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AN EPR STUDY OF THE oe(lag) MOLECULE

Arnold M, Falick
Inorganic Materials Research Division, Lawrence Radiation Laboratory,

Department of Chemistry, University of California
Berkeley, California

ABSTRACT

June 1967

The L4-line EPR spectfum of the J=2 level of the og(lag) molecule
in discharged oxygen produced in a 13.56 MHz discharge-flow system has
been measured and analyzed. The calculated spectrum gives an excellent
fit to the experimental one by using g; = -0.66662, Transition matrix
elements have been calculated for the og(lag) EPR transitions so that
absolute concentration measurements could be made.

The rate of the reaction

Oe(lAg) + 02(1Ag) ﬂzoe(%;;). + 1y (6340 4) (1)

was measured as a function of pressure over the range 0.1-1.0 torr and
in mixtureévgf oxygen with up to 7% of He and Ar. The 6340 A emission,
which was detected with an interference filter and an RCA 7265 photo-
multiplier, was found to be second order with respect to OQ(lAg) con-
centration under all of the experimental conditions used. The OQ(IAg)
concentration was determined from the intensity of one of its EPR lines,
and absolute concentrations were calculated by comparison with OQ(BZQ)
ground stgte EPR lines. The second order rate constant fdr reaction

(1) did not change with pressure or added gas and was founa to be

23

kl = 5,0%0.5x10" cmi/molecule—sec, compared to the value of



kl = 2.§x10_22 cmB/molecule-sec'obtained by Ogryzlo, et al.l The re-

A
sults suggest that the reaction occurs via an Oﬁ intermediate which is
simply a colliding pair of excited oxygen molecules. _ v

"In addition 1t was found that Og(lég) is primarily formed in the

diécharge and that it reacts slowly or not at all with NO or NOE'

1. J. 8. Arnold, R. J. Browne and E. A. Ogryzlo, Photochem. and Photo-
biol. 4, 963 (1965).
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I. INTRODUCTION

Tt has been known for a numbef of years that when a stream of
oxygen is passed through a discharge a sizable concentration of oxygen
atoms can be produced°l More recently, it has been established that
considerable nﬁmbers of electronically excited molecules are also pre-
sent in the gas stream.2—6 Most of these excited molecules have been
2,5, 7

shown to be 02(%Ag), g surprisingly durable metastable state

which may comprise as much as 10% of the total pressure. A few tenths
+

of a percent of 02(1Zg), also metastable but not as long lived, will

-9

also usually be present.

is the lowest excited electronic state, lying

b

The lA state of O
g 2

0.98 eV above the ground Zé state.t0 Tts remarkable stability can be
attributed to the fact that the electric dipole transition to the
ground state is doubly forbidden (g — g and singlet — triplet inter-
combinations are forbidden for electric dipole transitions).lo The
observed emission results from a magnétic dipole transition.ll It is

+
weaker than the Og(lzg o0

Zé) emission, which is also magnetic dipole,
because of the (non-rigorous) selection rule AA = O, *1 which should
hold for both electric and magnetic dipole transitions.

Several interesting properties of Og(lbg) have been reported by a
number of workers. It reacts slowly or not at all with a large number
of compecunds including water, carbon dioxide, ammonia, hydrogen bromide,

1,15

nitrogen dioxide, dimethyl ether and a good many others. It reacts

readily with unsaturated hydrocarbons and its use has been suggested
1h-16

as a preparative method for organic peroxides. Left to itself,

the molecule undergoes radiative decay to the ground state wilth a
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half-life of approximately h5-min;l7 Other reactions of Og(lAg) are
particularly important in upper atmosphere chemistry-and physics; 1t
reacts rapidly with ozone to produce oxygen atomsl8 and it can undergo '
a type of disproportionation reaction to produce 02(122) and ground
étate oxygen.13’19

The experiments described in this work are related to recent
épectroscopic studles of the afterglow in oxygen diséharge—flow systems
which produced evidence of some interestingbred emission bands whose
origin could not be traced to any of the known transitions of Og(lAg)
or oé(lz;). Broida et al.o” reported a broad band at about 6260 A
T

whieh was not identified. Bader and Ogryzlo’ -observed two broad struc-

tureless bands at 6340 and 7030 A from discharged oxygen which were

identical with bands observed earlier iIn the reaction of agueous hydro-
2 .

gen peroxide with chlorine, 1,22 and also wlth bands observed subse-

25

quently in other oxygen producing reactionse. They found that the

intensity of the 6340 A band was proportional to the square of the
Og(lbg) concentration. Noting also the fact that a 6340 A photon has
almost exactly twice the excltation energy of 02(1Ag), Badér and

7

Ogryzlo' proposed the followlng energy pooling processes to account

for the two bands:

1 -
202( A%) = Of _,202(52g)v=0 + hy (6340 A) (1)

s

"02 g’ v=0

+ 02(52é)v;1 + hv (7030 A). (2)

where v is the vibratlohal quantum number. The temperature dependence

of the emission was measured and the results led to the conclusion that
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*
the intermediate Oh was a stabilized dimolecular complex with a dis-

7

sociation energy of 600 cal,' However, this temperature dependence

was later remeasured23 and the binding energy was found to be slightly
*

negative, i.e., Oh is not bound. At the same time, the absolute

emission intensity of the 6340 A band was measured; its radiative half-

23

life was found to be about 25 msec. Sonie experiments done by

Schiff et a118 indicated that the 6340 A emission intensity was directly
proportional to the Og(lAg) concentration, a result which does not

agree with the quadratic relationships found in the work of‘Ogryzlo

et al.,7’25 and in subsequent investigationsl3’2l+ including this work.

The most recent work on the emission reactions and the nature of
the OZ complex 1s that of Arnold,13 who found that the rate constant
for the light emiﬁting process was independent of pressure over the
range 1-5 torr and was also unaffected by the addition of up to 25
of several non-reactlng gases. These results combined with the tempera-
ture dependence study are consistent with an OZ complex conslsting of
either a metastable double molecule or simply a colliding pair of
molecules. The suggestion was also made15 that thls complex may be
the Intermediate In both the disproportionation reaction and the cheml-
luminescent- one.

Simultaneous electronic transitions of two O2 molecules gre well
known'in absorption spectroscopy where bands due to double transitions
to both the lAg and the lZ; states have been observed in solid, liquid
énd gaseous spectra.25_28 In fact, the blue color of liquid oxyéen is

mostly derived from these double transitions.QS The suggestion of gome

soxrt of Oh molecule was first made in 1933 by Ellis and Knesere5 who
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\observed the absorption bgﬁds invﬁhe liquid,-'Later, Salow and Steiner26
studied the absorption of compressea 02 gas; finding that the absorp-
tion intensity was dependépt.on_the square of the O, pressure and \
indepéndent of the pﬁrtial piessure of added gases.

In order to do kinetic studies of the emission spectra, a primary
requirement is a good method_of,measuring exclted molecule concentra-
tions. The most satisfactory method of_detettion of og(lag) has been

5 and byvArnold13 Who used an i1sothermal

“that used by Ogryzlo et al.g
calorimetric detector. Thils is a devlice which measures the excited
. molecule concentration by measuring the heat liberated when the mole-
cules are deactivated on é catalytic surface. The (0,0) band of the
(lAg _>52é) system at 12,680 A has also been used to detect oe(lag) but
it lies in a difficult spectral reglon and the results obtained by this
method have so fgr been somewhat equivocal.l8

The present work was undertaken In an attempt to apply the technlgue.
of électron paramagnetic resonance (EPR) detection to the study of the
Og(lég) mqlecule; This method has the advantages, iﬁ common with many
spectroscopic,mefhods, of excellent selectivity, high sensitivity, and
non-destruétiveness. The EFPR spectra of most simple paramagnetic speciles
are sufficiently distinctive to allow easy .and unambiguous identification.
The primary disadvantages of the method are its inability to detect non-
paramagnetic specles and the rglatively complex instrumentation and cal-
cuiation réquired, particularly for obtaining absolute concentrations.

In the study of the O, system reported here, the use of EPR is particu-

2
larly appropriate, since OE(lAg), OE(BZé) and O atoms are all para-

magnetic.
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IT. EPR SPECTRUM OF og(lag)

The EFR spectrum of 02(

consists of four approximately equally spaced lines about 100 gauss

lAg) is shown in Fig. 1. The spectrum ,

apart, with intensity ratios of about 2:13:3:2. Linewldths are about
1.5 gauss at 0.5 torr, similar to the linewidths observed for OE(BZQ)
resonances. The experimental g-values for each of the four lineg were
accurately measured and are listed in Table I.

How these lines originate can readily be seen from a simple vector
model calculafion. In Pig. 2 are shown the angular momentum vectors
for an 02(¥Ag) molecule in a magnetic field. The angular momentum of
Yotation of the nuclei is N, A is the electronic orbital angular
momentum, and J is the total angular momentum. There is no spin
angular momentum, of course, because we are dealing with a singlet
state and the nuclear spin of Ol6 is zero., The Z-axls is chosen to
be parallel to the direction of the magnetic field, H, and MJ is the
projection of J onto this axis.

The energy which the molecule has due tO»tﬁe interaction of the

magnetic. field with the molecular moment (u) is just
E = -E-ﬁ (5)
The magnetic moment of the molecule lies along A and is equal to
ho= g BA ()

where £ 1ls the Bohr magneton and &r, 1s the spectroscopic splitting
factor, which in this case is very nearly equal to -1.0 since only

orbital angular momentum is involved. The average component of o
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XBL675— 3005

' 1
Fi{g. 1 EPR spectrum of 02( Ag).



Z- axis

XBL675-3006

Fig. 2 Vector diagram of an 02(%Ag) molecule in a magnetic

field parallel to the Z-axis.

¥



Table I.

1
The cbserved spectrum for Ag 02‘

. hv/u H

Transition Field ©

My (gauss) obs. (&) ca1. (P)
-2 1l 10,090.3 0.65596 0.65598
-1 = 0 9,988.7 0.66264 0.66265
0 - 1 9,885.6 0. 66956 0466955
1 - 2 9,78L.4 0.67670 0. 67668
(a) n/n = 13.9960x10° G Tsec 2.
(b) With g = -0.66662 and assuming B, = 1.4178 em™t

(see ref. 11).
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in the Z direction (uz) is conveniently calculated by first projecting

it onto J to get Hy which can then be projected directly onto the Z-axis:

A
By = L cosf = p m (5)
M BAM
U, = M, coSp = p J = I (6)
Z J J(J+L) J(J+) :
where we have assumed gy = -1.0.
The selection rule for EPR transitions is AM_ = %1, which gives,

J

2
ABH _ :
AB = Femy ¢ &P (7)

where &5 is the experimental g-value. For 02(1Ag), A = 2; thus the
lowest possible J value is 2, for which gy = 2/5. At a frequency of
10 gHz (X-band) this corresponds to a field of about 10,000 gauss. For
Jd =3, gy = 1/5, 50 that a magnetic field of 20,000 gauss would be re-
gquired to detect the transitions at this frequency. As we were unable
to produce a field this large with our magnet, no J = 3 or higher
transitions were observed; however, the J = 3 transitions would appear
at a lower field with a lower frequency spectrometer, for example, S~band.
Work on this is in progress in this laboratory.

Using the vector model described above, we predict the energy
levels shown in the center column of Fig. 3, which would result in an
EPR spectrum for the J = 2 transitions consisting of only a single L-fold
degenerate line, 1In order to explain the observed quartet one needs to
employ somewhat more sophisticated methods, such as second order pertur-

bation theory.



-10-

.
0

[

2 0 b
l
2

XBL675~ 3007

Fig. 3 Og(lAg) energy levels in a magnetic field.
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The Hamiltonian for the molecule in a magnetic field can be

written

ﬂ:H-M.H (8)

where HO is the Hamiltonian in the absence of the field. To use per-

turbation theory, we let H' = -4 * H and use the representation in

which J2, A, and Mj are diagonal. The first order correction to the
energy will be:29
t

E = (3, o My [H] 3, 8 M) (9)

We can express H' in terms of a direction cosine as

B = -pH cos o, (10)

where @ is the angle between the space fixed Z-axis (parallel to H)

Zz
and the molecule-fixed z-axis (parallel to p). The matrix element in

Eq. (9) then becomes
E' = ~uH(J, Ay My |cos @ZZ[ J, A,MJ). (11)

The direction cosines and their matrix elements have been discussed and

conveniently tabulated by Strandberg.BO From the tabulation one finds

that
My
(3, 8,My Jeos @, | 3, A,M;) = - T (12)
so that

APM

J
E = EO + 313157 gLﬁH (13)
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The zero order energy EO is just the energy for a symmetric top,lo

E, = B, [3(341) - &) | (14)

Up to this point the results are identical with the vector model

calculation. We now calculate the second order correction to the energy

r

E', which takes into account the interaction of the J = 2 and J = 3
29

levels. This term is given by

o (3 AMET IR, A (THL, AT g, A, p)
E' = - (15)
d J+1

n . . . -
In order to evaluate E, we need the direction cosine matrix elements

(J, A,MJ_[@ZZ[J-H, A,MJ) and (J+1, A,MJ[<'1>ZZ|J, A,MJ), which are equal

by symmetry. , From Strandberg's table C one finds
( |2y, ) "% 6
J, MM D J+l, AM = T (l )

J'TZz J 3 Jﬁ

for J = 2, A= 2., The total energy to second order for the J = 2 levels

is then:
. [3(3+1) - 1°] + g pHM, + My -9 1226 (17)
E= B & 3T8E. &L !
and the energy difference between the Mj and Mﬁ+l levels is

(2, + 1) 157p%
(18)
STeE,

AE = gJSH -

The resulting energy level diagram is represented on the right side of
Fig. 3. The predicted transitions (designated a,b,c, and d) are four

roughly equally spaced lines, in good agreement with our .observations.
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One can, however, predict the transitions still more accurately
than this. To do so we diagonalize the 2x2 Hamiltonian matrix for

J=2and J = 3 exactly. The Hamiltonian can be written

3 2 3
(19)

P Hyy Hy,

5o Hex Ham

The off-diagonal terms H25 are the result of mixing of the J = 2 and
29

J = 3 levels by the second order Zeeman effect. In the usual fashion

we obtain the secular equation

2
(He2 - E) (H55 -E) - H25 =0 (20)
which can be solved for E to give
1/2
H,  + H,, - H L
g . 22 Dm m e 22 (21)
2 2 (H q )2
33 T o2
Now let
b
X = - (22)
(Hys - Hizp)
and expand the root near H22 in a Taylor series:
--H 2 3 h
) 55 —Hap XX, 5x
By = Hy * g (Xt -t - ) (23)

Using the direction cosine matrix elements which we have calculated



e
above, Hég, H55, and Hé5 are readily evaluated:

By = 2Bo + Q/B'gLBHMj

==
il

35 830 + 1/3»gLBHMj

2‘V9 - MJ2

H25 = -—~f377$r—- gLBH

and
16(9 - u %) g8
T s - Laemii
30 5 " 3 gLB .
so that
2 6B, - % gy Py X2
B, = 2B + 2 g pHM  + 2 (x + % -

It

2BO + g BHM, + e(MJ)

For the transition Mj —>Mj+l

= + k - =
AB, = gfH + e(Mp +1) - e(My) = g . PH

where ety is the experimental g-value.

If a quantity Ag is defined as

e(Md +1) - e(Mj)
Ng = 56

(24)

(25)

(26)

(27)

N
—8 ‘QO)

(28)

(29)

(30)

en g = g - s and we can calculate g rom e oopserve ‘va ues
then g ope - 08, and leulate gy from the ob d val
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of ety and Eqg. (BQ)° - This calculation was performed* for each of the
four lines giving the values g; = -0,66660, - -0.66661, -0.66663, and
-0.66664, The average value of g; = -0,66662 was then used with Egs.
(28) and (29) to obtain the calculated g;values listed in Table I.

It can be seen thgt the use of the single adjustable parameter g5
gives a very good fit to the data. There is a small systematic devia-
tion between the calculated and observed values that could be eliminated

5

by using a B_ value which is smaller by 310" em™ from the spectro-
scopic value.ll It is not clear at this time if this correction is
Justified.

Our assigned 83 value must contain some contribution from the
rotational magnetic moment, but with only transitions of a single J
value 1t is not possible to determine 8. If the g, value for the lAg

31

state is identical to that for the ground 52; state”™ then one can obtain

a value for g, = -0.,99987. This value differs from -1.0 by about the

3P state32 dlffers

same amount that the Landé g value for the O-atom
from its simple theoretical value, corrected for the electron spin
anomaly. From this fact we can conclude that most of the reduction in
the gL value 1s due to a dlamagnetic correction and not due to rotationally
. - . lZ 1
induced mixing with and T statese.

In order to determine the Intensities of each of the four lines,
it is necessary to calculate ,(“r>ijl s, the average squared matrix

element of the component of the magnetic moment in the direction of the

microwave magnetic field. Tinkham and S’cra-nclbergj3 have shown that for

The computation was performed on an SDS 910 computer by Dr. D.H. Levy.
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M_ = +1 transitions,

B B

]

PBo-eley Pe, (51)

| () .
ij i3

where £ is the filling factor. Equation (31) can be evaluated by

again making use of the direction cosine matrix elements:

2 2 2
l(p?()ijlg = B°0°(3, 4, My |cosdy | I, A, M+ 1)
(32)
= EAEI ot A/ (T -M )T +M_+ 1) -
=B 2J(J+L) \/( Ty J
For J = 2, A= 2, this becomes
2 1.2
() g5l = 5872 -p) (3 + M) (33)
so that
2 2 2 2
I(L‘I‘)i‘jl = Iuij! = '9' f+B (2 - MJ-) (3 + MJ) (5)4')

In Table IT are listed the matrix elements for each of the four

transitions, showing the predicted intensity ratios of 2:3:3:2.

Table IT.

Transition matrix elements for Qg(lég) J = 2 transitions.

Transition ]uijle

Mp= -2 -1 8/9 f+52
) 12/9 f+52
0- 1 12/9 f+62

12 | 8/9 .02
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ITIT. RATE CONSTANT MEASUREMENTS

A. Experimental

l. Materials

A single tank of Matheson "Extra Dry" grade oxygen (99.6% minimum
purity, 0.1% nitrogen maximum, 0.4% argon maximum) was used for all
experiments with tank oxygena. Chemically prepared oxygen was produced
by thermal decomposition of potassium permanganate. General Dynamics
helium (Grade A, 99.995% minimum purity) and argon (99.99% minimum
purity) were used for the mixed gas experiments. Nitrogen dioxide
(99.5% minimum purity) and ethylene (C.P., 99% minimum purity) were

obtained from the Matheson Co.

2. Digcharge-Flow System

A diagram of the discharge flow system used is shown in Fig. L.
The gas to be used was placed in the reservolr which consisted of two
35 1 stainless steel tanks which could be connected to form a 70 1
reservolr or used singly. The reservolr was filled to a pressure of

about one atmosphere. In some cases when pure O, prepared from KMnOu

2
was used, a-éémple flask of the liquified gas placed in a liquid oxygen
bath was Used as the reservolr. After leaving the resgrvoir, the gas
passed over a small amount of degassed distilled water containéd in a
trap at -10°C, The water vapor thus added to the stream insured the
removal of any excited og(lzg)IB and also appeared to increase the
yield of Oe(lég) by 20 or 30%. The flow rate was measured with a cal-

ibrated Brooks Rotameter flowmeter and controlled with a Nupro 1/

stainless steel fine metering valve.
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Fige. L The discherge-flow system.
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The gas flow passed by a small sidearm wﬁich contained mercury and
then intb the discharge tube, which was a 30 cm long air cooled guartz
condenser, Several turns of heavy Formvar insulated copper wire were
wrapped around the outside of the condenser. This coil was connected
in series with a tuning capacltor and the clrcuit was powered with a
200 w radio-frequency (1356 MHz) diathermy unit. It was found that
the spreading of the discharge plasma could be reduced by using a
grounded copper sleeve which was placed around the discharge tube
adjacent to the downstream end of the coil.

A separate inlet system was used to feed gas to the small titra-
tion inlet located 19 cm downstream from the end of the discharge tube.
Gas entered through a 1/8" stainless Nupro very fine metering valve,

By means of a 3-way stopcock the gas could elther be sent directly to
the titration inlet or to the flowmeter section, which consisted of a
calibrated volume connected to an oil manometer containing Dow-
Corning No. 704 silicone fluid. When it was desired to measure a
Steady flow entering the needle valve and going to the titration inlet,
the flow was diverted into the calibrated volume for a timed interval
and the pressure rise was measured. As long as the pressure in the
flowmeter volume was very much smaller than the (constant) pressure on
the external side of the needle valve, the flow through the valve
remained constant.

After passing by the titration inlet the main gas stream flowed
through an additional 21 cm of‘tubing and two light tréps, and entered
the light cell. This cell had a two-inch diameter flat pyrex end

window and was sheped as shown in Fig. 4 so as to be reflectionless.

v
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The volume of the cell was 125 cms. Gas leaving thé cell passed through
another light trap and 55 cm of tubing on its way to the EPR cavity.

All three light traps, the'light cell, and the tubing connecting them
were painted with several coats of opaque flat black paint. All tubing
between the discharge and the EPR cell entrance tube was 15 mm i.d.
pyrex, except for short connecting sections of 15 mm i.d. quartz and
quartz-pyrex seals adjacent to the discharge tube and EPR cell. The
entrance to the EPR cell was through a 5.5 cm section of 10 mm i.d.
quartz tubing; the cell itself consisted of a gquartz pillbox with‘a

- volume of hE_cmj (see Fig. 9). The gas exited past a 5 liter ballast bulb
to maintain uniform flow and was pumped out through é trap at -196°¢
with a Kinney KC~8_mechanical pump.

Under normal conditions, a large number of oxygen atoms were formed
in the discharge. It was desirable to eliminate as many of these as
possible in order to prevent interference due to the emission of light
from the reaction 0 + NO = N02 + hy. The emission is a broad continuum
which reaches a maximum near the 6340 A band.yL The NO is formed in
the discharge from small amounts of nitrogen éontained in the oxygen
as an impuri#jo When no mercury was present, the NO-O glow was suffi-
ciently iﬁtense that it was easily visible in a darkened room when
tank oxygen was flowed through the discharge at 0.5 torr. No visible
glow was producéd when oxygen prepared from KMhOh was used.

‘Oxygen atoms were removed by a method similar to that used by

2% 13,18

Ogryzlo = and others. The stopcock on the sidearm containing Hg
at 25°C was always left open so a small amount of mercury vapor was
continually being added to the gas stream. In addition, a temporary

discharge was excited at a point between the main discharge tube and
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the titration inlet. With the main discharge not operating, this
gecondary discharge was exclted for about an hour during which time

O2 was flowed through the system and the mercury in the sidearm was
heated strongly. The resulting brownish film (presumably HgO) de-
posited Jjust downstream from the end of the main discharge reduced

the O atom concentration considerably without seeming to affect the
02(¥Ag) concentration. The system had been in previous contact with
_mercury vapor so it was not possible to observe the enhancement effect
noted by March, Furnival and Schiff.l8 The remaining O atom concentra-
tion was roughly measured with the EPR spectrometer and was found to be
about lOlO atoms/cm; at a moderately high discharge power level and a
pressure of 0.5 torr, ‘The atom concentration was observed to be strong-
ly dependent on the power level. It was also found that the HgO film
could be easlly removed for photomultiplier calibration purposes by
exposing it to NO or discharged NOE‘

In order to measure the pressure In the EPR cavity accurately, it
was necessary to correct for the pressure drop between the point at
which the Mcleod gauge was connected and the cavity. This pressure
difference was determined by making use of the dependence of 02(52;)
EPR linewidths on pressure., The width of one of these lines was
measured as a function of pressure both under the usual flow conditions
and under static conditions. These results gave a measure of Ap, the
difference between the static and dynamic pressure readings corregpond-

ing to the same linewidth, as a function of pressure. From Poigeulle's

equation55 for a system undergoing viscous flow we have
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'_.ﬁp = (const)j (35)

S g

where F is the mass flow rate, (e.g., molecules/sec) and E‘is the average
sysfem pressure. The "constant" factor contains geometrical parameters,
universal.oenstants, the tempereture and viecqsity. Letting Py represeﬁt
the pressure.measured under flow conditions, it.is easily seen that if Ap
is small, 5':‘pm, and a graph of Ap vs pﬁ will have the same shape as the
F/pﬁ Vs pm,curve for our system. The latter curve was measured and could
‘be.setisfactorily fitted to the Ap vs:pm data. InvFig. 5, the plotted
points were determined from the linewidth vs pressure curves and the solid
fliﬁe is the measured F/pm Vs pm curve whese vertical axis has been scaled
to give the best fit t; the points.

The magnitude ofvthe correction is about 10%. The viscosities of
.any two of the gases used in.these eXperiments do not differ by more than

10% so the same corrections were. applied for all mixtures.

3. PhotomultiplierSystemv

Figure 6 is a diaéram of the experimental arrangement used to
measure the emission from the gas in the iight cell. In order to pre-
vent any light from being piped through the pyrex walls of the light.
cell, a narrow annular mask was used to cover the edge of the cell
window. A 2" diameter interference filter with a center frequency of
6200 A and a-width at half maximum of 400 A was placed in front of
the cell window. A 24" long 1ighﬁ-pipe was constructed from a 2"
diameter Iucite rod whese'ends were squared and polished. The rod was
then wrapped with a layer of.aluminumefoil and a covering of black
polyethylene film. The light pipe was used to enable the photomulti-

plier to be operated at a greater distance from the EPR magnet, since



-23-

O.IO I T 1 |

0.09

A
o
O
D
T

0.03f-

0.02}-

0.0l
0 §; I | | L |
. 08 1O L2 14
XBL675-3008

Pressure drop correction (Ap) as a function

Fig. 5
of measured pressure (p,).



_gu_

Millimicro- {
Recorder $ 100k8§)
voltmeter
>
Dynode voltage 147 MG aTpF
+ divider -
Mask ~ 1 ‘
‘ Al
. . . RCA 7265
Light cell Light pipe | Photomultiplier
vy sMQ | "2k
Interference g
4 filter Dewar
o)
7 2 Voltage ~ to—- 77
flow frequency
converter
. - 11
-High-voltage Frequency
+ counter
power supply ¢
77

XBL675-3010

Fig. 6  The emission detection system.



-25-

its sensitivity was strongly affected by stray magnetic fields. Even
when the light pipe was used, the effect of ralsing or lowering the
magnetic field could be eaglly seen on the photomultiplier output. In
order to eliminate errors from this source all light measurements were
made with the magnet set to the 02(1Ag) M& = 0 —» 1 transition.

A liquid nitrogen cooled RCA 7265 photomultiplier tube was used
to detect the light emission which entered the photomultiplier Dewar
from the light pipe through a 2" diameter pyrex window. The tube has
an S-20 response, which means that its sensitivity at 6340 A is nearly
50% of its maximum sensitivity which occurs at 4200 A. The photomulti-
plier output was measured across a precision 100 KQ resistor in seriesv
with a 1.47 M) precision resistor. A O.47 pF capacitor was placed in
parallel with the resistors to give a response time constant of about
0.8 sec. The voltage across the 100 KO reslstor was measured with a
Keithley model 149 Milli-microvoltmeter which was used to drive a
Brown 50 mV chart recorder. The photomultiplier current was never
allowed to exceed 1 pa. | .

The high voltage supplying the dynode voltage divider was con-
tinuously monitored with a Vidar 100 kHz voltage-to-frequency converter
and a Hewlett-Packard frequency counter. It wag frequently convenilent
to change the photomultiplier sensitivity by changing this voltage.
This method allowed the sensitivity to be varied over a very wide range
while permitting the Milli-microvoltmeter to be operated at low sensi-
tivity, which reduced pickup from the discharge. The relatlve sensi-
tivity of the photomultiplier at different supply voltages was deter-

mined by measuring the signal from a steady light source at several
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pairs of voltages. The calibration obtained is shown in Fig. 7. In i
this filgure we have listed.the voltage steps used along the abecissa.
These voltages are the ones measured with the counter and must be
multiplied by 2500 to give the true supply voltages. The ordinate
represents the photomultiplier signal at the lower voltage divided

by the signal at the higher voltage. The points plotted are averages
of several measurements. Only the voltages llsted were used and the
sensitivity ratios were reproducible to within at least 1%.

The lightproofing of the light cell was checked by measuring the
photomultiplier signal with thevdischerge exclted but with no gas
flowings. The signal was ldentical with that obtained when the dig-
charge power was off, after subtracting the small signal due to pickup
from the discharge. The pickup signal was measured by simply turning
off the photomultiplier high voltage supply.

In order to make certain that the photomultiplier gain did not
change significantly between experiments, a constant light source was
used. It consisted of a small 24 V tungsten filament bulb which was
fixed in place to shine through a small hole in a metal plate at the
side of the photomultiplier Dewar Jjust behind the entrance window.

The bulb was operated from a constant current source at 102,10%0.05 ma,
about one-fourth of its rated currentQ Day to day variations in the
photomultiplier sensitivity, after an hour or so of warm up, seldom
exceeded 3 or 4% and were never more than 10%. In a few runs a small

correctlon was made to account for these changes.
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a. Measurement of absolute sensitivity of photomultiplier system. 1In

order to determine the absolute sensitivity of the light detection

system, the reaction

0 +NO = NO, + hy (36)

was used as a standard. The emission intensity from this reaction is

proportional to (0)(NO) over a fairly wide pressure range, and the
3k,36

The overall rate cons-

T

absolute quantum yield has been measured.

tant for emission over the region 3875-14000 A is given as 6.Axlo"1
, 31

cmB/molecule—sec at BOOOK. Since we employed an interference filter

in thisAwork, the fraction of the total emission intensity which was

actually detectable was

(\)T(N)dn
. - o 57

[N

where INO(x) is the intensity of the NO-O emission as a function of
wavelength A and T(\) is the fractional transmittance of the inter-
ference filter used. The value of the numerator was calculated graph-

3l

icaily using the data of Fontijn, Meyer and Schiff” and data supplled

by the manufacturer of the interference filter. The value of the

3L

denominator is also given by Schiff, et al. The resulting value
of Fl was 5.8x10-2, which gives an effective rate constant of
ko = 3.7x10_l8'cm5/molecule-sec for the NO-0O emission detected in
our systems

Similarly, to measure the rate of emission from Og(lég) in the

6340 A band, it is necessary to multiply the measured intensity by the

factor
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F, = Jr(adan (38)
SI(N)T(N)an

where I(A\) is the intensity of the emission band centered around 6340 A
as a function of wavelength. This factor accounts for the fact that
our system sees only a part of the total emisslon from thig band. The
integrals were calculated graphically using the emission spectrum
measured by Bader and Ogryzlo,7 giving the result F2 = 1.89.

The calibration was performed by adding a small, constant flow
of NO2 to the main flow by means of the titration inlet immediately
after the discharge. The main flow consisted of a constant stream of

partially dissociated oxygen. The reaction

0 +NO, = NO + 0, (39)

is very fastl and all of the NO2 was converted to NO within a very
ghort distance past the inlet, The reaction of NO with O is relatively

slo‘wl and any NO, produced this way would immediately be reconverted

2
to NO by reaction (39). The amount of NO present downstream was there-
fore exactl& equal to the amount of N02 added at the inlet as long
as this emount did not exceed the initial 0 atom concentration.

The oxygen atom concentration was determined by titrating with
NOQ.l The visible NO-0O glow just disappeared when the N02 flow was
equal to the O atom flow. This gave a measure of the initial (no NO2
flowing in) O atom concentration at a point just past the titration |
inlet. The concentration of atoms when a small amount of NO2 was belng

added was then equal to the difference between the initial O atom

concentration and the amount of l\TO2 added.
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Between the titration port and the light cell was about 19 cm of
15 mm i.d. pyrex tublng, and it was necessary to correct for the loss
of atoms while.passing through this section. The average time requlred
for an atom to travel from the titration port to a point halfway
ﬁhrough the light cell was about 0.18 sec under the flow conditions
used. Atom losses could occur either by recombination at the wall

or by the homogeneous processes:

Hi

@)
+
O

+
0 +0, +0,

2 3 )
(ko)
+0 =
O5 0 202
and
0 +NO +0, =0, + 0, (non-radiative) (b1)
The approximate overall rate constants for these reactions are
K)o = 4><lo'51‘L cm6/molecule2—sec,l and k), = '7><1O'32 cm.6/molecule2--sec.l

(The rate of the non-radiative O + NO reaction is about 600 times faster
than the radiative one.)l‘L9 Using the concentrations given in Table IIT,
it is easily verified that losses by elther of these processes were
only about 1%.

Wall recombination, however, was not insignifilcant. The recombina-
tion coefficient could be estiﬁated from the difference between the O
atom concentration at the titration inlet (measured by titration) and
the concentration in the EPR cavity (measured by EPR). About half of
the atoms were lost between these two points; as can be seen from the
upper two rows of Table IIT. The fact that the fractional loss seems

to be independent of toncentration indicates that the main loss is first
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Table ITT.

Summary of absolute photomultiplier callbration measurements.

NO, flow (No) (0) at (0) at EPR
(cm?/sec at 1 atm) (molecules/cmﬁ) ’titratlon3port cavityB
(atoms/cm’) (atoms/em”)
0 0 1.50 x 10t 7.4 x 107
2,16 x 107 9.7 x 107 5.3 x 107 2.5 x 107
3.32 x 107 1,50 x 10% ~0 ‘ ~0
O, flow = 0.313 cmB/sec at 1 atm.

total pressure = OJ4b torr.

kyo(M0) (0) = (3.7 x 10718) (9.7 x 101) (5.3 x 1013)(0.87)

]

1.66 x 1010 photons/sec—cmEo

order with respect to O. The wall recombination coefficient measured
in this way was 4.5 x 10—5, which falls well within the spread of other
reported values for pyrex.l Using this value, the loss of O atoms
between the titration port and the light cell amounted to 13%. The
amount of detectable radiation emitted during thé calibration (the

second row of Table III) was then 1.66 x 1070 photons/sec—cm?°

4., EPR Measurements

a. Spectrometer and cavity. The spectrometer used was a conventional

X-band reflection type with 100 kHz magnetic field modulation and phase
detection, The dc magnetic field was produced with a Pacific Electrie

Motors electromagnet with 12" pole pieces and a 2-5/8" gap. The details
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37,38

of the spectrometer and magnet hévé been previously described
with the exception of those mentloned below. A block diagram of the
instrument is shown in Fig, 8.

Tor some experiments 1t was necessary to integrate the signal from.
the phase detector. This was accomplished by first amplifying the
phase detectér output by a factor of 30 with a Sanborn 88754 differ-
ential dc amplifier, and then feeding the amplified signal into a
Tektronix Type O (operational amplifier) oscilloscope plug-in unit
which was set with a one second time constant. The integrator output,
. after belng attenuated by a factor of 5000, was measured with a Keithley
model 149 Milli-microvoltmeter and recorded with a Brown 50 mV chart
‘recorder. The main funetion of the Milli-microvoltmeter was to serve
as a convenient scaler and zero-offset device., The stabllity of the
integrator system was considerably greater than the stability of the
phase detector output zero level, even at low spectrometer gaine
Usually the doubly integrated signal was the quantity in which we were
interested, so the integrator traces were integrated again manually
with a planimeter.

For the experiments ;n which concentration measurements were made,
the cavity used was a Varian V-U4533 cylindrical cavity which operated

in the TE mode and had an unloaded frequency of about 9.5 GHz, The

01l
cavity was disassembled and a quartz pillbox was built to fill: the en-
tire volume of the cavity which was then reassembled around the quartz,
as shown in Fig. 9. The outer dimensions of the pillbok were 4O mm
diemeter by 39 mm high, while the dimensions of the cavity into which
it was fitted were 41.5 mm diameter by 41 mm high, The inlet and exit

tubes were 11l mm o.d. quartz, the outlet terminating in a ball joint.
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The completed assembly had a resonant frequency of 9.29 GHz and
a @ of 8,000 to 10,000,

A slightly different arrangement was usged for the g-value measure-
ments. A Varian V-4531 rectangular cavity operating in the TEO12 mode
was employed. The discharged oxygen flowed through an 11 mm o.d,
straight quartz tube running through the center of the cavity. Magnetic
field intensity was measured with a Harvey-Wells NMR Precision Gauss-
meter by Setting.the magnetic field to the center of the EPR line and
then tuning the NMR oscillator to the middle of the proton resonance.
The NMR frequency was counted directly with a Hewlett-Packard frequency
counter. The klystron frequency was measured with a Hewlett-Packard
frequency converter and the frequency counter.

A small systematic error in magnetic field measurements was intro-
duced becauge the NMR probe had to be placed in the magnet gap along-
side the cavity, which meant that the probe was directly against one
of the pole faces whille the gas sample was nearly‘in the center of
the gap. The difference in magnetic field between these two points
was measured with the cavity removed and found to be 1.1 * 0,1 gauss
at a total field of 10,000 gauss, The field measurements in Table I
have been corrected for this deviation, which was the source of the

largest uncertainty in the g-value measurements.

b. Concentration measurementse. In order to make absolute concentration

measurements with the spectrometer 1t was necessary to have a convenlent

standard sample. Ground state O, was the obvious cholce, as it was

2

always present and, being a gas, filled the cavity in exactly the same

way as the excited species and oxygen atoms. Many of the ground state
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'EPR lines have been carefully measured and calcuiated by Tinkham and

Strandberga33

For. this work, we used two of these O, lines as calibration stand-

ards: line A", which arises from the transition K= 3, J =4, M= 3 b

0.33

Y Dur

i

and line "C", which corresponds to K= 1, J =1, M
designations "A" and "C" have no épecial significance except that C is
the same identifying letter used for this line by Westenberg and
vdeHaas,39 whose work is mentionea below. These.two lines appéared at
about 9&60 (Line A) and 5490 G (line C) with the cylindrical cavity
Li?e C was used excluéively for the O atom calibration and line A was
only used for the Og(lAg) calibration. For all of the quantitative
ﬁ%rk with Oz(lAg), the line corresponding to the M& = 0 - 1 transition
was used, which occurred at about 9920 G with the cylindrical cavity.

For a single, unsaturated EPR transition (i — j), the power absorbed

by the sample will be proportional to the Imaginary part of the complex

susceptibility, ng,uo The usual derivationhl gives:
-E, /kT
" - NCD L ' 2

where @ 1s the angulér frequency of the incident radiation, ®, is the
frequency at resonance, N is the number density of absorbing molecules,
k is'the.Boltzmann constant, T is the absolute temperature, Z is the
partition function for the speciesvinvolved, Ei ié the energy ofvthe
lower state of the transition, and pij is the transitign matrix element
in the direction of the microwave magnetic field., The function F(wkwb)
is an empirical function which depends on the line shape, which is

usually Lorentzian in liquids and gases. It is always normalized so that
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[o¢]

/ F (o~ ) dw =1 (43)
0
Since we are using a fixed frequency and varying the magnetic
field, it is useful to replace the variable w with the slowly varylng
magnetic fileld, H., The transformation is eagily accomplishedu2 by

using the relation

® = o+ %g (1 - H) (L)

where HO is the field at which resonance cccurs wlth incident radiation
of frequency W = wo. This equation will be valid for small values of
H-Ho, i.e., the region close to rescnance. From the differential form

of the general EPR resonance relation

Adw BAH (45)

Barf

it is seen that dw/dH = geffB/h will be Independent of H at a fixed
frequency. ﬁefe, ¥ is Planck's constant dilvided by 2m, B is the Bohr
magneton; and g the effective g-value for the transition of interest,
is defined by Eq. (45), For the case of atoms, g pp 18 simply the
Landé g-factor,

Substitution into the normalization equation (Eq. 4=z ),
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b/°° F(% (H-ﬁq)) % dH = 1 (46)

shows that the normalized lineshape function in terms of H is

B
f(H—'HO) = %F(S—% (H'-Ho)> = gelflf f(a)-a)o) (47)

The abgorption is thus proportional to

N K exp(-E, /kT) 2 '
o S gyl (am). (48)

xV.(H) = .
= KlgersP

The integrated intensity for this transition is defined as

T = [m X", (H)aH (%9)

1d
0
so the concentration of absorbing species will be equal to

kT g, -BIZ exp(Ei/kT)

N = — E (50)

luij

where ®, has been replaced by 2ﬂvo. We note that the integrated in-
tensity will be independent of the functional form of f(H—HO) and
hence the line shape, and will be proportional to N.

Tinkham and Strandberg33 showed that

legyl® = 5 (a5, 8% 1) il 17 (51)
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where Bo1 = 2.0023 is the electronic g—factor? f+ ig the cavity filling

factor, and the quantity in brackets is a calculated matrlx element.

If we define p as59
2
p o= [48ly57] exp(-E,/xT) (52)
we get
8. Z
2 > 2kT
NZ = ) (hV BT % (53)
8.1 P o+t

The subscript 5 indicates that the quantities refer to a line of the

Sam . L .
ground ( Zg) state of O; is just g o, for this line.

&s,
The partition function for 02(52;) is

o = 3§ 3 (5%)
where B is the rotaticnal constant. The partition funection is the
product of the electrondic spin degeneracy,5 the high temperature
approximation to the rotational partition function, and a factor (1/2)
to account for the fact that rotational_states with even rotational
quantum number (J) are forbidden.16 This occurs because the electronic
wave function for 3 states changes sign when the nuclei are permuted,
The nuclear spin function must be symmetric for thls permutation since
O.:L has no nuclear spin. The total wave function must be symmetric,
and since the vibrational and translational partition funetions are
always symmetric, the rotational partltion function must be anti-

symmetiric. This is true only for odd numbered rotational states,
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For I, A, +e. etc. electronic states, each rotational level 1s doubly
degenerate (h-doubling), but one member of the doublet is symmetric

and the other is antisymmetric with respect to nuclear exchange, so
that for these electronic states, all rotational states occur and are
non-degenerate., Thus the factor of % is not included in the partition
function for Oe(lﬁg), for example.

The value of s is just

(55)

1
i
e

Es,
The values of dv/dH and p have been calculated by Tinkham and Stra.ndberfg55
for many of the O2 lines,

Westenberg and deHaasB9 have made the correspondihg calculation
for the composite 6-line O atom spectrum at BOO°K, showing that

2kT
N@ = 0,206 ( m‘;é-—) IO (56)
o .

(The subscript O indicates O atom.) They have also calculated the

numerical values for the proportionality constant QO in the equatioﬁ

=

Yo I

0
=Q —
Ny ° I

for several OQ(BZé) lines. TFor line C, QO‘= 2.02 x 107,

(57)

To determine the Oe(lég) concentration, we return to Eq. (50),
using the subscript A to l1dentify quantities which apply specifically

1
to 02( Ag)v
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kTg,BZ, exp(E { /kT)

N = 7n 5 A (58)
° iy ~

From the calculation of the Oe(lég) spectrum, we have gp = 2/5 and
2 '

]u = 12/9 b2f+ for the M_ = 0 - 1 line. The zero of energy is

ij J

1 .
chosen as the lowest vibrational state of 02( Ag) so that exp(Ei/kT) = 1,
and the partition function is

7z, - L (59)
A BAb '

Combining Egs. (53) and (58), we obtain

o
Np Ep8c1Phy A
I
N, g5BA 5,

(0.667)(4)(0.859)(1.45) |
(1)(0.93)(T.13) 5

(60)

]

H} [>H

it

0.624

IA
I

During the actual experiments, only peak height meagurements were

~made because this could be done much more simply and easily than meas-
uring integrated intensities. The experimental Oz(lAg) and OQ(BZg)
peak heights could not be used as a direct measure of éoncentration
since the widths of these lines were not the same. It was thus

necessary to measure experimentally the factor A, defined by
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. 1 .
where SA/SZ is the ratio of the Og(véé) peak height to the OE(BZg) peak
height.
For the determination of A, the discharge-flow system was operated
in the usual manner, with the discharge excited for Oe(lég) measurements

and off for O, ground state measurements. The normal phase detector

2
output was recorded and was also connected in parallel to the integrator,
so that both the peak height and integrated outputs could be recorded
simultanecusly. The magnetic field was swept over a large enough range
to provide an adequate baseline for the integrated traces. For each set
of conditions, the two lines were swept through four times, reversing
the sweep direction after each pass, Only the spectrometer gain was
chaﬁged between the Oe(lég) sweeps and the OQ(BZE) sweeps, and it was
always changed by the same amount. The peak heights were measured in
the usval way with a ruler, and the integrated traces were integrated
a second time with a planimetér. The ratios IA/SA and IZ/SZ were cal-
culated for each of the four sweeps and these four were averaged.

Figure 10 shows the results of the measurement of A as a functlion of

.pressure, The error bars represent the typical spread of the four
individual measurements. The best straight line through the points
has been drawn in.

In a number of experiments, A was measured for mixtures of O2 with
different amounts of He and Ar at constant pressure. These data are
shown in Figs. 11 and 12. Within the uncertainties of these measure-

ments, A seemed not to change as the fraction of added rare gas was

changed.
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5. Typical Experimental Procedure

a. Determination of the order of the reaction. A number of runs were

made using pure tank O2 at various pressures to determine the order of
the reaction. A constént flow through the system was established and

the discharge was started. The EPR spectrometer was set to sweep back
and forth across the Mj =01 Oe(lég) line. ZHach sweep took one
minute, Simultaneously, the photomultiplier. output was recorded on
another recorder which was synchronized with the EPR recorder. After 5
to 10 minutes, the . discharge power was changed to a new level for another
5 to 10 minutes. Several more points were taken in this manner for each
run. Runs were made using unmixed 02 at various pressures and also using

mixtures of O2 with different amounts of helium and argoh‘

b. Relative rate constant measurements. A typical relative rate cons-

tant measurement involved the following procedure. With the flow system
operating but the discharge turned off, the EPR signal from the 52@ line
A would be swept o&er several times, each sweep in the opposite dlrection
from the previous one. During this time the pressure was measured with
the McLeod gauge, and the signal from the standard light source was
measured with the photomultiplier system. Then the discharge was turned
on at as low a power as possible while maintaining a steady discharge.
Both the Oe(lAg) EPR signal and the photomultiplier output were recorded
simultaneously for several minutes, the EPR line being swept over once
per minute. During this time, and again after every change of discharge
power level, the high voltage on the photomultiplier dynodes was removed
for several seconds so that the zero level could be measured. This level

was not exactly zero because of the Milli-microvoltmeter zero-offset. as
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well as some pickup from the discharge power source. The dlscharge
power was then increased somewhat and the signals were again measured
for the same length of time. In some experiments the higher power
was used first. Finally the discharge power was turned off and the

standard light signal was remeasured.



_48-

Be Results

1. Prelimlnary Experiments

A few of the earlier experiments performed gave some interesting
qualitative results. Small amounts of N02 could be added to the discharged
oxygen through a second titration inlet (which was later removed) located
immediately downstream from the discharge. When sufficient NO2 was added
to completely remove oxygen atoms only a very small diminution of the
02(%ﬂg) EPR signal was noticed, and this could be attributed to dilution
effects. Thus 02(%38) molecules are formed principally in the discharge
and not by recombination of atoms downstream. Furthermore, NO and NO2
react slowly or not at all with 02(;Ag)' In some experiments double
titrations were performed. Oxygen atoms were removed with NO2 immediately
after the discharge, and ethylené was added through the other titration
inlet. The Og(lAg) EPR signal was reduced and could be eliminated by the
addition of small amounts of ethylene. When ethylene alone was added, the
green NO-0O afterglowﬁfrom the discharge could be extinguished without
diminishing the ¥Ag signal. We conclude that Og(lég) molecules react with
ethylene at a rate which is smaller than that of the ethylene-oxygen atom
reactibn. |

A large number of experiments were performed to determine the order

of the reaction
20,(*8 ) 5 20,3 ) + nv(63404) (1)
2 g 2 g
using different pressures between 0.1 and 1.0 torr and various mixtures

of oxygen with up to 75% of helium or argon. A second order plot of the

results of a typical experiment is shown in Fig. 13. All of the measurements
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made showed similar behavior, indicating a second order dependence on the
02(¥Ag) concentratlion over a range of at least a factor of three in con~-

centration.

2. Pressure Dependence

- The rate constant for reaction 1 was measured as a functilon of
pressure over the range 0,1-1.0 torr. The rate constant was calculated

from the eXpression

' cm;/molecule—sec (62)

The slope in this equation is the change in the expefimental photomulti-
plier voltage divided by the change in the sQuare of the 02(¥Ag) peak
signal height, measured in millimeters. The 02(32;) calibration peak
signal héight (in mm) is Ss. and p is the total preésure in the EPR

cavity, ‘The numerical factor comtains all of the necessary'éalibration

factors. The value of A used was given by
A =1.16 + 0.856 p _ _ , (63)

which is simply the equation of the best straight line through the data

of Fige 10. The results are listed in Table IV aﬁd shown in Fig. 1k.

A number of runs weré'made using O2 prepared from KMnOu. The results of

these runs were not slgnificantly different from the runs done with

tank 02.‘ Up to aboyt 0.7 torr, the rate cqnstant is independent of

pressure within the expefimgntal dncertainty; Above this pressure, the

rate appears to decrease somewhat and the scatter of data points increases.
The rate constant was also measured for mixtures of up to 75% He

or Ar with oxygen.' For these data, p in Eq. (62) is the partial pressure

of O2 in the EPR cavity. The value of A used was that which corresponded
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to the total pressure, since A seemed to be unaffected by the addition
~of He or Ar (see Figs. 11 and 12). Thé results are presented in Figs.

15 and 16 and in Tables V and VI. The plotted value for 100% 0, in

Fig., 15 is an average value taken from Fig, 1L4. The 100% value in Fig.

16 is from a run which was done at the same time and under the same flow
conditions as tﬁe rest of the runs plotted in that figure; the value is
somewhat lower than the average from Fig. 1L because of slightly different
flow conditions wused in this set of runs. This ig discussed in detail

below.
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Table IV. Rate constant measurements in O2
Run No. pressure (torr). klxlo25 0, source
112H : 0.78 6.95 tank
115B 0.19 7.75 tank
116A ' 0.19 5.2k KMnO,
116B , 0.21 6.8k KMnO),
116C 0.2k T« 10 KMnO),
116D © 0.29 : 1«55 KMnO),
116E 0.3k 7.07 KMnO),
116F 0.38 7.40 KMnO),
116G 0. 45 T.11 KMnO),
117D 0.65 8.0k tank
118B 0.5k 9.43 tank
118¢ 0.7k ‘ 7.48 tank
118D 0.85 6.26 tank
118E 0.97 5.6k ‘tank
118F 1.23 L.84 tank
1194 | 0.10 6.67 KMnO),
119B 0.14 7.15 KMnO),
119¢C 0.16 T.07 KMo,
1190 0.20 6.95 _ KMnO),
119F 9.39 8.11 KMnO,,
119H 0.62 7-95 KMnO)
1191 0.75 6.35 KMnO),
1204 0.87 T.71 tank
120B 1.01 6.60 tank
123A 0.51 7.67 tank
1244 0.21 740 tank

1254 0.86 L, 72 _ tank
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Table V. Rate constant measurements in 02—Ar

mixtures
Run No. pressure klxloe5 %02 0, source
(torr)

122A 0. 50 8.0k 63 KMnO,,
122B 0.52 T.47 58 KMnO),
122¢ 0.50 7.51 L5 KMnO)
122D 0,50 7.31 30 KMnO),
122F 0.50 T«35 22 KMnO),
123B 0.51 T 47 81 tank
123C 0.51 7.6% 61 tank
123D 0.51 7.51 Ly tank
124¢ 0.22 7.11 80 tank
124D 0.22 Y 9 tank
124K 0.22 7.75 39 tank

Table VI. Rate constant measurements in OE-He

mixtures
Run No. pressure k_X10° %0 0, source
ftorr) 1 2 : 2
1254 . 0.86 k.72 100 tank
125B 0.77 5.16 70 tank
125C 0.82 b, Lo L tank
125D 0.84 L. 60 31 tank
126A 0,80 L, 68 L8 tank
126B 0.82 L, L8 36 tank

126C 0.79 4,36 27 tank
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C. Discussion

1. Order of Reaction (1)

Our determination of the order of reaction (1) is in agreement with

2 -
the results reported by Ogryzlo and co—workers,lj’ 5 and by Finlay and

Whitlow,2lL but differs from the linear relationship found by Schiff, et al.l8
Arnold15 has suggested that the anomalous result is due to the low and
possibly non-linear response of the photomultiplier used by Schiff et a1.18
at 12,680 A to measure the 02(l Ag) con.centration. We can only add the

additional weight of our results to this argument.

2. Pressure Dependence of kl

It seems very likely that the apparent decrease in ngith increasing
pressure is not real, particularly in view of the work of Arnold13 which
shows that kl is not a function of pressure over the range 1,0-5.2 torr.
In addition, 1t is difficult to imagine a reasonable mechanism whereby
the rate constant would fall off as the pressure increased but would be
unaffected by the addition of 75% of helium,

Several factors could have caused this effect, probably the most
imporfant beiﬁg small decreases In the system pressure during the course

of the higher pressure runs, caused by depletion of the gas in the flow

reservoir tank. In Fig. 17, the data for p > 0.7 torr are replotted,

includiné the helium mixture data. The plotted points are listed in
Table VII. The points are marked as circles were taken‘in the normal
way, that 1s, the discharge was first set at a low power and the Oe(lAg)
EPR and light signals were measured; then the power was Increased and the
signals were remeasured. The double reservoir tank (70 1) was used. The

squares were done also with the double tank but in reverse order, the
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1

KX1022

Run No. pressure order. reservoir mixture
(torr) tank

112H Os 78 6.95 normal double 0,
118D .35 6.26 normal double 0,
118FE .97 5.6k normal - double 0,
118F 1.23 L4, 8k normal double 0,
12OA .87 7.71. reversed double O2
120B 1,01 6.60 reversed double 0,
125A .36 L, 72 normal single | 0,
125B . TT7 5.16 normal single 0, +He
125C .82 4, ko normal single O, +He
125D eI 4,60 normal single 02+He
126A .80 4,68 normal single 0,+He
126B .32 4,148 normal single 0, +He
126C «T9 4,36 normal single 0,+He
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higher power signals béing me@sured firste For the triangleé, the
measurements were taken in the nérmal‘order.but only a single 35 1 tank
was used as a reservoir.

These results can be explained in terms of the following erude model.
- Iet us suppose that the the integrated intensity of an EPR line is pro-

portional to the peak height, S, times the linewidth, Wi

PP | (64)

where C is constant. For a Lorentzian line, W is proportional to pressure.
If the fractional amount of the specles producing the line is independent
of pressure, then I will also be proportional to p. Both the results of

Arnold15

and our findings indicate that the fraction of 02(;Ag) produced
at constant power is relatively constant; therefore one expects ﬁﬁ to
be fairly independent of pressure. For the case of pure 02<52§)’ S5 is

in fact nearly constant over quite a large pressure range.

Thus we can write

S I S, p
A JAY AN
= A ==— = {(const) — —= (65)
55 o 5 Py
L P,
or : A = (const) — v (66)
Fs,

where p, 1s the average pressure at which the 02(%Qg) measurements were
made and Ps: is the pressure at which the 02(5zg) callbration line was
measured. The latter measurement was always made before the former ones
so that pA/pZ < 1l, At a system pressure of 0.36 torr, using a single
reservolr tank, Pp and Ps: differed by’about_5%¢ This would account for

about a 10% decrease in the measured value of k. at this pressure (because

1

2 .
kl depends on A”), or a little less than half of the observed decrease.
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A further reduction in kl can be attributed to the fact that the
pressure also changed slightly between the two 02(%ﬁg) measurements.
Our measured rate constant is proportlonal to l/(I'E-Il)2 where Il ds
the first (usually lower) 02(%ﬁg) EPR line intensity and I, is the second.
According to our assumptions, 82 will be about the same whether the
pressure changes or nct. Since we assumed the pressure to remain constant
in our initial calculation of the rate constant, if it falls slightly be-
tveen measurements 1 and 2, we have overestimated 12 and underestimated

kl. The effect is reversed if the highef concentration is measured first.
Comparison of the circles and squares plotted in Fig. 17 shows that this
effect does indeed seem to be present. Its magnitude seems to be about
the same as the effect Just discussed, but with only two points any con-
clusion must be tentative.
Another factor which must be considered is losses of 02(%ﬁg) by

reaction or other deactivation processes while traveling from the .light
cell to the EPR cavity. In our system, one might reasonably expect these

losses to occur via processes which are first or second order overall.

Some of the possible second order processes are

1 Lo B -
20,(78) = 0,("F) + 0,(75)) (67)
oe(lag) + 02(5Zé) aeoE(BZg') (68)
202(1Ag) - 202(328') + v | (69)

Arnold™ nas reported a rate constant of 2.2x107 18 cmB/molecule-sec for
reaction (67), which is several orders of magnitude larger than the rate

constant for process (69) measured in this work and also by Arnold,

23

Browne and Ogryzlo. Consequently, process (69) will account for a
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negligible fraction of the losses. Only an upper limit has been reported

13,16

for reaction (68), ‘and we cannot be certain that there are no other
second order processes occurring simultaneously which we have neglected.
Fortunately, Arnold?L‘3 has measured an upper limit for the rate consfant
for second ofder overall losses of k, . = 6.0x10™12 cmj/molecule—sec.
Using this value we estimate that less than 1/2% of the total 02(%Ag)
concentration could have been destroyed by these processes while making
the Jjourney between the two cellse

Young and Blacklgkreported a rate constant of about 3><10—14 cm?/mole-
cule-sec for reaction (67), which appears to be in error. Both Arnold™
and Winer and Bayesl6 found this value to be several ordefs of magnitude
too large to be consistent with their results. Our data point to a
similar conclusion: since we observed concentrations in the EPR cavity
a factor of 100 larger than would be possible 1f Young and Black's
resulté were valid. We have therefore assumed that it is incorrect and

have omitted it from the discussion above.

First order losses in the system could occur by two processes:

02(¥Ag)~e OQ(BZé) + hv (12,680A) ('70)
k _
1 11
0,('a,) —EE> 0,(°2) (71)

The measured rate constant for radiative decay (reaction (70)) is

L -1 17
J

1.5%X10° ' sec s0 losses due to this reaction will be insignificant.

Two measurements of the rate of wall deactivation of 02(%ﬂg) have been

reported Arnold13 found one deactivation in 105 collisions and Winer
6 . .

and Bay'esl found one in 5.5X10h collisions with the wall, The effects

of wall deactivation in our system, assuming this to be the primary mode
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of decay, are indicated in Table VIII. Concentration ratios, R, defined

as

0 (%A ) concentration in light cell
2. &

R = T (12)
02( Ag) concentration in EPR cell

have been calculated for several pressures and for two values of @, the
average number of wall collisions which an 02(%Ag) molecule must undergo
before being deactivated. The transit time, At, is the average time
required for a molecule to travel from a point halfway through the light
cell to a point halfway through the EPR cell., The effect of a slgnificant
amount of wall loss would be to increase the measured rate constant, and
from Table VIII it is evident that the effeect would be more pronounced
at lower pressures. If one agaln examines Fig, 14, no such trend is
observed in the region 0.1-0.6 torr. We can set an upper limit on the
possible increase in the rate constant as the pressure 1s decreased from
0.6 torr to 0.2 torr of about 15%.

This implies that the ratios R do not differ by more than 7-1/2%
at the two pressures. Consequently, the minimum average number of wall
collisions necessary for deactivation must be about 2x105. This is
reasonably close to Arnold's value of lO5 but seems somewhat high compared
to Winer and Bayes' result. One might speculate that the use of a reactive
olefin in the latter system could have increased the deactivation effi-
cilency of the walls, but there is no real evidence on this point.

If we assume that o = 2xlO5, which corresponds to kwa = 0,11 sec_l,

11
the measured rate constant would be decreased by only about 4% between

0.6 and 140 torr due to wall losses.

The foregoing discussion contains the impliecit assumption that kwall
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‘Table VIIL, Predicted wall losses of 02(%3 ) for
' different values of o ‘ g

Total pressure flow rate =~ transit 5 5
(torr) (emd/sec) time,At R(a =107) R(a=2x107)
_ﬁsec)
0.2 230 0.79 .19 1.09
O. L 430 0.43 1.10 - 1.05
046 - 560 0.33 - 1,08 1.04

1.0 - 850 0.22 1.05 1.02

5

Total volume = 181 em

Average surface/volume ratio = 2,02

is independent of pressure, This will be true if the average time
requiréd‘for a molecule to diffuse to the wall (tD) is much smaller

than the average time for a molecule to be deactivated at the wall (tw).
The value of tD can be estimated from the theory of Brownlan motion, which

35

gives:

S%of -

(73)

where D is the diffusion coefficient and x2 is the mean square particle

D The selfediffusion coefficient for O2

at 273°K and one ‘atmosphere is 0,18 cm.g/sec.55 At 1,0 torr and 300°K

displacement during the time t

the value would be 140 cm?/sec. Thus the average time for a molecule

to diffuse from the center of a 15mm diameter tube to the . wall at 1.0
5 .

torr would be 2.0x10 ~ sec. The average time for deactivation by collision
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with a wall is t = l/kwall = 8.8 sec. Clearly, the process of wall
deactivation is not diffusion limited under these conditions and wall
deactivation will indeed be independent of pressure.

At first glance, one might expect that any appreciable amount of
wall loss would affect the llnearity of the second order plots of which
Filg. 13 is an example, thereby giving some clue to its magnitude. How~
ever, a closer examination shows that this is not true. Suppose the
excited molecule concentration in the light cell is Cl.and the concen-
tration in the EPR cell is CE‘ If only first order losses occur between
the cells, Cl/C2 will be constant as long as flow and pressure remain
the same., In a second order plot we have essentially a graph of Ci Vs
CS, therefore the effect of flrst order losses can only be to change the
slope but not to alter the linearity of such plots.

There is still another consideration which has not yet been mentioned,
namely, the fact that the pressures in the two measurement cells are not
equal because of the flow between them. From Fig., 5 it is seen that Ap
is almost exactly equal to 10% of p for pressures up to about O.4 torr,
and fhen gradually decreases to about 7.7% at p = 1.0 torr. The conduc-
tance of the tubing between the MclLeod gauge connection and the EPR
cavity is 1.74 times as great ss the conductance between the light ecell

and the EPR c<':Lvi‘l:;y‘.u5

Hence the light cell pressure will be from 13.4

to 17.4% higher than the EPR cell pressure, The 4% differential would  ©
result in a decrease in the measured rate constant of 8% between O 4 and
1.0 torr, which when added to the other effects already noted appears

to offer a satisfactofy explanation for the apparent change in kl with
pressure in Fig, 1k.
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The average 15.4% difference in cell pressures means that the
average measured rate constant was 33% too high. The average value of
kl from Fig, 14 is 7.5x10-25. Reduction of this figure by 35% gives the
corrected best estimate which is kl = 5.Oi0.5><10-25 cmj/molecule-éec.
Using a calorimetric detector, Arnold, Browne, and Ogryzlo (ABO)25 found
kl = 0.1k l/mole-sec = 2,5><10~22 cm?/molecule-sec, roughly a factor of

5 larger than our value.

3 Uncertainties in Results

There is a number of posgible sources of error in our measurements.
Statistical errofs in determining slopes, calibration peak heights, préssure,
and the factor A, all contributed to the *10% error limits quoted above.
Typical peak height measurements‘were reproducible to 2 or 3% so that
the slopes were good to about 5% The photomultiplier readings made
2 negligible contribution to the slope error. Pressure readings (at
pressures below 0.6 torr) and the uncertainty in the slope of the A vs p
curve accounted for the remainder of the scatter in the values of Kye

Probably the largest source of systematle error was in the value of

A Bh

k36 used, whiéh was reported to be accurate to within 30%. We note

that ABO made use of essentlially the same k 6 in their rate measurement

)
go that this ecannot explain any of the difference between their result
and ours, There were several possibilities for systematic errors to

occur in the measurement of 02

factor of two or so would be sufficient to account for the difference

(%ﬁg) concentrations, and an error of a

.between ABO's kl and ours. Nevertheless, an error of this magnitude seems
unlikely because Arnold,15 working in the same laboratory and using the

same method of detection as ABO, found 02(¥Ag) concentrations to be
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typleally 6-8%, almost exactly in egreement with our observations at
méderately high discharge power,

Large systematiec errors from two other sources may be ruled out
as ﬁell. The graphically calculated Interference filter factors Fl and

F. would not be expected to be in error by more than 10 or 20% in view of

2

the straightforward nature of the integrations and the relatively precise
data available. The relative sensitivity calibration of the photomulti-
plier tube involved the product of at most 5 experimental ratiocs all re-
producible to better than 1%, implying a cumulative error of less than
5% from this source,

One is left with the O and NO concentration measurements as-possible
causes of the discrepancy between the two rate measurements. ABO did
not report the total pressure at which their calibration was performed

but if we assume the O (;ﬂg) concentration was T%, the total pressure would

2
have been 5 torr and the O atom concentration 1.5%, comparable to our
measured O atom concentration at the titration port. The pressure in our
experiment was, of course, a factor of 10 lower. The fact that the EPR |
and N02~titration measurements were consistent with each other lends

additional credence to our atom measurements, but the large amount of

wall loss complicates matters somewhat..

*
L, The 0, Complex

All of the avallable evidence to date strongly suggests that the
* .
so-called Oh complex 1s merely a colliding pair of O2 molecules. The
fact that the observed emission bands at 6340 and T030A are almost

exactly half of the wavelengths of the (0-0) and (0-1) transitions of
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1 23

the A —952é system combined with the negative temperature dependence
g - . . __
of kl indicates an unbound intermediate, The lack of any dependence of

kl on pressure or added gases implies that the role of any third bodiles

is minimal.
Bu,nkerML has considered the mechanices of a colligion of two atoms

in detail. A pseudo-equilibrium constant, K, for the "reaction"
* B
X+ X=X (%)

can be calculated by assuming that X; exigts when r, the X-X internuclear
distance is smaller than some value e It turns out that by far the

most important kind of collision in determining KU is one in which the
maximum angular momentum is present which will still allow the "rotational
barrier" to be surmounteds In this type of collision, the atoms spend
most of their time orbiting around each other at a distance of r = X ekt
By assuming a Maxwell-Boltzmann distribution and using the attractive

part of the Iennard-Jones potential, V = -he(c/r)6, Bunker has shown that .

% -3 “/27"5( T )1/2 (73)
and
o = V2 o () (716)

and that the interaction energy at T ax is E/2, where E is the incident’
kinetic energy.

Even though these results apply strlectly only to atoms, it is
interesting to examine the predictions for two colliding O2 molecules.,
We need first to obtain reasonable values for the Lennard-Jonesvparameters

€ and g, BSeveral values derived from both viscosity and second virial
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L6

coefficient measurements may be found in Hirschfelder, Curtis and Bird;
we have simply chosen the average values of ¢/k = 115°K and o = 3.5A,
Using these values and T = 300°K, one obtains Kﬁ= 5.O><]_O-22 cmj/molecule;
and roax = L.54 for a collision with E = EkT/Qo

We must also consider the bound 02—02 pairs. According to Pitzer59

the number of bound states, n, for a van der Waals pair (assuming a

Lennard-Jones potential) is given by

n = 0.0350 o(%)i/z (77)

where M is the molecular mass in atomic units and k is the Boltzmann
constant. For an 02—02 pair, n is about 8, a large enough number to allow

the use of the classical phase space integral calculation of Bunker and

b

who obtained the approximate. formula

N 3/2 € '
I:g =7rl/2 (E'f) [§+% E’f] (78)

Davidson

is the equilibrium Constant for the formation of bound 02-—02

>

Here, KB

pairs which is found to be KB = 5,5x10~2 cmB/ﬁolecule with the same
Lennard-Jones parameters as above.

We have then the following reaction scheme:

o* + 0 455__ o** cféfi. 0
2 2 ’ L kM L
e

lkc lkf (79)

202 + hy | 202 + hv

where O = 0 (lA ), 0, =0 (52_) 0y "is unbound, O is bound, and M is
2 TeN Tglr e 2\ “g’/? Tl e ’

a third body. Assuming that kc and k, are small, one finds that

f
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[V S (80)
N O : “
(0, ) v

If both bound and unbound complexes are equally likely to radiate (kc=kf), .

and if 6340 and TO30A emissions are equiprobable, then the overall rate
constant will be k. =k (K_ + K ), so that k =k, = 0.29 sec™ and the

1 c KB Ky)s c f )
radigtive half 1life is 0.695/0.29 = 2.4 sec. This quantity was estimated
by ABO to be 0.025 sec on the basis of their experimental value of kl

and the simple collision theory estimate of

q . 2x107°

-23
- = 2X10 (81)
5 102
12 -1

According to Bunker's argument, kb ig probably closer‘to 10 sec

K =

which indicates that emission at either 6340 or 7030 A occurs once in
5><1012 collisions. In any case, the assumptioﬁ that kc and kf are small
is seen to be valid, which means that the concentrations of QI and OZ*
are really in equilibrium. Thlis is in agreement wilth the observed fact
that kl is independent of pressure or added gases,

Robinsop%a has considered the problem of intensities of forbidden
transitions and has shown that a very small interaction energy (about
5 cm-l) between two colliding 02(;Ag) molecules would be sufficient to
produce all of the observed intensity of the 6340 and 7030 A emissions;
The intensity is assumed to be "borrowed" from the relatively intensev g
Schumann-Runge system (BBZ; —>X5Zé) by a small amount of collision induced
mixing.

Robinson has also pointed out that in 1iquid O2 the single ¥Qg —>52é

transitions occur with about the same intensity as the double transitions.

This is reasonable because the intensity of the single transitions is
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explained on the basis of exactly the same interaction with the Schumann-
Runge systems One would expect this to be true in the gas phase as well,
and some evidence on this point has been presented by Badger, Wright and
Whitlock17 th predicted that the reciprocal mean lifetime of %ﬁg oxygen
molecules subject to decay only by'radiafive processes first order in

0 (%ﬂg) concentration would be

2
-%n = 2.6xlO—A (1 + 3.8P, ) sec™t (82)
m 2
where PO is the partial pressure of O2 in atmospheres. Using the second
2

term of this expression, one finds that for the process

Og(lAg) + og(jzg‘) —>202(32é) + W (12,6804)  (83)

the rate constant would be 4x10™2 cmj/molecule-sec.

The interaction energy between two O2 molecules at a distance of

r .. =45 A is about 3kT/L = 160 em™ for an average collision.hu For

a bound complex the energy is somewhat larger, obviously a great deal
more than Robinson's 5 em™ in both cases. Since the 02(%Qg~a 52&)
transition occurs by magnetic dipole radia.tionll i1s would seem that

the magnetic dipole-dipole interaction between the two O2 molecules might
be important. TFor two classical ideal magnetic dipoles, the interaction

46

energy is given approximately by

HaMp
3
ab

V =

5

r

-2 cosQa cosQb + Sin@a sinQb COS(¢b-®a) ] + 0 (_};_) (8h4)
ab

T

where Hy and h are the two magnetic dipole moments whose centers are

separated by a distance r The angles © and ¢ are defined in

ab*®
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Hirschfelder, Curtis and Bird.h6 The maximum energy of interaction

between two 02(%Ag) molecules via their magnetic dipoles is then:

2
vV = . 2 =2:2 et - (85)

max 3 er -

when T is given in angstroms. The maximum interaction energy at a
distance of 4A, the approximate bound complex disténce, is seen to be
only about 0.05 cm-l. Eyen for very strong collisions where T = 2.5.A
and the repulsive potential is aboﬁt 18,000 cm_% V ooy 1S only 0.22 em™t.
We must conclude that this interaction is probably n5t very significant

in inducing emission.

‘5. EPR Concentration Measurements with Inhomogeneously Broadened Lines

Several authors have discussed the measurement of relative and

57,39,42,50-56 )

absolute concentrations in the gas phase with EPR.
usual assumption which is made in this case is that we are dealing with
unsaturated Lorentzian ("pressure broadened") lines. Normally, this |
assumption is quite valid, but unfortunately.if is not fof the experiments
described here. Due to the large samplé volume and high magnetic fields
used, the variation in the de magnetic fieid over the sample volume was
large enough to make inhomogeneous broadening an important factor in the
experimental lineshapes. In view of this situation, it is necessary to .
carefully examine the basis of our concentration measuréments.

We wish to show first that the ratic of the doubly integrated -
spectrometer signals for two species is proportional to the ratio of

their true integrated intensities. True integrated intensity is defined

as:

I = f X" (H) dH (86)
0 :
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We have already seen (Eqe 50) that the true integrated intensity 1s
independent of the lineshape function for an unsaturated, unmodulated
line., Our observed lines were, in fact, unsaturated, but it is necessary
to consider the effect of modulation on the lineshape and intensity.

The modulation and phase detection system used in a typical EPR spectro-
meter result in an experimental signal which is relsted to the derivative
of X"(H). For infinitely small modulation amplitudes the output signal
is exactly proportional to dX"/dH but as the modulation amplitude is
increased, the shape becomes distorted and broadened.57 in order to
realize the maximum sensitivity of the spectrometer, it is necessary to
use modulation amplitudes of the order of the llnewidth, at which point

5k

there is appreciable distortion. Barth, Hildebrandt and Patapoff” and
Wahlquist55 have determined analytically the relationships between the
relevant quantities for Lorentzian lines at all modulation amplitudes.
They showed that the experimentalrintegrated intensity Iexp (the doubly
integrated épectrometer signal) is equal to the modulatioh amplitude H@
times the true integrated intensity I for any value of H@f This relation-
ship will be Valid for inhomogeneity broadened lines as well, under
certain conditions.

Under the experimental conditions used in these experiménts, the
main Intrinsic source of broadening is molecular collisions;ul Thus if
it were possible to view the signal from only a small volume element
within the cavity, we would expect to see a modulation broadened Iorent-
zlan iine, provided that we‘had c£oseﬁ a volume small enough to have a

homogeneous magnetic field. If we divide the entire sample volume into i

such small elements, the experimentally observed line can be thought of
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as the sum of a largé number of modulation broadened ILorentzian lines
which are nearly, but not exactly, coincident. For each of these lines,

we can say that

(Iexp)i N H¢Ii (87)
and that
% a,n,wh -E, /kT
1= [ x (man = 220 o ? "L (88)
i 5 i VkTg w7 ‘ il
eff 0
= ainiC (89)

where the subscript i means that the quantity refers only to the ith
volume element, which contains'ni absorbing molecules., The total volume
of the cavity is V. The filling factors a; must be included to account
for the fact that the signal due to a number of molecules within a small

volume would not be the same as the signal from the same number of

molecules evenly dispersed in the entire cavity, even assuming a'completely
uniform dec magnetic field, This will be so because the microwave magnetic
field, Hi, will not be the same at all points in the cavity. For gas phase

samples, which load the cavity very little and always fill it in the same

way, the filling factors will be essentially constant., It is true that

Hl changes slightly when a resonance is excited in the cavity but this

change is normally very small58 (which is one reason that modulation and

phase detection are used). The filling factors depend on the total value

of Hl’ whereas the signal detected depends only on the small changes in

Hl.

The total observed integrated intensity will be

~
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=H C X a,b.n, (90)

= 2 (1)
; " exp’l w "y il

exp

The mcdulation amplitude, like the microwave magnetic field, will not
be uniform over the sample. The factors bi take this into account in
an exactly analogous way. For the usual gas phase samples, they will
be independent of any property of the sample.

Let us now consider the ratio of the measured intensity of a line

due to species X to one due to speciles Y at constant modulation amplitude:

3 a.b.x,
(Iexp)x _ _C_}E ‘ i 1 1 l_— (91)
(), Sy %3Py
exp’Y 1

where X5 and Vs represent the numbers of molecules of X and Y in the ith
volume element. Since the distribution of the gaseous sample in the

cavity will be homogeneous, it will be true in each volume element that

™

2
Iy

= R : (92)

where R is the ratio of the total concentration of X to the total concen-

tration of Y. Substituting for X:s

(Iexp)X ~ CX R Zaibiyi CX
T T TTabgy. SR T (93)
(Iexp)Y Yy 7 TitiYi Y

e (9%)

Therefore, within the limits defined by our assumptions, the two intensity



ratios are. the samé, .

ry
f

a. Peak signal héightrﬁedsurements.; The most ctheﬂiéhtl& measured
quantity-for chpafiﬁg.céﬁcentrations of thg-saméispeéiésiis'the peak
signal heightg'spggﬁhich is the‘maximuﬁ height ofﬁfhejspeétrometer signal
at oné'of_the'peaké of the derivatiVe;curve;_ Barth, Hildebrandt and Pata—
poff5u and Wahlquist55.have shown that fér a modulation broadened Lorent-

. zian line, the spectrometer signal S(H) will be equal‘td'
- 8(H) = Gl ol U(H ,Hy p,H) (95)

where Hl/2 is the half width at half height of the true absorption line.
This half width is determined by the average number of collisions which
the absorbing molecule undergoes per second, ana ﬁhe effectiveness éf
each collision as a felaxation process., This means that the half width

- may cﬁange és the composition of the sample changes. We return to this
point- shortly. The function U is essentially a shape function, but it is

not normalized. The constant C, depends on fundamental and instrumental

2
constants and the matrix element for the particular transition. For a.
Lorentzian 1ine then, it is clear that if the half width remains constant,
S{(H) will be proportional to N at any value of H near resonance. Of
course, if H is too far from resonance S(H) will simply be zero,

If we again cansider a composite inhomogeneously'broadened line,

the peak signal height will be the sum of the slgnhals from each of its -

components ¢

sp(at H = Hp) = ? a;b, 8, (Hp-Hi) (96)

where Hb is the field at which the experimental peak signal height occurs,
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and Hi represents the small offset which each of the components may
have due to the dc magnetic field inhomogeneity. If each of the i

component lines corresponds to Ni molecules, then
Sp = 02}5/2 % aibiniUi(Hp-Hi) (97)

By an argument identical with that used for the integrated intensities,
it is seen that Sp will be proportional to the concentration of the
absorbing speciess This conclusion is supported by some experimental

5l

results obtained by Barth, Hildebrandt and Patapoff,” which suggest

that inhomogeneously broadened and composite lines obey the equations

for single Lorentzian lines if they are sufficiently modulation broadened.

One. of the necessary conditions mentioned above for Sp to be
proportional to concentration is that H1/2 and hence, strictly, the
compogition of the bulk sample must remain constant. Thils is a rather
severe requirement, since if the concentration of absorbing molecules
changes, so does the bulk composition; Krongelb and Strandberg42 have
discussed this problem for a mixture of oxygen atoms in O.. For the

2

usual Lorentzian line, the shape function 1s given by

I o SR 8
) l+12(w—wb)2 <9 )

The quantity T is the average time between collisions of an absorbing

molecule, which can be written

A

=g v N = (const) H1/2 (99)

Here o is the collision cross section of the molecule and v is the

average relative velocity of two colliding molecules. For a mixture of
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two gases, A and B, the collision freQuency for A molecules will be

1 - L -
.-?; = O Vap Vg & %aa Vap Ny (200)

'y

where Tan and Opp are the cross sections for A-A and A-B collisions,
respectively; GAA and GAB aré the corresponding relative velocities;

and NA and NB are the concentrations of A and B. Substitution gives

1. - - -
TA— = [UAA Var " 9ap VAB] aN + [O’AB vAB:I N (101)

where @ 1s the fraction of molecﬁles which are of type A, The second
ferm i1s constant. TFor our experiments, type A molecules are CQ(IAg).
The fraction of molecules in this state was always less than about 10%,
so that the first term will‘always be small. Also, for the case of
02(;Ag) ip OQ(BZé) one would expect that the differences in collision
cross sections would be quite small., For experiments in which He and

- Ar-were used, the situation is slightly more complicated, but here
again only the relative concentrations of 02(;Ag) and OQ(BZé) are
changing so that the changes in Hl/2 should be small in these cases

as well., Krongelb and Stramdberg)+2 found that for 10% or less O atoms .

in 02, T was constant within the accuracy of their measurements.
A

’
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