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INTRODUCTION

Chemical kinetics is one of the most recent
branches of physical chemistry. It has however, amply
justified its existence by throwing light on two of the
ma jor problems of chemistry. Such problems for example
as: the mechanism of reactions and the nature of chem-
jcal change, and to some extent the much discussed and
investigated question of affinity, the latter prior to
the last decade having been studied largely by invest-
jgations of systems in their initial and final states,
with little or no consideration of the path by which
they reached such states. In addition, much of what
we now know concerning the mechanism and use of catalysts,
from both the theoretical and practical aspects, is due
to investigations carried out in the field of reaction
velocities, and to mention only one more instance, our
knowledge of the nature of.aurfaces and their very con-
siderable importance in promoting chemical reaction,
has been inestimably added to by the work of various
investigators in this phase of physical chemistry.

Before proceeding to discuss the object of
this work in more detail, it will be as well to consider
in a summarized form the ideas held at present as to the
nature of chemical change in gaseous systems, its mechanism,

and so forth. (1)0 (2)0
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The ma jority of gas reactions proceed with
a finite veloocity, i.e. a certain fraction of the
molecules react every second. If the molecules are all
in the same condition, calculation will show that re-
action should either be instantaneous or should not
occur at all. Thus the logical deduction to make is
that the molecules which react must be in an exceptional
condition. While we cannot trace the behaviour of a
single molecule, with the aid of the kinetic theory
and statistical mechanics we can make calculations of
the number of molecules which react, the number of
collisions, and the fraction of the total number of
molecules which possess energy in excess of a given
amount, A little oonsideration will show that thermo-
dynamics will not be of much help, since in this latter
case we are concerned chiefly with initial and final
states, while chemical kinetics is concerned with re-
actions during their ococurrence,

While it is possible to define the order of
8 chemical reaction in general terms, by far the best

means of doing so is a mathematical formulation.,

thus for a:

Unimolecular reaction

let a =the initial concentration,

a - x =the goncentration after a time t.



g~
then d&x = X (a-x )
.53

hence Xt s 1ln a
a-x
thus the time to half-value, T3 is given by
T} = % in 2,
or in other words, the characteristic or a unimolecular
réaction, from the point of view of a definition, is that
the time to a given fraectional change shall be independent
of the initial concentration, within certain limits, which
will be presently disocussed.
For a bimolecular reaction
Suppose, for simplicity, that the initial
concentrations are equal,
then &x = K ( a - x )2
.8

or Kt s X

ala-x7
d Ty = a/ 2 1
. K.a.a/ 2 b

or, for a bimolecular reaction, the time to a given fraction
change 1s inversely proportional to the initial concentration.
Thus, in general, for an:

Nth order reaction

or !i is proportional to !
ab - )

With gases the concentration is obviously proportional to

the pressure.
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The Arrhenius Equation (1)

This expression may be derived as follows:
suppose we consider a balanced reaction, then the change in
the equilibrium constant, with change of temperature, is
given by a well known expression:

d InKk = Q/RM®
~d ok

where K, 18 the mass law constant, Q, is the heat of reaction,

and k;, and k5, are the velocity oonstants of the direct and
the opposing reactions respeotively:
therefore 1nK « lnkK; - 1nkp ,

and hence 4 1nK i - a4 1nK , = @/RT®
I Al A

A1/RT°+ B

thus d lnK .
—dar

LK, - Aa/RT%+ B
where A] - Ag = Q.
this is as far as we ocan get by thermodynamiocs, but Arrhenius,(3)
found on empirical grounds, that B O, therefore for an
irreversible reaction;

d Ink = RTZ
—ar_ &

where K is the velocity oconstant, or

In K = C - A/RT,
thus, the logarithm of K, plotted against 1/T gives a straight
line. A is expressed in terms of energy, and R being equal
to 1.98 calories, then A will be given in terms of ocalories

per gram molecule: Arrhenius postulated the existence of



active molecules (3), making the supposition that these were
formed endothermically from ordinary molecules., Thus the rapid
inorease in the rate of reaction with rise in temperature, could
be explained on the basis of the shifting equilibrium for the
change:

normal -+ Q = active
in the ordinary way, which may be expressed thermodynamically
as

2
d 1nK = A/RT ,

—ar

Since A is the surplus heat necessary to the formation of an
active molecule from one possessing the normal amount of energy,
it has therefore been appropriately called the heat of acti-
vation.

The first explanation to spring to mind would
be that some form of tautomeric change was operative., This ides,
however, in the light of what is at present known is untenable,
except in a few instances, and the active molecules are now
regarded as those which possess exceptionally large amounts of
energy, the heat of activation, as mentioned bvefore, being
regarded as the excess over the normal amount possessed by the
average molecule.

This i1s the theory of asctivation in its most
general form, No assumptions are made regarding the manner in
which the added energy acts or is acquired. Most modern work
on reaction velocities is concerned with ascertaining how the

additional energy is acquired by the molecules,
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The Arrhenius equation for the temperature co-
efficient has been found to hold for all known reactions,
except in those cases where the reaction under observation
is a composite one, which is made up of two different
reactions having different temperature coefficients,

Bimolecular Reactions,

Since these are in some respects the simplest,
we will briefly consider them first. Many examples of this
type have been comprehensively studied by various investigators.
Some of the beat known are notably the union of hydrogen and
fjodine (4), the thermal decomposition of hydrogen iodide (4),
of nitrous oxide (6) (7), and others. Generally speaking,
the results agree with the bimolecular equation and the
temperature coefficient is in agreement with the Arrhenius
equation,

Now on the basis of the following assumptions:
(a) That the exceptional state apparently necessary to
reaction is merely the acquisition of a certain samount of
energye.
(b) That a collision of a certain degree of violence is
necessary to reaction, or in other words & collision between
two molecules possessaing energy in exocess of a,certain
critical amount.
It can be shown that it is possible to calculate the heat
of activation in two totally different ways. For example,

in the first instance, from the ratio of the number of
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effeotive collisions, ( i.e. the rate of reaction as
measured experimentally) to the total number of collisions,
as calculated from the kinetic theory, we can caloculate

B, from the relationship;

n@mber of effective collisions = ¢ ~E/RT
total number of collisions

where E is the energy of activation, In the second case, by

an independent method, involving the measurement of reaction
velocities over a temperature range, i.e. a determination of
the temperature coefficient, we can also calculate E, from

the expression;

L E/RT 2

where K is the velocity constant, expressed in any units,
€.8. We can use the reciprocal of the time to any given
fractional amount of reaction instead of the actual velocity
constant,.
When this was done for the thermal decomposition

of hydrogen iodide, the two modes of caloulation gave the
following values;

B, from temperature coefficient 43,900 cals. / gr. mol,

E, " ratio of collisions 44,000 * J/ v n
Other bimolecular reactions give good agreement, for example
as mentioned above, the union of hydrogen and iodine and the

thermal decomposition of nitrous oxide.
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The Nature of the Eneggiof Activation,

We will next consider the significance of the energy
of activation, There are a number of various internal cirocum-
stances which might cause chemical reaction. Among these are
collision, rotation, vibration, and absorption and emission of
radiant energy. The main facts upon which the theory of acti-
vation is based are;

(1) 1In e reaction, the molecules which undergo change
are apparently in an exceptional state,

(2) The attainment of this state is much favored by rise
in temperature.

When applying these ideas to bimolecular reactions
the most natural assumption to make is that kinetic energy is
what counts when collision ocours. There is however the pos-
sibility that all forms of energy may be pooled at the moment
of impact. This does not matter much however since all forms
of energy obey the same distribution law. For the present we
will consider merely the energy E, of whatever kind it may be.

The number of collisions per second between activated

molecules is

~E/RT
2 ..2
s{2s8un, e

the maximum number that can react therefore is

= ?.Jf'n' 8211 n?.. ;E/RT

There must however be some cases in which molecules rebound
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owing to ineffective collisions. Hence the number reacting is

P. 2 4§?T82u n®, e-E/RT
where P is a factor to take care of the above. The only possi-
bility of testing the theory depends on P being approximately
equal to 1. It has been shown that this is very nearly the case
but it is impossible to obtain any exact information regarding P
unless E can be measured with a degree of precision which is quite
unattainable at present. However, " the real significance of the
energy of activation is shown by a comparison of different bimole=-
cular reactions. Since 21l molecular diameters and velocities are
approximately the same, the rate of reaction at a given tempera-
ture is primarily determined by the magnitude of the factor e-E/RT.
Thus the higher the value of E the higher thould be the temperature

at which the reaction can obtain a given speed. This conclusion is

strikingly verified, as shown by the following table.”" Hinshelwood.

Reaction E from collisions E from Arrhenius Temp. at which
all have same

gpeed.
2¥H,0 55,600 68,500 956°
2 HI 45,400 44,000 760°
2 No, 33, 500 32,000 575°
2 €1,0 22,000 21,000 z84°

There are two possibilities regarding the

mechanism of reaction;

(1) The molecules become activated by collision and react at
once, or

(2) The molecules become activated independently and react when

they meet. In the first case kinetic energy would seem to be the



)]0

more important, and in the second case vibrational energy.
If we assume that practically all collisions
are fruitful in which the sum of the kinetic enefgies of transla-

tion exceed E, we have,
-E/RT

No. of molecules reacting n, = Py Z e
-E/RT
if vibration is the cause Ng = Pz 2 e
-E/RT
if radiation is the csause ng = P5 Z e

-E/RT
where & = 2:&-11'8211 na. e

if all forms of energy operate at once,

-E/RT
n=n,+n0,+ 0,= (Pl-i- P2+ P%.Z e

but Py, P53, Px, are 2ll approximtely equal to 1 and therefore to

each other, or say P.
-E/RT
Hence n=3 P Z e

or if there are S ways in which activation can occur, ( That is
if S forms of energy participate ),
-E/RT

n=S P 2Z2e

gsince P is nearly equal to 1, then approximetely
-E/RT

n=3S5Ze
Hence from the ratio of the effective to the total number of
collisions we should be able to calculate the number of forms
of energy which are effective in causing activation.
Unfortunately, E enters in an exponential manner, and hence the
accurady with which ve can determine E depends on the accuracy

with which we can determine not X the velocity constant, but log X.
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Hence any errors involved in the measurement of X will be gregtly
magnified in calculating E from the experimental results. Por
various reasons reaction velocity measurements are not suscep-
tible of a high degree of accuracy, and hence the values of E

are only spproximmte. Suprose we see if we can distinguish
experimentally between S=]1 and S=3 in the above equation. At
400°K, E 1s about 20,000 calories, for reactions proceeding at

a measureable rate. A variation in S from 1 to 3 wowld change

E by about 1000 calories, which is of the order of the experi-
mental error. Hence it is at the present time impossible to

determine how meny forms of energy are operstive in producing

activatiion.

Rate of Reaction and Rate of Activation.

If the molecules are activated by the actunal
collision in which they are transformed, there is no distinection
between the two. If, however, the molecules are activated inde-
pendendly, such as by the absorption of radiation, then active
molecules must exist in definite concentration and have 2
definite average life terminated in bimolecular reactions by¥¢
collision. Hence the rate of reaction can only be given by
Z, e-E/RT if the concentration of active molecules can be main-
tained at & fraction emE/RT of the whole in spite of the loss of
active molecules by reaction. This can only be the case if the

rate of activation is fast compared with the rate of reaction.

This is not of great importance with bimolecular reactions dbut is



of great importance with unimolecular reactions.

Summary for Bimolecular Reactions.

l. The rate is given by:

-E/RT
no. of molecules reacting _ e
no. entering collisions

2. The rate aan be accounted for on the assumption of activation
by collision, i1.6. the kinetic energy of translation is turned
into vibration.

3. It can also be explained by the assumption of activation
beforehand, either by collisions or by absorption of radiation.

4, It is impossible to tell which form of energy is operative

in activation.

6. The most likely hypothesis seems to be activation by collision
with all forms of energy pooled at the moment of impact.

UNIMOLECUIAR REACTIONS.

By definition a unimolecular reaction is one in
which the rate of change is proportional to the first power of
the concentration of the reactant. Therefore the frastion of
the molecules which undergo change in unit time is independent
of the concentration, hence it is independent of the number of
collisions. Thus, regardless of whether previous collisions
have anything to do with reaction or not, the actual change is

a process which is undergone by an isolated molecule.
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It is necessary, therefore to explain (l) why unimolecular
reactions are so rare, and (2) how the molecules become
activated ( on account of the high temperature coefficient
activation seems to be necessary.) In the main, four theories
have been advanced to explain unimolecular reactions, namely;
(a) The radiation theory.

(b) The hypothesis of Christiansen and Kramers.

(c) The hypothesis of Lindemann.

(d) Hinshelwood's modification of Lindemann's hypothesis.

We shall now consider these briefly.

The radiation theory.

From the fact that the rate is inde-
pendent of the pressure, Perrin argued that it should be
possible to expand the gas to infinite dilution without
changing the rate of reaction. Hence an isolated molecule
could become activated, which presumably leaves radiation
as the only possible mechanism of activation. He assumed
that in the activation of molecules a narrow band of infra
red frequencies are operative.

Now it can be shown that for the
frequency which is effective in activation, Nhv should be
equal to E the energy of activation, where N is Avogadro's
number, h is Plank's constant and v 1s the frequency. Hence
knowing the heat of acfivation, the frequency which 1s
effective in activation, should be given by, v = E/Nh,

Hence we should find an absorption band at this frequency.
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Furthermore, if the velocity constant is proportional to the

radiation density, we have:

~hv/kT
k - constant, e
whenace
dlnk - hv_ gz BNhv, = E
-ﬁ- - w’ mz Mz .

Hence the Arrhenius equation wil.i still hold.

The simple theory falls down immediately since there are
in general no absorption bands in the culoulated region, and
since in most cases there is far too little energy in this
region to account for the energy of activation.

The hypothesis of Christiansen and Kramers.

They suggest that as the products of the reaction possess
the heat of activution plus the heat of reaction, they ocan
immediately activate fresh molecules of the reactant and thus
gset up long reaction chains., They assume that each molecule
of product immediately activates a molecule of reactant. Hence
each activated molecule removed from the system is immediately
replaced by a fresh one. 8Since, then, the number of activated
molecules is thus a constant fraction of the total concentration
of molecules of reactant, the reaction is, to all intents and
purpose, unimolecular, As the products of the reaction
acocumulate, or if an inert gas is added, a large proportion of
the activated molecules must be deactivated by col.ision with
the inert molecules. Hence the reaction must tend to become

bimolecular.



To overcome this difficulty they assume that the activated
reaction products can only give their energy to molecules of
reactant. While this seems somewhat unlikely, as a general case,
certain reactions are known, however, which can be very adequately
explained on this basis.,

The hypothesis of lindemann,

The bdbasis of lindemann's hypothesis is the assumption
that a molecule may receive the energy of activation by collision
and then react before it collides with another molecule, or in
other words a time lag between activation and reaction. If the
average time between activation and reaction is large compared
with the time between collisions, most activated molecules will

lose their energy before they have a chance to react, i.e.,

normal molecules = activated molecules
products J; reaction,

The right to left reaction is much faster than the up and down.
A stationary state is thus reached, in which a constant fraction
of the molecules, equal to e-E/RTare activated and will react if
they pass through their next phase of minimum stability before
their next collision. A small fraction only react, and the
majority are &eactivated. Hence the reaction has little effect on
the concentration of the active molecules. The fraction e-E/RTis
independent of pressure and since the number of molecules reacting
per unit time is a small fraction of this, therefore the latter
quantity is independent of concentration and all the conditions of

a unimolecular reaction are satisfied.



«l6-

Purthermore Lindemann's hypothesis will acoount for the inde-
pendence of pressure over large ranges and the falling off at
low pressures of the unimolecular velocity constant, an experi-
mental fact common to practically all unimolecular reactions in
the gaseous state. It explains the latter point as follows;
if the pressure is sufficiently low, the time between collisions
and the time between activation and reaction become comparable.
Hence the ramsval of activated molecules by reaction will dimin-
ish the concentration of active molecules, and hence a point
must be reached, at a sufficiently low pressure when the uni-
molecular velocity constant begins to fall off. In certain
unimolecular reactions, however, notably the decomposition of
nitrogen pentoxide, ILindemann's hypothesis will not account for
the observed facts, and Hinshelwood has put forward a modifica=-
tion of the hypothesis to bring it more into line with such cases.
Before considering this modifieation, however, we will examine
some of the data relative to unimolecular reactions.
Experimental Data.
Nitrogen pentoxide. (1), (32) . Completely homogeneous.

2 3805 = 2 N0, + O
According to the radistion theory, light of about 1.16 mu should
be effective. Exposure of the reaction vessel to light of this
frequency has no .effect. The reaction is unimolecular down to
pressures of about 0.01 mm. Even at this low pressure there are

atill about 108 collisions for every molecule which reacts.



Acetons Unimolecular over s wide pressure range. (8),
Racemisation of pinene, also unimolecular over a wide pressure
range. (9),

Fropionic aldehyde, constant falls off below 80 mm. (10).

Pimethyl ether, " " " " 350 mm. (11),
Diethyl ether, " " " " 150 mm. (12).
Agomethane, " " " at low pressures. (13).
Azoisopropane, " " " Ybelow about 0.256 mm. (14).

Bthylidene Diacetate, investigated over pressure range of

11 - 46 cms. of mercury. (15)
Butylidene Diacetate, pressure range; 5 - 66 oms. (16)

Ethylidene Dipropionate, * " 6 - 66 cms,

Gaseous decomposition of Paraldehyde, pressure range, 1l.18 - 652 cms,

(17).
Ethylene Oxide, pressure range, 2.4 - 90.5 oms. (18),
Methylisopropyldiimide, " " 0,0068 - 13.12 ocms. (19).
Methyl Bthyl Bther, " " 2,6 - 24 omw. (20),
Methyl Propyl Ether, " " 2.2 - 33.6 cms. (20),
Nitrous Oxide, " " 8.1 - 800 oms. (21).
Ethylamine, " " 6 -~ 40 oms. (22).
Dimethyltriazene, " " 0,019 - 8,0 oms. (23).

Trichloromethyl chloroformate, pressure range, O.4 - 1.7 oms. (24),

We will now consider in some detail, the mechanism of
activation in unimolecular reactions, there are three possibili-

ties:
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(1) activation by collision,
(2) activation by radiation,
(3) activation by both simmltaneously.

(1) Activatibn by collision.

If activation is by collision, there are two ques-

tions to be answered, (1) how the velooity constant of a unimole-
cular reaction remains independent of pressure, (2) whether the
number of collisions taking place in the gas is great enough to
activate molecules fast enough to aeeount for the observed rate
of reaction, even at the lowest pressure observed experimentally.

The hypotheses of Lindemann and of Christiansen
andi Kramers will both explain the first point, although the
readtion chain theory necessitates rather arbitrary assumptions.

In addition it could only apply to exothermic reactions, while the
decomposition of nitrogen pentoxide is apparently endothermic.
Lindemann's theory is weakened by the fact that this reaction shows
no falling off at 0,01 mm. This however is not vital as it may
fall off at still lower pressures, and in any case the experimental
evidence is somewhat conflicting on this point.

The second point raises much more serious objections
to Lindemann's hypothesis., The collisions by which activated mole-
cules are produced are not numerous enough to account for the
observed rate at ordimary pressures, and are therefore still less
go at 0.01 mm., According to the hypothesis, the rate of activation
has not merely to be equal to the rate of reaction but many times

greater. The insufficieney of the number of collisions can be



]9

shown as follows; assume that no reasction is taking place in the
gas, Of N molecules present let N, possess energy greater than
E. These are the active molecules, and
-B/RT

Nl = Noe
Let ‘1 be the number of molecules which enter the active state in
unit time, assuming activation by collision.
At equilibrium 31= zg
where 3_ is the number that leave the active state in unit time,

2
also by collision.
Active molecules are very exceptional ones, hence nearly every
collision undergone by an sctive molecule results in its deactiva-
tion. Hence 4y is approximately equal to the number of collisions
undergone by active molecules in unit time. Therefore:

88 = total no. of collisions X number of active molecules
total number of molecules
-E/B'l‘
e

.-=nr§1\’92nn2.ll

omitting the very few collisions in which both molecules have a
high energy. The above expression also equals 25, since 2y =25,
If the system is disturbed by the loss of active molecunles by
reaction, Zl is the maximum rate at which they can be reformed.
Hence it is the maximum rate of reaction.

In order to have Lindemann's hypothesis hold, it
would be necessary to lower the observed activation energy of
nitrogen pentoxide by about 6000 calories. This is quite outside
the experimentsal error. In the case of the decomposition of

aceton® also, the number of molecules reacting is about lO5 times

~E/RT
the number given by Z.e .



Hinshelwood's }odification.

Lindemann's hypothesis, however, can be modified
as follows to bring it igto line with the observed facts: the
use of the expression e-b/RT for the fraction of molecules with
energy greater than E, depends on the assumption that the energy
of activation 1s confined to a few degrees of freedom. This
appears to be justified in bimolecular reactions. Almost all the
molecules which undergo unimolecular reactions are very compli-
cated, so we can extend the erergy of activation to more degrees
of freedom. An activoted molecule can be regarded as one which
possesses energy E mrde up in any of the ways which a largs
number of degrees of freedom maks possible.

The chance that a molecule contains in n e§7§%y

terms an amount of energy greater than E 18 no longer e , but

~E/RT 1/2n - 1
e/ (ELRT)/n

factorial ( 1/2n - 1 )

E i8 no longer given by the Arrhenius equation but a correction
has to be added which eouals ( 1/2n - 1 ) RT .

Suppose that equilibrium is established in the gas
and ignore the chemical change. Then the number of molecules, N,,
of which the energy rises above the limit E in unit time, is
equal to the number, Nz, the energy of which falls below E. Since
the number of molecules which possess the energy E is small, prac-
tically all the activated molecules which suffer collisions will
lose the energy of activation. Hence Nz is very nearly equal to

the number of collisions multiplied by the fraction of molecules

with energy greater than B , 1.e.,
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.ET 12-1
Z, o /R (E/RT)/n

factorial ( 1/2n - 1)

Hence ni is also very nearly equal to this. If n is large, this
is much larger than the simple expression and the diserepancies
mentioned above can easily be wiped out.

In order that this should be true it is necessary
that onl]y complex molecules should undergo unimolecular reactions.
This seems to be true. Bimolecular reactions are often undergone
by fairly simple molecules, but unimolecular reactions only occur
with complicated molecules.

In most unimolecular reactions which have been inves-
tigated, the velocity constant has been found to fall off at low
pre&sures. Where the falling off of the csonstant ococurs, we can
calculate the number of energy terms needed. This works out at
12 for propionic aldehyde, 8 for diethyl ether, 11 for dimethyl
ether. These values seem reasonable considering the complexity
of these molecules. It has been observed that hydrogen prevents
the“}alling off in the velocity constant with the ethers, which
seems to support the hypothesis.

(2) Aotivation radiation,

As mentioned before, if we calculate the frequency
which should be effeoctive in activation, we find generally that
the molecules which should be activated by this frequency show no
absorption spectra in the expected region, and that in any case,
the amount of energy is not sufficient to account for the observed
rates of reaction. PFurthermore, attempts which have been made to

agsume & band of frequencies operative in sctivation, only ocompli-
cate
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matters further and make experimental verification impossible

or at least extremely difficult, at the present state of knowledge
and experimental technique. This of course, does not preclude the
possibility of activation by radiation in reactions as yet not
studied or in reactions taking place at very elevated temperatures,
for to 4o so would be to disregard all the facts of photochemistry,
however, for the present purpose, the poasibility of activation

by readiation does not greatly concern us.

The Occurrence of Unimolecular Reactions,

One of the most notable features of unimolecular
reactions is their scarcify where simple molecules are involved.
Probably the main reason for this is that many unimolecular
changes would lead to the production of free atoms, thus for example
NBO, and 0120, might decompose as follows:

N20 = 1!2-\- 0

Cl,0 = Cl,+ 0
These reactions would be highly endothermic, since the heat of
dissociation of oxygen is about 160,000 calories. Of course
the excess energy would be regained by the system by the subse~
quent recombination of the atomic oxygen, but the unimolecular
change would necessitate the momentary concentration of very
large amounts of energy in the molecule, thus such unimolecular
reactions would always be associated with large heats of activa-
tion, and for this reason the corresponding bimolecular change
occurs in preference. The observed cases of unimolecular reac-

tions always involve complicated molecules. The one partial

exception to this is the decomposition of nitrogen pentoxide.
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This reaction, however, seems to be exceptional in a number of
ways, for example, while all the other observed unimolecular
ochanges fit in well with the modified Lindemann hypothesis, it
needs considerable straining to make the nitrogen pentoxide
decomposition agree.

To sum up then, the best known of the various hypothe-
ses advanced to explain the mechanism of unimolecular reactions,
Perrin's hypothesis has been discredited in its original form,
Christiansen and Kramer's may occur to some extent but it is unlike-
ly as a general explanation, Lindemann's hypothesis is a very rea-
sonable one, but cannot account for a fast enough rate, while
Hinshelwood's modification is the best advanced 2t present. Hence
throughout this thesis Hinshelwood's form of theory will be follow-
ed. Rice and Ramsperger's theory (25) is based on the same
general premises. It is however, more ocomplicated and probably
more accurate, but it is doubtful if there is enough exact experi-
mental evidence to justify its use in preference to the simpler
theory of Hinshelwood.

HETEROGENEQUS REACTIONS.

Inasmuch as this thesis deals with a comparison of
homogeneous and heterogeneous reactions from the point of view of
a possible effect on the heat of activation, we will not discuss
here the various theories extant as to the mode of action of
surfaces im promoting chemical change.

Some fundamental concepts, however, should be kept
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in mind. In the first place, as follows from the definition of

a heterogeneous change, in order to take part in & heterogeneous
reaction,a molecule must be adsorbed, however short its life on

the surface may be. But on the other hand, as is pointed out by
Hinshelwood, adsorption alone is not a sufficient condition for

reaction, and something quite analogous to the activation energy
of homogeneous changes would seem to be necessary.

It would therefore seem to be of considerabdble interest
t0 compare the rates of homogeneous ami heterogeneous gas reactions,
with a view to determining what effect the surface may have on the
heat of activation. In this conmection,,the Hinshelwood-Polanyi
equation gives expressions embodying a relationship between the
true and apparent hests of activation, for the simple case of one
reacting gas, when (a) the reaction is unretarded by the products,
and (b) when such retardation takes place. (26).

Por the first case of no retardation, if Q is the true
heat of activation, E the apparent heat of activation, and L is the
energy of desorption of the reacting gas, then it may be shown that:

B=Q - L.
i.0., the apparent heat of activation is less than the true value
by an amount L, where L is defined as above.

In the second case of retardation by the product or

products, an expression :

B=Q+ L' -1
is obtained, Where B, Q, and L, have the same meaning as before
and L' is the energy of desorption of the product. Thus the existence
of an appreciable reterding effeot may increase the apparent heat
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of activation.

However, attempts mmde to investigate a change
which occurs both homogeneously and heterogeneously generally
encounter the following difficulty; as has been pointed out by
Hinshelwood, for example, there is a general tendency for such
reactions to become unimolecular on the surface of a catalyst,
the heat of activation falling to about one~half of its former
value. This change in the characteristics of the reaction is
accompanied by a modification of the reaction path.

The homogeneous decomposition of hydrogen iodide,
for example, proceeds as indicated by the equation:

2HI=38+12
the possible homogeneous unimolecular decomposition:

HI = H <+ 1
followed by a subseQuent recombination of the atoms, is ruled out
since the formation of atomic hydrogen would be a highly endo-
thermic process. The momentary concentration of a large amount
of energy in the molecule would thus be necessary, and hence a
very large heat of activation would be associated with the reaction.
The presence of a metal surface, however, renders such a change
possible since the atomic hydrogen and iodine formed can be held
on thé surface in an adsorbed condition, and later the atoms eva-
porate in pairs as molecular hydrogen and lodine.

The heat of activation of the homogensous bimolecu-
lar decomposition is 44,000 calories per gram molecule. (27).

In order that two molecules may decompose, they

must therefore have a combined energy in excess of 44,000 oalories.
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For the heterogeneous unimolecular decomposition on the surface

of gold the heat of activation is 25,000 calories (28). Hence

one molecule in order to decompose must have an energy in excess
of 25,000 calories. The lowering of the activation energy is
therefore accompanied by a change in the mechanism of the reaction,
in the one case only a single molecule being activated, while in
the other case two molecules must be activated simultaneously.

In consequence the effect of the catalyst on the magnitude of the
activation energy is left unanswered.

It therefore seemed of interest to compare the
hanogeneous and heterogeneous reactions in the case of a substance
which decomposes homogeneously in a unimolecular mannser, and with
this in mind, the thermal decomposition of methyl ether on the
surface of platinum was investigated, as another addition to a
series of investigations carried out recently, on acetone (29),
ethyl ether (30), and propionaldehyde (31). Here also the results
have been such as to leave unanswered the question of the influ-
ence of the ocatalyst on the activation energy. Results have
been obtained, however, which give rise to interesting specula-

tions concerning the transfer of energy between gas molecules and

80114 surfacese.
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liethods of investigating Heterogeneous Gas Reactions.

There are two main methods of investigating hetero-
geneous gas reactions.
() The catalyst is contained in a bulb in finely divided form.
The reactant, or reactants, is admitted to the dbulb, or passed
through it continuously, and the reaédtion is followed by the
pressure change which accompanies it or by analysis. This method
is the simpler of the two, and is the more usual when the course
of the reaction , yield, etc., is of primary importance. On
account of the lack of definite knowledge of the surface, etc.,
it is not a suitable method of investigating the molecular sta-
tistics of the reaction.

Recently a modified form of flow method has been
investigated by the author, ( 33 ), ( 34 ), It permits of the
velocity of reaction being measured by pressure readings, rather
than by tedious analytical methods, as would be used in the unmo-
dified form of flow method mentioned above. It 1is applicable to
both homogensous and heterogeneous reactions. In principle the
method consists of passing the reactants through a flow meter,
then through a2 heated reaction chamber, and finally through a
second flow meter. The ratio of the two flow meter readings,
corrected for the change in viscosities of the gases, gives a
direct measure of the extent to which the reaction has progresedd.
The method 1s somewhat limited in its applications, due chiefly

to the necessity of very great accuracy in calibration, etc.,
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and also due to the complicated nature of the hydrodynamics of
the system, & drawback common to all flow methods.

(b) The catalyst consists of a fine filament stretched axially
throngh the reaction vessel. The vessel containing the gas is
kept at or near room temperature, while the filament is heated
electrically to the desired temperature. This method is by far
the most suitable when an accurate knowledge of the molecular
statisties of the reaction is desired, and is the one used in
this work. In this method the solid material can function in
two ways, either by adsorbing the reactant and permitting a
catalytic reactio, or else by merely acting as a source of
energy. In the latter case the aquestion of energy transfer
between gas molecules and the solid surface will be of paramount

importance.



Apparatus. The apparatus was similar with the exception of
the electricel set-up, to that used by Steacie and Campbell (30)
Steacie and Morton (31), for the investigation of the thermal
decomposition of ethyl ether and propionasldehyde, respectively.
It vas made up as follows; ( see fig. 1.)

A is the resction buld, in which is sealed axially & platinum
filament B. A #ms connected by fairly large bore capillary
tubing ( ca. 1 mm. dia.) to the manometer C, the left arm of
which was of the same tubing. This tubing was wound with nichrame
wire, and electrically heated to about 50°C., to ensure that no
condensation of condensable products, possibly formed during the
reaction occurred. D is a bulb containing the reactant, methyl
ether, which was kept immersed in a so0lid carbon-dioxide-acetone
mixture, in a Dewar flask. K 1s a storage vesses for hydrogen.

G is a pump by means of which the unchamged reactant and products
could be removed from A, and stored in H for subsequent analysis.
F is a brap which could be immersed in a freezing mixture, to
condense out any unchanged ether, if so desired. I and J, are
two buldbs of about 100 ¢.c., 2and 300 c.c., capacity, respectively,
whose function was as follows; by making the diameter of the
mercury surface in I large, & change in level of 800 mm.,, in C
will ocause a2 chanBe in level in I of less than a mm., so that
pressures will be given directly by a single reading of C, without
any corréction. I and J, were also added to enable runs to be

mode with initial pressures up to 800 mm., for this reason.
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If the initial pressure is say, 500 mm.,, and the total length
of C is about 800 mm., the reaction can only be carried to a
final pressure of 800 mm., or a percentage pressure increase of
about 60%, however, if after observing the initial pressure, air
1s admitted to I and J, until the level in C, is brought back to
zero, then runs with initial pressures up to 800 mm., can be
carried to 100» pressure increase conveniently., J was added to
engsure that the small pressure increase in I and J, caused by

the change of level in I, would be so small as to be completely
negligible,

A

A~ was lmmersed in a bath of glycoline o0il, which
also contained a stirrer and electric heater, and the whole was
kept at 45 °C.

In the previous investiprotions mentioned, the
resistance of tne filament B, was obtained by means of simultane-
eous readings of current and voltage, which meant that during
the course of a run, as the resistance changed, a new value of
the current and voltage which would give the desired resistance
had to be calculated, and then tane current had to be changed by
means 0f a rheostat, this resulted in considerable inconvenience
at moderately and very fast runs, as readings were made at the
gsame time of the pressure and time.,

Hence in the present investigation, the followe
ing procedure was adopted; ( see fig, 2, ) B was made one arm of
Wheatstone bridge, the other arms consisting of a resistance X,

of approximately the same order, ( this is deseribed in more detail
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below ) and two more L and M, of standard high resistance. M

was fixed at 10,000 ohms and L was a variable precision resistance
of 1/10 to 100,000 ohms. The galvanometer G, was a Leeds and
Northrup precision instrument, it was connected in parallel with

a variable resistance N, of 1 to 10,000 ohms, and in series with
another high resistance of 20,000 ohms. By making N small, the
initial rough adjustment could be made withoét throwing the galvan-
ometer off scale, and then by increasing N, the more accurate adjust-
ment desired could be attained. The voltage on the bridge could be
changed by means of the rheostat system P, which in turn was connec-
ted across the 110 volts, d.c., line,

The resistance K. This was made approximately of the same order

as that of the filament. It was important that it be capable of
carrying considemble current ( max., about 4 amps.,) without
appreciable : heating. Hence in the case of the fine filaments (about
.05 mm., diameter ) a 20 ohms nichrome wire rheostat was used.
For the larger filaments ( about 0.10 mm. diameter ) this resistance
was constructed in the following manner; about 2560 ft., of insulated
bell wire was wound on the outside of a battery jar, ( dimensions
10 ins, dis., and 10 ins., deep) with guides of wood at each end
to prevent the wire slipping off. In both cases, of cousmse, the
resistance was accurately measured by means of a Wheatstone bridge,
and these resistances were kept in a well-stireped bath of glycolinse
oil.

The additional electrical arrangements included

a heater for the 01l bath containing the reactibn bulb, controlled by
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a rheostat, and the nichrome wiring on the manometer and connect-
ing tubing, also in series with a resistance, bdoth dbeing connected
across the 110 volts d.c., supply.

Reaction Bulb and Filament.

A buld of the shape and dimensions shown in
fig. 3 was used. Considerable difficulty was experienced in the
construction and sealing into the dbuld of these filaments, parti-
ocularly in the case of the very fine filaments. The most success~
ful and convenient procedure adopted was as follows: a short
length of platinum leading in wire, ( O, 76 mm, diameter ) was
held with one end in the flame of a gas-oxygen dlow torch, until
a small glodbule of molten platinum had formed, this was withdrawn
quickly from the flame, and while it was still molten, one end
of the filament was thrust quickly into it, in this manner a good
elcetrical contact was obtained. This procedure was repeated
with the other end of the filament, and we then had the filament
with its short lengths of lead in wire attached. The bBuld was
then clamped in a vertical position and through the two holes A
and B, the filament was lowered into position in the duld, with
a short length of the lead in wire projecting at each end. A and
B had previously bYeen partially filled with lead sealing in glass,
and by sticking a glod of this glass on one of the leads, the
filament could thus bde supported in position. With the finer
f1ilaments which could darely support the weight of the leads,
great care had to be exercised. A blow torch flame was then played

on the upper end until the glass became molten and a good joint
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was obtained. The lower enmd was then filled in with lead glass,

and to straighten and tighten the filament, it was merely
necessary to heat the lead glass at one end, and blow so that
the glass pulled the lead wire with it and thus tightened the
filament.

Reactant. The methyl ether used was made from sulphuric

acid and methyl alcohol. The gas was bubbled through sulphuriec

acid saturated with methyl ether, passed through phosphorus
pentoxide tubes and fractionally distilled. During the course
of the experiment, as mentioned previously, it was stored as

a liquid in a bulb immersed in n solid carbon-dioxide-acetone

mixture.

(.1 am. indebted to Mr. J.S8.Tapp of this laboratory for supply-
ing the methyl ether used.)

Calibration.

The resistance of the filament at various tempe
ratures was obtained. These temperatures were measured by mesns
of 2 Leeds and Northrup optical pyrometer, over a range from
700°C., to 1100°C., at 50  intervals. A temperature-resistance
curve was then plotted. On extrapolation this curve gave good
agreemant with the experimentally determined resistance of the
f1lament at room temperature. Such a curve is given in fig. 4.

Even 1f the absolute values of the temperature
of the filament are slightly in error, this will be unimportant
for the present purpose provided that the relative temperatures

are in good agreement.
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Experimental Procedure. Before each run, the o0il bath

and the nichrome wiring were brought to the desired temperatures
of 45 C? and 5000. respectively, and the current so adjusted that
these values remained constant to within 0.20 .

Air at atmospheric pressure eas then admit-
ted to the reaction bulb and the fil-ment was hsated to 1300°K.
for a few minutes, to ensure that any substance, such as carbon,
possibly deposited on the filament from previous runs, was burned
off. The buldb was then pumped out for about half anihour, and
during the last part of this time, the filament was again brought
up to 1300°K. for a minute or two, to drive off any reactant or
products possibly adsorbed form the previous run.

The bulb was then flushed out three times
with methyl ether at about 30 mm. pressure and finally methyl
ether was admitted until the desired initial pressure was obtained.

The temperature desired during the run
was obtained in the folloving manner. L, the variable 1/10 to
100,000 ohms resistance, was set at such a value that a balance
would give the desired filament resistance, and hence the desired
temperature. The setting for the rheostat system P, which would
glve a balance was approximately known from previous runs, and it
was set at this value. The resistance N, in psrallel with the
galvanometer was set at about 40 ohms, the switches V and T both
being open.

The stop-clock was then started and as the

gecond hand passed the zero mark, T was closed and immediately
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aftervards V. P was then quickly so adjusted as to balance the
galvanometer, and N was increased to 800 - 1,000 ohms to give
the desired sensitivity. This could all be done in the first
5 seconds of the run. Pressure readings were then made at inter-
vals of from 30 seconds to 1 minute, for the first 5 minutes,
depending on the rapidity of decomposition. The manometer
column was tapped vigorously with a piece of heavy rubber tubing
during each reading to prevent " sticking ' of the mercury. TWith
the very fast runs, i.e. those in which a percentage pressure
increase 0f 100% resulted in less than 6 minutes, the assistance
of another person was required.

Except in cases where the final pressure
wasg desired, runs were usually concluded at a percentage pressure
increase of somewhat over I00%.

When the switch T, was opened at the conclu-
sion of a run, the pressure in the reaction buld immediately
dropped and in the cases of runs at pressures less than 450 mh,
became constant within a minute. This "cold" pressure was noted
and was used to calculmte the initial "hot" pressure.

Inasmuch as a very considerable quantity of
heat is dissipated during the course of a run, before each run,
the resistance in series with the bath heater was increased to
such & value that the bath temperature remained constant through-
out the run.

™ith runs at initial pressures in excess of
500 mm., before starting, air was admittdd to I and J ( fig. 1 )

until the mercury level in C was brought back to zero.
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Limitations of Pilament Diameter.

Yhile it is somewhat of an advantage to use
a filament having as high & resistance as possible, due to
the fact that the end correction then becomes very small, it
was found in practive however, that there is a limitation to
the filament dismeter if one is to have a filament which will
show constant characteristics, and not change with each
succeeding run, at the temperatures used& in this work.

An attempt was made to use a2 platinum filament
having a diametercof 0.01 mm. FNow, while a certain amount of
preliminary aging is to be expected, in this case the aging
effect showed no sign of ceasing, and the times to fractionsal
pressure increases of 50% and 100%, instead of being nearlyequal
in the pressure range in which no falling off occurs, praéti-
cally doubled in the course of three runs. Thus for the rune
given below, performed in the order given, in which, had the
filament been showing constant characteristics, the times
given would have been equal or nearly so, there is odviously

a progressive change going on:

Temperature. pressure time to fractional pressure increase
1250°K. 722 mm, (60%) 109 secs. (100%) 255 secs.
617 mm. 147 " 3g7 "
522 mm. 202 " 495 "

That this is not due to "™ falling off " with decreasing pressmre

is shown by the data obtained for the following runs
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Temperature. pressure time to fractional pressure lncrease

1150°K , 405 mm., (50%) 584 secs. (100%) 1448 secs,
721 mm, 702 " 1680 "
716 mm, 798 * 00000 =e===-=
622 mm. 1290 " 3150 .

If this effect was due to falling off,

the times to 50% and

100% pressure inocrease, at the pressures of 721 mm, and 716 mm,

should be shorter than those for the run at 405 mm,
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CAICUIATIONS,

For this purpose we will consider some data taken
from a typiocal run,

Temperature 1150°K. Pregsure 314 mm,

Time Pressure Pressure Pressure Per cent.
corrected

hot cold hot increase increase
0 314 264 314 0 0
1 328 328 14 4,5
2 342 342 28 8.9
b 381 381 67 21.3
60 789 663 789 4175 161.3

The first experimental reading was the "cold"
pressure, namely, 264 mm. The "hot" pressure at the end of the
ran was 789 mm.,, this corresponds to a"cold" pressure of 663 mm,
The initial "hot" pressure is given by multiplying the initial

"c0ld" pressure by the ratio 789 , thus:
663

= 264 X 1789
663

= 9514 mm,
This, of course, is based on the assumption that the "cold" to
"hot" pressure ratio is the same at the conclusion of the run as
it was initially. While this is not strictly true, due to the
changing thermsl conductivity as the reaction proceeds, nevertheless
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the error is very small, as is shown by extrapolation, for pressures
of 450 mm., or less. PFor pressures above about 450 mm., the initial
"hot™ pressure was obtained by extrapolation of the first five or
8ix pressure readings.

The remainder of the calculations, giving pressure
inerease and per cent., increase are, of course, merely ordinary
arithmetic.

To obtain Tpp, TEO’ and Ty459, the per cent., increase
in pressure was plotted against time and the values were taken
from the ocurve.

Heat of Activation,

If the times to fractional pressure increases are
plotted against the reciprocal of the absolute temperature, as
in figs., 8 and 9, the slope of the line thus obtained will give
the heat of activation as follows:

Logyo of t when 1/T = 800 X 10° = 0.07
6

Logygy of t when 1/T = 900 X 10 = 1,56
1.49

6

therefore slope - 1.48 X 10

100
converting to natural logarithms:
slope _ 1,49 X 106 X 2,3026
100

from relationship: 1ln k=C - E/RT
slope = E/R

therefore:

E_- R X slope _ 1.98 X 1,49 X 10° X 2,3026

100

= 68,000 calories per gram molecule.
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The Course of the reaction.

Hinshelwood and Askey (11) found that the homogeneous
decomposition of methyl ether was mainly as represented by the
equation:

CHz0 CHz = ( CHy+ HCHO ) = CH,+ Hpo+CO
Thus in a typical analysis of the products they found 32.0% carbon
monoxide, 33.5% hydrogen, smd 34.5% methane.

That in the present investigation, the reaction, in
the main, is the same as the above 1s shown by the following analy-

gses at 100% pressure increase or 53.&%braaction.

Temperature OK. Percentage
uncha nged carbon methane hydrogen unsatd.
methyl ether monoxide hydrocbs.
1150o 19.6 233 29,6 2645 ———
19.6 2845 3042 26,7 = —ee--
20.1 24,2 2847 270  wccaa-
b 1200° 19.0 26,9  31.0 22,6  —m-mnn
1260° 19.6 24,2 206 24,5 1.86

Hinshelwood'« and Askey's analyses at 106% pressure increase or
an apparent decomposition of 53% are as follows:

unchanged carbon methane hydrogen
methyl ether monoxide

21.0 22,5 3067 25,8
Analyses at 50% pressure increase or 26.9 percent

reaction gave the following values:
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unchanged carbon methane hydrogen
methyl ether monoxide

1160 48,0 14.0 19.6 19,5

48,3 12.7 22,3 17.6
1200 48.9 14,1 19.8 16.1
1260° 49,0 14,0 23,0 13.9

Those obtained in the homogeneous reaction, at 54% pressure increase
or an apparent decomposition of 27% are:

unchanged carbon methane hydrogen
methyl ether monoxide

44,4 15.4 22.0 18,2

Furthermore, in the homogeneous decomposition, in agree-
ment with the foregoing equation, pressure increases at completion
of 200% were obtained. In the present investigation corrected
values of 186 £ 2% were invariably obtained. That this somewhat
lower value was obtained is undoubtedly due to the condensation of
a sml1l amount of paraformaldehyde on the walls of the reaction
vessel, and the fact that there existed a small " dead space "
outside the reaction buldb proper. As stated above, the valus
186 2% is a corrected value, for apparent pressure increases of
186% to above 200% were occasionally obtained, particularly at the
higher temperatures, this however was undoubtedly due to a secondary
decomposition, possibly that of the methsne formed. This is shown
by the following analyses when the reaction was carried to pressure
inereases of 226%cand 189%, respectively, at the temperatures given

below:
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Tempersture OK. Percentage.
carbon methane hydrogen unsatd.
monoxide hydrocbs.,
1250°K, 3641 23,5 38,5 2.1
1200°K, 33,7 28,0 37,0 1.2

The method of determining the true pressure
increase due to the primery reaction, is shown graphically in
fig. 5 (32). To test this, analyses were made when the reasction
had reached a Rpressure increase of 176%, ( this gives a corrected
value of 186% ). Of course, it is to be expected that some undecom-
posed methyl ether will still be present, for the secondary reac-
tion occurs simultaneously with the primary decomposition during
the 1ast stages of the latter, however, the analyses given below
show that an apparent pressure increase of 176%, or a ecorrected
value of 186% represents completion, with sufficient sccuracy for
the present purpose.

Temperature OK, Pressure ocarbon methane hydrogen unchanged

increase monoxide methyl

ether

12009 176% 33,3% 29,.8% 35.6% 2.2%
1150° 176% 3049 32,1 34,2 2,9

The presence of small amounts of unsaturatead
derivatives were noted in each case.

The analyses given above, thersefore, particularly
those for the initial stages of 53.8% and 26.9% resction, show
that in the main, the reaction is the same as that in the homo-
geneous decomposition, and furthermore that it is justifiadle to

use the pressure increase as a criterion of the extent to which

the reaction has progressed.



W
22
L ,/
o
J
' 3
—
w
o -
D
n
N
()
cE |
-
=
W
U -
o
ul
o
0O
(®) 20 40 60 80 foYs!
Time, Mins.
Eig. 5.

Curve A, Experimental.

Curve B, Corrected.



Experimental Results.

During the course of the investigation a number of
different filaments were used. In general these filaments showed
considerable differences, on account of differing diameter, surface
conditions, etc. In the case of a particular filament, after a
certain amount of preliminary aging, a steady condition was finslly
reached, provided of course, that the filament diameter was not
too small, and reproducible results could then be obtained. This
steady condition, however, might be upset by too drastic heating.

The results given below were obtained on filaments
which had reached a steady condition, data is not given for those
which showed continuous aging, or which burnt out before sufficient
results were obtained to justify their use. In any paticular series

the runs were made in random order, to ohwviate any error due to

aging. :
The data given in the following tables is for several

runs at various pressures and temperatures, on two filaments, desig-
nated, filaments nos., 1 and 2, respectively. They illustrate the
genersl menner in which experimental remdings were obtained and
recorded. From these runs end others, the times to 25%, 50% and
100% pressure increases were calculated and hence the heat of
activation.

Fig. 6 shows some of these results plotted, giving
typical pressure-time curves. For a few of these runs, K , the
constant for a unimolecular reaction has been calculated, and is
given in the last column. The mathematical handling of these

results is given under " Caleculations.”
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TABIE. 1.
Filement No. 1.  Temperature 1100 K.

Time Pressure Pressure Ier cent
mins. increase. 1increasse.
0 218 0 0.0

3 328 10 3.1

6 336 18 5.7

12 356 a7 11.6
21 385 67 21.1
30 414 96 3042
41 447 129 40,5
60 474 156 49,0
60 500 182 57.3
70 625 207 6542
80 648 230 2.4
90 570 2562 79.2
100 688 270 85.0
110 606 288 90.6
120 623 806 960
Teo 51 mins. TlOO 127 mins.



Time Press. Press, Per cent Per cent

mins,
0
2
6
12

& &

60
bb
60
65
70
76

mm,
432
444
464
495
639
594
645
665
690
716
733
763
mme
790

Filament No. 1

-l

TABLE 2,

Tempersture 1100 K.

incr. incr.
0 0.0
12 2¢8
32 Te4d
63 14,6
107 24,8
162 375
213 49,4
233 54.0
268 69.8
283 6645
301 6947
821 74,3
340 7867
368 83,0
Teqn 40.5 mins.

50

decomp,
0.00

1.51

3.98

7.85
13.32
20.18
26462
29,00
32,16
3620
3760
39.90
42,30
44,60

a 1lg_ &8
a - X a8 - X
1,000 0.00000
1.015 0.,00647
1,041 0,01745
1.086 0,03543
1.163 0.,06183
l.262 0,09760
1,360 0.,133b4
1.410 0,.,14922
1.473 0.16820
1.643 0,18837
1.600 0.,20412
1.662 0,22063
1.732 04238565
1,807 0.26696

TlOO 94 mins.

K

0.00324
0,00291
0.00295
0.00309
0.00326
0.00334
0.00332
0.,00336
0.00342
0,00340
0,00339
0.00341
0.00343
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TABLE 3,

Pilament No. 1  Temperature 1100°K.
Time Pressure Pressure DPer cent
mins, mm, increase 1increase.

0 211 0 0.0
3 217 6 2.8
7 223 12 be7

12 231 20 9.5

20C 244 33 16.6

30 261 50 2867

40 278 67 31.8

60 294 82 39.4

61 311 100 47.5

70 323 112 3.1

8l 338 12%7 60,2

90 360 139 66 .0

96 367 146 69.1

T50 60 mins. T105 ------



Time Press. Press. Per cent. Per cent.

mins,

0
1
2
4
7
10
15

20
28

106

mm,
206
214
221
2356
2b7
280
313
342
283
411
4324
457
482
499
616
626
538

49

TABLE 4,

Filament No. 1

Temperature 1150°K.

incr.

0
8
15
29
b1
74
107
186
177
206
228
261
276
293
309
819
332

T50 14,3 mins.

incr,

0.0
3¢9
Ted
14.1
24,8
3649
52,0
66 .0
86.0
99,56
111.0
122,0
134,0
142,0
150,0
1565.0
161.0

decomp.
0.00
2410
3.93
7.58
13,33
19,30
28,00
36,560
46,20
52,60
69.70
66450
72.00
6.40
80.60
83.40
86,50

#
a - X

1.000
1,022
1,040
1,083
1,163
1.240
1,390
1,560
1,860
24160
2+480
2.900
3.670
4,240
5150
6020
7.410

lg a
a4 - X

0.00000
0.,00945
0.01703
0.03463
0.06183
0.09342
0.14301
0.19033
0.269561
0.33244
0.39445
0.46240
0.56267
0.62737
0.71181
0.77960
0.86982

Tloo 353 mins,

0.00945
0.008562
0.00865
0.00885
0.00934
0.00955
0.00952
0.00963
0.00950
0.00940
0.,00925
0.00921
0.00897
0.00890
0.00866
0.00828



TABLE b,

Filament No. 1 . Temperature. 1150 °K.

Time Pressure Pressure. DPer cent.
mins. mm., increase, increase.
0 432 0 0.0
1 455 23 53
2 473 4] 9.5
3 493 61 14.1
b 534 102 23.6
8 598 166 8.4
12 674 242 56.0
14 708 276 63.8
17 756 324 7640
19 788 362 8l.5
21 809 311 87.1

T5O 10,7 mins. TlOO 2be4 mins.
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TABLE 6,
i lament No. l. Temperature 1150°K,

Time Pressure Pressure. Per cent.

mins, mm, increase. increase.
0 431 o) 0.0
1l 454 23 5ed
2 474 43 10,0
3¢5 507 76 17.6
4 519 88 20,4
6e¢b 554 123 28,6
8. 610 179 41.5
11,5 683 262 58.5
14 729 298 69.0
17 780 349 81,0
19 806 376 87,0

Tso 10 mins. T900 23 mins.
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TABLE 7,
FPilament !lo. 1. Temperature 1150°K.

Time Pressure Pressure. Per cent.

mins, mm o increase. 1increase.
o) 433 o) 0.0
1 451 18 4,2
2 471 38 8.8
3 489 56 12,9
5 531 98 22,6
8 594 161 37.2
12 670 237 54.8
14 706 272 6249
17 7654 321 74,2
19 783 350 81,0
21 809 376 87,0

T5O 10,7 mins, TIOO 26.4 mins,



TABLE 8,

Pilament No. 1, Temperature 115O°K=

Time Pressure Pressure. Per cent.
mins. mm, increase. increase.
o 98 0 0.0
1 102 4 4,1
3 111 13 13.3
5 116 17 17.4
9 120 22 22,6
14 127 29 29.8
23 143 45 46,2
33 168 60 61.5
40 169 71 7340
50 180 82 84,0
60 191 93 96.5
70 201 103 106.0-
80 210 112 116.0

T 26,5 mins,

50 64,4 mins.,

T100



TARLE 9,
Filament No, 1. Temperature 11650°K.

Time Pressure Pressure Per cent.

mins. mm. increase 1increase

0 144 0 0.0
1 160 6 4,2
b 168 24 16.7
8 176 31 21.6
12 190 46 22,0
18 211 67 46,7
24 230 86 60.0
30 247 103 71.8
38 266 122 8540
46 284 140 9746
55 301 157 109,56
66 312 168 117.,0
76 329 185 129,0
8b 340 196 136,56
90 345 201 140,0
96 361 207 144,0

Tso 19,3 mins. Tloo 48,4 mins.



TABLE 10,

Pilament No. l. Temperature 1150°K.

Time Pressure Pressure Per cent.

mins, mn, increase increase

o) 316 o) 0.0
3 361 35 11.1
8 418 102 32,3
12 469 163 48,4
17 526 210 6645
22 574 258 81l.5
29 630 3l4a 99,3
36 669 363 111.5
40 698 382 121,.,0
60 741 4256 134.,3
60 772 456 144.0

Tao 12 mins. Tloo 29 mins.



TABLE 11.
Filament No. 1. Temperature 1200°K.

Time Pressure Pressure Per cent.

mins, mm e increase incresse
o) 314 0 0.0
1 366 b2 16.6
1.6 387 73 2342
2 409 95 3063
g 460 136 43,4
4 488 174 6646
b 524 210 67.0
7 587 273 87.0
9 638 324 103,0
11 681 367 117.0
1365 722 408 130,.0
16 754 440 140.0
19 T 463 147.5
22 796 482 163.5
25 810 496 168.,0

Tao 348 mins Tloo 8.6 mins,



Press, Press. Per cent.Per cent.
decomp.

mme
242
262
283
296
329
360
387
414
460
616
660
591
621
643
668
668
670

TABLE 12,

Filamemt No. 1, Temperature 1200 K,

incr.

0
10
41
b4
87

118
145
172
218
273
318
349
379
401
416
426
428

T50 4,1 mins.

incr.

0.0
4,1
17,0
2243
3549
48,8
60.0
71.1
90,0
11%.0
131,56
144.,2
15646
166.0
172,0
17640
177.0

0.0

22

9.1
12,0
19,3
2662
3242
3845
4843
60,7
T0.7
T7.b
84,1
89.2

Tloo 9.2 mins.

a 1lg a
a-X 8-2X
1.000 0,00000
1,023 0,00988
1,100 0,04139
1.136 0,05b638
l.240 0,09342
1.3566 0.13194
1,476 0.,16879
1,630 0.21219
1.930 0.28556
2,540 0,40483
3.420 0.,b53403
4,450 0,64836
6.300 0.79934
9.260 0,96614

0.01976
0.0278
00,0277
0.,0311
0,0330
0.,0338
0.0371
00,0357
0.0368
0.,0381
0.,0360
0.0347
0.0322



TABLE 13,

Filament No. 1. Temperature 12009°K,

iige Press, Press. Per cent. Per cent. _a 1g = K,

Se mm, 1incr. incr. decomp. a=-X @a-=-2x

0.0 400 0 0.0 0.0 1.000 0,00000 O¢=====-
0.6 481 8l 20,3 10,9 1.122 0,04999 0,09998
1,0 510 110 27.56 14.8 1,174 0.,06967 0.0696%7
l.6 539 139 34.8 18,7 1.230 0,08991 0.,06000
2,0 b67 167 41,8 2245 1.290 0,11059 0.06529
3.0 623 223 65.8 30.0 1.429 0,15503 0.05168
4,0 672 27 6840 3646 1,677 0,19783 0.04948
6.0 717 317 79.3 42,6 1.742 0,24106 0.,04821
6.0 760 360 90,0 48,4 1.938 0.287356 0.04789
6.6 1770 370 92,5 49,7 1.988 0.29842 0.04600

Tso 206 mins. T100 7.3 mins,




Time Press. Press. Per cent. Per cent. =a

mins,
0,00
0.18
0.42
0,63
0.87
1.13
1,43
1,80
2.28
3400
4,67

mm,
298
3656
406
456

5056
556b

605
6656
706
765
8056

i lament Wo.l.

incr,
0

57
107
167
207
257
207
357
407
457
507

Tso 0.65 mins.

5w

TABLE 14.

incr,
0.0
19,1
3649
52,7
69.5
8643
103.0
120.0
136.5
153.5
1.0

o
Temperature 1273 K,

decomp.,
0.0

10,3
19.3
2863
37.4
46,4
65.4
64.5
73.4
8245
91.4

8 = X
1.000
1.115
1.239
1,395
1,597
1,866
2.242
2,817
3.7569
b5.714

11,628

lg a
a =X

0.,00000
0.0472%
0.09307
0.14457
020330
0.27091
0.35064
0.44979
0.57607
0.76694
1.06661

Tloo l1.42 mins.



TABLE 15,
Pilament No. l.. Temperature 1273°K.

T4ime Pressure Pressure Per cent.

mins. mm, increase 1increase
0 215 0 0.0
1 318 103 48,0
2 407 192 89.6
3 470 255 118.6
4 513 298 138,56
b 542 327 162.0
6 560 345 160.5
o 573 368 16645
8 580 365 170.0
9 586 a7l 17340
10 590 375 174,56
11 592 3m 176.6
12 6596 381 177.0
13 597 382 178.0
14 599 384 17846
16 601 386 179.5
16 603 288 180.6
17 606 390 181.3

-~

Tso l.12 mins. Tloo 2,33 mins.



TABLE 16,
Filament No., 1. Yemperature 12736K.

Time Press., Press. Per cent.Per cent. _a 1g _&a K
mins. mm. iner. dincr. decomp. § - X 8 - X m
0,00 396 0 0.0 0.0 1,000 0,00000 ======-
0.26 506 109 27.7 14,9 1.175 0,07004 0,280
0,33 b55 159 40,3 21.7 1.277 0,10619 0.319
0.50 605 209 b2.8 28,40 1.397 0.14520 0.290
0,63 6565 269 655 3562 1.543 0.18837 0,298
0,80 170b 309 78.0 41.9' 1,721 0623578 0,295
0,98 75b 359 90.7 48,7 1.949 0.28981 0.296
1,18 8056 409 103.0 565.4 2.242 0,35064 0,298

Tso Oe47 mins. T100 1,15 mins.
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TABLE 17.
Filsment No. 1. Temperature 1273 K,

Time Pressure Pressure Per cent.

mins. mm e inecrease 1ncrease
0.00 212 0 0.0
Oe47 255 43 20.3
1,05 306 93 43,9
2,00 373 161 76.0
3.00 428 216 102.,0
4,00 471 2569 122.0
5.00 501 289 136.0
6.50 531 319 150.5
7.00 539 327 164.0
8.00 560 338 169.2
10,00 563 351 165.5

Tso 1023 minB. Tloo 2092 minS.
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TABLE 18,

Filament No. 2.

Time
mins,

0
1

6
13
21
35
47
60
69
78
94
1056
130
161
170
194
213
226

Pregsure Presgsure

increase
693 0
698 b
720 27
763 60
792 99
868 170
923 280
982 289
1020 32%
1061 3568
1114 421
1163 460
1213 620
1262 569
1301 608
1331 638
1361 668
1376 683

T50 74 mins,

Temperature 1100°K.

Percent
increase.

0.0

0.7

3.9

847
14,3
24,5
3342
41.7
47.2
61.6
60,9
6645
76.0
82,0
87.8
92,0
9645
98,5

1'100 236 minwe,



Time Press.
mins.

0
1
3
8
15
26
15
4%
60
76
90
106
120
135
150
166

mm,
586
589
696
612
639
680
722
764
82b
883
932

976
1011

1042
1070
10956

Press, Per cent. Per cent.

incr. decomp.

0
3

9
26
53
94
136
178
239
297
346
390
4256
456
484
509

TBO 74 mins.

TABLE. 1%

Filament No. &.

iner.

0.0
0.5
1.5
4,4
9.1
16,0
23e2
30.4
40,8
60.7
59,0
6665
7246
78,0
82.5
86,8

o)

Temperature 1100 K,

0.00
0.27
0480
2,36
4,90
860

12,60

16.33

21,95

27,25

31.70

5. 80

29,00

41,92

44,30

46,65

& - X

1.000
1.003
1.008
1,026
1,062
1,094
1,143
1,197
1.283
1,377
l.464
1,658
1.6329
1.726
1.796
1.878

Tloo 216 min,

1g_ 8
a - X

0.0000
0.00130

0,00346
0.01072
0.02202
0.03902
0.05805
0.07809
0.10823
0.13893
0.16554
0.19257
0.21458
0.23704
0.25406
027370

0.00130
0.001156
0.00134
0.00147
0.00156
0.00166
0.00174
0.00180
0.00185
0.00184
0.00183
0.00179
0.00176
0.00169
0.00166



Time Press. Press. Per cent. Per cent,

mins,
0
1l

mm e
577
593
600
607
665
705
773
806
867
925
964
1012
1068
1108
1145
1176

TABLE. 20

Filament No.

2

iner.

0
16
23
30
"8
128
196
229
290
348
387
435
491
531
568
599

Tso 17.8 mins.

inecr.
0.0

2.8
4,0
b2
13.5
2242
4.0
39.7
5043
60,3
671
7565
8542
92.0
98.b
103.8

Temperature 1150 °K.

decomp.
0.00

1.50

2.16

2480

7.25
11,92
18,30
21633
27.00
32,40
36,056
40,556
45,76
49,50
62,90
65476

TlOO 43 mins.,

a

lg a

& - X
1.000

1.015
1.022
1.029
1.078
1,135
l.224
1,271
1,370
1.479
1.564
1.682
1.844
1.980
2123
24260

& - X
0.00000

0.00647
0.00945
0.01242
0.,03262
0.056800
0.08778
0.104156
0.13672
0.1699%7
0.19424
0.22583
0.26576
0.29667
0.32696
0.35411

0.00647
0.00620
0.00621
0.00653
0.00688
0.00731
0.,00745
0.00760
0.00773
0.00777
0.00752
0.00780
0.00780
0.00780
0.00770



TABLE 21,

Fi{lament No, 2 Temperature 11500K.

Time Pressure Pressure Per cent.
mins, mm, incresse. increase.
0 698 0 0.0
2 729 31 4,5
4 765 67 9.6
7 823 125 17.9
9 861 163 23.4
12 920 222 31l.8
16 976 2178 38.8
17 1012 314 45,0
20 1064 366 52,5
23 1111 413 59,3
27 1169 471 675
31 1221 523 75.0
3b 1269 6571 82.0
39 1311 613 88.0
44 1361 663 965.0
45 1371 673 9645
47 1388 690 99,0
48 1398 700 100,.,5
49 1408 710 102.0

TBO 18,5 mins, TlOO 47 mins.



TABLE. 2g.

Fi{lament No. 2

Time Press. Press.

mins,
<0.00
1.17
2,07
2,90
3.78
4,172
5.68
6.69
7«81
9.00
10,20
11.70
13,33

mm,
581
647
697
747
797
847
897

947

997
1047

1097

1147
1197

inor.

0
66
116
166
216
266
316
366
416
466
616
566
616

Ts0

Per cent. Per cent.

inecr.

0.0
11.4
20,0
2846
37.2
45,7
54.4
63,0
71.56
80,2
88,8
97.6
106,0

5420 mins.

dewomp.
0.00
6.13
10,76
16,40
20,00
24,60
29,20
33.80
38440
43,10
47,70
52.40
57,00

%00

2

0
Temperature 1200 K,

lg a

a - X
1,000
1.065
1.121
1.182
1.250
1.326
1,412
1.511
1.623
1,768
1.912
2,101
2,326

& - X
0.00000
0.02735
0.04961
0.,07262
0.,09691
0.,122564
0.14983
0.17926
021032
0.24502
0.28149
0.32243
0.36661

12,17 mins.

0.0224
0.,0240
0.0250
0.0256
0.0260
0.0264
0.0268
0.0269
0.0272
0.,0273
0.0275
0.027b6
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TABLE 23,

Pilament No. 2. Temperature 1200°K,

Time Pressure FPressure Per cent.
mins, mm., increase. increasse.
0.00 688 o) 0.0
0.,05 691 3 O.4
0.87 741 53 7.9
1,63 791 103 15.0
2.44 841 153 2242
3.16 891 203 29.5
3.97 941 263 3648
4,77 991 303 44,1
5.60 1041 3568 51.3
6.36 1091 403 58.6
7.28 1141 453 65.9
8.28 1191 503 73.1
9,30 1241 563 80.5
10.41 1291 603 87.6
1l.62 1341 653 96.0
12,97 1391 703 102.2

Tso b¢33 mins, Tloo 12,5 mins,



TABLE 24,

Filement No. 2 Temperature 1250 K.

gigg Press. Press. Per cent. Per cent. _a 1lg_=&a K

o INm, inor. incr. decompe & - X @& = X

0,00 683 0 0.0 0.00 1,000 0.00000  —ceu---
0.28 737 54 7.0 4,25 1.044 0.01870 0.0660
0.6b6 1787 104 15.2 8.1%7 1.089 0.,03703 00,0674
0.80 837 154 22,6 12,15 1.138 0,06614 0.0703
1.10 889 204 29,9 16,10 1.192 0,07628 00,0693
1.36 937 254 372 20,00 1.2560 0.,09691 00,0717
1.65 987 304 44,5 23490 1.314 0.,11860 00,0718
1.97 1037 364 651.9 27,90 1.387 0,14208 0.0720
2,23 1087 404 59,1 31.80 1,466 0,16613 0.,0744
2.53 1137 454 6665 35.80 1.668 0,19267 0.0760
2,90 1187 504 73.8 39,70 1.668 0.21958 0.0757
3.25 1337 654 8l.1 43,60 1,773 0.24871 0.0765
2.67 1287 604 8845 47,60 1,906 0,27989 0.0763
4,07 1337 654 956.8 51.50 2,068 0.,31429 0.,0773
4,563 1387 704 103.0 56,40 2242 0.35064 0.,0773

TBO 1,87 mins. 100 4,33 mins.



TABLE 25,

Filament No. 2. Temperature 1250°K.

Time Pressure Pressure Per _cent.

mins, mm, incréase. increase.
0.00 577 0 0.0
0.08 593 16 2.8
0.58 693 116 20,2
1.18 793 216 37.4
1.79 893 316 54.8
2,60 993 416 72.3
S27 1093 516 8945
4,25 1193 616 107.0

TBO 1.60 mins, TlOO 3.84 mins,



An examination of the tabulated velocity
constants will show that in the early stages of the reaction, the
constants rise, and finally become constant within the experimen-
tal error. Exactly the same behaviour was noted in the case of the
homogeneous reaction, and the reason is as follows. During the
early part of the reaction, due to the existence of consecutive
reactions, the secondary reaction or decomposition of formmldehyde
does not become as fast as the primary decomposition until a small
amount of formaldehyde has accumulated, the decomposition then attains
its normel rate for the existing pressure and temperature.

Effect of Pressure.

The effect of pressure on the reaction is
shown more concisely by the summary in-Table 26, a2nd graphically by
the curve given in fig.év. As in the homogeneous reaction the
velocity constants fall off &t pressures below 300 - 400 mm.,

The same remerkable influence of hydrogen in
keeping up the normal rate, at pressures below which falling off
would occur in the absence of hydrogen, was noted. Some data are
given below,.

Filament llo. 3.

Partial pressures mm.

Methyl ether Hydrogen Tog mins. Tgo mins. T9op mins.
46 229 4,5 847 16.8
123 485 6.0 9.4 19.4
164 619 4,7 9.1 19,6
192 795 3.7 7.6 19.2

498 0 565 106 = wmee-
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TABLE 26,

Filament Yo, 1.  Temperature 1150°K,
o w153, n1220
9% 23.0 53.6

98 2beb 64.4
144 19,3 48,4
206 14,3 30,3
314 10.6 26.4
31b 12.6 30,0
316 12,0 29,0
518 12,0 283
430 10,0 23,0
432 10,7 2.4
4338 10,7 26.4

Ihe Temporature Coeffloient,
The hoaf of activation was caleculated from two

entirely separate series of results on two filaments. In the first
gseries, for experimental reasons, it was impossible to use initial
pressures much in excess of 400 mm,, 80 these results in themselves
would not be entirely conclusive. Hensce the second series of runs
were made, with initial pressures from 600 - 800 mm, At these
pressures the falling off was negligible and hence this objection
cannot be mrde. A summary of the times used in calculating the

heat of activation, in the case of both filaments is given beleow.
Pigs. 8 and 9 show 8 plot of Ty, '1‘50. and Ty459 against the reoi-
procal of the absolute temperature.



TABLE 27,

Pressures about 400 mm, Pilament No. 1.
Temperature °K, Tgo mins. Ty00 Rins.
1100° 40.5 94,0
1150° 10,40 23,0
1200° 2.6 73
1278° 0,56 1.3

TABLE 28,

Pressures about 200 mm, Filament No, 1l
Temperature °x, Tgo mins, T00 mins.
1100° 66,0 @ emec=e-
1160° 14,3 35,3
1200° 3.8 8.6

1278° 1.1 2,33
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TABLE 28,
Pressures about 700 mm, Filament No.2,
Temperatures OK. Top mins. Tgo mins. T700 mins.
1100 3745 74 216
317.0 74 236
1150 875 17.8 43
9.25 18.5 47
1200 2.53 5.20 ' 12.2
2458 5.33 12,5
1260 0.92 1.60 3.84
0497 1.87 4,33
0.73

The heats of activation calculated for

various fraoctional times for both series are given below.

TABLE 29,
Heat of Activation. ( Calories per gram mol.)
Series from T25 from T50 from TlOO
e mme—ee- 68, 500 70,100
2. 68,300 69,500 72,200

On account of the compldcations due to the inter-

/

mediate formation of formaldehyde, previously mentioned, fhe best
valuesof the heat of actimationwill be obtained by extrapolation
of the above values to initial rates. This is done in fig. 10. The



-8

72,000

70,000

68,000

©6,000

Fig, 10,




values obtained in this way, for the two series are 66,900 and
67,100, the mean value of the heat of activation is therefore
67,000 as compared with 58,500 found by Hinshelwood and Askey

for the homogeneous reaction.
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A COMPARISON OF SOME HOMOGENEOUS AND HETEROGENEQUS GAS REACTIONS,

The unimoleocular decompositions of the follow-
ing substances have been investigated both homogeneously, and
heterogeneously in contact with hot filaments. The heats of acti-

vation are summarized in Table 30,

TABLE 30,
Substance. Heat of Activation.
Homogeneous, Filament.
Acetone 68,500 (8) 68,400 (29)
Ethyl Ether 63,000 (28) 52,000 (30)
57,000 (35)
Propionaldehyde 655,000 (10) 96,500 (31)
Methyl Ether 58,500 (11) 67,000 (26)

It will be seen that in the first two cases
the heats of activation agree within the experimental error, while
in the last two, the heat of activation of the filament react;on is
higher than that of the homogeneous reaction. This point will be
discussed later in detail, We will now consider more fully the
individual reactions.

(1)  The thermal decomposition of Ethyl Ether on the surface of

Platinum,
This was investigated by Steacie and Campbell

(30)., The heat of activation of the reaction was found to be
52,000 calories per gram molecule. This agrees within the experi-
mental error with the value of 53,000 calories found by Hinshelwood

for the homogeneous reaction (28).



The velocity constants of the surface reaction were found to fall
off at low pressures as in the homogeneous reaction. There would
seem to be two possibdble explanations:

(a) Molecules are activated by collisions with the filament,

(b) The filament serves as a source of energy, the surrounding
ges layer being maintained at 2 high temperature. Activation takes
rlace in the hot gas layer by ordinary molecular collisions,

The second explanation seems by far the most likely,
since it is difficult to see why the velocity constants should fall
off at low pressures i1f collision with the filament were a necessary
preliminary to reaction. That this is the correct explanation may
be proved conclusively by an examination of the statistics of the
reaction.

Some typical data are:
Tompoerature ecc.ccecsccecccccecccccnce 973°K.
Pressurecececceccescecesosscseccsccsce 400 mm,
Volume of reaction vesseleseccessss 125 0.0,
Pilament lengthecceccecesscesessccce 15 cms,
Filament diameterceccccccecccsccceces 0156 mm,
Bulb temperatireccsccccccecccsccces 325°K.
26,6 per cent decomposition in 150 seconds.

The number of molecules reacting,
18
Prom the above data this is foun®& to be 2.67 X 10

molecules per second.

The number of molecules hitting the filament,

According to Knudsen's equation we have
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where m 1s the mass of gas striling the solid surface per second,
M is the molecular weight, R is the gas constant in ergs per gram
molecule, T is the absolute temperature, and p the pressure in bars

Evaluating the constants, and putting the pressure in atmospheres,

44,2 N’ M P.
T

The value of T to be used is somewhat uncertain. Since we are only

we have

=
i

interested in the order of magnitude of the results, it is not of
much importance, and the simplest assumption to make is that the
temperature of the colliding molecules is that of the filament.
In any case, an error of even 200o in T will not introduce more

than 2 10 per cent. error into the result.

ma= 44.2 74 ™ 400
973 760

= 6,42 grams per sSeC. per sSq. Cm,

Hence we have

Hence the number of molecules striking the filament is

- 6642 X 6,06 X 1023 molecules per Sec. per sSq. cm,

The surface area of the filament is 0.,0706 sq. ome. Hence the

22
number of molecules hitting the filament is 3.72 X 10 molecules
per second.

The fraction of the molecules possessing the energy of activation.

Using Hinshelwood's form of theory, this will
be given by
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-E/RT n/ -
] h—%[ 2 -1
/2 - 1

Prom Hinshelwood's data for the homogeneous reaction we have

E, the energy of activation = 53,000 + (n/2 - 1)RT
n, the number of degrees of freedom = 8
Hence the fraction of the molecules at 973°K. possessing the

energy of activation is

53,000 3 X 2 X 973

R Sk (

3
53,000 3 X 28 X 973
2 X 973

3 X2
= 3,86 X 10~1°

Hence the total number of activated molecules produced by collisioms
with the filament only

= 3,86 X 10"10 X 3,72 X 1022 molecules per sec.

= 1,44 X 10]':3 molecules per second.

Hence about 2 X 105 molecules react for every one which obtains
the necessary energy from the filament by direct collision. It
may therefore be concluded that the reaction is occurring in a
layer of hot gas surrounding the filament. The effective dimen-
gions of this layer may be calculated approximately as follows:
The total number of molecules entering into collisions
in a gas per C.c. per sec. is given by 2Jiﬁhgu nz, where s is the
molecular diameter, u the root mean square velocity, and n the
number of molecules per c.6. The total number of activated mole-

oules produced in the hot layer of gas per c.c. per sec. is

therefore given by
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) o -E/RT n/2 -1

242Ts une ( B )

RT
‘n/z -1

In order to evaluate this expression it is necessary to assign a

value to 8, the molecular diameter. XKinetic theory considerations
indicate a2 value of about 10 X 10“8 cms, It is known, however,
that molecules with a high energy content can transfer energy by
resonance, and in general in dealing with energy transfer effective
diameters much larger than kinetic theory diameters must be used.

It will therefore be useful to evaluate the above expression with

- -8
8=10 X 10 8 cms8,, and also with s=100 X 10 . In the first case

we obtain 2,88 X 1020, and in the second case 2,88 X 1022 molecules
per c.c., per second.

The number of molecules reacting per second is
2,67 X 1018. Hence the effective volume of the space in which

18 18
reaction occurs is 2,67 X 1059 CeCe, Or 2,67 X 10,5, c.c., depend-
2.88 X 10 2.88 X 10

ing on the value of s chosen. Whence the effective thickness of
the annular space surrounding the filament in which reaction occurs
is either 0.056 or 0,001 mm.,

It is well kmown that practically the entire
temperature drop in the gas surrounding a filament of this typre
takes place in a " skin " about 0.5 mm., thick by conduction. The
last few degrees drop 1s much more gradual, and the heaf trsnsfer
takes place mrinly by convection. The total temperature drop here
1 650°. If we assume that 600° of this oceurs in such a layer,
and that 8 =10 X 10-° cms., then the reaction is occuring in

zone surrounding the wire which congains a temperature gradient



of about 60°; a value of 8 =100 X 10"° would give about 1°. Values
between these extremes are quite reasonable ones, since (a) the
velocity of a reaction falls off so rapidly with decreasing temper-
ature that a drop of 10 to 20 degrees will cause the reaction to
proeeed at airate negligible compared with that at a higher temper-
ature, and (b) such an error in the value of the mean temperature
of the resction zone would introduce comparatively little error
into the calculated heat of activation ( which involves the differ-
ence of the reciprocals of the absolute temperatures ).

It may therefore be concluded that the dynamiecs of the
reaction are completely explained on the agsumption that it occurs
in a hot gas layer surrounding the filament.

The above reaction has also been investigated by
Taylod and Schwartz on the surface of platinum and tungsten (35%.
Data are not given as to the dimensions of the filament and bdulb.
An approximate calculstion, however, yields results very similar
to those given above, the indications being that about 105 molecules
react for every one that obtains the necessary energy directly from
the filament.

(2) The Decomposition of Acetone on Platinum.

Taylor investigated this reaction (29) and found a
heat of activation of 68,400 calories, as compared with 68,500
found by Hinshelwood and Hutechison for the homogeneous reaction(8).
The homogeneous reaction was not investigated at low pressures,
no falling off in the velocity constants was observed, and hence
the value of the number of degrees of freedom effective in activ-

ation is unknown. Approximate calculations, however, indicate that
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again about 105 molecules react for sach one which obtains the
necessary energy directly from the filament.

It may therefore be concluded that in these cases
the filament serves merely to maintain the surrounding gas at =
temperature high enough to cause an appreciable rate of reaction.
Thé reaction is confined to a thin layer, and the mean temperature
of this layer doces not differ from that of the filament by a large
enough amount to introduce any appreciable error into the calcu-
lation of the heat of activation. As will be seen, however, the
two following cases give results of aquite a different mature.

(3) The Decomposition of Propionaldehyde on Platinum.

Steacie and Morton (31) found a heat of activa-
tion of 96,5600 calories, compared with 656,000 calories for the
homogeneous reaction (10).

If calculations are made as with methyl ether,
we obtain for 11660K. and 294 mm,, initial pressure:

Number of molecules reacting = 4,61 X 1018 molecules per second.
Number colliding with the filament =2,81 X 1022 molecules per Sec.
If we agsume that the observed heat of activa-

tion is an apparent one, and that the real energy necessary
is that given by the homogensous heat of activation, we have from
Hinshelwood's and Thompson's data:

E = 56,000 + (n/2 - 1)R?

n=12
Whence the fraction of the molecules possessing the energy of

activation is given by



= 6,08 X 10™°

Hence the number of activated molecules produced by direct collis-
ions with tﬁe filament is
~ 6,05 X 1070 X 2,61 X 1050 = 1.69 X 10 .

Hence about 2500 molecules react for every one which
gets the necessary energy from the filament. Proceeding as with
ethyl ether , and putting 8=10 X 10-8 oms., we obtain 0,005 mm,,
for the thickness of the effective volume surrounding the filament
in which reaction occurs. This is a reasonabdble value for such a
layer.

We are still left with the necessity of explaining
why the observed temperature coefficient leads to a heat of
activation of 96,500 calories. This value cannot possibly be the
true heat of activation. If it were the true heat of activation,
the fraoction of the molecules activated would be given by

96,600 b6 X 2 X 1166
2 X 1166

b
o 96,600 6 X 2 X 1166)
2 X 1166

~-14
= 1,156 X 10

0
Caloculation shows that if the entire bulb were at 1166 K., and
the true heat of activation were 96,500 calories, the rate would

8till be 167 times slower than the observed value.
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(4) The Decomposition of Methyl Ether on Platinum,

As stated previously an apparent heat of activa-

tion of 67,000 calories was found , as compared with 58,500 for
the homogeneous reaction. Proceeding as with ethyl ether, from
the following data:

Filament tempPeratuTe eeesecsoesssess 1150 °K.

Pressure ceccececcecceccerccccccess 316 mm,

Volume of reaction vessel cececeees 100 C.C,

Filament length eeccccceccccensceee 10 cms,

Filament diameter seccceccecececeecs 0,06 mm,

Bath temperature eececeecececcssesss 318°K,

Rate of decomposSition ceeecceccecces 0.033% per sec.
Thence we obtain:

The number of molecules readting.

= 3,19 X 1017 molecules per second.

The number of molecules hitting the filament.

As with ethyl ether, the simplest assumption to
make is that the temperature of the c¢olliding molécule is that
of the filament. Thus from Knudsen's equation we obtain:

mass of gas striking filament

=2 3,68 grams per sec, per 8q. Cm.,
hence the number of molecules striking the filament is

22
= 4,85 X 10 molecules per sec. per sq om.,
the surface area of the filament is 0.188 sq. cm., hence the
number of molecules striking the filament is

= 9,12 X ;021 per second

The fraction of the molecules at 1150°K. possessing the energy

of activation,




Using Hinshelwood's form of theory, this will be given by

_ 58,600 5 X 2 X 1150
2 X 1150 5
o Qsetsoo FX2X 1150)
2 X 1150

5X4X3X2
agsumimg that the heat of activation found by Hinshelwood and
Agkey for the homogeneous reaction is the true one, and n=ca. 12,
The above expression is
= 1,36 X 1078
Hence the total number of activated molecules, produced by colli-

sions with the filament only is

1x1.% x 10°8

2
= 1,24 X_;Q14 molecules per second.

Hence about 2600 molecules react for every one
which obtains the necessary energy from the filament by direct
collision. It may therefore be concluded, as with the previous
cases discussed, that the resction is occuring in a layer of hot
gas surrounding the filament. Proceeding as with ethyl ether,
and agsuming that s=20 X 10'"8 oM, ,

the number of activated molecules produced by collisions in the

)
gas at 1160 K, is

= 3,64 X 1022 molecules per G.C. per sSecond.

the number of molecules reacting 1is
17
= 3,19 X 10

hence the effective volume of the space in which reaction occurs
17 -6
is = 2,19 X10 - 9,00 X 10 c.c.

3,54 X 10%%



Whence the effective thickness of the region surrounding the
filament in which reaction occurs is
= 4,75 X 107* m.

This volume is obtained by equating the number of molecules
activated to the number reacting, therefore it will be a minimum
value. It will, however, be approximately correct, since the calecu-
Iations have been made for a pressure at which the velocity con-
stants have fallen off to an appreciable extent.

As was stated for the ethyl ether decomposition, it 1is
well kmown that practically the entire temperature drop in the gas
surrounding a filament of this type takes place in a "skin" 0.5 mm.,
thick by conduction. The last few degrees drop is much more gradual,
and the heat transfer takes place mainly by convection. The total
temperature drop here is 822°, If we assume that 750° of this
occurs in such a layer, then the reaction is ocouring in a zone
surrounding the wire which includes a temperature gradient of about
10. The volume, however, is a minimum value, a8 explained before.

We may therefore conclude that the zone in which reaction occurs
does not include a great enough temperature gradient to introduce any
appreciable-. srror into the calculated value of the temperature

coefficient of the reaction,cprovided that the filament is in ther-

mal equilibrium with the gas.
Thus with methyl ether, as with ethyl ether, acetone,

and propionaldehyde it is necessary to assume that the reaction
occurs in a hot gas layer surrounding the filament.

We may therefore consider that the dynamics of the
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decomposition of ethyl ether and of acetone are completely explain-
ed. In the case of propionaldehyde and of methyl ether, however,
it i1s still necessary to explain the fact that the temperature
coefficientg are higher than those of the homogeheous reactions.
The heats of activation calculated for the filament reactions cannot
be the true ones. Thus as pointed out for propionaldehyde calcu-
lation shows that if the true value of E were 96,500 calories, then
even if the whole reaction vessel were at the temperature of the
filament the rate would still be 167 times slower than the obser-
ved value

The only possible explanation of the high temperature
coefficients of these reactions would seem to involve the transfer
of energy between the filament and incident gas molecules,
ggg:gy Transfer between Gas Molecules and the Filament.

To quote Iangmuir (38): " Kundt and Marburg (37) , in a
study of the viscosity of gases at low pressures, showed, both
experimentally and theoretically, that there is a certain apparent
8lipping of the gas along the surface. In gases at atmospheric
pressure this effect is very small, but it varies inversely pro-
portional to the pressure and thus becomes very important at low
pressures. The thickness of the layer in which this slipping
ocours is approximately equal to the mean free path of the gas
molecules. Kundt and Werburg predicted, from the analogy between
viscosity and heat conduction, that a corresponding discontinuity
in temperature at the surface of a so0lid body would be observed

in the case of heat conduction through gases at low pressure.
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Over twenty years later Smoluchowski (39),(40),(41), actually
observed and studied this temperature drop and developed the theory
of it. The temperature drop occurr@d within a layer about equal
in thickness to the free path of the molecules. Smoluchowski
found that in some gases, paticularly hydrogen, the amount of heat
given up to the gas by &2 s0lid body was only a fraction of that
which should be delivered if each molecule striking the surface
reached thermal equilibrium with the solid before leaving it.

Smoluchowski developed the theoryiof this effect along the
lines of two alternative hypotheses, which he denotes by A andi B.
Hypothesis A is equivalent to that made more recently by Knudsen (42%
It assumes, when molecules of a temperature T1 strike a surface at
a higher temperature T,, that the molecules leaving the surface
have & temperature T which is intermediate between T2 and Tl and
that the relation holds:

T-T,= oﬂ’r2 - T,)

where X i8 2 number less than unity and is called by Knudsen the
"accommodation coefficient."

Hypothesis B is similar to that originally used by Maxwe¥l
(4%2) in dealing with the slip of gases. It assumes that, of all
the molecules striking the surface, & fraction f, reaches thermal
equilibrium with it, while the fraction 1 - f is reflected without
change of temperature ( or rather velocity ).

The two methods give analogous, but gquantitatively slightly

Xifferent results.”

More recently, by means of heat conductivity measure-

ments at low pressures, Soddy and Berry (44) came to the conclusion
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that 0/ for gases of high molecular weight was always in the
neighborhood of unity. Iangmuir's theory (45) indicates that

all or nearly all the molecules hitting & solid condense and re=-
evaporate. The accommodation coefficients are therefore virtually
unity and almost all the molecules leave in thermal equilibrium
with the filament. This conclusion has been supported by a number
of investigations. (46),(47),(48),(49),(60).

Recently, however, it has been shown that in certain cases
molecular or atomic beams may be reflected specularly from solid
gsurfaces without any transfer of emergy. (61),(52),(53),

It therefore seems plausible to assume that energy trans-
for between complex gas molecules and solids may be highly specific,
and that in certain caees the accommodation coefficlents may be
quite low. This is especially so in the case of molecules which
decompose unimolecularly, since such molecules are notoriously
gspecific in action insofar as the transfer of energy is concerned,
(54), (556),(56). ‘'here is also some experimental justification
for such an assumption. Rice and Byek (57) bombarded a platinum
target with a molecular beam of dimethyl mercury. They found no
decomposition at a tempergture at which there should have been
about 6 per cent. decomposition if equipartition had been reached.

The mechanism of the foregoing reactions may therefore
be explained on the following basis. With acetone and ethyl ether
the molecules are mostly adsorbed on collision. They evaporate
after a very short mean life on the surface, and therefore leave
in thermal equilibrium with the surface. The inner side of the

gas layer next to the filament is therefore 2t a temperature which



«94~

does not differ appreciably from the temperature of the filament,
No appreciable error is therefore introduced into the calculation
of the heat of activation of the reaction. With propionaldehyde
and methyl ether the accommodation ecoefficients may be assumed to
be low. ( This assumption will be discussed later ). Hence com-
raratively few of the molecules are adsorbed and reach thermal
equilibrium with the filament. The majority of the molecules are
reflected more or less specularly and very little energy is trans-
ferred to them. There is therefore a very abrupt drop in tempera~
ture at the surface of the wire, followed by the usual more gradual
sldin effect. If this assumption is correct, the mean temperature
of the layer in which reaction occurs will be considerably below
the temperature of the filament itself,

The high temperature coefficient of the reaction may there-
fore be explained in two ways:

(a) We may interpret the high temperature coefficient as
being due solely to the cause mentioned above. The temperature
scale used in caloulating the heat of activation of the reaction
should therefore be shifted to somewhat lower temperatures. The
heat of activation is inversely proportional to (1/T; - 1/T,). 1If
we lower both temperatures by a constant amount, the caleulated
value of the heat of activation will therefore decrease,

We may caloculate, for propionaldehyde, the lowering of the
temperature required to bring the heat of activation from 96,500
calories to 65,000 emlories. The value obtained is in the neighbour-
hood of 276°, If we repeat the previous calculations for propion-
aldehyde on the assumption that the temperature of the gas is not
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1166°K, but 1166 - 275=2891°K,, we find that the fraction of the
molecules activated is now 1.35 X 10”20, assuming that s =100 X 1078
ome8,, which is certainly the maximum allowable effective diameter
of the molecule. This gives a radius for the effective zone in
which reaction occurs of 0,04 mm, This is rather large, especially
since the meximum possible value of 8 has been used. It also seems
unlikely that as great a drop as 2750 should occur suddenly at the
surface of the fi ‘ment.,

(b) It has been observed that accommodation coeffi:ients
increase with increasing temperature. ™e may therefore explain
the high temperature coefficient of the reaction in a much more
reasonable way by assuming that the accommodation coefficients are
low, but not excessively low, and vary with temperature. The temp-
erature coefficient of the reaction is therefore a composite one,
and includes the temperature coefficient of the accommodation
coefficient. It is thus unnecessary to assume such a pronounced
&rop in temperature at the surface of the filament.

The specific action of the surface remainsg to be
explained. If the foregoing assumptions are valid, the accommoda-
tion coefficients for wthyl ether and acetone are near unity while
those for propionaldehyde -and methyl ether are quite low. Accom-
modation coefficients usually rise in the presence of a layer of
adsorbed gas. It is therefore by no means improbable that the
specific action depends on the relative adsorption of the various
products formed in the decompositions. It has been noticed that

a small amount of carbon is depositediin the decomposition of

propionaldehyde and of methyl ether, ,but not in the other cases.



This deposit is sufficient to change the appearence of the filament
but it is not thick enough to alter very greatly the electrical
resistance of the filament. Even a unimolecular deposit of carbon,

however, would be expected to have a pronounced effect on the accom-

modation coefficients.
SUMMARY,

The kinetics of the thermal decomposition of dimethyl
ether in the gaseous state, in contact with heated platinum filaments
has been investigated, The decomposition is unimoleculsr and
occurs in 2 hot gas layer surrounding the filament. The heat of
activation is found to be 67,000 calories as compared with 58,500
for the homogeneous reaction.

A number of other homogeneous unimolecular decomposition
reactions have been investigated on heated platinum filaments. The
methyl ether investigation is an addition to this series. The
reactions invariadly take place in the gas layer surrounding the
filament, and are not catalysed. In the case of ethyl ether and
of acetone the gas layer is in thermal equilibrium with the fila-
ment, and the apparent heat of activation calculated from the
temperature coefficient of the reaction agrees with that of the

homogeneous reaction.

With propionaldehyde and with methyl ether the apparent
heat of activation is much higher than that of the homogensous
reaction. An examination of the molecular statistics of these
reactions shows that they also take place in the layer of gas

surrounding the filament. The high temperature coefficients of
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these reactions can be explained on the assumption that the
accommodation coefficlients for these gases are low, and hence

thermal equilibrium with the filament is not attained by colli-
ding gas molecules.

Montreal, April 22nd., 1l933.
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