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ABSTRJ\CT

This thesis is a continuation of the study of hydrogen

atom reactions begun earr-ier for the candidate's M.sc. degree.

Further work has been done on the reaction of hydrogen atoms

with ketene ro clarify some of the steþs in the proposed

mechanismo A similar study of the hydrogen atom - carbon

suboxide system was initiated and preliminary experiments on

the iso-electronic HNCO molecure were conducted. photolysis

of carbon suboxide in the presence of hydrogen at J_ow pressures

was al-so investigated. Most of these studies tend to
the original postulate that the primary reaction step

addition of a hydrogen atom to the carbonyl carbon of
molecule.

Excited (2p) hydrogen atoms, produced by irradiation
of ground-state hydrogen atoms with a Lyman-cr ramp, were

reacted with nitrogen at row temperatures to form anunonia.

Thermar hydrogen atoms r^/ere also found to reacL rapidry with
carbon tetrachloride at -7Bo c. Further development of the
adsorption - desorption technj-que Ied to the corlection of
hydrogen and its isotopes from a fast-flowing hel_ium system on

"saran" charcoal at low pressures.
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An improveo method for the determi.ation of bho
hydrogen atom concentration in the reaction vessel prior to
each experiment was devel0ped, and this al0ng with a water-
cooled dissociator, a low temperature reaction vesser and the
novel hydrogen adsorption technique were apptied to the study
of the H + D2 reaction from -7Bo c to 17oo c in a her-ium
flowing system. fnterpreting the results in the normal
Arrheníus law fashion and taking the high temperature var-ues
of other workers gives a var-ue of B.or kcal/mole as the
activabion energy; on the other hand, making use of the 10w
temperature varues and taking quantum mechanicar_ tunnelling
and zero

Ea-c

ofO

12.

.582

p

46

o
A

oint energies into consideration gives a val-ue of
kcal,/mo1e and a parabolic energy barrier width (Zu)
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INTRODUCTTON

The candidate's M.Sc. thesis was

atoms and the role that they play during

simple molecul-es in the gaseous phas"1.

survey of the methods of production, detection and pertinent

reactions of hydrogen atoms and free radicals has already been

given in that study it witl only be up-dated where necessary

in this thesis. rn particular, the reaction of hydrogen atoms

with ketene M/as investigated because it had been posturated

previous ryz '3 that during the phototysis of ketene in the

presence of

H + CH2CO

along with

a study of hydrogen

the photolysis of

Since a literature

hydrogen the reaction

cH2+H2 = C"3+H

could be the cause of a chain mechanism observed at high

temperatures . rt was thought that if rqaction ( i ) was correct,

then at low temperatures hydrogen atoms should be scavenged to

form CO and C2H5 as major products.

During the study, however, it was found that above room

""3 
+ co (r)

(a)



temperature the ketene was destroyed very rapidly at aLl-

flow rates by means of a chain mechanism which presumably

was carried by HCO radicals with the formation of CO (ftf

mol-e ratio with ketene), CH{: and significant amounts of. C2H5

particularly at. high ketene ffows. The CZH6 production

increased as the temperature was raised, but CH4 formation

decreased.

At -t3oo C the chain reaction did not occur, and CO

and CH4 ( i" roughly equal amounts ) treing the main products

whose production 1evelled off at a value approximately equal

to the H-atom concentration (estimated at high temperatures).

At -7Bo C the results were similar to the above at low ketene

f1ows, but a chain was initiated when the ketene flow rate

increased beyond the value of the H-atom concentration.

The surface reaction at -tg6o C indicated glyoxal

formation, and it is for this reason that HCO radicals \^/ere

2.

postulated to be present in the system, giving rise to the

chain mechanism at -78o c. A series of reactions that would

best explain the results was set forth as follows:

H + CH,=CO

H + CH2=CO

H
cH, ì ox

cH3 -co*

(¡" )

(:¡ )



¡r
cH2 {oår + H2

2 HCO

2 HCO

HCO + CHr=99

2 cH3{o*

CHr' + HCO+

(Hco ),

H
CH,4ox

HCO

Hz + 2co

cHz * H2

Hcnr-Cox + co

)J.

(4)

(i)

(6)

0)

(B)

(g)

(ro )

(z)

(rr )

(rz )

1r: )

ct3+H+W

cZH6 + 2 co

"t3 
+

cH3 +

cHz + HCO

H+CO

From the experimental data,

over reaction (¡f). Further work on

described in section A.

HCO+W

cH3

""3+H

As a test of the above mechanism it was thought that the
study of the reaction of H-atoms with photochemically similar
molecules, occco, and HNCO in particurar may prove varuable.

cHt, + w
T

CHl, +
T

czH6

co+w

reaction (:") was favored

the above system is



)þ.

These studies are described in Sections B and C.

Recently, a study of the reaction of hydrogen atoms
with acetaldehyde in which the products were analyzed
directly by mass spectrometry, has shown that a long_r_ived
radical with m/e = 4l is produced ín large proportior=4. rt
is bel-ieved to be the cu2Ëo radical, and the forlowing reaction
scheme is postulate,l:

H + CH3CHO

+ CH3CHOcHo

where reaction (r4) is a novel warden-inversion process in which
the hydrogen atom enters the acetaldehyde molecule from one
side and displaces the larger HCO radical.
formed by reaction (r¡) is found to be J_ong-rived probably due
to the fact that it is resonance stabir-ized by electron
d=l-ocalization as f ol_l_ows:

cH4 + cHo

co+Hr+cH2cHo

"", S=o .--..+ CH2=8-ó

been postulated

it. is formed by

The above free radical is simifar to the one that has
j-n the candidate's M.Sc. study except that here
addition instead of hydrogen abstraction and

(r4 )

(r¡ )

The CH2CHO radical



would be expected to have 15-40 kcar/mole excess

would enable it to undergo reactions such as

H
cu2ðo* + Hz

quÍte readily.

lrlith the recent advances in outer

there has been a great deal of interest in

the earth's atmosphere and in some of the

place within it at higher altitudes. (see ref. 5 for example).

using the adsorption of the solar Lyman-o line it has been

possible to identify and monitor the concentrations of hydrogen

atoms in the earth's atmosphere. A value of z-4 x lo12 atoms/
3_ 6cm." has been estimated above 12o Km". Ground state hydrogen

atoms are quite unreactive toward N2: oz, and co2 and most

other atmospheric aases at low temperatures. However, it is
rel-atively easy for an H-atom to absorb the l.216 Lyman-a

resonance line and be excited to the ri(2p) state7, 10.20 ev.

above the ground state H (2s). since this is a larger energy

than any known chemical bond (except co), the excited hydrogen

atom could at reast in theory become quite reactive even with

cH4 + Hco

Ã).

energy which

space technology,

the composition of

reactions that take

(4)

respect to the inert atmospheric gases, and conseguently be a

species of considerabl-e chemical interest. rt could either



transfer this; energy ';o otìrer molecule s bv collision, or.

react directly by abstracting other atoms from normally

stable molecules.

In .)()2 Tanaka and McNe=¡yB reported the formation
t

of H (-p) atoms in a laboratory vacuum system and observed

their reactions with N, to form *H3. Since the I2L6 i 
"Urn-r,-r:

line is not transmitted by many materials, problems unknown to

ordinary photochemistry are involved. The above experimenters

have used LiF as the window material and the intensity of the

lamp was estimated by the photoionization of butene-I. It has

been shown, however, that this window tends to become inefficient

af ter a few hours of use. Another sol-ution to the problem has

been the Lrse of a windowl-ess hydrogen discharge as the Lyman-c¿

source in a flow system. Our attempt to study reactions of
,2H (-P) atoms is described in Section D.

A second development during the M.Sc. study has been

the use of a thin film of SiO2 ge1 for the collection of non-

condensable gases such as cH4, c0, and N2 from a fast-flow Jow-

O

pressure system/. This has enabled us to study the H + cïzco t

H + occco, and H + HNco reactions where these gases are

produced as primary products. Jamieson and Brown have since

applied this method to the re-examination of the H + cH4



,(,

reactío.rfo and to the study of H-atoms with nitrogen

containing compounds in a wood-Bonhoeffer apparatu"11. During
the course of the present studies, this technique has been

improved upon and attempts have been made to extend it to the
manipuration arrd quantitative estimation of non-condensable

gases in a vacuum system. section E is a description of this
study. *

jAs this research progressed it became evident that an

absolute methocl of dete:mining the hydrogen atom concentration
in a fast flow system prior to each experiment wourd be of
great value (see Discussion section for reason). A short
sumrnary of the methods of detecting H-atoms has already been

.1grven*. A lengthy report in which this problem is re-examined

has recently upp..r.dl2. The author concludes that the wrede-

Harteck gauge normally used for H-atom determination may not be

absolute. Arso, it is very sensitive to impurities i_n the
hydrogen stream, and cannot discriminate between H-atoms and

other atomic species. some of the other main findings about

the H-atom concentration in a fast flow system are as follows:
1) Trace amounts of water do not influence the yield of

atoms from a microwave or erectroderess discharge at o.oz5 cm

rÉf am indebted to
laboratory) with

Mr. J. J. Czubryt
whom some of these

(efr .o. candidate of this
studies have been conducted.



H9.

2) Small_ amounts of 02 and

yield of at,oms by a factor of

oxygen and less for nitrogen.

3) The intensity of the Bar-mer r-ine is not a retiable
indication of the concentration of atoms.

4) The presence of a catalytic probe in the atom stream
affects the concentration of the ato.ms throughout the fr_ow

tube at low pressures.

5 ) en isothermal calorimeter is a good method for determining
the absolute atom concentration providing the following
conditions hold:

N2, however, increase the

two atoms per molecule of

a) art atoms are

b) The diffusive

known.

8.

c) The presence of atoms does not after the rate of
heat loss from the calorimeter.

d) The thermar acconunodation coefficient of the
recornbination energy must be equal to unity; i.e.
all the energy given up in the formation of the
morecule in its ground state must be absorbed by the
calorimeter

scavenged on the cal-orimeter surf ace.

and convective flux of the atoms is



Section F is a description of

atom concentrat:Lon prior to a

flow system.

By this time we had accumul.ated some varuable
experience and techniques for the study of H_atoms and it was
thought that one of the most er-ementary reacti-ons known,
H + D2 in a heiium ftowing stream would be a good test of the
applicability of the re-mo,relted apparatus to H_atom studies.
This would not only enable the candidate to examine the
reaction at low temperatures, but would also allow him to
consider some of the more interesting theoreticar_ and quantum
mechanical aspects of chemicar kinetics which have been
predicted at least thirty years ago but which are only now
beginning to be observed as a result of improved techniques
and devel0pment of 10w temperature technol0gy. The major
prev,-ous attempts at this study are summarized in Tabr_e r.

The final column of the table gives the values of the
activation energy for the reaction as estimated by a fog.k vs.
r/T Arrhenius 1aw prot. The activation energies obtained by
Geib and Harteck are calcurated on the basis of two assumptions:

A) streamlined flow - poor mixing of reactants and a non-
uniform distribution of reactants in the vessel

our attempts at estimating the

set of experiments in a fast

q



Lo'

B) turbufent ffow - rapid mixing and a Lrniform

concentratio' of reactar.ts throughout the reaction vesser_.

An asterisk indicates that quantum mechanical tunnelring has

been taken into account. The two values obtained for H + p-H2

by schulz and LeRoy are estimated using transition state
along with paraboric and Eckart barriers respectively. E

the "threshold energy," or t-he miirimbm amount of energy a

atom must have to react with H2 at room temperature as estimated
from a products versus energy plot in the ,,hot atom,, experiments
(see Appendix rX).

theory

ors

D
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A. Reaction of Hvdloqen Atoms with _Ketene_

Introdr-rction

fn an attempt to clarify some aspects of the

reaction mechanism between hydrogen atoms and ketene as put

DETAILED DESCRIPTION OF EACH PROJECT

forward in the M.sc. thesis two other types of experiments

were cond'l:cted as f ol1ows:

1 ) The reaction of hydrogen atoms with ketene at -96o C ,

and

2) The reaction of hydrogen atoms with ketene in the

presence of hel:ium at Z3Zo C and at -t96o C (surface).

Apparatus and materials.

The apparatus and materials in these cases were

exactly the same as those used in the previous experimentsl.

r3.

The ::eaction vessel was cylindrical as described previously

but the poisoning material- was dri-f irm (c.n. sc TT)23 rather

than NarHPo4.lo H2o. The atom concentration was estimated at

235o c by the use of cc14 as a scavenger and found to be 4r

micromoles/min. The refrigerant for the -96o c experiments was

solid acetone. rn the he1ium dilution experiments, the helium



which was obtained from the Linde Company. was purifiecl in

the same manner as the hydrogen and was rntroduced into the

system by means of flow valves and manometers at a rate of

694 micromoles per minute. The molecular hydrogen flow was

reduced to L29 micromoles per minute and the operating

pressure was maintained at 1.05 mrn Hg. Under these conditions

the hydrogen aton concentration was estimated to be

approximately f3 micromoles per minute. The temperature of

these latter helium dilution experiments \¡/as 232 + 2o C and

one experiment was conducted at -1!6o C in which the ketene

was condensed onto the surface of the reaction vessel.

Results

The results obtained are listed in Table II and plotted

in Fig. I for the -96o c experiments. The values obtained for

the he1ium dil-ution experiments are surrunarized in Table III .

Discussion

14,.

The results of experiments at -96o C show that hydrogen

atoms are scavenged at moderate ketene flow rates but at high

ketene flow rates a chain reaction is initiated. This is

believed to be due to the presence of HCO radicals (."

postulated in the M.Sc. work) which act as chain carriers rna



FIGURE I

Yields of products versus flow rates of

reaction of hydrogen atoms with ketene

ì5,

ketene in the

at -96 L 2o c.
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\,vay which is simil-ar to that of the -ztìo experiment,s.

rn the experiments at z3po c using He as a diluent
(with only r:3.5'ft Hz) it is seen that the chain rea.ction is
quenched. very little methane was detected and only small

amounts of ethane '/üere observed along with trace amounts of

glyoxal. rn the -1960 c experiment the methane was comp]_etely

eliminated and carbon monoxide became the major product along

with some g1yoxa1. This series of experiments indicates that

molecular hydrogen is indeed necessary for the formation of

methane and the propagation of the chain processes which \¡/ere

observed in the pure hydrogen system. The complete mechanism

as put forward at that time appears in the Overall Discussion

Section of this thesis (see page l4O).

Concl-us ion

ït was concluded that the primary H_atom

the carbonyl carbon of the ketene mol_ecule and it

that a similar study of the reaction of hydrogen

tB.

carbon suboxide might prove valuable.

in the next section.

attack was on

was thought

atoms with

This study ts described



l,g.

B. Stuqies on Carbon Suboxide_

Introduct ion

wit'hin the past decade a great dear of interest has

arisen in the rather unfamiliar compound, c3o2, chiefly due

to its formation as a product in the radiolysis of co and
24.2a ^rcoa Harteck and co-worketrt' have reacted caoa with

oxygen atoms in a fast-ftowing system and found co as the main

product with minor anrounts of cro and Cor. The short_lived
c2o species was postulated to react with o-atoms in two ways:

o+c2o

o+c2o

A simifar study of the reaction with o, was found to be

extremely slow. The authors conclude that caoz as a kinetic
entity ought to be examined in detail due to its importance in
combustion processes and, ar-so, due to its role in the photo_
chemistry of pranetary atmospheres containing substantial
amounts of CO and COr.

fn 1961 Kyle Baye =27 
,28,29 undertook the study of the

photochemicar- decomposition of c3o2 in the presence of free
radical scavengers. He found that the most probable primary
step is

C * Co2 fast

CO + CO slow

(16 )

(q)



"3oz 
+ nU

The CCO intermecliate

apparently underwent

cco + czfj4

co + cco

cco + c3oz excess

where c3H4 represents a mixture of arlene and methylacetyrene

isomers. when o, was added to the above system it was shown

that at short wavelengths it had little effect on the production

of allene, but at longer wavelengths it quenched allene

formation quite efficiently. He thus concluded that the cco

could exist in two forms, a triplet ground state (formed at

long wave-lengths), and a low-lying singret (formed at short
wave-rengths ) similar to the methylene (cHe ) case. Later

studie=3o'31 h.rr. indicated that an excj-ted caoz molecul-e is
probabJ-y formed in the primary step.

Thermal decomposition studies by palmer and uirt32
showed that the reaction

was found to be

rapid reactions

CaHr, + Co

j

= Polymer * nCO

very reactive and

as follows:

zo.

(ru)

(rg )

(zo )

C.Op = CoO
J

is !4 kcal endothermic.

CO (zr )



7r'

A great deal of interest has also arisen in the

polymer associated with the thermal and photolytic studies33'3/+

' ' atelY six
The thermal pol11rner is thought to consist of approxrm

suboxide units fused into a heterocyclic structure with five

carbon atoms and one oxygen in the ring, and a carbony

adjacent to the hetero atom as follows:

oo.
\\o\ ,c-q c---c-c c-c1

c-o c-oe&
The photoPclymer

also found to be

---o\c
/

---c

is similar excePt that

present with the basic

o
(

-{ \
a 

---

I grouP

þ-iío o---

for the thermal case '
Òtr'

RecentlY Blake and Hodgson" have

polymer formed by Y-radiolysis of C3ot is

ketenYl groups were

unit being

o
\--,o c---!-./

È -\\---c c---
b-d
//

o'

rather than

shown that the

similar to the thermaL



I .rì

'ii..,.
\Ì.

t:h\.ií\

fof'rnec¡ bv ionicone and

"3or*

t zo*

IS

+ n c3o,

n C3ot

Harteck35 ht= implied thaL thís þolymer (which could also be

produced by the radiolysis of CO) may be an important inter-

mediate in the formation of organic compounds from CO as

follows:

+

mechanisms such as:

ê

co 4H c3oz

pclymer + H2O

polymer + m Co

polirmer + m CO

Due to this surge of interest in cro, and also due to

its similarity to the ketene molecule (see u.v. absorption

spectrum)" t" have studied its reaction with hydrogen atoms

and have also performed a few photolytic experiments on CrO,

in the presence of hYdrogen.

n¡r.-.-+ polymer

o?)

organic compounds

(zz)

1z: )

a) Reaction of Ca,Oo w:i-1.1, ltydror¡en atoms

Apparatus and materials

The apparatus vias r,rodified froni i;hat of the prevlous

studies in three waYS:

(24 )

(25)



a Wood-Bonhoeffer tube (with aluminum electrodes ) with the

hope of obtaining a more constant hydrogen atom source.

Z) The reaction vessel was altered to prevent back diffusion

of reactants into the discharge zone and to prevent a direct

light path from the discharge to the reaction t"giorr37.

3 ) A toepler pump - gas burette - gas chromatograph was

ínstalled at the reaction side of the apparatus whereby the

non-condensable products adsorbed on the Si 02 gel trap9 could

be collected and analyzed immediately by gas chromatography.

The mol-ecular hydrogen flow was increased to 2698

micromoles/min but the reaction pressure was maintained at

1.05 + O.O1 rn-m Hg. The reaction vessel was not poisoned and

the hydrogen atom concentration under these conditions was

found to be about 4f micromoles/min (using C}HDCI as a titrant)

but once again it was difficult to keep this value constant '

carbon suboxide was prepared by the dehydration of

malonic acid (Matheson, Coleman and Bell) with PpOr (naker,
tL)

reagent grade ) according to Stock and Stoltzenburg3B and was

fractionated by bulb-to-bulb distitlation. The final product

contained less than 3% COZ as determined by vapour pressure

analysis LeRoY still.



Diagram of discharge

circuit diagram for

H2:

FTGURE II

tube.. reaction

the study of the

P

hydrogen infet

to product traps and pump

reactant inlet

thermocouple we l_l_

high voltage wires to el-ectrodes

spark gap (with radioactive source )

B Uf condensor

R

T

d

aL+ .

vessel, and D.C .

H + C3O, reaction.

11 : 10,OCO l? pcwer resistors (water cooled)

tt

t,-,
a

T
¿̂

2
5

step-down transf ormers

neon ?ign step-up transformer (5OCO v at ZZOinput )

variac

dp dt switches
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FIGURE IIT

Toepler pump-gas burette gas cllromatograph system for

analysis of Products.

ârb :

c:

f:

dre :

h:

g:

i:

j:

flow stopcocks (closed after reaction)

small stopcock opened when products are
pumped into gas burette

capillary stopcock for placing sample into loop

two way stopcocks for carrier gas by-pass

carrier gas inlet

thermal conductivitY ce11

?^;5,

column

bubble meter





?6'

Thenon-condensableproductsco,anclClll¡wcrct-r;tp¡:'::tl

onsio2gel,pumpedintothegasburette,andquantitatively

determined by gas chromatography under the following

conditions:

r) column:

arnbient temPerature '

2) Detector: thermal conductivity fabricated

technical laboratory usinq gtow-plug filaments '

3) Carrier gas: helium at 26 cc/min'

six foot , L/3" sio2 gel (rro-Eo mesh) tt

Results

The results

plotted in tYPical

Discussion

Atalltemperaturesthemainreactionproductiscarbon

monoxide. Especially at the lower temperatures the next most

predominantoneisCH4,withincreasingamountsofCH2COand

C^H. as the temperature is raised ' Glyoxal was detected at

the T7o and the -78o experiments but no attempt was made to

estimateitquantitatively.Inallexperimentsadarkresidue

wasleftbehindinthereactionvesselwhichmayhavebeen

carbon or polymer, and which accounts for the lack of mass

obtained are Iisted

"flow curve" fashion

IN the

in Table IV and are

in Figures IV to VII '



TABLE TV

Yields of products in the reaction of hydrogen atoms
with carbon suboxide

Durat.
of

experi.

C -O^J¿

flow

)Ã
ìn
2rl
)Ã
)o
1.0

c ^o-.)..
reacted

46
l¿
oÃ

1U5
17o
203

Temp=rature:

j4 Z-,,\ E .448 Tz zr
!rox 30.F

2L 2)j 5 1r

44 49 Uo
50 4r L5

Temperature:

1!., 2.q 6.s
Qlr r roL_ra f:-)ù J)
93 r37 25

10+ 1(-i2 p6

CO

4.0
3.0
)ô
r.0

cH4

19
Bg

r26
.w)

7,7.

cH2co

).u
4.o
J.U
DÔ

1.O

-9-16 + 2a c

trace
trace

trace
trace
trace

-78+20c

trace
oo

1..-

10

CnH, carbon¿. f)

balance

33
bO

98
736
214

Temperature z TT + 20 C

2L lJ.S T.o trace
46 Br 10 4.6
6S 115 tl T, .gTr r23 14 g.z

r4B zz9 15 Lj

Temperature: 235 + ?_o C

15 36 2.o 3.830 4¡ 2.3 6.t46 -;5 z .9 6.r
58 BB 4.6 t4

6.0
lô

2.O
1.0

trace
trace

trace
trace
trace

)tra)

7T
103
203

o .36
u. o,

n 1-re

0 .40
0 .43

'i.o

trace
tr ace
trace
2.6

139 (ads) Zl tì rrace

o.69
o.65
o.64
o.69

Temperature: -I!6o g (ads.

2.r

7ll
70

r3

o.71
u. Õo
0. B4
0. Bo
0.68

trace
)o
Lt r-

7tr

I

nilnil trace
g lyoxal



TABLE rv (comro)

Note: (r)

(z)

A blank indicates that the product was notanalyzed for.
"Trace " indicates that the amount of product wasless than Z umoles,/min.
The "carbon bafance " was determined by taking theratio of the total_ carbon gaseous products and

iïï1::ïir.lï-!nl'.il"iiiji "" *'.",, r,u".io., isknown but the absolute values of each*are estimatedDuration of experiment is expressed in minutes, buta1l_ other values are micromcles/min.
The atom concentration for these experiments was Lrl

T':i;T:*:=lïïr3=.î=tt*uted bv the "=' or c z'5cr .l

(¡ )

(4)

(r)

(6)

28.



FIGURE TV

Yiefds of products from the reaction

with C3oZ at -96 + Zo C.

79.

of hydrogen atoms
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Yields of products in
C3oe ar -TB + Zo c.

3ô.

FIGURE V

the reaction of hydrogen atoms with
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Yields of products

caoZ ar TT ! Zo c.

3r.

FIGURE VT

the reaction ofIN hydrogen atoms with
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Yiel-ds of products

with C-¡O^ at 23a +

Q.

FIGURE VII

from the reaction of

zo c.

hydrogen atoms
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å3.

ba]ance in the gaseous products. The outstanding difference
in the z35o runs was the formation of a large amount of dark
brown porymer within the reaction zone near the c3o, inret.
An attempt to charact,erize the polymer was made by trying to
form it on rock-salt windo-¡ for r.R. anaJ-ysis but this
experiment was unsuccessful-. Because of the predominant
pclymer formation at this temperature, it is bel_ieved that a

thermal porymerization of a3o2 took place, in the presence of
hydrogen, and catalyzed by hydrogen atoms. Thus these high
temperature resu]ts wif I be disc.rssed separateJ_y from the
others.

The main feature of the resul_ts at _960 C, _TBo C , and

77o c is the unusuar maximum in the flow curves at low c.o,
flow rates. This seems to

possibly CrO which is

atoms in the reaction

prominant when the atoms are completely scavenged by the primary
addition step according to reactions such as

Aä :.car /more

only

pcrnt to a reactive intermediate

formed when there is an excess of

H

vessel, and which no longer becomes

occco J-* 
* {=c-o*

I|_} O-C-Ç -C=Ox
H

(z6a)

Qeu)

-? 1-r

¡Jr
-)Ll.



It will be seen below

following mechanisn is

Ar -96o C:

H + OCCCO

trH + OCCCO.)É

that reaction (:tira ) is

pcstulated to account

occ * H2

FI

occêox

OCC+CO+

3?,

f avorecl . 'I'he

for the products:

cHz * H2

H2CCO*

cH3 + cH3

W

J*

H2

cH2co

l-t 
""3 

+ H

H
o=c=c -c:o

+

o=c=c -c=o
H

Wr
CH,,

+

l-* cHe + co

An (rca l/nole)

(e6a ) -¡¿t

c zH6

O{=C
I

O_C=C

(z6b )

(zr ")
(zrn)

( z")

(z¡)

(i3 )

O={=C
I

O=C=C

-17

-0(

-13

-103

-1

-84

W

occco + c

C+

res idue

H,I
(a

Hp

2 co (.p8)\ -- /

CHç

(zg)

-32

(:o ¡

(sr ¡ -Õo



31.

At 1ow C3O, concentrations there is an excess of
H-atoms in the reaction vessel and thus reaction (zeø) occurs
quite readily. This is f or-l0wed by (zr) and ( z ) giving rise
to a chain mechanism, and hence the maximum in the f10w
diagram of Fig. rv. Then when the cro, flow exceeds 90 micro_
moles,/min (cr twice the atom concentration) aÌr the H_atoms
are scavenged by the primary step , (z6a), and the chain
reaction is quenched. The most probable secordary reacti-ons
now are (zg), (zg), and (:o,). Reacrion (Sr¡ has been posrutared
to occur previously39 and is necessary for the minor amounts of
cH4 observed at high a3oa f r-o-¡ rates. Reaction (zg) in which
a mol-ecul-e of cro, is regenerated is necessary for the r_:r ratio
of cro^ reacted to H-atoms consumed as is observed under these
conditions.

Ar -7Bo c,

Reaction occ io*

becomes important followed by (Zf) and

not only explains the appearance

ketene but also enables the chain

*H2 = cH2co + HCox (Sz¡ _23

A n (rcat,/mote 
)

of significant amounts of
to be carried further by

( e ) as before. This



reactions such

HCO* + occco

It eventually terminaLes,

occ8o* now formed has less

formed by reaction (Z6a).

destroyed by

UIA
occðox

HCO+Ê + HCOrê

At 770

however, due to the fact that the

excess energy than when it is

A1so, some of the HCO)Ë radicals are

CO

Al-1 reactíons

novr the occËo* formed

according to (:a¡ and

rates.

At 2350 cz

C:

J-.
l__

W

A s (t"u419¡e)
(:s ) -1ù

H2+2co

(Hco ),

36.

postulated at -7Bo

by (¡:) has enough

lengthen the chain

CCo + C3oZ

as originally

ft is

The most prominant reaction

(6)

(¡ )

-48

-80

C still occur except

energy to react

at high CaoZ flow

pcstulated by Bayes

interesting to note

pclymer + 2 CO

AS

in photochemical studies.

from the flow curves at 2350

(eo )

(1



that exactly three molecules of CO are

C30Z decomposed and the reacti_on

following stoichiometry :

2 c-o-
J¿

From this

porymer must of necessity be 3/t and consequently its

+ nur(?) =

composition must be slightly different than those pcstulated

by the previous workers in thermal and photolytic systems

without Ht. rt is probabl-e that the compcsition of the polymer

could be represented by one of the following two structures

depending whether or not hydrogen enters into the reaction

scheme:

ir can be cl_early seen that |Jne C/O ratio

must proceed according to the

polymer + 3 CO

formed for every two

rl,

Ha
---C-C-ç-O- 

C..'ll ll ii
-.ç-g.C-g-C...

(34 )

the

C onclus ions

The resurts of this study require two pcstulates:

1) That the primary attack of the hydrogen atom is on the

IN

H¿

'c
il

...c

?ç
.f.'.^r.C

ï..g.-L:.ç

ðå

c'
ll

Ç:r:



carbonyl- carbon atom, as

2) The cCo biradical

at all temperatures. This is similar to the recent study of
/ln

N + C2H2 -" where a maximuflr occurs in the flow curves as well,

and which is believed to proceed via a CCN íntermediate. To

test this hypothesis further, the photolysis of C3O2 in the

presence of H2 was undertaken.

in the ketene case.

b) The photolysis of ca;:bo¿r suboxide in the presence of

IS an irnportant reactive intermediate

hydrogen

Apparatus

The apparatus was a standard photolysis system

employing a quartz low-temperaLure ce11 as described by Gesser
Lt

et a1 '- with a vol-ume of 2II cc . A Hanovia S-5OO medium

pressure

fil-ter as

effective

36-

arc was used along with a Corning glass #9363

well as a chlorine f il-ter (f atm., ! cm) to

radiation of about 27OO 3 ( see Fig. VIII ) .

high pressure closed system the products and reactants were

stirred about by means of a glass stirrer. The circuit diagrams

of the photocathode tube and lamp circuits are given in Fig.

IX. The non-condensable products CO, and CH4 were collected

in a gas burette where their total volume was determined by P.VT.

(: mm)

give an

fn the



FIGURE VIII

Spectra from Hanor,;ia S-5O0 medium pressure Hg arc

a Hilser medium quartz spectrosraph t* U-þr-f,ff-l

s l it open ing of +T .5fL .

spectrum ,fI

" l/2

"#3
"#4
"#J

s9,

Arc with entire f il-ter combination '

Arc with #95-lB Corning f ilter (S mm)

Arc with chlorine f ilter (f atm., ! cm)

Arc with Hg filter ( f cm)

Unfiltered arc

us ing

with a





FIGURE TX

a ) Phctocathr:de circu it

CDR : Critical dampinq resistance (gOZ Q )

G

ic

R

iR

P.S.

T

Galvanometer

Gal-vanometer current

Variabl-e resistor

Current flowing through variable resistor

Power supply (fg: vot_ts; Heath Kit #Errw_15)

Photocathode (nca %j)

b ) Lamp circuit

4,0,,

L

T

Hanovia S-500 lamp

Lamp transformer (2!O volts to start , 50volts to operate )

Variac

10 amp. meter (controlled at 9 amps)

V

A





4r.

measurements. They were then analyzed by comÌ>ustion in Lì CUO

furnace as described previously in the M.sc. study.

Results

Three experiments wsre first conducted with ketene

the presence of hydrogen to establish the galvanometer

constants . They are sununarized in Tabl-e V '

Next, cro2 wals plac:ed in the cell- alo:rg with mclecular

hydrogen and was photolyzed under the following conditions:

Temp | 25.ro c ì C3o2 press. : 27 .5 mm H9; H2 press ' : 73 '5 mm

Hg; Photolysis time: ôO min; Analysis tempr 2J'to C

giving the following results:

Vco z 2T .O cc-cm and thus Ø"o

V^-,, : ] . 04 cc-cm rr rr 
'"'U\-fllt

along with a brown polymer which coated the inside of the cell.

(It was found that the most effective way to remove the pclymer

was by f illing the cell with HNO3 vapour and heati.tg). The

third gaseous product above was collected in a LeRoy still and

had a vapour pressure curve slightly lower ( in temperature )

than that of ketene. Consequently it was thought to be H2CO,

about the only other pcssibility. It was not identified in any

other way since its amount was too small to be transferred for

ln

= 1.-ì

ø^r"o =

0. 17

0 .03
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analysis by other means.

fn an attermpt tt> eliminate excessive polymer

formation and also duplicate mcre closely the conditions of

the H-atom experiments, the system was altered to include a

LeRoy still, a Sio2 gel traP, and

for stirring as shown in Fig. X.

into the still uPstream from the

pressure cf abcut fO microns H9.

a pressure of about 0.4 rnm Hg and

for eight hours. The results obtained are as follows:

U""U , 7.35 cc-cm

VCO , 9.93 cc-cm

u"rt6: trace

vHrco(z)' rB.7 cc-cm

Analysis temp. 25.0o c

a small Hg diffusion PumP

The C3O, was then condensed

cel-I and was maintained at a

Hydrogen was introduced at

the system was circulated

)+3,

The absorbance was too fow under these conditions for quantum

yield studies.

Discus s ion

The results may be explained by the following mechanisms:



!-IGURE X

Apparatus for the low pressLlre photolysis of c3o2 in a flow

system.

A Lamp (Hanovia S-50C)

Collimating lens

Filtering system

Quartz cell with low temperature jacket

Photocel-l-

a

4+.

H

T

cmU.I.

High vacuum

Liquid N2 traP

Silica gel traP

D

L

Mercury diffusion PumP

Low vacuum

LeRoy still-

Mcleod GaugeG
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I ) High pressure :

occco + hu

occcox + M

occco* * Hz

occco++

occco + M

cco + H2

W
CHZ*HZ =

cco + caoz

2) Low pressure flow system:

Reaction (:0¡) predominates, and also now

H2CO + CCO

cHz + co

CHr'+

polymer + n CO

)+6.

cH2 * H2

(:r )

(so"¡

(36b)

(27b)

(zu )

(ac )

followed by

"H3 
+ CH3

The formation of a third primary product (most likely H2CO) it

increasing amounts at low pressure necessitates that the primary

photolytic process be the formation of an energy rich inter-

mediate (perhaps C3OA*) which is de-activated by collisions at

CHlr*a
J?
1.*

w= czH6

CHlrT

CH"+H
.)

l'¿a /

(za )

(r¡ )



high pressures by reactions such as (-;oa).

must pcssess at least 44 kcaf

before reaction (S0¡) can take

predominates. Trace amounts of

supnort reacticns ( fef ) and ( ff ) .

C o:rc1us ions

From this study

dces react with hydrogen to form CH4 and

previously but the photolysis reactíon is

by the production of another intermediate

the primary step. This latter conclusion

energy above

46'

This intermedi¿r te

its ground state

low pressures (S0r¡

also tend to

place. At

CZH6 would

the most recent study of the photolysis of

where a "two-intermediate " m,3chanism is put f orward as f ollows :

ir may be concluded that CCO indeed

caoz + hu

S + olefin

I*

IlË +

CO as postulated

further complicated

in which S is postulated to be CZO, but

It is suggested from our results that S

allene + isomers

(perhaps C3o2*) in

is in agreement with
)tc

C3OZ with ol-ef ins '-

rtÊ

M non-a1lene products

(sz )

(sa ¡

(¡s")

(:g¡ )

not proven to be so.

may also be 
"3oZ*.



c. Re act i on of Hydto-gC-n-èt o-qrs -gLE¡--J.Ê-c'q-gf-!S.-AqfÈ

Introduction

The PhotolYsis of

temperature range of -3fo

pressure regron.

postulated to be

HNCO + hU

NH + HNCO

The main Products CO, N2, and H2 were

formed according to the following mechanism:

HNco has been studied 3 over the

to 2OOo c and in the 2 to 200 mm

NH2 +

2 NCO

2NH

NH+CO

HNCO

NH2 + NCO

47,

N2+ZCO

N2+H2

NH3 + NCO

and since the two structures

the study of the reaction

to be valuable.

Apparatus and materials

The aPParatus was

Since the HNCO molecule

(4: )

(44 )

isoelectronic with ketene

previous experiments.

(4o )

(4r )

(42 )

IS

are similar, it was thought that

of hydrogen atoms with HNCO may prove

again altered from that used in

An A.C. discharge with water-cooled



electrodes was used in an att-etupt to ovor(:()tììc Lirc i.r'r..-.,_¡ Lr l,rr.,

nature of the D.C. discharge (caused

gap). Also, a removeable spherical-

employed to make poisoning the system easy (See Fig. XI).

The poisonj-ng materiar was NaH2po4.Hzo (=% av weight) and the

scavenger was cc14. under these conditions the atom

concentration was still f otind to be of guestionable value but

was estimated to be around

Isocyanic acid was

of cyanuric acid (nastman)

The outgassed product was

by a troublesome spark-

reaction vessel was

COZ as estimated by fractional distill_ation

Resul-ts

4S -5O rnicromole s/min .

prepared by the pyrolysis (7OOo c)

in a nitrogen flow =y=tem 
4r45.

condensable products are most likely Ne and co but were not

analyzed due to difficulties with the gas chromatograph.

Di scus s ion

48.

The results are listed in Table VI beIow. The non-

found to contain

the ratio cf ammonia

with temperature.

From these preliminary experiments

formed by a reaction such as

approximately 2fi

in a LeRoy stilI.

to the other products

This woul-d seem to indicate that ít

it may be seen that

increases markedly

]-S



FIGURE XT

Diagram of A.c. Dissociator and spherical removable

reaction vessel.

H:

D:

P:

4e

Hydrogen inlet

Dissociator (with Al electrodes )

To pumping system

Reaction vessel (ZOO mf)

Thermocouple well

V:

m
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NH+H2

¿rnd woul_d necessitate the

the system, although it

be formed by

= NH.
_)

H
Hp * HN-Ô=ox

analogr>us to CH4 in the ketene

the NH2CO free radical has been

photosensitized reaction

presence of singlet NH

corrceivabl_e that the1S

H9 (3nr) + riz + HNco

*"3 + HCO

rna

51 .

(.'r ' , )

, radicals in

ammonía may

D. E¿crte¿ HvArqqenétgqg_

static system at pressures above

Introduction

Excited hydrogen atoms (uzp) were first prepared for
reaction purposes by Tanaka and McNe=byB who produced them by
the irradiation of ground-state H (2s) atoms with the Lyman_ü
( rzro 8) line. The authors report that NH3 is the only major
product when H(2p) are reacted with N2. T\¡ro arternati-ve
mechanisms of the primary reaction are propcsed:

experiments. The formaLion of
pcstulated in the mercury

(46)

I-2 mm tn46.



a ) Energy transfer

H(2p) + tiz

r ) Atom transfer

n(2p) + N"

Then N2*

Ammonia was then thought

of N-atoms with H-atoms

In a subsequent
,aand H('P ) production and

using different lamps.

f oll-ows:

u,(2:;) + t'iz*

,L2 N('s)

NH + u(4s) (4g)

to be formed either by the reaction

ÐÁ.

or by NH with H or Hr.

paper Koyano and Tanaxa4T report ¡(2p)

their respective reactions with N2

H+N2+H

(42 )

(48 )

The results may be summarized as

H+N2+D

D+N2+H

Lyman-o

Lyman-u

Lyman-o,

indicating that the wave

D*N2+DLyman-.f,

NH3

no product

no product

*o3

length shift due

(¡o )

(rr )

$z)

(r: )

to isotopic infl-uence



was enough to prevent.

radiation by atoms.

It was thought that a

might prove to be interesting

species are of any importance

Apparatus and materials

A D.C. discharge was used to produce H(2S) u= described
previousry (approximatery zlr of the totar pure Hz flow). At
the entrance of the reaction vessel they were irradíated by a

Lyman-c¿ source as shown in Fig. xrr. The ramp was first
constructed as f oll_ows:

An A.C. discharge across molybdenum electrodes in a Hg

free mixture of H2 (o-oo6z mm Hg) and Ne (0.:o mm Hg) was used.
Both LiF and caF2 were tested as window materiar_s. The window
was waxed on to t]'¡e end of the lamp. The output was determined
by irradiation of co2 (40 cm Hg) i.r a static system and was

found to be about r.3 x't016 quanta/sec. see Tabre vrf for
results.

Discussion

the arbsorpt- j,on o,t. Lì.rc-. l..r)rìû)nr:uìr-.tl

study of u(2e) in our system

and would indicate whether such

in ordinary H-atom experiments.

5s.

The experiments show that although there was some back
diffusion of N, into the discharge zone-. a greater amount of NH,

l_s formed with the lamp cn than without the Lyman-Lì, r-ine. and



FTGI.IRE XIT

Diagram of reaction vessel- and Lyman-c lamp for H (2p)

studies.

1.

D:

M:

D

R:

5+"

Lyman-il, lamp

to dissociator

to Mcleod Gauge

to traps and pump

reactant inl-et
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Diagram of Lyrnan-a lamp

FIGURE XTII

with water-cooled window.

250 ml bulb

e Iectrodes

window

B:

Er

w:

56.





5'.l '

thus indicates the presence of H('f p ) . The antott¡lt-s . hL)wovc-'r ,

are negligible when compared with the quantities of products

normally formeC in hydrogen atorn reactions, and thus it may

be concluded that this sPecies

ordinary studies of thermal hydrogen atoms.

Further work on H(2p) + co, s(2p) + cH4, and n(2p) + no

was planned but was later abandoned due to difficul-ties

encountered with the heating of the lamp window. A water-

cooled lamp was then designed and constructed (see Fig. XIII),

but no experiments were

E. De_s_orption Studies and TrgPgr-ng-

IS of little importance in

Although adsorption of gases on sio2 9e1 and charcoal-

well-known, the use of these media for the trapping andis

separation of gases in a fast-flow, low-pressure system Is

rather unfamiliar. The trapping of CH4, CO, and N2 in a fast

f]ow system has previously been described by the author9, but

conducted with it.

Iater it was found that the Dow Corning Vacuum Silicone grease

used for adhering the gel to the glass caused a problem

after repeated warming of the trap, the ge1 became ineffective

as an adsorbing agent, probably due to the filJ-ing of the pores

of the gel by the grease. It has now been found that water-

IN that



gl-ass (reagent

this purpose.

glass and the

to the walls.

hours.. after

grade sodium silicate) is

The inside of the trap is

gel is sprinkle<l into the

overnight.. The resulting gel coating becomes permanent after

such a treatment.

Also, âfl attempt was made to separate non-condensable

gases by adsorption-desorption techniques in a LeRoy still.

A diagram cf the apparatus is shown in Fig. XIV. The

clesorption ctrtul"s for CO, CH4, and N2 were determined on SiO2

and porous glass adsorbents. From these it may be seen that

The trap is then "cured"

which it is heated in vacuo

mulch bettor f. c¡r

coated with water-

trap where it adhers

at l-OOo c for a few

to about 2OOo C

Co ought to be separated from CH4 or Nt on Sio2 gel but an

attempt to accomplish this failed since the desorption process

was found to be much slower than distil-Iation for which the

sti1l is so well-known.

Another variation of the prevíous experiment was as

5t.

follows: SiO, gel (28-6C m,=sh) was stuck onto the inner walls

of the stem of a liquid N, trap by means of water glass. The

outside was then coated with Sauereisen and a heating coil was

wound over it as shown in Fig. XVII.

Trace amounts of CO, CH4, CZH6, and CZH¡ were then



FIGURE XIV

Diagram of modified LeRoy stirl- for adsorption-desorption

studies of non-condensabl-e gases.

I:

G:

L:

T:

5e.

inlet

to McLeod Gauge

to l-ow vacuum

taper

Rl, f3 ohm resistance

R2t

t:

D

A:

9 ohm resistance

thermocouples

pcrous glass tubing

A1 col-lar





a) sio2 gel

TABLE VIIT

Desorption of N2, CO, and CH11 from:

N2

Temp. ("c ) Pressure

-Lg6
-190
-186
-182
-rr4
-168

2
4

7
20
Bl

co

Temp. ("c ) pressure

0
.o

Ã

6

b ) Porous glass (corning #fgZO)

-Lg4
-IBB
-175
-r5T
-r47
-ß5

-rg6
-L92
_1BB

-182
-r76
-168

OU.

0
0
0

IO
DA

9o

CHt'
T

Temp. ("c ) Pressure

o.5
Ãal

11
1B

5(
T5

Note:

-Lg6
-190
-IB6
-IBO
-r76
-168

-196
-r93
-189
-183
_I7T
-170
-163
-r54

1

2
)
-)
4

0
1.0
5.0

r5
Jv

100

Amount of gas used: ^, 100 micromoles
Porous glass used: I cm length of IZ m.m

Sio2 9e1: Approximately O.! g of 2B-2OO
Pressure units: m-icrons

o.25
0.40
0.50
I r-)

2C)
14
hh

135

-rg6
-L92
_1BB

-183
-178
-L69
-163
-L24

0
o.5
1.O
?tr
B.o

28 .0
59.o

l.20

o.D.
mesh

tubing



Desorption curves

6L.

FIGURE XV

for CH4, N2, and CO from SiO2 gel
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Desorption curves

62.

FIGURE XVT

for CH4, N2, and CO from porous glass
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Diagram of apparatus

FIGURE XVII

used for the trap desorption experiment

to variac

sampling system

SiO2 gel coating on inner stem of trap

Sauereisen insulation

V

63.

H

p

rL:

r2'r3 :

Heating coil

Pirani gauge leads

variable resistor

matched resistors

zero adjust

six volt battery

variable resistor for current control

b





adsorbed on the inner part of the trap at -r-.)r.,o c , ¿rnd t_rre¡r

the temperature of the i.nner stem was slowry raised by means

of the heating coir-. The pressure was continuously followed
by means of a pirani gauge connected to a strip chart
recorder.

As courd be seen from the "desorptigram,, four broad
peaks were obtained. unfortunately, simir-ar studi_es using
o:rly CH4 gave two to three peaks

adsorption

experiments

author that

useful in the direct quantitative determination of non_

condensabr-e and condensable gases from a singre trap in vacuum

systems.

A more successfur- set of experiments along these rines
was then performed. "saran " charcoalrç or pyrolyzed polyvinyl
chforide was made to adhere to the inside of the removabr_e

portion of a J-iquid nitrogen trap in the usual manner (uy tne
use of water glass ), and then outgassed at about z5oa c over_
night. Hydrogen was then introduced at various flow rates into
a helium fl0wing system, and trapped out quantitatively

sites or mufti-layer

were abandoned. However, it is believed by the
further refinement of this technique may prove

È1 .

probably due to different

adsorption. Consequently the

*Kindly supplied by Dr. s. s. Barton, Royal Military collegeof Canada, Kingston, Ontario.



6f.

FTGURE XVITT

Typical- "desorptigram"
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FTGURE XIX
Diagram of ,,sal:an,, charcoal trap and gas

Pi

L:

c.

D:

G:

T:

to pumps

to low vacuum

"saran" charcoal_ adsorbate

dewar

to gas chromatograph

Toepler pump

6b.

handling system
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HZ f low-rate
(mctes x to6/nin)

Trapping of hydrogen

QOu.c)
11t

I5
ai-)
4o
6t
T4

206

TABLE TX

from a

H2

(mclles

Note: The above
following

hefium fÌowing system

in
X

a
10" )

Bg

96
()

128
119
183
r4g
205

Total pressure: l.04 mm Hg

Helium flow : ZTOO moles x tO'/^¡n
A "blank" experiment showed that less than Imicromole/min of helium was adsorbed.

experiments were performed under the
conditions:

6F.

HZ out
(motes x to6)

9o
9B
/o

128
120
196
:-42
207



downstream. It was found that a temperature sl lght:ìy lo'¡¡c-'r

than -1960 C was necessary for the quantitative adsorption,

and this was achieved by pumping on the

coolant. The hydrogen was then desorbed

by means of a small diffusion and Toepler pump combination

into a gas burette where its amount was determined by P.V.T.

measurements. The following table shows that the adsorption

]-S quantitative even at large hydrogen flows.

found that Dâ

_ L,qsurf ace-'J, and

O.¿r% exchange

mixture of the

above manner.

This study became even more interesting when it was

liquid nitrogen

at ZOOo c and removed

TS even more strongly adsorbed on a charcoal

H + DZ reaction (see Section G). It is not necessary to mention

that it could be of great value in any reaction where H2, HD

and D, are involved in a helium flowing system (.g. thermal

and photochemical studies ) .

that under these conditions there is less than

6Ø.

between H, and D, (i.". to form HD) when a

above gases was trapped and collected in the

This provided the way for the study of the



6e.
F. Estimat ion._of_&oqå

lntroduction

By far the most diffÍcult part of the research was
to determine the atom concentration and to maintain its var_ue
constant ove.r a series of experiments. During the work thus
far chemical scavengers were

and C2H5Cl), but especially

it was thought that an independent method for estimating the
hydrogen atom concentration prior to each experiment woufd be
of great value. ft was first decided to use a hot wire
according to the method described by Bak and Rastrup_Ander=..r49

Apparatus

a ) First arrangement

The reaction vessel was so designed as to make it
pcssible to remove the hot-wire probe from the reaction zone
after the H-atom concentration has been determined. Ar_so, a
water-coored discharge tube was constructed to prevent any
possibility of excessive heat transfer from Lhe discharge zone
to the reaction vessel (see Fig. xx). An A.c. discharge \,vas
used for these experiments with a 2CO V pFimary _ 45OC V
secondary transformer (tutol0ney #sg+s) connected directly across

employed for this purpose (CCf4

at the low tsrnperature experiments



Diagram of water-cooled

reaction vesse_'ì_.

FIGURE XX

dissociator,

H:

D:

T:

D

V:

Hydrogen inlet

Water-cooled dissociator

Taper for raising or lowering probe

To pumps

250 m1. reaction vessel

70,

hot-wire probe, and





Y] .

the el_ectrodes.

Tire discharge zone and atom f r_ow tube were poisoned
with H3po4 (z/" av vor. ) while NaH2i:o4.H2o (r% ny weighr) was
used for the reaction vessel. For a typical experiment the
system was evacuated for one hour during which the probe was
outgassed at red heat. Then hydrogen was introduced at a
pressure of l.O3 mm Hg and a flow rate of ZTOO micromoles/min.
The probe current was atijusted by means of resistor, R4, so
that its temperature was just ber-ow that of red heat. The
bridge was then balanced using resistor R1 and the current
through the filament and voltage across it were noted (ro and
vo respectively). Next, the discharge was switched on and the
temperature of the tube was kept at zLo c by circulating water
through its outer jacket. Due to atom recombination, the
temperature of the firament increased and this caused an
imbalance in the bridge circuit. R1 was re_adjusted until the
bridge was again in bal-ance and the new values for current and
voltage were recorded (r and v respectively). F.rom this
informati-on the atom concentration was car-culated as shown in
Appendix It.

The above values

by chemical scavengers

are then compared with those obtained
in Table X. fn each case the scavenger



FTGURE XXT

Diagram of probe detail

L: copper leads with
br idge

chord for raising

bras s

ö

C

D high-voJ-tage

teffon holder

F

V

teflon sheathing to

or lowering probe

pcrtion of I5O watt light bulb filament
vol_tmeter

77-

A

R1

uÀ

*3,*2

B

R4

teflon insulated wire

for filament

ammeter

variable resistor

micro-ammeter

matched resistors

12 volt battery

variabl_e resistor for current control_





Estimation of atoms
and

Temp.
("c )

TABLE X

at various temperatures
hot-wire scavengers

Voltage
acros s
primary

234
il

lt

o/
I

il

-96
il

il

ATOM CONCENTRATION

Hot wipe Chemical
(moJ-es x l-Ou,/min) (moles x

30
4o
5c

30
4o
5C

)(\
J\-u

¿)
25

24
?rl
33

23
)t ,z'r(
5r

L94
160
150

Note: See Appendix II and Appendix III

using chemical

73.

40 (Hcr from ccla)
4g (" rr tr 

)
Bf("rrrr)

scavenger
roolmin )

4Z (ucf from c2nÃct)
95 ( " " ',,' 

)
gg(""'!r)

433 (cHrco decomp. )
ITT ("- " )
223 (,' " )



''-:-J

'ilt'

concentration was in large excess and for the C2H5CI

experiments the HCr formed was multiplied by a facÈor of

three to arrive at the estimate of the atom flow .ate50.

Discussion

It can be seen that the atom concentration, âs

determined by the hot-wire method ís generalry lower than

that estimated by the chemical scavengers in each case.

This is probably due to one or more of the following reasons:

(") The hot-wire arrangement of the probe is one-dimensional

and shaw5l has shown that in his system thís was at least o.z5

as effective for scavenging as a three-dimensional- detector.

(¡ ) The tungsten metal has a low accommodation coefficient

for hydrogen atoms (see Ref. jT, p. TI ).
(. ) e reaction was seen to take place in the probe area to

form a blue coating on the wal1s of the glass. This is

probably due to wo2 (or more commonly "tungsten blue") formed

by the reaction, H * wo3, which would remove atoms in a manner

other than direct recombination.

b) Second arrangement

Some difficulty was encountered with the dissociator

and in the movement of the probe. Thus the system was



FIGIJRE XXTÏ

Diagram of inproveci "siandwich" probe

A : arm A of probe over which F folds

B ¡ arm B of probe, ccated with Sauereisen and
HrPOr,

J1

L1 t thermocouple leads to galvanometer

Lo: copper leads to current supply¿

c.

m

R:

Fl

glass sheathing

iron-constant in thermocouples

/tr.

five ohm Nichrome resistance wire

1 cm2 el foil

V:

I:

B:

Voltmeter

Ammeter

six volt battery

RcrRf: coarse and fine current adjust
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temperature rise was produced by

current through the resistance wire,

concentration

dissipated as

previously.

detector and a thermocouple probe.

could then be estimated by

it was now convenient to determine the hydrogen atom

concentration as a function of some of the variables which may

in the case of the hot-wire

This is really a combination

inf luence it in a hel-ium flowing system. Two types of

passing ¿ì known amount of

arrangements were used as shown in Fig. XXIII. f'or these

experiments an A.C. discharge was used with a 1IO V primary

3IOOO v secondary transformer (american Transformer co. #fB6O6).

The absolute atcm

Results

The results obtained are

tables:

Discuss ion

When the helium pressure

increased two things happen:

the wattage

detector described

of a hot-wire

Using such an arrangement

vT,

I ) There is an increase

This effect tends to increase the atom concentration, äs more

atoms are swept out of the discharge zone.

sunìmarized in the following

in the reaction vessel is

ln the flow-rate of the hel-ium.



FIGURE )(XTTT

Diagrams of two types of dissociators

for hydrogen atom studies.

H

L1

L-
a

D

hydrogen inlet

A.C. transformer leads

probe leads

dissociator

probe handling system with probe in
"normal" position

reactant inlet

to McLeod pressure gauge

thermocouple well

lfO m1 reaction vessel-

P

78,

and reaction vessels

R:

I,l :

T:

V:



D

TY PE

L1

TYPE Ii



FTGURE XXTV

Photograph of the T5fpE I system

q6
L )¡
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FTGURE XXV

Photograph of the TypE

80,

If system
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TABLE XI

a) Hydrogen atom concentration as a function of the helium
pressure

J??-n2

9H", watts
( mm,

Type I
ÇB niicrons

atoms . Ptto
(mores x too,/min) (i.rñ)

o .7J 0.020

o.92 o.o3B

r.12 o.o59

1 .33 o. o9o

L.52 O.141

5.4

10

L5

24

J(J

TYPe

P"z r2o

watts

8t.

Note: Temperature: Ambient
Discharge conditions: 1

Position of Probe: Norma1

o.47

0.64

0. 85

o .98

O. IB

o.4r

1 .58

II
microns

atoms.
(moles x roo/min)

o.20

o.27

o .28

0 .21

0 .20

0. 19

0.15

54

-72
IJ

75

)(

54

5r

4r

amp. and 25 votts (primarY)
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?) There

collisions of the tYpe H + H + IIe

lowers the atonr concentration as

increased.

IS an increase in the number of t-lrird-bociy

prominent in the Type I system and that both factors come

into play in the Type II system due to the fact that the

From Table XI it can be seen that factor ( f ) is

scavenger probe is farther away from the discharge area.

Tabl-e Xllindicates that even at very low partial

pressures of

by the time

= HZ + He. This effect

the helium pressure is

both types of systems and is discouraging since a pure H + He

binary system would be highly desirable for accurate H-atom

studies. Harteck and Roeder54 have also found this to occur

hydrogen only about 25'fr of it remains dissociated

ir reaches the reaction vessel. This

for H, N, O-atoms using Ne as a carrier.

Table XIIT illustrates that there

86.

increasing the atom concentration simply by

discharge current.

six increases the ato:n concentration

Beyond this the number of

II and actually decreases

the over-heating of the electrodes.

An increase in the l-atter

]-S true for

IS

atoms seems

Iittle hope for

increasing the

slightly

only by a

to level off in system

system I probably due to

by a factor of

factor of L.5.

IN



Ør,

using H3po4 and its salts (Na,¡Hpo2¡ .II,ro in p.rr-icurlar )

produces a rerativell' constanL atom concentration over a

number of centi-meters length of the reaction vessel_. The

large decrease of atoms shown in the Type rr system as one

moves the probe downward was probably due to the fact that

many of the atoms were missed by the probe as one gets farther

and farther away from the constricted area.

that there is considerable "back díffusion"

uppsr regr-on of the inlet system and great care shoul_d be

taken to insure that this whol-e region is at the same

temperature as that of the reaction vessel_ or el_se a reaction

may be occurring outside the d.esired

this effect would be greatly reduced

molecules flow through the inret system and cause

gradient in the inl_et system opposite to that of

atoms.

Very little can be

of the ato¡n concentration

Tabl-e xv was conducted over a period of days during which the

wall-s may have varied significantly. The most outstanding

feature of this study is that there are no atoms at -t96o c

and very few beyond 22oo c under the above pressure and frow

System II shows

of atoms into the

temperature zone. However.

when an excess of reactant

said about the temperature studies

as the set of experiments listed in

a pressure

diffusion of



conditions ' This is in accordance with ilrc ¡u.sr.r-i t-s t,)1. 
'1.rr..rv¿orkers55'56, and is bejieved to be due to two kinds of

mechanisms operative in different regions of the temperature
rangs57. At high temperatures atoms are destroyed by the
Rideal_ m,3chanism

S_H

where s-H represents a chemisorbed atom on the surface. This
reaction has an activation energy of about 6.r kcal and begins
to proceed at a considerabre rate above 2coo c.

At very row temperatures the activation energy for
atom removal is close to ""to5]. According to the Hinshefwood
scheme this is due to the fact that chemisorption decreases and
surface diffusion of atoms becomes important:

H +H)

S...H

æ.

shuler and Lai¿ter58 indicate that water plays a rore here as
wel-1 since at 10w temperatures it is strongly adsorbed by
van der waals forces on glass, and forms a layer on the glass
surface on which hydrogen atoms can rapidly move about and
recombine, or be removed by the folfowing reaction:

S...H

(s+¡

¿Þ

s...H2O...H

H,-,
a:

H S. . .H2o

6>)

H¿̂ (re ¡



RovJ.

Another possibility postulated by the author for the low

activation energy at low temperatures is "tunnel-ling" (see

Appendix vrr) since a prot of lnyT vs. r/T given by shuler

and Laidler is not unlike some theoretical plots generated by

Bell's equatio¡59 in which quantum mechanical- "tunnel1ing" is

taken into account by virtue of the smalr mass of the hydrogen

atom. This study is now being continued by E.s.R. in this

laborato to6o and preriminary resul-ts show that H-atoms formed

on a porous glass surface recombine quite rapidly even at

temperatures as low as -1960 C.

other points of interest may be mentioned:

Besides the above studies on atom recombination a few

a) rt was found that the atorn concentration could vary by

a factor of at least two within a matter of hours and this cast

a considerable amount of doubt on the varidity of some of the

"flow curve" experiments conducted previously with cH2co and

c3oe. This is probabry due to the dehydration of the acid (ot

its salt ) under vacuum conditions giving rise to a different

surface for atom recombination (see smitfr55).

b ) Trace amounts of water vapour in

stream tended to stabilize and increase

by a factor of 2 to 10 contrary to the

the mol-ecular hydrogen

the atom concentration

findings of Rony53.



c ) A tef lon coating as clescribed lly []e ì,(_l ¿tntl li l.opl,lr..r r,,( ' 
I

gives rittre or no atoms u.nder the above conditions.

d ) The most suitable poisoning combination was H3po4 6c7
by volume) in the discharge tube and NapHpo4.H2o (>% av weight)

in the reacl-ion vesse]. The ratter was used because it was

found that H3Po1, tends to distilr away and decompose under

prolonged heating even at moderate temperatures ( -¡ l5oo c ).

e) The aluminum surface of the probe must be out-gassed

(by heating to -t 3coo c ) for maximum scavenging efficiency).

f ) The Type rr system wou]d seem to be advantageous due to

the fact that the atoms are pre-conditioned to the appropriate

te:nperature before they enter the reaction zcr,e. However, a

great deal of difficulty was encountered in actual practice

due to the fact that a large amount of heat l_iberated by the

discharge zone caused the cool-ant to heat quickly and produced

large temperature variations during a singre experiment.

rmpurities present in the system tend to accumurate at the

9o.

bottom bend of the reaction vessel between

giving rise to an extremely variable atom concentration.

Consequently, the Type I system was chosen

studies. Tts disadvantage, however, is the

diffusion of atoms and reactants above the

it and the dissociator

fortheH*D2

possibility of

desired temperature



zone Ín the reacion vesse. I. '['hcre is .ì ce.rlt-a itr !)rr:i]ì iLr i I ì t y

that the reaction could proceed beyond the reaction vessel

region downstream towards the trapping system, although the

author's experience with H-atoms leads him to believe that

this is quite unlikely, as they t.end to disappear rapidl-y

around a "bend" or in a narrow, high pressure region of a

fast-flow system. This cannot be said, however, for other

Ionger-lived atoms and free radicals ("g. N, O, CHZ, or even
L

cH2cHo ) .

c. The Reaction of Hvdroqen Atoms _W_rttt ¡*gglellUtr

Tntroduction

The gas phase reaction of hydrogen atoms with p-hydrogen

and its deuterium isotopes has been investigated both

experimentally and theoretically by numerous workers (see Ref.

6Z for a recent survey), and has served as a starting point for

the modern theories of chemical kinetics63. However, one of

the more thorough sttldies64 of this topic reviews the

experimental data and shows that it is far from being complete

and conclusive. The above author suggests that future studies

should take the followi-ng points into consideration:

1) The reactions should be studied over a wider temperature

9r
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range.

Z ) e technique should be employed which produces atoms by

an external means similar to that of Geib and Hart."kl5.

3 ) Careful attention should be paid to heterogeneous

effects.

4) e better method should be developed for analyzing the

gas mixtures.

5) Low temperature studies should be particularly stressed.

In an attempt to remedy some of the above weaknesses

of previous workers, Schulz and LeRoyI9 investigated the H + DZ

reaction in 7964,

data gave a straight line for the 1og k

368-4680 temperature range and gave an A

along with a classical activation energy, 8., of 7.30 kcal/mote.

These early studies by the above authors could also be

criticized as follows:

1) The temperature range

An ordinary Arrhenius

claim that not enough product was formed for analysis by their

technique to extend the study to lower temperatures.

2) Quantum mechanical "tunne1ling" was not taken into

account.

3) The gases were analyzed after only a pcrtion of their

Law treatment of the

vs. t,/f ptot in the

f actor of 4.37 x 1012

IS still quite narrow. The authors



total vol-ume was collected in the exhaust of the main flow

systet.n pump.

4) The probe was kept j-nside the reaction zone and this

could have served as a surface for a heterogeneous reaction

of the type

H + D2 + Pt (trot)

In subsequent
21D * Hp the authors

but nothing has been said about the original H + D2 study.

Si¡rce a low temperature reaction vessel, a probe for

d,=termining atom concentration, and a method for the collection

of H2, HD, and D2 in a fast-flow system has been developed

previously in this research it was thought that the study of

the H + DZ reaction may prove to be a good test and application

of some of the above techniques. It al-so seemed logical to the

author that a study of this nature shoufd be undertaken before

publicationsonH+p-H2

HD+D+Pt(frot)

have corrected some of the above defects

93.

any experiments with H + CD4, and H + CD2CO (where HD and D2

are likeIy products ) be attempted.

Apparatus and materials

20
and

ßz)

is a normal fast-fl-ow low-pressure system and features a

A diagram cf the apparatus is shown in Fig. XXVI. It



FIGURE XXVT

Diagram of apparatus used for H + D2 studies

Bl: lliterbulb

BZ : IlO ml storage bulb

83 z 2 liter storage bulb for H2-He mixture

B4 : 150 mI ballast

Mn : mercury manometers

Sn : stoPcocks

Mc : Mcleod gauge

T¡ : TraPs or ToePIer PumPS

tn : taPers

i : to inlet sYstem for reactant

) : ball joints

bn : gas burettes

L : to low vacuum

VI : Edwards High Vacuum metal valve (fyp' OSIC )

v2 : Ideal Aerosmith metal valve #54-2-LL

V3 : Matheson CaPillarY valve #SO

P¡ : PUmPS

G : to sampling system for gas chromatography

C : quartz CuO furnace

H : He or HZ inlet

D : dissociator

R : reaction vessel

e4.
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capj-11ary manometer, Mf . f or reguJ-at-ing Lhc hc-:l,Lunt LLr,r'¡, .¡

Toepler pump-gas burette inlet system, TI, the Type I

dissociator-reactor assembly, D - which could be disassembled

easily for poisoning, an inlet system for introducing trace

amcunts of H2 into the helium stream, and SiO2 gel and "saran"

charcoal traps. A large Hg diffusion pump has been included

and served for rapid out-gassing of the reaction vessel- and

traps prior to a reaction but had very little effect on the

helium flow. The small Hg diffusion pump served to carry the

products over to the Toepler pump where they were collected

in the gas burette, bZ,

After determining the total volume of HZ, HD, and D2,

the isotopic composition was quantitatively analyzed by gas

chromatography. A diagram of this arrangement is given in Fig.

XXVIII. It features a grri sampling systemx, a Gow'-Mac micro-

cel-l detector (tuoaet 4lO) with thermistors, a L/B in. activated

95.

alumina column prepared according to the method of Yasumori

and Ohno65. An attempt to duplicate the results of the above

authors gave broad unsymmetrical peaks at -t96o C (seven foot

column with an He f low of approximately 17 cc,/min). This

undesirable situation was improved slightly by adding liquid

)Êf am indebted to Dr. A. Cohen (eostdoctoral Fellow, U. of M.
1965-66) for the idea of using a brass sampling valve in the
above arrangement, and to Professor H. D. Gesser who made the
original suggestion.



q6.

O^ to the ccolant giving a colunìn temperature of al-lc-¡ut- -l'¡()(''
¿

C. Sharper peaks were obtained but the separation was now

reduced (see Fig. Xxü). Consequently' hydrogen was used as

acarriergas.Thisnotonlyeliminatedthelargeundesirable

HZ peak and gave more symmetrical HD and D? peaks for area

determinationl-lutalsogaveabetterSeparationandenabled

one to operate at the more constant temperature of -1960 c

(see Fig. XXX). A three foot length of L/8 in copper tubing

usedasapre_columneliminatedsomeoftheprolongedbaseline

drift due to the unegual cooling of the thermistors when the

temperature of the column was suddenly lowered to -lÇ6o C '

Undertheaboveconditionsandwithahydrogenf].owof

approximatelyLscc/minandacolumnlengthoflofttheHDand

D2 retention times were approximately 5'5 and 6'5 mins' using

suchanarrangementitisestimatedthato.I%HDinD,could

easily be detected although an error of about 1% was observed

in the quantitative determination as a result of an unsteady

baseline at maximum sensitivity (probabry caused by a faulty

bridge circuit) and also due to the fact that peak areas were

foundtovaryfromdaytodayfortheSameamountofsample

injected (probably due to changes in the characteristics of

the column caused by adsorption of water vapor). Nevertheless,



it is estimatecì t'hat thu: iìccLr.ti.ìc_.! wcìs ..rrr t. l i_c: Lon L I t¡r, l,_lrc,

present work si.nce ii: is difficul-t to claim better than ,,/"

overall reproducibility in the determinati_on of a rate

constant employing a fast-flow wood-Bonhoeffer apparatus.

The peak areas were determined by weighing or by means

of a planimeter, and the analysis was conducted in the

forrowing manner. Known amounts of D2x were injected and

the area response per sampre size was noted. Then a known

mixture of H, and D2 was placed into the gas burette and a

sample of it was injected. This gave . D2 peak corresponding

to the amount of D2 in the sample. Next, the mixture in the

gas burette was sparked by means of a Tesla coil and known

amounts of iÈ were again injected into the chromatograph. The

HD and Dt areas r¡/ere now measured and the absol-ute amount of HD

produced (¡V the reaction H2 * D2 = 2 HD) was estÍmated by

taking twice the absolute amount of D, decrease from that of

the pure H2 - Dz system. see Tabre berow for a typical series

of such experiments and Fig. xxvrr for a prot of the response

curves.

9T

*The deuterium for the aboúe experiments was kindly supplied
by Dr ; D. Safrany, A.E .C .L. , pinawa, Manitoba and f ound to
contain o.51 + o.o3/" HD as estimated by gas chromatography,
along with o.25' of. M/e = 32 (oxygen) contaminant, ..rd ó.àoø
M/e = 28 (nitrogen) contaminant as analyzed by mass
spectrom,etry.
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Diagram of deuterium and

for gas chromatography.

9þ.

FIGURE XXVTI

hydrogen deuteride response curves



O E ü) -.
.8

.0

tJ n- Lr
.- o þ"
-

:Ë $ [L
¡o

+
.L

-]

à

v

T
O

 (
17

5,
 e

3.
få

)

çr
7-

./
c

1Õ
;.0

 
7-

1t
"{

t

sA
M

 P
L_

H
 V

'e
)l-

U
iv

tr
: 

( 
e;

f..
*c

.i,
'i.

)
!.¡

 
¿

., 
. 

t-
.r



Diagram of the

of H^. HD. and

D

cc"Lt"2'
c.u-.
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FIGURE XXVIÏI

gas chromatographic system for the analysis

D2.

Toepler pump

Two way stopcocks

Springham 2 mm CaPillarY StoPcock

4-way valve (#en 4t, Brass body, teflon plug)
Obtained from: Conant Bros. Co.

427 niverside Ave. ,

Medford, Mass.

Pre-column (¡ ft. L/B in. copper tubing)

Activated alumina (6C-fOO mesh) "olumntreated with MnCl,

Gow-Mac Micro-cell (typ. 9689 - TH; Model
4ro)

to soap bubble meter or exhaust system

Ideal-Aerosmith metal vatve #54-2-l-2

Mol-ecular sieve traP (r,inae 5X)

Reducing valve

Storage cylinder

Pr:

C:

G:

Bi

v2,

Iû)

mr.

V-:
J

H^ or He:.,)

o

b:

t, and t^:L¿

/ìU

, rI,

O-20 milliamps

12 volt batterY

BK matched resistors

Bristol's Dynamaster recorder (f rnv)

200C ohm variable resistor



rz

T'> .T )t
)' a

tu,t6

tT

FrcuRE xxvrrr (cour'o)

IOO ohm Pot.

5OO ohm matched resistors

50 ohm matched resistors

5OC0 ohm Pot.
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FIGURE XXIX

Chromatogram of H2, HD, and D, using helium carrier gas

under the following conditions:

Gow-Mac thermistor detector

Seven ft. , I/B in' , activated alumina column

treated with MnC12

Hel-ium f low " LT cc/mLn

Column temP: -1!Oo c

l oe'.

Sample

Recorder:

sLzez Ð-x 1.9O
lo

lO mv "Graphicorder" (Dynatronic
Instruments Corp., Labline, Chicago)
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FTGURE XXX

Chromatogram of HD and D, using hydrogen gas under the

following conditions:

Gow-Mac micro-ce11 with thermistor detector

Ten f t. , VB in. , activated alumina column treated
with MnC12

Hydrogen f low I L5 cc,/min

Column temp: -t!6o c

Sample size: 0.71 cc

ìô3.

Recorder: l- mv (eristol's Dynamaster )
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The above series of experimenl-s was conclucLccì ¿tL Jea:;ù Lhrccr

times on separate occasions and the ratio of response for D2

vs. HD per equivalent sample size was found to be I.75, I.92,

and 2.L7. This gives an average of L.95 + 0.13 or 2.O + 0.1

to two significant figures.

Consequently, the percentage of HD in a HD-Dt mixture

could now be easily determined simpty by using the following

formula:

2 (HD)p=.L area

after injecting an arbitrary amount of the mixture into the

P (u¡) . +(t^)- \-- 'peal< area ' 2',peaK area

G.C. The absolute amount of HD produced in a typical reaction

could then be calculated by taking the

subtracting

and exchange

multiplying the result by the total amount of D2 put into the

reaction vessel (since the amount of D2 reacted in the forth-

coming experiments was always less than 5'/" of the total amount

of it put into the reaction vessel). The above method was used

from it the total "b1ank"

on the charcoal surface during collection ), and

x I00

since it utilizes relative areas of HD and D2 and consequently

would be expected to be'less dependent upon variations of the

above percentage,

(aue to original impurity

(rB )



absolute areas caused by changes of the condition of Lhc

column from day to day.

Procedure for a typical experiment

The apparatus \^/as evacuated to less than one micron Hg

for at l-east a day. Tank hydrogen (r,inae gg.5% pure) was then

introduced through the cuo furnace (quartz, maintained at

approximately 5ooo c ), the three traps T1, Tz, and T3 (arr at

-1960 c) and stored in burb 83 at a pressure of 1o.o cm Hg

(manometer M3 ) . Next , he rium (r,inoe 99 .g9j% pure ) was

purified in the same menner and introduced into the same bulb

until the total pressure was Bc.o cm as read on manometer Ml.

During an experiment this H2-He mixture was bl-ed into the

reaction vessel through valve V3 (vtatheson metal capirlary
val-ve #t5O) at a pressure of l2O microns, (i.". pH2 = 15 p),
and a f low rate of approximately 20 micromolesr/mín. Stopcock

st was opened to the dissociator side during a run and He was

introduced into the ffow system at a pressure of about l.9o
mm Hg and a flow rate of 5430 micromolesr/min by the use of
metar valve vl (edwards high-vacuum type osrc ). The pumping

for this fast-flow system was accomplished by a lrielch Duo-seal_

vacuum pump (serial no. H-I4O2B) which gave an ultimate vacuum

of 1o-5 cm of Hg and a pumping speed of r4o liters per minute.

rol.
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The reaction vess(j f w,ts t-1:en br()utt¡ltL t-o Lhe clt-rs L t iltl

temperature (¡y u furnace or coolant) and traps T4 and T5

were outgassed at about 2OOo C. Deuterium (unpurified) was

fedfrombulb82intothegasburetteblthroughstopcockSj

and its volume determined oy P.v.T. measurements before and

after an experiment.

The probe was lowered to the "normel" pcsition into

the reaction vessel and was outgassed for about one-half hour

at approximately 3OOo C by passing about O,i amp of current

through its internal resistance wire. After this treatment

it was brought back to the temperature of the reaction vessel

and stopcock= s, and sg were opened to begin the helium and

hydrogen flows. The dissociator was switched on and the

current through the primary circuit of the transformer was

maintained constant at 2 amps' by a variac ' This gave a

deflection on the probe galvanometer due to recombination of

atoms on the aluminum surface. The extent of the deflection

was noted and the dissociator switched off. An exactly

equivalent deflection was then produced by adjusting the current

through the heating wire within the probe ' The wattage

dissipated was recorded, and assuming complete scavenging of

the atoms, the atom concentration was now estimated according



to the procedure s;horvn itr ,\¡rpeuclix IIf .

The He and H2-He flows were stopped and the probe was

raised out of

was cooled to

by pumping on

again and the

the reaction

-L96o c while

the liquid Nt

discharge was

were opened as simultaneously as pcssibl-e and the reaction

al-Iowed to proceed for periods of 2.O to 7.0 mins (depending

on the rate of the DZ flow). During this period the Hr-He

mixture flow was maintained constant using scratched stopcock

vesset (about IO cm up). TraP T4

trap T, was taken below -1960 C

coolant. The He flow was begun

59 and ballast bulb 84. The D, was also maintained at a

constant inlet pressure by slowly raising the Hg 1evel in the

gas burette (using scratched stopcock S¿+). The pressure during

the reaction period was checked by means of a Mcleod gauge.

After the reaction period was over, the dissociator was

switched on. Stopcock= SB and

IÕT.

switched off, the D2, Hê, and H2-He mixture flows were terminated,

and the system evacuated to less than one micron H9. SLopcocks

Stt and S* were closed and StO along with St, were opened to

the Toepler pump Tr. The liquíd N2 coo1ant f rom T' was removed

and a hot ( ^,, 2OCo c ) furnace was slipped over the trap. The

product along with the excess HZ and Dt were pumped continuously

over into the gas burette, where the total volume was noted by

s6

\¡/a S



P.V.T. measurements. After this the mixture was "stLr.rotl"

in the burette by raising

in the Toepler pump a few times, and a top and bottom pcrtion

of ir
sampling system.

!úas injected into the gas

For analysis, the H2 carrier gas was purified by means

of a mol,ecular seive trap, T, and its pressure adjusted at 10

psi. by means of valve V3. The cofumn was immersed into a

-1960 C bath and the current through the thermistors controlled

at 5 milliamps. A Bristol's recorder (i"ioOel #pt lP 56O-5L-T24-

T3B-T71-T13-TB2-TT4, converted to 1 mv) served as the output

device at a chart speed of 4 L/2 in,/min. To save chart paper

and lowering rhe level of the Hg

chromatograph by means of the

ir. was turned on about 4.f min after the injection of the

sample. A representative chromatogram from experiment Cl is

shown in Fig. XXK.

A series of 5 to 6 experiments as described above was

Lffi.

conducted at five different temperatures, varying only the D,

f low rate. During such a series the G.C. was left on to

obtain maximum reproducibility of conditions. Also, the atom

concentration was determined only at the beginning and at the

end of each series. As a rule this was found to be constant

over such a short period.



Results

to xXI. Listed in each table are the rate constants as

determined by the use of a Olivetti Underwood Programma 101

calculator ( see Appendix VI ) . Two different methods were

used to calculate the rate constants, namely streamlined and

The results for each series ¿rre given in Tables XVIÏ

turbulent fl-ow of the gases through the reaction vessel (after

ra.
Jamiesonoo), and relatively good agreement was obtained between

the two methods.

spent IN the reaction

where n

during a

The "contact

is the total number of moles of gas in

I09.

t=

n=

where each term has

temp), and V is the

vessel was estimated as follows:

reaction. This was estimated from the

n

T

time" or the time the reactants

sec .

"reaction volume" is equivalent to the size of the reaction

vessel.

lv_
RT

of the gases in moles per sec. and was taken

the usual connotation (".g. T - absolute

volume of the vessel assuming that the

The denominator r in formula (>g)

(=g)

the vesseL

Ideal Gas Law:

(6c )

]-S the total flow rate

to be equivalent



to the helium f low rate since in tìre exper.interlt-s tlltr LIL)lììl) i'rr':rl

H2 and D' flows were never greater than 2/" of the helium flow-

rate.

Atypicalca]-culationofthecontacttimefortheA

series of experiments is given in Appendix IV'

Thedeuteriumconsumptionduringareactionwas

determined as follows. The main reactions occurring are

expected to be:

H+H2

H+D2

H+HD

H+DH

H2 + H

HD+D

H2 + D

HD+H

DH+H

DH+D

D2 + H

Dz+D

ll_o.

D *H2

D+HD

D+DI{

p+D2

along with walt reactions such as:

(6r )

(62)

(63 )

(64 )

(65)

(66)

(67 )

(68 )



H+H+W

H+D+W

D+D+W

Reactions (65) and (68) would not be noticeable in

our case. The primary source of HD would be (62). This would

be immediately followed by (6t) in which another HD molecule

H2+W

HD+W

Dz+w

is form=d and an H-atom

D-atom concentration woul-d never "build up" to a large value.

Hydrogen deuteride formation, however, would proceed

continuously along the reaction vessel, and the H-atom

concentration would tend to level off at some value slightly

below the original concentration at the entrance of the

reaction vessel. Due to the l-ow steady-state D-atom

tll.

( i,' ' ¡

(zo ¡

(zr )

IS

concentration, and also due to the fact that the HD

concentration is never more than IOfi of the amount of DZ put

into the reaction vessel, reactions (66) and (6f) would be of

minor importance. Since reacLion (64) is not noticeable, the

regenerated. Consequently the

only other significant

Exp. C5 as an example.

/mín., the HD produced

reaction may be ( 63 ) . Let us take

Here the DZ flow rate is 4T.O micromoles

is 0.424 (O.ZtZ x 2) micromol-es,/min., and
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the H-atom concentration is 2.03 micromcres/min. From

theoretical estimates68 it is noted that the rate constants

for

Consequen

would be

1O0 :1. I

reactions

tly, the ratio

t''l Þå '["J ['"J
n other words r

(62) and (63) are approximarely equat.

t/o Xo Xine overall

the poisoned zone of the reaction

and (Zf¡ would become significant,

other major HD forming step. However, it must always be

oft

or

eact

preceded by (62). Consequently,

he rates

["d ' E{
, ¡ -^ \ron ( bJ,/

scheme and coul-d

D2 consumed by reaction (62)

divided by two.

of these two reactions

or 47:O.424 or about

contributes only about

cal-culation of the second order rate constant for reaction (62).

D is cus s ion

L?,7.,.

thus be neglected. Beyond

vessel, reactions (69), (ZO)

of which (ZO¡ is the only

plotted in Fig. xxxr and the deviation from the average value

indicated at each temperature. As could be seen from this

It is this value that is used in the

Table XXII gives a summary of the resul_ts. These are

figure, with the exception of the B series of experiments (where

to a good approximation the

always the total HD formedIS

it is quite probable that a great deal of "human" error was

involved in at least two of the triars ), the deviation is

within 0.3 of a 1og k unit or within a factor of two in the rate
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Arrhenir-rs plot for the H

spread in the values at

lAN ,

FIGURE XXXI

+ DZ reaction indicating the

each temperature.
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Arrhenius law plot for H

with those of Schulz and

12.6

FIGURE XXXII

* D2; present

LeRoy.

results compared
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constant k. This is not a very J-arge improvemenb, over t:he¡

data of Schu1z67. It is interesting to note, however, that

his data also indicate a "leveIling off" in the rate constant

below 15Oo C but he did not interpret his results in terms

of guantum mechanical tunnelling during this early work.

Figure X)Õ(IT is a comparison of the present results

with those of Schulz and LeRoyLg. The main feature is the

upward displacement of our values with respect to their data,

and indi,cates that the rate constant for the present work is

abor:t a factor of 10 higher than that reported by the above

authors. From the present results the rate constant at 4OOo K

would be about 1.6 x 109 cc-mo1e-f-=".-1 and is in good

agreement with a recent theoretical estimate by J. C. eolanyi68

who reports a value of 1.68 x 109 cc-mole-1-=""-I at 4OOo x

using a symmetrical energy surface cal-culated according to

Gorin, Kauzmann, Walter and Eyring6g with a classical barrier

height of f .J kcal,/mole.

126 ,

These results may now be interpreted in two ways:

a) Classical interpretation in terms of the ordinary Arrhenius
law.

values for the rate constant obtained above room temperature.

Figure XXXITI is an Arrhenius plot using only the three



Arrhenius law plot

temperature values

Iø'I .

FIGURE XXXÏfI

for H + D2, using the three high

on1y.
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A fairly good straight

gives a value of J.95

energy over the 5Oo c

XXXIV shows the same values plotted along with those of

Farkas and Farkas, and van Meersche. Drawing the

straight line now gives a value of 8.Of kcal/mole

over the 5Oo C - 7270 c temperature range.

b ) Interpretation of results in terms of quantum
tunne Iling .

I ine

kcal/mole as the average activation

- ITOO C temperature range. Figure

IS obtained; t;rking j.ts slopc:

The other striking

the plot of Figure XXXI at

caused by one or mcre of the following factors:

I ) There is a change in the mechanism for the reaction at

low temperatures.

2 ) A heterogeneous reaction comes in to effect at Oo C and

fower.

tø6 .

re sult

3) The reaction is occurring partially at a higher temperature

low temperatures.

best

for Àuo

beyond the low-temperature zone of the reaction vessel-.

4) Quantum mechanical tunne1ling.

IS the large curvature in

Factor ( f ) has been postulated to explain the deviations

from the Arrhenius law in the homogeneous gas-phase pyrolysis

of di-isopropyl *=t"rrty77. Between e4oo c and 3ooo c the

mechanical

activation energy,

This could be

Àuo, is 4C.4 kcal,/mol-e but in the range



Arrhenius law plot

results along with

van Meersche.

FIGURE XXXTV

forH+DZ;present

those of Farkas and

13.) .

high temperature

Farkas, and
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tToo c to 'z4oo c

that the high temperature process

HgR2

whereas at low

ir f a1ls to .\'( kcerl,/mole. l.L is Lhottr¡ltt.

H9R2

However,

2 R. + Hg

temperatures

in the present resul-ts.

Factor (Z) is a more like1y possibility and has been

pcstulated previous lyTB for the H + NH3 reaction at low

temperatures as well as for the rapid recombination of H-atoms
rO

at -1960 c )Q. It could readily be checked by altering the

R. + HgR.

seems unlikeJ-yir

(zz)

the process becomes

(z: )

that such an effect is operative

rS

surface-to-volume ratio of the reaction vessel.

Factor (:) is a very attractive explanation but if this

vrere the case, the rate constant should increase consistently

with an increase in the DZ flow rate. No such effect, however,

is observed in Tables XVIIb, XVIIIb, and XI>Co.

t30

Assuming factor (4) to be the only significant one,

simple collision theory along with Bell's tunnelling equations

were used to generate curves similar to the experimental one

using an Olivetti Underwood Programma 1O1 calculator (see



Appendrx VII),

By trial

be obtained for

entire curve

varying constant= E" and 2a.

and error it was found that

Ec = 7.8 kcal/mole and 2a, =

IO0 in the rate constant.

0.O1. Fig. XXXV shows the close correspondence between the

experimentaf data and the calculated values when this factor

l-s

is inserted into the theoretical formulae.

shifted upward by a factor of 2 fog units or

Later, however, it was found that the above values (i.".

Ec = 7.8, 2a = 0.50, and p = O.O1) did not give a good fit

when the high temperature value of Farkas and Fark.=14 r.=

included. Figure X)O(VI shows that good harmony is obtained,

This indicates a p factor of about

however, when Ec = II.7 kcal/mole, and 2a : 0.582

a close fit could
o

0.50 A, but the

these conditions the two curves practically coincide. This now

not only gives experimental- data over the TZTo C to -7Bo C

temperature range but indicates that the p factor is approxi-

mately unity.

The above val-ue for Ec is approximately equal to the

average of the two values reported by Schu tr52 using

sophisticated transition theory with paraboric an<l Eckart

131.

barriers (g.g kcal and 14.O kcal respectively). However, the

present value of 2a is rather small_ when compared with

o
A. Under



Arrhenius Iaw plot for

with theoretical values

Ec = /.8 kcal/moLe, 2 a

of O.01.

l3?,.

FTGURE XXXV

H + D2; present results compared

generated by Be11's equation for
o

= 5.0 A, and a steric factor, p,
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FfGURE XXXVT

Arrhenius law plot for H + D2; a comparison of the

experimental data of the present work ( including the

high temperature val-ue of Farkas and Farkas ) with values

generated by BeIl's equation using Ec = L1-.7 kcat,/mole,

^o2 a = O.JB} X, and a steric factor of unity'

ú?.
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Shavitt 's6Lt theoretical est inral-es of I .,'¡ r .rucì I . L"i i. .rrrtl

Hulett's70 resul-ts for proton transfer studies in solution

of approximately i.2 8. on the other hand, it is difficult,

for the author to see why this value should be so large for

a gas phase reaction when the reaction shell thickness for

an H-atom colliding with a hydrogen molecule is only about

- o ,.7t0.6 Ã (see Glasstone, Lâidler, and Eyring; p. 94)'

a set of results (i... thin energy barrier and a p factor

It

equal to unity), but

IS

at this time srnce

tempting to specul-ate on the implications of such

large curvature in the data is entirely due to tunnelling.

However, it may be said that the data seem to imply that

beyond a certain threshold energy (ff .Z kcal/mo1e for H + D2)

there is no preferred orientation for reaction upon collision

1g/+.

ir

and each atom-molecule encounter

it

is bel-ieved this would be premature

has not been firrnly established that the

be due to the formation of a

the form HDD but this

work is required before anything of this nature may be

postulated. It is interesting to note, however, that such an

association

the H + CH4

IS

complex (cH5) tras been previously postulated in
la

reactionuY, to account fof the rapid recombination

only a guess and a great deal more

long-lived association complex of

IS effective. This may perhaps



of H-atoms rn

estimates for

given in Table XXITI '

the Presence of CH4 '

the activation energy

Conclusion

The data certainly do illustrate the applicability of

some of the newly developed techniques to studies of atom

reactionsinthegaseousphase.withafewminorimprovements

in the reaction vessel, the inlet systems' and the gas

chromatographic column and bridge ' it ought to be possible

to determine rate constants with an accuracy of L/o ovet a 2OOo

C to -I35o C temperature range ' Using a quartz reaction

vessel the temperature range may even be extended higher '

Also,withtheindependentmethodfordeterminingabsolute

H-atom concentrations, studies of the mechanism of these

reactions should now be approached with a little more

confidence.

Inconclusionit'Seemsappropriatetomentionthree

other Points of interest:

1) There ís an added note in Bell's pup"t59 that the equation

-
oilforqshouldreallyincludeafactorofYvf_/RTinthe

expressíons, where W is the average energy of the molecules

A suÍÌmary of the

and barrier height is

L35 .



T
A

B
LE

 )
C

(I
IT

su
m

m
ar

y 
of

 t
he

 v
al

ue
s 

fo
r 

th
e 

ac
tiv

at
io

n 
en

er
gy

 (
 A

 e
o)

 a
nd

 e
ne

rg
y 

ba
rr

ie
r 

he
ig

ht

(8
")

 f
or

 t
he

 H
 +

 D
2 

re
ac

tio
n

A
uo

 +
 z

eî
o 

po
in

t 
A

"o
 +

 tu
nn

el
lin

g
A

 u
o 

en
er

gy
 c

or
re

ct
io

n 
co

rr
ec

tio
n

E
c

F
ro

m
 p

re
se

nt
va

lu
es

 o
nl

y 
5 

.9
5 

5 
.9

5 
+

 0
.7

6 
=

 6
.7

t
7.

8
7.

8 
+

 0
.7

6 
=

 8
.5

6

F
ro

m
 p

re
se

nt
va

lu
es

 a
lo

ng
w

ith
 

th
os

e 
of

or
he

rw
or

ke
rs

 B
.o

r 
B

.o
r+

0.
76

=
B

.T
T

 
rL

.T
 

Lr
.T

 +
0.

76
=

12
-4

6

N
ot

e:
 

(I
) 

U
ni

ts
 

fo
r 

th
e 

ab
ov

e 
va

lu
es

 a
re

 k
ca

l/m
ol

e.

(Z
) 

S
ee

 F
ig

ur
e 

)O
(X

V
II 

f o
r 

an
 e

xp
la

na
tio

n 
of

 t
er

m
s 

in
vo

lv
ed

 
in

 t
he

 
ab

ov
e 

T
ab

le
.

14
(3

) 
T

he
 z

er
o 

po
in

t 
en

er
gy

 c
or

re
ct

io
n 

is
 b

as
ed

 o
n 

F
ar

ka
s 

an
d 

F
ar

ka
s'

 
va

lu
es

of
 4

.3
g 

kc
al

,/m
ol

e 
an

d 
J.

63
 k

ca
t/m

oL
e 

fo
r 

th
e 

ze
ro

 p
oi

nt
 e

ne
rg

ie
s 

of
 D

, 
an

d

H
D

D
 r

es
P

ec
tiv

el
Y

.

(4
) 

T
he

 B
.O

I 
an

A
 L

2.
46

 k
ca

l/m
c1

e 
va

lu
es

 a
re

 t
ak

en
 a

s 
th

e 
m

or
e 

ac
cu

ra
te

 o
ne

s

si
nc

e 
in

 t
hi

s 
ca

se
 th

e 
re

ac
tio

n 
is

 c
on

si
de

re
d 

ov
er

 a
 w

id
er

 t
em

pe
ra

tu
re

 
r- (, O

\
ra

ng
e.



F]GURE XXXVIT

one dimensional energy barrier diagram showing the

potential energy as a function of the reaction co-ordinate

for a typical hydrogen-atom - plus - hydrogen reaction.

ßT,
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crossing the barrier. Esì-imLrting this Lo

6 .1 kcat /more ( 12 .5 + o 
)t--7.-/ one could see

would be higher by

2.0 x 19,
introduction of p factors of -f^- o, 0.6 I -

r . ö and I:O- or O.3 ar

l-000o K and 1950 K respectively and gives an average factor
of about 0.5 .ver the whor-e temperature range. one may

interpret this to mean that o:r1y one-hal-f the col-lisions are

effective and a plausibl_e mechanism may be

or 4.0 at rgjo
2.O x 10C0

K. This would necessitate the

H+D2

H + HDD*

H + DDH*

be approxiniaLe-.Jy

that the results

at 100Oo K andor 1.8

simil-ar to one of the pcssibitities (rrin) recently postulated
for the IZ + HZ reacti on72.

2) since there is curvature in the true Arrhenius Law

plot, the E" estimated previousry for H-atom reactions by a

straight line over a short temperature range would vary
depending on the temperature range over which the reaction was

examined. This could be a cause of some of the discrepencies

HDD*

Hz + Dz

HD+HD

t38.

ft+¡

fts)

00¡



observed when comparing the results of differenb workers.

3) The p factor and E" are somehow interelated and seem

to adjust themselves depending on the apparatus, the

researcher, and the interpretation of the results. This is

especially true for the H + cH4 reaction where Ec varies

from 12 to 4 kcal/mole and corresponding p factors of IO-1

and 1O-5. Jamie=o.r73 hu" sho-.¡n that there is a linear

rel-ationship between log p and Ec for this reaction and it

seems that depending on conditions, the system ,'adjusts,'

itself either to a large activation energy and a large p

factor, or a small p factor and a smal_l_ activation energy,

the rate constant remaining approximately the same.

By accurate H-atom studíes and extension of the

experiments to the low temperature "tunne11ing" region, the

above situation could be rectified since such a study not

t39 .

only enables one to determine a

the barrier width. It is a possibility that eventually H-atom

reactions may not only be classified in terms of an activation

energy but also in terms of a barrier width. This would be

similar to the attempts already made to interpret experimental

resul-ts in terms of a "collision cross-section " .74

barrier height 8., but also



OVERALL DISCUSSION AND SUGGES'IIONS FOR FURTHER STUDY

The secbiolr A experiments shorv that "clean up" of

hydrogerl atoms -'cy ketene ,áoes occur at -96o c , and bhat

molecular hydrogen is noi only necessary for chain propagation

at 2]2o C but also is necessary for CH4 formation. This

ex.:ludes reactions such as

H * CH'=CO

H + CH3-CO

H * CH'=COand

L40.

H
H + CH2{O

H
H + CH3-co

CH- {O
J

CH,, + CO+

where methane is produced by a series of hydrogen atom

additions to the original ketene molecule.

ti
= CH2 {O

The approximate thermochemical data for each step of

the proposed mechanism are as follows:

cu, so

a"4 + HCO

H+cH2{o = cur$o

(:o ¡

ftr)

(s" )

(ze ¡

ftg)

Àt tf"_etZ-"lgl
(:" ) -4r



H + CH'=QO

H+cH2Jo* = .r3+Hco

H + CH3-COX

cur$o* *Hz= cH4 +HCo

cH3 -cox

CH3 -CO-ts +

2 HCO

2 HCO

CH,, + CO4

ìll, I .

À 
" _t*e"¿*¡r¡

-4r

H^=,)

=

(:r ¡

(Bo )

ftr)

(4)

(Br )

(r)

(6)

0)

(Bz )

(B)

(83 )

(84 )

(Br )

(86 )

(z)

HCO + CH2CO

an4 + HCo

( Hco ),

Hz+2co

HCO + CH2CO

2 cH-co)É
J

H
= cu, -Ôox

-r4

-ot

-L2

-12

a)^-öu

-tó

-rB

-rB

-68

-4o

10

Ic.

z4

-1

H
2 crp4o* =

cH3 { o*

cH3-co* + co

czH6 + 2 CO

+co

.", So*

C^H,, +¿4

4"3 +

CH2 +

( Hco ),

CO

HCO

H2

cH2 + HCO

H+CO

4"3+H



cH3+H+W

"r3 
+ Hco

cH, + HD
J

cH3 + cH3

rt is diff icutt to estimate At fot reaction (¡")
H

because the he¿tt of formation of the CH2-öO radical has not

been reported in the literature. However, since the same

+w

CH,, + W
Llr

CHl, +T

bond is broken and a similar bond is formed (i... C-H) one

would estimate the À t for reaction (:" ) to be similar to

(rr )

co + w (rz)

(87 )

(13 )

CH,, + H+

czH6

that of (3b). Consequentty, apart from resonance

stab ilization one must assume that A "? 
for Cnr-8o is simil-ar

to that of CHr-CO. Using these data, and calculating the

approximate A u vtl-.re= f or the other reactions, it can be

Att (kc.rJ /moJ cr )

114,â'.

-r02

-TB

-2

-84

seen that a1l- the reactions are thermochemically feasible

excepr reactions (84), (Bf) and (86) which are endothermic by

a large extent. It must be concluded, therefore, that the

chain

and that the C2H5

1S propagated by HCO radicals

IS probably formed

even at high temperatures

as a result of a second



atom reacting with the

following scheme:

H
cH^-to-F + H =

¿

long-1ived free

CH. + Hç

Reaction (BB) is about Il kcal endothermic and thus

would be armost thermoneutrar if the original cHr-'Ëox rraa at

least 10 kcal of energy in excess. This would explain why

cH3 + cH?

raiìicaI vi.a Lhc

H2+CH2+CO

a"3+H

c zH6

c zH6

the

ís only formed at higher temperatures and would necessitate

reaction of a second hydrogen atom with the ketene molecule.
H

The mass spectrometric identification of the CHr4O

)h3.

radical in the H + cH3cHo reaction tends to support the

concl-usions of this study that the primary addition of the H-atom

A tt (kcal,/moIe )

(BB )

(z)

(r: )

is on the carbonYl carbon.

this case the atom acts as a

CI , OR , and RNH2 which in

11

-1

-84

This would seem to indicate that in

nucleophil-ic reagênt similar to

general attack ketenes as follows:



Such a conclusion

of section B where

oR-

OO
<o !d ll+ èH = Ro-ç
6'c -cR2 R2

O=C=C-Ç=O, perhaps once again resonance stabilized by the two

structures

o:c=ð-5=o t._ o{=c$-o

IS

It is a possibility that the radical postulated by e..k46 is

also of this nature, i.".

also supported by the H + CaO2 experiments

the evidence points to a long-lived

although more

conducted to

.H
H-N-Ô=O

741*

"second atom" theory in which another H-atom now reacts with

experiments with H +

As has been mentioned previously, the validity of the

the long-tived free radical- could be tested by an accurate

estimate of the H-atom concentration prior to each experiment.

It is for this reason that the Type I and Type II reaction

vessel-s with moveable cal-orimetric probes were designed. It

would not be too surprising if this were the case since

hydrogen atoms have previous Iy79 been observed to react with

see whether this is actually the case.

(Be )

Ultg-u=0 -o

HNCO would have to be



Nâ, T1, Pb, and sô in the qas phase according to recactions

such as

where the Na D-fine emission has been directly observed. AÌso,
halogen atoms have long been postulated to recombine in the
presence of a third body according to the following mechani=*80,

H+H+Na Hz * Na*

X+M

X+XM

Moreover, Evans, Freeman, and winkr-et8f have posturated that
recombination of

explain most of

chloride, methyl

XM

*z+M*

TheH+

the useful_ness

145"

nitrogen atoms catalyzed by a reactant coul_d

the products observed in the reaction of methyl

cyanide, and methylamine with nitrogen atoms.

of using trace amounts of H, in a herium flowing system to
produce H-atoms, and then studying the extent of their reaction
by collecting the isotopic hydrogens in a ,'saran,, charcoar-

trap. This method cour-d now readily be applied to r D2 system
and the next study in this series shoufd be the examination of

(go )

D
¿̂

of

experiments of SectÍon G have demonstrated

the moveable calorimetric pro.be, and the idea

(lr¡

Gz]l



reactions such as D + H2 and Lr + CH4.

once the rates and the mechanisms of these reactions

have been established

could readily Proceed

to go about this woul-d

flowing system at a

the use of internal-

recently devised bY

a mixture of HZ and

has been postulated,

react with hYdrogen

over a -lgæ- temPerature range one

toaD*CH2COstudY.

be to produce D atoms in a helium

fairly large concentration (perhaps by

water-cooled electrodes simil-ar to those

Safruny82 ) , and then reacting them with

CH2CO. If the primary addition is as

and the long-lived free radical does

one ought to obtain undeuterated CH4 as

one of the major products from the reaction:

DcH2co* +

Lt+6,

rather than CH3D

The best waY

H^

cH2D-COx

Such isotopic experiments wou1d be of great importance Ín

establishing the mechanism and the role that hydrogen atoms

play in the photolysis of pimpler m-olequles in the gaseous

phase.

if

CHl, + t€O
I

the other PossibilitY

H2 cH3D

(g: )

took place, i.e.

(94 )HCO



SUMMARYAI{DCON'IRIBUTIONSToKNOWLEDGE

1) Methane, carbon monoxide, and polymer are the major

products in the reaction of hydrogen atoms with carbon

suboxide at -96o C. At higher temperatures some CH2CO and

czl6 are al-so formed. The major reaction at 2350 c is the

formationofapolymer.Fromstoichiometricconsiderations

thecompositionofthepolymerindicatesaC:Oratioof3:I'

ThemechanismmostconsistentwiththeresultsisaSfo]-lows:

H + occco

H + occ -8o*

tt+r ,

occ * H2

üIf
occ -co)e

occ+co*H..¿

cHÕ +

H2CCO)€

H2

CH^ + CH-JJ

H
occ {o

+
occ -co

H

--.,-"* 
CH2CO

l+ cH2 + co

CHr,T

CH.+H
J

CnÉr
él)

occ
l=

OCC

(z6a)

(zo¡ )

(zr")

(zTb)

( 2a.)

(z¡ )

(13)

occ
I

occ

o:cco + c

H2 + 2 co (28)

(2e)



W

c *H2

H
occco +

HCO-F +

res-i-due

Trz

OCCCO

cHz

HCOr+ + HCO-X

cH2co +

H
occÖox

cco + caoz

2 ) ammonia and large amounts of non-condensable products

(probably NZ and CO) are formed from the reaction of H-atoms

with HNco in the -7$o c to 2)2o c range. The reaction may

proceed via a HnSo intermediate.

3) From the H + cH2co, H * oCCCo, and H + iN-Ëo studies

there is considerable evidence that the primary attack of the

hydrogen atom is on the carbonyl carbon of the molecule in

each case.

4) a method for the quantitative collection and estimation

of HZ, HD, and D, from a fast-flow low-pressure helium system

has been developed by the use of "sararr" charcoal.

HCOx

+co

J*a-t'
HD+2co

( uco ),

Ae.

polymer + 2 CO

( ¡r')

(:r ¡

(:a ¡

(s: )

(6)

(i)

(eo)



r+9,

5) A water-cooled discharge tube h¿rs bocn desictnocl tor

the stabl-e piod.rction of atoms and which could also be used

as a Lyman-ü lamp in photochemical studies. Thís along with

the technique described in (4), an improved calorimetric

probe,andalow-temperaturereactionvesselhavebeenused

to study the H + D2 reaction in a heliurn flowing system over

the 443oX to lg5oK temperature range. The experiments above

2739K indicate an activation energy of B'Of kcal/mole'

Considerable curvature has been obtained below 273oK and

these results could be interpreted in

mechanical tunnelling with E. = 12 '46

energy barrier width (2.) of O.tB2 i'

terms of quantum

kcal,/mole and a Parabolic
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APPENDIX I

calculation of the galvanometer: constant from the photolysis

of ketene at 24.5o c .

e.g. Experiment #I:

Vce 1l

vco :

time:

Room

( irr.
4 .43

gc .o

temp:

part): f30 cc

cc-cm

min

o)t ao r-Ca.)

Rco,cil#ffi)TræT

Now, assuming Øco = 2.O

16îr,

I_ =d,

Rco

And, since the average amount of tight absorbed is lO'4%

( see over )

ro = 1ffi " ra = r.06 x rot3 quanta/c*3/=""'

Also, L = iR * ic + iCOn

= ig*g * iG + icRc
CDR

O.11 x 1013 quanta,/c*3,/""" '

0.21 x 1013

moles,/cm3/sec,

is (k +&.
R

+ r)



Now, CI)R = BCZ , Rg = 3O

amp,/tiiv., and defl. was

Hence, i = (g¡.0)(o.co¡8) x ro-b (r.r . ffil = 2.44 x 10-6 amp.

And thus,

ï^
a_\J_

i

, 9aI. sel-ìs . - 0. t)Or-r8 x i-r)'-l)

!15.O div. for ft = 24

1.06 x lor3
z ¿+ "ro--6-

= 0.45 x rO19 quanta/cm3/=ec/ump,

r5g.
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1
Õ
-t

o
Ld
ú,

85

J

o

0

5Y¡,¡ v

TIME ( min)

shutter closed

cell emPtY

time after ketene itl
l.O (min)
4.0
B.o

2r.o
4T .o
6o.o
84 .0
90.O (ceII evac')

cell emPtY: ave. galv' reading

t59 .

qalv. reading

O . OO ( adj usted )

gr.o (.t 24Qfor R)

86 .5
ÂhÃ
Q"Ã

81 .5
BI .5
Bo.o
79.'
go .o

= q5.0 + qO.o : a2 5
2

cell with ketene: ave ' galv ' reading =

Thus , /o of light absorbed ' 92 '5 - 8Z ' f

90

B4.B+79.2=Be.r
2

rn l-L
IV. I .



APPEÑDIX II

Estimation of the atom concen;ration using a hot-wirr:

scaven9er

e.9. Experiment l/1:

Temperature: Z34o c

Voltage across PrimarY: 30

Let I - current in amps flowing through hot-wire

V = voltage across the wire

Discharge off : roVo = L'254 watts(uriage balanced)

Discharse on : r v = 
*;ï33.:ã;.= 

(tor bridee to be

Heat due to atom recombination; IoVo - IV = L.254 L.L65

= 0.089 watts.

Nour, let x be the "moles,' of atoms produced/min.

Then x/6O gives "moles " of atoms produced /sec '

And x/Z(6C) gives "moles " of H2 produced /sec '

L60.

But

Or

I

1

mole

I

of H,

t' H2

Thus we have

gives off lO3 kcal. of heat on recombination

" r (ro:)(rooc)(4.186) watts

x -Ga3ILreaa.IG-¿re) = o. o8e
z(6c)

and 24 x 10-6 moles,/min

2\ micromoles/min.



16r .

APPENDIX III

Ihe reaction of hydrogen atoms with CCI/r at low temperatures
T

Using the apparatus described on page 70 it was

decided to see whether the reaction of H-atoms with CC14

proceeds at l-ow temperatures. Freeman and Winkt"tTB report

a rapid chain reaction of hydr:ogen atoms with ammonia at -57o

c. rt has been shown previously in this stuOy83 that ketene

reacts with H-atoms at temperatures as low as -1350 C. The

preliminary resul-ts with CC14 at -7Bo C were as follows:

TABLE XXIV

Resul-ts from the t""::tolo3t^n-atoms with CC14
crL -lu

Exp.
llî

Atom c
us ing

(moles x

I

2

onc.
hot-wire
f Oo,/min )

Note: These experíments were conducted in a
a flow-rate of 27OC micromoles/min and
mm Hg.

¡rO
))(j

BZ

CC lrrT
flow-rate(^

(moles x 10",/min)

:-24

27r

HCI
producefl

(mo1es x loo,/min)

F,e,2

lBC

pure H" system at
a pressure of I.03



APPENDIX TV

Calculation of the "contact time', or reaction time, t:

e. g. Series A experiments:

Temperature = -7Bo C or I95o K

pressure = 1.91 mm Hg

Helium f ]ow-rate = 5430 moles x to-6¡min

Vol_ume of reaction vessef = jjo cc

Using equations (59) and (OO) we have

t=

162,

_PV._
RTT

or

1 .91
?60 x u'))u

_^x10-x

O.g6 sec.

o.08z x L9j



APPENDIX V

Typical calc¿lation of Dz consumfrtion (or HD ilmoles/mit 
¡2

e.g. Experiment A1

D^ in:
¿

Top pcrti,on:

36 cc-cm (noom temperature: 32o C )

HD area = 22L

DZ area = 13200

71, un f rom f ormula (¡g ) t

| 63.

----e (nt)-
zê;Ll. ßzoc

Bottom pcrtion: repeat of the above procedure = O,95 cc-cm

HDabs: J.24 - O.74 (ave. blank) = Z.5O

2.5O x 36 (Dz i") = O.9O cc-cm

x tgg = 3.24

Ave. HDabs. = O.93 cc-cm

or HDabs. = 0.93 x O.52 ¡rmoles

or HD=6. = 0 .93 x 0.52 ¡rmoles/minqvÐ' 
T.o

or E!._gg9-1elq/qlg O .93 x o .52_ 
=2 Z x Z.O

0.035



Conversion factor

PV = nRT

cc-cm (PY " rO6) = þLmoles.RT

L.
cc-cm (f x-@I:1lOo -¡ ='76x0.082x305

f or cc-cm to ¡lmoles:

cc-cm (-----Lqq---) - ¡rmoles
76xSzxjo5

cc-cm (O.=z) = ¡rmcles

16#,.

¡rmoles



APPENDIX VI

olivetti underwood Programma lOt program for the

of 2nd order rate constants

A ) Turbulent f low (af ter ;u*it=o''66 )

kr 6cvr106
P_-1n-r ) (n-. [-

where r =

p=

q-

V = volume of reaction vessel

see program #l

B) Streamlined f low (after Jamie=on66¡

flow-rate of product in pmcles/min

atofn ccncentration in ¡rmoles/mLn

reactant f low-rate in ¡rmoles'/min

calculation

Ló5 ,

1-
5

(

where t =

p=

q=

t7
V_

6a--V. 1-06- ln
¡2 (q-p )

r )(
flow-rate of product in ¡'imoles'/min

atom concentration in ¡rmoles'/min

reactant,concentration in ¡rmol-es/min

vol-ume of reaction vessel

p-Lq,-É)
q(p-r )

K)

J = non-loq. lterm

K - 1og. term in above expression

see program //2.
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APPENDIX VII

Calculation of theoretical rate constant for

elementary collision theory along with Bell's

to include quantum mechanical effects '

A chelnical reaction may be looked upon as a stream of

particles approachinÇ a barrier of a certain shape and

thickness from o:e side. The appearance of particles on the

other side of this barrier corresponds to the formation of

products during the reaction. The total nurnber of particles

approaching the barrier per unit time, No, RâY be taken to

correspond to a collision rate between unlike molecules of

the reactants and can be easily estimated from elementary

collision theory as shown below. To obtain the number of

particles passing across the barrier in unit time, No must be

muttipliedbyafactorQ,whichisafunctionofthe

distribution of energy among the particles and of the

H + D2 using

equation (gf)

168.

properties of the barrier. It is this

in the classical and quantum mechanical

chemica] reaction rate. ClassicaIly, q

Boltzmann distribution law and is given

is the classical activation energy for

factor which differs

treatments of a

is calculated from the

by e -Ec/kr where E"

the reaction and T the



absoluce temperature.

the well known Arrhenius rate law.

Quantum mechanically this is not quite true because

the probability that a partÍcle will cross the barrier varies

continuousry with its energy, and there is a finite probabirity

that particres having an energy welt bel_ow the barrier height

could sti1l cross the barrier and cause a reaction. This is
commonly referred to as "tunne11ing " by the particles and

becomes signif i.cant f or particles having a sma11 mass (..g.

electron, proton , or hydrogen atom). using a truncated

parabola as the approximate shape of the energy barrier ee1t59

obtained an approximate expression for q by solving the

Shrödinger wave equation as fol_lows:

is just the exponential term of

169.

q=

where

in which E is now the true height of

2a is its width at the base,

L1u

kT'

È(Be s - oe-t')

and the other

and

m is the mass of

Ê: ,T3-_G

terms have their usual connotation.

the approaching particle,

the barrier,



A number of improvements of the above expression have since

been made and in f958 ee11'/5 derived a more exact equation

for g, but }Iulett7o has shown that using it does not change

the height of the barrier by more than l%, nor its width by

more than 5%. Other treatments using different barrier

shapes have aPPeared. one of these

tÕbarrier "' - which is the more or less

text-books on physical Chemistry. However, the mathematical

equations describ:Lng it are mcre complicated, and Bett59 h.=

shown that its shape near the top can be approximated fairly

well by an inverted parabola providing the width at the base

is taken to be la rather than 2a. (ffris of course holds only

for reactions where the heat effect is close to or equal to

zero). Thus to a f irst approximation, BêIl-'s original

equations are

tJo.

IS

to the foll-owing work.

For purposes of calcul-ation of theoretical rate

constant equation (gf) can be simplified as follows:

the so-called "Echart

accepted one in most

sufficient and wilt be the o:les that are applied

Case I: Hiqh temperature regron

if

q-

^. _,ì
e-* >-> e t) or

- _1

t-_'-

Þ -r¿

13))s



or lnq:l-n

or 1og q == log (: Ê 
)t) - cr,

Case TI: Lcw temperature

/lì\
¡3-0,

when e-0 << e-3 or

- t't

:)-)
Y_

r-Þ

or lnq=

or logq-

q_
c ?ô?

or tunnelling region

Ð((c¿

Case III: Intermediate case

t'a(.\-
)- i)

'-0 t)

when

then

( t )-
i¿-9

e-0

q = (f +

or 1n q = In (f + Ê) 13

and 1og q = toE (f + 9)

ß

¿ . svJ

_Âe¿or

o
iJJE

a
LL-L)

t'oz )\)t I

I
2.303



Now, in general, a

where k is

in units of

second order

rate = k ["] ["']

Al-so, rate = NoQ

the seccnd order
r -lcc-mole-f-sec 

L

rate expression is

Thus No{ =

But, from elementarY

rate constant exPressed

from above discussion

k ["] Þ,1

ry.oq -
t"l t",l

ccllision theorY

No= z^B= mf G3

172,,

= ,, o2 = [tF]' tr'?o,

And thus

k - [**ln l^',o, q

l^l þl

[rF]^ ffizo, '/'q,

[o-.-rr:r1;-ir=-,'1/'

t"l Þá

z.4z x ro-B x 6.02 x to23 Tlt q



oî lç=

and Ink=

1..90 x rol-j rl' q,

2 .3O3 log ( t.BO

2.3o3 los (r.Bo

+ 'f7tn r /too

or foEk-

: 32.84 + Lm t/toc + lnq

x ro13 )

where l-nq is

(gg) as the

An Olivetti Underwood programma lol

of log k bY the above equations is

and some theoretical rate co:rstants

manner are given in Table XXV.

Note: Collision diameters used:

1^ O)r
)L.v t '

1013 )

fnq

2 .303

estimated from equation (96) ' 
(gf), or

case may be.

/¿f.t r +

r73.

+ 'fr? .soz

thln 't/toc + lnq

lnq

los 100)

program for the calculation

given oÌì the f ollowing Pa9e,

calculated in the above

H-atom z 2.LO

DZ molecule = 2.74

o
A

o
A
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Log k computed

of E. and 2a:

remp. ("x)

TABLE XXV

from BelI's equations for different values

a) Ec = o.5o

150
L95
^-)¿l )
1^1)¿)
373
443
50c

b) E" = 0.60

150
L95
^a)¿()î^-5¿t
-aaJt)
44¡
500

c) Ec = o.To

150
195
^o-¿l)
-^1
JEJ

---J/J
44¡
500

2a = O.50

x ro-13 (5ooc entry into program) ot 6.5 kcat/moLe

ro .40
LO.55
J_U .() I

1r.19
12 .30*
r1.86
12.oT

x lo-13 (6ooc entry into program) o= 7.8 kcat/mole

r75.

ôôoo.ol
9 .13

10.46*
LO.27
10. BB
r1 .44
I1.BO

2a = 1.O

ooA
10. 12
10.38
10 .61
10.99
11 .50
11 .6C

7.00
7.83* see
9 .23 Fig.)O{XVIII

10.03 for Plot
10.63
rL.27
LL.67

x ro-13 (7ooo entry into program) ot !.1 kcaL/more

B.z6
B.48
9.2r
o.(7

LO.LT
10. Bo
IL.22

9.59
9.72
9.96

10.14
10 .40
1r"74"
1r.17

5.78
6.52
B. r7
9. rr
9 .84

Lo.59
11. 07

(.(¿
7.9r
B.4r
9.60*
o )sz

10.16
rc.65

See
Fig. XXXIX
for plot

4.gr
5.44
T .I5
B.zr
g .04
9.92

r0.46

See
Fig. )c{xx
for plot



TABLE xxv (cout,o)

Temp. ("r)

d) E" = O.9O x

195
273
323
373
44:
50c
700

t00c

2a = 0.582

10-13 (9ooo enrry

B. r5
B .39ô ---Õ.)9ô ô-Õ.ÕÕ
g .93*-
9 .83

11.05
rz.rB

Note: xindicates that the val-ue is erroneous due to the fact
that :¿ ^¡ ;,ì for this cal-culation; i.e. the approximation
in Bell-'s equations breaks down. This was evidenced
by a longer than usual- time required for the computer
to make the cal_culation.

into program) or l-L,7 kcal/mole

176.



FIGURE XXXVIII

ArrheniuslawplotsforH+D2;presentresultscompared

with theoreticar values generated by Belr's equations for

Ec = 6.1 kcat /mole and different values for the width of

the parabolic energY barrier, 2a'

LT1 .



l- 
C

) 
C

ì 
li

.,.
-.

!

f'\
) b'

c) G
0l

¡

C
I

"*
f/

//

o I I I l I / C
I

,_
l_

 _
,_

<
r/

<
,/

*Ì

ir,
ät

)
€) Q

rr
.¡ f:-

--
r 

f: 
¿

; 
f-

--
o-

( 
>

 --
-!

 (r
i ¡

, 
¡

(-
: 

(.
r 

{r
ír

,, ü) $i

a I

I t^ l- ü )t
!

,-
.'

o

/ O I

f) I



FIGURE XXXTX

Arrhenius law plots for H + D2; present results compared

with theoretical values generated by Bell-'s equations for

Ec = 7.8 kcal/moLe and different values for the width of

the parabolic energy barrier, 2a.

178.
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FIGURE X)O(x

Arrhenius law plots for H + D2; present results compared

with theoretical values generated by BeIl's equations fox

F o I kcal/mole and different values for the width of

Dc

the Parabolic energY barrier' 2a'

J7g.
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APPEND]X VIII

The thermochemical data as carculated for some of

the reactions in thís thesis were either obtained directly

from the hea'us of formation of the radicals or molecul-es

involved as listed in Table XXVI or estimated approximately

from bond dissociation energies as tisted in Tabre xxvrr.

All- values were taken directly from references 84, 85, 86,

and Bl.

TABLE )O(VI

Pertínent heats of formation of radical-s and molecules

Compound or free radical

liìr).

H

c

cHz

"n3
CHt'T

c zH4

c zH6

cH2co

H2CO

HCO

cH3co

co

c3oz

Anl (z98ox) kcatlmore

ÇD

170

B¡

-r7
L2

20

-14
_o7Ll

a

-4

-26
a

- (_)

.1

o

9

5o

2

E)

T

)J
4

3



TABLE XXVTÏ

Pertinent bond dissociation energies

Bond

H2C=CH2

C_H

cH- -cH-JJ

CH2=gg

cH3 {o

C{ (general)

H-H

oc-H (aldehydes)

A""z93on kcal,/mole

Note: All AH values
based on atoms,
ground state.

181.

L20

Bz

B4

54

10

ô^
C)J

r04.2

T6

calculated
molecules,

for
and

the reactions are
radicals in their
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APPENIJTX TX

Hot_atom chemistry
The norn^al way of aiJprcacaing a kinetic problem duringthe past fifty years has been to place the reactants into afixed temperature environment and to determine the rate atwhich they disappear or the rate at which products form

inferred from changes in compcsition. The results are then
summarlzed by a differential equation relating the rate ofdisappearance of a reactant or the rate of appearance of aproduct species to the concentrations of reactants and

products. From this expression the rate constant is cal-culated
and by determining this rate constant over a temperature rangean activation energy auo can be cafculated from the wefr__
known Arrhenius l_aw:

where constants A and Eo were obtained from the sropes and
intercepts 0f a tog k versus r/t plot. The constant A is

related to the number of collisions in some fashion and the

constant Auo measures in some manner the height of the barrier
over which the reactants must pass along a poorly defined path

or "reaction co-ordinate', -

k(r) A exp (- AE.,/RT) (gg)



t83.

A more recent approach to the probl-em h.rs arisen iì!)

fol-lows. photolysis, and nuclear transformation êxperimentsgg
have been able to produce atoms, in
F, Br, I_, C) within a reactÍon

far above those of ordinary or

!üavelength (ot mcderator in nuclear recoil studies) it has

been pcssibte to vary the energy (e) of these hot atoms and

thereby obtain a refationship between their energy and the
amount of product formed. A curve simi-r-ar to that shown in Fig.
xxlo(ra is obtained. Extrapolating this curve back to zero

products gives an "energy threshold,, or the minimum amount of
energy the atoms must have to form products on collision.
This vafue roughry corresponds to the ,,activation energy,, of
the ol-der approach. The first estimate of such a threshold
experimentally has been for the D + H2 reaction by Kuppermann

and white (ryae)22 wtro photolyzed Dï, and DBr at various wave_

ce1l,

the gaseous phase (u, D, T,

having kinetic energies

thermal atoms. By varying the

lengths in the presence of Hr. Extraporating back to zero

product formation they obtained a

the threshold for this reaction.

using the above approach attempts have now been made at

interpreting the rate constant in terms of expressions which

are more meaningful when rerated to the col_l-ision process. A

value of 0.33 + 0.02 ev. as



,,coIlísion c:oss section" Qp,) fras been postulated whicl-l

may be defined as the probability that two moLecules (or

rather particles ) with relative energy E will react on

collision. This can b,e estimated experimentally from the

total number of collisions and the rate of formation of

prcrduct. The overall rate constant for a reaction is then

just an integraÌ overall possible energies of the cross-

section for one energy weighted by the Boltzmann factor and

the relative energY:

x(r )

determination of how the cross-section ñ,gl varies with

energy (e) of the hot atom. Attempts have been made to

calculate this by the thorough study of coll-ision dynamics

and reaction trajectori"=89. Using hot atom data it has now been

verifieO that the curve looks like the dashed curve of Fig'
qo

XXXXIb7". At very low relative energies the molecules do not

have sufficient energy to overcome the barrier to their reaction

during a collision and behave essentially as elastic ball-s

bouncing off each other. At very high relative energies, the

molecul-es move past each other so rapidly that the

Inr, " exp (- s,/nr) aB

The most crucial part of the above expression is the

r3q.

(roo)



185

intermolecular forces have littIe time to cause significant

change. Thus, only for iutermediate energies will the cr.oSS-

section be significant. The Boltzmann factor at thê

temperature of the reaction is a welt-defined function and

is shown }:y che dotted cur!'e in Fig . XXXXIb. The product of

the two curves oT the integrand of the expression t:t the

rate constant is the solid curve and the rate is propcrtional

to the area under this curve. The rel-atively narrow peak of

this curve is associated with the simple energy of activation

of the Arrhenius law expression. In faster reactions with

lower barriers, a more complex description may be required

and no simple formula of the Arrhenius type need be expected.

fn this way it is hoped that rate constants may be interpreted

in terms of the microscopic events taking place within a

chemical reaction.



Diagrams showì_ng

FIGURE XXXXT

(") threshold energy for a typical
hot -atom reacti_on

(¡) dependence on the rel_ative
kinetic energy of the two factorsdetermining the rate constantfor a bimol_ecular hot_atom
reaction.

r86
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