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ABSTRACT 

The gas-pha~e reaction of H a toms with o2 has been studied as a 

function of the t6t~.i pressure and' of the .p~rt:ial' pressure of'o2. An 

electron spin resonance spectrometer was used to analyze for the relative 

steady-state concentration of the H atoms in a flow system. 

In order to detennine the effect of heterogeneous 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 - H2-argon system 

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

diffusion equation. The recombination coefficient r for H atoms was 

determined and the value found was 1.8 ~ .7 x 10-5. 

The experiments on the H atom - o2 reaction showed that the rate 

of decay of the H atoms was inversely proportional to the total pressure. 

The rate constants for ·this reaction were calculated from the experimental 

data by the addition of an extra term to _the modified diffusion equation. 

The following mechanism has been proposed to explain the experimental 

results: 

* On the assumption of steady-state conditions for H02, OH, and Ho2, this 

mechanism gives, for the disappearance of H atoms, 
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. At the p~essures used k is inversely proportional to the total pressure, . w . . 

and the lifetime of H0
2 

(iA) was calculated to be 5 .:t 2 x 10-lO sec. 

,., 
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L INTRODUCTION 

-· ., .. . 

The microwave absorption spectru.Iil of the OH radical, discovered by 

Townes'· et al. in 1953,'1 
gives one a direct way 6f studying this unstable 

species. This method has high sensitivity and is relatively cohv~nient, 

but it is limited, because of pressurE! broadening of the absol-pt'ion lines, 

to systems of a total pressure not greater than 1 mm Hg., !nve;stigations 

of the kinetics of the formatiOn of OH by the reaction of H atoms· and o
2 

'were made in this laboratory by use of the microwave spectrometer as an 

an~lytical tooL
2,3 Interpretation of the data proved difficult because 

of the profusion of conflicting results concerning the early'· steps of 
\- .· .. 

the reaction mechanism7 arid so this investigation'was tindertakerito eluci-

date. the i~itial steps of the H plus 0
2 

reaction. In order to follow 

this reaction we chose to study the decay of the H atoms in 0
2 

by means 

. of their electron spin resqnance absorption. 

Berginer and Heald studied thE! electron spin resonance spectrum of 
. . . - "' 

H atoiJ15 -~n 1954. 4 
Since then various workers have used electron spin 

resonance to analyze for H atoms. 
' ··' 

Shaw .studied the dissociatio~ of H2 

, in a microwave disc]Jarge 5 and also the effect of water vapour on the ex-
- . . . 

. tent. of. the dissociation of the H
2

• 
6

. Hildebrandt et al. have developed 

methods for the qu,anti tative measurement of H atoms .• 7 ,S Since OH9, o
2

, 
10 

!3.Ild i:p. principle H0
2 

(an intermediate species in the reaction) have 

.electron spin resonance spectra, we could in theory study four reacting 

speci~s in th~ r~action H + o
2

. We did in fact see spectra due to OH and 

p
2

, but this line of research was not continued. All our significant work 

.. was done by following the decay of H atoms upon reaction with 02 by means 
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of electron spin resonance. 

H atoms were generated by means of a microwave discharge in H
2

, 

the o2 was added to the mixture of H atoms and H2, and the reacting 

mixture was pumped down a long cylindrical tube which ran through the 

resonant cavity of the electron spin resonance spectrometer. The cylin-

drical tube and the associated gas system were portable, so that measure-

ments of the H atom concentration could be made along the tube by moving 

the apparatus back and .forth with respect to the spin resonance cavity. 

In order to be sure that.we were studying the correct reaction, the decay 

of H atoms without o2 was also studied by this technique. A more detailed 

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

the relevant previous work on the H atom - o2 reaction, and on the re

combination of H atoms, is given~ 

Ao Meyer's Work 

By use of a glass;,..cell microwave· spectrometer, R. T. Meyer conduc-

ted some studies on the low-pressure reaction (P total < l nnn Hg.) of H 

atoms. and o2 • 3 He observed the OH absorption line as a function of both 

the oxygen partial pressure and the total gas pressure. In these experi-

ments Meyer mixed H atoms (in .:fl
2

) with· 02 ~ The gases were _mixed in a 

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

45-mm o.d. ordinary pyrex tubing. The low time in the 15-nnn tubing was ·~ 

less than O.Ol sec, and in the 45-mm tubing about l sec. The larger 

tubing was equipped with a 4-mm quartz rod mounted along its axis for 

propagation of microwaves. In these experiments Meyer measured the OH 

radical absorption in the vicinity of the rod. He found that the OH 

concentration was fairly uniform down the length of the rod. He also 
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found that initially the OR concentration increases with o
2 

concentration 

but subsequently it levels off. His measurements also showed that the 

OR concentration is roughly inversely proportional to total pressure at 

constant o2 pressure, and that the surface condition of his cell did not 

,significantly affect the concentration of OR radicals. 

The mechanism which Meyer proposed to explain his measurements is 

as follows: 

* 3.2 z 10
11 

1/mole (a) H + 02 ~ H02~, k = sec; a 

* 11 -1· 
(b) Ho2_ ~ H + 02, ~ = 1 X 10 sec ; 

* 6 -1 (c) H02_ '-+ H02 + hv, k = 1 X 10 sec ; c 

H + Ho2 _-+ 20H, kd = 11 I . 7.3 x 10 · 1 mole sec; (d) 

- 11 
(e) OH + H02 ~H20 + 02, k = 3 x 10 1/mole sec; e 

11 2 2 (f) H + OH + M ~ HOH + M, kf = 4.9 X. 10 1 /mole sec. 

*' Assuming steady~state conditions of H02_, Ho2, and OH, this mechanism 

gave an OH concentration under some conditions which was directly pro-

portional to the square root of 02, and inversely proportional to the 

square root of the total pressure. This mechanism qualitatively fitted 

his data. 

Using the values for the rate constants given above, Meyer obtained 

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

const,ants ka' ~' ke' and kf were obtained from other data and are dis

* cussed in the next part. The stabilization of H02_ by emission was 

chosen in order to give the observed total pressure dependence of' the OR 

radical. The value of' l~c was chosen slightly greater than the rate of 

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

ke was estimated from the kinetic theory of gases" 
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B.· other Work on the Rei action H + o
2 

The ·literature on this reaction is quite voluminous. We shall dis- ~-· 

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 + 0
2 
~ OH + 0 is 15.5 kcal endothermic.

2 

Therefore we can eliiD.inate this reaction, 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 H
2
o

2 
is not an important 

stable product. 3 · Foner and Hudson's \Wrk
11 

is· strci'ng evidence for the 

existence of the H0
2 

radical. Their experiments are based on the use of 

the mass spectrometer~· Although they detected H0
2 
+ only at higher 

pressures, Robertson, who also did mass spect.roscopic work, saw H02 + 

in the low pressure reaction. 12 -He found that the H0
2
+ increased with 

pressure and suggested the mechanism 

* H + 02 -+H0
2

_, 

* -H0
2

_ ~ H + 0
2

, 

* H0
2

_·- + M ~ H0
2 

+ M, 

and estimated the lifetime lA of H02~ as 5 X l0-
12 

sec. Burgess and 

Robb studied the rate of the mercury-photosensitized ~ydrogen-oxygen 

•. 

' 13 
reaction by measuring the heat liberated in the system. The pressure ·Cr· 

range they covered was from 5 to 150'mm ng. The rate constants k and •a 
. . . 

kd in the previous section are taken from their data. In the range of 

. - * 
pressures for-their experiments, collisional.deactivation of H02 _ was 
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* the important mechanism... They estimated. the lifetime of H92_ as 4. 0 x 

10-9 sec •. The value_ of kf in the previ6us .. section w_as .taken from the 

spectroscopic work of Old~nberg and, Ri,ecke on the di_s.appearance of OH 

d . 1 14 ra ~ca s. 

The literature contains many contradictory results from many types 

of indirect measurements. This is why the dire.ct 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 + o2, we found that heterogeneous reactions were important in 

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

recombination of H atoms could be followed, and one of the results of 

this. thesis is new data on this reaction. 

Studies on the. disappearance of H atoms have been conducted by 

many investigators. 15-l9 At low pressures (~ 0.5 Illiil. 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 reactionis first order with respect to H atoms. 

The mechanism suggested to explain the·data says that first a layer of 

- . . 20 
H atoms is adsorbed on the surface of the vessel. The surface becomes 

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

phase diffuse to the saturated surface and react. ~e important experi-

mental parameter i:neasured is r, the recombination coef'fi<;:ient. This 

constant, y, is defined as the ra:tio of the number of atoms striking and 

reacting with the surface to·the total number of atoms hitting the sur-

face. Values of y have been measured for water-poisoned pyrex and quartz 
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. . -4 -6 15 17 18 surfaces and have ranged between 10 and 10 • ' ' 

Recently Wise and Ablow have mathematically analyzed the dif:fusion 

.and heterogeneous reaction of' H atoms in a cylinder. 19 In a later paper <.. 

they include in their treatment the effects of' convective·. flow and 

second-order gas-phase recombination of' H atoms. 21 A mathematical 

treatment similar to Wise and Ablow's is used in this thesis. The 

model and mathematical analysis are later discussed in detail. 

Krongelb and Strandberg, in their study on 0 atoms, were the first 

· to apply the techniques of'. electron spin resonance to the study of' 
. 22 

heterogeneous and homogeneous reactions of atoms. They employed two 

methods. One is to allow 0 atoms to diffuse into a sidearm of' the main 

reaction. vessel and measure the steady-state concentration of' 0 atoms at 

different places along the sidearm. This wa~ done by moving it back and 

.forth in the detection ,cavity. The other method used was a flow method. 
I 

• The oxygen atoms flowed directly through the detection cavity. The 

discharge cavity was m.Oved back and forth along the tube in order to 

__ · change the flow distance. They measured· y for the 0 atom heterogenE(ous 

surf'ace reaction, and also obtained a rate constant for the homogeneous 

recombination of' 0 atoms. in.the gas phase. The mechanism proposed to 

e:iplain their data is-similar to the one mentioned previously for H atoms. 

In summary we can say that, the disappearance of' H atoms by hetero-

geneous reaction is_ a process of first order in H atoms. The. mechanism 

that explains the re~ults of' a wide number of' experiments is the diffusion 

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

vith an H atom adsorbed on the surface. 

.•. 
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II. EXPERIMENTAL METHOD 

A. Spectrometer 

An X-band spectrometer operating near 9,000 Me/sec, which was 

constructed in this Laboratory, was used for the measurements reported 

in this thesis. It is a conventional balanced-bridge type of spec-

trometer employing ·100-cycle magnetic field modulation. A block diagram 

of the instrument is shown in Fig. L A Varian electromagnet with 6-

in. diameter po~e pieces with ring shims together with a stabilized power 

supply provided the d. c'. magnetic field. 

A Laboratory for Electronics stabilized klystron was employed as a 

frequency source. The klystron is stabilized on a discriminator cavity 

which provides an error signal to the reflector. Changing the bias on 

the crystals in the discriminator cavity permitted a fine tuning of the 

klyst;ron frequency. This proved-a very convenient method for manually 

adjusting the frequency of the klystron on the sample cavity. 

Flat-wound coils mounted over the_pole pieces provided the 100-

cycle field modulation. These coils were fed from the Zeeman modulator 

unit which also provided a reference signal for the phase-sensitive 

detector. The current in the coils could be accurately adjusted and the 

' 
magnitude was monitored by a Hewlett-Packard a.c. voltmeter and a Hewlett-

Packard current probe. A tuned 100-cycle preamplifier of conventional 
,. ' 

low-noise design was mounted near the detector crystal. The signal was 

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

sensitive detector, whose output could be traced out cin a recording 

potentiometer. 
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MU.26073 

Block diagram of the X -band spectrometer. 
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-· 
The cavity used for these measurements operated in the TE

011 

mode. I~ was made from a cylindrical piece of quartz which fitted 

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

coated with a Du Pont si].ver emulsion which was air-dried and then 

" baked onto the quartz. In order to get the best Q, the cavity was 

polished with commercial silver polish. The cavity was coupled through 

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

B. Gas System 

In order to perform the necessary experiments a portable yacuum 
l 

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

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

- 23 
na,rrow-gauge railroad tracks. This arrangement allowed the tube 

containing the reac:ting mixture to be easily moved with respect to the 

cavity and the magnet. A bJ,..ock diagram of the flow is shown in Fig. 2. 

The oxygen (Matheson technical grade, 99.6% min assay as o2 ) and argon 

(Matheson techni.ca,l grade.? 99.9'/o.min assay as Ar) used in these- experi-
- ,, 

ments came straight from their respective cylinders and were used with-

out purification. Hydrogen (Matheson prepurified, 99.9%min assay as 

H
2

) at 1 atmosphere pressure flowed through an activated charcoal trap 

at room temperature and then was bubbled_ through water. The water was 
---

added to increase the percentage dissociation of hydrogen molecules • 

All flow rates were monitored at 1 atmosphere pressure either with 

calibrated dibutyl phthalate manometers or Fischer and Porter calibrated 

floWm.eters. Flmv ra,tes were controlled by use of Hoke needle valves. 

Total pressure in the reaction tube was measured by a McLeod gauge. 

A diagram of the quartz reaction tube is shown in Fig. 3· It 
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Microwave discharge 
section 

R eoct"1on tube 

/ MU-26074 

Fig. 2. Block diagram of flow system. 
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consists of' three sections, the discharge section, th~ mixing section, 

and the reaction section. The discharge section consisted of' two con-

centric ·tubes, the inner tube being part of' the vacuum systein and 

separated from the mixing section by a diaphragm with a 1-mm-diam hole 

in the .center; The outer quartz tube is a jacket which fits over the 

inner discharge tube and is used'to cool the discharge region and its 

resulting gas. In this way the walls of the diE;>charge section closest 

to the mixing section are kept at room.temperature. 

Hydrogen molecules and atoms flowed through the diaphragm into 

the miXing section. At this position another tube concentric with 

the larger tube added 02 and sometimes a third body into the flow 

system. Then the gaseous mixture flowed down the reaction section, which 

was approximately 120 em long. Two quartz tubes of different diameters 

were used for the reaction section. .The larger had an iod. 0.92 .:!.:. .03 

em and the smaller had .an i.d. 0.72.:!.:. .03 em. The tot'al pressure was 

measured at a point between the mixing section and the reaction section. 

The reaction tube was connected to the rest of the vacuum system by 

means of two long tubes connected to each other and to the rest of 

the system by ground glass ball joints whose axes were perpendicular to 

the magnet pole face. This arrangement allowed the reaction tube, which 

passed through the spectrometer cavity located between the pole faces 

of the magnet, to be moved back and forth, without breaking the vacuum 

and without using flexible tubing, in the plane parallel to the pole 

faces in the center of the magn~'t gap. A Welch #1379B vacuum pump, 

which has a pumping speed of 370 liters/min at 1 mm Hg, vias 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 TM010 cavity with.the quartz 

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

a Wrede gauge was used to measure the percentage dissociation of hy-

24 
drogen. A Decker Corporation differential pressure meter #306 was 

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

C. Measurements of Hydrogen Atom Concentration 

~e hydrogen atom concentration was measured by sweeping through 

the high-field H atom line 4 a nutnber of times. Then the average value 
I 

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 approximation is valid only if the line width does not 

change vlith the concentration of H atoms or with total pressure. 7' 8 

The line width in these experiments is determined by modulation broad-

ening and by the inhomogeneity of the magnetic field, and is approxi-

mately 2. 5 gauss. The line-width broadening effects of electron ex-

25 . 7 
change and the total pressure are on the order of 0.3 gauss, and 

are relatively smal;J- 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 a"fjom line was swept through a number of times 

(at least three) and then the DPPH resonance line w,as swept through a 

number of times. The amplitude of the 100-cycle magnetic field 

modulation was set to give the maximwn H atom signal. When the DPPH 
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line was swept ·through, the"modulationamplitude'was set so as to give 

a signal about ,·half as large as the initial H a toni. signal. The ampli

tudes of the mocitiiation for both the H atom line and. the DPPH were chosen 

at the start of' a run and were" kept const~nt throughout the run. A run 

consisted of' a series of' measurements along the tube, each measurement 

being at least 10 c~ further down the .tube than the previous one. The 

flows of' gases a.nd the total :pressure were kept 'Constant during a run. 

Measure!r..ents with the Wrede gauge 'showed that the percentage dissocia-

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

centrations are presented as the ratio of' the H atom signal to the DPPH 
. . 

signal. This method was particularly useful and simple in these experi-

ments, since the DPPH line is about 200 gauss away from either H atom 

line. 

D. Experimental Results 

Two types of' measurements were made. One was the disappearance of' 

H atoms without any o:x.-ygen present, and the other was the change in this, 

reaction when oxygen was added. to the system. These two types of' ex-

periments are discussed individually and then the results are correlated 

in the ne.xt sectiono 

L HinH
2 

At the 'start of our work the reaction tube. was cleaned with nitric 

acid, rinsed with distilled vTater, and the coated with 1 M solution of 

orthophosphoric acid. Later, Dri~Film. ( dimethyl.:.dichloro-silane) was 

tried as a coating, and also a straight chain paraffin, dotriacontane 

( CH
3

( CH
2 

)
30

CH
3 

). Another procedure was also tried and finally used in 

most of' the runs. In this method, the tubes were cleaned vlith dilute 
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hydrofluoric acid and then rinsed with distilled water. This process 

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

to hav.e little effect on the 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 observed that this coating was slowly 

re.moved by the H atoms. It should also be mentioned that with any of' 

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

there was a period of aging of' the tube. (usually a few hours of' flow) 

before reproducible measurements could be made. 

In some experiments the water in the hydrogen bubbler was held 

at 0°C. This was done in order to reduce the amount of' water vapor 

in the reaction tube by a factor of four and to see the effect on the 

rate of recombination of the H atoms. There·was no noticeable change of' 

the rate. · Therefore one concludes that once the water vapor has reached 

a certain concentration., an increase of this concentration does not 

affect the rate of recombination as long as the total amount of water 

present is small compared with the reactants. 

The hydrogen atom recombination data were plotted as the logarithm 
. ..:'!1' 

of ·the intensity of' the H atom signal (in arbitrary units) vs the dis

tance rr·om the ~ing section of' the tube (in em). The decrease in 

intensity (pr concentration) with distance followed a first-order rate 

la'iv and formed straight lines on these plots. This agrees with previous 

' 20 
work. 

' ' ' 

The important quantity obtained from the plots was the distance 

required :for half o:f the reaction to take place. 

Plo~s of the experimental points are shown in Figs. 4 through l2. 

The experimental error, which was due to uncertainties in the intensity 

measurements, is estimated to be about 10 to 25%, the error increasing 
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Flow A, 4.8 cc/min; total pressure, 0.43 mm Hg; 
surface, quartz. 
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Fig. 10. H atom-H
2 

system. Flow H
2

, 8.1 cc/min, 
total pressure, .45 mm Hg; surface, quartz. 
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2.0 

Run 403-408 

Distance 

MU-26066 

Fig. 11. H atom-H2 system. Flow H
2

, 0.9 cc/min; 
total pressure, 0.91 mm Hg; surface, quartz. 



-C/) -

-

2.0 

1.0 

---~- ----- --~-

-24-

Run 409-416 
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MU-26071 

.; 

Fig. 12. H atom-H2 system. Flow H
2

, 3.4 cc/min; 
total pressure, 0.35 mm Hg; surfac~ quartz. 

'. 
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as the hydrogen atom concentration decreased. This is shown on the 

graphsby the uncertainties in the positions of the points. The straight 

lines on the graphs are the best fit to the data and are drawn by eye • 

The maximum error in the half distance is estimated to be about 15% •. · On 

some of the graphs, the initial point is below the line drawn through 

the other points. This point tends to make the disappearance of H atoms 

less than first order in H atoms. The reason for the sag of the initial 

point is not known. 

Other data, which are appro:Xi~ately the same as those plotted in the 

graphs, are given in tabular form, Tables I through IV. Table V gives 

the experimental-parameters and the distances for half reaction of the 

H atom recombination runs. 

2. H in Mixtures of H2 and o2 

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

way as for the H atom - H2 system. The logarithm of the intensity of 

the H atom signal (arbitrary units) vs the distance from the mixing sec-

tion (em) was again plotted, and the data appeared to fit a first-order 

plot. Different runs were made with various o2 concentrations, and 

some experiments were run with argon added as a third body. 

Figures 13 through 18 are plots of some of the. runs. The rest of 

the data are presented in Tables VI through XXII.· The errors in these 

measurements are of the same source and magnitude as mentioned with the. 

H atom recombination data. Table XXIII. gives the experimental parameters 

-
and the distances for half reaction. Here 1' 11 is the time for half 

/2 

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

The other columns in Table_XXIII are discussed later. 
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·Table 1. . nata f'rom rwi. 367-372; H. atom-H2 system. FJ._ow H2, 4. 0 ccjmin. 

Total pressun~., 0.26 rilln Hg. 

Distance Intensity 
(em) (arbitrar~ units) 

30 1.79· 
. . •: 40 1.94 

6o l.64 

80 1'.31. 

100 0.92 

llO 0.94 

Table II. Data f'rom run 396-402, H atom-H2 ·system. Flow H2, 1.3 cc/min. 

-. 

Total pressureJ 0.43 rmn Hg. 

Distarice 
(~m) 

30 

45 
60 

75 
90 

100 

110 

·- · Inte-nsity·-·-··-
. · ( arbi tr~ry units) 

. ~ ... 

3·58 
2.46 

2.24 

1.61. 

1.36 

.82 

·55 

.. 
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Table III. Run 258-262, H atom-H2-A system. Flow H2, 4.0 cc/min. 

Flow Ar, 2.4 cc/min. _ Total pressure, 0.56 Illiil Hg. 

Distance 
(em)· 

40 

46 

6o 

70 

80 

Intensity 
(arbitrary units) 

1.55 

1.40 

1.21 

1.25 

1.07 

Table IV. Hun 388-394, H atom-H2 system. ' Flow H2 4.0 cc/roin. Total 

pressure .85 mm Hg. 

Distance Intensity 
(em)· (arbitrary units) 

30 2.12 

45 1.33 

6o 1.19 . 

75 . 90 

90 .76 

100 .43 

110 .33 



I 
I 

Table V. 
I 

H atof - H2 data. and calculated values 
! 

Run Surface Flow H2 FlowAr i ·. Distance for Pressure total Linear of 'Diameter 

(cc/min~ ·cc/minJ·· (mni Hg) . half reaction H2.velocity of cylinder 

1 atm · 1 atom : ' (em) ( cmisec) (em) 

251-257 H
3
Po4 4.0 .!24 5L3 318 0.92 . 

' 312-319 Quartz 4.2 .• 25 47·5 320 Q.92 

367-372 Quartz 4.0 126 67.2 293 0.92 

345-353 Quartz 5.8 I 54.0 - 335 0.92 : . ;33 
337-341 Dri Film 6.3 137 54.0 325 0.92 

331-336 Dri Film 6.5 l38 42.0 326 0.92 
' I 

396-402 Quartz 1.3 :.43 32.7 58 0.92 1\) 
co 

382-387 Quart'z 1.5 4.8 1.43 55·5 210 0.92 I 

322-330 Quartz 8.1 1.45 56.0 343 0.92 

258-262 H
3
Po4 4.0 2.4 ,.56 76.0 218 0.92 

388-394 Quartz 4.0 ;.85 29.8 89.8 0.92 

403-408 Quar~z ·9 t91 23.8 18.8 0.92 
' 

409-416 Quartz 3.4 ,.35 53.0 302 0.72 

•. ,, 
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- 5.0 
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0 40 80 
· Distance (em) 

MU-26068 

Fig. 13. H atoin-H2 -02 system. Flow H
2

, 4.0cc/min; 
Flow 0 2 , 1.1 cc/sec; total pressure, 0.31 mm Hg. 
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4.0 

Run 169-176 

VI -~ 
:::1 

>. ... 
0 ... -.c ... 
0 

-
---------~-- --

,,(1) -..s 
0.3~----~----~----~----~----~--~ 

0 40 80 120 

Distance (em) 

MU-26065 

Fi~. -·14. H atom-H
2 
-0

2
_ system. Flow H

2
, 3.8 cc/min; 

Flow 0
2

, 1.6 cc/m1n; total pressure, 0.34 mm Hg. 
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40 80 120 

Distance (em) 

MU-26061 

15. H atom-H2 -02 -Ar system. Flow H
2

, 3.5 cc/min; 
Flow 0 2 , 1.8 cc/sec; Flow Ar, 3.2 cc/sec; total pressure, 
0.54 mm Hg. -
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2.0 

Run 233-240 

120 

Distance 

MU-26070 

16. H atom-H2 -02 -Ar; system. Flow H
7

, 3.5 cc/min; 
Flow 0 2 , 1.8 cc/min; _flow Ar, 0.42 cc/rnin; total 
pressure, 0.36 mm Hg. 
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3.0 
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2.0 - Run 286-292 c:: 
::::J 
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>--If) 
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0.3 
0 40 120 

Distance 

MU-26072 

Fig. 17. H atom-H2 -02 system. Flow H
2

, 5.8 cc/min; 
·flow 0 2 , 3.4 cc/rmn; total pressure, ·O.~lmm Hg. 
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2.0 

\ 
Run 417-422 
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If) 

c: 
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c: 
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0.1 
0 40 80 

Distance (em) 

MU-26063 

Fig. 18. H atom-H
2 
-0

2 
system. Fl9w H

2
, 3. 7 cc/min; 

flow 0
2

, 1.5 cc/m1n, total pressure, 0.46 mm Hg. 
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Table VI. Hun 149-.154, H:atom ~ H2 - o2 syste;m.. Flow H2 ,, _3·5 _cc/min . 

. ~lo~ o2,, 0. 7 ccjmin. Tota~ pressure, 0.29' mni·Rfi.· • . 

Distance 

,·I· 

(em) . 

30 

4o 

5b 
60 

70 

80 

Intensity 
(arbitrary units) 

10.63 

'13.60 

10.80 

10.40 

8.83 

6.33 

Table VII. Run161-16§, H_atom ~ H
2 

- o
2 

system. !low H2, 4:2- cc/min. 

Flow 0
2

, 1.1 cc/min; Total pressure, 0.3i mm Hg'; 

Distance 
(qm) 

40 

50 

6o. 

70 

80 

90·· 

100 

109' 

Intensity 
(arbitrary. units) 

3.04 

2.72 

2.29 

2.33 

1.64 

1.17 

0.90 

0.89 



~un 184-l~B, 'H ~toni - H2~ o2 system. Flow H
2 

3.8 cc/min. 

Fla.w 02 1.3 -cc/~in. Total pres~ure .32 nun Hg. 

. · .• Distance · ·' 
(em) 

. 40 

50 
60. 

70. 
80 

Intensity 
(arbitrary units) 

1.82 

1.52 

1.28 

1.13 

·77 

Table IX. Run 143-148, H atom - H
2 

- 0
2 

system. Flow H2 3.5 cc/min. 

Flow 0
2 

1.6 cc/min. · Total'pressure .34 nun Hg. 
"·· .. ·~ ' 

Distance 
. Ccm) . 

30 

40 

50 

·60 

76 
80 

Intensity 
(arbitrary units) 

5.06 

4.43 

2.72 

2.52 

3·90 
2.33 
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Table X. RU? 109-114, H atom - H
2 

- o
2 

system. Flow H
2 

4~ 4 cc/min. 

Flow o
2

' 1.6 cc/min. Total pressure . 33 mm Hg. 

Distance Intensity 
(em) (arbitrary units) 

40 2.25 

50 1.90 

60 1.78 

70 l. 71 

80 1.25 

Table XI. Run 200-207, H atom - H
2 

- 0
2 

system. Flow H
2 

4. 2 cc/min . 

. Flow 02 2.1 cc/min. Total pressure . 37 mm Hg. 

Distance Intensity 
(em) (arbitrar~ units) 

4o 1.33 

50 1.04 

60 .71 

70 .62 

80 .48 

90 ·33 
100 .26 

108 .22 
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Table XII. Run 177-183, H atom - H2 - 02 data. Flow H2 4.2 cc/min. 

Flow 02 2.1 cc/min. Total pressure .36 mm Hg. 

Distance Intensity 
(em) (arbitrar~ units) 

40 2.22 

50 1.67 

60 1.05 

70 .82 

80 .56 

90 .46 
100 .26 

Table XIII. Run 130-135, H atom - ~ - 02 data~ Flow H2 4.2 cc/min. 

Flow o2 2.2 cc/min. Total pressure .36 mm Hg. 

Distance Intensity 
(em) . (arbitrary units) 

30 1.95 

40 1.52 

50 1.14 

60 .85 

70 .81 

80 ·56 
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Table XIV. 'Run 116-119, H atom - H2:- 02 data. Flow H2 4.4 cc/min. 

Flow 0
2 

4. 2 cc/min. Total pressure . 53 mm Hg. 

Distance 
. (em) 

30 

40 

50 

6o 

Intensity 
(arbitrary units) 

.91 

. 57 

.43 

.32 

Table XV. Run 139-142, H atom - H2 -- 02 system. Flow H2 - 4.0 cc/min. 

Flow o
2 

5.2 cc/min. 

Distance 
(em) 

30 

4o 

50 

6o 

Total pressure .59 mm Hg. 

Intensity 
(arbitrary units) 

·53 
.29 

.19 

.13 
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' 
Table XVI.·. Run ·216-223, H atom - H2 - 02 data.. Flow H2 3.6 cc/min. 

· ·· Flow o2 1.8 cc/min. . Total· pressure . 32 mm Hg. 

Distance 
(em) 

40 

50 
60 

70 

80 

90 
100 

109 

Table XVII;_ -· Run 271-275, H atom 

_ ~~ow 02 4.2 cc/min. 

-.70mmHg. 

Distance 
(em) 

'33 
46 
60 
70 

80 

-Intensity 
(arbi trar;y: units) 

1.24 
.81 
.68 

·55 
.44 

.36 
. .26 

.21 

- H2 --- .o2 - Ar data •. Flow H2 3.5 cc/min. 

Flow Ar 3.35 cc/min. Total pressure 

Intensity 
(arbitrary units) 

1.03 
.62 
.47 
.31 
.22 
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Table XVIII.· Run 276-279, H atom - H2 ;;; o
2

- data. ~Flow H
2 

3.6. cc/min. 

Flow o2 4.2 cc/min. , ·Total pressure· ; 52 mm Hg. 

Distance 
(em)· 

33 
46 

60 

70 

Intensity 
(arbitrarY units) 

.78 

·39 
.28 

.21 

Table IXX. Run 280-285_, H atom - H
2 

- o2 data. Flow H
2 

3.3 cc/min. 

_Flow o2 ~.6 cc/min_- Total pressure .40 mm Hg. 

' ;. ·'-.-· 

. Distance 
(em) 

33 
46 

6o 

70 

80 

90 

Intensity 
~arbitrary units) 

L28 

.82 

.47 

.43 

.26 

.23 
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Table XX. Rti.n 301-308, H atom ·- H2 - o2 data. Flow H2 5.8 cc/min. 

Flow 02 L22 cc/min. Total pressure .40 mm Hg. 

Distance Intensity 
{em) (arbitrary units) 

33 1.75 
46 1.49 

60 1.26 

70 1.15 

80 1.03 

90 ·96 
100 .63 

110 .61 

Table ·xxr: Run 423-428, H atom - ff2 - o2 data. Flow H2 3.lee/min. 

, .. Flow 0
2 

·9 ec/min. Total pressure .36 mm Hg. 

Distance Intensity 
(em) {arbitrary units) 

30 1.77 

40 1.33 

50 .94 

60 .65 

70 -55 
80 .42 
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Table XXIL · Run 429-433, H atom - H2 - o
2 

data. Flow H2 6. 2 cc/min .. 

Flow o2 1.8 cc/min. Total pressure: .62 nun Hg. 

Distance 
(em) 

30 

40 

50 

6o 

70 

Intensity 
(arbitrary units) 

1.48 

1.18 

.61 

.60 

.29 



Table XXIIL H atom = H2 - o2 data and calculated values 

Flow H2 Flmr1 o2 
Flow A::;:o Pressure Distance Linear· 

Run (cc/min) (cc/min) ( cc/m.:tn) 
Total for'b.alf velocity IJ:2 reaction 

.1 atm._ .. 1 atm._ . 1 atm._ (mm Hg) (em) (em/s-ec~ · · 
,, . 

149 .. 154 3·5 ·7 .29 37~5 279 
161-168 4.2 1.1 .31 32.5 320 
208-215 4.0 1.1 .31 33·5 318 
184-188 3·8 1.3 .32 39a 302 
143-148 3·5 1.6 .34 42 .• 7 290 
109-114 4.4 1.6 ·33 4i.o 349 
169-176 3·8 1.6 .34 26.1 302 
200-207 4,2 2.1 .37 26.0 320 ! 

.j::" 

177-183 4.2 2.1 .36 19.6 333 ~ 
I . 

130-135 4.2 2.2 • 36 27.5 334 
ll6-119 4.4 4.2 ·53 20.5 311 
l39-l42 5.2 5.2 ·59 14.9 293 
216~223 3·6 1.8 ' .32 27.6 326 
226-232 3·5 1.8 3·2 .54 29.8 304 ; .• 

233-240 3·5 1.8 .42 .36 26.4 304 
271-275 3·5 4.2 3·35 .70 21.7 304 
276-279 3.6 4.2 .52 i8.o 286 
280-285 3-3 2.6 .40 21.1 286 
286-292 5.8 3.4 .51 25.2 345 
301-308 5·8 1.22 .40 55.4 336 

4l7-422 3·7 1.5 .46 18.3 348 
423-428 3.1 ·9 .36 23·3 344 

429-433 6.2 1.8 .62 18.8 401 

(continued) 

.. 



Table XXIII - (continued) 

··---,·~· ... - .. ---·-~-·---___.,·-·--·-·-----~---·-.. -
Run Diameter Cylinder 'L"~X 10 -r'~ X 10 -r 'YJ. o2) -r' YJ_o2) 

(em), sec . sec x 102 p 

(nun Hg sec) X 102 T 
sec 

149-154 0.92 1.34 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 .41 
184-188 0.92 1.30 3·7 3.0 -93 
1:43-148 0.92 1.51 7·6 7.6 2.2 
109-114 0.92 1.17 3-3 3.0 .90 
169-176 0.92 .86 1.3 1.3 .38 I 

-!="' 200-207 0.92 .81 1.1 1.3 -35 tif 
177-183 0.92 . 58 ·59 .71 .20 I 

130-135 0.92 .82 1.2 1.0 .28 
116-119 0.92 .66 .84 2.2 .42 
139-142 0.92 .51 -53 1.8 .30 
216-223 0.92 .85 1.2 1.3 .41 
226-232 0.92 .98 2.1 2.3 .43 
233-240 0.92 .87 1.2 1.3 ·37 
271-275 0.92 .71 1.1 3-0 .42 
276-279 0.92 .63 -73 2.0 -39 
280-285 0.92 .74 .88 1.6 .40 
286-292 0.92 -73 1.1 2.1 .41 
301-308 0.92 1.65 
417-422 0.72 ·53 .60 .78 .24 
423-428 0.72 .68 .89 .71 .20 
429-433 0.72 .47 .58 .81 .13 



-45-

II.I . . DISCUSS I ON 

In the pressure range used in these experiments, heterogeneous reac-

.tion at the walls is an important process for the recombination of the 

-
atoms. Previous work, as described in the introduction to this thesis 

has shown that this is a process of .first order.in H atoms. Homogeneous 

second-.order recbmbination in the gas phase would be an important 

mechanism at higher pressures. Since the experimental data seemed to 

fit a first-order plot reasonably well~ it was decided to try to fit 

the data with a mechanism whi<::h employed destruction of the atoms at 

the walls. The treatment was based on a mathematical model similar to 

that of Wise and Ablow ,l9~ 21 

The model assumed that H atoms were lost on the surface of an in-

finitely long cylinder. This loss is expressed by the recombination 

coefficient r., which is defined as the ratio of :the number of atoms 

striking and reacting with the surface to the total number of atoms 

striking the surface. Following the notation of Wise and Ablow, Y is 

expressed in terms of the dimensionless constant o, given by 5 = 4D/rcR, 

for y < < l. D is the diffusion coefficient of H atoms in H2, or --

in the third-body experiments (addition of Ar) --Dis the diffusion eo-

efficient of H atoms in the mixture of gases. The units of D are 

2/ .. em sec. The rms speed of H atoms. is c, expressed in units of em/sec, 

and R'(in em) is the radius of the cylinder. The equation employed in 

our analysis is a modification of Fick's second law of diffusion. Be-

fore the derivation is given a short discussion of Fick's first and 

second laws of diffusion. is in order. For a fUller and more rigorous 

' . 26 discussion see Crank. 



-4.6-

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 to.the unit area, 

· c:Jn · 
Fx = -D dx ' 

where D is the proportionality constant and is called the diffusion 

(1) 

coefficient,, n is the concentration of the diffusing substance, and x 

·is the coordinate normal to t-he unit area. The minus sign arises be-

-cause· the direction of flow is opposite to that of increasing concen-

tration. This hypothesis holds only for isotropic media, and may be 

· .. gemeralized to three dimensions by writing down the corresponding terms 

·· in the y arid z directions. 

Let us consider two parallel planes of unit area which bound a 

volume element whose length is dx. Then the increase per unit time of 

the c'ohcentration within this volume bounded by x on one side and x+dx 

on the·other side is 

F - F dx = D(-c:Jnjdx) + (c:Jnjdx) +dx), 
X X+ X X 

by Eq. (1). After dividing through the above ~quation·by dx, and since 

we have 

the increase of concentration with time is 

2 2 c:Jnjdt = D( d . njdx ) • (2) 

Equations (l) and (2) and Fick's first and second laws of diffusion, 27 

· and'were first discovered by analogy. 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 

"),[;::,. 2[;::,.2 2 2 2 2 un; vt = D ( e n; vX + e nfoy . + e nfoz .) . (3) 

Since our model is for a cylinder, we transform Eq. (3) into cylindri-

cal coordinates. Let 

X = r COS 8, y = r sin 8, Z z. 

Substituting into Eq. (3), onegets 

"), 1>. D { .. ·· e ( en) Cl ( 1 en) e ( en) J' 
un;vt = r ·. dr r dx +de r de + dz r dz . 

Since in this problem (en foe) = 0, this reduces to 

[ 
1 e en e

2
n J 

enfot = D r dr (r dr) + ez2 

This is Fick's second law in cylindrical coordinates. 

The equation we use to analyze our data is 

( 4) 

\ 

where x is the coordinate along the axis of the cylinder which we 

previously called z, r is the radial coordinate, n is the concentration 

of H atoms, and v is the velocity of gas flow in the x direction. 

Equation (4) has an extra term added to Fick's second law (-v 
' 

enfox) to account for the fact that diffusion is occurring in a flowing 

system. The reaction studied took place under steady-state conditions, 

so that we have 

enjOt = 0, 

and Eq. (4) becomes 

l·- 1 e on o2n ·] en . . 
D r dr ( r dr ) + or2 . - v dx = 0. 

The folloVTing boundary conditions applied to this equation are 

;t:t(r, x = 0) = n ' 0 

(5) 

(6) 
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dnjdr(r=O,x) = 0, 

n( r, · x = oo) = 0, 

dnfor(r = R~ x) = -n(R,x)/OR. 

(7) 

(8) 

(9) 

Equation (6) defines the number of H atoms at x = 0. Equation (7) defines 

the ·concentration along the axis of the cylinder as a maximum. Equation 

(8) gives the concentration of H atoms at infinity, which is (zero), and 

Eq. (9) defines the number lost on the cylinder walls. 28 

As shown in Appendix 1, the solution of Eq• (5) consists of separa-

-ting it into two parts .• the radial part and the linear part. Each p13-rt 

can then be solved separately. For the conditions we are interested in 
. . 

15 . 
(y << l, o >> l), the radial part reduces to a constant. This means 

that there is no concentration gradient in the radial direction. There-

fore the solution of Eq. (5) is 

n/n
0 

• exp {l/{ j5 - ~: + ~) l/2}} (lO) 

and is the solution of the linear part o:f the differential equation 

multiplied by a constant. 

rFrom the experimental data 'W·e found the distance for half reaction, 

__ dl/2• Using an equ;3otion similar to Eq. (1<)), we s~e 

n/n = ex:p ( -kx), 
0 

- -

0.5 = exp (~kdl/2), ( v [ v2 2YC J l/2) . 

-k = - .-693/dl/2 = l/2 D - . D2 + DR ' 

and 

r = (k2n + kv) 2R/c. (ll) 

···! 

·-
Equation (ll) has two parameters that can be determined by experiments 
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at different flow rates. These parameters are D andy. Amdur has given 

a value for D (~or H atoms in H2 ) which is D = 1.4 x.l03/P (in mm Hg) 

cm
2
jsec. 29 Recently, Collins and Hutchins determined D by ~lectron para

magnetic resonance experiments and found it to be (2.0~ .2) x 103 /P (mm Hg) 

2 ' 30 .. 
em /sec. . In Table XXIV values of r are presented for various values 

of D. 

Table XXIV shows that rio one particular value of D'increases marked-

ly the agreemen't of the values of r per column. The reason for this is 

that in our system, as the pressure increases, the flow and the diffusion 

coeffi,cient decrease and k increases. These changes tend to compensate 

each other and the value of r remains nearly the same. Values for r 

calculated from the larger values of the diffusion coefficient agree 

slightly better. _The data indicate that Amdur's values of the diffusion 

is too low. For the H atom - o2 measurements 

2 
tion we use D = 2.0/P (mm Hg) em /sec and r = 

described in the next sec-

8 ' -5 
l. X 10 , 

5 -5 The values of r found in our work vary from 0.9 x 10- to 2.5 x 10 • 

Collins and Hutchins determined y for a pyrex surface treated with hydro

fluoric acid, and found it to be 0.7; .l x l0-5.3° Smith reported a 
' - ' 

value of r. = l. 05xl0 -5. for .a clean pyrex surface. 15 Poole found a value 

6 
-4 16 ' -6 ' -6 18 

for r of 1. xlO . Steiner's values for r ranged from 2xl0 to 9xl0 • 

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 r were 

calculated from work in which surface recombination was a minor effect. 

Our values of r are in the 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 of r for various values of the diffusion 
,, ". coefficient.·· " ' ' 

;·· 

.. ·:~ 

2 L4xl03. 3 3.0x103 
D(~)' .;... . · 2.0xl0 

sec P(mm Hg) . P(mm Rg) P(mm Hg) 
Run rx1o5 rxlo5 rxlo5 

251.-257 2.0 2.1 2.4 

312-319 2.2 . 2.3 2.7 

367-372 L3 L4 1..6 

345-353 1..8 1..9 2.1 

337-341 1..8 1..9 2.0 

331-336 2.4 2.5 2.8 

396-402 l.O L2 1..6 
.. 
382-387 l.l 1..2 1..2 

322-330 L7 1..8 1..9 

258-.262 1..4 1..5 1..6 

388-394 l.l 1.2 1..5 

403-408 ·7 ·9 1..2 

409-416 1..3 1..4 1..6 

Average l. 5.:t· 4 1..6+.4 l. 9_:t 0 4 
Average 1..6+.4 L7_:t.4 l. 9_:t. 4 

(not including 
.Hun 403-408) 

.... 
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B. H in Mi~tures of H~2, and A 

1. Calculations 

The H atom - 0
2 

data fitted a first-order plot, and the over-all 

rate of conswnption of H atoms was higher in this system than in the H 

. . 
atom - H2 recombination work. This shows that another reaction besides 

H atom -surface recombination consumed H atoms and that it is of first 

order in H atoms. This is the reaction of H atomS and 0
2 

molecules. 

In order to accoUnt quantitatively for this first-order reaction another 

term was added to the diffusion equation. 

The modified equation is 

D [ l (r -""_en) + e
2
n J _ v en 

r or ex2 . . dx 
(12) 

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

the diffusion coefficient for H a~oms in mixtures of H2 ,· 02 , and Ar. 

..... ,. ·,1· In this equation, k1 is the first-order rate constant for 

the disappearance of H atoms. The solution of Eq. (12) is very similar 

to the solution of Eq. (5), and is also shown in Appendix 1~ The 

bo!J?dary conditions for Eq. (12) are the same as for Eq. (5). 

-The solution for Eq. (12) is 

n/n
0 

= exp {~/2 [J5 ~ ~~ + 
4;~ + ~c / 2

] x} (~3) 
As shown in the previous section the experimental quantity obtained 

is d1/ 2' _so that we _have 

n/n
0 

= exp (-k
0
d1; 2 ),. 

k
0 

= 0.693/d1; 2 = 1/2. (14) 
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Solving for k1 , we find 

k = Dk 
2 

+ k v - rc/2R. 1 0 0 
(15) 

The only change made in the system has been the addition of 0
2

, 

therefore k1 is the first-order rate constant for the reaction of H 

atoms with o2 ~ 
Since k , the experimental rate constant, is deter-

,o 

mined by two simultaneous reactions, which are the reaction of H + o
2 

and the recombination of H atoms on the wallsJ then k0 ~k1, the rate 

constant for the H + o2 reaction alone. If we call T1/ 2 the experi

mental half life (~1/2 ~ dl/~v = 0.693/k0) and T~/2 the half life 

for the reaction of H atoms with o2 • (-r~/2 = 0.693/k1 ), we have 

, > 
Tl/2 = Tl/2• 

; 

We can now calculate k1 and -r1; 2 · The value of r used is 1.9x1o~5 

which was found· from the H atom recombination work. By assuming that 

the diffusion coefficient of H atoms in 02 is equal to the diffusion 

coefficient of H atoms in Ar, we can use the data of Wise31 to deter-

mine the diffusion coefficient of H atoms in the mixture H2, o2 and Ar. 

Values for _"'l/2 and t~/2 are given in Table XXIIL Comparing the 

of T~/2 and "1."1/ 2 ' we see that at low o2 , concentrations the H 

atom recombination reaction is very important, but as the o2 concen-

values 

tration increases the iniportance of H atomrecombination diminishes 

until at high o
2 

concentrations it is of little significance. 

The last columns in. Table XXIII show the values obtained when 

; 

-r1;
2 

is 'first multiplied by the 02 concentration and then the product 

is divided by the total pressure. Since almost any simple mechanism 

gives the reaction of H + 02.as first order in o2 , we would expect 

T~/2(o2 ) multiplied by or divided by some function of the total 
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pressure to be equal to a constant. As can be seen from the last 

column in Table XXIII, T~/2(o2 )jPtotal is nearly constant for most 

of the runs. !n Fig. 19 a plot of T i;2 ( 02 ) vs P totai .shows the 

general scatter of these data. The data for the smaller tube ( d = 

0~72 em) do not fit this plot. The above relationship means that any 

reaction mechanism written -to explain the rate of decay of H atoms 

will have to be a first-order process with respect to o2 and inverse

ly proportional to the total pressure. The deviation of the data for 

the smaller tube will also have to be explained. 

2. Mechanisms 

Various reaction mechanisms have been proposed for the H + 02 

reaction. Burgess and Robb, whose experiments were run at total 

. 13 pressures higher than ours, proposed ~ mechanism. Their mechanism 

contains a chain reaction, vrhich will not be important at our low 

pressures, but it does show that the rate of disappearance of H atoms 

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

their reaction mechanism are 

* H0
2 

* H0
2 

so that one has 

k a 
~ 

~-
~ 

k 
m 
~ 

* assuming steady state for H02 • 

postulated for the last step3 

* 
k 

H02 
c 
~ 

(a) 

H + o
2

, (b) 

H0
2

, - (m) 

Meyer used steps (a) and {b), but 

H02 + hv, (c) 



(.) 
(!) 
1/) 

Cl 
:r: 
E 
E 

N 
0 
X 
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giving 

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 

ka * H + 0
2 

__.. R0
2

, 

*11J . 
H02 -to H + 02, 

* k w H02 + Wall __.. H0
2 

+ wall, 

kd 
H02 + H __.. 20H, 

k 
H + OH + M £ HOH + M, 

(a) 

(b) 

(w) 

(d) 

(f) 

-vrhere the last two steps have been added to show the ultimate fate of 

H02 and to explain the production of OH. The rateof reaction of H 

* atoms in this mechanism, assuming steady state for H02 , H02, and OH, is 

-d(H)f.dt = 4k k (H)(o2 )j(k + k ). w a --o w (15) 

In this expression the steady-state assumptions for H02 and OH do not 

change the form of the equation, but only produce a numerical factor of 

four. Under the conditions of a relatively slow over-all reaction, 

l1J >> kw' so that this mechanism gives 

Under our conditions k is pressure-dependent, so that the rate of w . 

disappear~nce of H atoms is inversely proportional to the total pressure. 

* The rate constant for the deactivation of H02 at the surface of the 

* cylindrical tube is k • If we assume that no2 is deactivated on the 
w 



walls very efficiently, then the magnitude o:f k depends on the diffuw 

* sian coefficient of H0
2 

and hence on the total pressure. This means 

that y, the ratio of the number of collisions that deactivate the mole-

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 H02 in the reaction tube and therefore no pressure depen-

dence. This effec·t was shown earlier in the H atom recombination work. 

The problem of calculating surface destruction constants in cylindrical 

vessels has been quantitatively treated by.Semenoff~ 32 For surfaces of 

high efficiency the first calculations were done by Bursian and Sorokin. 33 

Recently Baldwin has taken Semenoff's results and has extended them 

over a wide rang~ of y.34 

The :following diff'usion equation has been solved for n, the number 
h 

of reacting species under steady-state conditia.ns: 

D D on ( ) . - ~ + . f-g n + n r or o 
on 

=: at = 0. (16) 

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

ture is taken from this tY.Pe 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. 
0 

Under steady-state conditions 

. n = n /(k + g - f), s .. 0 s 

where k = surface termination. constant. s 

For our mechanism, assuming steady state, we have 

* H02 = ka(H)(o2 )/(ko + kw)' 

(17) 

(18) 
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therefore n
0 

= k1(H)(o2 ), g = ~' f = 0, and ks = kw. 

Baldwin has sketched the method of solution for this diffusion 

equation, and gives in his paper a table for the solution under various 

conditions of total pressure and y. 

For y ~ 1, 

2 k (or k ) = 5.8 D/r • s . w. (19) 

For the detailed mathematical solution of this diffusion equation, refer 

to Semenoff. We use Baldwin's expanded treatment of this problem. 

In order to use the above equation to calculate k , the diffusion w 

coefficient of HO; in a mixture of H2 .and 0
2 

(assuming o2 and Ar are 

the same) can be approximated from the diffusion coefficient of N2 in 

* H2 and o2• The true diffusion coefficient for H02 is probably less 

than the. one we calculate, but because of the lack of data we use the 

above approximation. The diffusion coefficient of CO and co
2 

in 02 

differ by about 25%.35 * The diffusion coefficient of H02 in H2 and 

in o2 would probably differ by less than this amount from the diffusion 

coefficient of N
2 

in H2 and o2• 

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

l atmosphere and 293°K the diffusion coefficient of N2 in H2 is 0.76 

cm2/sec and the diffusion coefficient of N2 in 02 is 0.22 cm
2
/sec. Then 

\ve can use viilke 's formula for interdiffusion coefficient, 36 

(20) 

where ~2 and no
2 

are the mole fractions of H2 and o2 respectively. 

From Eq. (15), 
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-dH. 
dt -· 

4kakw(H)( o2 ) 

~+kw 
= k (H) = exp 

o.693(H) 

Now, for~ >> k 0 

vl' 

Assuming y % 1, k 
w 

2 
-· 5.8 D,/R 7 we have 

= . 0,693 

.-rl' lr.>( 02 )D 
/'-

(21) 

' This equation shows that ·r:'/ ( o2 )D should be a constant for all the 
1 2 

runs. Table XXV Usts the individual runs and T~/2(o2 )D for each of 

F.igtire 20 is~ graph.~f T~j2(o2 )D vs 1/DHp~· 1:{/2(o2 ) for the 

smaller tube was normalized to the larger tube by multiplying the values 

by (0.92/0. 72)2
., which is the square of the ratio of the radii. Equa

tion ( 20) shows that this ,dll normalize the '!{;2( o
2

) values. The 

··· average value f'rom Fig. 20 for -r {;
2 

( 0 
2 

)D ,;, .L 0 x 10
1 

em 
2 

rom Hg o Assuming 

9 . -1 
k = 3.2x10 sec a 

from Eq o ( 20 ) • We 

(Burgess and Robb 's 'V-alue), we can now calculate 11) 

find. kb = 2.8x109 sec-l for a value of y ~ l. If 

we assume y :::::: 0 o l (using Baldwin 1 s tables), we find ~ 9 -1 
= L5xl0 sec 

Baldwin has shown that for the range of pressures of our experiments 

y < 0.1 does not g:i.ve effec·tive diffusion control of the surface reaction. 

* The reciprocal of kb is the .lifetime of H02 o * Whether Ho
2 

is in 

the ground el.ectronic state or an excited electronic state, it is cer-

tainly in an excited vibrational sta·te o The minimum lifetime of an 

excited electronic s·tate is approximately 10-8 sec. The rate-determining 

•*• 
step in the decomposition of H0

2 
is the time that the vibrationally 
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Table XXV. Diffusion coefficient parameter and calculated 
values. 

2 2 . 1 
l/DH~xl03 Run -r1; 2(o2)xl0 DH~xlO DH~ -r112(o2)xl0-

2 2 2 . . 2 
(sec mm Hg) (cm2/_sec) ( 2/: -1 (em mm Hg) em _sec) 

149-154 1.6 13.96 2.2 ·730 
161-168 .96 12.52 1.2 .Boo 
2o8-215 1.3 11.94 1.6 .838 
169.,.176 1.3 10.00 1.3 1.00 

200-207 1.3 8.78 1.4 1.14 

177-183 ·71 8.89 .63 1.13 

130-135 1.0 8.89 .89 1.13 

116-119 2.2 4.94 1.1 2.02 

139-142 -1.8 4.12 . 74 2.43 

216-223 ' 1.3 9.84 1.3 1.02 

226-232 2.3 . 4.]5 1.0. 2•30 

233-240 1.3 8.19 1.1 1.22 

271-275 3.0 3.07 .92 3.26 

276-279 2.0 4.81 .96 2.o8 

280-285 1.6 6.88 1.1 1.45 

286-292· 2.1 5.98 1.3 1.67 

417-422 1.3* 7.43 ·97 1.35 
423-428 1.2* 10.42 1.3 .96 

429-433 1.3* 5·97 .78 1.68 

Av. 1.1 

* Normalized to diameter .92 em. 
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excited molecule stays in a bounded state. The period for a vibration 

is about 'lo-12 to 10-14 sec. * Robertson calculated the lifetime of. H0
2 

-12 from his data and found it to be about 5xl0 sec. Meyer found that 

by assuming a value of lxl0-11 sec he could quantitatively explain his 

* OH data. Burgess and Robb found the lifetime of H0
2 

* ( ) -10 Our value of the lifetime of H02 is 5~2 xlO sec. 

to be 4x10-9 sec. 

This lifetime in-

are well distribu-dicates that the 45 kcal of excitation energy3 _of HO; 

ted through all the molecular vibrations of the molecule. 
• < * 

Our value of the lifetime of H02 is quite reasonable if one considers 

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

direct measurement of this lifetime. It ip in reasonable agreement with 

the lifetimes of about 10-TO sec found for othe~ vibrationally excited 

triatomic molecules formed by bimoiecular collisions. 37 

3· OH Concentration 

By the use of the mechanism written in the previous section, we 

can solve for OH in steady-state concentration, 

(22) 

This equation shows that OH should be proportional to the o2 concentra

tion and approximately inversely proportional to the square of the total 

pressure. Meyer's data qualitatively followed this dependence except 

that at higher o2 pressures the OH concentration increased only slowly 

with an increasing partial pressure of o2 . 

In order to explain the above o2 dependence, a mechanism is needed 

that will limit the 8.rnount of OH formed. A possible reaction is 

k 
H02 + OH ~ HOH + 02 • (e) 

This reaction v1as 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 
w 

2 = k = 5.8DjR ), we find s 

OH steady state 

: kd(D)/2k. ((l • 8kakwke ( o2 ) 

~kdkf(H)(M) 
(23) 

This equation shows that at low 02 concentrations the OH concentration 

is directly proportional to the o2 concentration (at con~tant pressure), 

but as the o2 concentration increases the _OH .concentration becomes 

proportional to the square·root of the H atom concentration and the o2 

concentration. This equation qualitatively explains Meyer's results. 
' 

It should be noted that the mechanism discussed previously is 

just one possible mechanism. The reason it was chosen is that :Lt is 

the simplest one that fits-the data in this thesis and the data in the 

literature. The reaction step added to explain Meyer Is data is quite 

improbable at low OH and H02 concentrations. At low pressures, OH or 

H00 reacting with the walls' might be an important termination stepo 
.c::. 

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 H02 • 

4. Future Experiments 

An interesting experiment would be to raise the total pressure to 

the point at which collisional deactivation would become important. In 

this case the pressure dependence of-the disappearance of H atoms would 

change from being inversely proportional to the total pressure to being 

directly proportional to total pressure. Another method of increasing 

* the collisional deactivation of H0
2 

would be to increase the diameter 

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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ments are difficult to do •. But with a lower-frequency electron spin 

resonance spectrometer it w~'uid be possible t~ increase the diameter of 

. the tube. At the same time it might ·be possible to raise the total 

pressure arl;d thereby greatly inc.rease tll.e probability of gas-phase colli

* sionaldeadtivation of H02 . 
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Appendix 1 

* The equation we wish to solve is 

D [.J: d (r dn ). + d2n J - v $!x = 0. 
r dr .. dr <Jx2 : ox 

A solution of this ~quation is 

n = ~ x (r) R (r); 

where each term of this series is a solution of (A-1). 

Substituting Eq. (A--2) in (A-1), we see 

R"(r) X(x) + l; R'(r) X(~)= X"(x) R(r) 
r 

Dividing through by R(r) X(x), we have 

v 
+

D 

R"(r) 1 !!_"il:'j _ .:.xu(x) +! X'(x) 2 
R(r) . + r R(rT - X(x) D X(x) = -K ' 

X'(x) R(r ). 

(A-1) 

(A-2) 

(A-3) 

where we have now separated the variables and set each side equal to 

- 2 
a constant.~ -K • We can now solve the linear part and radi~l part of 

Eq~ (A-3) separately. 

Let us look at the linear part of Eq. (A-3), 

Xu (X) - ii X ' (X) - K~ (X) = 0. 

This equation is one of the standard forms for a linear differen-

tial equation, The solution is as follows: 

2 v 2 
m - ti m - K = 0, 

li :_)y; + 4~ 
m = 

2 ' '·~ = 

* The solution to this equation is sketched in Wise and Ablow; 19 we 

are presenting here an expanded version oi· the solution and applying 

it to our particular case. 
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X(x) = Ai exp { ~ [fi + ~ + 4~ ~}} + Bi exp {~ [fi -~: + ~2 ~}} (A-4) 

The radial part of Eq. (A-3) is 

(A-5) 

If we make the substitution y = kr, Eq. (A-5) becomes 

y~''(y) + yR'(y) + y2 R(y) = o, 
,. 

(A-6) 

which is :Besselus equation of order zero. 

· The solution for thls · equation is 

(A-7) 

where J (y) is a function defined by an infinite series known as the 
0 . 

Bessel function of the first kind of order zero, and Y (y) is a func
o 

. . . ' 

tion 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 = 0. Therefore, since Y
0

(y) ~ oo as y---.0, c4 = 0. 

Equation (A-7) is riow 

Let us apply the boundary condition, 

on (r:R,x) = 

or 
~ n (R,x) 

OR. 

(A-8) 

(A-9) 

Since this condition applies only to ·the radial part, we may write it 

as 

R'(kr) I r=R = - R~) • 

Performing-the indicated operations, we get 
c3 

·C3 k Jl(k.R) = oR Jo(k.R). 



! .. 

a 
Let k = R' where a is a constant; then 

J
0
(a) = o a J

1 
(a). (A-10) 

The roots of Eq. (A-10) are a:. ( i = 1, 2, 3, 4, ... ), and have been 
l. 

tabulated by Wise and Ablow for various values of o. 

Now the solution to the 

R(r) = 2: .J (.· ·~ a.Rir\ 
·i=l 0 ~ _/ 

radial part is 
a.. 

l. 
\-Iherek::::: R, 

and the solution to the linear part is 

co 
X(x) = L: 

i=l 

Combining these two equations, we get 

co 

n(r,x) = L: 
i=l 

(A.J~ [jf {~ 
l. 

At x = 0, n = n , therefore 
0 

1 ' 1 
2'\ 2] '\ {1 [ .. ·· (v2 2)'2 

+ 4 K ) x J (2 ff -~ + 4 K .· 
+ B.e 

l. 

] x) 

(A-12) 

At x = co, n = o, so A. = 0 for this boundary condition to be true. 
l. 

Therefore 

co 
(a.i ~) L: B. J (A-13) n = 0 i=l l. 0 

If we multiply both sides of Eq. (A-13) by(~) J
0 
(<1() and use the 

orthogonal properties of Bessel functions, we obtain, 
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;! 

JR (E }J (air) 
O R o R . 

for i f k 

(1+~_2ai2 ) J1
2
(ai)for i = k 

\ ··,:. •' 

and also 

we find 

B. = 
~ 

n 
= 

no 

2n 
0 

a. 
~ 

00 

2 2:· 
i=l 

·.· ; 

a . . ~ 

. '•'·. 

' 

For the conditions that interest us, we.J:iave. o'"Pl03.,·(y ~ 10-5), 

and by use of. tri:e tables in Wise and Ablow, it can be shown that on~y 

the first term in the series in Eq. (A-14) is important. 
1 

a.r .... 2 2 ai 
Then J

0 
( ~) ~ 1, 0~-r~R, ai% ( 6 )· , and J1(a

1
) %. 2' If 

we make these substitutio£~·'::into ~Eq •. (A-14) and also o = :~R , we 

obtain Eq. (10) in Part III, 

We shall now solve the differenti~h equation (A-1) with an additional 

term linear in n .. The equation is 

' . '-[, ri ['f a~ (r ¥r)+ !)}v ~ -k 1n = o. (A-15) 

Separating variables as we did previously, we find 



Ru(r) l RC(:J) · . -"X[')x) ·. v X'(x) Kl -K2 
R'"{rT + r R r - = X X + I5 x( X) + D = (A-16) 

We .:see from Eq. (A-:-16) that the,rad,ial part is the sam~ as previously. 

The same bo~d.ary condition..f! :also apply to tl;lis problem. Now let 

Kl 2 
"·Z:;:D .+K o· 

Then the linear part is 

· Xn(r) ~ ~ X'(x)- Z X (x) = 6. 

This equation is similar to the linear equation solved previously. 

(A-17) 

The. same approximations hold. for this problem, and by substituting into 

Eq. (A-l7)we can derive Eqo(l3) in Section-III, 

~ l 

.n --· • exp··. _21 (!n . [ v2 . 4kl 2yc] 2) 
n - D2 + T+ DR )x . . 

0 

1 ;·.-
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