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' ABSTRACT
function of the total pressure and of the .partial pregsure of'Oé. An

electron spin resonance spectrometer was used to analyze for the relative

‘The gas-phase reaction of H atoms with O, has beén studied as a

steady-state concentration of the H atoms in a flow system.
In order to determine the effect of hetérogeneous recombination
of H atoms on the walls of the quartz reaction tube, the disappearance

- of H atoms in an H atom - H2 system and in an H atom - H -érgon system

2

was also studied. The experimental results were explained by a modified

diffusion equation.'-The’fecombination coefficient v for H atoms was

5

determined and the vaiue found was 1.8 + .7x 1077,

The experiments on the H atom - O, reaction showed that the réte

2

.of decéy of the H atoms was invéfsely proportional to fhe total préssure.
The rate constants for this reaction were calculated from the eipefimental
data by the addition of an extra term to the modified diffusion eqﬁétion.
The foilowing mechanism has been proposed to éxplain the experimental

fesults:
k *
: 23
H + 02 e HO2 R
E'H

Ho 0

2}’

ok

4

HO,, + Wall kﬂa H02 + Wall,
ke

H+ OH+ M = HOH + M,

Nk

-

' ' . *
On the assumption of steady-state conditions for H02, OH, and H02, this

mechanism gives, for the disappearance of E stoms,
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-a(H)/at = ek (H)(0,)/k . -

- At the pressures used kw is inversely proportiona; to the total pressure,

and the lifetime of HO,, (l[kb) was calculated to be 5 + 2 x 10720 sec.



.:,yln_g-mlcpowave discharge

'.;_methods_for:the.gnentitative,meaSurement of H atoms,7 8 Slnce OH9 O2

I. INTRODUCTION

' The microwave absorption spectrum of the OH radical, discovered by
TN U SN oy T i
Townes et al. in 1953, glves one g direct way of studying ‘this unstable

speCies,' This method has high sen51t1v1ty and is relatlvely convenlent

'but 1t is llmlted because of pressure broadenlng of the absorption lines,

" %o systems of a total pressure not greater than 1 'mm Hg. Investigations

of the kinetics of the formation of OH by the reaction of H atoms and 0,

‘weré made in this laboratory by use of the microwave spectrometer as an

" analytical to0l.2’3 Interpretation of the data proved difficult because

of the profusion of conflicting results ooncerning ‘the early steps of
the reaction mechanism, and so this investigation was undertaken to eluci-
date the initial steps of the H plus'O reaction. 'In order ‘to follow

this reactlon we chose to study the decay of the H atoms in O by means

2

- . of thelr electron spin resonance absorptlon

= Berginer and.geeld,studied tne_electron spin resonance spectrum of

H atoms.in 1954, b Since then various workers have used electron spin

.. Tresonance to analyze for H atoms. Shaw studied the dissociation of H2

p)

and also the effect of water vapour on the ex-

. .tent of the dissociation of the H .6' Hlldebrandt et al. have developed

2
10

'C,gnd.in pr;‘._ncipl.e.HQ2 (an intermediate species in the reactlon) have
electron spin resonenee spectra, we could in theory>study four reacting

.,species_in the reaction H + O,. We did in fact see spectra due to OH and

2

O2y but this-line of’research was not continued All our 51gn1flcant work

. V&8s done by follow1ng the decay of H atoms upon reactlon w1th O2 by means



of electron spin resonance. .

H atoms: were generated by means of a microwave discharge in H2,
the 0, was added to the mixture of,H'atomg and E,, and the reacting ‘
vlmixtgre_wgs pumped down avlong cylindrical tube whiech ran thgough the
‘resonant cavity of the electron spin resonance spectrometer. The cylin-

. drical tUbé-and the associated gas system were portable, so that measure-
ments_éf the H étom concentration could be made along the tube by moving
therapparétus ba¢kvand.,forth' with»respect tq the spin resonance cavity.
- In .order to be sure that,we were'studying the correct reaction, the decay
of H atoms without 02 |

discussion of the experiments'is presented later. First a summary of

vas also studied by this technique. A more detailed

- the relevant previous work on the H atom - O2 reaction, and on the re-

- combination of H atoms, is given.

- A, Meyer's Work

By use of a glass?cell microane‘spectrometer,‘R. T. Meyer conduc-

ted some studies on the low-pressure reaction (Ptotal <1lmm Hg.) of H

" atoms and 0213 ‘He observed the OH absorption line as a function of both

the'oiyéén partial pressure and the total gas pressure. In these experi-

2
short section of 12-mm o.d. quartz tubing and then led into a length of

" ments Meyer mixed H atoms (innHQO with' O.. The gases were mixed in a

'”h5-mm old. ordinary ﬁyrex tubing. The low time in the 15-mm tubing.was 5
" less than 0.0L seé, and in the 45-mm tubing about 1 sec. The larger
"'ﬁubing'was equipﬁédbwitﬁ a 4-mm quartz rod mounted along its axis for
;.ﬁropagatibn of micrdwaves.’ In these exreriments Meyer measured the OH

" radical sbsorption in the vicinity of the rod. He found that the OH

concentration wasvfairly'uniform down the length of the rod. He also



found that initially the OH concentration increases with O, concentration

2
but subsequently it levels off. His measurements also showed that the
OH concentration is roughly inversely proportional to total pressure at

constant O2 pressure, and that‘the,surféce condition of his cell did not.

.significantly affect the concenﬁration of OH radicals. .

The mechanism which Meyer proposed to explain his-measurements is

as follows:f.

£

* P b ] :
H + 0, »HO, , k =327z 1ol 1/mole sec; . (»a)
* ' 11 -1

HO, —H + 0,, k =1x107 sec ; (v)
* _ 6 -1 .

HO, - HO, + hv, k, =1x 10 sec E | ()

H + HO, - 20H, ky = 7.3 x 10™ 1 /mole sec; - (a)

; - 11 o . N

OH + HO, »H,0 + O, k, =3 x 10" l/mole sec; _ (e)

H+ OH+M-HOH + M, . k. =149 x 107 12 /mo1e® sec. (£)

Assuming steady-state conditions of HO, , HOE’ and OH, this mechanism

2.

gave an OH concentration undex some conditions ﬁhichrwas difectly pro-
portional‘to the square root of 02, and inversely broportional to fhe
square root of the total‘pressure.' This mechanism qualitatively fitted
ﬁis data..

Using the values for +the rate constants given above, Meyer 6btained

a reasonable value for the steady-state concentration of OH. The rate

cons@énté ka’ kb, ke,'and k.. were obtained from other data and.ére'dis+

£

cussed in the next part. The stabilization of HO

5 by emission was

_chosen in order to'give'thé observed total pressure dependence of the OH

radical. The value of kc Qas chosen slightly greater than the rate of .

vqollisiqnal deactivation at a total pressure of 1.0 mm Hg. -The value of

ke was estimated from the kinetic theory of gases.



"+ stable product.

B.  Other Work on the Reaction H + O,

: The'literature»on.this'reaction is quite voluminous. We shall dis- (o
cuss briefly only the results that are pertinent to the problem of low-

pressure room-temperature reaction. A fairly complete review is given by

Meyer°3.“

First, the reaction H + O2 — OH + 0 is 15.5 kcal endo_thermica2

Therefore we can -eliminate this reactibn; since it is too slow at room
temperature to be of importance. -
Secondly, the important gas-phase product of the reaction is HOH;

*. experimental evidence seems to indicate that Heoé is not an important
3

" Foner and Hudson's work;l ié'strdng evidence for the

existence of the H(Sz'fadicalo Theiftexperiments are based on the use of

* the mass spectrométer;' Although they detected HO * only at higher

2

pressures; Robertson, who also did mass spectroscopic work, saw HO2

in the low pressure reactionola :He found that the H02+ increased with

pressure and suggested the mechanism -

*
2_9
HO. -1 + O
0, —H+ 0,

% ' _
HO, + M - HO, + M,
' 2

and estimated the lifetime l/kb of H02 as 5 x 10 1 sec. Burgess and

H+02-->HO

'Robbvétudied the rate of the mercury-photosensitized @ydrogen-oxygen
}eaction by meésuring the heatrliberated'innfhe Systemnl3 The pressure &
‘ féngé théy cbvered was from,SltO‘i50;mm Hé;* The rate cqnstants ka.and
Lkd in the previous séctién aréltaken from their data. In the range of

: o : L : *
pressures for their experiments, collisional deactivation of HO2 was
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the important mechanism,ﬁ They estimgted.the lifetimg_of H02 as 4,0 x

;0*9 secQ: The value of kf:in the_previégsﬁsection was taken from the

,spectroscopic work of Oldgnberg éhd?Rigckgﬁon the disgppgarangevof OH

radicals.l
_ The literature contains many cgntradiptory results from many types

of indirect measuremeptg, This.is why the direct observation of one of

the primary reacting species seemed such a promising line of research.

C. Recombination of Atoms

While we were primarily interested in studying the gas-phase reac-

tion of H + 02,‘we found that heterogeneous reactions were important in

our low-pressure system. In particdlér, we found that the heterogenous

recombination of H atoms éould be ‘followed, and one of the resulté of
this. thesis is new déta on this féacfiong

* Studies on the,disappearahce of H atoms have been conducted by
many investigators.15—19 At low pressures (¥ 0.5 mm Hg) and high

surface-to-volume ratios; the heterogeneous reaction of H atoms on the

- walls of the vessel is the -important’ reaction taking'place., Experimen-

tal data show that the reaction is first order with respect to H atoms.
Thé mechanism suggested to explain the’ data says that first a layer of .

H atoms is adsorbed on the surface of the/vessel.go The surface becomes

fully covered--that is, saturated with H atoms. Then H atoms in the gas

‘phase diffuse to the!séturatedlsurféce and react.g.TheJimportant experi-

mental parameter measured is T, the recombination coefficient. This

‘ constant; T, ié'défined as the ratio 6f the number of atomS'striking and

reacting with the surface £o’the'total.number of atoms hitting the sur—

face. Values of Y have beén measured fbr water-poisoned pyrex and quartz
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surfaces and have ranged between lO-u'and 10‘6015,17,18,

Recently Wise and Ablow have"mathematically analyzed the difﬁusion
g | 19 |

"~ and hétérbgeneous;réaction of H atoms in a cylinder. In a later paper
they include in their treatment the effects of convective flow and
second-order gas-phase recombination of H atoms.ZT A mathematical
treatment similar to Wise and AbloW’é is used in this theéis; The
model and mathematical analysis.are’latervdiscussed in detail.

Krongelb and Strandberg, in their study on O atoms, were the first
~to aﬁply the techniques/of-électrbh spin.resonance to the stud& of
heterogeneous and'homogeneous reaétibns of atpms.22 They employed two
.. methods. One is to aliow 0 éfoms to diffuse into a sidearm Qf.the main
reaction)vessel and measuré‘the steady-state concentration of O atéms at
differen% places along the sideérm. Thivaaé_done 5y moving it back and
- forth. in the defection cavity,v Thé_other method used was a flow method.
: ‘The éxygén atoms. flowed difectly‘through the detection cavity. The
discharge-Cavity was moved back and forth along the tube in order to
~change the flow distance; They méasufed=v for the Q étom heterogenqoué
surface reaction, and also oﬁtained a rate constant for the homogeneous
: .grecbmbination'of 0 atqms,in,jhe gas phase. Tﬁe mechanism pfoposed to- |
explain their data ié;similar to the one mentioned previously for H atbms°

-_In summary we can say that:thé disappeafancevova atoms by hetero-
- geneous reaction is a process of first order in H atoms. The mechanism
‘that explains the results of a wide number of experiments is the diffusion

of a gas-phase 'H.atom to the surface of the vessel, where it reacts

" with an H atom édsorbed on the surface.
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II. EXPERIMENTAL METHOD

A. Specfrbmetéf |

An X=band spectrometef operating near 9,000 Mc/éec, whi&h was
constructed in this Laboratory, w;s used for the méasurements reported.
in this thesisf It is a conventional balanced-bridge type of spec-
troﬁeter employinéﬁlOO-cycle'magnetic field modulation. rA block diagramA
of the.instrument is éhown in Fig. 1. A Varian:electromagnef with 6-
in. diémeter pole pieces with-fing shims togethef ﬁith a stabilized power
sﬁpply provided the d.c. magnetic fiéldc

A Laboratory forvElectroniés stabilized klystron was employed as a

- frequency source. The klystron is stabilized on a discriminator cavity

whicﬁ‘provides an error signal to the reflector. VChanging thé'bias on

the crystals in the discrimiﬁator'ca%ity pérmitted a fine'tuning of the
klystron fréquenéyu_:This proved a Very cpﬁvénieht ﬁethodvfor manually
édjusting the frequenéj §f the klystron on thelsample cavity.

Flat-wound coils mounted o&er the pole pieces provided the 100-
cyclewfiel@'modulétion, These coils were fed from the Zeeman modulator
unit.ﬁhich.also provided é‘reference signal.for the phase—senéitive
detéctor. The current in the coils éould be accuréﬂely adjusted ahd the
magnitude‘wéé mbnitored‘by a EEWiett—Packard a.c. voltmeter and a Hewlett;
Packérd current probee A tuned 100-cycle preamplifier of_conyentional

loé—hoiseldesign was mounted near the detectof crystal. The signal was

- amplified by the main tuned amplifiér, and then fed into the phase-~

sensitive detectbr, whose oubtput could be traced out on a recording

potentiometer.
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'Fig. 1. Block diagram of the X-band spectromefer.
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mode. It was made from a cylindrical piece of,quartz which fitted

The cavity used for these measurements operated in the TE

into two silver-plated brass end plates. The inside of the.cavity was

coated with a Du Pont silver emulSion whidh'was air-dried and then

baked . onto the_quartz,v In order to get\the best Q, the cevity was
polished with COmmercial silver polish. The cavity was coupled through

one of the end plates in the style developed by Strandberg et al. 22

B° Gas sttem
In order to perform the necessary experiments a-portable:yaouum

. ) : , .
system was built. This consisted of mounting the necessary flowmeters,

‘pressure gauges, and discharge equipment on a cart which could roll on

narrow-gauge railroad tracks 23 ThlS arrangement allowed the tube

'contalnlng the reactlng mlxture to be eas1ly moved with respect to the

cav;ty and the magnet. A block dlagram of the flow_is shown in Flg. 2.

The oxygen (Matheson technical grade, 99.6% min assay as 0, ) and-argon

(Matheson technlﬂal grade, 99.9% min assay as Ar) used in these eXperi-

ments came stralght from thelr respectlve cyllnders and were used w1th-
out purification. Hydrogen (Matheson prepurified, 99.9% min assay as
H ) at 1 atmosphere pressure flowed through an actlvated charcoal trap
at room temperature and then was bubbled ~through water. The water was
added to increase the percentage.dissociation of hydro_gen-umolecules°
All-flow rates were monitored at 1 atmosphere pressure either with
calibrated dibutyl-phthalate manometers or Fischer and Porter calibrated
floneters; Flow rates were controlled by use of Hoke needle velves,
Total pressure in thevreaction tupe was measured by a McLeod gaugeo

A diagram of the quartz reaction tube is shown in Fig. 3. It
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&
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; MU-26074

Fig. 2. Block diagram of flow system,
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cénsists of three sections,'the'discharge section, the mixing éection}
.and the reacﬁion section. Thé discﬁarge section Cbnsisted of twq con-
centric -tubes, the inner tube beéing part ofvthe vacuum system and i
‘éeparated from.ﬁhe mixing seétioﬁ Ey'audiaphragm with é 1-mm-diam hole
in the .center: The outer quartz tube is a jacket which fits over the
inner dischargéiﬁube_and is usediﬁp éobl the discharge regionﬂand its
resﬁltiﬁg gas. In this way the ﬁalls of the discharge_séction closest
_to.tﬁé mixiné section are kept at room-temperétureo

Hyﬁrogen ﬁolecules and atéms flowed throﬁgh the diaphragmviﬁto
the mixing section.  At:this poéit&on anofhér tube concentrié with
the larger tube added O, and sometimes a third body into the flow
systemi Then thé gaseoué-mixture flowed down the reaction section, which
was approximately 120 cm long. Two quartz tubes of different diameters
were used for the reaction sectibho The largér had an i.d. 0.92 + .03
" cm and the smaller had,aﬁ i.d. 0;72'i2h03 cm. The total pressure was
measgred at a point befween the-mixing section and the reaction section.
The reaction tube was connected to the rest of the»vacuum_system.by
;ﬁeans of two long tubes connecﬁed to each other and to the rest of
the system by ground glass ball joints whosé axes were perﬁendicular to
the magnet pole fgce, This arrangement alléwgd the reaction tube, which
passed through the'spectfometer cavity located between the pole faces
of the magnet, to be moved back and forthz without breaking the vacuum:
and without using flexible tubing, in the plane parallei to the pole s
faces in the center of the magnet gap. A Welch #1379B vacuum pump,
which has a’pumping_speed of 370 litefs/min at 1 mm Hg, vas used.

A CW 50-watt QK60 magnetron was used to produce the discharge.
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- The 10-cm microwave power was fed into a M 1
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10 CaVity with the quartz

discharge tube in the center. During somé of the early experiments

‘a. Wrede gauge wvas used to @easufe the percentage dissociation of hy-

drogen.-21+ A Decker Corporation differential préssure meter #306 was

used to measure the difference in pressure across the effusion hole.
. ’ ,

C. Measurements of Hydrogen Atom Concentration
The hydrogen atom concéntrétion was measured by sweeping through

the high-field H atonm lineh a number of times. Then the average value

o . o
. of the peak height of the first derivative of the absorption curve was

obtained and used as a measure of the concentration of H atoms in the
cavity. This'apﬁroximation is valid only if the line ﬁidth‘does not
change wifh the concentration of.H-atoms or with tvtalvpressure.7’8
The line.width in these expérimentg is determinéd by modulation broad-
éning and by the inhomogeneity‘dfithe magnetic field, and is approxi-
mately 2.5 gauss. The line-ﬁidth broa@ening effects of eiectron ex-
a5 7

change and

and the tofal pressufe are on the“order of 0.3 gaﬁss;
are rélatively small compared with the experimental line width. 'There-
fore the H atom concentration was assumed to be proportional to the
peak-to-peak height.

In order to COmpensate'for.the change in Q of the cavity when

the reaction tube was moved, and for the change of the sensitivity

. of the spectrometer with time, a sample of DPPH (1,1-diphenyl -2-
picryl hydrazyl) was placed in the cavity. The following procedure

“was used. First the H atom line was swept through a number of times

(at leést threé)_and then the DPPH resonaﬂée line was swept thrbugh a
number of times. The amplitide of the 100-cycle magnetic field

modulation was set‘to give the maximum H atom signal. When the DPPH
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" line Wasvéwepf'throdgh; the modulation amplitude was set so as to give

»

" a signal about half as large as the initial H atom signal. The ampli-
tudes of the‘ﬁodﬁiaﬁion'for-both'the H atom iine and the DPPH were chosen .
‘at the start of a run andwwere’kept constant throughout the run. A run
consisfed of e”Series‘of measurements along'the tube, each measurement

being at leaet 10 cm further down the tube than the'previous one. The

' fiows'of gases émdfﬁhe total preseure were kept constant during s rﬁnQ
Measurements with the Wrede gauge showed that ehe"percentage dissocia-

tion of hydrogen remained constant throughout a run. All H atom con-

' ' Centrations are presented as the ratioc of the H atom signal to the DPPH
s:a.gna.l° This method was particularly useful and 51mple in these experi-
ﬁenﬁs; since +the DPPH llne ;s about 200 gauss away from either H atom

i i | F

line.

i:DL.vExperlmental Results
Two types of meaburements were made. One was the‘disappearence of
H atoms without any oxygen present and the other was the change in this,
reactlon when oxXygen was added to the Dvstem These two types of ex-

perlments are discussed 1nd1V1dually and then the results are correlated

in the next section.
_ln H in H2
At the start of our work the reactlon tube. was cleaned with nitric

ac1d rlnsed w1th dlstllled water, and the coated with 1 M solution of

©

orthophosphorlc a”ldo Later, Drl—Frlm (dlmethyl dichloro- silane) was
trled as a COatlng, and also a stra1gh+ chaln paraffln, dotrlacontane

(CH \CH ) ) Another procedure was also trled and flnally used in

230 3

most of the runs. In.thlb method the udbes were clegned v1th dllute
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hydroflubric acid and then rihsed with distilled water. This process

left cleaned quartz as the surface. A change in the surface appeared

to have little effect on ﬁhe rate of recombination of the H atoms except

in the case of dotriacontane. No H atom resonance was seen with this

paraffin coating; It was also dbserved_that this coating was slowly

' removed by the H atéms, It'shouid:also be mentioned that with any of

the coatings applied to the surface (as well as with cleaned quartz)

there wasia period of aging of the'tﬁbe‘(usually a few hours of floﬁ)v
before reproducible meaéurements could bé-made;

In some experiments the water in the hydrogen bubbler was held
at OOC}o This was do'ﬁe in order to reduce the amount of watér vai)qr '
in tge reaction tube by a factor df four ahd to see the effect on the
rate of recpmbinafion of the H<é£oms;v‘There'was no héticeable change of
the rateaw“Therefofe'one conciﬁdes tha§1once the water vapor has reached
a.certain ééncehtration? an increase of,this‘cpncentfation does not

affect the rate of recorbination as long as the fotal amount of wéter

_present is small compared with the reactants.

The Hydrogen atom recombihatibn‘data wergﬁplotfed asrthe-logarithm 
of the intensity of the H atom signal (in arbitrary units) vs the dis-
tanée-from the mﬁxing section of_thevéﬁbeA(in cm). The déérease in
intensity (pr'concentratién)_wiﬁh distance“folioﬁed é’first—order rate
law and fofmed stréight lines on these ﬁlptso ‘This'agrées with previous
wdrko2o The important'éﬁantity.dbtéined from the plots was the distance

. _ o
réquired for half of the reaction to take place.

Plots of the experimental points are shown in Figs. 4 through 12,
The experimental error, which was»duevto uncertainties inAthé intensity

measurements, is estimated to be about 10 to 25%, the error increasing '
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Fig. 4. H atom-H, system., Flow H_, 4.0 cc/min;
' total pressure, 24 mm Hg; surfice, H3PO4.
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Fig. 5. H atofn—H2 system. Flow HZ" 4.2 cc/min;

total bpressure, 0.25 mm Hg; surface, quartz,
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Fig. 6. Ha’com—H2 system. Flow H,, 5.8 cc/min;

‘total pressure, 0.33 mm Hg; surface, quartz,
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Fig. 7. H atom-H, system. Flow H,, 6.3 cc/mm;
- total pressuré, 0.37 mm Hg; sufface, Dri-Film,
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Fig. 8. H atom-H, system. Flow H,, 6.5 cc/min;
total pressuré, 0.38 mm Hg; surface, Dri-Film,
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“Fig. 9. H atom—-H_~ A system, Flow H , 1.b cc/min;

Flow A, 4.8 éc/min; total pressure; 0.43 mm Hg;
surface, quartz, -
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Fig, 10, H atom-H_ system. Flow H2,8.1 cc/min,

total pressure,.45 mm Hg; surfale, quartz,
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Fig. 11. H atom-H_ system. Flow H » 0.9 cc/min;
total pressure; 0.91 mm Hg; surface, quartaz,
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Fig. 12. Hatom-H, system. Flow H_, 3.4 cc/min;
total pressure;, 0.35 mm Hg; sur%acg quartz,
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as the hydrogen atom. concentration decreased. .This<is shown>onfthe
'graphs'by the uncertainties in the positions'of'the points. :The straight .
lines on the graphs are the best fifqto the data and ére drawn by éye..
The maximum error in the half distance is estlmated to be about 15% . On
some of the graphs, the 1nit1al p01nt is below the llne drawn through
the other p01nts. This point tends to make the'disappearance of H atoms
less ﬁhan first order in H_aﬁémsov‘The reéépn forvthe,séé.of thé ihitial
point is not kﬁown; |
Other data, which are apﬁrokiﬁateiy the séﬁe as those plotted in the
graphs, are given in tabular form, Tables I thfough IV. Table V gives
the-experimental‘parameters:and the distanceé for half reaction of the.
H atom recombination runs. |
2. H in Mixtures of H, and dr

2 2

The hydrogen atom - oxygen molecule data were treated in the same

'way as for the H atom - H system. The logarithm of the intensity of

2
the H atom signal (arbitrary units):vs the ‘distance from the mixing sec-
tion (cm) was agaiﬁ plotted, and the data appeared to fit a first-order
plot. Different runs were made with various O2 cOncentrations,'andv
some experiments were run vith argon added asia third body.

Figures 13 thfough 18 are plots of some of the runs. The rest of
ﬁhe data are presented in Tables_Vi ihrough XXII,: The errors in theée
. measurements are of the same'source and magnitude as mentioned with the
H ;tom recombination data. Téble XXIIItgives the experimental parameters
and the distances for half reaction. Here Tjé is the time for half

reaction and is the distance for half reaction divided by the velocity.

The other columns in Table XXITTI are discussed later.
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waable I.0 ﬁata*frbm-ruﬁ*367—372,-ﬁ.atom~H system. FlOw‘Hg, 4.0 ce/min.

-_Total-préssufe,_o,26_mm Hg.

2

Diét%née . Intensity
o (em) o "~ - {arbitrary units)

30 79

T T o ‘1}9h ﬂ

60 16k
8 1.31
100 , 0,92
110 .- S 0.9k

“Table II. Data from run 396- hoz H atom- H system Flow H,, 1.3 cc/min.

Total pressure) 0.43 mm Hg.

Distance -~ . Inténsity
~ {em) R - (arbitrary units)

30 o 3.58
b5 2.46
60 - v o S 5. ol
75 . .. 1.61. .
90 1.36

100 B .82

110 .55
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Table IIT. Run 258-262, H atbm-Hz-A system. Flow Hy, 4.0 cc/min.
Flow Ar, 2.4 cc/min. Total pressure, 0.56 mm Hg. '

. Distance : - ‘ - Intensity

(em) ) © (arbitrary units)
o o 155

46 S 1.h0

60 - 1.21

70 : o 1.25

80 - o 1.07

Table IV. Run 388-394,  H atom-H, system. - Flow H, 4.0 ce/min. Total

2
pressure .85 mm Hg.
Distance . - Intensity
(em) _' - (arbitrary units)
30 . | 2.12
ks - 1.33
60 ‘ 1.19.
’ 75 .90
90 ‘ . .76
100 S B 43

110 ) R .33
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: [
[ ‘ Table V. H ato:m - H,. data and calculated values

i 2
Run Surfa,ée Flow H Flow Ar : Presslure total = Distance for Linear of ; :t "Diameter
(cc/mn) <cc/min> - (mm Hg) . half reaction Hy veloeity - of cylinder
. 1 atm 1 atom o (cm) - _(em/sec) (cm)
251-257 H3PO#: k0 th ~ - 513 S 61 HE 0.92
312-319  Quartz b2 s s 30 0
367-372 Quarts ) ls Ny 67.2 293 0.92
345-353 Quartz 5.8 55433 54.0 | 335 © 0,92
337-341 Dri Film 6.3 - 137 N 54,0 35 . 0.92
331-336 Dri Film . 6.5 | 1;138 | 42.0 6 0.92
396-402  Quartz . 1.3 by 327 8 0.
382-387 Quartz 1.5 4.8 43 ‘ 55,5 2i0  0.92
322-330 Quarﬁz 8.1 Lus 56.0 343 0,92
258-262  HPO, 4.0 2.4 f 1.56 76.0 218 - 0.92
388-394 Quartz 4.0 o .85 29.8 89.8 =~ 0.92
403-408  Quartz .9 I ‘ﬁ]°91_ S 23.8 18.8 0.92

409-416 Quartz 3.4 | 1,35 | | 53.0 302 0.2

‘.88—
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MU-26068

Fig. 13, H atom-H O2 system, FlowH 4,0cc/min;.

2
Flow 02, 1. 1 cc/sec; “total preSSure, O 31 mm Hg,
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Flg 14 H ato‘n'vl,:_—'H‘Z'—OZA sYsigém. Flow H , 3.8 cc/min;
" 'Flow OZ’ 1.6 &c/riin; total pressure; 0.34 mm Hg,



. =31-

0.8 - ]

. T T ]
e F - .
g 0.6 Run 226 —-232 —
. |
o 04} ~
F 4
o
Z 0.2} .
(7]
=
d
£
0.1 1 1 1 ] 1
0 40 80 120
i Distance (cm)
MU-26061

Fig. 15. H atom-H, -O_-Ar system, Flow H_, 3.5 cé/min;

"Flow O_, 1.8 éc/s%c; Flow Ar, 3.2 cc/séc; total pressure,
0.54 mm Hg. '
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Fig. 16, H atom~-H, -O, -Ar system., Flow H,, 3.5 cc/min;
Flow OZ’ 1.8 & /riin; flow Ar, 0.42 cc/rhin; total
pressure, 0,36 mm Hg.
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Fig., 17. H at’om—HZ-O2 system. Flow H,, 5.8 cc/min;
“flow 02, 3.4 cc/mln; total pressure,“0,51mm Hg.
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Fig., 18, H atom-H,-O, system. Flow H,, 3.7 cc/min;
flow OZ’ 1.5 c€/mlin, total pressure,” 0.46 mm Hg.
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_Table VI. Run 149- lSh H atom - H 0, system. Flow H 23, 3 5 cc/hln

” L hFlow 02, 0. 7 cc/hln. Toial piessure, 0. 29 mm Hg
_lem). v (arbitrary units)
30* o 10.63 '
4o - - o . "13.60
50 :_ ' a4-"' 10.80
60 | o 10.40
70 o | 8.83
80 | - |  6.33
 Table VII Run 161- 168 H atom - H2 - 0, system. Flow H h 2 cc/hin
Flow.oe, 1.1 cc/ﬁ;n Total pressure, O 31 mm Hg
.bisianéeL,( Intensity
~ (cm) : '(arbitrary,units)
o | 3.0k
50 - | 2.72
60 2.29
70 o SR 2.33
80 ' 1.64
90 - T W
100 S ' 0.90
1097 .. e 0.89
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2 2

'hnTébié£ViII} ﬁ@n 18h¥188,”H QtOh f H.- O, system. Flow H, 3.8 ¢¢/min.
' “;'Flow.Oe i.3ucé/ﬁi£; ‘Total pressure .32 mm Hg.

R

" - Distarice 4 . Intensity
(cm) ‘ (arbitrary units)

.40 ' ' _ 1.82
50 - : L 1.52
60. ' 1.28
70. _ S 1.13
80 ' o GTT

Table IX. Run 143-148, H atom - H, - O, system. Flow H, 3.5 cc/min.

:Flbwv02J1;6?cc/min.t Total pressure .34 mm Hg.

e,

Distance , Inténéity‘
. (em) . ' (arbitrary units)

30 . : 5.06
40 | 4. b3
50 - 2.72
60 : 2.52
70- | 3.90
- 80 2.33
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Table X. Run 109-11k, H atom - H, - O, system. Flow H, 4l cc/min.

.Fldw 0, }.Gvcc/bin. iqté; pressurg .33 mm Hg.
.Diéfénce_ ,' - . 'Inteﬁsiﬁy'v.”.b'
(em) . , (arbitrary units)
wo o 225
50 . ©1.90
60 | o 1.78
.70 S 1.71
| 80 | , LS

Table XI. Run 200-207, H atom - Hy - O2 system. Flow HE_H.2 cc/ﬁin.

Flow 0, 2.1 cc/min. Total pressure .37 mm Hg.

Distance | Intensity _
(em) _ : (arbitrary units)
1o . . 1.33 |

50 = 1.0k
60 ' | .71
70 - .62

- 80 | 8
- 90 . ' : . .33
100 - ‘ o | . .26

108 .. e
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‘Table XII. Run 177-183, H atom - K, - 0, data. Flow K, 4.2 cc/min.
) Flow 02v2;l cc/min. Total pressure .36 mm Hg.

Disfance | Inténsity

E v(cm)‘" ' (arbitrary units)

Lo . 2.22°

50 | 1.67

60 _ 1.05

T0 - .82

80 , : .56

90 - - b6
100 .26

Table XIII. Run 130-135, H atom - H, - 0, data. Flow H, 4.2 cc/min.

Flow 0, 2.2 cc/min. Total pressure .36 mm Hg.

" Distance Intensity
(em) - ' (arbitrary units)
30 1.95
4o 1.52
50 ' 1.1k4
- 60 : .85
70 | .81

80 o .56
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Table XIV. 'Run 116-119, H atom - H, - 0, data. Flow H, b4 cc/min.

Flow 0, 4.2 ce/min. Total pressure .53 mm Hg.

Distance | . Intensity
- (em) ~ (arbitrary units)
30 " ' .91
ko .57
50 | 43

60 . .32

2 2

Table XV. Run 139-142, H atom - H, - O system. Flow Hgv— 4.0 cc/hin.
_Flow 0, 5.2 cc/min. Total pressure .59 mm Hg. '

‘Distance , Intensity
(em) " (arbitrary units)
30 | s
Lo o : o ;29
50 . ' .19

60 .13
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Table XVI." Run 216-223, H atom - H, - 0, data. Flow H, 3.6 cc/min.
’ " Flow 0, 1.8 cc/min. Total pressure .32 mm Hg.

2
Distance ' : -Intensity
(em) (arbltrapy unlts)
., ko E 1.2k
50 - .81
60 | | » .68
70 R <55
80 L
90 . .36
100 L 6

109 - .21

Table XVII;"Run’27l—275, " atom 5“H2n-‘0 - Ar data. Flow H2 3.5 cc/ﬁin,

o
Flow O h.2 cc/hln Flow Ar 3.35 cc/ﬁin. Total pressure
7o mm Hg '
" Distance " ‘Intensity
~ (cm) o v (arbitrary units)
33 ’ | ’ 1.03 -
16 _ | .62
60 T
70 ' .31

80 .22
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Table XVIII.  Run 276-279, H atom _rﬂg'; Qé*datag gFiow>H2'3.6hcc/hin;'

Flow O, 4.2 cc/min. . -Total pressure :52 mm Hg. -

L Ijisfance R | ‘ ‘Ipﬁensity
~(em) ~ (arbitrary units)
33 - 78
L6 : ' .39
60 - .28
70 R S a

Teble IXX. Run 280-285, H atom - H, - 0, data. Flow H, 3.3 cc/min.

Flow 0, 2.6 cc/min. Total pressure .40 mm Hg.

-Distance = - - : : ' Intensity

fem) (arbitrary units)

\ I ' S i.e8 .
- he, , . .82
70 | | 43
80 f 26,

90 ) .23
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‘Table XX. Run 301-308, H atom - H, - O, data. Flow H, 5.8 cc/min.

* Flow 0, 1.22 cc/min.. Tital iressure 40 mm Hg.
~ Distance ~ Intensity
0 (em) (arbitrary units)
33 | 1.75
L6 ‘ 1.49
60 o . 1.26
70 - S 1.15
80 | 1.03
90 : I .96
100 : .63 .
o . .6l

' Tgble XXI. Run 423-428, H atom - H, - 0, data. Flow H, 3.lcc/min.
v Flow 0, -9 cc/min° Total pressure .36 mm Hg.

Distance Intensity

(em) : (arbitrary units)
30 o | .77 ‘
ite) 1.33

50 .9k
60 ' | .65
70 - : ST .55

80 ' L2
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Teble XXII.  Run 429-133, H atom - Hy

2

- 0, data. Flow H, 6.2 cc/min.

Flow 0, 1.8 cc/min. Total pressure .62 mn Hg.
Distance intensity .
- _(em) (arbitrary units)
30 ' : l.LI-8 .
40 1.18
50 .61
60 .60
- 70 .29




Table XXIII. H atom - H, - O, data and calculated values

i

2 2

Flow H2 ‘Flow 0, Flow A» -- . Pressure Distance Linear- -
R (cofmin)  {eefmin)  (co/min) o0t for balf = veloelty f, .

1 atm. . .1 atm. . 1 atm, . {(xm Hg) '(ém%o _ h (@m/.sec‘} Lo
149-154 3.5 T .29 375 279
161-168 L2 1.1 .31 32.5 320
208-215 4,0 1.1 .31 33.5 318
184188 3.8 1.3 .32 39.3 302
143-148 3.5 1.6 .34 ho.7 290
109-114 b L 1.6 .33 - 41.0 349
169-176 3.8 1.6 .34 26.1 302
200-207 h.2 2.1 .37 26.0 320
177-183 L2 2.1 .36 19.6 - 333
130-135 4,2 S 2.2 .36 27,5 334
116-119 bk b2 .53 20.5 311
139-1k42 5.2 5.2 .59 1k.9 293
216-223 3.6 1.8 .32 27.6 326
226-232 3.5 1.8 3.2 .5k '29.8 . 30k
233-240 3.5 1.8 42 .36 26.4 304
271-275 3.5 h.2 3.35 .70 21.7 304
276-279 3.6 4,2 o .52 18.0 286
280-285 3.3 2.6 .bo 21.1 286
286-292 5.8 3.4 .51 25.2 345
301-~308 5.8 1.22 R:To) 55.4 336
h17-ko2 3.7 1.5 16 18.3 348
423-428 3.1 .9 .36 23.3 34k
429-433 6.2 1.8 .62 18.8 Lo1

( continued)



Table XXIII - (continued)

-'e:'-{.‘-{_

Run Diameter Cylinder /4 x 10 T x 10 T7/40,) v 4o0,)
(em) sec _ - sec . 5 =2
v x 10 ' B 4

(mm Hg sec) x 10° T
. . . sec
149-154 0.92 1.3k 3.2 1.6 .55
161-168 0.92 1.02 1.6 .96 .31
208-215 0.92 1.05 1.8 1.3 b1
184-188 0.92 1.30 3.7 3.0 .93
143-148 0.92 1.51 - T7.6 7.6 2.2
- 109-11h 0.92 1.17 3.3 3.0 .90
169-176 0.92 .86 1.3 1.3 .38
200-207 - 0.92 .81 1.1 1.3 .35
177-183 0.92 .58 759 2Tl .20

130-135 0.92 .82 1.2 1.0 .28
116-119 0.92 .66 .8 2.2 b2
139-1k2 0.92 .51 .53 1.8 .30
216-223 0.92 .85 1.2 1.3 RN
226-232 0.92 - .98 2.1 2.3 43
233-240 0.92 .87 1.2 1.3 .37
271-275 0.92 .T1 1.1 3.0 b2
276-279 0.92 .63 T3 2.0 .39
280-285 0.92 .Th .88 1.6 4o
286-292 0.92 -3 1.1 2.1 b1

301-308 0.92 1.65 - - -

Li7-k22 0.72 .53 .60 .78 2k
423428 0.72 .68 .89 .71 .20
429-433 0.72 b7 58 .81 .13
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III.. DISCUSSION

A. Hin H2

In the pressure range used in thése gxperiments, heterogeneous reac-
tion at the wallé is an important prbéess for the recombinatiénvofithe
’ aﬁoms. Previous work,Aas—described in the introduction to this thesis
. has shown*that‘this'ié a process of first order -in H.atoms; Homogeneous
second-order rec0mbination‘in the ‘gas phase ﬁould be an important
‘mechanism at higher pressures. Since the'experimental data seemed to
- fit a first—order plot reasonably well, it Qas decided to try to fit
the dafa with a mechanism whigh_employed,deétructibn of the atoms at
the walls. The treétmént'ﬁas based on a mathématical model similar to
that of Wise and Ablow. 0721

The model assumed that H atoms were lbst on the surface of an in-
‘finitely long cylinder. - This loss;is expressed by the recombination
coefficient v, which is defined as the ratio of the number of atoms
striking and reacting with the surface to the tota; number of atohs
stfiking the surfaceé Following the notation of Wise and Ablow, v is
expressed in terms of the dimehsionless.constant B, givén by & = hD/YcR,
L for v < <>l; D is thevdifquion coefficient of H atoms in H,, or --
in the third-body experiments (adaition of Ar) -- D is the diffusion eo-
efficient of H atoms in ﬁhe mixtufe of éa_ses° The ﬁnits qf D are
Cﬁe/seé.“ The rms speed>of H atoms. is ¢, expressed in units of cm/sec,
and R:(in cm) is the radius of the cylinder. The equation emp;ojed in
our analysis is a modification of Fick's second law of diffusion. Be-
fbre the derivation is given a shqrt discussion of PFick's first and
second laws of diffusion is in order. For a fﬁller and more rigorous

26

discussion see Crank.
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The fundamental hypothesis in the theory of diffusion is that the
rate of»transfer of a diffusing substance per unit area F is proportional

to the concentration gradient measured normal £6 the unit area,

¥ =¢§%{; o o (1)

X

whefe D is mhé proportionality constant:and-isicailed the diffusion
‘coefficienty, n is the concentration of the diffusing substance, and x
-is the coordinate normal to the unit area. The minus sign arises be-
'Udause‘the'direction of flow is opposite to that of increasing concen-
‘tration. This hypothesis holds only'for.isotropic media, and may 5e

*géneralized-to three dimensions by writing doﬁn the corresponding terms

" -*in the ¥ and z directions.

Lét ﬁs consider two paraliél planes of unit'area'which bound a
"volume elerient whose length is dx.'-Then the increase per unit time of
the concentration within this #olume bounded by x on one sid¢ and x+dx
on the other side is _ v
' F -, =D(-3n/x)_+ (3n/x), ),

:'Ey ﬁqti(l); After dividing throﬁgh the above equation by dx, and sincé
ve ha&e. B | _
| (3n/3x),,. = (3n/3x)_+ (3/3x)(3n/3x) ax,
theaiﬁcreése of conceﬁtratidn with time'ié“ ‘ |

/ot = (Pufed). S (@)
Equations (1) and (2) and Fick's first and second laws of diffusion,27
"andiwere first discovered by aﬁalogy.with Fourier's equations of heat

“conduction. The above equations have been derived by assuming D is

constant.
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Generalizing Eq. (2) to three dimensions, we find
5n/5t D (3Pn/3" + a2n/ay2 + 3Pn/32°). O (3)
Since our model 1s for a cylinder, we transform Eq (3) 1nto cylindri-
" cal coordinates. et |
X = r cos 8, y=1rsin 6, z = z.

Substltutlng into Eq (3), one gets

- 1 on dny |
3n/dt = r{ﬁ(r )+’a“<r )+5—-—-(r Z)}.
Since in this problem (On/36) = 0, this reduces to
- 2
1 9 on on | -
.5n/6t=D[; B?‘—(rg;)+-a?2- .
* This is Fick's secohd law in éylindrical coordinétes.

The equation we_usé to analyzé our data is
¢ =t a RV B ' an ’ ’ L}. ‘
Bn/ét:vD[; 5—;(1’ )+ ~ J—V—'S;(—, | ‘ ()

ﬁhere.x is the coérdinate along the axis of the cylinder which we
previoﬁsly called z, r is the radial coordinate, n is thé concentfation
of HAatoms, and v is the velocity of gas flow in the x direction.

Equation (&) has an extra térm added to Fick's second law (-v
dn/5x) to account for the fact that diffusion is occurring in a flowing
systemJ. The réactioh studied took place under steadyFstate cbnditions,
so that we have |

_ /ot =
and Eq..(4) becomes |
D[%gf-;—( )+—.—J—v?¥o» N (5)

The following boundary condltlons applled to this equation are

n(r, X = O) , | = B | (6)



| Em/Br(r:O,x) -0, I (7)
n(r;:“c = °°)»= .O, : - (8)
'8ﬁ/3r(r =ZR} x) = -n(R,x)/8R. =~ - o (9)

Equation (6) defines the number of H atoms at x = O.. Equatioh.(7) defines
the‘conceﬁtratioh aloné the axié of thé cyiinder as a maximum. vEéuation
(8) gives the concentration of E atoms at infiﬁity‘whiéh”is (zéro), and.
Eq. (9) defines the nﬁmbér lost on ’t;hes cylinder walls.,28' |

‘As shown in Appendix 1, the solution of Eq. (5) éonsists of separa-
-ting it into two parts; the radial part and the linéar part. Each part
can then be solved separatélyn For the conditionsvwe are interested in
(r < 1, 6‘>>ﬂi),ls-the>radiai bért feduces fo a éonstén‘b° This means
that there ié no concentration gradient in the radial dirgction° There-
fore the solutién of Eqai(B) is . 'T

n/ho_;.exp .1/2[ % - X; + %%9 ) L/E Jx }5 (10)

and :LS ﬁhe—tvso._lut;io-l.rvll of the linear part of the differential equation
:mgitiéiié& 5& a‘qongﬁanﬁf o - | |
N ;Frém ﬁﬁé‘expgrimeﬁfal daté.ﬂévfbuﬁd thé distanée for half reaction,
,;Qi/?f 'Ugiég.an ggpatioﬁ éimilat-to $go (ld), we see

n/n_ = exp (-kx),

005 = e}§p (-kdl/z)? .
- 2 1/2
’k='°"69-3/d1/2=1/2<%”[_§2—+§I.£] )’
and - T
v = (k°D + kv) 2R/c. ; (11)

Equatibﬁw(ll)vhﬁs two parameters that can be determined by experiments

-
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at dlfferent flow rates. These parameters are D and T. Amdur has glveni

a value for D (for H atoms in H, ) which is D - 1. L x 103/? (1n mm Hg)

cm /sec 29 Recently, Colllns and Hutchlns determlned D by electron para-
magnetlc resonance experlments and found it to be (2 O .2) X 103/? (mm- Hg)'.

30

cm /sec In Table XXIV values of Y are presented for various values

-of D. o
Table XXIV shows phat-no one'particular value of D 'increases marked—;’
ly the agreement of tne values of 71 per column; The reason for this is
that in our system, as the pressure increases, the flow and the diffusionv
coefficient decrease and k increases. These changes tend to compensate
each other and the value of ¥ remains nearly the same. Values for v :
‘calculated from the larger values of the diffusion coefficient agree
slightly better. The data indicate that Amdur's values of the diffusion‘
isntoo-low. For the H atom - 0, measurements described in the next sec-
tion we use D = 2. 0/P (mm Hg) cm /sec and v = 1.8 x 10 -3,
The values of y found in our work vary from 0.9 x lQ-Svto 2{5 b'd 10_5.
Colllns and Hutchins determined T for'a pyrex surface treated with hydro-
fluoric acid, and found 1t to be 0.7 + .l bd lO 5 30 Smlth reported a
_value,of,vr='l .05x10 . -5 for a clean pyrex surface. 5 Poole found a value

A 16 Stelner s values for ¥ ranged from 2xlO -6 to 9x10 -6 18

for y of 1.6x10°
Smith's experiments were similar to ours except that he used a catalytic-
probe to analyze for H atoms. Steiner's and,Poole's values for y were
calculated from work in which surface recombination was a minor effect.
Our values of v are in fhe same range as the earlier direct measurements,

and show that our methods of measurement and calculation give reasonable

" results.
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Table XXIV. Values ofwfwféi various values of the diffusion

" coefficient. O

i}(émg co 1103 - . .2.0x10° . 3,0x109

sec P(um Hg) P(mm He) : P(mn B,
Run - yx10% o yx10% ¥x10°

251-257 | 2.0 2.1 2.4

. .312-319 .. ... 2.2 - - - . .2.3 o 2.7
- 367-372 1.3 Lk 1.6
| 345-353 1.8 19 21
337-341 1.8 1.9 . 2.0
331-336 . ... 2.4 ... 25 ) 2.8

- 396-ko2 1.0 ~l.2 1.6
382-387 1.1 Le 12
1322-330 ©oo1.7 ¢ T 1.8 S 1.9
258-262 S 15 . - L6
1 388-394% | 1.1 1.2 - L5
so3-b08 .7 9 1.2
ho9-k16 1.3 R 1.6

. Average o L5k 1.6k.h 1.9+.k
Average . 1l.6+.h 1.7+.4 1.9+.k4
(not including ' g : -

”_ Run L403-408)
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'B. Hin Mlxtures of E o) 02,'and A

1. Calculatlons o o : = ‘ e

) The H atom - 02 data fltted a flrst order plot, and the over-all

rate of consumptlon of H atoms vas hlgher in this system than in the H
tom - H2 recomblnatlon work. Th;svshows that another react;on besides

H atom'Surface recomblnatlon consﬁmed'H atoms énd that itVis of first

_ order in H:atoms; This is the reaction of H atoms and 0, molecules.

In order to gccount quantitativeiy for thisbfirst-drdér reaction another

term was added to the diffusion equatioh.

The modified equation is

D[%('rg-g)s,a

where all symbols are the same ‘as before except for D, which is now

g } - _gg - kn =0 | | (12)
' the.diffusion coefficient fbr'H atoms in mixtures of H2,'02, and Arf

In this equation, ki is.the first-Order rate constant for
lthe disappéaranée of H atoms. The sclutibh of Eq; (12) is very similér
to the solution of Eq. (5), and is also shown in Appendix 1: The |
boqndary,éoﬁditions for Eq° (12) are the same aé for Eq. (5).

"The solution for Eq. (12) is
Ly

ﬁ/n' =;e.xp i/e [X‘;G+ "-Bi;gc)/a]_x}o (13}

As shown 1n the prev1ous sectlon the experlmental quantlty dbtalned

is dl 2,_;0 that_Wg_have"

‘n/n = exp .(.,_ko.dl o) |

k= o°693/al/b-= 1/2. | (1u?
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Solving for k

12 ¥e find

| 2 X .
k) =Dk~ + kv - vc/2R. (15)

The only change made 1n the system has been the addition of O2

therefore k is the flrst order rate constant for the reaction of H

atoms with O2° Since ko, the experimental rate constant, is deter-

. mined by two simultaneous reactions, which are the reaction of H + O2

and the recombination of H atoms on the walls, then k ;a.kl, the rate

2
mental half life (rl/é = d;/g/v = 0. 693/k ) and r 1/2 ~the half life

constant for the H+ O reactlon alone If we call T /2 the experi-

for the reaction of Hvatems with O (j;/2 = O°693/kl)’ we have

2o

2
T1/2 T Tifet | o y
We can now calculate kl and xl/éo ‘The value of ¥ used is 1,9&::10_5
‘which was found from the - H atom recomblnatlon work. By essumlng that
the diffusion coefficient of H atoms in O2 is equal to the diffusion

3L to deter-

coefficient of H atoms in Ar, we eanlqseAfhe data of Wise
- mine the diffusien coefficientﬂof_Hvetoms in the mixture H,, O, and Ar.
Values for‘r;/é and. Tl/é are given in Table XXIII. Comparing the
values of Tl/é and 11/2, we see that at low O2 concentratlons the H
atom recombination reaction is very 1mportant but as the O2 concen-
tration ‘increases the importance ef H atom recombination diminishes
until at hlgh'oz concensrations if is of little significance.

| The last colﬁﬁhs in.Table XXIII show the values obtained when
Tl/é is:first(multiplied by the 0, cdheentration and then the producﬁ
is divided by the total pressure. Since almost any simple mechanism

gives the reaction of H + Oéaas first order in 02, we would expect

ri/é(oz) multiplied by or divided by some function of the total



pressure to be_equai to a constant,*‘As can be seen from the last
column in Table‘XXIII,_Ti/é(Og)/?tOtal is neafly constant for most
of the runs. In Fig. l9da.§lot of Ti/é(Oé? vs Ptotailshowsbthe |
general scatter of these data. ‘Thé data fbr the smaller tube (a-=
0.72 cm).do not fit this ploﬁ;‘ The above relatiohship means that‘ény
reaction méchanism ﬁritten-to explain the rate of decay of H atoms
will have to be a first¥order pfocess with respect to O2 and inverse-
1y proportional to the total pressure. The de&iation Qf the data for
the sm;ller tube will also have to be explained.
2. Mechanisnms

‘Various reaction mechénism§ have been proposed for fhe H + Q2
reaction. Burgess and Robb, whose experiments_ﬁeré_run at total
pressures higher fhan ours, proposed a mec‘hani'sm.l3 Their'meéhaﬁism
contains a chain reaction, which will not be'importént at our low
pressures, but it does show that the rate of disappéarance of_H atoms

is directly proportional to the total pressure. The primary steps in

their reaction mechanism are

 k, %
H+0, 3 HO, , (a)
* N - . . . )
- HO, k‘i) E+ Oy (v)
* km ) .
HO,, > HO,, : (m)

so that one has
-a(H)/at x,'kmka(n)(og)(m)/_kb,

assuming steady state for HO_. Meyer used steps (a) and {(b), but

2
postulated for the last s‘tep3
| * kc ' ‘ ' o
HO, - HO, +hv, (c)

2 2
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giving
a(H)/at & | kcka(VH)(‘OE )k, |
In his mechanism the total pressure had no effect on the rate of dis-

appearance of the H atoms. Neither of these mechanisms can'explain our

data.
- A possible mechanism to explain our results is
k : "
a * ' :
g + 0, > HO,, , : (a)
HO, = H + Oy g | e (v)
HO, + Wall = HO, + wall, _ (w)
kd : . ’ , v
HO, + H S 20H, . - | ' - (4)
_ X, _ ,
H+Of+M 5 HOH + M, : (£)

where the last two steps have been added to show the ultimate fate of.

HO2 and to explain the production of OH. The rate of reaction of H

*
2

;d(H)/dt = hkwka(ﬁ)(oe)/(kb + k) | (15)

‘atoms in this mechanism, assuming steady state for HO Hog; and CH, is

In this expression the steady-state assumptions for HO, and OHbdo not

2
change  the form of the equation, but only produce a numerical factor of
four. Under the conditions of a relatively slow over-all reaction,

kb'>> kw’ so that this mechanism gives
~d(H)/dt = ukwka(ﬂ)(OQ)/kb,
Under our conditions kw is pressure-dependent, so that the rate of

disappearance of H atoms is inversély proportional to the total pressure.
: <

The rate constant for the deactivation of HO2 at the surface of the

- *
cylindrical tube is kw. If we assume that H02 is deactivated on the
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walls very efficiently, then the magnitude of kw depends on the diffu-

* . . '
o and hence on the total pressure. This means

~that 71, the ratio_of.thelnumbey vacollisions ﬁhat deactivafe the mole-

sion coefficient of HO

cule to the total number of collisions, is approximately unity. If the
surface were inefficient (y < 10”2) there would be no concentration

gradient of HOQH ip.the reaction,tube_and therefore no pressure depen-

dence. This effect was shown earlier in the H atom recombination work.

The problem of calculating surface destruction constants in cylindrical

vessels has been quantitatively treated by'Seménoff;32' For surfaces of

33

high efficiency the first calculations were done by Bursian and Sorokin.
Recently Baldwin has taken Semenoff's results and has extended them
over a wide range of Yosu

The following diffusion equation has been solved for n, the number

v Qf reacting species under steédy-state conditiqns:

2
P 2 g o v% %% + (f-g) n + n.o = %% =0 (16)
T : : c

This equation has been derived for chain reactions, and the nomencla-

ture is taken from this type of reaction (see Baldwin):

'f = gas-phase branching constant (in our case f = 0),
g = gas—phase termination constant,
n, = initiation rate per unit volume.

- Under steady-state conditions

- B — 4 - l
n o =n/(k +g- 1) | an
"where ks,= surface termination.constant.

.- For our mechanism, assuming steady state, we have

HOZ': k (H)(0,) /(K + k), (18)
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' therefore n = kl(H)(OE)? g=%, f=0,andk, =k.

Baldwip has skétched the method of soluﬁion; for this diffuéion
equation, and givés in his paper a table for the solution under various
éondifions of total pressure and 7.

For y %.l, . _ |

k (or kw),z 5.8 D/fz. - ' ’ ; , - (19)
For the detailed mathematical solution of this diffusion equation, fefer‘
to‘Semenoff. ‘We use Baldwin's exﬁanded treatment of this problem.

In order to use the above’equgtionnto calculate kw’ the diffusion |
-coefficient ovaOZ in a mixture of Hzland O2 (assuming O2 and Ar are
the samé) can be approximated from the diffusion coefficient ofIN2 in
H, and 02., The true diffusion coefficient for HOZ is probably less
than the one we calculate, but because of the lack of data we use the
above apprbximation. The diffusion coefficient of CO and.CO2 in O2 |

: *
differ by about 25%.35 The diffusion coefficient of HO2 in H2 and

2

coefficient of N2 1n-H2 and Q2,

From tables in Hirschfelder, Curtiss, and Bird35 we find that at -

in O, would probably differ by less than this amount from the diffusion

-1 atmosphere and 293OK thevdiffusion coefficient of N2 in H2 is 0.76

cm?/éec and the diffusion coefficient of N2 in 02 is 0.22 cm”/sec. Then
. 36

we can use Wilke's formula for interdiffusion coefficient,

D. . _ , n g/D . -1 éO
N, in He, 0, = (?HQ/DNQ in H, + "0,/ N, in 02) | (20)

where an and nO are the mole fractions of'H2 and O2 respectively.

2
From Eq. (15),



| MEENO) o 0.603(m)
at ~ kb+kw B exp. - B T

Now, for.kb > kW”

Ltkakw i 0.693
Ky 1/ 0p)

Assuming ¥ & 1, k = 5.8 D/R , we have

hx5°8k
= - 0B - (21)
Ty o Tl )

" This equation shows that Ti/é(OE)D should be_a\édnstant for all the
“runs. Table XXV'lists the individual runs and Ti/é(OE)D for each of
thém. Figure 20 is é graph;?f T{/Q(OE)D e l/Dﬁ92° T£/2(02) for the
smaller %ube was normalized to the larger tube by multiplying the wvalues
by'(0.92/0,72_)2j which is the square of the ratio of the radii. Equa-
tion (20>‘shows that this wili[normalize the T£>2<O2> values. The
:’”averagé value from.Figq EO.for»Tiyé(Oz)D = 1.0 x lOl cm? mm_Hgo Assuming
= 3°2xlo9 secml (Burgess and Robb's Value), we can now calculate kb
from Eq. (20). We find k= 2. 8x109 L for a value of ¥ & 1. If
we assume v = 0.1 (using Baldwin's tables), we find k =1 leO9 sec T, .
Bal&Win’hés shown that for the range of pressures of our experiments
Y < C.1 does not give effective diffusion control of the surfaceAreaction°
The rec1procal of k 19 ‘the llfetlme of HO2 . Whether HO2 is in
the ground elecnronlc state or an excited electronic state, it is cer-
tainly in an excmted.vibéétlonal stateov The minimum llfetlme of an

excited electronic state is approximately 10-8‘seco The rate-determining

step in the decomposition of Hog- is the time that the vibrationally
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values.

Diffusion coefficient parameter and calculated

* Normalized to diameter'.92.cm.

Run rl/é(oe)xloef | DHOEXIOE DHOE rl/z(oe)glo'l l/bﬂo*x103
(sec mm>Hg) ' (cm2/éeé) 7 (ém2 mm Hg) (cme/ééc)-l‘

149-154 1.6 13.96 2.2 .730
161-168 96 12.52 1.2 .800
208-215 1.3 11.9% 1.6 .838
169-176 1.3 10.00 1.3 1.00
200-207 1.3 ) 8.78 1.4 1.1
177-183 .71 8.89 .63 1.13
130-135 1.0 8.89 .89 1.13

S 116-119 2.2 4.9k 1.1 2.02
139-1k2 1.8 ST T 2.43
216-223 1.3 9.84 1.3 1.02
226-232 2.3 435 1.0 2.30
233-240 1.3 8.19 1.1 1.22
271f275 3.0 3.07 .92 3.26

 276-279 2.0 k.81 .96 2.08
280-285 1.6 6.88 1.1 1.45
286-292° 2.1 5.98 1.3 1.67
M17-kp2  1.3% T3 97 1.35
423-428  1.2% 10.42 1.3 .96
429-1433 1.3% 5.97 .18 1.68

Av. 1.1
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excited molecule stays in a bounded state. The period for a vibration

is about 10722 £ 1071 sec. Robertson calculated the lifetime of HO

from his data and found it to be about 5}:].0"12 sec. Meyer found that
by assuming a value of lxlO—llvsec he could QUantitatively explain his

: o . ¥ : -
OH data. Burgess and Robb found the lifetime of HO2 to be 4x10 ? sec.

’ . , * _ _ }
Our value of the lifetime of HO2 is (512)x10 10 sec., This lifetime in-

| : . A .
dicates that the 45 kecal of excitation energy3_ef H02 are well distribu-

_ted through all the molecular vibrations of the molecule.

. — o %
Our value of the lifetime of HO2

' the‘complexity of this excited species. This work represents a fairly

is quite reasonable if one considers

direct measurement ef'this lifetime. It is in reasonable agreement with

the libfetimesv of about lO—lO sec found for other vibrationally excited

37

triatemic.molecules formed by bimolecular collisions.

-

30‘ OH Concentratien
By the'use of the mechanism written in the previous section, we
can solve for OH in steady—statebconcentration,

(OH) = k k (o )/k (k_b + ) (M) kX (o )/kflgb(M)o : (22)

This equation shows that OH should be proportlonal to the O2 concentra-
“tion end approximately 1nversely proportional to the square of the total
- pressure. Meyer}s data.qualitatively followed this dependence except
that’at.highe? 02' .

" with an increasing.partial pressure of 02°

pressures the OH concentration'increased only slowly

In order to explaln the above O2 dependence, g mechanlsm is needed

that will llmlt the amount of OH formed. A possible reaction is
k

e .
' e
HO, + OH > HOH + 0,. (e)

This reaction was also proposed by Meyer. Using this reaction in our
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-reaction mechanism, together with the values of the rate constants
given in the introduction (except for k. = ké = 5,8D/Pg), we find

O\ cady stat | |

ste ys?j/ . kkk(O) ‘1/2V o)

kg(D)/2k (1 + ' -1 .
K f:(H)m . } 23

ThlS equatlon shows that at low: O concenﬁfations'the*OH concentration

is direetly proportlonalrto the O2 concentratlon (at constant pressure),
but as ﬁhe 02 concentratlon increases the OH concentratlon becomes
pnoportiona}_to the square'root of the H atom concentration and the O2
concentration.r This equatlon qualltatlvely.explalns Meyer s results.

It should be noted that “the mechanlsm dlscussed previously is
Juso one poss1ble m.echanlsm° The reason it was chosen is that it is
the simplest one that fits the data in this thes;s and the data in the
litersture. The reaction step added to.enplain Meyer’s data is quite

2

HO reacting with the walls' mlght be an 1mportant termination step.

improbable at low OH and HO, concentrationso At low pressures, OH or

This sort of reaction has been shown in this thesis to be important in

*
the recombination of H atoms and also in the deactivation of HOE'

L, " Future Ex@erimente

| An infefesting experiment wouldvbe to faise the toﬁal pressure to

tne point 5£ which collisionel deactivation would become important. In
this case the preseureAdependence of-the disappeerance'of H atoms would
change from being inversely broportional.to the:total pressure to being
direcfiy proportional to totel pressnre. Anoﬁher method of increasing
the collisional deacfivation of HOZ woula be to increase tne diemeter

of the tube. As shown previously, the diffusion coefficient decreases

as the square of the radius. With the present apparatus these experi-
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menté are difficult to do. But with a lower-frequency electron spin
resonance spectrometer it Wéﬁid e @655ible»t6 increase the diameter of
_the tube. .At the same time it might be possible to raise the total .

pressure aqd therebyvg?eatly increase the pfqbability of gas-phase colli-
‘ %

"sionél-deaétivation of HO2
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Appendix 1 _

- The equation we wish to solve is

13 (. dm . 2 m . -
B %)t ;%]"’5;? = 0. - ey
X - '

| A solutlon of this equatlon 1s
=zx(r)R (r), - (A-2).
where each term of this serles is a solution of (A-1).

Substitut:.ng Eq. (A-2) in (A- l), we see

R"( ) X(X) + R “(r) X(X) X"(X) R(r ) + 5 X (X) R(r)

Dividing through by R(r) X(x) » We have

(r) _ X(x) v X’(’;) .-K2 Ci - (A-3)

where we have now separa,ted the varlables and set each side equal to
- .a consta,nt,,_ -Kz., We can now solve the linear part and radlal part of
-. Eq. (A 3) separa,tely
Let us look at the linear part of Eq. (A 3),

X (x) .,% X(x) - KX (x) =
This equation is one of the standérd forms for a linear differen-

tial equation. The solution is as follows:

2

m- - gm-K =0, ”
S - : 12 _ 2
v v - v /v 2 v v 2
__ Dt 5o + ﬁ*‘/’ﬁz*-m‘ D @t
= N = ! ] = Y
2 "1 2 2
) om ] .19
The solution to this equation is sketched in Wise and Ablow; we

are presenting here an expanded version oi the solution and applying

‘it to our particular case.
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X;x?=Aie@{g[%+§+ug%}}+Bexp{[,-_ 22]}<“>

The radial part of Eq. (A-3) is ' ’ ‘ .
rzR"(r) +r R (r) + K2r2,R(r) = 0. (A-5)
If we make the substitution y = kr, Eq. (A-5) becomes
vepn o 2 - ,
YR (y) + ®’(y) + ¥° R(y) = o, | - (a-6)
which is Bessel’s equation of order zero.
. The solution for this equation is
R(y) = €5 3.(y) + Y (¥), | (a-7)
where J (y) is a function defined by an infinite series known-as the
Bessel func tion of the Tirst kind of order zero, and Y (y) is a func-
tibﬁ.defined‘by another infinite series known as the Bessel function
of the second kind of order zero. Now the solution for Eq. (A-1) must
be finite for r = O, Therefore, since Yo(y) - © asy -0, Chv; 0.
Equation (A-7) is now

R(y) = €3 3 (¥). N (a-8)

Let us apply the boundary condition,

dn (rRyx) _ _ . (Rux) | | (8-9)
or ' B8R,

‘-Since_this condition applies only to the radial part, we may write it

_ - R(xR)
r=R = B3R ’

R (kr)
Performing'thé indicatedvoperations, ve. get

c
ﬂ : |
c3 k Jl(kR) = = Jb(kR)o
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let k = %, where a is a constant; then

J (a) K a J (a ;J~'- | ., 1   ". (A;ld)

'The roots of Eq. (A-10) are a ( i'= 1,2 3, yeee)s and ‘have been

tabulated by‘Wlse and AblOW'for varlous.values_of 5; _

Now the solutlon to the radlal part is

R(I’) = : . 'JO T »o 7 Where_.'-.k ) =—§- > -

and the solution to the llnear part is
‘mx mx
X(x) = Z (A e l‘ +B, e ° 3.
_ i=1 - - S

- Combining these two equations, webgét

{l [D (_2 + K> ] } Be%[%_@i*_ " K2>’2 ]x} -

7% S - .
x Jo(-»--—R. o (A,-.-.’LJ.) .
At x =0, n = n_, therefore
_ : A S A Aol
n, =2y (A +By) I\ | (a-12)
At x = », n =0, so Ai = 0 for this boundary condition to be true.
Therefore T : o
‘n = I B.J- & . (A-13)
o . i’o R o , :
l:l . L . o ’

: S r .
If we multiply both sides.of Eq. (A-13) by _(%) I, (j'%—) and use the

orthogonal properties'of Bessel funcfions, we obtain,
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/ ()J C_"j (O’kr><) 0 for 1 £k
R T
% (l+52a 2) J (a )for i=k
and also
r i ry ~ "l7d
/ (&) J<‘§‘)d (%)= ==
O Y o . P Y o " '.-—~4 l
we find v : L
2n -1
Bi = a——' (0( 5 +l) J (a ) .,} S
* 1
( < -3 S e
m £ (a5 e
o3 em(BAD T(5) « (a-1b)
o i=l o (a + l) I (a ) _ .
For the conditions that interest us, we "h"a\"rei.57 (Y 10 5),

and by use of the tables in Wise and Abloﬁ, it can be shown that only

the first term in the series in Eq. (A-14) is important.

, air : o s %_v o _ ) ay
Then J (——-—) X1, OSr=R, o, & ( = ), and J (a) A5 If

we make these substltutlons :Lnto ch (A l)+) and also 6 % 5 we

obtaln qu (lO) in Part III

: ér. - 1
n__ LV oty 2xel e
n_ = %P D D2+D:‘ >x

We shall now solve the differentié"l':'équation_ (A-1) with an additional

term linear in n.. The equation is
T N AN, A2 .
SR = —= | = " -k n =0. -
' D[ r Or <r o/t 5x2 v 3x 17 0 (A-15)

Separating variables as we did previously, we find

s
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R”’ 'L R’ L =X (% X’ 1 _
R(_I(‘I)’.z+_r' R(S?= x(x()2 % (fcx))*'ﬁ" K (4-16)

ol

We ;see from Eq. (A-16) that the radial part is the same as previously.

The same:bodndary;conditions3also_apply Yo this problem. Now let

K
7= x4+ K°
Z = ) :+_K .

Then the linear part is
s LV e -
- X (r) -5 X (x) - 2% (x) =
Thls equatlon is 51mllar to the llnear equatlon solved prev1ously

By analogy to that solutlon we - get

}2_4: °‘4: e@{%[v <7 _“@ g |  . | (A-l7).

2 Z 5
0 i‘=l‘_a(l+6a)J(a)

B

;éThé‘saﬁe'appfoiimaﬁions hold for this proﬁlem, and by substituting into
Eq. (A 17) we can derive Eq.(13) in Section: III,

) 5 L

. ';E;— ; exp~<2 D‘ DE D
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