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The fundamental idea whieh became the basis oa
whieh the present theory of ehain reactions was raised,
was the suggeation by Einateim.l%hat, in a photo-
ehemical reaction, there should be some simple re-
lation betweenm the number of guanta absorbed and the
nomber of moleeules whieh undergo reaction,. Sueh a
relationship wag found by Warburggin a geries of re-
gearches from 1912 to 1921; he proved that in the
photochemical decomposition of hydrogen bromide and
iodide, the guantum yield is two. It was shown, how-
ever, by Bodenstein in 1913 that in the photosynthesis
of HC1l, the number of molecules of HC1 formed was
enormously greater than the number of quanta absorbed.
This led Harnstaio suggest the following seheme, which
gatisfactorily expleined the anomaly. In this
"Nernst ehain" it wes postulated that a ehlorine
molecule absorbed a quentum of light and was split up
into two ehlorine atoms. These atoms then reacted
with Hydrogen moleecules to form hydrogen ehloride and
hydrogen atoms. The latter in their turn attacked
mora ce¢hlorine molecules giving more HC1l and liberating
chlorine atoms, and so set up chains in the gas
mixture. Thus:~-

Olg + hy —2C1

cl + H, —» HC1L + H

H + €1, —HC1L + C1

Cl + H, - HCl + H and so on.

As the reaction Hz g 012 —> ZHCl1 is exothermie, it



is quite possidble for meny moleeules to reaset follow-
ing sbsorptiorn of one quantum, The numbor of links
in the chesin is only limited by the possibility of
regouwbinaticn of the ehlorine atoms and the hydrogen
atoms, either at the walls of the conteining vessel
or in collisionsg with foreign gases whon suech are presemt.
(It is met posagible that the hydrogesn and ehlorine
atoms eould recombine without some third body to ab-
gorb the energy liberated in the reactions -
H+ H w‘*Ha

and €l +Cl — 012 H |
The number of links in each chain, i.e. the number of
molecules of hydrogen chloride formed per Cl atom
produced by light is ealled the "ehain length.”
Whether sueh a scheme esould be applied to purely ther-
mal resetions was another matter, for at this time the
only eriterion of the ehain character of 2 resction
was the high quentum yield.

Another fagtor in the rapid development of the
theory of echain resetions was due to the study of
unimolecular resetions, and the eontroversy over the
origin of the energy of setivation in unimoleeular
gaseous reaationa." In order to react, molacules
must be activated in some way. Thermally this must
oeeur during eollisions between moleeules. In this
ease, the rate of aetivation should be proportional %o
the square of the concentration; 1.c. the reaction

would be bimoclesular. In genuine unimoleeunlar re-
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sctions, it is at first sight diffieult to understand
how activation involves collisions between moleecules.
The solution of the problem was first attempted by
Christianson and Kramers,O*who showed how a reaction
may exhibit unimoleeculer charasteristies in apite of
the aetivation ceeurring in twe body ecollisions.

The essence of their srgument wes that activated
produet molecules may trangfar enorgy to unsctivated
reactants by collision.

It is well kncwn that for certain reactions, suech
as oxidetion of phosphorus and phosphine, there are
eertain pressures of oxygen for a given phosphine
pregssure, between whieh the reastion goeg very quiekly,
and outside which there is no appreeiable reaetion.
The position may be better explained by means of a
diagram, In the cage of mixtures repregented by
points in the ares A, explosion teskes place apontan-
eously as soon as the gasses are mixed, wheras in the
ereaa represaenting higher and lower oxygen pressures,
C end B regpectively, there is no roaction. The line
XY represents the lower exploasive limit and ¥Z the
upper limit. The position of XY is dependent on the
dismeter (d) of the tuba, and on the presenee cof inert
gases (X). Over a limited range XY msy be represented
by the equation;- p

Pox Lo (1 # :,:7@) d” = comat. b
This "eongtent" is almogt indapendent of temperature.

The position of the upper limit YZ depends on the
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presence of furelgn gooes, (in this case the preseones
of foroign gerses deeresses the tendeney to expleda,
wheres at the lower 1limit the inert gas feeciliitates
azploaion) but not at all on the diemeter of the
resction tube, The esquation for the explosive limit
5T has Been found 40 Bers’

|Pu] = K.+ b LA ( Ded ton)

[ f‘—' l(_f,[o"]
To explain theso explosive limits 1t was sugpeated by

3emanofta§hut tho reactions under eonsideration ware
ehsin roections, just as the photoaynthenis of ACL is

a ohain resction, but that inltieation of the chalns
‘was brought about by & thermel proe2ss inatead of
vhotoeherlenliy, snd that the lower snd upper limita
wore a8t that point whers “branching"” of the ohains
I;net baleneed the demetivation by the wells of the
Iveasol snd by the pas,

. Until 1988 1t was thought initietion of chain
Eremationa ogeurrod homogenecusly, either thormally or
photochsmically. About this time it was suggeated
that somo sctivated molecule or nton eould be formed onm
a surfsec and then loeve bthe surfase with suffisient
anergy to start & rosetion in the gea. For inatence,
in 1928, Gerner end Comm, while working on the yessotion
botween QG0 and Os.obtainad rosults whieh led them to
suggeat that a ehain resetion ecvuld be started at e

asur face. lndanntainxoﬁnd found the CO-0g roaction to
be hetorosonmocvus, but Garner and Gomm found that up to
5&0“9 {and sbove for vregsures less thas 0*J em) the

resction i3 hetorcgensous, but thet wher the rate of



b.

surface interaction exeeeds & eertain samount, a flame
is generated in the gas mixture. The surfasce reastion
does not sppear to influence the explosion phenomena
beyond supplying suffieient energy to gtart the homo-
geneous reaction: as long as the minimum energy is
available and the pressure is above the eritieal value
the flame makes its appearsanee. The supply of larger
amounts of energy by the aurfacaﬂreaction does not
appreeiably alter the presaur&”§£ whieh ignition will
ceeur at any temperature. This constaney of ignition
progsure led Garner and Gomm to suggest that a ehain
meechanism was responsible for the explosicn, and that
the ehain reaction teking place just before explosion
might be of a different eharaster from that in the
flame itself.
11.

Lewis and FPeitknecht bring evidenee to show that
the bromine sensitised decomposition of ozone ig a re-
action thet sterts on the walls and is then propagated
through the gas, It is suggested that Brao8 is formed
at these temperatures, while at higher temperatures it
tends to deeompose and liberates molecules or atoms
into the gas spaee, whieh are capable of starting
ehains, The evidence here for surface initiation is
however rather scanty.

In thggoase of the dececomposition of 0102 it has
been found that while the rate of reaction varies as

(Cloali. it also varies diresetly with the total gas

pressure, & faet which suggests the presence of a c¢hain
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resction. They also found that by treating the walls

of the vessel it was possible to keep Cl0_, without any

reaction for a eertain time, at the end oi whieh ex-
plosion oeceurred. From this faect they eoncluded that
the wall was the origin of the reaetion, as otherwise
some reaetion would have been observed during the in-
duetion pericd. While not unreasonable, the explan-
ation is not the only possible one, for it is known
from pecking experiments that the walls are respocnsible
for destruetion of eheins.

Rather more important experiments from the point
of view of surface starting of cheins are those of
Alyea and Habarlaand Alyea%4in whieh erossed streams of
hydrcgen and oxygon were employed. Streams of
hydrogen and oxygen were made to eross eaech other in
an atmosphere, and under suitable econditions no ex-
plosion or inflammation took plece. On introdueing a
guartz rod into the meeting point of the streams, the
gas exploded and the flame persisted until the rod was
withdrawn. The quartz rod was at a temperature below
that of the mixed gases so there could be heating
effeet to eause the explosion. Rods of glass, por-
eelain, copper or iron initiated explosion just as did
quartz, but sluminium was ineffeetive. This may be
due to a film of oxide on the aluminium. Alyes hes
explained the explosions as being due to an adsorbed

layer of hydrogen atoms on the surface of the rod.

Atoms then leave this layer and initiate reasetion
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ehains whieh extend out into the gas phase. The in-
effeetiveness of aluminium in bringing about explosion
might then be explained by the faet that alumina is
quite imert in bringing esbout the reeombinaticn of
hydrogen atoms%band should be egually inert in the
agtivation of hydrogen molecules. The view that hy-
drogen atoms stert the ehains is supported by the
anggestionlgﬁat hydrogen atoms, formed in the photo-
chemigeel deceomposition of ammonia, start echains in
hydrogen oxygen mixtures. This evidence, however, is
not conelusive, as Taylor and Sallaylgﬂow that the Bﬂa
group snd intermediate oxidetion produets help to

propagste the ehains, but Haber and O:penheimer%aén
mixing with oxygen a stream of hydrogen that had passed
over & hot tungsten wire, and therefore contained some
atomie hydrogen, observed inflammation at temperatures
lower than the explosive limit, Similar results were
obtained by Semenoff, Nalband jan, and Dubowizky%gasing
a discharge tube instesd of 2 tungsten wire to produee
the atomie hydrogen, and they also found the position
of the 1limit to be ehanged. Earlier experiments by
Mitehell and Harshallggiowed that "aetive” hydrogen,
i.e., hydrogen whieh would reduee euprie oxide at lower
temperatures than would ordinary hydrogen moleeules,
was formed when hydrogen eontaining small amounts of
oxygen was led over a platinum catalyst. It was
suggested at the time that this setive hydrogen was

21,
33; but later work has shown it to be atomie hydrogen.
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Taylor has suggested that atomie hydrogen mgy be

formed at a surfaee in the following way. Assume the
oxygen to be adsorbed on the surfaee in the atomie
form S(0). Then there are two reaetions eapable of
liberating atomie hydrogen.

(1) s8(0) +B, — s(oHHnﬁ

(2) S(oH) rH, — s(om)+E
Disregarding the heasts of adsorption it is known that
both thege reasetions are exothermie in the gas phaaoas.
and thus provide a possible means for the release of
Hydrogen atoms.

Further use of the method of erossed streams was
made by Thompsonzzﬁ investigating the earbon disulphide
oxygen reaction, and it was found that surfaces aided
4he cxplosion as in the hydrogen oxygen reaction.

The position regarding the surfeace starting of
ehain reasetions has been summarised by Hinahelwoodfb.

More reeent experiments are those of Melville and
Ludlam, in whieh tﬁa reaetion between oxygen and
phosphorus vepour is initisted at a surface. The
effeet of hot metal filaments of Pt. Au. Ag. W and Mo
on the reaetion were investigated. It was found that
using a Pt filament the resetion takes place wholly on
the surfsee of the filement, but that with a tungsten
filament it was possible to start s reaetion in the
gas phase, It is probable thini for some resctive
gubstanee to be formed cn the sur’soce of the filament,

whieh tham leaves tic surface znd storts roactigp 4n



the homogensous phose. The effeet of tho inert gases
neon spd argon was found end it was soen that the re-'
agticn was ageelersated in presence of these gnases,
'The necn hed & smeller scoolerated effeet thsn the
argom, #8 18 to bo expseted owing toc its amaller
atomiec dismoter ond msss. The resulte were werked
out and were found to sgree with e theory baged on
ohain length ~ Fp /B (/1 * %%‘o;) od”
( . sconstant dependeney on nature of inert gas,)

Senenof{'s ixpraauignez‘

Thig showa eonelusively that the resetion takes plses

not wholly om the surfece but is prodominantly e ges
Ephasa rosetion, These regulte end those of Alyes end
Habay show gquite definitely that, gziven suitable con-
ditions, 1t is possible to stert e chain reeetion at 8
:surfneo. !urtg;f experiments using filamentu.wero i
done by Ritehie, end Ritehie, Brown and Muir. It wes
found thet & ehain resetion between sulphur and oxyguni
eould be sterted om the surfece of a filament of metal
end pyrex plass. Under suiteble eonditions a glow
throughout the reaction vessel was obtained on switah—;
dng on the filament, snd inert pas effeats sompatidble |
ﬁlth tho reaection being a ehein resetion wore obtained,

It ie noeosssyy at this stage to make some distinetion
batwoen two possible types of chsinm initiation at sure
faces.

(1). Initiation by a purely ehamiesl resotion -

en atom or rediele on leaving the sarfoes esn, by
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virtue of some ghemisal property, resest with other
meloeules in the gas snd start ehains. Sueh a raaetibn
is that between phosphorus and oxygen, where it has
been suggested that the ges reaetion ean be eaused by
hydrogen stoms leaving the surface.

(2). Remeticn started by stoms or moloecules
leaving the surfeece whish, by virtue of their egneray,
ean dissceiate or zetivate mcleeules in the gas so that
a ghain reaction results. It was suggested by Garner
and Gommgihat this kind of resetion might oceeur in the
easa of earbon monoxide and oxygen.

Thus, in order to study a ehsain roaetion, there
are three steges to be considered:-

(e) Initiation of the ehain,

(b) Fropagetion of the echain esrriers through the
ges phage. r

(e) Destruetion of the ehain earriers.

Now 4if the c¢hains are started by thermal mesns in the
gag phase, it is not possible to separate experimentally
(a) from (b) 2nd (e). If, on the other hend, ehain
eentres can be formed on a surfaese, say a hot filsment,
and shot out into the gas phase, it is possible to

alter the eonditions of formation of the centres without
affeeting materially the propagation and destruetion of
them. It has, in fact, been shown that a hot tungsten,
molybdenum or glass filamentesan be used to 1n1tistgoa

stable ehain reaetion between phosphorus and oxygen.

Bxpariments have alsgo shown that the oxidation of EHs
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is & similar reaetion to the oxidation of phosphorus
1tsol£3§'a stable chain reaetion ean be started b&
means of a mereury are (photo-gsensitised resetion) or
a zine spark (direet reasetion), Thus with suitable
means of formation of ehain earriers, phosphine oxygen
mixtures below the explosion 1limit are ecapable of
propageting staeble ehaims. It is then reasonable to
expeet that a2 hot surfaece, sueh as a filament, eculd
be used to investigate the meehanism of the phosphine
oxygen reaetion.

Apart from qualitative demomstration of sueh
heterogoneous initiation, the method may be employed
to elueidate seversl points in the theory of shain re-
astions. Before these are enumerated and their import-
anee emphasized it will be desirable to give a detailed
aceount of the quantitative theory of the oxidation of
phosphine, both at the explosive limits and also out-
gide the limits.

Suppose that there are two e¢hain carriers Xo and

Xp and that these reaet thus:-

Xo +1-*4113 . ¢ PR P veloe. ecoefft., = kz
Zp + 0o 8 Xo .........0te. % S =

Let the rate of produetion of Xo (from the souree of
the resetion and not from destruetion of Xp) be Fle),
i.0. & funetion of the eoneentration of the reaetants.
The faet that the wells of the vessel inhibit the
explosion, elearly shows that the chain earrisrs sre

degstroyed there. The rate of this preecess is K Xo

’
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end K Xp , where X is the rate that Xo, Xp diffuse
through the gas mixture to the walls, These assumpt-
ions alone do not admit of the possibility of explosion.
It was Semanoffpého realised that it was neeeassary to
assume that in some collisions two chain csrriers
emerge from the colliding bodies, in other words,the
chain branches. Farther, suppose that branching
oceurs in Xp - Oy collisions and that the probability
of branching in such an effective collision is (o =1);
ie®s X i8 the mesn number of Xo formed in an effective
Xp - 02 collision. The stationary concentration of
Xo and Xp mey now be written down and can be given in

the equations:-

X | Fo hﬁ@]@ﬂ—kkl"”ﬂ — K[xo =0
oLE N

axd . ko] — k&JG] — Kk -0
fe & o s
SoLwn.ﬁ gor [Xg] s.f_Ko]
{XT] i k0] Fo + KF@

T (%) kxPrgl] + kKT + ks KPH] + K
This may be simplified in two ways: Kz can be neglect-
ed, for, kl [02] or szPHJ are large compared with &
if the chains are long; also kz ean be put equal to
k,.
gsimplifications are given in experiments on the photo-
chemical oxidation of phoaphineal.,'sih whieh it i3 showm

that (&) a considerabie distance below the lower

Bxact experimental data in support of these

limit (1mm. total pressurs) the chain length is about

102: (b) nearly every collision in the above reaction
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is an sffective one.

In order that the reaction may be explosive, the
denominator of the above expression must approach zeroc,
and it will be observed from the above theory that this
possibility is purely depondent on the negative value
of the first term of the denominator. As the pressure
of a phosphine-oxygen mixture is raiged the firast term
will incresse more rapidly than the cother two, and thus
the value of the denominator will approsch zero and
explosion ocour. At the limit then:-

Gfi)kJQQbJ = K{pgf'ﬁmq
In the explosive region the denominator (equation 1)
will be negstive, but as an upper 1limit exists, some
other additional factor which is unimportant at low
pressures mekes an appearance whereby the value of Xo
is dbrought back to a finite quantity. The exact form
of this factor is not known.

Outside the 1limits, at room temperature, F(e) is
80 small that there is no measurable reaction. 1f,
however, the rate of starting be sufficiently increased,
then it should be possible to observe and investigate
the kinetics of a stable reasction outside the limitas.
This possibility hes been realised in the photowr
oxidation of phosphine below the lower limit?l'Sdand
the kinetics of tho stsble and explosive reactions
have been shown to bear a very exsct interrelationship.

The main problems requiring elucidation are these:-

1.The form of the inhibition factor causing the
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appesarance of the upperllimit. The relationship of
the kinotics of the stable and unstable reactions
above and at the upper limit.

£. The nature of the transition from the stsble
resction below the lower limit to that above the upper
limit,

b, The mechanism of the surface reaction leading to
the ejection of a chain carrier.

4. Displacement of limit by alteration of rate of
initiation of chains.
(It will be observed from the sbove equation for the
limit that the faetor P(e) has completely disappeared.
That is, the limit should be independent of the number

of cheinsg starting. If this is really the case then
neither limit should be altered if the rate of initiation
is artifacielly changed; e.g. by presence of a hot
Ifilament.

First of all a detailed study has been made of
the thermal decomposition of phosphine on tungsten and
molybdenum; this is followed by an investigation of
the mechanism of the oxidation. Unfortunately only
small smounts of oxidation reaction proved to be
homogensaous. In consequence the problems tebulated
above cannot be solved by the filament methcd. In
the second part of this thesis photochemical methods
have been used to provide the data lacking owing to
the oxidation taking place almost exelusively on the

surface of the filament.



EXPRRIMENTAL.

Preparation of Gases.

(a) Phosphine was prepared by dropping potassium
hydroxide on phosphonium iodide. The impure phosphine
‘eveolved was then passed over scdium hydroxide, caleium
ehloride, and finally phosphorus pentoxide,collected
in a liguid sir trap, and then fraotiohally distilled
three times, the first and last quarters being re jeected
in sach distillation.

(b) Hydrogen, oxygen, argon, nitrogen and asmmonia
came from eylinders and were purified by the following
methods:~

(1) Hydrogen. Passed over Pt Asbestos and then
P205 to r:move oxygen as water.

(2) Oxygen. The eylinder oxygen was 993% pure,
and the only treatment was passage over phosphorus
pentoxide to remove moisture.

(3) The "inert gasses", argon and nitrogen were
first of all psssed over a hot tungsten filament to
remove oxygen, and then over phosphorus pentoxide.

(4) Ammonis., Purified by fractional distillation
over liquid e2ir, after psssage over soda-lime,
Apparstus.

The egssential parts of the aspparstus were made of
soft glass tubing end sre shown diagrammatiaally in
Pig. 1. The reaction tube (X) was Jem. in diameter
and about Z20cem. long. This was surrounded by s water

bath kept at a constant tomperature, usually 2000.
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The reasction tube was evacuated by a three stage
mercury condensation pump, backed by a "Hyvae" oil

pump . With this arrangement a pressure of less than
10-5mm. of mercury could easily be attained. In

addition to gas reservoirs and pipettes, suitable side
tubes which could be cooled in liguid eir were connscted
to the apperatus in order to facilitate the analysis of
gas mixtures containing phosphine. A small Tbpler
pump (B) was used for transferring gas in the reaction
tube to a tube containing a platinum wire for analysing
hydrogen oxygen mixtures obtained in the oxidation
experiments.

Several types of pressure gusge were used. i,
Mz g Mg Were capillary mercury manome ters which wore
used for meaguring pressures above 30mm. For the
lowest pressures the McLood guage (Mc) was convenient,
and as the volume of the bulb was known (200cc.) it
eould be used to find the volume of any other section
of the spparatus. For higher pressures a glass
spring manometer wes used. Later sexperiments were
made with an oil manometer (M). The right limb of
this manometor was of much wider tubing (2°86cm.} than
the left limb (0*4em.), so the movement of the oil in
the left 1imb for a given pressure change wes nesrly
double that in a manometer with limbu of equal bore.
Apiezon o0il "B" (Shell-Mex and B.T.) of v.p. less than
T

solve the gases which were used in these experiments.

mm. Hg was used and it did not appreeciably dis-



17.

The o0il was thoroughly degassed before using by warm-
ing for several hours in a vac, The tap lubricant
used was Apisezon geesse "L".

The filaments were made of O°*lmm, dia. Tungsten
and Molybdenum wire and were for the most part spot
welded to lmm, Nickel leeds. In the earliest experi-
ments, attempts were made to pinch the filament in the
nickel wire, but this was unsatigfsctory as the resist-
ance of the assembly altered and tempersturses counld
not be determined saceurately. In this respect the
spot waldimg was quite gsatisfactory. The nicksl leads
were in turn spotwelded to borated copper clad wire
with which the metal-glass seals were made.

Determination of filament temperature.

In order to eliminate, as far as possgible, end
losses, the filament wes constructed in an unusual
manner. Preliminsry experiments had shown that the
rate of deecomposition of the phosphine was conveniently
measurable below 6000, gso it was not possible to read
the temperature of the centpe portion of the filament
by & micropyrometer and correct for end losses by
;caloulationsgﬁd g0 some method depending on the change
of filament resistance with temparature had to be used,

The principle of the new method is as follows,

Two filaments, one three to four times the length of
other, are set up in the reaction tube and run under

identicsl conditions. The reaction veloeity due to ¢

each filament is determined as well ags the hot asnd eold
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resistances of the two filaments. The rate of reaction
dae - to the larger filament, less the rate of the small
filament, is then the rate due to a central pertion of
the larger filement, which is at an approximate con-
atgnt taisperature throughout its entire length.
similarly, the difference of resistances of the twoc
filements gives the resistance of this central portion,
and from the resistance tempersture curve of the metal,
the mean temperature of the central portion can be
accurately ealculated. To ensure that the filaments
did run under identical conditions, each formed the
arm of a Wheatstone bridge, in which circumstances
amall losses in the conneceting leads were simultaneously
balanced out., The electrical connections are shown in
fig. 2, ¥, end P, denote the large and the small
filaments respectively, while Ry and Ry are variable
resistances, in the form of slidewires, whereby 31 and
Fg can be balanced out. B3 is a fixed resistanece.
R+ Rg, and Ry were made of "Constantan" wire of such .
a diameter as to earry the bridge current (less than
2 amp.) without appreciably changing in resistance.
The resistance of esch was of the order 1 ohm. R4
and Rg were of much higher resistance (ca. 1000 ohms).
Before setting up the bridge it was necessary to
find how long the small filament should be in order to
eliminate end losses. The choice of dimensions was
facilitated by the fact that when PH3 ig decomposad by

the filament, a film of red phosphorus appesrs on the
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surface of the glass tube containing the filament.

Now when decomposition was carried out at low preasnreé.
it was found that the film appeared only on the surfsce
of the glass opposite the central part of the long
filament, end that the ends of this film were guite
definite. The length of the deposit was taken sg e
means of finding the effective part of the filament,

For a lZem. filament the film wes ca. %cm. long. The
smsll filament wes therefore made dcm. long.

With Fl and FE in e¢ircuit, suitable tempersature
and pressure ranges were found and the bridge balauced
by adjustment of Ry, R, being kept constant at 1000w,

A run wag then made and the rate calculated by the
method deseribed below. With the same phosphine
pressure another run was carried out, R, being sub-
gtituted for F . Rl‘ RB' Rz. R4. and 35 are all
known, so the registance of the filaments F1 and Fz
eould eaaily be ogloulated. Raw33$69°m' of constantan
wire, R 1°863 ohms., per cm. s the range of tempera-
tures used in asctual experiments was small it was un-
necessary to find the resction veloecity due to each
filament, at the several temperatures used.

To find the cold resistance of the filaments, a
smell current, not greater then 0°% amp. was used, and
the resction tube was filled with gas to prevent the
filement heating up. Then Ry was ad justed so that
there was no reading on the galvanometer. The resist-

ances of F;, Fy are then found by belaneing out thse
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ghort filaments by Rp and caleulating Fy by proportion,
These velues werse checked regularly (at least dsily).

To sdjust the filament at any desired temperature,
R is set 2t & certain value, and the current through
the filament altered by the rheostat R6 until the res-
istance of the fllements sre exsasctly sble tov balsnce
the bridge. In order to caleulate the filament temp-
ersture, the resistance of 92 for sach particular value
of Ry must bs known. Thig is simply done by balancing
Pnt ?2 by 32.
(Note. During each experiment, owing to chenge in
prosaure in the tube, the rate of loss of heat amlters,
end so to maintain the bolance the current through the
filament must be continuzlly ad justed by moans of the
rhecstat Rg).

A gspecimen calculation follows.

gold. 20°. Rg = 44 om. wire,

Rg = 1090 w,
R4 = 1000 w.
Rz = 60 om. wire.
Regigstance of long filament leads :'fgq%“ooowzesw‘“—_- 121
" * showg ° .« W Hi % 1263 % 102 2 056
» " mid. portion at 20°C =

0-65

" " whole long filt. at 20%C = 065%% = 0QLL

n " " " n " 000 = 0-79( ‘!r. t&bIQB)
* " leads 3 046 —~ 965 xF% ~ 034
. " mid. portion of long filt. at 09 = o079 x2

® 03593
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Calevlation of Tomperatures - Hot

Rg set at 440.
Rp # 41°2 om, wire.

Ry = 60 em, wirse.
R, = 1000w,

4
Resis. of long filt. and leads = /'263x2209 xi1263xi0 %012 - 290

-
" " ghort " nooom = 1203x 412 Xio*
8 052

w " mid portion of long filt. = 23%

Ratio. Resis. Resis at 440w balange & 2-2%
8818 A O-b‘?s
= /402,

Temperature (from curves) s Lo5°C

- 378°A.

To reduce rates of resction to the value of the
rate due to the central porticn of the longer filament,
a correction of 4%, found by the method previously
outlined, had to be mede. The bridge ceurrents for
filaments of 0*1 mm. dismeter ranged from 03 to 1le+Samp.
Whenever a2 mew filament was put into use it was subjeofad
to a thorough outgassing by heating to & red haaf for
several hours in vecuo less than 10™%mm. In later
experiments the filament was glowed for a short period
{c. 30 see) in vacuo between runs. The resistance
temperature curwes for the molybdenum and tungsten wires
uged, were determined by the following method:~
A long spiral filament of wire was set up with nickel

leads in a form which could be placed in an electric
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furnace. In order to¢ balance out the resistance of
the leads at the various temperatures, thor;;wnae
placed beside the assembly a similar support on which
the filament was shortemed. The resistences of the |
filament and leads, and the lesds alone at various
temperatures were found by means of s simple Wheatstone
:bridga arrangement. Temperatures were messured by
means of two siliea thermometers.

The results are given in table A. See also grarhs

(1) Tungsten filament 29°5 em. long, 0°*lmm.dia.

Temparature., Resistance of filament. ;:
rt. in ohms. ¥

0% 2435 1
467 7°66 S*EB
616 8*L9 5+ 66
55656 8*89 4*81
408 695 2°98
262 4+ 88 2*10
260 6°£8 2+ 69
309 b*73 2+46
12 2+ 61 1-08

(2) Mo wire 3Qom, ©0°*lmr, dia.

15 2*0b 1*00
16 &7 1*06
352 5356 £*66
661 8°02 8°90
496 733 357
444 6*89 336
404 5*40 $*12
244 4°64 £2*36

Although molybdenum and tungsten were used entirely in
these experiments, one or two runs wers sttempted with
nickel wire and with Vaesteel wire (a Ne - Mo alloy).
To decompose the phosphine these had to be heated to

about the same temperature 28 had the Molybdenum and
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Tungsten, but they did not survive more ithan one or
two experiments, involving the decomposition of sbout
Smm. phosphine in a veiume of Z00cc. The phosphorus
appeared to attaek the metal rendering it very brittle
and finally csusing ite complete disintegration,
presumably owing to the formation of & phosphide,
Molybdenum snd Tungsten seemed to withstand the reaction
for en indefinite pericd without undergoing any merked
ehange in catalytic activity.

Molybdenum Filsment.

Products of neacticn.

There is a8 pressure inerease during the decom-
positicn which can only be due to the formetion of
hydrogen, but the questicn arises ag to whether zll
the hydrogen is liberated into the gas phase. Experi-
mental data given below support the view that the de-
&ompoaition can be rerresented by the equatioh.
4PHy = P4l(red) + gH no apprecisble amount of PoHg on
any of the soled hydrides of phosphorus being formed.
What is mores importsnt from the point of view of cheain
initiator molecules, is the mechanism of the formation
of the phosphorus. Although a red depcsit appears on
the walls of the reaction tube, phosphorus vapour ma&
also be produced. There are therefore two possible
éend states in which the phosphorus might occur;

(1) Amixture of red phosphorus, white phosphorus,
and phosphorus vapour.

(2)Red phosphorus entirely.



Anothor possibility is the 1ntgrmadiate formation of
Py or of white phosphorus, since normal P4 molacules
might evaporate offths filament in the first instance,
eollide with the walls, and eventually return to the
filament where they sre altered in some msnner so that
on striking the wells again, red phosphorus is formed;
The formation of red phosphorus from phosphorous vapour
(Py wols.) has been repeatedly observed in & tube com-
taining @ molybdenum or tungsten filament sufficiently
hot te decompose phosphine.

Tc decide the matter, the foklowing experiment
wes done, which wes typiesl of sever=l. 0+*92mm. of
phogphine was admitted to the reasction tube, which was
surrounded by & cerbon dicxide ether bath at -80°C.
The filament was heated uutil there was no further
pressure chsnge: the pressure inercase wes 0+*46mm.,
thus confirming the equation given abova. The hydrogén
was pumped off end the bath withdrswn to allow any
white phosphorus to evaporate. 0*63mm. of oxygen was
added but no glow could be observed nor was there any
observeble pressure change. The absence of glow in-

dieated that the pressure of Py was less than £ x 10'ﬁh..
which is the pressure of ?4 at the lower explosive

limit with O*6mm. of oxygen in a Zem. tube. Thus no
apprec¢liable amcunt of phosphorus vapcur was formead.

Had the phosphorus evaporated from the filament, as
normel P, molecules, these would have been condensad

on the eooled glass surface and re-evaporated when the
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tube was wermed to room temperature. Thls experiment
also provides evidence that there is no intermediste
formation of white phosphorus or of phosphorus vapour.
‘The phosphorus must therefore lesve the filament in
such & form that it condenses on the surface, is ad-
sorbed, snd ultimately forms red phosphorus. Now, it
34,35,36.,
haa been shown that Pe molecules polymerise to red
phosphorus on hefiting & glass - .rfsce, and it is there-
fore probable that the phosphorus leaves the filament
as Pp molecules.

Another confirmatory experiment wes done. 6m. of
phosgphine cccupying £00ec. gave a film of red phosphorus
whioh just exhibited interference colours. The f£ilm
ﬁas l0cm. long snd the dismeter of the tube Zem., do
‘that it would require at lesst 3 x 10'25. of red phos-
phorus to prodwece suech a film, whereas 200¢e. of phos-
phine at émm. would yield 2°4 x 10'5g.of phoaphorus on
decomposition,

A curious effect was noticed during these experi-
ments. Although the film of red phosphorus was usually
of uniform thickness, an some instances peateches of the
reaction tube remainad only slightly covered, while in
othar parts the deposit was dense. 1t would appear
that the walls exert & definite activity towards the
formetion of red phosphorus. It is of interest,
therefore, thet not only is the combination of atoms on
a wall dependent on its nature, but also in this case

the polymerisation of molecules. No experiments have



been carried out with walls of different meterials, but
at certain intervals the reaction tubes were cleaned
with ag. 'bromine water to remove red phosphorus, and
were subseguently washed out with water and dried.

As these decomposition experiments are preliminary
to the study of the oxidation at pressures below the
lower explosion l1limit, the pressure of phosphine used
renged from a few mm, down to the lowest pressures
which could be accurately measured on the lMcLeod guage.
The general procedure at the higher pressures was to
admit phosphine to the desired pressure switch on the
filament current, and take pressure resdings at con-
venient time intervals. Cere wag taken during the
run to see that the reading on the galvanometer @

(Pig. 2) did not move apprecisbly from zero. This
was done by slowly altering 36 during the run. About
3 seconds was sufficient time to heat the filament up
to the desired temperature. As a slight lag was
noticeable on the galvanometer, care hed to be taken
during the heating up that the initial surge of current
did not heat the filament teo much, aven though the
galvanometer did not swing over to the side represent-
ing a too high filament temperature. On heating up
the filement there is a small pressure increase due to
heating up of the gas. A correction has to be applied
to the obgerved vressure in order to find the true
value at the tempersture of the walls of the reseticn

tubes; this was measured by filling the resetion tube
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with oxygen and finding the pressure inerease on heat-
ing the filament to the temperature at which it will
subsequently be used. This procedure was repeated
for different pressures. Oxygen has nearly the same
thermal conduetivity as phosphine snd does not resct
with the filament at the temperatures used for decom-
positiocn of phosphine. A similar series of experi-
ments were dohe with hydrogen. As the correction for
oxygen was only double that for hydrogen, a linear re-
dation was considered to be sufficiently accurate when
caleunlating the correction for mixtures of the two.
The appropriate correction could then be applied for
the phosphine hydrogen mixture, as the hydrogen ac-
cumulates during the reaction, For a 1 : 1 mixture,
therefore, the correction factor wonld be the mean of
those for phosphine and hydrogen alone,

A typicel series of pressure time obaservations,
at & number of different initial phosphine pressures,
is given in Table 1, tﬁ being the time taken to decom-
pose helf the phosphine originally present., All
pressures are in mm. of mercury, and times t in minutes;
column £ ( PHz Hg) is the actual observed pressure and

is the pressure increase corrected for the small

heating effect.

TABLE I%
” ﬁ%ﬂq Ap %ﬁﬁ%fimen'tﬁg. ‘ﬂﬂﬁa A Aﬁé
* b - e ‘2 0°070
o 10l B ¢ 938 85 8-8%

30

L] 3.
"8'33 8'8% 8'8 4*0 093 0°24 07060
0°8L 0°10 0©°07 4°5 0°94 0°26 (0066
0°84 0°15 0°076 5°C 0°96 0°26 0°052
0°86 0°17 0°068 6°6 0'96 0°27 07049

t% Lo %:i‘min.

F.'l‘\)l\')l-:HOO
TO;mO O,
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Bxporiments 59-63 are preliminsry experiments
using single filament.

Length of Molybdenum filament, 14.9 em; diameter
of filement, 0.01 em.,; temperature of filament, 464°;
volume of reaction tube, 90 c.c.; temporature of re-

action tube, 20° €.

P
- T ey

Experiment 60. Bxperiment 61.
. h’n_,ro, ﬂ(s Afyt to 'fﬂf’HJ O D¢ ’:”7::
1+*16 0 P 0 2+01 0 P

*5 125 0+04 0+08 05 2+12 0+02 0+040

*0 1+ 30 0+09 0+09 10 217 0«07 0+0%70

i 1+34 0+13 0+087 1*5 R*22 0+13 0087

*0 1°38 017 0+088% 2+0 2*27 0+18 0*090

Ll 1+41 0+21 0+084 3*°0 2+ 34 0+25 0+081

‘0 1-44 0+ 24 0+080 4+0 2+42 034 00856

5 147 0+27 0+077 50 2+ 50 0+*42 Cc+084

‘0 1*50 0+30 0°07% 6*0 2+ 57 0+ 50 0+*081

‘0 1°56 037 0*074 70 2* 65 058 0+ 082

*0 162 0+43 0071 8+0 271 0+*64 0°080

‘0 168 0+49 0+*061 100 2+79 073 0+073

‘0 173 0+ 54 0*0864 120 2+°85 0*79 0*066

*0 176 0°56 0°047 14°0 2°90 0*84 0*060

0* 58 100
ti = 3*6 min. t% s 620 min,

R Experiment &2, Bxperiment 63,

. t.
0 2° 74 0 - 0 3* 68 0 -
0°5 2°86 0*01 - 0*5 3°79 0°06 0*120
1°0 2°93 0°'07 007 1°0 3°86 0°13 0°*130
1°5 2°95 0°10 0°067 1°6 3°89 0*17 0°113
2°0 3°01 0°16 0°080 2°0 3°94 0° 22 0°*110
3°0 3°11 0° 27 0°090 3°'0 4°01 0°29 0°* 097
4°0 3°20 0°*36 0°0%0 4°0 4° 14 0%43 0'107
5°0 3'31 0°48 0°090 6°0 4°33 0°63 0°1056
6°0 3°38 0868 0'0%1 8°0 4°48 Q°78 0°099
8°0 3°62 0*69 0°*086 10°0 4°62 0° 9% 0°093
0°0 3° 68 0'856 0°085 12°'0 4° 178 1°10 0°092
2°0 3°79 097 0°081 14°0 4°88 1'20 0'086
4°0 3°88 106 0°075 16°0 5°00 1°33 0°083
6°0 3°97 1°15 0'o72 19°0 5°08 1°41 0°074
8°0 4'0% 1°19 0*067 179
0°0 4°0 1°22 0°061

1% 37 t% = 9¢5 min,

t%_ =z 8°0 min.
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The first characteristie to be noticed about these
results is that the time of half 1life inereases with
increase of phosphine pressure. Similarly, the initiel
rate of resction is maintained and does not decrease
until & large fraction of the phosphine 1s decomposed.
Parther, the initial rate only increages 50% for am
incresse in originsel phosphine pressure of from 0°*67
to 3+58mm,

The effect of hydrogen was next investigated to
£ind whether it might modify the course of the decom-
position sg it scecumulates in the system: no influence
cculd be measured as is seen from the following series

of results;:-

E!pt o PH

24 1+98 ff 1?%
25 1+9& 0«92 19
26 1-84 1-79 1.8
£8 201 - 16
29 1-84 290 L5

From the foregoing results it mey be concluded
that at pressures of the order of a few mm. of mercury
the course of the decomposition conforms nearly to a
reaction of zZero order. This suggests that the phos-
phine is becoming adsorbed on the surface and that the
decomposition is taking place there.

The deviation of the above results from a reaction
of zero order, suggested that at lower pressures

adsorption of phosphine might be so much less marked,

that the resction would become unimolecular. Exper-

iments nsing the McLeod guage as manome ter were there-
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fore done. For this the procedurs had to be modified

to a certain extent: phosphine to the required press-

ure was passed into the reaction system and the filament

gwitched on at the desired temperature for a given

time, after which the pressgsure was determined. This

was ropeated until most of the phosphine was decomposed.

Conditions were arranged that the time taken to heat

the filament to its working temperature was about 2%

of the time of reaction. Bven so, zero time was about

two seconds after the filament current hsd been switched

on, and sbout one second before it attained its con-

atant temperature. The volume of the McLeod guage

end conneetions was determined so that the observed

veloeity could be reduced to the value obtained in the

reaction tube used in the high pressure experiments.
TABLE II gives a typleel series of runs using

the same filament and temperature as in TABLE I: k is

the unimolecular coefficient, 1/t.1ogldA;E; , Where a

ies the initisl pressure of phoaphine, and x that of

phosphine decomposed aftor time t. Volume of apparatus

was 390c.Ce, 5! 15 time of half life in volume of 90c.c.

]
TABLE II.
Conditions of filament same as those in TABLE I.
t. PH,r H, Ap X Aeft.
Bxperiment 6%.
0 [e1240 0 - e
1 0.14560 0.0210 0.178 0.021
& 0.15856 0.03845 0.176 0.0173
] 0.1690 0.0450 0.180 0.0180
4 017565 0.08515 0.199 0.0129
6 G.182¢8 0.05685 0.209 0.0098
8 0.1835 0.08695 - 0.0074
0.0620

t} 1°8 min., t; 0°42 min-
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t PH,+ B, Ap k Atft.,
Experiment 68.

0 0°0696 0 - ——

3 0+0845 0°0160 0*246 0*01560
2 0'0925 0°'0£30 0°286 0°0115
3 00970 0+0275 0+227 0+*0092
4 0+09856 0+0290 0+196 0 0072
6 0*1000 0*03086 0133 0+00861
8 01118 0+03£0 0+146 0+0040

0+03847

t& 1°35 min,.; t'% 0+313 min.

Experiment 69.
0 0+03886 -— - -
1 0*0490 0*01086 0*342 0*0106
2 0*0520 040135 0*263 0+0067
3 Q* 0650 0*0165 0*£82 0+*00ES
a4 0+0565 00180 0297 0+0045
t, 1°08 min.; t', 0°251
% 3
Experiment 70.
0 0* 0190 - - -
1 0° 0235 0*0445 0*278 0*0045
2 0* 0270 0+0080 0*217 0*0040
3 0*0275 000856 . 0-328 0*00£8
4 Q* 0277 0* 0087 0259 0*0022
0* 0095
£, 0°96 min.; t', 0°22 in,
‘i‘ é 0 min
Bxperiment 71.
] 0. 0060 0 e -
1 0« 0080 0. 0020 0« 176 Q0= 0020
e 0. 008E 0. 00LE Qe 38 0O+ 0013
3 O« 0087 0. 0027 0 33 O 0009
4 0. CO87 - 0s 0027 - 0= 0007

t} 0°70 mine; t'i 0°162 min,

Bven at quite low pressures the tims required for
half dscomposition is slightly dependent on pressure,
but the approximate constancy cf the velues in column

4 of Teble II indicates that the reaction is nearly
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unimolecular. The value of Af, drifts considerably
as is to be expected.

If the reaction were of zero order, then on plot-
ting log t* ageinst log », a straight line of unit
slope should be @btained, wheress a unimolecular re-
metion would give a line parallel to the logy’axis,
gince t%_would be independent of pressure. Such a plot
has been made in fig. 3 from the results in Tables I
and II. At higher presgsures the slope of the curve
is unity, but graduslly decreases until at 0°0056 mm.
it is nearly zero. The ourve could not be extended
to much higher pressures sinece the half life period
would have bsen several hours. On the other hend,
had the reaction rate been inereased by raising the
temperature of the filament, the order would have risen
owing to evaporation of adsorbed phosphine end con-
gsequently e much higher pressure would be required to
approach the zero order reaction. This can be seen
from the results shown in fig. 4.

Temperature Coefficient.

The measurement of the temperature coefficient of
the reaction, owing to its transitional character,
allowh of the estimation of two gquantities. Pirst,
the energy of activation (EB) of the reaction on the
Molybdenum surface can be caleculated from the vsriation
abt‘ti;with temperature from the usual formuls
d log (1/ti)/dT = B/RT. The apparent energy of act-

ivation (Q) of the unimolecular reaection is composed of
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45.
two terms: the energy of activation (&) on the surface

minus the heat of desorption (A) of the adsorbed phos-
phine, Since Q is easily measured A can be caleculated.
In the transition reaction @ will vary between these
limiting values. It has been seen that at the low
pressure of 00056 mm., the reasction is not quite of
the first order: hence in determining the temperature
coefficient, two sets of experiments were made. In
the first the temperature of the filament was mainpaine
ed constant, the variation of half life with pressure
plotted, and the curve extrapolated to zeroc pressure.
another similar series of obsservations was made for
another temperature, and the results also extrapolated
to zero pressure of phosphine. The ratio of ti for ¢
zero pressure for the two temperatures was used to
calculate Q.

Pable III contains the data for this calculatiocn,
and fig. 4 shows t% plotted against phosphine pressure,

TABLE II1I.

Temperature of reaction tube 20°; Temperature of
filsment in (a) 645°; 4n (b) 574°.

(8) Values of P33+-Hg.

E.'Kpt. &'n'.!‘pt. .Expt. Expt. Eb{}}t.
73 4. 76. 76. 7.

0’025  0°04456  0°1310 0°0680 00865
0’ 0330 0* 05156 0 1615 003 A5 0°1040
0’0847  0°0676  0°1650  0°0776  0°1120

0° 0367 0° 0605 O LW 0°* 0805 0°1200
0° 0375 0° 0635 0°1850 0°* 0845 0°12566
i 0* 0650 0°19156 0°0%855 0°1270

<O PRNHO



(®)  axpt. Expt. 2xpt. Zxpt.

t ?8. ?9. 80! 81.

0 0*0610 0° 09656 0*1365 0°0410

1 0*0660 0°1080 0*1465 0+0455

2 00695 * 0°1075 0+1516 0+ 0485

) 0*0%736 0°1120 0*1585 0+08515

4 0°0760 0+11786 0°1685 0*05256

5] 0*0806 0*1215 01700 0+0540

6 0+0810 0+1258 0*1736 o

7 - 0*1280 0+*1816 -
Expt. Expt. Expt.

t 82, 83, 84.

0 0-0117 0+0130 0+1090

1 0+013% 0+0187 0+1145

2 0+ 0187 0+0160 0+1175

3 0+0160 0+0173 01220

4 0+ 0163 0+0187 0+1265

6. - ' e ’ 012786

6 - - 0+1310

7 - - - -

In experiment 84, 0+038f& mm. of hydrogen was
preosent initially end as seen from fig. 4, t% lies on
vhe curve, so hydrogen has no effect on the low press-
ure decomposition.

The value of Q has been calculated from the curves
in fig. 4 at different phosphine pressures, and it is
seen that Q gradually increases with Pﬂé.

PH, Rate 1 @ (kge-cal.)
Rate &2

0 £2*00 16°1

0°+02 2*24 175

0*06 £*61 £0+8

0*10 ©.2°79 223

0*20 £*8B0 RE*D

a
Pigs. & & ¢ show: that ihe lower tempersature 464° the
reaction is not unimolecular, whereas at the higher .
temperature, where phosphine is much less strongly ad-

sorbed, unimolocular characteristics are more closely
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obeyed, i.e., ti is nearly independent of an.
Measurements of the temperature coefficient were also
made at higher pressures with the results given in
table 1V,

TABLE 1IV.
Tomperature of reaction tube 17°. Volume of apparatus

and filament as in Table 1.

Bxpt, PH t, Temperature

S t of filament.
44 1°97 23 420°
45 191 18 420
46 2°19 15 428
4% 196 6°1 448
49 1°92 1%*356 497
b2 196 5*°2 459
53 1*92 11°*6 435

Energy of activation E = 39'3 kg.-cal.
The heat of desorptiion of the phosphine is thus
39'3 - 15°1 = £24°2 kg.-cal. A8 this value is essentially
calculated by extrapolation af the low pressure results
to zero pressure, it reprosents the heat of desorption

of phosphine from an uncovered molybdenum surface.

Tungsten rilamant.

Tungaten did not behave an exactly the same way
as molybdenum in this reaction. The pressure inerease
aceonpanying the eouplete deccmposition was, however,
exactly half the initial pressure of phosphine,
Similarly, rhosphorus waa-depoaited as the red veariety
on the walls of the tube, On carrying out experiments
similer to those with the molybdenum filament to

determine whether whits phosphorus was an intermediate
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product, some treaces of it were found, e.g., in one
experiment, after the phosphine (QO.6mm.) hed been dees
composed and the resetion tube pumified out at & tempe
srature of about -70°C, on admigsion of & fow mm. of
oxygen, and on warming toc room temperature, there was
a bright flash of about 1 sec. duration. There wag
no sucec2eding continuous glow and no noticesble change
in pressure on the o0il menometer. The amount of
white phosphorus produced by the reaction was thus
estimated to be less than 0.056mm.

Bxperiments with tungsten were done wholly with
8 double filement as this mathod should give a more
aceurate mesgure of tempoerature.

TABLE V-

Temparature of Tungston filoment = 560°¢, Lpngths
12 cm., and 3 cm.

Exporiment 253, Vol.® 324 ce.  Exporimont 256.

¢, FHg Hy PHy k t. PHgHg RHg K
0 0°488 0+488 0 0°-967 0-967 3
1 0°498 0°469 0°018 1 0°985 0°910 0°026
2 0°506 0°448 0°019 2 1003 0°'875 0°+022
4 0°+b26 0°413 0°018 4 1°037 0°809 0°019
8 0°*BB7 0°2339 0020 8 1100 0°701 0°018
t/4 §°Omin. t/4 6'4min.
Experiment 287. <'ressures Experiment 260.
measured by leLood Guage, VOE. = 581 cc.
0 0008556 0008556 0 01122 0 1122
1 0,00860 0,00845 0.0065 1 01148 (+1070 0082
2 0,00916 0©0,00735 0-033 2 0°1183 0°1000 0°025
4 0,00980 0.,00586 0,041 4 012256 0°0916 0°022
8 001080 0 00400 0 040 8 0 1303 0°0760 0°021

t/4 = 2.8min; $'/4 = 1.6min. t/4 = 5.6min; t'/453.1lmin.
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ixperiment £61. Eggerimant £71. Usi
v E. D81 Ge. manome ter, vol. 12?%0.
t. PHztH, PHz k t. PHS H, ©PHy; k

0°0412 0+0412 0 029 29

0+0434 0°0868 ©+049 1 30-2 22-2 0*022
0+0453 0+0330 ©+048 ¢ 312 24°6 0°0256
0+0472 0+0292 0+088 4 333 £20°4 0°0z&
0+08056 0+0226 04033 g 3740 130 04021

t/4 = 2,9 min; t'/4 = 1.6 min. t/4 = B.4; t'/4 = 9,1lmin.

§§Eer1§gnt 2756, Experiment 278. 0il
(5) GC., manome ter, vol. 121 cc,
262*86 262+5

276°0 235°56 0047
2830 221°*5 0°037

PO O

07956 0°796

O‘ggz 0677 0+070
0 0877 0°+070
94°0 1995 0°033 0:989 0407 0°075
81156 1l64*5 0+025 1+10% 0*181 0+080

t/4 = 4.0; t'/4 = 107. t/4 «1L7; t'/4a 248 pin,

_$§¥er§%ent 279, Ex§ariment £80 .
ol. 12l ce. « 1=l ce.

]
0 0‘396 0396 0O ¢ 089 0G99

1 0-429 0+330 0 080 2 ORIZ 0076 0120
£ 0+4568 0272 0 08z g 0117 0068 0098
4 4
8 8

RO
RN O

0-604 ©0-180 0 085 0 150 0 036 0104
0-E88 0072 0 092 0 140 0018 0 09z

t/4 = 1+5; t'/4 - t/4 = 1 0; 1'/4 = 2e6min,
In Table V the rosults of a series of experiments
are given in which the pressure was vavried from 0.0085bmm.

to 2625 mm. The wvolume of the apparatus including
the particular manometric system in use is showng the

time (t/4) required for the reaction to go 26k of its
fu11 9Xtent is given at tha bottom of the record of

@sach experiment. t'/4 is the value of t/4 corrected
to apply tc an spparatus of volume 3824 cc. The
observed reaction veloeity is due to the two filsments,
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' In order tc calculate the rate produced by the eentral
portion of the long filamant t/4 must be increased by
4%, k is unimolecular, veloec. coefficient es in
Table I1I.

Pirst it is noteworthy that t/4 dces not markedly
depend on praessure, Iin faet a 30,000 fold pressurs
only changes t/4 by less than a factor of 10, yizi-
from 1.6 to 10.7. The resction is therefore nearly
unimoleculsr ag is further shown by the conatancy of
k in sach run,

The fellowing are typiesl of experiments which

.wara mede with a pressure of added hydrogen of the
same ordor es that of the PHye No inhibitory eetion

was noted either at high or low pressure,

fomlE vI.
PMllament same as Table 7; Tempers ture of falament
658°C,
Bxporiment 274. gfgorimegt 276,
W o 1IN ga 8 Brt.
t rns H, Pﬂﬁ t PH, H, PH,
0 30°0 30*0 0 61°0 £29°3
1 37°9 142 1 69°0 13°%
2 392 11*6 2 704 10*6
4 41°0 8°0 4 71°3 87
8 41°9 6°2 8 719 76
Bxpegiment 62, ; Bxperiment 68.
Temporature 656 @. Temperature 655°C.
0° 0550 0’0530 0 0°1083 00423
g 0' 0689 0°0812 2 0°1124 0°0241
4 00705 0° 0180 4 0°1187 0°0156
g 0.0747 00096 6 0°1204 3" 0085
9 0.0780  0,0080 9 0°1227  ('0035
12 0°0793  ©°0004 12 0°1240 00009

t/2 = £,6 min. t/2 = 2,7 min,
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TABLE VII.

Bxperiments with constant phosphiye pressure and
varying temperature.

In these experiments after the run had proceeded
for a given time, the filament was switched off, and the
? NeC. meessured aftor the rHy had been condensed out
with liquid sir. Time was allowed for condensation

and remixing before restarting the runs and corrections

for cooling of side tube and v.p. of phosphine made
just a3 in the oxidation experiments.
Yol. of apparatus 324 cc. Length of long filament

12 em. end of short filesment 3 em.

Experiment 246. Temperature 4379,

Time in 5

minas. PHB Hg AP k 4—5‘
4] 03986 000056
4 0597 0*002 0°*003 000056
8 0400 0°008 0* 003 00006
16 0°408 0*013 0*0026 00008

Bxperiment. 247, PTemperature of filamen®h 606°¢C.

0 0°401

1 0423 0*0z22 0*046 0* 022
2 0*444 0" 043 0°043 0°0EZ
4 0°472 0°071 0042 0°018
8 0*516 ° 0°118 0°045 0*014

Bxpsriment £48. Temperature of £ilament658°C

0 0* 399

1 0 %36 0036 0 088 0 036
2 0467 0+068 0085 0 034
4 0521 0122 0 100 0 030
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Experiment 249, Pemporature of filsment 560°¢.

t PHy Hg Ap k f%g

0 0°400

% 0°41%2 0°012 0*034 0*012
0 447

< 0°441 0°041 0°030 0°010

8 0°478 0*075 0°025 0°009

Bxperiment 250, Temperature of filament 495°C

0 0*404

2 0+411 0*007 0° 0086 0* 0035
4 0*416 0°012 0006 0*C0%
8 0425 0°*021 0*006 0*0025

16 0*44z 0+ 038 0*00658 0°0024

From the above vslues of k¥ and temperature, the
value of @ - Decomposition on Tungsten - is 28.6 Kg.Cal,
In order to find if Q varied over a range of

pressure, 28 in the case of lolybdenum, experiments

were done to find B st both high and low pressures.

Low pressure r%g&liﬁo Temp, of filapent.

Ea Half-1ife(see)
Bxpt. 77 o'ogaa 523°¢ 407 192
78 00675 482°¢ 3590 492
80 0+05696 560°C 441° 96
From these resulta ¢ = 23.8 Kg Cal
High pressure regults.
Bxpt. 86 4437 5600 441° 120
89 4459 5280 407° 240
90 4+36 4820 359° 720
91 5419 4150 3000

Q = 2048 KE. Cal.,
In Table VII ere given three seories of rosults at
different pressures over & range of filsment temperature,

The energies of activation Q are practiecally identieal,

and therefore in agroemont with the fact that the

reaction is unimoleculsr over this range of pressure,



41.

The temperatures given under (2) were calculéted by
the old method of measuring the resistence and assuming
a constant temperature slong the whole length of the
wire; The caleulations by the new method (1) are
appreciably higher. The discrepsncy is shown more

" elearly by a calculation of Q. The first and third r
regsults of the low pressure experiments give Q = 28.7
Kg.ocel, whereas the lower temperature gives @ = 18,7
Eg.cal, Although the sbsolute value of the temper-
ature and energy of activation is not =t present of
any great theoretical importance, yet the diserepancy
might alter the significance of any theoretiecal dis-
cussions in comparing similar resctions eatalysed by

filaments of diffarent meterials.

THE BFFECT OF ATOMIC HYDROGRN ON THE CATALYTIC
DBCOMPOSITION OF PHOSPHINE AND AMMONIA,

In the photc~eh&§iua1 experiments on the decom-
-
position of phoaphine, it was shown that astomie hydrogen

esn resct with the tramsitory intermediate products of
the dissociated molacule to reform phospﬂina; gimilar
affocts were obtained with ammonia by Melville. ) It
was suggested that the inhibition was due to the re-
action H PH, (NHy) ©PE, (N¥H;) ocourring at the walls
of the reaction tube, Now, if the decomposition of
these phosphine and smmonis molecules with the pro-
duction of surface compounds of the nature W - FH, or

W - PH, then it should be possible, in principle, to
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bombard with hydrogen atoms the filament upon which
phosphine or smmonia is being dissociated, and so re-~
tard the rate of decomposition. The result of such
an experiment is somewhat difficult te interpret for
phosphine, sinece the possibility of reduction of the
‘phosphorus in the gas phase or a2t the walls before
eondensation to the red modifioation. must be considersd.
The experimental procedure was similar to that
'addptad in the decomposition experiments (£46 - £80},
the stomie hydrogen being produced by collision with
an opticelly exeited mercury atom. The reaction tube
in fig. 1 was replaced by ome of silica, 2.9 cm. in
diameter, whilst the filemont assembly remainsd the
usual three point arrangement. This tube was joined
to the apparatus by means of a siliea-glass ground
Joint, and in order to keep the concentration of mer-
pury atoms constent, a smell drop of mereury was placed
in the tube, The merecury lesmp (water cooled) was set
up about 10 em. from the tube and a shutter fired be-
twoen it and the tube. The phosphine was first of all
admitted to the tube, moasured on the oil munometer,
end then condensed out with liguid air, The hydrogen
was then sdmitted end the two gases allowed to mix,
end the tctsl presaure read on the manometer. Rung
were thus done with both filement and lemp simultsnecul
eously (FL), with the filament alone (P), and with the
lamp slone (L). At the end of each the phosphine was
eondensed out, and P.N.C. found. It was not possible
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to use the oil manometer with ammonia, as this gas
dissolves apprecishly in the oil. Also, as pointed
out before, a nickel filament could not be used for
phosphine owing tec disintegration. Care waa taken
that the run LF was done before the run F, so that any
decresse in rate caused by the lamp eannct be due to
the deposition of phosphorug eutting down the light
supply. Some rosults are given in Teble XVIIIi,

TABLE XVIII.
Gas PFilement 0$1¥gn. Pnsnxg ‘PHE PHﬂ(NHg) Conditions.
0+ 286 04636 0O«104

. Mo. 5 0292 0.686 0189 LP
B 0295 00635 0o 248 )
.nns' Mo, 2 206 406 144 P
S 183 420 0.00 i
2 183 420 090 LF
PH, Mo. 2 1°92 .  BB8 1°+62 F
2 1+92 538 1°14 0
£ 177 588  0+07 1L
NE, w. 2 2'Ca 4 04 1°14 P
2 1°93 4 02 0°01 %
2 1°84 4 12 D*67 L P
PR, = £ 1°84 566 0°87 L
| | 2 1°91 3'69 0°09 L
2 1'98 3°60 0°84 P
NH, Wi 2 187 374 0.29 P
2 14956 3+57 0415 L
£ 1+98 387  0+00 L
*H, W 4  Q°278  (°bBZ 0°1583 LF
4 0298  0°580 0°048 L
4 0285 0°582 0°186 F
4 0°308 e 00111 3

A ingpection of this table reveals that in esch
set of experiments both with tungaten and molybdenum

and nickel filaments, the smcunt of gas decompesed by
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the filsment snd lamp simultenecusly 1s less then that
whon these sgents are opereted separately, i,e. atomie
:hwdroson roterds the desomposition. |
| The results moy be summarised aa follows, at l
!preinnraa legs then O.1 mm. and at the tomporature of
!tho sxperiments, phosphine degomposes sgcording to a !
ua!noluculnr lew on tangeten snd molybdenun rllauontsz
the rate of reaction is unsffectod by the prosence of
moleculsr hydrogens Ho inhibitory influenge of |
iphoaphnruu osn be doteatod, This ie simply oxplainpd‘
ﬁy the feot thet as gcon ua 1t lsaves the filement
barfaoa it ia romovsd fron further possible action by
Lcndan:ation in the red form on the walls of the raactf
ﬁan tube., It 1o uls0 ssen from the results that the !
nativitioa of the two oa2%talyets, tungsten and nolrbdon&n
ppntar to be of the gamo order of magnitude. On ine |
aroasing the preoassure of phosphine, 1t adsorpticn on ‘
molybdonunm inersages rather wor: rapidly than ca !
3tungatsn. 30 thet with the former filsmont the rnaotioL
tends tc bo of zerc crder, whllst the unimolecular law
is eti11 velid for the latter,

| As thege filaments funotion et comparatively low |
mumyorataren. it 1a lsprobable that the hydrogen |
iiboratad during recotion la suything but normal |
moleenles, posseesing translational energy corrnaponﬁ-.
ing tc the temporature of the wirs, Suoh 2 molisgule

18 therefore unlikely to have sufficlent smorgy to
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enable it to initiate a stable chain resection between
'phoaphina and oxygen. In the csse of the phosphorus
it must be different, for when Py molecules derived
from white phosphorus condense on a cold surface, they
;do not in general condenss to the red modifiestion.
Hence the molecules of phosphorus eveporating from the
filament are not normal Py gz}eculea.

In a papor by Meiville mention has becn made of
experiments in which phosphorus vapour at low pressure
has been passed through a silica jet st 700°C, end the
;raaulting moleculeg projected by means of another cool
Jot on to & glass surface at -80°, This experiment
gave rige to a deposit of red phosphorus on the cooled
surfsace, How, 4t has becn shown by Preuner and Brocks-
mollar3€§ vapour density mossuremernis, thet when
normsl P* molecules are hesated, }2 molagules are pro-
huoed. Thia has basen verified by absorption band
bpeatrum meagurements of Jakolewa. g Thus it is shown |
ﬁhat roed phoaphérus is fermed when Pz molecules con-
dense on a cool glass aurface. The temperature of _
the filament in the present experiments is qguite anffi#-
ient to dissociate P4 molecules, Fuarther, in experi-
ments on the initietion of chains in phosphorus oxygen|
mixtures by hot filaments, it was observed that mere
heating of a tungsten or mclybdenum wirs to 500° dn
phosphorus vapour produced a deposit of red phoaphoruai
on the raeagtion taohe, it may reasonably be concluded,

therefore, in asbsence cf evidence to the contrary, that
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?2 molesulen evapocrate from & filament upon which
phosphine moleeules are being degcomposed. The quest-
ion then arises as to whether these Pa molecules san
initiate a chain reoaction between phosphine and oxygen.
This question is dealt with in the next section of this
thesis.

There is, 83 might be expeected, a general simil-
arity betwocen the doecomposition of ammonia and of

the celatively greaker stabdibty op the gormer

phosphine, In accordsnce withﬂthe temperature to
whigh the fillament must be raised, in order to c¢btain a
meaguresble rato of reaction ia higher for it than for

phoaphine; oe.%., on tangston, phosphine hss a halfl
life poriod at 500°C similar to thet of ammonia at
100000. ags found by Iunaggﬁ4iﬁ4§ﬁ apparatus of similax
dimeonsions. HNevertheless, it is surprising that the
decomposition of phosphine on tungsten is unimolecular
at pressures where zero-order conditions obtain for
ammonia, The ammonia is therefore much more strongly
adsorbed. It would be of interest to compars the
hoate of evaporation (A ) of the two geses for the
same filament'by measuring the temperature coefficiont
of the reections over a wide range of pressures in
order to find whether N (NH,)is greater than \ (PH,)
At low pressures both reasctions sre unimoleeular,

With & meolybdenum filament both geses &t high
preasures decompose sccording to & zero order law, Io

results for ammonis on this metel at low pregsures are

available, but in Kunsmen's results for asrmonia on
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molybdonum at different temperstures, s plot of the
logarithm of the time required for half deceomposition
ggeinst the reciprocal of the sbsolute temperature
gives a curve which shows a deoresse in the enparent
energy of activation at high temperatures. This curv-
ature is possibly due to the smaller sdsorption of the
gos et high temperatures, whereby the order of the re-
gction ineressea from zerc to unity.

According to Kunemen's results for smmonia, one
difference between phosphine and smmonis is thet hy-
drogen does not inhibit the decomposition of the former,
whoreas with the latter inhibition is pronounced beth
at high and low pregzures. These results are however
questioned by Haileafa;ho found that in the case of
ermonia there is no decelerstion of resction rate due
to hydregen. He also suggests that the falling off
in rate of resection observed by Kunsman was due to the
reduotion in ammenia prossure caused by deeomposition,

If the surface of the catalyst is eatalytically
tniform and if any displacement of adsorbed reactant
by hydrogen wore considared to be the means wharehy
the rotardation takes place, then it is not to be ex-
pactad that there ghould be any difference between the
effect of hydrogen on the decomposition of the two
gases. Howaver, assuming retardetion by hydrogen in
the ammonia decomposition, the diserepancy ceould be
explainad in sithor of the following ways:-

1. The c2talyst ig not of uniform sctivity and



the ammonis decompozes on centres which can esaily be
coversd with hydrocgen, whereoags different active centres
for vhosphine sre not affeetsd by hydrogsn.

Ze Hydrogen rnot only displeces smmwonis, but after
or 2s 2 consequanes of heing adsorbed, it becomes
sufficiently resctive to stteck the intermediate pro-
dvete of decomposition of the ammonis molecule snd to
regererates smmonis, In the second ecase then, inhib-
ition by hydropen wovld be due essentislly te 2 chemiesl
reaction, and it is therefore reasonable to suppose
that there would be 2 merked difference in the eondition
:br the sppesrance of inhibition.
| More evidence showing that any inhibiticn should
be due to s mecohenism similer to ease 2 sbove 1s seen
in Table XVIII. |Here it is seen that the simultanecus
production of atomic hydrogen with the dissocistion of
ammonia or phosanhine leads to 2 reterdation of the
l1atter process, This result is to be expected for
ammonia, as, if Eunsman'’s reaults are to ba believed,
molecnlar hydrogem is an inhibiter for the decomposition,
The digsociation of 32 b mesns of excited mersury
atoms no donbt fecilitates sdsorbtion, for it virtually
removes the necesaity of activation which is reguired
when a normel Hg molecnle ¢olliides with the eztalyst.
The inhibiticn must acour on the surface of the wire
since stomic hydrogen does not attack moleculsr
nitrogen in the zas phase, The hydrogen atoms prob-

ably reuct with the surfece compounds M - NH or M - Eﬂg.
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which are formed during the deccmposition.

Thet 2 similar meehanism holds for phosphine is
probable from the following srgument. If = mixture
of phosphorus and mercury vaponr is illuminated by a
mercury lamp, there is & depositicn of red phosphorus.
The P4 molecules are therefore changed in soms way,
probably to P2 molecules, that they undergo the
allotronio transformation. If hydrogen is present
alsc, no appraciadble smount of phosphine is producedfb.
that is, atomic hydrogen doas net attack thase resctive
moleeules derived from P4. If the same moleculesy
give rige to the red phosphorus in the thermsl decem-
position expsriments, then it is improbable that
atomie hydrogen esn resct with them to gzive phosphins.
The reterdation which is observed must thereofore have
takon place on the surface of the filament itgelf in a
gimiler manner to the emmonia resction, It would be
somewhat surprising, in view of the similerity in the
behavionr of atomie hydrogen with respeet to ammonia
and nhoaphine, i1f in the formex case inhlibiticn by
molecular hydrogen were presant. It is possible that
the differencs may be due tc the faet that the higher
temperature of the filament, necesssary for decomposition
of ammonia, supplies energy of activetion recuired by
a normal Hy, molecule, before adsorbticn csn take place.

The anargiea of astivation (B) for the deconm-
position of ammonis on tungsten, molybdenum, and nickel

40,
are all of the same magnitude, viz, 45 Kg.-cal, which



is higher then the values for phosphine. Other re-~
sults by Hinshelwood and Burk4;ive results of zbout

37 Kge.-cal, These values were token at pressures of
about 100 mm., of ammonia. Later results by Hailea4a'
at lower pressures give results appreciably smsaller
‘then 45 Kg.-cal. He points out .hat the apparent
energy of sctivation () consists of two quantities,
viz., the hest of adsorption A, and the energy of activ-
ation E(bF. the decomposition of phosphine on moly-
bdenum)., The heat of adsorption ( N) inersases ss the
degree of saturation of the surface deoraasea?s. Thus
at low pressures Q decreases and is sbout 27 Kg.-cal

at pressures of a few mm., wWhich does not zreatly

differ from that of phosphine under similar conditions.
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THE OXIDATION OF PHOS’HINE ON TUNGSTEN AND

MOLYBDENUM FPILAMENTS.
In the first part of this theeis the kinetics of

the thermal decomposition ¢f phosphine on tungsten and
molybdenum were investigated. This was done ag &
préliminary to the study of tﬁe oxidation &t pressures
below the lower critical expiosion limit. The purpose
of the present experiments was to determine if the
oxidation was a chain recetion, the ehains being
stsrted on the filement and terminated on ths walls.of
the reaction vossel as in the eagse with phosphorus-
oxygen mixtnraa?V. FParther it was suggested in the
discussion on the mechanism of the formation of the
red phosphorus in the decomposition, that P_ molecules

&
may evaporate off the filament. As 1t has been shown

that P, moleeules initiate chains in P, - O, mixtures,
it was expected that they might also provide reaction
centres for the chain oxidation of phosphine. On the
other hand, as oxygen is strongly adisorbed on a tung-
gsten surfsce, it is possible that the decomposition of
phoasphine would be markedly inhibited and that the
phosphorus formed would undergo & purely surface oxid-
ation without giving rise to ehain initiator moleculss.
There are & number of other possibilities but they need
not be detailed until the results have boen dlascussed,

Three eriteris exist whereby the chain charecter
of the reaction may be recognised:-

(a) The avpearsnce of a glow, the intensity of
wheak
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is proportional to the rate cf oxidation.

(b) The acceleration of the resction rate by the
uge of wider reasction bulbs, and

(e) The aceeleration produeed by the waddation of
inert gesas tc the resction mixture, These three
eriteria are fulfilled in the oxidlation of phosphorus.

Suppose, however, that an appreciable part of the
reaction took place on the surface of the filament,
'axolusive of the small proportion of the heterogensous
reasction raguired to astart the chains. The glow would
still be obsorved, but the rate of the resction would
no longer be proportional to the squere of the reaction
ves3el diametar, (&s in the case of a ghain reaection)
nor would the acceleration by inert gases be so marked.
Owing to difficulties arising from the varisbility of
the surfaces of rsaction bulbs of differing diameters,
it is sometimes not easy to verify the dismeter law,
and thereafore in this case the inert gas effect has
boen used to determine what frection, if any, of the
reaction oconsisgts of a chain process. This acceler-
Iation by inert gases can be cz2leulated from experiments
on the effeet of the geg on the lower explosion limit,
for it has been shown in the phosphorus axparimentasg‘
that the observed inereases in velocity ere in sgreement
with the vaeluss caloeulsted from the diffusicn theory.
BRP TAL.

Apparatug. The apperatus was the same ss that

used in the firat pexrt of this thesis, and the divided
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filamont method was nged to measnure the temperature of
tthe filement. The pressures that could be employsd
were, of course, now restrieted by the oseurrence of
explosion at sbout 0,9 mm, - 1 mm, for the 1l:l mixturs.
An 01l minometer was used for the majority of the ex-
periments, Its range wag 1.£6 nw., using a miercscope
to reasd the level of the oil 2nd the sensitivity cf
this errangement gave each reading correct to + ,002mu,.
or batter. Both molybdennm and tungsteon were appar-
ently unattacked by the reasctants or the products of
reaction, for, on examination of the filement surfaces
by meang of a microscope, no pitting or roughening
ceould be observed, and the diameter as messured by a
microme ter remained the seme throughout a long series
of experiments. It wes obssrved, howsver, thet the
activity of the wire graduslly fell off with use, but
could easily be restored by heating the wire to about
1000°¢ in vacumo by means of an electric eurrent.
Between each run the filament was glowed at this temp-
ereture with the pumps on for about 30 seeonds, and,
a8 can be seen from the experimentsal results below,

the sdopticn of this procedure kept results reprodueible
within fairly close limits.

A difficulty sppesrs when the method of measuring
the rate of resction is considersd, for the nature of
the products depends on the relstive proportions of the
phosphine oxygen mixture. When oxygen is in defieit,
the resction is mainly

PHz-t- Oh - mz g i KE.
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as can be saen from the fect that the pressure at the
end of sPexperiments using a 1:1 mixture is just half
the original total pressure of resctants.(&=pt. ).
With a large excess of oxygen a more highly oxidised
form of phosphorus acid is obtained snd the smount of
hydrogen produced is not proportional to that of the
oxygen used up. With egquivelent proportions, the
rate might be measured by finding the decreese in phos-
phine or oxygen pressure. Another, and simpler, method.,
as 3:902 has an inapprecisble vapour presgsure ag meagur-
ed by the oil manometer, is to follow the reaction by
meansg of the deerease in totel pressure during its
eourae,

The total preassure during & run, however, doces
not give a true estimate of the rate of reaction.
This can be secen from experiments 168 to 164, Table
ViII, where, with constant phcaphine pressure, at low
oxygzen pressures, there is an lnere.se in total praess-
ure during resction, whereas at higher oxygen pressures
the changae is =& decrease in pressure,

TABLE VIII.

Mo. Pilament, totasl length 15 om., 0.01 omn. in dismeter,

X
Temperxaturs 56300. Volume of apparatus 230 cc.

158, 161. 162, 163, 164,
initiol ,
PH, 0.4%2 0.429 0.411 0.434 0.429
0.° 0,407  0.203 e 0,199 ¢.101

Time total pressurs.

0 0,839 (o738 0,411 0,633 0. 580

1  0.820 0.727 0.429 0.636 0.548

2 Q.800 0716 0.445 0.6356 0. 548

4 0,758 0.699 0.474 0.636 0.564

8 0.702 0.675 0.524 0+640 0.591
16 . 0.622 0.583 0.626 0,610
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To find which of the methods would prove most
suitable, analyses were made of the Pﬁs - BE - O2
mixtures at various stages in the reactionsand with
differing initial proportions of phosphine and oxygen.
IThs phosphine was removed with ligaid air and the
hydrogen-cxygen mixture withdrawn by the T8pler pump
into 8 smell tube, fitied with s platinum filement and
ﬁoontaining salcium chloxride, The filament was heated
until there wes no further prassnre ochange. Oxygen
was then added and another ocombustion sarried out, in
order to determine whethar the residual gas after the
first combustion was hydrogsn or OXygen.

Table IX gives the complete results for a number
of runs using-a ﬁalybdennm filamant,.

The procedure in oxperiments 172 - 189 was a3 follows:
:Phosphins was pasgsed into the reaction tube =nd its
Prossure measured. This wag then condensed out into
the side tube and oxyzon wes then added. The phog-
phins ﬁas then =2llowed to evaporate and whon the s8ide
tube had warmed to room temper:-ture, the total press-
ure of gas was read on the 0il menometor, The initisl
oxygen prassure was then found by differsuce. (To
aduwlt the oxygen in wall rogulated quantities 1t wes
feund suitable to use & twe way tep, with the central
1imb seeled off short and the atreight bore sesied up,
ag 2 pipette). The filament wag thon heated for the
roguired time and the pressuroc aguin determined.

Iiguid air was applied to the side tube to condenss
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eut the phosphine in order to find the pressure of’!e
and Oge A stondard time of four minutos wes ususlly |

[
allowed for this operstion, but this time wag 1n¢r¢aaﬁa

for large non-condensable prossures. As the vapour i

'apprsoiahlo. the progsures resd on the manometors were

iradunod by 0.007 mm. (V.ePs 0f phosphine at tho tomp,

of the liguid air used) Suitable small corrections

‘proassure of phoaphine st licuid sir temporatures is

wers slso spplied to the observed presaure of non-
‘eoondensable gas, owing to cooling of the side tube in
whieh tho phoasphine was frosen out. Care wes teken |
;that the liouid air wes always tho same distonce up |
:tho side tuba, Ap is the change in totsl preasure |
and A sz the deerease in phosphine prossure, csloulat?d
from the manowetor resdings. Unfortunately the anale
ysis of the hydrogon oxygen mixztures wag not very ae-
eursta, aa, after compressing into the combuastion anﬁ
the total pressure was only sbout 10mm; the results

ero probvably only sccurate to about 10H.

! Had the resetion prooeeded escoording to the eqna-
tion VHyT 0, — B, + H¥0_, then ths pressure of mon- '
.ecnﬂenaeble gaa should have romained conatsnt, whoreas,
a3 cen be sesn from Psble IX, the proseure inorasses |
to sbout double its originel wvalus when the oxygon
progaure is one fourth that of phosphbine (EBxperiments
181 - 184), In expsrimonts 176~-179, whore the oxygen
peregsure ia one half that of phosphine, }='.c.aa¢u not

(Anerecase  so'guickly, and finally, When q;:Pﬂig:Ezl,
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H.C. actuslly decreases, In the first case then,
there must be some decomposition of the phosphine sag-
companying the oxidation, and in the last case part of
the hydrogen will probably be oxidised to water.

These conelusions are supported by the hydrogen oxygen
analyses, for inm BExperiments 181 -« 184 the value of
PKE increaseg during the eourse of the resction, but
in Bxperiments 186 - 189, i.e., with 02 high, although
}602 stecdily falls, there is no corresponding increase
m;‘ng. It is evident that the change in total press-
ure ( A¢) cannot be used &s a measure of the reaction @
rate, This ean best be seen in Experiments 181-184,
‘where A¢ remains almost constant sfter two minutes, al-
though the chsnge in the phosphine pregsure shows that
the resction is still proceeding.

The best measure of the rate of resction would
‘appear to be the change in phosphine pressure, with tﬁe
| reservation that in comparing the rates with different

proportions of oxygen and phoaphine, the initisl rate
would probably give better results than determining the
time reguired for a definite fraction of the phosphine
to react,

For comparison with Table IX, a similar series of
experiments using a tungsten filament sre given in
Table X.

Bsgentially similer results were obtained with
the tungsten filsment. Even with a 1:1 mixture, there

is no very close correspondence between Ap, Zl}’a, and
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PKE' whieh would be the case if Hy and HPOp were the
only products. In subsequent experiments to deter-
mine the kinetics of the reaction, analysis of the mix-
ture was affected at certain time intervals by condens-
ing out the phosphine in the side tube by means of
liquid eir, and measuring the residual pressure of the
gas, After this the side tube was heated up to room
temperature, and a short time (5 min.) allowed for the
gases to mix completely before again switehing on the
current in the filament. Corrections had, of course,
to be applied to the P N.C.° owing to the vapour press-
ure of phosphine at liquid air temperatures, and to the
cooling of the side tube.

In Table IX the pressure of phosphine remained
constant and that of oxygen was varied; in Teble XI
gome additional results are regorded, ag well ag a
decomposition run in order to find by how muci the raté
of oxidation was fagter than the rate of deecomposition,
( Table XI is on page 59.)

Table XII gives a number of exporiments in which
the initisl pressure waaz kept constant and phosphine

pregsure varied.

o XII.
| Same eoxperimental conditions.

Exper. Totsl Ap Pﬁc 76935 qﬁpgs Time.
P pr@ss- - g
04 0,490 0ed76 04114

0.432 0O 553 0,348 0,084 oi"' 636
0.397 0.093 0.339 0.058 (.066
0,350 0,140 ©0.316 0.084 0,080
0,326 0,164 0305 0.021 0,093

mﬁmwog
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Experiment 205.

Time Total }d P Af‘Pn,
Press. Ae P HC Ha '5
0 0., 576 —— U876 0200 -
1 0.4561 0.125 0,846 0.108 0,098
& 0,384 0.192 0. 387 0,087 0,143
g 0.331 0.245 0.314 0.017 0.183
Bxperiment 206,

1,154 ~- 0«87 0,782 o

1.099 0.066 0.3956 0,704 0,078
1.060 0.104 0.397 0.683 0,129
1,006 0,149 0433 0,572 0.210
0,961 0,193 0,493 0.468 0,314

mGriment ag'r,

0,768 - 0,871 0,397 -

0658 0.115 0.356 0.298 0,099
0,896 0.172 0,352 0.244 0,153
0.543 0,285 0,364 0.189 (0.208
0490 0.273 0.3%63 0,139 0.265

@O

@B oHO

These data are plotted in figas. 7+ 3 In the
former, the initial rete (R), the initisl minus the
rate of decomposition of the phosphine and the quantitf
1/T -« 1/T, (T is the time required for Ay PH; to reach
Oelmm., and T, that for decomposition of phosphine)
are plotted sgainst the oxygen presgsure. The three
methods of plotting the results give closely parallel
results, and it may be concluded that the order with
respeet to oxygen pressure is two, sinece on plotting
1/7 - l/To againat ( 02)2. the line obtained is straight
(Fig.7 )o 1Inspection of Fig (2 ), where Ap PH; is
plotted against time for three different pressures of
phosphine shows that the order of the reaection is neer-

ly zero. It was unfortunately impossible to extend
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‘the experiments to higher pressures owing to the inter-
vention of explosion.

During these experiments, it was observed that a
faint glow accompanied their progress. There was
thus an indicetion of part of the setion being homo-
gensous. In Table XIII, therefore, three runs are
given, using the seme pressures of phosphine and oxygen;
in experiment 801, argon was present at the gtart; in
20%Z, argon was added after three minutcs readtion, and
203 is a run without argon. In all csses, as the de-
:oraase in phosphine pressure shows, there is no change
in rate, and therefore zn approciable portion of the
present re=zction cannot be a chain proeess, since
argon does accelerate the photo-chemicael oxidstion be-

low the lower limit, (Melville P,R.8. 1932 A, 138,

389).
| PABLE XIII,
Mo filament, temp. 8386 K.
201. PH, 0.409 202. 0.424
A 0,512 0.603
. %

Tine, /.., fPE, ArE, 7 FeB,  Aren,
0 1.301 ,4090 - 0.799 0,424 .
1 1.204 0,303 Cel06 Ue689 (387 0,097
& 1.127 0.262 0.187 0,635 0,277 0.14%7
3 e b - De606 0.R48 0.176
S - i - 0,566 0,208 0231
v - - - 0.547 0,169 0.855
8 1,033 0.158 0.261 - - -

é&u does not include the prossure of the argon.
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203,
feu, 0.424
Po. 0,375
Time PHz PHy
0 0. 799 0.424 -
1 0,693 0,330 0.094
2 04 632 0.274 0.150
3 0,596 0.241 0.183
4 0,879 0.220 0.204
5 0. 563 0.199 0.2258
g 0. 5647 Cel78 0.246

Bxperiments were also made at total pressures of
the order of 0.1 mm., but sgain no acceleration by in-
ert gas could be chserved, The homogeneous reaction
which is responsible for the appearance of the glow
must thus be only form a very small pert of the total
reaction. This is consistent with the fact that the
intensgsity of the glew is even loss than in the oxidation
. of phosphorus, where the rete of oxidation was about
0s1 of that obtaining in the present experiments.

Temperature Coefficient. This was measured in

a straightforward menner: in order to ensure an sccur-
ate comparison, the apparent enecrgies of uctivation of
the oxidation and decompozition were measured with the
game specimen of wire, the one immediately after the
other.

(See next page for Table XIV.)

Tungsten Filement. The above results have shown that

oxygen does not displace sdsorbed phosphine from a
molybdenum filement, since the rate of resction is al-

most independent of PHa. thus agreeing with the data
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on the decomposition. With tungsten , howaver, the
decompesition at pressures of the order of 1 mm, is
unimoleocular, and therefore it might be expected that
the total order of the resaction would be two if the
ll’ﬁea 1; not strongly adeorhed. The variation of the
rate with ZTH, end#0, 1s given by the dats in Table
XV; the method of gas anslysls and general procedure
were exsetly the same as that sdopted with molybdenum,
including the glowing of the filament between the runs
in order to obtain roeproducibles results.

TABLE XV,
Tangsten filesment, temperature 768°%K.
Axperiment 221.

Pﬂz 0.404
Cp 0.411
Time P Ap ? PH, Ao PH,
0,818 - 0.404

0. 739 0.076 0.35% 0.082
0,689 0.126 0.32% 0,081
04617 0.198 0.278 0.18%2

gggerimant 228,

gg 0.245

0.648 - 0.4038 -

s 626 0. 022 0.388 0.015
0.603 0,045 Ve 367 0036
0. 869 0,079 0.387 0.066
0« 8E6 0.128 0.897 0.106

@PO=HO

O 0O

Experiment 223.

PH; 0.403
0, 0.412

0.487 & 0,403 .
0.477  0.010  0.883  0.080

0.470 0.01% 0.8663 0.040
0.461 0.026 0,383 0.070

OO
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Bxperiment 224 Bxperiment 225.
Pﬂé 0.413 FHS 0.420
0, 0.819 0, -
i 4 4
Time Ap frnz P2, frm, Aerm,
0 1.232 - 0.413 - 04420 -
1 1,163 0,069 0,371 0,042 - -
= - - - - 0,407 0,013
4 1,020 0.212 0,269 0,144 0.398 0,022
8 0.892 0.340 0.184 0,229 Ue868 0,082
Bxperiment 227. PHy 0.127; 0y 0.41%2
0 0. 539 - 0. 127 -
1 - » - -
2 0.882 0,086 0,101 0.026
4 0.449 0.090 0.081 -
8 0,398 0.141 0,061 0.076

Experiment 228.

PB% 0.262
02 0.411

0. 6?5 - 0. 262 -

0.636 0,037 0.2564 0.008
0.607 0,066 0,228 0,089
0.664 0,107 0,190 0,072
0806 0,167 0,147 0.115

k0O

_gggeriment 230,

PH, 0,812

1.210 - 0,812 -

1.190 0,020 0.786 0.026
1,169 0,081 0.737 0.076
1,123 0,087 0,712 0,100
1,061 0,149 0.649 0.163

b PHO

The data of Table XV are plotted in fig. /0
Curve 1. represents R -f’oa and curve 2,(R =+ R)) - o,
31otteqfaga1nat oxygen pressures, R, being the rate of
daaompbaition of phosphine. The rate 1s seen to be

nearly proportionsl to the oxygen pressure in the case
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of a tungsten filament compared with the bimolecular
course found for molybdenum, Curve 9. is for vary-
ing phosphine pressures and here the order is less than
unity since the initial incresse in R is not meintained,
but gradually falls off, If log R be plotted against
.1og'ﬁPna. the slope of the line obtained is 0.5 and
therefore R of ?Hzi. (22, )

The effeet of argon was also investigated to see
if there was any measurable chain reaction, as a faint_
glow was observed in these experiments. Agoin, how-
jever. no agceleration could be detescted so that the
reaction must occur almost entirely on the surface of
the filament. A run was also done with hydrogen
present at the gtart to see if any hydrogen formed

during the reaction could alter its course. These

results are given in Table XVI,

No. 251 TABLE XVI.
Pﬂﬁ 0.v99
A 0.514
Time Total p. Ap TN.C. 1 PHg ﬂr’yns
0  1.310 0.911  0.399
1 1.291 0.019 0.927 0.366 0,085
2 1.272 0,038 0.920 0.352 0,047
4 1,240 0.070 0.914 0.326 0.073
8 1.184 0.126 0.908 0.276 0,123
No. 262  FH. 0.335
gg 0.387
H  0.484
1.266 © 0.871 0,395

1.284 0,032 0,864 0.370 0,025
1.199 0,067 0.847 0,352 0,043
1.084 0.180 0.84& 0.289 0,156

QP OHO
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No. 241.
FH, 04397
0, 0.391
Time. Totel p. Ap fN.C. 7 rHz 4epmE,
0 0,788 0,891 0,397
1  0.755 0,083 0,884 0,871 0,026
£ 0,726 0,062 0,875 0,851 0,046
4 0,672 0,116 0,870 0,802 C.095
8  0.592 0.196 0.362 0,280 0,167

Temperature Coefficient.

In Table XVII data are given for the oxidation
and decomposition at a number of different temperatures.
It will be obsgerved that although the rate of oxidation
is not much faster than the rate of decomposition, yet
the fact that the pressure of noncondensable gss de-
creages a little shows guite definitely that there is
very little decomposition sccompanying the oxidation.

TABLE XVII.

For dscomposition results see Table VII.

Oxidation.

No. 241.

Time, Totel p. Ae  FPu.c.  PrHs 4pH; Tempr.
0 0.788 04391 0,397
1 0,756 0,083 0.384 0.871 0,026 i
2 04726 0,062 0,875 04851 0,046 495°C.
4 0,672 0,116 0.870 0.308 0.095
8  0.592 0,196 0.862 042350 0,167

No. 24z,
0 0.795 04396 0,399

1 0.716 0,079 0,384 0,332 0,067 o
2 0.659 0.1386 0,880 0.,&79 0.120 660 ¢,
4 0.576 0.219 0,376 0,201 (0.198

8 04467 0,328 0,376 0.092 0.307
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Hoe. 245 /
Time, Total p. Ap f‘u.c. 75PH.‘3 '°P33 Tempr.

0 04794 0895 0,899
1 C.699 0.095 0,389 0,810 0.089 60600
2 0.621 0,178 0.982 04239 0.160
4 0.827 0.267 0,874 04163 0.246
Ho. 244
0 0.795 0.394 0.401
2 0.774 0.021 0,392 0.882 0.019
4 0,756 0.039 0.385 0,371 0,030 425°C
8 0.731 0,064 0,374 0.357 0,044
16 0690 04105 0.3656 04328 0,076
No., 245
0 0.804 0.392 0.41%
2 0,775 0.029 0,374 0,401 0,011 o
4 0.749 0.065 0,360 043481 0,031 457 C
8 0.712 0,092 0360 0,352 0060
16 0.687 0.147 0.34%7 0.310 0,102

From these results Boxia. = Bl.8 Xg.cal.

As the purpose of this work was to investigate
certain chain phenomens, two further efforts were meade
to induce the initiation of chains. A silica and
also a pyrex filament replaced the tungsten one, but
although the rate of oxidation was greater than that
of the decomposition, no acceleration by argon was
observed. The pyrex filsment was made by drawing
down pyrex tubing to a fine spindle and inserting tung-
sten wire through the bore, To prevent resetion
occurring on the tungsten surface, the wire wasg spot-
welded to nickel leads and the ends of the pyrex tube
filled in with lead.

Pinally, owing to the fact that phosphine raises
39,
the lower oxidation limit of F4 - 02 mixtures, Phos-
phorus vapour wasg added toc phosphine oxygen mixtures

in the hope that since a reactimn occurs on the sur-
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face which lesds to the evaporation of a molecule cap-

able of starting the 7,6 =~ 02 chaina, the same molecule

might provide centres ;or phosphine reaction. There
was, however, no acceleration of the reaction, indeed
a glight retardation was found. The pressure of
phosphorus vapour 4id not exceed 0,03 mm.

A peculiar observation with regard to the depos-
ition of red phosphorus was made after a number of oxid-
ations experiments had been carried out, The wells of
‘the reaction tube opposite the hot portion of the fila-
ément wore covered by a fairly uniform layer of HPOE.
When phosphine was decomposed on the filament, the red
phosphorus was not deposited on top of the acid film,
but at the extreme onds of the tube where there was
1little HPO,. The phosphorus molecules ‘PE' as suggest-
ed previously) are apparently efficiently reflected from

an EP02 surface, but asre relatively easily condensable

on a gilies surfsce.

JISCUSSION,

It is seen from the foregoing results that the
orders of the decomposition and oxidetion of phosphine
on molybdenum,with respoet to the phosphine pressure,
are nearly the same in the pregasure region where come-
parison msy be made. It would then appear that oxy-
gen cannot disgplace adsorbed phosphine under these
conditions. Oxidetion then probably oceurs by the

impset of molecnlar oxygen on & phosphine-covered fila-
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ment, When the oxygen pressure is equal to or less
than that of the phosphine, and where analysis of the
ges mixtures shows that HPO2 is being produced, the
gimplest mechanism whieh can be postulated is the
following. Phosphine is decomposed, step by step, on:
the molybdenum surface; Mo - PH; Mo+ PH, — Mo+ PH

- Mo +P, the PHE, PH or P romaining strongly adsorbed
until thers is reection between ad jacent radicals to
yield phosphorus and hydrogen which evaporate, During
the progress of thie series of reactions andoxygen
molacule may ccllide with a PH radical tc form EPOE.

If the oxygen pressure is very small, the probebility
of roaction is so small that most of the sz is decom-
poaed direetly into its elements. On the other hand,
if f’OE is large, the phoaphine would seem to be attack-
ed before the intermediate steps in its decomposition é
take place, for the decrease in pressure of non-ccndens-
able gas points to the vroduction of a highly oxidised
molecule, such as 35P04. It may be that it will then
be necessary for two oxygen molecules to collide in
alose proximity to one PH, molecule, in order to sffect
this oxidation, inwwhich ease the resson for the bi-
molecular nature of oxidation would become clear.

Why the resction should follow & bimolecular course
when only H?O2 is formed is not howsver obvious.

A somewhat similer mechanism would also apply to

the teaction on tungsten filaments., In tﬁis case

there are deviations. For exemple, the order of the



resction with respeet to phosphine pressure is not unity
as in the decomposition experiments. This is poss-
ibly due to the fact that since phosphine is not so
strongly adsorbed on tungsten as on molybdenum, oxygen
is sble to hinder the increamsed degree of adsorption
ineaessary to maintain unimolecuvlar characteristiecs.
With tungsten, therefore, the oxidation probably occurs
by the interaction of adsorbed phosphine or its inter-
mediste products of dissociaticn and oxygen on the
metal surface.

| In spite of these two slightly difforent methods of
oxidation the possibility of the evaporation of a
molecule capable of starting & chain in the gas phage
must be very smsll, Even when 70, is much less than
*Pﬂé. and there is a chance of the evaporation of Py

. molecules, there is no homogeneous rescetion. The
experiments with phogphorus vapour likewise indicate
#hat the carriers in the phosphorus oxygen reaction
Fannot induce reaction in phosphine-oxygen mixtures.

In this ease, of course, the e jection of carriers from
ﬁhe filament may be interfered with by phosphine itsal?.
Some such action i3 not altogether unexpeeted in view |
of the faect that phosphine has the unique property of |
reising the lower explosion limit of phosphorus vapour,
@nother point emerges from these experiments: HPO2
molecules whan evaporated from a hot filament are in-
capable of reacting with oxygen to yield suitable chain

earriers. The difference in the phosphinz and phos-
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phorus resctions must therefore be dus to the behsaviour
of these molecules on the surface of the eatalyst,

In the former the interdediate products of dissociation,
which are undoubtedly reactive and suitable for c¢hain
propagation, as is shown by the photo-chemicsal exper-
iments, are so strongly adsorbed at the metal surface
that they are unable to evaporate before attack by
OXygon. The faint glow that is cbserved may be due

to a very small fraction of these being wwmable to es-
cape from the surface before oxidetion and set in train
chains in the gas. In the phesphorus reaction, on

the other hand, the only intermediate product is prob-
ably P, (the filament is hardly hot enough for P atoms
to be pregent in any guantity, c¢f. Preuner and Brock-
weilent, Hiieh ei B sauliy snl quleily Gaseviat Soun
the surface before the arrival of 02 molecules. On a
platinum filament, where the resction takes place
wholly on the surface, the fesct that the rate is of
zero order with respect to phosphorus concentration,
shows that adsorpticn is very strong. An Op molecule
has therefore 2 good opportunity of rescting with ad-
gsorbed phosphorus,.

| Tt has been shown (Pig./0) that the rate of oxid-
ation on molybdenum is somewhat fagter than the decom-
position at 836°K. I1f, howover, the velocity measure-
ments could be extended to a mueh wider range, it
would be observed, since B, is pgrester than B, (a) at

temperstures higher than 836°K, the rate of oxidation
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would become very much greater than that of the decom-
positién; (b) st temperstures less than 836°K, the
decomposition would become the preponderant reacticn and
the oxygen would be without influence, Thege effects
would not be noticed with the tungsten filament ag it

'is & remerkeble fact thst Eo = ED.



76.

| PART 1II.

In the first part of this thesis experiments are
desoeribed, in which efforts were made to find if the
kineties of the chain resction between phogphine snd
oxygen could be investigated by means of hot tungsten
and molybdenum filsments, just as in the phosphorus-
oxygen resction, § Now, it has been shown tnat, under
the conditions employed, the oxidation of phosphine is
almost entirely & surface reaction, ard so octher means
must be ~mployed for investigatiocn of the problems
@ited in the introduetion te¢ Part 1I. Pailing the
filement method, the most suiteble means to sdopt are:

1. The Photogensitised resasction, using excited
:(Bafll mercury &tom.

2. The direct photo-reacticn caused by a2 zine
spark.,

:The suitebility of these two methods for the present
investigation hss beon pointed out by nelvn.le.m'az'

The kineties of the phosphine-oxygen resction
have baen worked out by Delton and Hinshelwoeod, Dalto::
and Mslvillgf.ggé a theory of chain reactions snitsble
to both the stsble snd explosive resctions hss been
devalopad. It will not be out of place to give =
summary of the thaory here.

Congider the resction teking plece in the follow-
ing stegea:

1. A process by which the chsin carrier Xp is

formod. Let this rate ba R.(a). Assume for the
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presant that only Xp is formed spontaneously.

2. + - ? - & & & . 0 8 b ! e- U‘-"". L)
02 Yp : Ko vailocity coofft ky

3. Xo "— PHﬁ ";Xp @ & 5w 8 @ e o = ka
4, Deactivation of X, " " = K
5. Desotivation of xp " " = K

.’Ko is the chain carrier derived from the oxygen molecule.

-

This is sssumed by Semenoff toc be an oxygen atom. Ip
|

)
is the currier whose origin is due to reaction between
phogpaine and Xu o Thon:

ﬂﬂ(q} + k, (k] [PH,] - kfep] [0,] - E[xp]-0 (1)

it
It is here sssumed that deactivation of Xp occurs at

the wells of resction tube, i.e., that the resction is

'Itaking place at low pressure. Also:

bt ;%.21 - x x5l o] - ka[xo] _[paa] - [xo] = 0 (2)

It\.ia agsgumed thét ‘both tnﬁ chain propagators, Xo and
Xp are equally ealsﬁ-ﬁ' dqﬁst%?;; ed at the wealls. If one
earrier were more agsilﬁﬂaastroyad than the other, the
lower exp. limit wolt r; be:

[PHJ [“H.;[ +[d’2]} = conatunt,
or [02] [PEy) + [06]} = constant

which is not in @0 good agresment with the experiment

as that given later.

thersfors: E(ci = K{LXcJ + [?I-P]}
(xg) =fé£, - [xg

therefore: (o] = Fle)x + Xy [0,] Fle)

K"+ k, [PHJ K+ K K[0,]
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‘Now, if the chain length is great F(c)K ean be neglect-
ed in comparison with k, {02]1:(0); also Kz ean be left
out of the denominator of the expression.
Therefore l—_Xo] - n [QPJF(O)

SRES k |PHg) K+ koK [ Og)
Let K' = K{[}.’Hs] + [05] rLA]} , 1.0, K" expresses the
officiency of deactivating collision with the walls.

([_A] is oolncentraticn of inert gas). Also let kz =Kz,

This is fairly well justified, c¢f. Dalton and Hinshel-
48, 41,

wooed, also Melvilla,'_g (o)
p ¢
There fore [10] = AK' it [A] = 0,

Now if I is the intensity of the light absorbed,
Eilel & atsceiotii

(Pr,)+ 0. &[0, }+-0.37

The term |PH:| in thes numeratcr allows for the formation
D

of Xp radicals by meana of the reaction Hg'+—PH5-5Xp aso
end the phosphine and oxygen terms in the denominator
roepragent desctivation cof the excited msrcury atoms
without such 2 deactivating collision being effective

in forming & chain cerrier. In this rospect PH, is
twice as effective as oxygen. The excited Hg! atom
cean ®1s0 loge its enersy by reradiation of 1ight absorb-
pd, This faet is taken account of by putting in the
term 0,37 in the denomineator.

Then for the photo-sensitised reaction,

a [PH.
pes 'gn Rz.ate = kg Eﬁﬂf&c}
= k3 (PHgJ0.] He)

Kl

—
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kg [Pﬂg_ll@ J1

= (3)

K' {@Hz] + o.s[oz]fro.s-r}
and for direet photochemical reaction,

2
- 4d 2] xz[0:] [PHa] 1 (2)
at K'

Explosion limits.
It has been assumed in the theory of the stable

resction given above, that when the rasdiecsls Xp and 02
(or X, and FPH;) resct, there is exactly ome Xo (or Xp)
radleal produced. How this need not necessarily be
the cesse, so, &g in the introduetion,Part I, let « be
the averége number of Xo radiecals produced in a eollision
betweon Xp and an oxygen molecule, effeetive in doact-
ivating the Xp radicsl. If X ig less than one, the
veloeity of roaction ean only ba great if desctivstion
by the gas and the walls are small. ihen, howevar,

® besomes greater tham unity, explosive resctions may
take place ag wag suggested by Semenoff?' If a reaction
is sufficiently exothermiec this condition may become

posgsibla, The kinetic eguations now beeome;-

alxof, k, (X9J0 ) - kg [iof[PH,] ~ K(Xo] = 0 (5)

it

d. Ao xyRolpy - kp[xdloy - xlxd =0 (6)

solving for X0 :-

.Cx_g:’s

— 1 IR CYES Y
1T =XTkgky [Hz)[05] + kgK [0 + %:,,KTPH?pxz '9)

Now, 1f  is groectar than ons the first term in

the denominsztor of (7) becomes nogative and if tho
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negetive value is large enough it may become greater
‘then the desctivation terms kgKQ.]+kKPHZ+k*, tThis
means that on account of the branching of the chains
taking place, the number of new chains starting in any
given time is greater than the number terminated; so
no atationary condition is pcgsible and explosion takes
place. At the concentrations of phosphine and oxygens
which muke the demominator of (7) equal to zero, there
is a8 oriticel explosion limit. This limit may be
IVery gsharp, on cne aide the rate of reaction may be
very amall or oven negligible, while on the other side
it is infinitely rapid. It is seen from the sabove
theory that the rats of starting of the chains F(e)
‘should heve no effeet on the value of the eritiesl
1imit, On the other hand F(e) esmnot be zerc or this
itheory of explosion 1limits falls to the ground. It
appeers then that F}c) must rave a8 certain minimum
value balow waich no sxplosion can taske place.

The oritical limit may be either a lower limit or
an upper limit: this comes sbout in the folliowing way,.
Chsins are broken either in the gas phase or at the walls.
IHow, at low pressures the chaing will be able to get
fto the walls ensily and be destroyed there, wherecas at
iincreaaad pregaures this wall desctivation will become
less and mlttmateiy expiogicn will take place. On
increcsing the gss pressure s3till forther, it is con-
ceiveble that tue controlling faectur in the destruction

of chain centrag is de ctivation by the gas, and taus
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increase of pressure aids deactivation and so a stesdy
state is again obtained.

Thig transition from slow reaction to vigorous -
‘explosion is adequetely explained by the branching
:ohain theory. It is possible, however, that the ex-
plenation of these transitions is not the same in every
case. It hes been suggested that in certain reactions
8 eritical limit may oceur in other waya?d.

1, In the reaction between hydrogen and oxygenrn in
pregence of smsll quantitiss of nitrogen peroxide, 1t|
has besen foundsiﬁat the unnion is explogive if the presb—
ure of nitrogen peroxide lies betwoen twe sharply de- |
fined limits. This hes been explained in the follow-|
ing way:;- It is suggested that a surface recction
involving the nitrogen peroxide is respomsible. At low
pressures the nitrogen peroxide favours the surface
reaction owing to its mass acticn effect, whilst at
‘high pressures this surface resction is inhibited by
the nitrogen peroxide displacing the other reactant
.from the surface. When the surface re.ction is near
its maximum value thare may be enough energy generuted
on the surface to start explosion. This explenation
has been dropp=d, as far as this reaction is ceoncerned,
in fevour of Semenoff's branching theory.

e Alyﬁﬂlﬁés pointed out a way in which sn upper
limit might originate. He suggests that in mixtures
of hydrogen and oxygen above the upper limit a layer

of hydrogen corers the walls of the recction vessel,
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preventing departure from it of chains which would
branch and give rise to explosion in the gas, As the
pressure is reduced, a point is resched at whicech this
hydrogen is suddenly stripped from the wall by oxygen,
end it is now possible for chains to leave the surface.
iIn principle the mechenism is a2 possible one, but its
applicability to this reaction is doubtful?a.

S, In the case of mixtures of ¢4anogen and oxygen
an explanation of ths lowar limit has been put forward
by Hadow and Hinshnlwood?4' If there is a finite rate
of adsorption of the different gases admitted to the
éreaction bulb, and if the two gases compete for the
' pogsession of tho surface, then the relative smounts
of the two geses adsorbed immediately on admission may
not be the same as that a few instants later, The
rate of resction betwsen the two gaeses may at the firast
instant, then,,be diffarent from the rate a2 moment
later: or, avecially, it may be much grester. 1%,
;nOW. this momentary rate becom2a rapld enough to in-
Iflama the gas a8 & whole, there will be the appesrance
:of oxplosion limits.

It has been sho?n that in the ce¢=ge of the vhos-
phine oxygen rsaction, the theory that =2xplains the
grecter pert of the observed phenomena is that?iha
brancning chain mechaniem,

In ecuation (7) is given the value of the con-
ecentration of Xo fadiaals. Now, in order that .this

value should inercase indafinitely, the denominstor of

the right hand side oi th? ecuation must be equal to
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2670, Then, making simplifications as before:-

(- 1)k )R] = x {6 *E’Ha]j (8)
or (%~ 1)kz(@PHJD,] = K (9)
or PrHZ x POy = constant.

This value for the explosion limit agrees over a
coertain renge with that obtained axparimentally?s.
Outsids this range, deviations oeeur, due to desctivation
bccurring partizlly in the gas rhase, when the preasuré
of ons ges is much greatexr thun that of the other.

Now, if inert ges such as argon or nitrogen is
add2d to the reaction mixture, the value of K' will
now be X {[Oﬂ +EPH:;_|+|:&J} , where (Al is concentration |

of inert gzasg. Rouation (9) now becomes:-

ol (0g] +[eHg]
(¢ 1)ky [PEY(0] = (0 J+Er - a]

p |
pogprﬂg[l-i' ol )- constont = £10)
pOg+ pI’Hg,

' In this couation a factor s muat be introduced to
take into account the various specds and molecular dia-

meters of the inert gos molecules. Houation (9) now

becomes: -
P
Po.Prr 1+u-£2—it—-) = conatant for any given
£ ® .t pPHz,
~

tube., (11)

The vslue of the upper l1imit has been worked out

by Dalton?‘ In it, it is ~gsumed thut no deactivation
of chain carriers occurs at the walls, but that ﬁe~

activation occurs in the gas phase by three body coll-
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isions between an Xo carricr, and an oxygen molcecule
and & third moleeule, either oxygen, phosphine, or in-
ert gas. The idea of chains breaking in three body
in the case of H0g resctions.

egollisions is also proposed by Semenoff/ In this
ease, the last term in equation (5) becomes:-

kg ZALJ + x,, (KBI EH] + k(x0T ]
( kgy kyqyy 8nd k,, are velooity coafficianta).

The agsumption that the mpper limit is due to de-
activation in the gas is fairly well Jjustified, for
inert gas, instead of inereasing the explogive tend-
ency, as at the lower limit, tends to stop explosion. |
Increase of tube diameter which sgsists explosion ag
the lower 1imit has no effect cn the value of the upper
1imit.

Toustion (5) becomes nowi~

&l xfips) - rdeug) - xfdlog - o
It is assumed that there is nc inert gas present, and
that the oxyzen pressvre is sc much greaster than that
of phosphine thet desctivating ccllisions of the type
Xo+ PH;+ 0, are negligible.

Bquation (6) becomes:-

#{L Fle) kEPal+rid]= 0
kKoJ[0.F - Fle)
(X- 1) k,(05] -

4 Xp =

L

Xo =_2Fa) -~ <F(e}
(%~ 1)k [PHy] - X (0"

which, on equating the denominator to zerc, gives for
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the velue of the upper limit;-

(- 1)kg [PH;3]= xg B (12)
or (0]
. ['—H_] = gonstant.

provided the PH, pressure 1s not great.
7.
This value is Jjustified experimentally.

A simple method of srriving at the sbsolute valus of kﬁ
66.
has been put forwsrd by Semenoff,

For the lower limit:

(<= kg [pEfl0] = k? (186) |
hnd the upper 1limit: i
(%= 1) ky{PH] = kglo7) (16) |

i
Let the pressure of oxygen ut the upper and lower limits

of two mixtures containing the same amount of phoaphing
be (0;]; and [0p]; +  Then:

(- 1), [ lo,], = & 2

(% - 1)k, [pE] ke.[DzJ;';

K
k.= (17)
6 Iogl zzx ‘o;il

K' ¢can es3ily be found from the lower limit data,

H

L]

and so the valus of k, is obteined,

It ig proposad to study the stable chain resction
at prassures above the apper limit using both the mer- |
eury sensitised reasction snd the direct photo-chemieal |
reaction. _

Boguations (1) and (2) must now be alterecd if
econditions at and above the upper limit arsc to be

studiad.
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| 'iaf%-gl = Fle) + kp[Xp)(0p]- kp[kol[PHg) - Fixogs) = o

(18)
3Xp] . xy(xelfpy] - x50 - Flxpoa) =0 (14)

How there sre 3six possible ways in which a ehain
_carrier can be destroyed in the gas phase.

Thege zix possibilitioes ars:-

1. The carrier Xo ig destroyeod in s bimolecular
ccllision with any molecule in ths system with whieh
it cannot reset tc form Xp;

X0 +X —=>X'~+ coafft, = ky

£, Two Xo radicsls sre destroyed in & three dbody
collision with & third moleculoe, either oxygen or inerﬁ
gas. |

%0 + 3JoT X — coefft, = Kg
This method of destruction is unlikely %o have much
ioffeot on the reaction, as the probsbility of this
type of collision occurring is vory small owing Lo the
amall vaiue of Xo .

3. an Xo radieel 1s desgtroyed in & termoleculser
eollision with two other ges molsenlos.

Xo +X +X coefft, = k6
The molecules X might be either oxygen or incrt gas,
8o there are here three pogsibilities:

Xo + A +0,

X0 +0p +0p

Xo + A + A
It might slso be possidble for phosphine to sct as a
deactivator in & collision of the type Xo *’PH3 L

It is conceivable that this collision could take place

,
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without forming an Xp radiecal.
4, The chsin propagator Xp is destroyed in a two
body collision.

Xp+ X—> coafft, = k,,

X mgy be here a& PH; molecule, This method is unlikely
as the pressure of phosphine is small coumpared with |
that of oxygen.

6. Two Xps ere destroyed in & threo dody eollision
of the type

Xp +Xp + X coefft, = kg
X may here bse & phosphine moleguls,

6. 4n Xp radical is destroysd in & three dbody
eollision with two other molscules:

Xp + X +X coefft, = kg

X is any molecules in the system,

It is possible to work out the dependence cf %he
rate of reaetion on phosphine and oxygen concentretion,
and on the intensity of illuminstion, assuming that
cages 1 - 6 occeur oxelusively. It is alsce assumed
that kg = kg, and in order to simplify the kinastie
equations, that Pﬂz is negligible when comparsd with
with 02 . In the experiments the phosphine pressure
was ebout 100 times that of oxygen. How, ag the
oxygen pressure is high, 1t is quite possible thaat
gome of the photoscsnsitised reaction may be due to
sctivation of an oxygen molecule by an excited (23p11
Mercury atom. Fhotogensitiged sctivationis of course
also due to dissociation of phosphine molecules by oxe

cited mercury atoms, In the direet photo-chemical



88.

reaction, however, the light from the zine spark is
absorbad only by the phosphine, and activation by
oxygen csnnot taske place.d‘.Thare ig no appreciable
absorption of resdiation from the zinec spark (by oxygen)
« the sbaorption only begins to be significant at

shorter wave lengths,

Then; -
Case 1.
%5]4 ky (Xp)lgl - ky[xo[pHs] - x4 [xdlo] =0  (18)
3XB)2 £ (o) + xglxellPHy) - ky D] = 0 (19)

Flo) = xy[xdlg . fols rgy—

d [PHz] =k [PH3] -F(c).
dt P Iozj

(a) Initietion esused by phosphine activation slone.

1[rH
R Efﬁi (bE, ]+ o.afgj + 0487
e Gud®s . o [0F

1
- 0.5k4IO.F R [_pg i;[

(b) Injtietion caused by oxygen.

k.é B’H"J 0. 5afDJ)
R 3 mﬁm

= Eﬂ &&! I . }_ EOZ.]M
AP ¥ R PHA[1

(e) Direct Photo-chemicsl reaction,

" & E’Hal E’Ha]x I or

[o.]

PH) I

=< I I
%
L
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It is possible that cases (a) and (b) will have

to be combined into an expression of thig type:
_ ky[pE) x[ﬁniJf 0.5@:2;]}
ky [0 [PH,] + 0.5 (0] + 0,37}

(20)

in order to allow for mctivation by both oxygen snd phos-
phine, "e" is & constant denoting the number of chains
gtarted per mercuyy atom desctivated by oxygen.

Cags Z. -
. A 5 - ey - i -
Whence (a) x @33]% | _}_

(o.] kg
Lo.]

1Ty

_ Jog?
[PHJ I.E

and (e) -1. o [0
R «;Pﬂa] I

!

o

(b)

o L

Case 3.
ig-‘!] = x,[xpfl0,] - SIXOJ{PHS] - ké[KOJ[OZ]?' 20

Whence (&)

1

e
R [pEg*1

L o 0
- SR

(b)
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[o)®
and (e) 1 —
R % [PB:;] 1
Case 4,

The corresponding cases for destruction of Xp
are obtained in similar ways. The l=aat term in eguat-
ion (2) is disesrded, while the final term of equation
(1) becomes (in case 4) k.,[Xp_][PH 3l *

%E]. Fle)+ k, KolPH,I - Xk, fxpllo,) - k,’[xp]&naj

Whence (a)

1
A o

b

(b) }.o([pna]
R

(e)

=] | o]
X
EI”
$ 1

Case 5.
SZB s Fo) riyXGRR,] - k(XD - kg ERER,]

Whence (a)

.1.'0(‘}_.1
R 1)PH

(b)

& f
Lo )

(e)
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Case 6.
LR, F(o)+ kg [xalBHS]- ke (Xpl0g) - ko [Xs] 51"

Whence (a)

1 o
R I[PH]

w L2
1

&

There is & possible objeetion to Case 6., for

(p)

= (o

(e)

=+ [

xpa-oz is a propagating collision, In presence of a
third moleculs, however, it is conceivable that a reo-
distribution of energy occurs in such & way as to pre-
vent the emergence of an Xo molecule from the collision.
Up to the present no experiments on the stable
phosphine-o0xygen reaction above the upper l1limit have
been published, exeept a few prelimimary experimentg?.
where & complete quantitative analysis of the problem
was not attempted. In this connection the results of
Grant and Hinahelwoodsgﬁ the hydrogen oxygen reaction =
ara noteworthy. The limit here is apparently govern-
ed by some form of gas phagse deasctivation, for argon
and helium lower the upper explosion limit. However,
above the limit there is a stable reaction whiech is
accelerated by the gases vhich shows th.t the chains
end on the walls. The explanation given is that the

deerease in chain length, as the pressure is reduced,
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is more than compensated for by the inorease in the
probadility of branching.

T e I T Tt B |
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BXPERIMENTAL.

The apparatus for this part of the work was similar
in form to that usged for the filament experiments.
A few alterations were however made - gee figureys ,
The reaction bulb used previously was replaced by a
silice test tube, 8" x %#". This was waxed on to the
apperatus with "Picene" wax, To prevent contamination
of the pump oil with phosphine, the gases after exper-
imont were pumped out through the ligquid air trap T.
V. is a stainless steel needle valve, which was usgsed
in the explosion limit experimonts, to give a means
whereby the pressure in the reuction bulb might be re-
duced., Doring the other experiments this valve was
left open., As the pressures used were gometimes as
much as 150 mm., and pressure changes of .002 were being
measured, it was found necessary to thermostat the re-
action bulb and the oil manometer Hl. The thermostat
round the reaction bulb consisted of a metal box with
a 6" x 1" silica windew let in on one sids. This was
filled with distilled wster. This arrangement wesg
quite satisfsctory in keeping the pressure, as re:d by
the o0il menometsr, constant during the time taken by one
run, No heating effect, either by mercury lamp or
spark, was observed.

The method of doing a run was as follows:-
The pHosphine was admitted to the required pressure as
read on the oil mesnometer, (the measured pressure must

be corrected for expansion into the right 1limb of the
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menometer after addition of the oxygen) and condensed
out by putting a flask containing liquid air on the
reoaction tube. The phosphine in the tube leading to
the resorvoirs was simultaneously condensged back into
the reservoir. The tap of Ml was now opened and
oxygen admitted. The spparatusg was now allowed to
warm up to room tomperature and the total pressure
measured on the spring gauge (if below 30 mm.) or on
the mercury mancmeter, (if greater than 30 mm.). The
tep of M, was now shut and the run stsrted, pressure
readings being taken at suitsble intervals. During
the runs the tap to the spring guage was shut, so as to
minimise dead spsce.

Several blank experiments were made with oxygen al
alone, to make sure that no spurious results were ob-
tained, for instanes, oxygen dces dissolve in the oil,
but as it was present at the same pressure in both
limbs and the time of runs was short, no spprecisble
change in 0il level could be observed. The deposition
of phoaphorié,aoid on the walls of the reaction vessel
did not cut down the reaction rate for cleaning of the
tube had no effeect. At the pressures of oxygen used i
in these experimens, the phosphine is oxidised complete-~
ly to HZP°4' as is shown by the total pressure decreage
being nearly three times the original pressure of the
phosphine.

The sourcess of illumination were:-

MercuryvLamp. The mercury lamp used was of the
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tungsten eanode type with a water cooled mercury cathode.
The central portion of the lamp was not cooled, so the
gurface of the silica did not become eovered with mer-
eury, yot the vapour pressure was kept down by the
cooling of the cathode, The lamp ran on 43 amps. at
about 50volts.

The intensity of the lamp was altered by means of
the carbon tetrachloride-hexsne filter deseribed by
Melville snd Walls?o. This varised the incident light,
but as prsctically all the 253.7 radiation is sbsorb-
8d by & layer of mercury vapour, 3mthick, prweew~sd. 00/
the 1light absorbed is in proportion to the incident
light.

Zine Spark. A rotating form of spark gap was used.
This was built on the lines of that deseribed by
HollBnder and Faarst?g. The spark was fed from the
gegondaries of two transformers in parallel. The
gtep up ratio was 100:1. The primary current was

10 amp. and the voltage 650, Condensers of a total
capacity of 0.06ux F were in parallel with the spark.

A strong blast of air steadied the spark and cooled
the electrodes.

Explosion limit experiments. Mixtures of phosphine
and oxygen were mede up as deseribed above, and the
total pressure measured. The mixture was then slowly
pumped out through the steel needle valve and licuid
air trap., The menometer was const: ntly watched during
reduction in pressure, and the pressure Jjust bafore

explosicn read. The pressure of each gas at explosion
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was calculated by simple proportion. This is just-
ificd as the densities and viscosities of phosphine
and oxygen are approximately the same, and the two
gases will be remcved at a rate in proportion to their
partisl pressures.

SULTS.

Photo-gsengitised oxidation.

1t is seen from an inspection of the eguations,
cases £ and 5, that the reaction rate shonld vary as
the square root of the intensity, while in the other
cagses, the reaction is linear, saveral possibilities
can at once be eliminated 1f the intensity is first of
all investipated. Experiments on the effect of intens-
ity were also done below the lower limit. In this
ecase, in sccordance with expectation, the rate was
proportionsl to the light intensity. The results are
given in Table XIX, and show quite definitely that for
the resction both above the upper limit and below the
lower limit, the rate is proportional to ths firast
power of the intensity. Thus, for the upper limit,
cages 2 and 5 are eliminated.
| TABLE XIX,
Bffect of Intensity. 1. Below the lower limit.

PE3 = 0.254 mm; Og = 0,584 mm,

Intensgity Init. Rate ¥.’ Time for = 0.,0528mn,
mme. per min.
1.00 0.0'?2 Q. o7e (0,088
0.15 0.012 0.072 5.20
0.68 0.083 0,072 1.086
Q.58 0.028 0.0656 2,00

8 Corrected for drift due to change in lamp intensity.
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Ze¢ Above upper limit,

PH, = 0.187 mm, 02- 10,0 mm.

3
Intensity Time forA¢ = 0,064 mm. tx 2
0,38 1.65 0.63
0.68 0490 0.61
1.00 0. 56 0.556
0.15 3.70 0.56
C.51 l.24 0.63

In Teble XX are given a geries 6f experiments in
which the intensity of light and the phosphine press-
ure remained constant whilst that of oxygen was varied,
The consteney of the values of R x[péﬁi shows that the
rate is proportional to the inverse of the square of

the oxygen pressure,

TABLE XX,

Pﬂs - 0.261 0.261 0.260 0,261 0.261

02 20.0 44.0 34,0 27.0 £l.4

t. Ap JARS A Ap A
0 i - - - "
0.25 0,017 0.001 - 0.009 0.016
0.5 0.089 - 0.04% 0,021 0.089
0.75 - 0.017 0.029 0,045

1.00 0066 ~ 0,085 0.041 0.058
- 1.80 0.092 0.016 04042 0.086 0.079
3.00 0.162 0,085 0,071 0.104 -

4,00 0.085 0.094 -
R 0.072 0,013 0.026 0.0389 0,063
Rx 0, £8.8 25.% 30.0 26.4 28,9

Anétber geriss of experiments ig given in Table
¥XI, in which the light intenaity and the oxygen press-
ure were constant, while the phosphine pressure was

varied., The constancy of R/(al,n3 end t x PH, shows
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that the rate is proportional to the phosphine press-
ure.,
TABLE XXI.

Effect of varying phosphine pressure.

PH$ 0,260 0.190 0.129 0.120 0.066

Og 9.4 10.5 9.2 10.0 10.0
0.256 04024 0,016 0.013 0.012 0s 008
0450 0.050 0.030 0.026 0.020 0,013
Q.75 0.078 0, 046 0.03886 0.0380 0.018
1.00 0.096 0,059 0. 043 0,089 0.028

1.50 04134 0. 081 0. 064 0,088 0,041
2,00 0.166 0,105 0.079 0.069 0.049

3.00 0.134 0.100 0.096 0.067
4,00 - 0e160 - 04116 0.083
=

R 0,100  0.066 0,061 0.046 0,085
R/pPHb 0.385  0.348 0395 0,384 0.380

to = 0.65 1015 1. 55 1.86 8.95
t x PHy0,189 0,198 0,820  0.224  0.194

% Corrected to 02 * 10 mm.

The kinetics of the photosensitised reaction then are:-

. .l‘&)_ﬂ_ﬁ]. R= LpE, x constant,
at [o,

This does not decide definitely which ease 1s appliecable
to the resction, since case J and case 6 lead to the
gsame oguation of initistion is due in the firast to
oxygen, and in the second to phosphine,
INFRT GASES.

In Teble XXII three series of results are listed
for a constont oxygen pressure and for different argbn
pressuras. Pirgt of all it is seen that srgon inhibits

the oxidation although in comparigson with oxygen it
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does not guench mercury resonance radiation. The in-
hibition must therefore be due to chain termination,
and since the value of L% - %b)/fA is constant, the
inhibition term in the kinetiec equation can be expressed
in two ways, viz.,

Eyolxor] or k), xolo ]

Similarly there is inhibition by nitrogen, and
agalin according to the same law. Until a deeision is
made about the mechanism of termination, no eeleulation
can be made of the coefficients klo and kll'

In the kinetie equations, both ceses 3 and 6 allow
of the intrcduetion of ahl{nhibiioiy term containing
both oxygen and inert gas. The innkibition by inert
gases practically exeludes cases 1 and 4, for it is
probable, although the evidence is indirect, that the
chain carriers are not execited molecules of very short
life, and hence collision of Xp or Xc¢ with argon or

nitrogen should not lead to destruction of the earrier.

DIREGT PHOTOCHEMICAL OXIDATION.

The number of mechanisms has now been reduced to
two, Fortunately the kinetie equations for the direet
oxidation are different for cases & and 6, and thus it
should be possible to deeide whiceh mechanism is spplic-
able. Intensity measurements were not considered to
be nocegsary in view of the definite results obtained
With the photosensitised experiments. In Tsbles XXIV
(Page 100) and XXV (Psge 101) the complete data are

given for varying oxygen end phosphine presgsures,
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TABLE XXV.

Effect of phosphine.
P PR -f’oa t for 4= 0,025 mm. xfpnaz

d 560G,
0.130 1743 108 1.82
0,538 17.7 7 2,00
0,275 17.4 26 1.97
0.131 172 85 1.46
0,891 17.3 10 1,568
Qe261 173 20 1.36

In fig. /2 , 1 8nd t for Ap= 0,100 mm. have been
plotted ageinst fogd and also agsinst [_0?} The
line obta ned with the anz and also the constancy of
the product ¢ xEPH;F indicates that the kineties in

this pressure range can be summarised by the eguationi-

A, ] My

2 = R = W X constant.

Referring back to the theory given above it will be
observed that the equation only'-' agrees with ¢ase 3,
end therefore the conclusion which may be drawn is that
above the upper limit the c¢hains are terminated by a
triple collision between the chain carrisr Xo and the
two oxygen moleculies. This is in agreement with the
npper explosion limit data?.

It is now possible to return to the cuestion of
inhibition by argon and nitrogen. The plots ofﬁ_
against A are streight, and hence the inhibition
term will contsin & factor of the first power of [ﬁ].
It 1s of importance to observe that a quadratie [4] -

need not be introduced. The most probable machanism

for termination is that an Xo radical mnst collide
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with an inert ges molecule and an oxygen molecule,
The funetion of the inert gas may simply be to stabil-
ise the complex Xo+0, and thus prevent Xo further
propageting the chain. Let the inhibition factor be
L [Eﬂ[ﬂfﬁg » then k = mey be evaluated in the follow-;
ing ways-

Inserting this term in the equation for [X¢ in
addition to the term required by case 3.
EE.HE;J __ k[PEJI[A]

i 5

.Henoa %fgb % ziﬁgi;

where the subsgeript "o" refers to the runs done in

absenee of inert gas. From this equation the values
of f;g have been calculated and are gilven in Table
XXI§§ Argon and nitrogen are about as efficient as
oxygen In promoting the atsbility of the complex,
The next aquestion is to determine the absolute
value of ks and of c. For this purpose the ratio of
the rates of oxidation to the rate of decomposition
for the photosensitised and for the direct reaction
wore meagured, Thesa data are given in Table XXVI.
TABLE XXVI.
Chain length experiments.
Photosensitised raaction.
PR 0 Rete Ratio of Rates Chain Chain Leungth ot
3 . oy Length Smn "R, & 60mm O,
1.98 37.6 0,98x10" fim.

per min. in

86 c.c.
I = 0.15

19.2 38 53
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| . Ratio Chain Chein length. o*.
I’H3 0, Rate‘4 of rates.Length. &mm PH% & 50 mm 02
200 » Dad x 10 mm,
in 514 c.c.
I=3,00
8.0 81.0 3 x 10
in 85 c.c.
I=0,15
10.4 21 o4
840 . ik w30
in 514 c.c.
1 =« 1,00
6.8 68 8.4 x 10°°
8.4 17 43
647 - 11x10"°
Balow lower limit,
-2
0.85 0.36 6.7 X 10
I - 0015
-z 480 960 820
079 - 0693 x 10
0483 0,93 x 10~°
| - .y bo4 1000 830
10483 2,62 x 10
! I =0,15¥%
# Ratic of lsmp distances 66
12,6
Dirset resction.
Below lower limit.
0.254 - 0,075
166 510 1200
0.261 - 0-070
200 400 800
Above uppoer limit,
7 o " '4.
B.,2¢ 1kl.4 54,0 =6 2 10
8.64 " 1‘5
. = .8
8,356 138.1 a8 23, 5 47 220

8.40 1'65
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Some notes of the experimontal procedure adopted
during these experimonts may be mentioned here,
Since the ratio of the rates of decomposition and |
oxidation was lsrge, the rate of decomposition was
measured by a MeLeod gauge, and during the oxidation I
exporiments a filter wes ~mployed to cut down the light

intonaity. In the direct reaction, comparison was
made directly on the oil manometsr. The rate of de-
composition of phogphine was determined by measuring
‘the pressure of hydrogen efter the phosphine had been;
eondensed out with liquid air. The ratio of rates ié
!doublad tc give thz chain length, for the quantum |
yiald of the digsociation is 0.5.

DISCUSSION.

| PMrst of all, it will be seen that below the
lowsyr 1limit, the cehain lengths for the direet snd phot%-
sensitised resctions are approximately the same.

Above the upper limit, however, the chain length, cal-
culated from the relative velocities in the direct
oxidation is about five times that cobtained in the
gensitissed oxidation. This confirms the kinetie re-
isulta about initistion by oxygen, and morsover gives
the value of ¢, the numbor of chains startoed per ox-
cited mereury atom deasetivated by oxygen; it is 0.2.
There is some dcoubt as to the products of reaction
when a 2321 mercury atom iﬂ denctivated by an oxygen
molacule. If the low efficiency of initiation ware

due to deactivation, by collision or radiation, of an
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|axoited oxygen molscule of very short life, and if 1n-
itiation be brought about by collision of this axoited

-molecule with phosphine, then it is easlly shown from

the kinetic equations that the initiation factor takaa
the form &KJ@ 5K and hence:- |

' . -Fi-gﬁjz coenatant x —EP[(E?:]L& i

This does not sgree with experiment. Some atom
or molecule must emerge from the collision which is |
not subjeect to such sasy removel usjgi excited Oy mol-
eeculey the most probeble reszction isi-

Hg + O, —> Hg® +0
The 0 atom reacting with the firast phosphine molecule
it encountors. In support.of this it has been shown
that illuminstion of oxygen-meroury vapour mixtures
iproduaas oxids of mercury. '

f Ons of the conseguences of ths theory of branched
iohaina ig that the explosion limit curve is s line of
oqual chein length. Therefore if the chain length
Ibe calculated below the lower 1limit and above tho uppef
limit, and the values obtained extrapolated to the
limits using the appropriate equations, the values ob—f
tained should be eimilar, The resultls of such a cal-~
culation are given in Table XXVI. Although the values
of ¥ are of the name order of magnitude, it must be
pointed out that at the upper limit, the chain lengtih
is 1/5 that at the lower limit,

Ag pointed out in tae introduetion, the value of
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k6 cen be found from the equation
Kl
k = x - ]
S [02]3_ X B)Jl

and so the efficiency of the trimolecular collisions
56.
X0 +0pr0y, cen be found., Semencff has made these cal-

culations using Dalton's results, and finds thet 0.4
‘ternary collisions are effective.

The val ue of k; can alsc be calenlated in the two
following weys, using the values of the chain length.

A8 pointed ont bhefore:
» & oxidation & kﬁ[hﬁﬂl *
ae 1t1 ?
eompos on k6[9”

Kow from Table XXVI, = 200 PH; = 8.4 and Oy = 138.1

3
Then ka

= 3200.
k:10z)

'Sinee the propagation eocllisions are nearly 100% effic-
ient, %300 represents the ratioc of the number of bi-
‘moleculsr to trimolecular collisions at 146.5 mm, pregs-
ura, Now it is sssumed that at atmospheric pressure,

this ratio is 103. g0 at 146 mm. it will be 760/146.5 x 103

o
probability that the ternary ceollision Xo +0p+ Op re-

= 5200, and therefore the ratio 43800 2 0.6 givea the

'sults in destruection of Xo.
Thig result may 2lsc be checked by the equation

of the explosion limit (equstion 12),

(%~ 1)k, PH, = ke[og“.

To calculate k3 from this expreseion, the value

k., O
6 "2
of ( #« 1), the probability of branching, must be

¥nown. The chain length 1s 10° at the low:r 1limit
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and 2 ¥ 10 ot the upper 1imit, and the probabilitios
of braneching, 10'3 end b x 10"3 respectively. At the
upper limit (5mm. PH; and 50 mm. 0y):-

ky 50 B0 4 3
X, 0213 o3 X5 °F 1% x 5= 5 10" or £ x ;0

At 55 mm., pressure, the ratio of bi- to tri-molecunlar
colligions is 1.5 x 104,_whiah gives the value of the
effieiency of the collisions Xo 0, 0, as 0.67 (4if
the ehain length below the lower limit be uged) or
0s13 1if 200 be taken as the chain length, Thia latter
‘value is in sgrocement with that given by Semenoff in g
monogreph as yet unpublished.

There is yet another check on the inter-relation-
'ship between the gtable and explosive reaétions. The
§Whola sxplosion ecurve may bo representad by the aquatibn

obtained on sdding (9) snd (1z).

g X'

2(« - 1) k,[rH] ol x0F .. . . 9
For [PH,] to be a winimum then by differentisting tals
‘equation with respect to [05] and egquating to zero:-

[os] - 5/
6
|From the resultas shown in fig.!d, the minimum occursg
at 4y, 02.
S8imilarly for the resaction outside the limits,

'the values of 4 below and above the limits respactivoly

are given by:-

¥ verow * ;‘{’. [PEo,]
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This exprossion equels zero when # is at a maximum,
1
Then [02,]" E}nggk-g .

Thus the maximum in the chain length curve should
occur al the same oxygen pressure as the mindmum in
the explosion curve. Fige /3 shows that theogse sntieip-
ationg sre fairly exactly JustiZied oxperimentelly.
ITn the figure of the preliminary notice of this worksv.
the rate of resstion was plotted against the pressure
of the oxygen but it was also pointed out thet ths
curve would have to be suitably corcceted for deact-
ivaticn of the mercury atoms by oxygen. On account
of initiation by oxygen, however, the eorrscticns to
be mude are smell, sc that the curve does represent
the variation of chain length with pressure.

This is easily seen from Teble XXVII, whers the -

value of the initiation expression:

Flo) [Hz] + €.0.5[05]
I [PE;] + 0.5 05 + 0437

is given for various oxygen pressures.
The results of the photosensitisecd results are

also plotted in fig.!13. The poaition c¢f the minimum
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in the explosion curve, which is 0.212 mm, PH3 and

4402 0y, wap saloulated from equations. 2!

TABL? XXVII.
PHz = 001 M«
02 0«06 0,1 0.2 0.6 1.0 8,0 5,0 10.0 50,0

(8) 5,20 0.21 0,21 0.21 0.21 0420 0.80 0420 0420

Effeet of rate of starting on the position of the

explosion limits,

Axecepting for the moment the oxidation of phosphorus
end of rhogphine, there is abundant evidence that the
pogitiorn of beth limits ias dependent om the rate at
which chains are started. In the hydrogen oxygen ree

aecticn, for ezample, it hes been shown that hydrogen a

60. 18,
atoms, produced photochemieally, thermally, and elesct-
19, 19, 56, 65,

:rioally, oxyzen atoms, and chlorine atoms all reduce
the tempereture of sponteneons ignition. Moreover,
evan at room tempersture, ceonditions simulating a lower
limit mey be obtained with a spark used to start the
ahaina?é. The action of nitrogen peroxide in reduecing
the ignition temperature of HB‘ Co, OH4 ete., ias also
a quoeation of rate of atarting affeeting the limits.
Similarly the limits in the oxidatién of sulphur,
earbon disulphide and hydrogen sulphide may be consider-
ably reduced by suitable stimuli, More examples may
eagily be guoted, dbut the situnation may be summed up

by the statement that in those reactions whare the

limits are temparature dependent, and where the explosion
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oceurs &t high temperatures (say about aoo°c), the
position of both lower and upper limits is dependent
to some extent on the rate of initiation. The pure
chain hypothesisrdoes not therefore wholly esxpress the
condition for explosion: in addition some temperature
dependent factor must be introduced to provide an ex-
planation, With phosphorus and phosphine it is diff-
erant, the propagating collisions are almost 100%
efficient, and the efficiency of branching is so high
that it cannot be dependent on temperature to any
great degree., Similarly the termination reactions at
the walls are independent of temperature. In these
two examples, them, it is to be expected that the pure
chain explosion would occur, and that the condition is
expregsed adequately by the statement that the produet
of the probability of branching and the probability of
termination is equal to unity, from whieh it at once
follows that the explosion pressures should be indep-
endent of ths rate of starting. The test is con-
sequently rather a crueisl one for some sections of
the chein theory. Some time ago it was applied to
the lower limit of phoaphine?aénd a considerable
lowering of the limit was obtained, The curious fact
wag that the effect persisted for a time greater than
the life of Fhe reaction chains. Later it was shown
by Malvillasia be wholly due to an alteration in the

surface upon which the chains terminated. In the

expoerimants described below, the experiments have been
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repeated at the upper limit, where, of course, wall
action has no effect. Initiation was effected by
means of the light from the water cooled mercury lamp.
Some hint of the behaviour to be expected has been
got when it is seen 'hat the chain lengths at the
upper and lower limits are not identicsal. Apparently
the explosion can occur more readily at high pressure,
in that such a high chain length is not necessary.
Preliminary experiments at once showed that there
was & congiderable displacemant of the upper limit to
higher pressures when the tube is illuminated. Some
experiments were done to find if this effect was at
all lasting, by shutting off the light Jjust before
explosion was due. The 1imit in these experiments
was found to be the same as whon the gases were not

illuminated. Table XXVIII gives a number of typiecal

rasults.
TABLE XXVIII.
Initial Pregsures. Total p.at Expl. Condition of
PE3 02 PHg 02 Illumination
1. 6.5 103 72 4,5 67.5 During ex-
pansion.
Ee 644 99 26 1.7 24,3 |None
3. 64,6 99.56 26 1.7 24,9 Bee text
4, 5.8 103 67.3 £+9 064.4 During ex-
11z 656 pansion
b, 6.4 112 65 3.7 6163 "
6o 4.7 95 56456 2.8 563.7 "
Effect of variation of light intensity. Intensity.
7.5 113 655 4,2 5949 1.00
7¢6 113 43,5 249 40.6 0«15
6.5 100 38.5 2.0 3640 0.15
7.4 100 56.5 4.2 DBR,3 Celd
73 106 635.5 4.4 59.1 1.00
4.8 111 42.9 1.8 40.5 1.00
8.1 101 80.0 6.0 74,0 1.00
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Rate of stable reaction at initial pressure
= 0,013 mm. per min.

I=1.00
Bxperiments 1-3 may be particularly mentioned. The
initisl pressures were all practically the same, but
the explosion pressure has been incresased from 26 mm.
in no. 2 to 72 mm. in no.l. In experiment 3 illumin-
ation was carried on until the pressure was reduced to
74 mm, The explosion did not take place until a
pressures of 26 mm., was reached. The time reguired
for the pressure to fall from 74 mm, to 72 mm, was not
more than two secs. It is therefore quite different
from the lower limit phenomenon which persists for
several minutes. It will be also noted that variation
of intensity has an offeet on the limit.

The effeet of intensity was further investigated
in the following way. Instezd of plotting upper limit
curves for different intensities, two sots of mixtures
of constant composition wore used. 8ince expansion
does ﬁot alter the composition of the mixture, the dis-
placement of the explosion limit alonz the expansion
line can be regarded as a meagure of the effeet. The
data are given in Table XXIX and plotted in fig. I4.

The intensity could not be incereased to higher
velues as then the veloeity of the resction was suff-
icient to remove appreciasble amounts of phosphine.

Thege results then prompt a further guestion as

to whether, at the lower 1limit, in addition to the
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ordinary displacement owing to the change in surface,
there is = transient effeet similer to that at high
pressure. The procedure asdopted was to use a constant
pressure of phosphine and allow oxygen to leak in through
the nesdle valve and record the explosion pressure on
the 0il manometer. The intensity of illumination was
0.15 on the same scale as Table XXIX,

TABLE XXIX.
Original rressure. Pressure at Explosion. Intensity.

PH, Total Total PH, 0,

8.9 97.6 28 2.6 25,4 0
12,5 155, 73 5,9 67 1.0
12,6 141 60 5.4 B5 0415
12,6 139 44 4,0 40 0
13,0 147 85 7.6 77.5 1.00
12,9 142 83 7.6 75.5 0.51

5,2 117 12 0.563 11.5 0

5.3 103 55 2.8 B2 1.00

5.1 99, 51 2,6 48,4 0«51

5.1 95 42,5 2.2 40,3 0415

5.0 98 52 2.7 49,3 <68

5.0 90 52 2,9 49,1 1138:

5.0 92 47 2.6 44,4 11,2

5.0 92 15 0,82 14,2 0
11,2 138 92 7¢5 B4,45 11.2
12,9 146 79 7.0 72,0 11.2

TABLE XXX,
PH, 0p at exp. PTotal  Conditions of illum-
ination
1 0.74 Q.61 1.35 Continuous
2 0.81 0.54 1,35 Until P = 1.26
3 0.80 0449 1.29 " P = 1.86
4 Q. 80 0.79 1.69 None
5] Q.77 076 1.53 None
6 0.80 0449 1.29 Until P = 1.26
h 0,78 Q.48 1.26 Continuous
8 0476 0.44 1.20 Until 7 = 1.18
9 0.76 0e64 1440 v P=l.d2
10  0.76 0.48 1.24 " Pe 1.8
11  0.76 0464 1.40 Pw lel2
12 0,77 0.74 1.51 None
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Comparing lios, 4,56 and 12 withi the remainder, it is
gseen that explosion pressures are somewhat higher in
these cases than when the mixture has been illuminated.
However it does not appear to matter whether the light
is awitched off some time before explosion or whether
it is loft on right up to the limit, It will also be
notiesd that if illumination be stopped at low press-
ures of oxygen (exp. 9 and 11) the explosion limit is
a 1ittle higher than that where illumination has been
eontinued up to higher pressures.

The conclusion, then, is that the transient effect
obtianed at the upper limit is not in evidonce at the
lower l1limit,

To demonstrate more clearly the gensitiveness of
the upper limit to the stationary concentration of Xo,
the following experiment and calculations were made.
A mixture of 12,0 mm., phosphinse and 134 mm. argon was
made up aend illuminated during expansion. Explosion
ogeurred at 60 mm, The intensity of the light was
0.15, on the same scale aas Table XXIX, A seeond
gimilar mixture was then prepared and pumped down to
63 mmg at this pressure the rate of oxidation of phos-
phine was 10.7 x 10“'ﬁ mm. por sSeg. in a volume of 856cey
the caloulated chain length is 10°,  The number of
gquanta entering the tube per sec. is thus about
10%% x 10™* x 1077 = 107,

Now at 65 mm. pressure a molecule experiences

about 105 ternary collisions per sseond. Thus the
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mean life of an X0 molecule, assuming it to be destroy-
ed in every ternary collision of the type Xo +X+ X,
is 10°%, The rate of production of Xo may be teken

as the rate of dissociation of the phosphine
-5

10,7 £ 1 -B
= ‘2'_—2'9‘—10 = 10 " mm, per see. and the stetion-

ary concentratiou of Xo is thus 10°1% ym,

According to Table XXIX, then, when the ceconcentrat-
ion reaches sbout 10“11mm., the Lum.C coases to be
affeocted. When such a small concentration of carrier
displaces the 1limit so much, it is not surprising that
traces of water vapour and changes of tempsrature )
exert a comparatively large influence. This in turn
suggests that the displaced 1imit is the true limit,
and that the one observed in the thermal reacticn is
particularly low because of the fact that a sufficient
number of chains do not start to fulfil the conditions
of the chain theory. If this were the case the chain
length at the limit should be 103. whereas it is only
~ about 102. The displacement cennot be due to the
proasure of ozone which is formed when the chains ere
terminated, for if this were so, the effeet would per-
gigt after the light i1s switched off.

In order to get a further insight into this prob-
lem, the following experiments were done. Mixtures
of oxygen and phosphine, one above the upper limit,
and the other below the lower limit, were made up in

gilica tubes and placed beside a quantum counter in

- order to find if the stable reaction was appreciable
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without outgide stimulus. Light given off by 2 phos-
phine explosion is greenigh in colour, but there is
associated with it some ultraviolet of sufficiently
short wavelength to activate a counter., Neither of
the two tubes had any effect on the counter, showing
that the amount of light striking the counter was less

than 102 gquanta per minute.

SUMLIRY.

The decomposition end oxidation of phosphine have
been studied on the surface of tungsten and molybdenum
filaments, with a view to using a filament method to
investigate the kineties of the chain reaction between
phosphine and oxygen. This method was found to be
unsuitable es the oxidetion took plaea aimost entirsly
on the surface of the filsment. The surface oxidation
end decomposition were however studied and a theory
put forward tc account for the difference in behaviour
of phosphine and phosphorus. A simple mesns of correet-
ing for end losses in a hot filament is described.

In Part Two the kineties of the phosphine oxidstion
outside the explosion limits have been studied using fhe
mercury sensitised resction snd the direet photochemicel
rpaction ss means of investigation. The particulsar
investigation carried out is thet of the means of
tormination of chaing at and above the upper explosion

limit. The results work out in agreement with Dalton's

work on the explosion limit; ¢the chain earrier  Xo
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is destroyed in a three body collision of the type

X0 +0p4 X, where X is any molecule capable of stab-
ilising the Xo - 0, eomplex, The efficiency of this
collision is of the order 0.4.

Bxperiments have also been done on the effect of
illumination on the upper limit. It is quite eclsar
that the intensity of illumination has an effect on the
upper limit and tends to aid explosion. The tentative
suggestion is put forward that the limit obtained withe
out illumination is not the true chain theory explosion
limit, as the rate of starting of chains is not then
sufficient for the relationship to hold good. Quantﬁﬁh“\\
counter expoeriments are in support of this.

The author is deeply indebted to Dr H. W. Melville
and Dr E, B, ludlam for ceontinuous adviee and encour-
agement during this work and to the Trustees of the
Moray Fund for a zrant towards the cost of spparatus.

Thanks are also due to Dr Ouillet of Cambridge
for carrying ocut the gquantum counter experiments

mentioned sbove.
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