equilibrium constant is essentially an enthalpy effect,
with cis being the thermodynamically more stable, in
agreement with Craig and Entmann’s findings. The
heat of hydrogenation for C,H,F; is not known, but
could be established from the experimental activation
energies and Lin and Laidler’s correlation® that E, ~
2(—AH°®hyd).

A recent study of propylene-1-d; isomerization!4 gave
k(cis—>trans) = 101316¢=6L300/RT goc—1  An 4 factor of
10!® has been estimated!® for C,H.D, isomerization,
Hence the value of 101317 for cis—trans isomerization
of C;H,F, is quite reasonable.

An interesting kinetic system for comparison is N,F,,
for which a shock tube isomerization study!¢ led to a
cis-trans rate constant of 104 exp(—32,000/RT) sec™!,
Although' this value was based on just five data points
and the activation energy value is not well established,
isomerization involving a linear transition state is possi-
ble for N,F,; and this might well allow a lower energy
process than is possible with the twisted transition state
which operates in carbon double bond systems.

Schlag and Kaiser!” have measured trans—cis isom-
erization rates in perfluorobutene-2 and found a uni-
molecular constant of k = 1013:53¢—5640/RT gec—1 gyer
a range of 705-750°K. They explain the lower activa-
tion energy, relative to 2-butene, as due to destabiliza-
tion of the = system caused by inductive effects of the
adjacent F atoms. It is surprising, then, that difluoro-

(14) M., C, Flowers and N. Jonathan, J. Chem. Phys., 50, 2805 (1969).

(15) J. E. Douglas, B, S, Rabinowitch, and F. S. Looney, ibid., 23,315
(19595),

(16) J. Binenboym, A. Burcat, A. Lifshitz, and J. Shamir, J. Am.
Chem. Soc., 88, 5039 (1966).

(17) E.W, Schlag and E, W, Kaiser, Jr,, ibid., 87, 1171 (1965).
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ethylene has essentially the sanie activation energy for
isomerization as has 2-butene. Examination of per-
fluoro-2-butene by the shock tube relative rate method
thus appears justified, since results in the same tempera-
ture range which are obtained by use of the same experi-
mental techniques should be readily comparable.

Flowers and Jonathan!* have called attention to the
small amount of reliable data or geometrical isomeriza-
tion, and the authors of the references cited above dis-
cuss the difficulty of separating the homogeneous isom-
erization reaction from significant contributing hetero-
geneous or bimolecular processes. The shock tube
technique has been shown in this study to allow rather
direct and uncomplicated access to the unimolecular
high-pressure regime. Relative rate measurements
eliminate much of the usual scatter in the experimental
data (mostly the scatter is due to imprecise reflected
shock temperature) and also siniplify requirements for,
and thus construction of, the skiock tube. The instru-
ment described in this paper was built entirely by the
authors, using only a scantily ejuipped machine shop,
at a total cost of under $1500, excluding oscilloscope
and chromatograph. This sort of instrument and study
could easily be adapted to acvanced undergraduate
laboratory work.
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Abstract:
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Reaction kinetic studies were made at 10—4-10—% Torr total pressure on the recombination of oxygen
A flow system using an auxilliary reaction system at 0.1-1 Torr was used as an oxygen
The ratio of O/O, varied from 2 to 1/2.

Initially, ozone

production over a long period of time was assumed equivalent to the O atoms surviving the reaction chamber.

Chemiluminescence was observed and used as a measure of oxygen atoms.
determination of recombination efficiencies () for O atoms on various metal surfaces.

A technique was developed for rapid
Results Jor a variety of test

specimens are presented. The sensitivity for O-atom detection for these methods is limited to a partial pressure of

O atoms of 108 Torr.

umerous investigators have performed experiments

to detect and measure the heterogenous atom re-
combination on surfaces. Although the experimental
procedures employed varied widely in detail, they may
be classified according to the method by which the gas-
eous atom density was estimated. Direct measurements
of atom density have been made using the Wrede-
Harteck gauge,—* the reduction of molybdenum tri-

oxide by gaseous hydrogen atoms,® and more recently
paramagnetic resonance.®~® Indirect methods of es-

(1) W. V. Smith, J. Chem. Phys., 11, 110 (1943).

(2) J. C. Greaves and J. W, Linnett, 7rans, Faraday Soc., 55, 1338
(1959).

(3) 1. C. Greaves and J, W, Linnett, ibid., 55, 1346 (1959).

(4) B.J. Wood and H. Wise, J. Phys, Chem,, 65, 1976 (1961).

(5) H.W. Melville and J. C, Robb, Prcc. Roy. Soc., Ser. 4, 196, 445
(1949).
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Figure 1. A schematic of the apparatus, PM-I (photomultiplier
I) is used to monitor O-atom concentration and trigger observa-
tion of PM-II. The MALPHI (Magnetically Actuated Low Pres-
sure Hand Indexed) valves were specifically designed to avoid ex-
posing the system to anything but glass. The bypass of the pin-
hole leak permits conditioning of the low-pressure system to O
atoms in the 10~2 Torr pressure range.

timation involved the use of probe thermocouples or
heat input wires!®—16 to measure the temperature rise re-
sulting from the atom recombination on the surface of
the probe or wire. Most investigations to date have
been performed in the pressure range of 0.1-1 Torr us-
ing either gaseous hydrogen or oxygen recombining on
various metal, nonmetal, oxide, and halide!? surfaces.

The present effort is the extension of the data to the
10—¢ Torr and lower pressure region. At these low
pressures the kinetics involved are not apparent. In
the previous cited work, first-order reaction rates are
generally applicable. This implies that the rate of re-
combination is proportional to the concentration of the
species in the gas phase which collides with the surface.
Thus, the rate of recombination must be proportional
to the area of the exposed surface. The data obtained
to date are not sufficiently precise to verify these assump-
tions, but it is useful as a means of comparing experi-
mental results (Table I) as cited in the literature.!® The
results, given as recombination coefficients or efficiencies
(%), imply an average number of collisions with the sur-
face before recombination occurs.

The gases in the pressure region within which these
studies are made have free paths much greater than the
laboratory apparatus. Since atomic oxygen colliding
with any material may be destroyed, it is not unusual tg

(6) S. Krongelb and M., Strandberg, J. Chem. Phys., 31, 1196 (1959).

(7) D. S. Hacker, S. A, Marshall, and M, Steinberg, ibid., 35, 178§
(1961).

(8) B. J. Wood, J. S. Mills, and H. Wise, J. Phys. Chem., 67, 1462,
(1963).

(9) A. A, Westenberg and N, deHass, J. Chem, Phys., 40, 3087 (1964),

(10) H. G. Poole, Proc. Roy. Soc., Ser. A., 163, 404, 415, 424 (1937),

(11) S, Katz, G. B, Kistiakowsky, and R. F. Steiner, J, Am. Chem.
Soc., 71, 2258 (1949).

(12) J. C, Greaves and J, W, Linnett, Trans, Faraday Soc., 54, 1323
(1958).

(13) L. Elias, E. A. Ogryzlo, and H. I. Schiff, Can, J, Chem., 37, 168()

(1959).

(14) 1. Amdur, J. Am. Chem. Soc., 60, 2347 (1938).

(15) P, G. Dickens and M, B, Sutcliffe, Trans. Faraday Soc., 60, 1272
(1964).

(16) A. L. Meyerson, J, Chem. Phys., 50, 1228 (1969).

Table I. Typical Recombination Efficiencies for Oxygen Atoms
on Various Surfaces at Room Temperature

Surface Y
Metals
Gold plate 0.0060
Gold sheet 0.0033
Al (commercial untreated foil) 0.0032
Al 1100 (rough surface) 0.050
Ta 0.0058
Stainless steel® 0.036
Ni 0.040
Ag >0.05
Ti (clean surface) >0.05
Ti (oxidized surface)® <0.001
Nonmetals
Glass (Pyrex) <0.0001
Enamel chips 0.016

¢ Early results from the 7.5-m stainless steel sphere at Bonn in-
dicated a recombination efficiency of 0.01.2! * The silver surface
becomes oxidized and more reactive with time. ¢ Ti 4 O — TiO
(evaporates); TiO + O— Ti + O,; and TiO 4 O —TiO.. TiO:is
apparently inert, but TiO volatilizes and can cause O-atom
consumption for an extended period.

observe a total loss of any reactive species when special
care is not taken. The approach used here was to ex-
trapolate from an experimental arrangement used suc-
cessfully several years earlier in the 10—2 Torr pressure
range.!% 18

Experimental Section

An oxygen atom stream was generated by a glow discharge in
the 1 Torr pressure region and the O-atom concentration deter-
mined and monitored by titration with NO, and NO in this!®
higher pressure manifold. A small sidestream is directed into the
very low-pressure reaction system operating in the 10~* Torr or
less region. The apparatus is shown schematically in Figure 1.
Oxygen atoms were initially shown to survive the flow system
when no sample was present by freezing the radicals with liquid
helium. The ozone produced quantitatively on warming was then
measured. Silica gel or a Linde SA absorbent at liquid nitrogen
temperature was also used to freeze out the ozone with basically
the same results. This observed formation of ozone confirmed
without question the existence of the O-atom stream.

The O-atom concentration in the low-pressure chamber was
monitored by measuring the light intensity produced by the chemi-
luminescent reaction of nitric oxide with O atoms (NO + O —
NO; + #hv), using an EMI 95028SA photomultiplier maintained
at the temperature of a Dry Ice-isopropyl alcohol slurry. The
output of the photomultiplier was amplified using a Keithley
610BR electrometer with the output displayed and photographed
on an oscilloscope. In Figure 1 details are not shown of the light
traps (Wood’s horns). A specially designed all-glass (MALPHI)
valve was used extensively to avoid interaction with O atoms.

Data were taken for a specific metal by switching off the dis-
charge which stopped abruptly the O-atom input to the low-pres-
sure reaction system. The decay of the light emission with time
was displayed on the oscilloscope and the rate was indicative of
the recombination efficiency.

Gases used were obtained from the Matheson Corp. The
oxygen-argon mixtures were supplied premixed. The gases were
of sufficient purity except for the nitric oxide which was purified
by distillation from liquid oxygen to liquid nitrogen.

Summary of Experimental Results

Gold, silver, stainless steel, and titanium all interact
significantly with oxygen atoms. Insulating materials
such as enamel chips were found to interact with the O
atoms as strongly as the metals tested. The most inert

(17) R. R. Reeves, P, Harteck, and W. H. Chace, ibid., 41, 764 (1964),

(18) T. Rolfes, R. R, Reeves, and P, Harteck, J. Phys, Chem., 69,
849 (1965).

(19) R, R. Reeves, G, Mannella, and P, Harteck, J. Chem. Phys., 32,
632 (1960),
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material to date is glass (Pyrex) of which the apparatus
is constructed. Typical recombination efficiencies for
oxygen atoms on various surfaces at room temperature
are given in Table 1.

In each case the decay of the afterglow was observed
to decrease exponentially with time indicating that the
oxygen atoms were destroyed by a first-order process
proportional to the O-atom concentration. This was
true when NO was added as a stable reactant and the
light intensity of the reaction (NO + O — NO; + A»)
monitored. This was also true when SO was used to
generate the light by the reaction SO 4 O — SO, + A»
where the oxygen atoms must generate the SO vig the
reaction COS 4+ O — CO 4 SO.!® With no sample
present the light intensity showed a second-order loss as
might be expected since the O atoms and SO were
pumped away simultaneously. This result was quite
rewarding because it indicated that extrapolation to
even these very low pressures was reasonable for the
kinetic mechanism postulated for the chemilumines-
cence.

Discussion

The fraction of oxygen atoms lost on collision with a
metal surface (y) was determined from the decay curve
of light intensity as a function of time. The apparatus
was operated as a steady-state flow system with the de-
cay occurring when the oxygen atom supply to the reac-
tion vessel was interrupted by turning off the discharge.
If the system were clean and no metal specimen present,
the oxygen atoms would effuse out of the reaction vessel
through the hole (Figure 1) rather than suffer any sig-
nificant loss due to recombination in the vessel. Since
the mean free path of the atoms was much greater than
the dimensions of the vessel, the effusion rate corre-
sponded to the simple kinetic formula

Nin = cAl4 ey

where N = number atoms per second passing through
the hole of area 4, n = atom density per cm? in the
vessel, ¢ = average velocity of the atoms in cm/sec, and
A = area of the hole in cm?2,

The decrease in the number of oxygen atoms,
—d(0)/dt, from the total number, (O), was nocA4/4.
Since (O) = noV, where ¥ was the volume of the vessel,
the above relation may be given as

—d(O)/dt _ nocAl4 _ cAl4 @
(0) noV |4
Rearranged and integrated eq 2 becomes
In (0)/(0): = (cA/4V )t — 1) 3)
The decay half-life was obtained via
In 2 = (cA4/4V)ts)? ©)

Varying the hole size (4) changed the effusion rate of
oxygen atoms proportional to the intensity of chemilu-
minescence observed. Since this decay was exponen-
tial, its half-life (¢,,0) was readily measured. In Table
11 are shown the decay times (#.,?) and steady-state
pressures for a given throughput of gas and fixed volume
with no sample present. Table II is derived by simple
calculation from the kinetics, but was verified by labora-
tory experiments. A more rapid decay was observed
with samples present, and this increase in decay rate was
a measure of .
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Figure 2. An illustrative plot of Ao/sl, vs. 118/t for various
values of .

The relatively different effusior rates of O atoms and
argon due to their different massss and hence velocities
(¢) in eq 1 do not effect the measured half-lives.

Table II. Decay Half-Lives of Light Intensity and Steady-State
Pressure for a 6-1. Flask with a Throughput of 4 X 1014
Particles/Sec

Area, L1y, Pressure,*
cm? sec X 10¢ Torr
1.0 0.38 1.0
0.38 1.0 2.6
0.25 1.52 4.0
0.2 1.9 5.0
0.1 3.8 10.0

= 'The pressure readings on the ion gauge will not be entirely
correct since the oxygen oxidizes parts of the gauge resulting in
inaccuracies.

The vessel used experimentally had a volume of 6 1.
with the area of the hole variable. The half-life of the
O atoms in the vessel (the half-life of light intensity) was
o_ ¥VIn2 (6 X10%) 038
b= A S e xTond - 4 ¢ O
since the pumping speed corresponded to O atoms
effusing out of the flask through a 1-cm? hole was (6.3
X 104 (1)/4 or 1.6 X 10% cm3/sec.

For a metal surface of area, 4,, introduced into the
system and destroying O atoms with an efficiency v, the
above analysis was modified such that if eq 4 was set

equal to eq 5 one obtained
cdo\, o _ (cAo | cAny), w
(4V >"/’ (4V v )"/’ ©

18 = (1 + yAn /A1y
which is equivalent to

Ao _ Y

A, (tl/,o/tl/zm) + 1 (7)
Thus if one measures a decay half-life without a metal
sample present (¢1,%) which corresponds to an effective
hole area (A4,) as well as a t.,,” for 2 known A4,,, one may
use eq 7 to find a precise y or Figure 2. Equation 7 is
plotted in Figure 2.

or
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In an earlier work Y 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 NQ; 4+ O — NO + Oy) 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.

The results presented here are compatible with the

“simple two-body reaction mechanism propounded in

earlier papers.2 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 Bonn?2! does support our ear-
lier conclusions.
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Abstract: By means of the new molecular modulation method, the gas-phase absorption spectra of the peroxyl
radical CIOO has been observed between 2300 and 2600 A (ultraviolet) and between 1430 and 1460 cm ! (infrared).
This radical was produced by the photolysis of Cl; in the presence of O;.  The ultraviolet spectrum of the ClO radi-
cal was also observed, but its infrared spectrum could not be obtained by this method. By direct observation of
these two intermediates, a detailed kinetic study was carried out, in which radical half-lives were inferred from
observed phase shifts between the square-wave photcolyzing light and the radical concentration. To enhance the
weak signals from the low concentration radicals, the clata were put in digital form and long-term averaging was car-
ried out. The mechanism built up by previous workers was modified slightly to give a ten-step mechanism, which
is in excellent agreement with observations. By combining other rate measurements, thermodynamic data, and the
present results, seven out of the ten elementary rate constants were evaluated, and a product-and-ratio of the
other three was evaluated as one term. The absolute cross section for absorption of infrared and ultraviolet radia-

tion by CIOO was determined.

Porter and coworkers!—3 postulated the ClIOO 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 teni-
perature coefficient of ClO formation, Porter and
Wright?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%)6. Porter and F. J. Wright, Discussions Faraday Soc., 14, 23
(1953).

a
Cly 4+ /w —> 2CI

b
Cl+ M+ 0, > ClOO + M ¢))

c

d
ClOO + Cl— 2CIO

They observed that the decomposition of ClO to Cl; and
O, occurs relatively slowly, has a negligible activation
energy, and is second-order with respect to ClO, and the
rate is independent of Cl,, O, and total gas pressures
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