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In an earlier work17 it was recognized that back-diffu
sion was a major problem. It was easily avoided by use 
of a long path length (approximately 3 m) between the 
reaction vessel and the pumping system itself. Un
fortunately back-diffusion was considered to be an ob
vious gas kinetics problem, and it was not specifically 
pointed out in the published article. This and similar 
problems have arisen in low-pressure studies of this type 
and have frequently been overlooked. In the experi
ment reported here back-diffusion is avoided by use of 
an effusion orifice where a high pressure ratio is main
tained across the hole (Figure 1). 

In several studies the recombination of oxygen atoms 
on a surface or back-diffusion itself has reduced the 
steady-state O-atom concentration at a given point in 
the system. Titration results for example are then in 
error since the reaction used (NO2 + O -*• NO + O2) is; 
very fast and results in titrating all the oxygen atoms; 
flowing into a reaction chamber. The number in the; 
steady state, however, is normally reduced by consump
tion on the walls of the vessel and by back-diffusion of 
recombined oxygen. 

Porter and coworkers1-3 postulated the ClOO peroxy 
radical as a short-lived precursor to the ClO radical 

which they detected in the flash photolysis of chlorine-
oxygen mixtures. On the basis of the very small tem
perature coefficient of ClO formation, Porter and 
Wright2'3 concluded that the only plausible reaction by 
which ClO could be formed is 

(1) G. Porter, Discussions Faraday Soc, 9, 60 (1950). 
(2) G. Porter and F. J. Wright, Z. Elektrochem., 56, 782 (1952). 
(3) G, Porter and F. J. Wright, Discussions Faraday Soc, 14, :>3 

(1953). 

The results presented here are compatible with the 
simple two-body reaction mechanism propounded in 
earlier papers.17'20 This does not eliminate the possi
bility of two operating reaction mechanisms, the second 
being the three-body reaction with an intermediate ex
cited state. Other low-pressure experiments reported 
in the literature which support the latter mechanism 
frequently fail to account for such problems as back-
diffusion. The work at Bonn21 does support our ear
lier conclusions. 
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biol., 1, 1003 (1965). 

(21) (a) K. H. Becker, A. Elzer, W. Groth, P. Harteck, and D. Kley, 
"Simulation von physikalisch-chemischen Vorgangen in der hoheren 
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Cl2 + hv -%- 2Cl 
b 

Cl + M + O2 -^l ClOO + M (1) 
C 

d 
ClOO + Cl — > - 2ClO 

They observed that the decomposition of ClO to Cl2 and 
O2 occurs relatively slowly, has a negligible activation 
energy, and is second-order with respect to ClO, and the 
rate is independent of Cl2, O2, and total gas pressures 
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ranging from 55 to 610 Torr. They ruled out a direct 
decomposition of the type 

2ClO — > • Cl2 + O2 (2) 

because of the high activation energy usually associated 
with such a reaction and suggested that the overall reac
tion probably proceeds via the dimer Cl2O2 (eq 3). 

2ClO ^ t Cl2O2 

(3) 
Cl2O2 — > • Cl2 + O2 

Porter and Wright omitted a chaperon molecule in this 
mechanism since they observed independence of the 
overall rate on total pressure. 

The work of later investigators substantiated the 
second-order recombination of ClO radicals; however, 
the reported rate constants show a wide disagreement. 
In these studies ClO was produced by the flash photol
ysis of OClO,4 ClOCl,5 and Cl2-O3 mixtures.6 The ki
netics of ClO has also been studied in flow discharge 
systems7 reacting Cl or O atoms with OClO. Durie 
and Ramsay8 carried out a detailed rotational-vibra-
tional analysis of the ultraviolet spectrum of ClO pro
duced in flash photolysis of Cl2-O2 mixtures. They 
showed the dissociation energy of the ground state 
is 63.31 ± 0.03 kcal/mole. Thus, for ground-state 
C1(2P!A) atoms, the reaction 2Cl + O2 - • 2ClO is exo
thermic by 8.66 ± 0.10 kcal/mole. Burns and Norrish9 

reinvestigated the mechanism of ClO formation in the 
flash photolysis of Cl2-O2 mixtures. They were able to 
confirm that ClO is produced predominantly in a reac
tion of ground-state Cl atoms with O2, thus supporting 
the reaction scheme of Porter and Wright which re
quires the existence of the ClOO radical. 

Benson and Buss10 proposed that the bimolecular 
disappearance of ClO takes place via the ClOO peroxy 
radical 

2ClO - A - ClOO + Cl 
C 

ClOO + M ^ Z t Cl + O2 + M (4) 
b 

a + aoo —> Ci2 + O2 

They suggest that since the rapid reaction d is evidently 
responsible for ClO formation in photolysis of Cl2-O2 

mixtures, the nearly thermoneutral reverse reaction e 
might be expected to be the rate-determining step for 
ClO removal. These same authors showed further 
that the observed rate law for the Cl2-catalyzed decom
position of N2O cannot be explained by a nonchain reac
tion, but is consistent with a Cl atom chain in which Cl 
atoms are regenerated by the decomposition of ClO. 
In further support of the existence of the ClOO radical, 
Benson and Buss suggested that the participation of this 
species seemed to be the only way of accounting for the 
long chain lengths observed in the photolytic decom-

(4) F. J. Lipscomb, R. G. W. Norrish, and B. A. Thrush, Proc. Roy. 
Soc, Ser. A, 233, 455 (1956). 

(5) F. H. C. Edgecombe, R. G. W. Norrish, and B. A. Thrush, ibid., 
243, 24 (1957). 

(6) W. D. McGrath and R. G. W. Norrish, ibid., 254, 317 (1960). 
(7) M. A. A. Clyne and J. A. Coxon, Trans. Faraday Soc, 62, 1175 

(1966). 
(8) R. A. Durie and D. A. Ramsay, Con. J. Phys., 36, 35 (1958). 
(9) G. Burns and R. G. W. Norrish, Proc. Roy. Soc, Ser. A, 271, 

289 (1963). 
(10) S. W. Benson and J. H. Buss, / . Chem. Phys., 27, 1382 (1957). 

positions of OClO and ClOCl, and the chain character 
of the explosions which both of these are known to 
undergo. These investigators also made use of the ex
perimental observations of earlier workers to estimate 
the thermodynamic properties of the peroxy ClOO radi
cal. 

In a recent investigation, Clyne and Coxon11 obtained 
convincing evidence that at low pressures, near 1 Torr, 
ClO radicals are removed predominantly by the free-
radical mechanism proposed by Benson and Buss (eq 4). 
This work was carried out in a discharge-flow system, 
in which a pure stream of ClO radicals was generated by 
the rapid reaction of Cl atoms with OClO. They were 
able to make a distinction between the two mechanisms 
for ClO recombination by the introduction to the ClO 
system of a substrate capable of reaction with atomic 
Cl. Clyne and Coxon determined the activation energy 
of the ClO recombination reaction to be 2.5 ± 0.3 kcal/ 
mole, whereas Porter and Wright had found a zero ac
tivation energy for this reaction. Furthermore, they 
noted that their measured second-order rate constant at 
298 °K was significantly lower than that obtained by 
other workers at the considerably higher pressures util
ized in flash photolysis. They reconciled these dis
crepancies by postulating that at higher pressures an un
stable intermediate such as Cl2Os1 is formed by an equil
ibrated, overall third-order reaction involving the par
ticipation of a chaperon molecule. However, they did 
not directly observe or demonstrate an inert gas effect 
in this reaction. 

Several inconclusive attempts to observe the ClOO 
peroxy radical directly were made before its even
tual unambiguous detection. Benson and Anderson12 

found that Cl2-O2 mixtures, when exposed to near-
ultraviolet light and then trapped at liquid N2 tempera
tures, yield a solid Cl2 matrix which on subsequent 
warming liberates small quantities of O2 in excess of that 
trapped mechanically in the absence of light. Roch-
kind and Pimentel,13 studying the in situ photolysis of 
matrix-isolated ClOCl at 2O0K, observed a pair of weak 
infrared bands at 1428-1438 cm - 1 which they attributed 
to a photolysis product of OClO impurity. They tenta
tively assigned the doublet to ClOO because of its simi
larity to that of the FOO analog, in which case the ob
served band would be due to the slightly perturbed 
stretch of an O2 molecule to whicli a Cl atom was weakly 
bound. Utilizing electron spin resonance, Symons and 
coworkers14 have obtained spectra that may be ClOO in 
several low-temperature, irradiated, solid-state systems. 

Arkell and Schwager15 were able to report the direct 
spectroscopic detection and identification of the ClOO 
peroxy radical in a recent investigation. They pro
duced the elusive species most readily by photolysis of 
OClO in an argon matrix, as well as by photolysis of 
Cl2 in normal and isotopically substituted oxygen 
matrices at 4 0K. The ClOO radical in argon was found 
to have fundamental infrared absorptions at 1441, 407, 
and 373 cm"1. Isotopic work with Cl2 + O2 (50% 
18O2) gave observed absorptions which supported the 

(11) M. A. A. Clyne and J. A. Coxon, Proc. Roy. Soc, Ser. A, 303, 
207 (1968). 

(12) S. W. Benson and K. H. Anderson, J. Chem. Phys., 31, 1082 
(1959). 

(13) M. M. Rochkind and G. C. Pimentel, ibid., 46, 4481 (1967). 
(14) R. S. Eachus, F. R. Edwards, S. Subramanian, and M. C. R. 

Symons, Chem. Commun., 1036 (1967); / . Chem. Soc, A, 1704 (1968). 
(15) A. Arkell and I. Schwager, J. Am. Chem. Soc, 89, 5999 (1967). 
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assignment of the 1441-cm-1 band to the 0 - 0 stretch
ing vibration. Final confirmation that the observed 
infrared spectrum belongs to the ClOO radical resulted 
from the use of 180-substituted OCIO, which gave iso-
topic infrared absorptions which were in excellent agree
ment with calculated values obtained from the normal 
coordinate analysis. The observation of a quartet in 
both the 0 - 0 and Cl-O stretching regions demon
strated the nonequivalence of the two O atoms and sub
stantiated the Cl-O-O structure. 

The chlorine-oxygen system has been reinvestigated 
in this laboratory using the new kinetic and spectro
scopic method of molecular modulation.16,17 An ab
sorption spectrum of another intermediate in addition 
to ClO has been detected in the ultraviolet. This has 
been assigned to the ClOO radical proposed earlier.16b 

In the present work further experiments using both 
ultraviolet18 and infrared19 spectra have confirmed the 
participation of ClOO in the formation of ClO. Since 
we are able to follow the concentration of ClOO spec-
troscopically, new kinetic information is obtained. 

Experimental Method 

General Description. In kinetic studies of complex reactions it is 
highly desirable to observe the free-radical intermediates by spec
troscopic means. This permits one to confirm the participation of 
a particular radical species in the reaction mechanism without dis
turbing the system. Further, absorption spectra of these inter
mediate species yield valuable structural and thermodynamic infor
mation. Finally, in the case of complex mechanisms involving 
three or more intermediates, it is impossible to deduce a unique 
mechanism solely by analysis of all reactants and products.21 

The indeterminacy lies in the fact that there are more elementary 
reactions than independent observables. Additional information 
is obtained by direct spectroscopic observation of the intermediate 
species. 

One method of studying the spectra of free radicals and the 
processes by which they are destroyed is to generate a high initial 
concentration with a short, intense pulse of light. One then 
monitors the concentration decay by spectroscopic means. Flash 
photolysis coupled with flash spectroscopy is an example of this 
approach. The reaction mechanism can be quite different from 
that at high light intensities. It is the situation involving relatively 
low concentrations of free radicals in which we are interested and 
for which our experimental method is designed. 

A limit to the precision with which an absorption intensity 
measurement can be made is set by the number of photons available 
during the time of measurement. An obvious means of improving 
the precision in an experiment limited by a weak spectroscopic 
source is to average the information from a number of replicate 
measurements. The molecular modulation method consists of 
switching a photolytic source on and off (square-wave) in order to 
produce an oscillating concentration of free radicals. If spectro
scopic light is passed through this system, its intensity at wave
lengths characteristic of the radicals formed will also oscillate. 
Detection of this chemically modulated light and integration by 
electrical means then provides a free radical absorption signal. 
In this way, very low-level absorption intensities from a large 
number of flashing cycles can be averaged to give a more precise 
measurement. 

(16) (a) H. S. Johnston, G. E. McGraw, T. T. Paukert, L. W. Rich
ards, and J. Van den Bogaerde, Proc. Nat. Acad. Sci. U. S., 57, 1146 
(1967); (b) E.D. Morris, Jr., and H. S. Johnston, /. Am. Chem. Soc, 90, 
1918 (1968); (c) G. E. McGraw and H. S. Johnston, /. Chem. Kinetics, 
1, 89 (1969). 

(17) E. D. Morris, Jr., and H. S. Johnston, Rev, ScU Instrum., 39, 
620 (1968). 

(18) E. D. Morris, Jr., Ph.D. Dissertation, University of California, 
Berkeley, 1969. 

(19) J. M. Van den Bogaerde, Ph.D. Dissertation, University of 
California, Berkeley, 1969; Lawrence Radiation Laboratory Report, 
UCRL-18682. 

(20) H. S. Johnston and F. Cramarossa, Adean. Photochem., 4, 
1 (1965). 

Ultraviolet fluorescent lamps generate fluxes in the range of 
1014-1016 photons/(cm2 sec). This intensity produces free-radical 
concentrations of the order of 1010-1013 particles/cm3. Given a 
typical infrared cross section and a path length of 80 m, an optical 
absorption of 10~4 can be expected. In the system where ultra
violet light is used to observe the intermediates, the cross section for 
light absorption is typically more than an order of magnitude 
larger than in the infrared. Since the ultraviolet cell has a path 
length of only 4 m, the expected modulation is about the same in 
each system. 

From the intensity of photolyzing light in our systems and the 
range of rate constants, radical lifetimes should be between 10 and 
0.025 sec. Consequently the photolytic light must be switched at 
frequencies from 0.1 to 40 Hz in order to obtain a reaction period 
that is comparable to the lifetime of the radical being investigated. 
The resulting signal falls in the low-frequency region where elec
tronic noise that varies as reciprocal frequency (1/F) is predominant 
and presents a serious experimental problem. The problem of 
detecting small ac signals buried in noise has been attacked by 
utilizing the technique of phase-sensitive lock-in detection. Rad
ical lifetimes can be inferred by determination of the phase shift 
of the modulation with respect to the photolytic excitation. The 
problem of 1/F noise is avoided by allowing the concentration os
cillations to modulate a chopped 400-Hz carrier beam (ir or uv) 
transferring the chemical information to side bands centered at 
400 Hz. Thus initial amplification of the low level signal can be 
done at frequencies sufficiently high that 1/F noise is no longer 
important. The use of amplitude modulation also makes it pos
sible to separate chemical signal from noise or scattered light gen
erated by the photolysis source. 

Both kinetic and spectroscopic information regarding the free 
radical of interest is available from this experimental technique. 
Spectroscopic information requires a determination of absorption 
intensity vs. wavelength. This is carried out by scanning slowly 
through a given spectral region, flashing the photolytic lamps at 
one fixed frequency. The spectroscopic beam will be modulated in 
regions characteristic of an absorber whose concentration is oscil
lating. A spectrum is scanned slowly enough that background 
spectra due to the light source or stable molecules are filtered out 
electronically. 

Kinetic measurements to ascertain the lifetime of a particular 
radical are carried out after its absorption bands have been located 
and identified. The phase shifts of the modulated signal relative 
to the ultraviolet light are determined at various flashing frequencies. 
In the phase shift method an excitation cycle consists of equal pe
riods of light and dark. Spectroscopic measurements are made 
during the intervals of radical buildup as well as decay. The calcu
lations that are involved in evaluating radical lifetime and reaction 
order from the measured phase have been described.16c 

The effect of intermittent ultraviolet illumination upon a photo-
labile chemical system is to cause a periodic variation in the con
centration of the species attacked directly by light. Ensuing reac
tions bring about concentration oscillations of other reac
tants, intermediates, and products. Consequently, when scanning 
through a particular spectral region, the appearance of a modulation 
signal may be due to a reactant or product, as well as an inter
mediate. This method of spectroscopic detection is sensitive only 
to changes in concentration so that modulated signals from re
actants, intermediates, and products are all of the same order of 
magnitude, although their individual concentrations may differ 
by a factor of 106. As described before,16" the phase shift itself is 
diagnostic as to whether the modulated signal is reactant, inter
mediate, or product. 

Infrared Apparatus.19 A diagram of the experimental apparatus 
and instrumentation is presented in Figure 1. The reaction cell is 
a cylindrical steel vessel, ca. 2.2 m in length, 0.40 m i.d., and 
2701. vojume. The inner surface was coated with a low vapor pres
sure, inert varnish. Conventional gas handling and purification 
equipment is used to regulate the flow rate and composition of gases 
into the cell. Gold-plated mirrors are mounted 2.0 m apart at the 
ends of the cell, and by multiple reflections an optical path of 72 m 
is obtained. The ultraviolet photolysis lamp (GE 65-W, "black-
light" fluorescent lamp, F40 BL/5, useful length 1.2 m) is mounted 
longitudinally inside the cell in front of curved Alzak aluminum 
(high uv reflectivity) reflectors. The monochromator is a Beckman 
IR-7 prism-grating instrument. The 400-Hz mechanical chopper 
is driven by a synchronous motor locked to a highly stable tuning 
fork oscillator. The detector is a mercury-doped germanium pho-
toconductor (Santa Barbara Research Center) cooled with liquid 
helium. The purpose of the carrier demodulator is to separate 
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Figure 1. Schematic diagram of experimental system with in
frared detection of intermediates. 

the modulated side bands at 400 ± F from the 400-Hz carrier signal. 
The dual-phase demodulator resolves the in-phase and 90° out-
of-phase components of the modulated signal, permitting a de
termination of both phase and amplitude. The low-frequency 
reference generator provides two square waves exactly 90° apart in 
phase. One of these signals triggers the photolytic lamp. Both 
are needed in the low-frequency dual-phase demodulator. The 
tuned amplifier serves as an active filter while all other amplifiers 
are wide band. The preamplifier is battery powered. All other 
amplifiers have well-regulated power supplies. 

Ultraviolet Apparatus.18 The basic system is analogous to that 
used in the infrared, although several new features were developed, 
especially the digital lock-in system. These new features are de
scribed elsewhere.16b'" The reaction cell is a quartz cylinder 1.8 m 
long and 15 cm i.d. with a single mirror at one end. Two photoly
sis lamps were mounted outside the cell and backed by Alzak 
aluminum reflectors. The spectrometric light over the region 
2000-3500 A is provided by a deuterium lamp (Bausch and Lomb 
DE-50A) powered by a well-stabilized power supply. A tuning 
fork (American Time Products) operating at 400 Hz chops the 
spectrometric beam at the cell entrance. The fork also provides a 
400-Hz reference used in the detection system. A McPherson 
(Model 218, 0.3 m) monochromator equipped with a 2400-line/mm 
grating follows the reaction cell. An EMI photomultiplier (9526B) 
is mounted at the exit slit of the monochromator. 

The output of the photomultiplier and the 400-Hz reference from 
the tuning fork are fed into a 400-Hz lock-in amplifier which sep
arates the magnitude of the spectrometric light and the low-fre
quency modulation signal. A crystal oscillator is scaled down to 
control the photolysis lamps and to provide reference signals to 
compare with the modulated signal. The signal and references are 
sent to a digital lock-in17 where long-time averaging is obtained 
by means of reversible counters. The magnitude of the in-phase 
and 90° lag components is digitalized and punched into paper tape. 
This tape is later fed into a computer which calculates phase shift 
and modulation amplitude at each wavelength of the spectrometric 
light. 

Intensity of Photolyzing Radiation. The intensity of the photo-
lyzing ultraviolet light was found by following the rate of decay of 
NO2. This method requires exact values of the absorption co
efficient OfNO2 as a function of wavelength (2700-4400 A), quantum 
yield over the same range of wavelength, the spectral distribution 
of the photolyzing fluorescent lamp, and the full set of rate constants 
for the elementary reactions in this system (involving NO2, NO, 
O, O2, O3, NO3, and N2O5). To calculate the rate of production 
of Cl, it was necessary to combine the above data with the absorp
tion coefficient of Cl. over the same range of wavelengths. Full 
details are given in the thesis of Van den Bogaerde.19 

In the infrared apparatus the average ultraviolet light intensity 
was 8.5 X 1015 photons/(cm2 sec), and the cross section for light 
absorption by chlorine weighted by the spectral distribution of the 
lamps used was 0.935 X 10~19 cm2. Thus the rate of destruction of 
chlorine molecules is 

d In [C\2]/dt = ah = 0.80 X 10~3 sec"1 (5) 

In the ultraviolet apparatus the photolyzing intensity is larger be
cause two lamps are used and the cell has a small diameter. 

h = 4.2 X 1016 photons/(cm2 sec) (6) 

ah = 3.92 X 10- 3 sec- 1 (7) 

1470 11901430 1450 
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1430 1450 1470 1490 

Figure 2. ClOO infrared molecular modulation spectrum ob
served with 4 Torr of Cl2, 189 Torr of O2, 567 Torr of He, 2-Hz 
square-wave ultraviolet photolysis: (a) 40 scans; (b) duplicate, 
another set of 40 scans; (c) smoothed cumulative measurements, 80 
scans (a and b). |—[ indicates spectral si it width. 

Results 

Infrared Spectroscopic Measurements. Exploratory 
scans were carried out over a fairly wide spectral region. 
The region from 800 to 200 c m - 1 was scanned using a 
100-sec time constant. A reaction mixture of 4 Torr 
of Cl2 and 756 Torr of O2 flashed at 1 Hz. F r o m these 
preliminary measurements, a single chemically modu
lated absorption band was detected at 1410-1490 c m - 1 . 
This absorption exhibited the phase shift expected163 for 
a primary intermediate species, and on this basis, as 
well as its position,16 the band wa:3 tentatively attr ibuted 
to the ClOO radical. 

The region of 1400-1520 c m - 1 was subjected to a 
more intensive investigation by scanning repeatedly at a 
speed of 8 cm _ 1 /min . A spectrometer slit width of 6 
mm was used which corresponds to a spectral width of 
13 c m - 1 . Since a time constant of 10 sec was used, a 
spectral slit width was covered in about ten time con
stants. Voltage measurements were made at 1.1-cm -1 

intervals. These studies were made with 4 Torr of Cl2, 
189 Torr of O2, and 567 Torr of He. These reactants 
were photolyzed with square-wave radiation at 2 Hz. 
The cumulative results of 40 such scans are shown in 
Figure 2a as a plot of amplitude and phase of the modu
lated signal vs. infrared frequency. To test reproduci
bility, another set of 40 scans oi' the 1400-1520 c m - 1 

region was recorded. The cumulative results of the 
second set are given in Figure 2b. The two sets of scans 
were then combined to obtain an improvement in signal-
to-noise ratio. The combined results of 80 scans were 
curve-smoothed and corrected for background to ob
tain true absorbance. The resulting spectrum is shown 
in Figure 2c. Curve smoothing consisted of applying a 
simple three-point moving average to the raw data. 
Since a spectral slit width is covered by 12 data points, 
a three point average will not introduce distortion. 

Another determination of this absorption was made 
with 4 Torr of Cl2 and 756 Torr of O2 with a 1-Hz flash
ing rate. The cumulative results of 40 scans were curve-
smoothed, corrected for carrier intensity, and plotted in 
Figure 3. A comparison of Figures 2 and 3 shows that 
we have detected an absorbance between 1430 and 1470 
c m - 1 , but that the resolution is quite low. In particular 
the apparent peak in Figure 2 at 1470 c m - 1 is probably 
not a real feature. 

Although a chemically modulated absorption spec
t rum that could be attributed to the ClO radical was not 
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Figure 3. ClOO infrared molecular modulation spectrum observed 
with 4 Torr of Cl2 and 756 Torr of O2,1-Hz square-wave ultraviolet 
photolysis, smoothed cumulative measurements, 40 scans. |—[ in
dicates spectral slit width. 

detected in the exploratory spectroscopic measurements, 
attempts were made to observe its spectrum by means of 
multiple scanning over narrower spectral regions for 
longer periods of time. On the basis of Porter's1 pre
diction of the ClO ground-state vibrational frequency 
(868 cm - 1), the observed frequencies (936, 945 cm - 1) of 
a matrix-isolated species tentatively identified as (ClO)2 

by Rochkind and Pimentel,13 and the strong peak w«: 
previously observed1611 between 930 and 980 cm -1 , it can 
be expected that the absorption band of ClO most prob
ably lies in the region of 850-980 cm -1 . Therefore, thi:s 
region was scanned extensively, over prolonged period:? 
of time and under a variety of experimental conditions, 
in an effort to observe a modulated infrared absorption 
spectrum of ClO. However, these attempts proved 
fruitless, even under seemingly the most favorable con
ditions. The modulation reported previously16a au 
ClO is in fact not ClO but another species arising from 
a trace of CO impurity in the system. When we pur
posely add CO, a strong radical absorption centered at 
940 cm - 1 is seen. This species also gives absorptions 
at 1835 and 1905 cm-', The identity of this radical h 
not known at this time, and further work is underway. 

The infrared spectrum of the Cl2-O2 or Cl2-O2-Hu 
system has been recorded over the region of 725-3000 
cm - 1 , both before and after reaction, for evidence of 
impurities in the reactants or formation of stable in
frared-active products. No spectroscopically detect
able reactive impurities have been observed in research 
grade Cl2, ultrahigh purity O2, or extra-dry O2 after pas
sage through a hydrocarbon combustion furnace. 
With respect to infrared-active reaction products, non; 
has been detected with the exception of a small amount 
(,~1013 molecules/cm3) of phosgene that invariably 
forms and increases slowly with time in a closed cell. 
Since phosgene is formed even after prolonged pumpin » 
on thecell, or after chemical purging by prolonged photol
ysis of Cl2 in the cell, it has been concluded that it arises 
from the slow reaction of Cl atoms with the organic coat
ing on the interior surface of the cell, which un
doubtedly serves as the source of the carbonyl in phos
gene. The chemically modulated absorption spectrum 
of phosgene has not, however, been detected under these 
circumstances. 

Kinetic Measurements. In this section we want to 
point out how the molecular modulation method gives 
kinetic data analogous in form and detail to standard 
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Figure 4. General curves for radical phase shift, <£, and relative 
modulation amplitude, a = AjA,, for a system where radicals are 
removed by a second-order process, eq 8, as a function of the dimen-
sionless parameter given by eq 11. 

kinetic methods that measure concentrations as a func
tion of time. Analogies between this and previous 
methods will be pointed out. The expression "order 
with respect to time" refers to how the concentration of 
reactant changes with time throughout the course of a 
single experiment. Reactions may be first order, sec
ond order, fractional order, etc. The expression "or
der with respect to concentration" refers to how the ini
tial reaction rate is affected by initial reactant concen
trations for a series of separate experiments. In the 
molecular modulation method, it takes a long time 
(minutes to hours) to measure the phase shift and modu
lation amplitude for a given set of reactant concentra
tions and photolysis period (square-wave excitation). 
A series of measurements with the same reactant con
centrations and at different periods of photolysis (that 
is, different flashing frequencies) gives data analogous 
to a single run in ordinary kinetics where concentrations 
are followed as a function of time. 

For radicals destroyed by second-order kinetics 

dx 
dT 

in light 

= P -

in dark 

Qx* dx 
dt 

= -Qx2 

the steady-state concentration of radicals is 

*s = (PIQ)lh 

(8) 

(9) 

The half-time for disappearance of this concentration 
of radicals after the light is turned off is 

t = ( P g ) - * (10) 

The relative modulation amplitude A/As and the phase 
shift <p between radical x and photolysis light have been 
shown16b to be given by a complicated function of the 
dimensionless parameter 

(PQ)V* = T = T = 

F (PQ)-V' ~ t 

period of photolysis cycle 
half-life of radical in the system ( H ) 

where T is the period (light cycle and dark cycle) of one 
cycle of photolysis light and F is the frequency of the 
photolyzing light. 
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Figure 5. Mean values of infrared modulation phase and relative 
amplitude as a function of ultraviolet square-wave photolysis fre
quency, F, measured with 4 Torr of Cl2 and 756 Torr of Cl8,298 0K. 
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Figure 6. Same as Figure 5 except that all runs were normalized 
to the same reactant conditions as in Figure 5 by the relations 
given by eq 11 and 16. 

For second-order destruction of radical, eq 8, a plot 
of relative modulation amplitude, a = A/As> and phase 
shift, (p, against ( P 0 v T i s given by Figure 4. An actual 
set of data plotted as a or <p or both against log T would 
have the same shape as Figure 4 and by superimposing 
a master plot and sliding scales, the value of (PQ)1/s or 
the radical half-life can be evaluated. Figure 4 is 
analogous to a conventional plot of reactant against 
time for a given run. 

A series of measurements was made at a fixed infrared 
frequency, 1443 cm - 1 , corresponding to the maximum 
of the absorption band, at 6-mm slit widths, 72-m 
optical path length, RC filter time constant of 10 sec, 
with readings taken at 8-sec intervals, 4 Torr of Cl2, 
and 756 Torr of O2. Phase and amplitude of the modu
lated infrared system were measured at seven different 
ultraviolet, square-wave, flashing frequencies F: 0.5, 
1.0, 2.0, 4.0, 8.0, 16, and 32 Hz. The average time for 
each run was 40 min. Results are given in Figure 5. 
Each plotted point is the average value of multiple de
terminations, and the error bars cover twice the stan
dard deviation. The smooth curve is that for second-
order destruction of radicals.160 The observed modu
lation amplitude by ClOO at 1 cps is 

AIfI0 = 1.50 X 10-4 (12) 

and the half-life of ClOO based on Figure 5 is 

t = 0.0173 sec (13) 

Another series of measurements was made in which 
O2 was reduced by a factor of 4 and the system was 
brought up to 1 atm total pressure by addition 
of nitrogen: 4 Torr of Cl2, 189 Torr of O2, and 
567 of Torr N2. A similar analysis gave the half-life 

eluding that of eq 13 are summarized as 

* = 0.0341 sec (14) 

A comparison of eq 13 and 14 indicates that the half-
life is inversely proportional to the square root of oxygen 
concentration. 

Experiments were also carried out at constant oxygen 
(1 atm) and varied amounts of Cl2. The three runs, in-

Cl2, 
Torr 

4 
2 
1 

O2, 
Torr 

756 
758 
759 

t, 
sec 

0.0173 
0.0268 
0.0285 

/[Cl2]
1A, 

sec Torr 1A 

0.035 
0.038 
0.029 

These results show fairly large experimental error, but 
they are consistent with an inverse square root depen
dence of the half-life of ClOO on chlorine. 

The results of all runs were normalized to the refer
ence conditions, 4 Torr of Cl2 a:nd 756 Torr of O2, on 
the basis that 

PQ oc [O2][Cl2] (15) 

[ClOO]8
2 = (PIQ) cc [O2][Cl2] (16) 

and all data from the four runs are plotted against 
flashing frequency in Figure 6. The half-life inferred 
from all data is 0.0156 sec and the modulation ampli
tude at 1.0 Hz is 1.50 X 10~4. These results and the ex
perimental conditions are summarized in Table I. 

Table I. Summary of Primary Kinetic Data from Infrared and 
from Ultraviolet Studies at 298° K 

Quantity, units 

ah, sec-1 

[Cl2], particles/cc 
[O4], particles/cc 
L, cm 
At 
h, sec 
A1 

h, sec 

Ir 

0.80 X ID"3 

13.00 X 1015 

2.45 X 10" 
7200 

1.50 X 10-* 
0.0156 

Uv 

3.92 X 10-3 

3.80 X 1016 

2.45 X 10l» 
326 

1.26 X 10-3 

0.0119 
1.94 X 10-3 

0.384 

Ultraviolet Spectroscopic Measurements. Chlorine 
at 1.8 Torr in the presence of 1 atm of oxygen 
was photolyzed with square-wave excited lamps at 1 
Hz. The rate of light absorption was estimated to be 
2.4 X 10 u photons/(cm3 sec). A modulation was ob
served at wavelengths between 2250 and 2900 A, Figure 
7. The measured phase angles lie in the quadrant ex
pected for intermediates;16* however, the change in 
phase observed with wavelength, indicates the presence 

Johnston, Morris, Van den Bogaerdc. / Photolysis of Ck in O2 
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Figure 7. Modulation spectrum in the ultraviolet showing presence 
of two or more intermediates by virtue of a change of phase shifl 
with wavelength; 1.8 Torr of Cl2, 1 atm of O2, 1 Hz square-wave 
photolysis. 
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Figure 9. Calculated relative modulation amplitude for the two 
intermediates observed in this system (based on rate constants 
deduced later in this article; presented here to demonstrate how 
unwanted overlap of ClO can be reduced to zero at high frequencies, 
and how the phase of a fast radical can be reduced to a known 
zero value at low photolysis frequencies). 

2796.0 -

Modulolion Amplitude 

Figure 8. Relatively high resolution molecular modulation 
spectrum showing vibrational structure of ClO, compared to posi
tion of ClO band heads as found by Porter (ref 1); 4 Torr of Cl2, 
46 Torr of O2,0.25 Hz, spectral slit width 2 A. 

Wavelength 

Figure 10. Spectrum of the new species taken at high frequency, 
32 Hz (c/. Figure 9). The phase remains essentially constant with 
wavelength (contrast Figure 7). 

of two or more species with overlapping absorption 
spectra. The small phase angle at 2300 A represents a 
"fast" intermediate, that is, one whose lifetime is short 
compared to the flashing frequency of 1 Hz. The larger 
phase angle at 2800 A indicates a much slower inter
mediate. The observed signal is a vector sum of the 
various species present. 

Using literature values1-3 for the rate of recombina
tion of ClO and for its cross section,11 we estimate that 
this species should be seen in the modulation experi
ment as a slow intermediate. From flash photolysis 
studies, ClO is known to have a banded structure from 
3000 A to the dissociation limit at 2630 A. Porter1 has 
published the locations of the vibrational band heads in 
this region. Experimentally it was found that reducing 
the total pressure to 50 Torr and flashing at 0.25 Hz in
creased the modulation amplitude. This allowed the 

spectral slit width to be reduced from 13 to 2 A. Figure 
8 shows the experimentally observed modulation am
plitude together with the positions of the ClO band 
heads as determined by Porter. The two are in excel
lent agreement. Thus one of the species being observed 
is definitely identified as the ClO radical. 

It was desired to obtain a spectrum of the fast inter
mediate with a minimum of interference from ClO. 
Since ClO is a slow intermediate, its modulation ampli
tude can be suppressed by increasing the flashing fre
quency of the photolyzing radiation. As can be seen 
from Figure 9, the amplitude of ClO modulation begins 
to fall off at a lower frequency than does the unknown, 
because of the difference in lifetimes. If the flashing 
frequency is chosen approximately equal to the lifetime 
of the fast intermediate, this is much faster than the 
ClO lifetime. A spectrum taken at 32 Hz is given in 
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Figure 11. Resolution of the complex spectrum into two com
ponents of constant phase at low (0.25 Hz) photolysis frequency 
(c/. Figure 9). The 34° component has been identified as ClO (c/. 
Figure 8). 

Figure 10. The modulation spectrum extends from 
2250 to 2700 A with a maximum about 2475 A. The 
phase angle is almost constant ( — 60 to —65°) over this 
range, indicating ClO modulation was effectively sup
pressed. 

At lower frequencies the modulation is no longer 
simple but a vector sum of several amplitudes and 
phases. If this complex spectrum consists of only two 
species and if the phase of each is known, then the com
plex modulation spectrum can be factored into two com
ponents. An experiment was carried out at 0.25 Hz, 
Figure 11. The observed modulation shows a maxi
mum at 2600 A and the phase angle varies from —12° 
at 2300 A to - 3 4 ° at 2800 A. From Figure 9 it can be 
seen that if an intermediate has a phase of —60° at 32 
Hz, it would have essentially zero phase angle at 0.25 
Hz. If the fast intermediate has zero phase, and the 
plateau of —34° at 2800 A is taken as the phase of ClO, 
then the observed amplitude can be decomposed into 
two separate spectra, one for ClO and one for the faster 
species, Figure 11. 

The two methods of deducing the spectrum of the fast 
intermediate are compared in Figure 12, where the re
sults have been normalized at 2500 A. The two deter
minations agree within experimental error. This would 
indicate that the assumption of only two intermediates 
is correct, and that the phase of ClO is close to —34°. 

The new intermediate has a broad unstructured ab
sorption between 2300 and 2600 A, and the spectrum 
alone does not give any evidence as to the identity of 
the species. The identity of this absorption is deduced 
from kinetic data in the next section. 

Kinetic Measurements. Between 2200 and 2800 A 
the shapes of the absorption spectra of two intermedi
ates in the chlorine-oxygen system have been deter
mined. One of these is the free radical ClO. It will 
be shown later that if the other is ClOO, then the system 
should obey the coupled differential equations 

d[C100J/d* = P - Q[ClOO]2 

d[C10]/dC = .R[ClOO]2 - S[ClO]2 

L__^ i I i i 3 
O O O O O O O 
O O O O O O O 
CM ro *r Ln to r-- co 
CM CM CM CM CM CM CM 

Wavelength 

Figure 12. Comparison of the two methods (Figures 10 and 11) of 
determining the spectrum of the new species. 

where P, Q, R, and S may depend on variables such as 
[O2], [Cl2], I0, and [Af]. Quantitative interpretation of 
data requires solution of these coupled equations by 
means of a computer program. However, for purposes 
of discussion it is very convenient to consider an ap
proximation, which is valid only at very low flashing 
frequencies. The steady-state concentration of ClOO 
is 

[ClOO]3 = (Pl Q)1'* (18) 

The radical ClOO is much faster than ClO, and so we 
make the "steady-state assumption" for ClOO relative 
to ClO. In this case the differential equations are 

d[C100]/d* = P - Q[ClOOY 

d[C10]/df = RPIQ - S[ClO]2 

The symbol A is used for amplitude, t for half-life, and 
o-(X) for absolute cross section for light absorption at the 
wavelength X. The subscript 2 refers to ClOO and the 
subscript 1 refers to ClO. Under low-frequency con
ditions the amplitudes and half-lives in terms of the rate 
parameters of eq 17 and 19 are 

h = (PQ)-''* (20) 

A% = Ahjh = cr2(X)I(P/Q)'A (21) 

h = (PRS/Q)-'/' (22) 

A1 = ^hIh = TiCK)L(PR/ QS)* (23) 

where / is measuring light intensity and L is the optical 
path length. Except where noted otherwise, the in
dividual terms P, Q, R, and S were evaluated from ob
served phases and amplitudes by means of a computer 
program; but the data are summarized and presented 
in terms of the quantities, eq 20-23, which have the 
definite physical interpretations at low photolysis fre
quencies. 

For one set of reactant conditions, 1.17 Torr of CIj 
and 759 Torr of O2, the complete spectrum of ClO and 
ClOO was scanned at each of the frequencies 0.25, 0.50, 
1, 2, 4, 8, 16, and 32 Hz. The observed ClOO phase is 
plotted against flashing frequency in Figure 13. The 
solid curve is calculated on the assumption that the half-
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Figure 13. Observed phase of CIOO as a function of the flashing 
frequency, with three curves calculated on the assumption of var
ious half-lives of ClOO in the system: solid curve, 0.0119 sec; dotted 
curves, 0.0096 and 0.0154 sec. 

time of ClOO is 0.0119 sec; the dashed curves are cal
culated from half-times of 0.0096 and 0.0154 sec. The 
experimental points indicate that the half-time is 

U = 0.0119 ± 0.0015 sec (24) 

Under these conditions the observed modulation am
plitude at low frequency and at 2500 A is 

A2 = 1.26 X 10-3 (25) 

The phase of ClO as a function of flashing frequency is 
found by solving the simultaneous differential eq 17. 
The observed phases of ClO are plotted as a function of 
flashing frequency in Figure 14. It is notable that the 
observed and calculated phases of ClO go beyond — 90c 

into what is normally163- considered the product quad
rant. However, this behavior follows from ClO being; 
a secondary radical. At frequencies where CIOO has, 
a significant phase shift, the additional phase shift or 
time lag pushes ClO past —90°. As an experimental 
observation, this behavior is diagnostic of the "genera" 
tion" of the radical under observation; that is, primary, 
secondary, or later. The shape of the observed phaso 
shift vs. frequency curve is in good agreement with th<; 
theoretical form, Figure 14, although the phases an: 
poorly determined at high frequencies where the ampli
tude is very low. The calculated curve is based on f$ 
being 0.0119 sec, eq 24, and on the following half-life of 
ClO. 

h = 0.384 sec (26) 

The observed modulation amplitude at 2700 A is 

A1 = 1.94 X 10-3 (27) 

The experimental conditions and the four data, eq 
24-27, are summarized in Table I. Figures 13 and 14 
are analogous to conventional kinetic plots of concen
trations vs. time during the course of one run. To 
find "order with respect to concentration," a series of 
runs must be made for different initial conditions. 

At low flashing frequency, 0.25 Hz, the phase lag of 
ClOO is very nearly zero, so that the measured modula
tion gives a direct measure of (P/Qf^az. A series of 

-20° 

V4 V2 I 2 4 8 16 32 
Flashing Frequency 

Figure 14. Observed phase of ClO as a function of the flashing 
frequency, with a curve fitted to the half-life of ClO and the known 
half-life of ClOO: h = 0.384 sec, h = 0.0119 sec. 

runs was made at an oxygen pressure of 1 atm with Cl2 

from 0.5 to 2.8 Torr. The modulation amplitude and 
Cl2 partial pressures are listed in Table II. A plot of log 
amplitude against log [Cl2] gives an empirical order of 
0.42 which is fairly close to the expected value of 0.5. 
In Table II the observed modulation amplitude is di
vided by [Cl2]

I/a and the optical path length L. Except 
for the highest Cl2 pressure, the variation in amplitude 
is well given by [Cl2]72. 

Table II. The Effect of Cl2 on the Steady-State Concentration of 
ClOO as Observed from Modulation Amplitude in the Ultraviolet 
at 2500 A-

10M2 

0.74 
0.76 
0.74 
0.73 
0.73 
0.76 
0.71 
0.89 
0.86 
0.88 
0.88 
1.21 
1.18 
1.16 
1.44 
1.47 
1.47 

1O1M2ZL[Cl2]
1A, 

cm -1 (cc/particle) 

1.80 
1.85 
1.80 
1.77 
1.77 
1.85 
1.72 
1.67 
1.62 
1.65 
1.65 
1.76 
1.71 
1.69 
1.45 
1.48 
1.48 

0 Oxygen pressure constant at 1 atm. 

Another set of conditions was selected to give a sen
sitive test of the order of the steady-state concentration 
of ClO with respect to Cl2. Even at the lowest fre
quency used here (0.25 Hz) the ClO phase shift is about 
— 30°. However, the phase can be used to extrapolate 
the measured amplitude to the low-frequency limit, 
giving a measure of (PR/QSy/'cri. The observations 
are listed in Table III. The empirical order is 0.53, 
very close to the expected value of 0.50. The observed 
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amplitudes are normalized in Table III with [Cl2]
1/!. 

These studies show that both (PjQf'1 and (PRIQS)''1 

vary as the square root of [Cl2], and thus the ratio (RjS) 
is independent of chlorine. From the proposed mech
anism, the role of chlorine in each case is to absorb ra
diation and dissociate to atoms. These observations 
confirm this effect and find no other role of Cl2 in the 
system. 

Table III. The Effect of Cl2 on the Steady-State Concentration 
of ClO as Observed from the Modulation Amplitude in the 
Ultraviolet at 2700 A= 

10 Mi, extrapolated 
to DC 

3.90 
3.75 
3.85 
3.85 
6.57 
6.40 
6.42 
6.45 
3.97 
3.83 
3.88 
3.83 
6.54 
6.42 
6.44 
6.47 

101M1Zi[Cl8]
1A1 

cm -1 (cc/particle) 

4.20 
4.03 
4.14 
4.14 
4.32 
4.20 
4.22 
4.24 
4.19 
4.04 
4.10 
4.04 
4.23 
4.16 
4.17 
4.19 

" Oxygen pressure constant at 1 atm. 

The effect of oxygen on the steady-state concentra
tion of ClOO was determined in a series of pairs of ex
periments. However, as oxygen is reduced, the ratio 
ClOO/CIO is also reduced. Because of the overlap of 
spectra it becomes difficult to get a good measurement 
of ClOO over a wide range of oxygen pressure. The 
results of these experiments are presented in Table IV. 

Table IV. The Effect of O2 on the Steady-State Concentration of 
ClOO and of ClO 

io i 6[cy, 
parti-
cles/cc 

1.65 

1.65 

0.82 

1019[O2], 
parti-
cles/cc 

2.45 

1.22 

2.45 

.—Relative ClOO--
Obsd 

1.01 
0.99 
0.71 
0.66 
0.71 

Calcd0 

1.00 

0.71 

0.71 

,—Relative ClO-. 
Obsd 

1.02 
0.98 
0.98 
0.98 
0.71 

Calcd6 

1.00 

1.00 

0.71 

"Calculated by dividing by [O2]
1A[Cl2]

1A. ' Calculated by 
dividing by [Oj]0ICl2]

1A. 

It can be seen that ClOO, or the constant (PjQf'1, 
varies as the square root of oxygen pressure. 

[ClOO]8 = (PIQY'* « (Cl2)1^O2)1'' (28) 

The effect on [ClO] of varying O2 from 1 atm to 0.50 
atm at constant Cl2 was studied. These results are also 
shown in Table IV. At this range of pressures, the 
steady-state concentration of ClO is independent of oxy
gen (with very small amounts of oxygen and large inert 
gas pressure, the steady-state concentration of ClO does 
become dependent on oxygen as the reaction Cl + Cl 
+ M -*• Cl2 + M becomes important). The depen
dence of the concentration of ClO on reactant variables 

is thus found to be 

[ClO]8 = (PRjQS)1'1 cc (Cl2)^(O2)O ( 2 9 ) 

Our observed infrared absorption band at 1443 cm - 1 

coincides with one of the fundamental bands of ClOO 
as observed in a matrix by Arkell and Schwager.ls The 
lifetime of ClOO in the infrared varied with O2 and with 
Cl2 in the same manner as did the lifetime of the "fast 
species" in the ultraviolet. These lifetimes can be com
pared on a quantitative basis by correcting each system 
for its light intensity and concentration of Cl2 and O2. 
From the ultraviolet measurements we have 

.-2(-7/0[Cl2][O2])
1/' = 1.38 X 10-» ccZ(particlesec,/a) (30) 

From the infrared measurements we have 

T2(OZ0[Cl2][O2])
,/s = 1.27 X 1 0 - " cc/(particle sec'/2) (31) 

Within experimental error these two kinetic data are in 
agreement. Thus this combination of spectroscopic 
and kinetic data identifies the new species observed in the 
ultraviolet, Figure 12, as the peroxyl free radical ClOO. 
For the remainder of this article, the species whose ab
sorption spectra are given by Figure 3 (infrared) and Fig
ure 12 (ultraviolet) will be regarded as the radical ClOO. 

The effect of a foreign gas M on the kinetics of the 
ClOO radical is best demonstrated by selecting condi
tions where the phase shift is about 45°. Then a mea
sure of the phase gives (PQf'1 and a measure of the 
amplitude gives (T2L(PjQf'1. The ratio gives Qf(T2L. 
The results are given in Table V. It can be seen that the 
rate constant Q for disappearance of ClOO does not de
pend on inert gas M. 

Table V. The Effect of Inert Gas M on the Kinetics of 
ClOO Disappearance 

CI2, 
Torr 

1.7 
1.7 

O2, 
Torr 

150 
150 

Ar, 
Torr 

O 
608 

Phase, 
deg 

-27 .3 
-31 .6 

MILh, 
urn-1 

1.60 X 10-« 
1.2:; x 10-« 

Ql^, 
cm (particle 

sec)-1 

1.2 X 10' 
1.2 X 10' 

The effect of foreign gas M on ClO kinetics is best 
studied by selecting conditions where the ClOO phase 
shift is close to zero and where the ClO phase shift is 
finite and easily measured, about —30° (cf. Figure 9). 
Then a measurement of phase gives (PRSIQ)1'1 and a 
measurement of modulation amplitude gives (PR/ 
QSf1GiL. The ratio of these two observed terms is 
simply Sj(TiL. From eq 17 it may be noted that S is the 
empirical rate constant for the second-order destruction 
of ClO radicals. A series of runs was made at constant 
Cl2, O2, and Z0, but with various added amounts of 
argon. Observation of ClO was made at 2577 A, which 
is in the continuum region of ClO absorption. (In the 
banded region at 2700 A there might be some inert gas 
effect from pressure broadening, but in the continuum 
at 2577 A such an effect is not to be expected.) The ob
served quantity S/<TI (corrected lor the small nonzero 
value of the phase and amplitude of ClOO as calculated 
from the parameters P and Q previously determined) as 
a function of added Ar is given in Table VI. It is note
worthy that at constant Cl2 and O2, the rate of destruc
tion of ClO is increased by added argon. Thus con
trary to the indications obtained by Porter and co-
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Figure 15. The empirical second-order rate constant for the de
struction of ClO as a function of total pressure. From the mech
anism the constant is 2(e + (ifs[M])/o-i(2577). The heavy solid 
curve is calculated on the basis of e of Table IX and with M = 
O2, where iKt = 5.0 X 1O-32 cc!/(particle2 sec): light solid curve, 
M = Ar, IK3 = 3.3 X lO"32 cc2/(particlea sec). The dotted linis 
is given by e = 6.3 X 10~1B cc/(particle sec). O, experimental 
point by Clyne and Coxon (ref 11); A, experimental point, thij 
study, Table I; • , experimental points with added argon, this 
study, Tabl« VI. 

workers, there is a strong foreign gas effect in this sys
tem. To test for the order of the empirical rate param
eter S with respect to total gas concentration 

[M] = [Cl2] + [O2] + [Ar] (32) 

the results are plotted as log S/<ri VS. log [M] in Figure 
15. Included on this figure is the value of SJa1 by 

Table VI. The Effect of Inert Gas M on the Kinetics of 
ClO Disappearance 

Cl2, 
Torr 

3 

3 

3 

3 

3 

O2, 
Torr 

27 

27 

27 

27 

27 

Ar, 
Torr 

20 

70 

170 

370 

730 

Second-order rate constant, 

24.0 
22.2 
40.0 
41.0 
81.0 
84.0 

185 
185 
346 
364 

10-s5/o-!(2577 A) 

24.0 
22.4 
39.7 
39.7 
80.9 
80.9 

178 
178 
342 
351 

23.6 
22.9 
39.6 
39.2 
80.2 
80.0 

181 
176 
361 
365 

23.4 
22.9 
39.6 
39.4 
80.7 
80.7 

184 
178 
371 
371 

Clyne and Coxon at a total pressure of about 1-2 Torr. 
The calculated curve on this figure is of the form 

S=S' + S"[M] (32) 

The evaluation of the parameters S' and S" is described 
in the Discussion section below. The plot of log S/o-i 
against log [Ar] has unit slope between 50 and 750 
Torr, and the constant S, second order with respect to 
time, is first order with respect to chaperon gas M. 

Discussion 

Mechanism. For convenient reference the entire 
mechanism is written here. 

Cl2 + hv —*• Cl + Cl rate = a/0[CI2] (34) 

Cl + O2 + M ̂ ± ClOO + M #i = ^ = P £ ° J ^ ~ c [ClJ[O2] 

ci+ cioo ̂  cio+ cio * - J - [ - jJgjL 
e 

Cl + ClOO • 
£ 

Cl2 + O2 

cio + cio + M: ; Cl2O2 + M K3 
[Cl2O2] 
[ClO]2 

Cl2O2 + M — > 

Cl + Cl + M • 

Cl2 + O2 + M 

Cl2 + M 

There are ten elementary reactions, a-j, and four inter
mediates, Cl, ClOO, ClO, and Cl2O2. The introductory 
section gave a brief history and key references to the 
source of these various steps. The principal contribu
tions of this present work are to observe the free radical 
ClOO in the gas phase by both infrared and ultraviolet 
absorption spectroscopy and to demonstrate the com
plex inert gas dependent nature of the second-order dis
appearance of the ClO radical. Clyne and Coxon as
sumed that there was a "chaperon gas" effect at higher 
pressures to explain their very anomalously low rate 
constant for ClO disappearance, but they did not real
ize it was a linear function (compare eq 33) from a few 
Torr to 1 atm and presumably higher. 

In the usual analysis of complex mechanisms one 
makes the steady-state assumption for the free-radical 
intermediates. Such a procedure is totally unaccept
able here, since it is precisely the rate of formation and 
decay of these radicals that we measure. One must 
solve the full set of differential equations to calculate 
the expected phase and amplitude of a modulated signal. 
Because the rate of radical change is often the difference 
between two large numbers, one must be extremely 
careful in making any assumptions. The approxima
tions we do make in simplifying the rate expressions 
will be explicity identified. 

The problem of the ClOO radical is most conveniently 
solved if we formulate the differential rate equation, not 
for Cl and ClOO separately, but for their sum. 

d([C100] + [Cl]) 
dt 

2a/0[Cl2] -

lid +/XCl][ClOO] + 

2<?[C10]2 - 2y[Cl]2[M] (35) 

We assume that Cl and ClOO are in chemical equi
librium through reactions b and c, and we solve for the 
chlorine atom concentration 

[Cl] = [ClOO]ZJSr1[O2] 

With this relation for [Cl], eq 35 becomes 

d[C100] _ |a/o[Cl2] + e[C10]2) 

(36) 

dt {! 
1 + K1[O2] 

(d+f) + 

^2K1[O2] -

j[M] 2[ClOO]2 

K1[O2] 1 + .K1[O2] 
(37) 

We make the simplifying assumption (to be verified 
later) that 

e[CIO]2 « a/0[Cl2] (38) 

In this way we obtain a differential equation for ClOO 
having the form of eq 8 or eq 17. 
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d[C100] 2AZ0[Cl2]Xi[O2] 
d/ 1 + AiIOJ 

2 
1 + X1[O2] (d+f) + 

AM]' 
X1[O2]. 

>[C100]2 (39) 

In terms of eq 8 and 17 the empirical rate parameters 
P and Q are given by the mechanism as 

P = 
2QZ0[Cl2]X1[O2] 

Q 

1 + X1[O2] 

{ 2 ( ^ + / ) + ;[M]/XJQ2]} 
1 + X1[O2] 

(40) 

(41) 

24Cl][ClOO] -

It was shown in Table V that the rate constant Q was 
not changed by adding 608 Torr of Ar to a reaction 
mixture of 1.7 Torr of Cl2 and 150 Torr of O2. Thus it 
is reasonable to make the assumption 

AM]IUO1] « (d+f) (42) 

and thus eq 41 simplifies to 

It will be shown later that this simplification is valid in 
systems that contain only Cl2 and O2, with O2 in excess. 
However, in cases where an inert gas M is in large 
excess over O2, eq 42 is no longer valid, but then it is 
quite simple to use eq 41. 

The problem for ClO is most readily solved if we 
formulate the differential equation for the sum ([ClO] + 
2[Cl2O2]) rather than for each species separately. 

d([ClQ] + 2[Cl2O2]) 
dt 

2e[C10]2 - 2/[M][Cl2O2] (44a) 

In this equation we replace Cl and Cl2O2 by 

[Cl] = [ClOOVA1[O2], [Cl2O2] = X3[ClO]2 (44b) 

to obtain the expression 

(2e + 2/X3[M])[ClO]2 (44c) 

We now make the assumption that 

[ClO] » [Cl2O2] which implies 4A3[ClO] « 1 (45) 

The expression for the ClO radical now assumes the 
form of eq 17. 

d[C10] = 24ClOO1
2 _ ( 2 e + 2 ^ [ M ] ) [ C 1 0 ] 2 ( 4 6 ) 

dt X1[O2] 

Under conditions of slow flashing frequency, the steady-
state assumption may be made for ClOO, even though 
it may not be so made for ClO. The steady-state 
concentration of ClOO is 

[ClOO]8 
AZ0[Cl2]A1[O2] (47) 

d+f 
and to this approximation the rate equation for ClO 
takes the form of eq 19. 

d[C!Q] 
dt w 

2JaZ0[Cl2] _ ( 2 e + 2/Z3[M])[ClO]2 (48) 
d+f 

In terms of the empirical rate parameters of eq 19, 
the mechanism gives 

R = _ ^ (49) 
X1[O2] 

S = 2(e + /X3[M]) (50) 

The next stage of the argument is to write expressions 
for the four observables in terms of the parameters of the 
mechanism. The four observables are the two modu
lation amplitudes, A2 and Ai, and the two half-lives, h 
and h. The relation of these observables to the empiri
cal rate parameters of eq 17, P, Q, R, and S, was given 
by eq 20-23. The relation of these parameters to the 
mechanism was given by eq 40, 41 (or 43), 49, and 50. 
Thus the relations of the four observables to parameters 
of the mechanism are 

OZo[Cl2]A1[O2]V/* 
A2 = AZ2/Z0 a^ij^py (51) 

h = 14GZ0[Cl2]A1[O2](J+/) I " 

2Z0[Cl2I / al 

\e + 

V%1 + A1[O2]) 

d VA 
A1 = <n(X)L, „ + i K m d + f J 

HaZ0[Cl2Me + /X3[M])/(J + f)}~lh 

$ 

(52) 

(53) 

(54) 

As shown below, these complex rate expressions can be 
solved for several of the elementary rate constants. 

Constants from the Literature: and from Thermody
namics. The absolute cross section for absorption of 
ultraviolet radiation by ClO has been determined ^sev
eral times, and we take the determination at 2577 A by 
Clyne and Coxon J : as the basic datum here. (This ref
erence modifies an earlier paper by the same authors. 
In view of the earlier paper, the wavelength given in ref 
11 as 2557 A must be a misprint.) With this number 
setting the absolute scale and with our determination of 

Table VII. Absolute Cross Section" for Absorption of 
Ultraviolet Radiation by the Free Radical ClOO and ClO in 
Units of 10~18 cm2 

X, A 

2250 
2300 
2350 
24O0 
2450 
2500 
2550 
2600 
2650 
2700 
2750 
2800 

ClOO, (T2(X) 

2.60 
4.91 
7.80 
10.5 
12.7 
13.31 

12.4 
10.0 
7.28 
5.11 
3.40 
2.28 

ClO, <n(X)c 

0.641 
0.846 
1.33 
1.91 
2.67 
3.56 
4.45 
5.27 
5.68 
5.60 
4.85 
4.71 

" — d In / = 0-[X]L, where concentrations are in particle/cc, L is 
path length in cm, and In is logarithm to base e. * This work, eq 
64. " Based on 4.83 X 10 "18 cms at 2577 A by Clyne and Coxon." 

the shape of the ClO absorption, we obtain the cross 
section for ClO as a function of wavelength (Ti(X) as 
given in Table VIl. In order to calculate elementary 
rate constants from the data in Table VI, we need the 
value of this cross section at 2577 A, which is 

<ri(2577 A) = 4.83 X 10~18 cm2 (55) 

The thermodynamic properties of ClOO and ClO can 
be fairly reliably inferred from the literature and from 
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this study. Durie and Ramsay8 determined the disso
ciation energy of ground-state ClO by spectroscopic: 
methods, from which one calculates the standard heal; 
of formation of ClO at 2980K to be 24.6 kcal/mole, 
Carrington, Dyer, and Levy21 observed the electrorj 
resonance spectrum of the ClO radical in the gas phase, 
As a result of their theoretical analysis they obtained 
values for the fine-structure constant (A = 282 ± 9 
cm-1) and for the isotopic rotational constants (B0 — 
0.622 ± 0.01 cm-1 for ^Cl"O and B0 = 0.611 ± 0.001 
cm -1 for 37Cl16O). Since the uncertainty in the vibra
tional frequency of ClO, 900 ± 100 cm-1, has negligible 
effect, all parameters are available to calculate the en
tropy to the rigid-rotator harmonic-oscillator approxi
mation. Our value is 52.4 cal mole-1 deg-1, 0.5 eu 
lower than that calculated from older data by Clyne 
and Coxon.7 The thermodynamic properties of ClOO 
are largely inferred from kinetic data. Clyne and 
Coxon11 measured the activation energy of reaction e 
and found it to be 2.5 ± 0.3 kcal/mole. From the ob
served rate constant for reaction d in this study (see be
low) and from the preexponential factor, which we es
timated theoretically by approximate22 methods, we: 
find that the activation energy for reaction d must be: 
close to zero. In this way the standard heat of forma
tion of ClOO is estimated to be 22.8 kcal/mole. Since: 
the fundamental frequencies of the ClOO radical15 have: 
been determined recently and its geometrical structure: 
fixed fairly reliably, it is possible to make a better esti
mate of the absolute entropy of ClOO than that derived 
by Benson and Buss.10 In the rigid-rotator harmonic-
oscillator approximation, the standard entropy of ClOO 
at 298° is calculated to be 63.0 cal mole-1 deg-1. The: 
thermodynamic properties of species in this system are; 
summarized in Table VIII. From those thermody-

Table VIII. Standard Thermodynamic Properties at 298 0K 

O2 
Cl 
CIO 
ClOO 
Cl2 

"S°298> 

cal/(mole deg) 

49.0 
39.5 
52.4 
63.0 
53.3 

Af/f°298> 

kcal/mole 

O 
29.0 
24.6 
22.8 
O 

namic values, we calculate the following equilibrium 
constants at 2980K 

AT1 = 0.089 atm-1 = 3.64 X 10~21 cc/particle (56) 

K2 = 227 (57) 

The rate constant j for recombination of chlorine 
atoms has been reported by Hutton and Wright23 

j = 1.17 X ICr-32 cc2/(particle2 sec) (58) 

where Ar is the "chaperon gas." Porter and Wright3 

observed that the overall recombination of chlorine 
atoms in oxygen was 46 times faster than the recombina
tion of chlorine atoms in nitrogen. If this enhanced rata 
is ascribed to chemical reactions, by way of ClOO and 

(21) A. Carrington, P. N. Dyer, and D. H. Levy, / . Chem. Phys., V), 
1756 (1967). 

(22) D. R. Herschbach, H. S. Johnston, K. S. Pitzer, and R. E. 
Powell, ibid., 25, 736 (1956). 

(23) E. Hutton and M. Wright, Trans. Faraday Soc, 61, 78 (1965). 

ClO, this result implies 

Ki(d + f) = 46/ = 5.4 X 10-31 cc2/(particle2 sec) (59) 

if one assumes the Cl atom recombination rate constant 
in Ar and N2 to be the same. A recent article by Nich
olas and Norrish24 made an independent measurement 
of the rate constant b. 

b = 1.7 X 10-33 cc2/(particle2 sec) (60) 

Evaluation of Rate Constants from the Mechanism 
Using Ultraviolet Data. A particular set of reactant 
concentrations and light intensity was used to obtain 
values of the four observable quantities, A2, h, Ah and 
h\ and the numerical values of reactant concentrations, 
rate of light absorption ah, and these quantities are 
given in Table I. These quantities will be combined 
with each other and then combined with quantities ob
tained from the literature or from thermodynamics, eq 
55-60, in order to evaluate elementary rate constants of 
the mechanism. 

Starting with eq 52, we square the half-life of ClOO, 
rearrange terms, and assign numerical values from Ta
b i d 

1 = Ud+f) = 
;2

24a/c{Cl2][02] (1 + /!T1[O2])
2 

4.82 X 10~31 cc2/(particle2 sec) (61) 

The value of the equilibrium constant ATi was estimated 
from thermodynamics, eq 56. This term appears 
weakly in the denominator of eq 61, and we find essen
tially directly from observed data 

Ki(d +f) = 5.72 X 10-31 cc2/(particle2 sec) (62) 

This value agrees reasonably well with that observed by 
Porter and Wright, eq 59. This expression may be 
solved for the sum of rate constants by dividing through 
with the thermodynamic value of ATi 

(<*+/) = 1-57 X 10-10 cc/(particle sec) (63) 

The expression for the modulation amplitude, eq 51, 
contains the known rate of light absorption, ah, the re
actant concentrations, the constant Ki, the optical path 
length L, and the sum, d + f, just evaluated as eq 63. 
Thus a measured modulation amplitude, Table I, gives 
the absolute cross section for light absorption by ClOO 
at 2500 A 

^ S O O A ) - ^ f d+f V-

1.33 X 10-17cm2 (64) 

The observed half-life and modulation amplitude of 
ClO, eq 53 and 54, can be combined, together with the 
known value of the rate of light absorption and the cross 
section for ultraviolet light absorption of ClO as found 
by Clyne and Coxon, eq 55, to give the ratio of rate con
stants 

^-i- = o-!(2700 A)£(2a/o[ClJ) ^- = 109 (65) 
a Ai 

The value of d + f was found in eq 63, and thus the 
(24) J. E. Nicholas and R. G. W. Norrish, Proc. Roy. Soc., Ser. A, 

307, 391 (1968). 
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Table IX. Summary of Rate Constants and Other Quantities Evaluated from the Observed Data and the Mechanism, 298 °K 

Quantity 

a 
h 
ah 
K1 
b 
C 

K2 
d 
e 
f 
iglh 

K{d+f) 
J 

Units 

cm2 

photons/(cm2 sec) 
sec-1 

cc/particle 
cc'/(particle2 sec) 
cc/(particle sec) 

cc/(particle sec) 
cc/(particle sec) 
cc/(particle sec) 
cc2/(particle2 sec) 

cc2/(particle2 sec) 
cc2/(particle2 sec) 

Uv 

9.35 X 10-20 

4.2 X 101S 

3.92 X 10-3 

1.44 X 10"12 

6.3 X 10-'5 

1.56 X 10-10 

(O2) 5.0 X lO"32 

(Ar) 3.3 X 10"32 

5.7 X Kr 8 1 

Ir 

9.35 X 10-20 

0.85 X 10" 
0.80 X 10-' 

4.8 X 10-'1 

Other 

3.62 X Kr2 1 

1.7 X 10-33 

4.7 X 10-» 
227 

5.4 X 10"31 

1.17 X 10-32 

Ref 

Thermo 
24 
blK, 
Thermo 

dlKi 

3 
23 

elementary rate constant d is evaluated 

d = 1.44 X 10-12 cc/(particle sec) (66) 

By subtracting d in eq 66 from the sum d + / i n eq 63, 
we obtain the elementary rate constant / . 

/ = 1.56 X 10-10 cc/(particle sec) (67) 

The observed half-life and modulation amplitude of 
ClO, eq 53 and 54, can be combined in another way to 
yield a straightforward kinetic expression 

<n(2700 A)LIlA1I1 = e + /AT3[M] = 

1.22 X 10-12 cc/(particle sec) (68) 

As will be shown below, for 1 atm total pressure the 
term e is negligible compared to /AT3. Thus replacing 
[M] by [O2] we obtain 

/AT3 = 5.00 X 10-32 cc2/(particle2 sec) (69) 

This term may be regarded as ig/h, the product and 
ratio of constants involving the intermediate Cl2O2, or it 
may be regarded as ks, the elementary third-order rate 
constant for the reaction 

ClO + ClO + O2 —>• O2 + 2O2 (70) 

Under the conditions of Table I the concentrations of 
radicals under steady-rate illumination can be calculated 

[CIO]3 = AiIa1L = 1.06 X 1012 particles/cc 

[ClOO]5 = A2/a2L = 0.29 X 1012 particles/cc (71) 

[Cl]8 = [ClOOyAT1[O2] = 3.26 X 1012 particles/cc 

The rate constants and other quantities evaluated from 
the data are summarized in Table IX. 

The study of the effect of inert gas M on the rate of 
destruction of ClO was done under conditions different 
from those of Table I. The observation wavelength 
was in the region of continuum absorption, 2577 A. 
Experimental conditions and results are given in Table 
VI. To correspond to the conditions of Table VI, eq 
68 is rewritten 

L[A1H = IeIa1(ISIl A) + 2iKlM\l0^2511 k) (72) 

A plot of the data in Table VI on a linear scale, includ
ing Clyne and Coxon's point at very low pressures, con
forms to relation given by eq 72, that is, a linear plot with 
finite intercept. However, the data have sufficient 
scatter that extrapolation to zero pressure to evaluate 

e/a is not reliable. On the other hand, the equilibrium 
constant A2 is the ratio of rate constants die; cf. eq 34. 
Thus the value of e can be estimated from the value of 
K2, eq 57, and the value of d, eq 66 

e = d/K, = 6.34 X 10~15 cc/(particle sec) (73) 

The value of /AT3, where M is O2, was given by eq 69. 
Thus use of the relation S = 2(e + /AT3[M]) and the 
value of <ri(2577), eq 55, gives the numerical values of 
iS' and S" for the empirical eq 33. The (heavy) calcu
lated curve in Figure 15 is thus based on e and /AT3 as 
evaluated under other experimental conditions. 

LjA1I1 = 2.63 X 103 + 2.07 X 10-"[O2] (74) 

Although the calculated curve does not go precisely 
through the observed points, it does explain many other
wise puzzling features. At about 1 or 2 Torr, Clyne 
and Coxon were in a region of [M] where the rate con
stant is largely given by the constant term e, and thus 
their rate was largely independent of M. Porter and 
coworkers observed much higher values of the overall 
rate constant, because the term /AT3[M] was an impor
tant part of the whole. Porter found no activation en
ergy and no inert gas effect on this rate constant. 
Meanwhile, Clyne and Coxon have found the activa
tion energy to be about 2.5 kcal/mole, and we have 
found an inert gas effect. In Porter's system, flash 
photolysis gave a large, adiabatic temperature rise. A 
reduction of total pressure would lead to an increased 
adiabatic temperature and thus an increased reaction 
rate, but the M-gas effect would lend to give a lower re
action rate. Thus the near cancellation of these two 
effects may have caused Porter to miss both of them. 

The efficiency of Ar as a chaperon gas for reaction 
ig/h is distinctly less than that for oxygen as can be seen 
by Figure 15. Whereas /AT3 for oxygen is 5.0 X 1O-32 

cc2/(particle2 sec), the value for Ar (where M is Ar) is 

/AT3 = 3.3 X 10-32 cc2/(particle2 sec) (75) 

Evaluation of Rate Constants from the Mechanism 
from Infrared Data. A particular set of reactant con
centrations and light intensity, different from that used 
in the ultraviolet system, was used to obtain the observ
able lifetime of ClOO, t2, and its modulation amplitude 
A2. The numerical values are given in Table I. These 
quantities are combined in a way analogous to that used 
in the ultraviolet study. Since the ClO radical was not 
observed in the infrared system, the infrared study gives 
much less kinetic data than the ultraviolet study. The 
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infrared analogs of eq 61-63 are 

n^rrnL = 4 - 0 1 X 10~31 cc2/(particle2 sec) (76) (1 + Ai[O])2 

K1(Cl+/) = 4.76 X 10-» cc2/(particle2 sec) (77) 

d + f = 1.31 X 10-10 cc/(particle sec) (78) 

As in eq 64 the observed modulation amplitude of 
ClOO at 1443 cm - 1 leads to the absolute cross section 
for absorption of infrared radiation by the ClOO radical 

<r2(1443 cm-1) = 0.78 X 10-19 cm2 (79) 

The steady-state concentration of ClOO in the infrared 
system is 

[ClOO]3 = 2.67 X 10u particles/cc (80) 

The values of these quantities and those found from the 
ultraviolet data are summarized and compared in Table 
IX. It is to be noted that there is satisfactory agree
ment between the rate laws observed and the rate con
stants evaluated as observed in the infrared and as ob
served in the ultraviolet system. 

Consistency Tests. In simplifying the rate expression 
as derived from the mechanism, certain assumptions 
were made. Now that the rate constants in the mech
anism have been evaluated from kinetic data, these as
sumptions can be tested. 

A key assumption in the analysis of the mechanism is 
that chlorine atoms are in equilibrium with ClOO, by 
way of reactions b and c. The way to test this assump
tion in to evaluate the steady-state concentrations of Cl, 
ClO, and ClOO from the mechanism and to use the 
observed rate constants to calculate the relative rates of 
reactions b, c, d, e, and f. These calculations will be 
carried out for the conditions of Table I. The steady-
state concentrations of radicals are given by eq 71. 
The various rates are 

Z)[Cl]5[O2][M] = 4 X 1018 particles/(cc sec) 

C[ClOO]8[M] = 4 X 1015 particles/(cc sec) 

4Cl]5[ClOO]3 = 2 X 1012 particles/(cc sec) 

e[C10]s
2 = 1 X 1010 particles/(cc sec) 

/[Cl]5[ClOO]3 = 2 X 10 u particles]/(cc sec) 

y[Cl]3
2[M] = 4 X 1012 particles/(cc sec) 

Each rate (of the forward reaction b and of the reverse 
reaction c) in the equilibrium K1 is far greater than that 
of any other reaction involving either Cl or ClOO, 
Thus the approximation of assuming Cl and ClOO to be 
in equilibrium, eq 36, is an excellent one in this system. 
(It should be noted that under conditions of flash pho
tolysis, this statement is no longer true.) 

In simplifying eq 37, we made the assumption given 
by eq 38. The numerical aspects of this assumption are: 
now seen to be 1.3 X 1010 « 1.5 X 1014. Thus the: 
transition from eq 37 to eq 39 is fully justified. 

Another simplifying assumption is given by eq 45, 
Although Ki was not evaluated, it can be estimated to 
be within an order of magnitude or two of K1. If it is: 
about equal to ATi the numerical aspects of the assump
tion are 10~8 « 1. This inequality is so strongly ver
ified that even with maximum uncertainty in Ks, it is; 
still valid to replace eq 44 by eq 46. 

Equation 41 was simplified to eq 43 upon the as
sumption of (82). The numerical values of all of these 

J[M]IK1[O2] « (d + / ) (82) 

constants are now known, so this inequality is 

3.2 X 10-12[M]/[O2] « 157 X 10~12 

When the system consists only of Cl2 and O2, with O2 

equal to or greater than Cl2, this inequality is satisfied. 
However, when an inert gas is added in great excess 
over O2, then the more bulky relation, eq 41, should be 
used rather than the simplified eq 43. Specifically, it 
should be noted that the entire expression, d + f + 
7'[M]Z-Ki[O2], cancels out of the equations that determine 
the M dependence of the ClO destruction, and (72) is in 
no way dependent on the satisfaction of inequality 82. 

Another consistency test is to compare our two values 
of Ki(d + / ) with that to be inferred from Porter and 
Wright's work. The comparisons are given in eq 59, 
62, and 76: 5.4 X 10~31, Porter and Wright; 5.7 X 
10-31, this uv study; 4.8 X IO"31, this ir study. These 
three independent determinations of this relatively di
rectly observable quantity are in satisfactory agreement 
with one another. 

To replace the two coupled differential equations 
(eq 17) by the two separate differential equations (eq 
19), it is necessary for the ClOO radical to have virtually 
zero phase shift. Figure 9 indicates the very limited 
range of conditions under which this approximation is 
valid. In general we interpreted data by way of the 
coupled eq 17, and we used eq 19 only to provide the 
simple, limiting, physical interpretation of the ampli
tudes and lifetimes. 

Summary 

In the gas-phase study of intermediates in the system 
where Cl2 is photolyzed in the presence of O2, we ob
served an infrared absorption at 1443 cm -1 , which is one 
of the fundamental frequencies identified as ClOO in the 
matrix-isolation study by Arkell and Schwager.16 A 
new spectrum observed in the ultraviolet was shown to 
be an intermediate with the same kinetic properties as 
those we observed in the infrared. Thus by combining 
infrared spectroscopic data with clear-cut kinetic data, 
we conclude that the new species in the uv is also ClOO. 

From the literature and from our study, we are able 
to express the kinetics of this system in terms of a com
plex mechanism involving ten elementary reactions and 
four intermediates, Cl, ClOO, ClO, and Cl2O2. By 
direct observation of two of these intermediates, ClO 
and ClOO, we were able to derive and confirm a unique 
set of differential rate equations. From our own stud
ies, from literature values of the absolute cross section 
for ultraviolet light absorption by ClO and other con
stants, and from the thermodynamic properties of ClO, 
we were able to evaluate separate values of seven out of 
ten elementary rate constants and to evaluate a com
posite (gi/h) expression for the other three. The cross 
section for absorption of ultraviolet and infrared radia
tion by ClOO in the gas phase was also determined. 
With these rate constants and cross sections, the as
sumptions made in deriving the rate expressions were 
verified. The elementary rate constants and other ki
netic parameters are summarized in Table IX. 

This kinetic (as well as gas-phase spectroscopic) study 
of ClOO is the first to be reported. The kinetics and 
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ultraviolet spectrum of ClO have been studied re
peatedly. Other investigations have agreed that ClO 
reverts to Cl2 and O2 by a process second order in ClO, 
but the reported second-order constants have shown 
large variations between authors. We have confirmed 
and characterized the foreign gas catalysis of this pro
cess, which accounts for much of this discrepancy. 
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Four-center metatheses are used infrequently as 
elementary steps in kinetic mechanisms, yet they 

constitute a reaction type which conceptually cannot be 
ignored. In conventional kinetic investigations, 
wherein radicals play a dominant role (generated not in
frequently by unspecified initiating steps, such as stray 
irradiation or surface reactions), molecules switch atoms 
by displacement or by abstractions which have com
paratively low activation energies. However, because 
the four-center homogeneous metathesis is possibly 
the oldest elementary step postulated by chemical ki-
neticists, it is challenging to discover conditions wherein 
it dominates the course of a reaction, and to determine 
the energetic and geometric parameters which control 
the relative efficiencies for such reactions in molecular 
encounters. 

After half a century, during which many generations 
of chemists were told that the reaction H2 + I2 —»• 2HI 
was an experimentally demonstrated example of a four-
center homogeneous metathesis (perhaps the only 
one), Sullivan1 showed that (a) above «800°K most of 
the HI was produced via a chain, analogous to the 
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course followed by the other hydrogen-halogen reac
tions ; and (b) at lower temperatures, both the thermal 
and photochemical data are best interpreted in terms of 
a two-step process 

I2 ± ^ 21 (eq) 

21 + H2 — > • 2HI (rate limiting) 

However, almost concurrently the potential of shock 
tubes for the study of strictly homogeneous high-tem
perature reactions was recognized2'3 and exploited for 
the investigation of several H/D atom exchanges under 
conditions which indicated, with a high degree of prob
ability, that the products pass through a four-center 
transition state.4-9 In two more investigations, using 
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Abstract: The atom switching process, 32O2 + 36O2 = 234O2, with the reactants highly diluted in argon, was 
studied behind reflected shocks in single-pulse shock tubes over the temperature range 1150-16000K. Oxygen 
mole fractions varied from 0.0005 to 0.02, and the total density ranged from 1 X 10~2 to 4.5 X 1O-2 mole Ir1. 
The 36O2 gas was prepared by electrolyzing 97.6 atom % 18O water. Compositions of the reactant and product 
mixtures were estimated with a CEC No. 21-103 mass spectrometer. The exchange rate data were fitted equally 
well by two empirical rate expressions: d[160180]/df = 4 X 1012 exp[-(41 ± 4)AR77][3202][

3602] moles I r 1 sec"1, 
and d^WOJ/d? = 7 X 1010 exp[-(39 ± 4)//J71([3202] + [36O2])

2 moles I r 1 sec-1. The possible effects of impurities 
(particularly of N2 and D2) were tested and shown to be of no consequence. Experimental conditions exclude the 
possibility that the measured exchange was due to an atomic abstraction mechanism. These rate expressions can 
be rationalized on the basis of a two-level vibrational excitation model, when slightly different assumptions are 
introduced. The assumptions are consonant with energy-transfer efficiencies reported for oxygen-oxygen col
lisions but not with the reported vibrational relaxation times for oxygen-argon collisions. The possible reasons 
for this disagreement are discussed, and the differences between the oxygen exchange and other homogeneous 
exchanges are also examined. 
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