~2 sec.-1, although 
our results favor the lower extreme of the latter. 
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transport parameters, particularly "ordinary" and 
"self-diffusion" coefficients, has not been elaborated 
elsewhere. By developing equations that accurately 
describe variations of concentration and potential with 
time in terms of unambiguously defined parameters, 
the present work will show the physical significance of 
the chronopotentiometric diffusion coefficient of an 
electroactive ion in a molten salt solvent. 

The Instantaneous Flux. A Rigorous Diffusion-
Migration Equation. In any experiment involving ionic 
migration through a concentration gradient, correct 
mathematical treatment requires the use of electro
chemical potentials as the "thermodynamic forces" 
on ionic species.2 A particularly simple set of equa
tions for this purpose is provided by the friction coef
ficient formalism.3'4 In applying this approach to 
steady-state problems in an ionic diffusion layer,6 

the product of concentration times friction coefficient 
that appears throughout the phenomenological equa
tions was previously expressed in the form Xkrik, 
where X* is a kind of mole fraction in which each ionic 
and molecular species is treated as a separate com-

(2) E. A. Guggenheim, J. Phys. Chem., 33, 842 (1929). 
(3) A. Klemm, Z. Naturforsch., 8a, 397 (1953). 
(4) (a) R. W. Laity, J. Phys. Chem., 63, 80(1959); (b) J. Chem. Phys., 

30, 682 (1959). 
(5) R. W. Laity, J. Phys. Chem., 67, 671 (1963). 
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