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INTRODUCTION 

Chemical kinetics is one o~ the most recent 

branohes of ph1aical ohemistry_ It has however. amply 

justified its existence by throwing light on two of the 

major problems of chemistry. SUoh problems for example 

as: the mechanism of reaotions and the nature of chem

ical 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

igations of systems in their initial and final states. 

with little or no oonsideration of the path by whioh 

they reached such states. In addition, muoh of what 

we now know concerning the meohanism and use of catalysts, 

from both the theoretical and practical aspects, is due 

to investigations oarried out in the field of reaction 

velooities, and to mention only one more instanoe, our 

knowledge of the nature of surfaces and their very oon

siderable importance in promoting ohemical 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 oonsider 

in a summarized form the ideaa held at present as to the 

nature of chemical ohange in gaseous systems, its mechanism, 

and so ~orth. (1). (2). 
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The majority of gas reaotions prooeed with 

a finite velooity. i.e. a oertain fraotion of the 

moleoules reaot every seoond. If the moleoules are all 

in the same oondition, oaloulation will show that re

aotion should either be instantaneouB or should not 

ooour at all. Thus the logioal deduotion to make is 

that the moleoules whioh reaot must be in an exoeptional 

oondition. While we oannot traoe the behaviour of a 

single moleoule. with the aid of the kinetio theo~ 

and statistioal meohanios we oan make oaloulations of 

the number of moleoules whioh reaot, the number of 

oollisions. and the fraotion of the total number of 

moleoules whioh possess energy in exoess of a given 

amount. A little oonsideration will show that thermo

~ios will not be of muoh help. sinoe in this latter 

oase we are oonoerned ohiefly with initial and final 

states. while ohemiaal kinetios is aonoerned with re

aations during their ooourrenae. 

While it is possible to define the order of 

a ohemioal reaotion in general terms. by far the best 

means of doing so is a mathematioal formulation. 

thus for a: 

Unimoleoular reaotion 

let a = the ini tial oonoentration, 

a - x. the ooncentration after a time t. 



-I - (a-x ) 

henoe Kt • 1D a -..( -.---x ..... ,-

thus the tlme to half-value. Ti. la siven b7 

't· i 111 2, 

or ln other words. tbe obaraoteristio or a UDimoleoular 

reaotion. from tbe po1Dt of yle. ot a detlB1tion. i8 tbat 

the tl.e to a 8iven traotlonal ohaase shall be independent 

of the iD1tial oonoentration, wlthin oertaln limit •• whioh 

will be preaent1r diloU88e4. 

Por a bimolecular reaotion 

~po.e, tor almplicl~. that the lD1tlal 

oonoentratloDa are equal, 

then 4z: X ( a - x )2 n 
or Xt • _..-__ z ....... 

a( a - % ) 

a/ 2 1 
----~~---. la X.a •• / 2 

or, tor a blmoleoular reaotion, the time to a siven traction 

chaQge i. inverae1r p~oportloDal to the 1nitial oonoentration. 

Thua. in seneral, tor aD: 

Ith order reaotion 

- do - Xon 
4i -

or '. la proportional to 1 
an - 1 

With sases the oonoentration la obvloualr proportional to 

the presaure. 
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The Arrhenius Equation (1) 

This expression ~ be derived as follows: 

suppose W8 oonsider a balanced reaotion, then the ohange 1n 

the equilibrium oonstant, with ohange of temperature, 1s 

given by a well known expression: 

_ d lDK = Q/Jft2 
af 

where K, is the mass law oonstant, Q. ls the beat of reao'lon. 

and kl' and k2• are the velooity oonstants of the direot and 

the opposing reaotions respeot1ve~: 

therefore lDK. lnKl - lnK2 , 

and henoe d4~ i - d 1nK 2 = QjRT2 
dT 

thUB d ~ 1 = AlIRT2+B 

d 1.DK 2 - Aa/RT2 + B 
dT -

where Al - A2 = Q. 

this is as far as we oan get by thermodynamios, but Arrhenius,(3) 

found on empirioal grounds, that B • 0, therefore for an 

irreversible reaotion; 

4 1nK = A/RT2 
dT 

where K is the velooity oonstant, or 

ln K. C - A/Ifr, 
thus, the logarithm of Kt plotted against lIT gives a straight 

line. A ls expressed in terms of energy, and R being equal 

to 1.98 oalories, then A will be given in terms of oalories 

per gram mol.ou18~ Arrhenius postulated the existenoe of 
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aotive molecules (3), making the supposition that these were 

tormed endothermioally from ordInary moleoules. Thus the rapid 

inorease in the rate otremction with rise in temperature, oould 

be explained on the basis of the shifting equilibrium tor the 

ohange: 

normal + Q. aotive 

in the ordinary w&7, whioh ma1 be expressed thermo~namically 

aB 
2 

d 1nl[ • AIM • 
dT 

Sinoe A is the surplus heat neoessary to the formation of an 

aotive molecule from one possessing the normal amount of enersy, 

it has therefore been appropriately oalled the heat of acti-

vation. 

The first explanation to spring to mind would 

be that some form of tautomerio ohange was operative. This idea, 

however, in the light of what Is at present known is untenable, 

exoept in a few instanoes, and the aotive moleoules are now 

regarded as those which possess exoeptionally large amounts ot 

enersy. the heat of aotlvation, as mentioned before, being 

resarded as the excess over the no~al amount possessed by the 

average moleoule. 

This ie the theory of aotivation in its most 

general torm. No assumptions are made regarding the manner in 

whioh the added energy aots or is aoquired. Most modern work 

on reaction velocities Is oonoerned with asoertaining how the 

additional energy ie aoquired by the moleoules. 
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Tbe Arrhenius equation for the temperature 00-

effioient has been found to hold for all known reaotioDs. 

exoept in those oases where the reaotion under observation 

1a a oomposite one. whioh is made up of two different 

reaotioD8 having different temperature ooeffioients. 

Bimoleoular Reaotions. 

Sinoe these are in aome respeots the simplest. 

we will brief~ oonsider them first. M~ examples of this 

type have been oompreheDsive~ studied by various investigators. 

Some of the best known are notab17 the union of b7drogen and 

iodine (4), the thermal deoomposition of nydrogen iodide (4), 

of nitrous oxide (6) (7), and other8. GenerallY speaking, 

the reaults agree with the bimoleoular equation and the 

temperature ooeffioient ia iD agreement with the Arrhenius 

equation. 

Bow on the basis of the following assumptioDS: 

(a) That the exoeptional state apparent~ necessary to 

reaction is merelJ the aoquisition of a oertain amount of 

energr. 

(b) That a oollision of a oertain degree of violenoe i8 

neoessary to reactioD, or in other words a oollision between 

two moleoules possessing energy in excess of aJoertain 

critioal amount. 

It oan be shown that it is possible to oaloulate the heat 

of aotivation in two totallJ different wayso .or example, 

in the first instanoe, from the ratio of the number of 
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effeotive oollision8, ( 1.e. the rate of reaotion as 

measured e%perimentallJ) to the total number of oollisioDS, 

as oaloulated from the kinetio th8o~, we oan oaloulate 

B, from the relationship; 

n6mber of effeotive oollisions 
total number of oollisions -- e -E/R'l 

where E 1s the energy of aotivation. In the seoond oase, b7 
•• an independent method, involving the measurement of reaotion 

velooities over a temperature range, i.e. a determination of 

the temperature ooeff1oient, we oan also oaloulate E, from 
• 

the expression; 

~ = E/R'f 2 

where K 1s the velooity oonstant, expressed in any units, 

e.g. we oan use the reoiprooal of the time to any given 

fraotional amount of reaot1on instead of the aotual velooity 

oonstant. 

When this was done for the thermal deoomposition 

of hT4rogen iodide, the two modes of oaloulation gave the 

following value.; 

E, from temperature ooeffioient 43,900 oals. / gr. mol. 

B. n ratiO of oollisions 44,000 " / " " 
Other bimoleoular reaotions give good agreement, for example 

as mentioned above, the union of h7drogen and iodine and the 

thermal decomposition of nitrous oxide. 
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The Nature of the Energy of Aotivation. 

We will next consider the significance of the energy 

of activation. There are a number of various internal oiroum

stances which might oause chemical reaction. Among these are 

collision, rotation, vibration. and absorption and emission of 

radiant energy. The main faots upon which the theory of acti-

vation is based are; 

(1) In a reaotion, the moleoules whioh undergo ohange 

are apparently in an exceptional state. 

(2) The attainment ot this state is muoh lavored by rise 

in temperature. 

When applying these ideas to bimoleoular reaotions 

the most natural assumption to make is that kinetio energy is 

what counts when oollision ooours. There i8 however the pos

sibility that all forms of energy may be pooled at the moment 

ot impaot. This does not matter muoh however since all forms 

at energy obey the same distribution law. For the present we 

will oonsider merely the energy E. of whatever kind it may be. 

The number ot collisions per second between activated 

moleoules is 

2 'J 2 
.,.[2 rr 8 un. e 

-E/RT 

the maximum number that oan react therefore is 

2 2 -E/RT = 2/21T' 8 un. e 

There must however be some oases in which moleoules rebound 
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owing to ineffective oollisions. Henoe the number reacting is 
-E/RT 

P. 2 ~1ra2u n2• e 

where P is a factor to take care of the above. T.he only possi

bility of testing the theory depends on P being approximately 

equal to 1. It has been shown that this is very nea.rly the osse 

but it is impossible to obtain any exact information regarding P 

unless E oan be measured with a degree of preoision which is quite 

unattainable at present. However, " the real significance of the 

energy of activation is shown by a oomparison of different bimole

cular reactions. Since all molecular diameters and velocities are 

approximately the same, the rate of reaotion at a given tempera-
-E/RT 

ture is primarily determined b,y the magnitude of the factor e • 

Thus the higher the value of E the higher thould be the temperature 

at which the reaotion oan obtain a given speed. ~is oonclusion is 

strikingly verified, Ba shown by the following table." Hinshelwood. 

Reaotion E from oollisions E from Arrhenius 

2~.20 65,600 68,600 

2 HI 45,400 44,000 

2 N02 33,500 32,000 

2 C120 22,000 21,000 

Temp. at whioh 
all have same 
speed. 

9560 

760 0 

676
0 

3840 

There are two possibilities regarding the 

mechanism of reaction; 

(1) The molecules become aotivated by oollision and reaot at 

once, or 

(2) The moleou1es beoome aotivated independently and reaot when 

they meet. In the first oase kinetio energy would seem to be the 
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more important, and in the seoond case vibrational energy. 

If we assume that praotica1ly all collisions 

are fruitful in which the sum of the kinetic enefgies of transla-

t10n exceed E, we have, 

No. of moleoules reacting 

if vibration is the cause 

if radiation ls the cause 

1f all forms of energy operate at onoe, 

nl :a 

Da .:la 

Dz :::::::a 

-E/RT 
:PI Z e 

-E/RT 
P2 Z e 

-B/RT 
1'3 Z e 

but Pl. P2, PZ' are all approximately 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 aotivation o~n ooour, ( That is 

if S forms of energy partioipate ), 
-E/RT 

n::=: S l' Z e 

since P is nearly equal to 1, then approximately 
-E/RT 

n-SZe 

Henoe from the ratio of the effeotive to the total number of 

oollisions we should be able to caloulate the number of forms 

of energy which are effeotive in causing aotivation. 

Unfortunately, E enters in an exponential menner, and hence the 

acouracy with which ,":e oan determine E depends on the aocura.oy 

with which we oan determine not X the velooity oonstant, but log X. 
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Hence any errors involved in the measurement of K will be gre~tly 

mBsn1fied in calaulating E from the experimental results. Por 

various reasons resction velocit7 measurements are not susoep-

tible of a high degree of accuraoy, and henoe the values of E 

are onlyappro:xillBte. SUPl\Ose we see if we can distinguish 

experimentally between 8-1 and 5-3 in the above equation. At 

400oX, B is about 20,000 oalories, for reactions proceeding at 

a measureable rate. A variation in S from 1 to 3 wo~d change 

E b.y about 1000 calories, which is of the order of the experi

mental error. Hence it is at the present time impossible to 

determine how many forms of energy are operative in producing 

activa1fion. 

Rate of Reaction and Rate of Aotivation. 

If the molecules are activated by the actual 

oollision in which they are transformed, there is no distinotion 

between the two. If, however, the molecules are activated inde

pendently, such as by the absorption of radiation, then active 

molecules must exist in definite oonoentration and have a 

definite average life terminated in bimoleoular reactions by' 

collision. Hence the rate of reaction oan only be given by 
-E/RT 

Z. e if the oonoentration of active molecule. can be main-
-E/RT 

tained at a fraction e of the w~ole in spite of the loss of 

active molecules by reaotion. 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 but is 
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of great importance with UDimo1eoular reaotions. 

SuIlDDA!7 for Bimo1eoular Reaotions. 

1. The rate ls giTen b7: 

no. of moleoules reaoting 
no. entering 0011isions 

-E/RT 
_ e -

2. !he rate ean be aooounted for on the assumption of aotivation 

by collision, i.e. the kinetio energy of translation is turned 

into Yibratlon. 

3. It can a1ao be explained by the assumption of aotivation 

beforehand, either by 0011isions or b,J absorption of radiation. 

~. It is impossible to tell whioh form of energy is operative 

in aotift.tion. 

6. The most likely hJpothesis seems to be aotivation ~ 0011ision 

with all forms of energy pooled at the moment of impaot. 

UBIMOLECUlAR ~CTIOBS. 

By definition a unimo1eoular reaotion is one in 

which the rate of change is proportional to the first power o-t 

the ooncentration o~ the reaotant. Therefore the fraotion of 

the molecules whioh undergo ohange in unit time is independent 

of the oonoentration, henoe it is indepen4ent of the number of 

collisions. Thus, resar418sS of whether previous oollisions 

have aJJ7thlng to do with reaction or not, the aotual ohange is 

a prooess whioh ia undergone by an isolated molecule. 
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It 1s neoessary. therefore to explain (1) why unimolecular 

reactions are so rare, and (2) how the molecules become 

activated ( on aocount of the h1gh temperature coefficient 

aotivation seems to be Decessary_) In the main, four theories 

have been advanced to explain un1molecular reactions, namely; 

(a) The radiation theory. 

(b) The hypothesis of Christiansen and Kramers. 

(0) The QJPothes1s of Lindemann. 

(d) Hinahelwood's modifioation of L1ndemann's hypothesis_ 

We shall now oonsider these briefly. 

The radiation theorz-

from the fact that the rate ls 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 beoome activated, whioh presumably leaves radiation 

as the only possible mechanism of activation. He aSBumed 

that in the activation of molecules a narrow band of infra 

red frequencies are operative. 

Now it oan be shown that for the 

frequency which is effeotive 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 ie the frequency. Henoe 
-knowing the heat of activation, the frequenoy whioh is 

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, 1f the velooity constant is proportional to the 

radiation density, we have: 
-hv/kT 

k = oonstant. e 

whenoe 

dlnk - hie. Bhv2 = ~2. dT - k - NiT n"J." 

Henoe the Arrhenius equation wil~ still hold. 

The Simple theory falls down immediatelJ sinoe there are 

in general no absorption bands in the c~loulated region, and 

sinoe in most oases there is far too little energy in this 

region to aocount for the energy of aotivation. 

The gypothesis of Christlansen and Kramers. 

They suggest thut aa the produots of the reaction possess 

the heat of aotlvution plus the heat of reaotion, they oan 

immediately aotivate fresh moleoules of the reaotant and thuB 

set up long reaotion ohains. They assume that eaoh moleoule 

of produot immediately aotivates a moleoule of reaotant. Henoe 

eaoh aotivated moleoule removed from the system is immediately 

replaoed by a fresh one. Sinoe. then, the number of aotivated 

moleoules 1s thus a oonstant fraotion of the total oonoentration 

of moleoules of reaotant, the reaotion ia, to all intents and 

purpose, unimoleoular. As the produots of the reaction 

aooumulate, or if an inert gas is added, a large proportion of 

the aotivated molecules must be deaotivated by col~ision with 

the inert moleoules. Henoe the reaotion must tend to become 

bimoleoula.r. 
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To overoome 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, 

oertain reactions are known. however, which can be ve~ adequately 

explained OD this basis. 

The hypothesis of Lindemann • 

The baSis of lindemann's hypothesis is the assumption 

that a moleoule may receive the energy of aotivation 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 aotivation and reaction is large compared 

with the time between collisions, most activated moleoules will 

lose their energy betore they have a ohanoe to reaot. i.e., 

normal molecules = aotivated moleoules 
11 

products of reaotion. 

The right to left reaction is muoh faster than the up and down. 

A stationary state is thus reached, in whioh a constant fraction 
-E/BT 

of4~the molecules. equal to e are activated and will react if 

they pass through their next phase of minimum stability before 

their next collision. A small fraotion only react. and the 

majority are leactivated. Hence the reaotion has little effect on 
-E/RT 

t4e oonoentration of the aotive moleoules. The fraction e is 

independent of pressure and since the number of moleoules reaoting 

per unit time is a small fraction of this, therefore the latter 

quantity is independent of ooncentration and all the oonditions of 

a unimolecular reaction are satisfied. 
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hrthermore Lindemann 's ~othesis will acoount for the inde

pendence of pressure over large ranges and the falling off at 

low pressures of the unimolecular velooity oonstant, an experi

mental taot common to practically all nnimo1eoular reaotions in 

the gaseous state. It explainS the latter point as follows; 

if the pressure is suffioiently low, the time between oollisions 

and the time between aotivation and reaotion beoome oomparab1e. 

HellOe the r .. ~.l of activated mo1eou1es b7 reaotion will dimt.lll

iSh the ooncentration of active mo1eou1es~ and hence a point 

must be reached, at a suffioiently low pressure when the uDi

molecular velocity oonstant begins to fall ott. In oertain 

unimoleoular reaotiona, however, notably the deoomposition of 

nitrogen pentoz1d., Lindemann's hJpothesis will not aooount for 

the observed faots, and Binshe1wood has put forward a modifioa

tion of the bJpothesis to brtns it more into line with suoh oases. 

Before oonsidering this modifioat1an. however, we will examine 

some of the data relative to unimo1eoular reactions. 

Experimental Data. 

Nitrogen pentoxide. (1). (32). Completely homogeneous. 

2 B.05 = 2 1120' + 08 

Aooording to the radiation theory, light of'about 1.16 mu should 

be effeotive. Exposure of the reaotion vessel to light of this 

frequency has no ,effeot. The reaotion is unimo1eoular down to 

pressures of about 0.01 mm. Even at this low pressure there are 

still about 108 oollisions for every molecule whioh reacts. 
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£oetona Untmoleoular over a wide pressure range. (S). 

Racem1sation of pinene. also unimo1eoular over a wide pressure 

range. (9). 

Rrop10n10 aldeSlde, oonstant falls off below SO mm. (10) • 
. 
!lmethY1 ether. " " " " 360 mm. (11) • 

D1eth;v1 ether. " " " " 160 mm. (12). 

jBomethane. " " " at low pressures. (13) • 

A Z 01 so~r0l!!ne • " " " below about 0.26 mm. (14). 

Btbrlidene Dlacetate. investigated over pressure range of 

11 - 46 cms. ot mercury. (15) 

Butylldene Discetate. pressure range; 6 - 66 ems. (16) 

Ethy11dene D1propionate. • " 6 - 66 ems. 

Gaseous deoomposition of Paraldehlde. pressure range, 1.1S - 62 cms. 

(1'1). 

Ethylene Oxide. pressure range, 2.4 - 90.6 ems. (18). 

Met hl11sopropyld11m1de. " " 0.0058 - 13.12 ems. C 19) • 

Methll Btbrl Bther. " " 2.6 - 24 om •• (20) • 

!lethll PrOPll Ether. " " 2.2 - 33.6 ems. (20) • 

I'i trou8 Oxide. " I' 8.1 - 800 oms. (21) • 

Bth.ylam1ne. " " 6 - 40 ems. (22) • 

Dtmethlltrlalene. " " 0.019 - 8.0 oms. (23). 

TrlehlorometSll ohlorotormate. pressure range, 0.4 - 1.7 oms. (24). 

We will now oonsider in some detail, the meohanism of 

activation in unimoleou1ar reaotions, there are three possibili

ties: 
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(1) activation b7 collision. 

(2) actiTation ~ radiation. 

(3) aoti~t10n b7 both simult&neous17. 

(1) jotivatian bl oollision. 

If aotiT8tion is by oollisioD, there are two ques

tions to be answered, (1) how the velooit7 oonstant of a unimole

oular reaotion remains independent of pressure, (2) whether the 

num~er of oollisions tak1D8 plaoe in the gas is great enough to 

aotivate moleoules fast enough to aeeount for the observed rate 

at reaction, even at the lowest pressure observed experimentally. 

The hJpotheses ot Lindemann aDd of Christiansen 

aDd Xramerll will both explain the first point, although the 

reaGtian ohain theory neoessitates rather arbitrary assumptions. 

In addition it oou14 on17 apply to exothermio reaotions, while the 

deoomposition o~ nitrogen pentoxide is apparently endothermic. 

L1ndeDBDn • s theo17 is weakened by the faot tha t this reacti on shows 

DO falling off at 0.01 mm. !.his however is not vital as it may 

fall off at still lower pressures, and in a!l7 oase the experimental 

evidence is somewhat oonf1ioting on this point. 

The seoond point raises muoh more serious objeotions 

to Lindemann's hypothesis. The collisions by wh~oh activated mo1e

ou1es are produoed are not numerous enough to aooount for the 

observed rate at ordinary pressures, and are therefore still less 

so at 0.01 mm. Aooording to the hJpothesis, the rate of aotivation 

has not merely to be equal to the rate of reaotion but ma~ times 

greater. ~e insuffioieno7 of the number of oollisions can be 
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ahOWD as follows. ~ssume that no reaotion is taking plaoe in the 

sas. Of N mo1eoules present let -1 possess energy greater than 

B. Theae are the aotive moleoules, and 
-BIB! 

Ifl :a B e 

Let 11 be the number of molecules whioh eAter the aotive state in 

un! t time, 8aBUllling aotiva tion b,- collision. 

At eQuilibrium 

where 12 ia the number that leave the aotive state in unit time, 

alBo by oolliBlon. 

Aotive moleoules are Tery exceptional ones, hence nearly every 

collision undergone by an aotive molecule results in its deaotiva

tion. Henoe '2 is approx1mate17 equal to the number of oollisions 

undergone by aotive moleoules in unit time. Therefore: 

12 = total no. of collisions X 

2 2 -B/R! 
:::./2118 un .Be 

---~i1--

number of aotive moleoules 
total number of moleoules 

omittill8 the T.ery few oolliBions in whioh both moleoules have a 

high energy. The above expression also equals 11 , since Zl:.Z2. 

If the ~8tem i8 disturbed b.J the loss of aotive molecules by 

reaction, 'I ia the maximum rate at whioh they can be reformed. 

HeDOe it is the maximum rate of reaction. 

In order to have Lindemann's hypothesis hold, it 

would be necessary to lower the observed aotivation energy of 

nitrogen pentoxide by about 6000 calories. This ls quite outside 

the experiment.l error. In the oase of the deoomposition ot 

acetGDe also, the number of moleoules reacting 1s about 10° times 
-BfBT 

the number siven by Z.e • 
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Hinshelwood' s l10dificsti on. 

Idndemann l s hypothesis, however, can be modified 

as follows to bring it into line with the observed ~acts: the 
-E/RT 

use of the expression e for the fraotion of molecules with 

energy greater than E, depends on the assumption that the energy 

of &ctivation is 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 oompli

oated, so we oan extend the energy of aotivation to more degrees 

of freedom. An activQted molecule oan be regarded as one which 

possesses energy E made up in any of the ways which 8 large 

number of degrees of freedom make possible. 

The ohance that a molecule oontains in n energy 
-E/RT 

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

-E/RT 
e 

1/2n - 1 
( E/RT ) .. 

fsotorial ( 1/2n - 1 ) 

E is no longer given by the Arrhenius equation but a oorrection 

has to be added which eQuals ( 1/2n - 1 ) RT • 

Suppose th&t equilibrium is established in the gas 

snd ignore the ohemioal ohange. Then the number of moleoules, NI' 

ofwhioh the energy rises above the limit E in unit time, is 

equal to the number, N2 , the energy of whioh falls below E. Since 

the number of moleoules whioh possess the energy E is small, prac

tioally all the aotivated moleoules whioh suffer oollisions will 

lose the energy of activation. Henoe N2 is very nearly equal to 

the number of oollisions mult~plied by the fraction of molecules 

with energy greater than H t 1.e., 
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-B/R! 1/2n - 1 
I. • C E(RT ) 

factorial ( 1/2n - 1 ) 

Hence .1 is also very nearly equal to this. If n is large, this 

is muoh larger than the simple expression and the disorepanoies 

mentioned aboTe oan easily be wiped out. 

In order tla t this should be true it is necessary 

that on~ oomplex molecules should undergo unimolecular reaotions. 

!his seems to be true. Bimolecular reactions are often undergone 

b7 fair17 simple molecules. but unimolecular reactions on~ occur 

with oomplioated molecules. 

In most unimolecular reactions whioh have been inves-

tisated, the velooit,- oonstant has been found to fall off at low 

preasurea. Where the tal1iD8 off of the oonstant occurs, we can 

caloulate the number of ener87 terms needed. This works out at 

12 for propionio a14eh7de. 8 for d1eth,,1 ether, 11 tor dimeth,-l 

ether. These values seem reasonable oonsidering the oomplexity 

of these molecules. It has been observed that hydrogen prevents 
. "-, , 

the fa 11 ins off in the ve1ooit,- constant with the ethers, which 

seems to support the bJpothesia. 

(2) Aotivation bl radiation. 

As mentioned before, if we calculate the frequenoy 

which Should be effeotive in aotivatlon, we find generally that 

the ~oleoules whloh should be aotivated by this frequeno,- show no 

•. baorption spectra in the expeoted region. and tba t in any oase, 

the amount of energy is not suffioient to account for the observed 

rates of reaction. Furthermore, attempts which have been made to 

aSSUMe a band of frequenoies operative in aotlvation. only oompli-
oate 
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matters fUrther and make experimental verifioation impossible 

or at least extreme~ diffioult, at the present state ot knowledge 

and experimental technique. This of oourse. does Dot preolude the 

p08s1bill~ ot activation by radiation in reactions as yet not 

studied or in reaotions taking plaoe at very elevated temperatures. 

tor to 40 so wonld be to disregard all the facts of photochemistr.1. 

however. tor the present purpose. the pos8ibilit7 of aotivation 

b7 radiation 40es not greatly concern us. 

~ Ocourrence ot Un:Jmolecular Reaotions. 

One o~ the most notable features of unimolecular 

reactions is their 8oaroit,y where stmple moleoules are involved. 

Probably the main reason for this is that many unimoleoular 

changes would lead to the produotion of free atoms. thus tor example 

BaO, and Cls0. misht decompose as follows: 

!hese reaotions would be hlably endotherm1o. BinGe the heat of 

diaaooiation of o~sen is about 160.000 oalories. Of oourse 

the exoess energy would be regained by the system by the subse

quent reoomb1llation of the atomio oxygen, but the unimoleoular 

ohanse would neoessitate the momentary oonoentration of very 

large amounts of energy in the moleoule, thus such unimoleoular 

reactions would always be assooiated with large heats of aotiva

tion, and for this reason the oorrespondiI18 bimolecular ohange 

ooours in preferenoe. The observed oases of unimoleoular reac

tions always involve oomplicated moleoules. The one partial 

exception to this is the deoomposition of nitrogen pentox1de. 
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!his reaotion, however, seems to be exoeptional in a number of 

W&l's, for e.mple. while all the other observed unimoleoular 

ohangea fit in we11 with the modified LtndemSDD bJpothes1s, it 

needs oonsiderable straining to make the nitrogen pentoxide 

4eooaposit1an agree. 

To sum up then, the best known of the various bJpothe

ses advanoed to explain the mechanism ot unimoleoular reaotions, 

Perrin's bJpothesis has been discredited in its original torm, 

Ohriatiansen and Kramer' s DBl' ooour to some extent but it ia unlike-

17 aa a general explanation, LindellBmJ.'s bJpothesis ia a very rea

sonable one, but cannot aooount for a fast enough rate, while 

Htnshelwood's modification is the best advanaed at present. Hence 

throupod this theais Hinshelwood' s form of theory will be follow

ed. Rice and Bamaperger's theo~ (26) is based on the same 

general premiaea. It is however, more oomplioated and probably 

more aoourate, -but it ia doubtful if there is enough exaot experi

mental evidence to justif7 ita use in preferenoe to the simpler 

theo17 of H1nshelwood. 

HETEROGENEOUS REACTIONS. 

Inasmuoh as this thesis deals with a oomparison of 

homogeneous and heterogeneous reactions f.rom the point of view ot 

a possible etfect on the heat of aotivation, we will not discuss 

here the various theories extant as to the mode ot aotion ot 

surfaoes iD)promoting chemical ohange. 

So •• fundamental oonoepts, however. should be kept 
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in mind. In the first plaoe, as follows from the definition of 

a heterogeneous change, in order to take part in a heterogeneous 

r"at1o~,. molecule must be adsorbed, however Short its life on 

the aurface m&7 be. But on the other hand, as is pointed out by 

Hinsh8lwood, adsorption alone is not a sufficient condition for 

reaction, and something quite amlogous to the aotivation energy 

of homogeneous ohanges would seem to be necessary. 

It would therefore seem to be of oonsiderable interest 

to oompare the rates of homogeneous aD!. heterogeneous gas reactions, 

with. Tiew to determining what effeot the surfaoe may have on the 

heat Of .otlvat1on. In this oormeotion" the Hinshelwood-Polany! 

equation gives eKpressiona embod7ing 8 relationship between the 

true and apparent heats of activation, for the simple oase of one 

reaoting gas, when (a) the reaotion is unretarded b,J the produots, 

and (b) when such retardation takes place. (26) • 

• or the first oase of no retardation, if Q is the true 

heat of aotivation, E the apparent heat of aotivation, and L is the 

energy of lesorption of the reacting gas,then it may be shown that: 

It :I: Q - L. 

i.e., the apparent heat of aotivation is less than the true value 

b7 an amount Lt where L is defined as above. 

In the seoond oase of retardation by the produot or 

produots, an espression : 

B == Q, + Lt - L 

is obtained, Where K, Q, and Lt have the same meaning as before 

and L' is the energy of desorption of the produot. Thus the existenoe 

of an appreciable retarding effect may increase the apparent heat 



of aotivation. 

However, attempts rm.de to 1nvestisate a change 

whioh ooours both homogeneously and heterogeneously senerally 

encounter the follow1ns difficulty; as has been pointed out b,. 

Hinshelwood, for example. there is a general tendency for suoh 

reactions to beoome unimoleoular on the surface of a catalyst, 

the heat of aotivation falling to about one-half of its former 

value. This change in the oharacteristios of the res.ction is 

accompanied by • modifioation of the reaction path. 

The homogeneous decomposition of hydrogen iodide, 

for example, prooeeds 8S indicated bJ the equation: 

2 HI 1D Ha + 12 

the possible homoseneous unimoleoular decomposition: 

HI =- H + I 

followed by a suba8,uent recomb1Dation of the atoms, is ruled out 

since the formation ot atomio hydrogen would be a highly endo

thermic process. The momentary oonoentration of a large amount 

of energy in the molecule would thua be neoessary, and hence a 

very large heat of aotivation would be associated with the reaotion. 

The prewenoe of a metal surfaoe, however, renders such a ohange 

possible sinoe the atomio hydrogen and iodine formed can be held 

on th' surface in an adsorbed condition, and later the atoms eva

porate in pairs as molecular hydrogen and iodine. 

The heat of aotivation of the homogeneous bimolecu

lar decomposition is 44,000 calories per gram molecule. (27). 

In order that two molecules may decompose, they 

must tiherefore have a combined energy in exoess of 44,000 oalories. 
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~or the heterogeneous unimolecular deoomposition on the surfaoe 

o~ go14 the heat of activation is ~5tOOO oalories (28). Henoe 

ODe molecule in order to decompose must have an energy in excess 

o~ 26,000 calories. The lowering of the aotivation energy is 

therefore aocompanied by a ohall8e in the mechanism of the reaction, 

in the one· case only a single moleoule being aotivated, while in 

the other oase two moleou1es must be aotivated simultaneously. 

In conseQuence the effect of the oatalyst on the magnitude of the 

aotivation energy 1s left unanswered. 

It therefore seemed of interest to compare the 

hanogeneous and heterogeneous reaot10ns in the oase of a substance 

whiCh decomposes homogeneously in a unimolecul&r manner, and with 

this in m1nd, the thermal deoomposition of methyl ether on the 

aur:taoe of platinum was invest1sated, as another addition to a 

series of investigations oarried out recentlY, on acetone (29), 

etlq1 ether (30), and propionaldehyde (31). Here also the results 

have been suoh as to leave unanswered the question of the influ

ence of the catal7st on the activation energy. Results have 

been obtained, however, which give rise to interesting specula

tions ooncerning the transfer of energy between gas molecules and 

soli4 surfaoes. 
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l.rethods of investigating Heterogeneous Gas Reactions. 

There are two aain methods of investigating hetero

geneous gas reactions. 

(a) The catalyst is contained in a bulb in finely divided form. 

The reactant, or reactants, is admitted to the bulb, or passed 

through it continuously, and the rea'tion is followed by the 

pressure ohange which acoompanies it or by analysis. This method 

is the simpler of the two, and is the more usual when the course 

of the reaotion , 7ie1d, etc., is of primary importance. On 

aooount 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 ana1ytioal methods, as would be used in the unmo

dified form of flow method mentioned above. It is applicable to 

both homogeneous and heterogeneous reactions. In principle the 

method oonsists of passing the reactants through a flow meter, 

then through a heated reaction chamber, and finally through a 

second flow meter. The ratio of the two flow meter readings, 

oorreoted for the change in viscosities of the gases, gives a 

direot measure of the extent to which the reaction has progressed. 

The method is 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, a drawlBck common to all flow methods. 

Cb) The catalyst consists of a fine filament stretched axially 

thrCllgh 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 

statistios of the reaotion is desired, and is the one used in 

this work. In this method the solid material oan function in 

two ways, either by adsorbing the reactant and permitting a 

oatalytio react1m, or else by mere~ acting as a source of 

energy. In the latter case the question of energy transfer 

between gas molecules and the solid surfaoe will be of paramount 

iJilp orts ne e • 
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'&p.,.ra tUS. The applratus was similar with the exception of 

the electrical set-up, to that used by Steacie and Campbe11 (30) 

Steacie and Morton (31), for the investigation of the thermal 

decomposition of ethyl ether and propiona1dehyde, respectively. 

It was made up as follows; ( Bee fig. 1.) 

A is the reaction bulb, in which is sealed axially a platinum 

filament B. A tas connected b.y 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 nichrane 
o 

wire, and electrically heated to about 60 C., to ensnre 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 solid carbon-dioxide-acetone 

mixture, in a De~ar flask. E is a storage vesses for hydrogen. 

G is a pump by means of which the unohallged reaotant and products 

could be removed from A, and stored in H for subsequent analysis. 

~ is a 1;arap which could be immersed in a freezi:g.g mixture, to 
. 

condense out any unchanged ether, if so desired. I and J, are 

two bulbs of about 100 0.0., and 300 0.0., capacity, respectively, 

whose function was as follows; by making the diameter of the 

mercury surface in I large, 8 change in level of 800 mm., in e 

will aause a chanse in level in I of less than a mm., so that 

pressures will be given directly by a single reading of e, without 

any correction. I and J, were also added to enable runs to be 

made 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 e 1s about 800 mm., the reaction can only be oarried to a 

final pressure of BOO mm., or a percentage pressure increase of 

about 6~, however, if qfter observing the inl ti.9.l pressure, air 

is admitted to I and J, until the level In e, is brought back to 

zero, then runs with initial pressures up to 800 mm., can be 

carried to lOQfo pressure increase conveniently. J was added to 

ensure that the small pressure increase in I and J, caused by 

the ohange of level in I, would be so small as to be oompletely 

negligible. 

A was immersed in q bath of glycoline 011, which 

also contained A stirrer and electric heater, and the whole was 

kept at 45 °C. 

In the previous investir~tions mentioned, the 

resistance of the filament B, was obt,qined by means of simultan

eous readiI~s of current and voltage, which m€Rnt that during 

the course of a run, as the resistance changed, a new v~lue of 

the current and voltage which would give the de~lred resistance 

had to be calculated, and then tue current had to be changed by 

means of a rheostat, this resulted in considerable inconvenience 

at moderately and very fast runs, as re'ldlngs were made a t the 

same time of the pressure and time. 

Hence In the present investigation, the follow-

ing procedure was adopted; ( see fig. 2. ) B was made one arm of 
, 

Wheatstone bridge, the other arms consisting of a resistance K, 

of approximately the same order, ( this is described 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 resistsDCe 

of 1/10 to 100,000 ohms. The galvanometer G, was a Leeds am 
Borthrup precision instrument, it was connected in parallel with 

a variable resistanoe H, of 1 to 10,000 ohms, and in series with 

another high resistance of 20,000 ohms. By making N sm11, the 

in! tial rough adjustment could be made wi thout throwing the gal van

ometer off scale, and then by increasing N, the more accurate adjust

ment desi red could be a ttained. The voltage on the bridge could be 

changed by means of the rheostat ~tem P, which in turn was connec

ted across the 110 volts, d.o., line. 

The resi stance K. This was made approxima. tely of the same order 

as that of the filament. It was important that it be capable of 

carr,ring oonsideIBble ourrent ( max., about 4 amps.,) without 

appreoiable: heating. Hence in the case of the fine filaments (about 

e.05 mm., diameter) a 20 ohm. niohrome wire rheostat was used. 

Por the larger filaments ( about 0.10 mm. diameter ) this resistance 

was oonstructed in the following manner; about 260 ft., of insulated 

bell wire waS wound on the outside of a battery jar, ( dimensions 

10 ins. dia., and 10 ins., deep) with guides of wood at each end 

to prevent the wire slipping off. In both cases, of cousse, the 

resistance was accurately measured by means of a Wheatstone bridge, 

and these resistanoes were kept in a well-stirBed bath of glycoline 

oil. 

The additional~ electrical arrangements included 

a heater for the oil bath containing the reactinn bulb, controlledby 



-32-

a rheostat, and the niohrane wiring on the manometer and oonneot

~ tubing. also in series with a resistance, both being oonneoted 

aorOBS the 110 volts 4.c •• supply. 

Besotion Bulb and Ji~ent. 

A bulb of the shape and dimensions shown in 

fig. 3 was used. Considerable dlfiioulty was experienoed in the 

oonstruotlon and sealing into the bulb of these filaments, parti

O1llarq in the case of the very fiDe fi~ents. The most suocess

hl and oonvenient prooedure adopted was as follows; a short 

length of platinum leadtng in wire. ( O. 75 mm. diameter ) was 

held with ODe end in the flame ot a g&s-cnqgen blow toroh, until 

a small globule of molten plat~ had fo~e4, this was withdrawn 

quiok~ trom the flame, and while it was still molten, one end 

ot the ti~ent was thrust quiCkly into it, tD this manner a good 

aleetrioal oontaot was obtained. !hie prooedure waa repeated 

with the other end ot the ~ilwment, gnd we then had the ti~ent 

with its ahort lengths of lead in wire attached. The bulb was 

then olamped in a vertical position and through the two holes A 

and B. the fi~ent was lowered into position in the bulb, with 

a short laDBth ot the lead tu wire projeoting at eaoh end. A and 

B had preyiouslJ been partially filled with lead sealing in glass. 

and '7 stiCktng a glo) ot this glass an one o~ the leads, the 

filament could thus be Bupported iD position. With the ~iner 

filwments whioh oould bare17 support the weight o~ the leads. 

great care had to be exercised. A blow toroh flame was then playe d 

on the upper end until the glass beoame molten and a go04 joint 
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was obtained. The lower end was then filled in w1 th lead glass, 

aDd 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 sulphuric 

acid saturated with methyl ether, passed through phosphorus 

pentoxide tubes and fractionally distilled. During the course 

of the experiment, 8S mentioned previously, it was stored as 

• liquid in a bulb immersed in ~ solid carbon-dioxide-acetone 

mixture. 

C .I am. indebted to Mr. J.S.T,app of this laboratory for supply

ing the methyl ether used.) 

Calibration. 

The res istanoe of the filament a t various tempe 

ratures was obtained. These tempeIBtures were measured by means 

of a Leeds and lforthrup optioal pyrometer, over a range from 
00 0 

700 e' t to 1100 e. t at 60 intervals. A temperature-resist~nce 

curve was then plotted. On extrapolation this ourve gave good 

agreemant with the experimentally determined resistanoe of ~he 

filament at room temperature. Suoh a ourve is given in fig. 4. 

}j,'ven if the absolute values of the temperatu:re 

of the filament are slightly in error, this will be unimportant 

for the present purpose provided that the relative temper.atures 

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

and the nichrome wiring were brought to the desired temperatures 
o 0 

of 46 c. and 60 C. respectively, and the current so adjusted that 
o 

these values remained constant to within 0.2 • 

Air at atmospheric pressure was then admit

ted to ~he reaction bulb and the fil~ment was heated to 1300 oX. 

for a fe~ minutes, to ensure that any substance, suoh as carbon, 

possibly deposited on the filament from previous runs, was burned 

off. The bulb was then pumped out for about half an:hour, and 

during the last part of this time, the filament was again brought 
o 

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 obta.ined in the follov:ing mnner. L, the variable 1/10 to 

100,000 ohms resistance, was set at suoh a value that a balance 

would give the desired filament resistance, and hence the desired 

temperature. The setting for the rheostat system Pt whioh would 

give a bala.nce was approximately known from previous runs, and it 

was set a t this value. The resi stance N, in-. parallel wi th the 

galvanometer was set at about 40 ohms, the switohes V and T both 

being open. 

The stop-clook was then started and as the 

seoond hand passed the zero mark, T waS closed and immediately 
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afterTards V. P was then quiokly so adjusted as to balanoe the 

galvanometer, and N was inoreased to 800 - 1,000 ohms to give 

the desired sensitivity. This oould all be done in the first 

5 seoonds of the run. Pressure readings 'Vrere then made at inter

vals of from 30 seoonds to 1 minute, for the first 5 minutes, 

depending on the rapidity of deoomposition. The manometer 

oolumn was tapped vigorously with a pieoe of heavy rubber tubing 

during eaoh reading to prevent" sticking 0' of the meroury. ~ith 

the very fast runs, i.e. those in whioh a peroentage pressure 

increase of 100% resulted in less than 6 minutes, the assistanoe 

of another person was required. 

Except in oases where the final pressure 

was deSired, runs were usually oonoluded at a percentage pressure 

increase of somewhat over IOO%. 

When the switoh T, was opened at the oonclu

sion of a run, the pressure in the reaotion bulb immediately 

dropped and in the oases of runs at pressures less than 460 mm. 
beoame oonstant w1 thin a minute. This "oold" pressure was noted 

and was used to oaloulBte the initial ~ot" pressure. 

Inasmuoh aB a very considerable quantity of 

heat is dissipated during the oourse of a run, before eaoh run, 

the resistanoe in series with the bath heater ~~s inoreased to 

such a value t~t the bath temper.ature remained constant through

out the run. 

~ith runs at initial pressures in exoess of 

600 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 Filament Diameter. 

~ile it is somewhat of an advantage to use 

a filament having as high a resistance ae possible, due to 

the faot that the end correction then beoomes very small, it 

~s found in practive however, that there is a limitation to 

the filament diameter if one is to have a filament which will 

show oonstant oharaoteristlos, and not change with each 

suooeeding run, at the tempezatures ueei in this work. 

An attempt was made to use a platinum filament 

having 8 diametercof 0.01 mm. Now, while a oertain amount of 

preliminary aging is to be eXpeoted, in this case the aging 

effeot sho.ed no sign of ceasing, and the times to fractional 

pressure inoreases of 5~ and 100%, instead of being nearly equal 
. -

in the pressure range in .hioh no falling off ocours, practi-

oa1ly doubled in the oourse of three runs. Thus for the rune 

given below, performed in the order given, in ~hich, had the 

filament been showing constant characteristios, the times 

given wOlud have been equal or nearly so, there is odviously 

a progressive change going on: 

Temperature. 

1250oX. 

pressure 

'722 mm. 

61'1 mm. 

622 mm. 

time to fractional pressure increase 

(50%) 109 secs. (100%) 255 secs. 

14'7 

202 

" 
" 

367 

495 

" 
" 

That this Is not due to " fa.lling off" with decreasing pressare 

is shown b7 the data. obtained for the following runs : 
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pressure time to fractional pressure inorease 

405 mm. 

'121 mm. 

716 mm. 

622 mm. 

(60%) 684 S60S. (100%) 1448 secs. 

'102 

798 

1290 

" 
" 
" 

1680 

---.. -
3150 

" 

" • 
If this effeot was due to falling off, the times to 50% and 

10~ pressure inorease, at the pressures of 721 mm. and 716 mm. 

should be ahorter than those for the run at 406 mm. 
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]Por this purpose we will consider some data taken 

from a typioal run. 

Tempera ture 11500 K. Pressure 314 mm. 

Time Pressure Pressure Pressure Per oent. 
corrected 

hot oold hot inorease inorease 

0 314 264 314 0 0 

1 328 328 14 4.5 

2 342 342 28 8.9 

6 381 381 6rt 21.3 

- --- --- --- ---
- --- --- --- ---
- --- --- --- ---

60 '189 663 '189 4'15 151.3 

The first eXperimental reading was the "oold" 

pressure, namely, 264 mm. The "hot" pressure at the end of the 

run was '189 mm., this oorresponds to a"0014" pressure of 663 mm. 

The initial "hot" pressure is given by multiplying the initial 

"oQ14" pressure by the ratio '189 , thus: 

_ 264 X rt89 
663 

_ 314 mm. -

663 

ThiS, of oourse, is based on the assumption that the "oold" to 

~ot" pressure ratio is the same at the oonclusion of the run as 

it was initially. While this is not str10tlJ true, due to the 

ohanging thermal oonduotivity as the reaotion prooeeds, nevertheless 
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the error is ver" small, as is shown by extrapolation, for pressures 

of 460 mm., or less. Por pressures above about 450 mm., the initial 

~ot" pressure was obtained by extrapolation of the first five or 

six pressure readings. 

The remainder of the oaloulations. giving pressure 

increase and per oent., increase are, of oourse, merely ordinary 

sri thmetic • 

To obtain !25 t T60 , and T100 , the per cent •• inorease 

in pressure was plotted against time and the values were taken 

from the curve. 

Heat of Aotivation. 

If the times to fractional pressure inoreases are 

plotted against the reoiprocal of the absolute temperature. as 

in figs., 8 and 9, the slope of the line thus obtained will give 

the heat of aotivation as follows: 

Log10 of t when liT ~ 800 X 106 :: 
6 

Log10 of t when liT = 900 X 10 c 

6 
therefore slope _ 1," X 10 

100 

0.0'7 

1.56 
1.49 

oonverting to natural logarithms: 
6 

slope = 1.49 X 10 X 2.3026 
100 

from relationship: 1n k = C - EjRT 

slope ::. E/R 

therefore: 
6 E:: R X slope _ 1.98 X 1.49 X 10 X 2.3026 - 100 

~ 68,000 oa1ories per gram moleoule. 
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The Course of the reaction. 

Binshelwood and Askey (11) found that the homogeneous 

lecomposition of methyl etber was mainly as represented by the 

eQuation: 

CH3 0 ~3 = ( CH4-+ HCBO ) :8 CB4-t- H2+ CO 

Thus in a typioal analysis of the products they found 32.0% carbon 

monoxide. 33.5% hydrogen. snd 34.6% methane. 

That in the present investigation. the re~ction, in 

the main, is the same as the above is shown by the following analy-

se Bat 100% pre ssure increa.se or 53. ~~reaction. 
0 

Temperature K. Percentage 

unohanged oa.rbon methane hydrogen unsatd. 
methyl ether monoxide hydroobs. 

0 
1150 19.6 23.3 29.6 26.6 -----

19.6 23.6 30.2 26.7 -----
20.1 24.2 28.7 27.0 ------

b 1200
0 

19.0 26.9 31.0 22.6 ------
12600 19.5 24.2 30.6 24.5 1.86 

Hinshe1wood 'c: and j skey' s analyses a t 106~ pressure increase or 

an apparent deoomposition of 63% are as follows: 

unohanged carbon methane hydrogen 
methyl ether monoxide 

21.0 22.6 25.8 

Analyses at 50% pressure inorease or 26.9 peroent 

reaction gave the following values: 



-41-

lI_ture 0][, Percentage. 

unohanged carbon methane hydrogen 
methyl ether monoxide 

0 
1150 48.0 14.0 19.6 19.3 

48.3 12.'1 22.3 1'1.6 
0 

1200 48.9 14.1 19.8 16.1 

12600 49.0 14.0 23.0 13.9 

Those obtained in the homogeneous reaction, at 64% pressure increase 

or an apparent decomposition of 2'1% are: 

unohanged carbon methane hydrogen 
methyl ether monoxide 

44.4 15.4 22.0 18.2 

FUrthermore, in the homogeneous deoomposition, in agree

ment with the foregoing equation, pressure increases at completion 

of 2~ were obtained. In the present investigation corrected 

values of 186t:2% were invariably obtained. That this Bomewbat 

lower value was obtained is undoubtedly due to the oondensation of 

a small amount of paraformaldehyde on the walls of the reaction 

vessel, and the fact that there existed a slIBIl " dead space " 

outside the reaction bulb proper. As stated above, the value 

186 2% Is a oorrected value, for apparent pressure inoreases of 

186% to above 200% were oooasionally obtained, partioularly at the 

higher temperatures, this however was undoubtedly due to a seoondary 

deoomposition, possibly that of the methsne formed. This is shown 

by the following analyses when the reaction was oarried to pressure 

increases of 226f~aDd~189%, respeotively, at the temperatures given 

below: 
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Temperature OX. Feroentage. 

carbon methane hydrogen unsatd. 
monoxide hydrocbs. 

l260oX. 36.1 23.6 38.3 2.1 

l200
o
X. 33.'1 28.0 37.0 1.2 

The method of determining the true pressure 

increase due to the primary reaction, is shown graphically in 

fig. 6 (32). To test this, analyses were made when the reaction 

had reaohed a )ressure increase of 1'16%, ( this gives a oorreoted 

value of 186% ). Of course, it is to be expeoted that some undecom

posed methyl ether will still be present, for the seoondary reao

tion ocours simultaneously with the primary decomposition during 

the last stages of the latter, however, the analyses given below 

Show that an apparent pressure increase of 1'16%, or a oorreoted 

value of 186% represents oompletion, with suffioient accuraoy for 

the present purpose. 
0 

Tem:;eera ture X! Pressure oarbon methane hydrogen unchanged 
inorease monoxide methyl 

ether 

12000 176~ 33.3% 29.~ 35.6% 2.2% 

11600 1'16% 30.9 32.1 34.2 2.9 

The presenoe of small amounts of unsaturated 

derivatives were noted in eaoh case. 

The analyses given above, therefore, particularly 

those for the initial stages of 53.8% and 26.9% reaotion, show 

that in the main, the reaotion is the same as that in the homo-

geneous deoomposition, and furthermore that it is justifiable to 

use the pressure inorease as a oriterion of the extent to whioh 

the reaction has progressed. 
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Experimental Results. 

During the course of the investigation a number of 

different filaments were used. In general these filaments showed 

oonsiderable differences, on aooount of differing diameter, surface 

conditions, etc. In the case of a partioular filament, after a 

certain amount of preliminary aging, 8 steady condition was finally 

reached, provided of course, that the filament diameter was not 

too small, and reproducible results oould then be obtained. This 

steady condition, however, might be upset by too drastio heating. 

The results given below were obtained on filaments 
. 

whioh had reached a steady condition, data is not given for those 

which showed oontinuous aging, or whioh burnt out before sufficient 

results were obtained to justify their use. In any patioular series 

the runs were made in random order, to ob~iate any error due to 

.gins. 
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, respeotively. They illustrate the 

general manner in whioh experimental r~ings were obtained and 

reoorded. From these runs and others, the times to 26%, 50% and 

100% pressure inoreases were oaloulated and henoe the heat of 

aotivation. 

Fig. 6 shows some of these results plotted, giving 

typioal pressure-time curves. For a few of these runs, xm, the 

constant for a unimoleoular reaction has been oaloulated, and is 

given in the last column. The mathematiosl handling of these 

results 1s given under" Calculations." 
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TABlE. 1. 

Filament No. 1. Temperature 1100°X. 

Time Pressure Pressure Fer cent 
mina. increase. increase. 

0 318 0 0.0 

3 328 10 3.1 

6 336 18 5.'1 

12 356 3'1 11.6 

21 386 6'1 21.1 

30 414 96 30.2 

41 44'1 129 40.6 

60 4'14 156 49.0 

60 600 182 5'1.3 

'10 626 20'1 66.2 

80 648 230 '12.4 

90 6'10 252 79.2 

100 688 2'10 86.0 

no 606 288 90.6 

120 623 306 96.0 

TOO 61 mina. T100 127 mins. 
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~BLE 2. 

li'1lament No. 1 0 
Tempersture 1100 K. 

Time Press. Press. Per oent Per cent a 19 a mina. mm. incr. incr. deoomp. a - :x a - x 
0 432 0 0.0 0.00 1.000 0.00000 -------
2 «4 12 2.8 1.61 1.016 0.0064'1 0.00324 

6 464 32 '1.4 3.98 1.041 0.01746 0.00291 

12 496 63 14.6 '1.86 1.086 0.03543 0.00296 

20 639 10'1 24.8 13.32 1.163 0.06183 0.00309 

30 694: 162 3'1.6 20.18 1.262 0.09760 0.00326 

40 646 213 49.4 26.62 1.360 0.13364 0.00334 

46 666 233 64.0 29.00 1.410 0.14922 0.00332 

60 690 268 69.8 32.16 1.4'13 0.16820 0.00336 

66 '116 283 66.6 35.20 1.543 0.18837 0.00342 

60 '133 301 69.'1 3'1.60 1.600 0.20412 0.00349 

66 '163 321 '14.3 39.90 1.662 0.22063 0.00339 

'10 '1'12 340 '18.'1 42.30 1.'132 0.23856 0.00341 

'16 '190 368 83.0 44.60 1.80'1 0.25696 0.00343 

T60 40.6 mine. T100 94 mina. 
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TABLE 3. 

J'1lament No. 1 0 Temperature 1100 K. 

Time Pressure Pressure Per oent 
mins. mm. ino rea. se inorease. 

0 211 0 0.0 

3 21'1 6 2.8 

., 223 12 6.'1 

12 231 20 9.6 

200 244 33 16.6 

30 261 60 23.'7 

40 278 6'1 31.8 

60 294 83 39.4 

61 311 100 4'1.6 

70 323 112 63.1 

81 338 12'7 60.2 

90 360 139 66.0 

96 35'1 146 69.1 

T60 65 mina. T -------100 
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TABLE 4. 

Filament No. 1 Tempera ture l1SOoX. 

Time Press. Press. Per cent. Per cent. a Ig 8 K 
mins. mm. incr. inor. deoomp. a - x !1 - X 

m 

0 206 0 0.0 0.00 1.000 0.00000 -------
1 214 8 3.9 2.10 1.022 0.00945 0.00945 

2 221 16 '1.3 3.93 1.040 0.01703 0.00852 

4: 235 29 14.1 '1.58 1.083 0.03463 0.00866 

'1 257 61 24.8 13.33 1.163 0.06183 0.00885 

10 280 74 35.9 19.30 1.240 0.09342 0.00934 

15 313 107 52.0 28.00 1.390 0.14301 0.00956 

20 342 136 66.0 35.50 1.550 0.19033 0.00952 

28 383 17'7 86.0 46.20 1.860 0.26951 0.00963 

36 411 206 99.5 53.50 2.160 0.33244 0.00960 

42 434 228 111.0 69.'10 2.480 0.39445 0.00940 

50 467 261 122.0 65.60 2.900 0.46240 0.00925 

60 482 2'16 134.0 '12.00 3.570 0.55267 0.00921 

'70 499 293 142.0 16.40 4.240 0.62737 0.00897 

eo 616 309 150.0 80.60 5.150 0.71181 0.00890 

90 526 319 165.0 83.40 6.020 0.77960 0.00866 

106 638 332 161.0 86.60 7.410 0.86982 0.00828 

TOO 14.3 mine. T100 35.3 mins. 
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TABLE 6. 

Filament No. 1 • 0 Temperature. 1150 K. 

Time Pressure Pressure. Per cent. 
mins. mm. inorease, increase. 

0 432 0 0.0 

1 456 23 6.3 

2 4'73 41 9.6 

3 493 61 14.1 

6 634 102 23.6 

8 698 166 38.4 

12 674 242 56.0 

14 708 276 63.8 

1'7 766 324 75.0 

19 '781 362 81.5 

21 B09 3'17 87.1 

TOO 10.7 mina. TIOO 26.4 mine. 
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TABLE 6. 

Filament No. 1. Temperature 1150oX. 

Time Pressure Pressure. Per cent. 
mina. mm. increase. inorease. 

0 431 0 0.0 

1 454 23 6.3 

2 4'74: 43 10.0 

3.6 50'7 '16 1'7.6 

4: 619 88 20.4 

6.6 654 123 28.6 

8. 610 1'79 41.6 

11.~ 683 262 68.5 

14 '729 298 69.0 

1'7 '780 349 81.0 

19 806 3'16 87.0 

T50 10 mine. T100 23 mine. 
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T.6BLB 'I, 

Pilaaent !Io. 1. Temperature 11500X. 

Time Pressure Pressure. Per cent. 
mina. mm. increase. increase. 

0 433 0 0.0 

1 461 18 4.2 

2 4'11 38 8.8 

Z 489 66 12.9 

6 631 98 22.6 

8 694 161 3'1.2 

12 670 23'1 64.8 

14 706 2'12 62.9 

l' '754 321 '74.2 

19 783 350 81.0 

21 809 3'76 8'7,0 

T60 10.7 mina. T100 25.4 mina. 
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TABIiB 8! 

Filament No. 1. 0 Temperature 1160 Kt 

Time Pressure Pressure. Per cent. 
mine. mm. increase. inorease. 

0 98 0 0.0 

1 102 4 4.1 

3 III 13 13.3 

6 116 1'1 17.4 

9 120 22 22.6 

14 12'1 29 29.8 

23 143 45 46.2 

33 158 60 61.6 

40 169 71 '13.0 

50 180 82 84.0 

60 191 93 95.6 

70 201 103 106.g~ 

80 210 112 115.0 

TSO 25.5 mina. T10064.4 mins. 
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TABLE 9. 

Filament No. 1. Tempera ture 1160 oX. 

Time Pressure Pressure Per cent. 
mins. DDn. ino rea se inorease 

0 144 0 0.0 

1 160 6 4.2 

6 168 24 16.'1 

8 1'15 31 21.6 

12 190 46 32.0 

18 211 6'1 46.'1 

24 230 86 60.0 

30 24'1 103 '11.8 

38 266 122 86.0 

46 284 140 9'1.6 

56 301 16'1 109.6 

66 312 168 11 '1.0 

'16 329 186 129.0 

86 340 196 136.6 

90 346 201 140.0 

96 361 207 144.0 

T50 19.3 mins. T100 48.4 mine. 
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TABLE 10. 

P'i1ament No. 1. Temperature 1150 oX. 

Time Pressure Pressure Per oent. 
mina. DIIl. inorease inorease 

0 316 0 0.0 

3 361 36 11.1 

8 418 102 32.3 

12 469 163 48.4 

1'1 626 210 66.6 

22 6'14 268 81.6 

29 630 314 99.3 

36 669 363 111.6 

40 698 382 121.0 

60 '141 426 134.3 

60 7'12 466 144.0 

T50 12 mina. TIOO 29 mina. 
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TABLE 11. 

Filament No. 1. 0 Temperature 18.00 L 

Time Pressure Pressure Per cent. 
mina. llIIl. inorea.se incre~se 

0 314 0 0.0 

1 366 62 16.6 

1.6 38'1 '13 23.2 

2 409 95 30.3 

3 460 136 43.4 

4 488 1'14 65.6 

6 624 210 6'1.0 

'1 68'1 2'13 8'1.0 

9 638 324 103.0 

11 681 367 117.0 

13.6 722 408 130.0 

16 '164 440 140.0 

19 '177 463 147.6 

22 '796 482 163.6 

26 810 496 168.0 

T60 3.8 mina T100 8.6 mina. 
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TABLE 12. 

1P1lament No. 1. Temperature 1200 oX. 

Time Press. Press. Per cent.Per cent. s 18 a 
mine. mm. 1ncr. 1nor. deoomp. s - x a - x 

0 242 0 0.0 0.0 1.000 0.00000 ---------
0.6 262 10 4.1 2.2 1.023 0.00988 0.01976 

1.6 283 41 17.0 9.1 1.100 0.04139 0.0278 

2 296 64 22.3 12.0 1.136 0.05638 0.0277 

3 329 8'1 35.9 19.3 1.240 0.09342 0.0311 

4: 360 118 48.8 26.2 1.356 0.13194 0.0330 

6 38'1 145 60.0 32.2 1.4'15 0.16879 0.0338 

6 414 172 '11.1 38.6 1.630 0.21219 0.0371 

8 460 218 90.0 48.3 1.930 0.28566 0.0357 

U 616 2'13 111.0 60.7 2.640 0.40483 0.0368 

14 660 318 131.6 70.7 3.420 0.63403 0.0381 

18 691 349 144.2 '1'1.6 4.450 0.64836 0.0360 

23 621 379 156.6 84.1 6.300 0.79934 0.0347 

30 643 401 166.0 89.2 9.260 0.96614 0.0322 

40 668 416 172.0 

66 668 426 176.0 

'10 670 428 177.0 

T50 4.1 mins. T100 9.2 mina. 
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TABLE 13. 

]'1l.ament No. 1. Tempera ture 12000 K. 

Time Press. Press. Per oent. Per cent. a 19 a 
mina. mm. incr. incr. decamp. s - x a - x 

0.0 400 0 0.0 0.0 1.000 0.00000 0.------
0.5 481 81 20.5 10.9 1.122 0.04999 0.09998 

1.0 510 110 27.6 14.8 1.1'74 0.0696'1 0.0696'1 

1.5 639 139 34.8 18.'1 1.230 0.08991 0.06000 

2.0 56'1. 167 41.8 22.6 1.290 0.11059 0.06529 

3.0 625 223 65.8 30.0 1.429 0.15503 0.05168 

4.0 6'12 2'12 68.0 36.6 1.67'7 0.19783 0.04948 

6.0 71'1 31'1 79.3 42.6 1.742 0.24106 0.04821 

6.0 '160 360 90.0 48.4 1.938 0.28736 0:.04789 

6.6 '170 370 92.5 49.7 1.988 0.29842 0.04600 

T60 2.6 mina. T100 7.3 mins. 
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TABLE 14. 

Filament No.l. Temperature 
0 

1273 K. 

Time Press. Press. Per cent. Per oent. s 19 a K 
mina. mm. inor. inor. deoomp. s - x a -x m 

0.00 298 0 0.0 0.0 1.000 0.00000 -------
0.18 366 6'1 19.1 10.3 1.115 0.04'12'1 0.262 

0.42 406 107 35.9 19.3 1.239 0.09307 0.222 

0.63 466 167 62.'1 28.3 1.396 0.1446'1 0.230 

0.8'1 506 20'1 69.6 37.4 1.597 0.20330 0.234 

1.13 666 26'1 86.3 46.4 1.866 0.27091 0.240 

1.43 606 30'1 103.0 66.4 2.242 0.35064 0.246 

1.80 666 35'1 120.0 64.6 2.817 0.449'19 0.260 

2.28 '106 407 136.6 73.4 3.'169 0.6760'1 0.262 

3.00 '166 46'1 163.6 82.6 6.714 0.'16694 0.262 

4.6'1 S05 60'1 1'm.0 91.4 11.628 1.06661 0.228 

TOO 0.66 mins. T100 1.42 mina. 
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TABLE 16. 

filament No. 1 •• 
0 

Temperature 12V3 K. 

Time Pressure Pressure Per cent. 
mina. mm. increase increase 

0 216 0 0.0 

1 318 103 48.0 

2 40'1 192 89.6 

3 4VO 256 118.6 

4 613 298 138.6 

6 642 327 152.0 

6 660 345 160.5 

'1~ 673 358 166.6 

8 580 366 1'70.0 

9 686 3'71 173.0 

10 690 3'15 1'74.6 

11 692 377 1'76.6 

12 696 381 177.0 

13 69'7 382 1'78.0 

14 699 384 1'18.6 

16 601 386 1V9.6 

16 603 388 180.6 

1'7 606 390 181.3 
.. 

~60 1.12 mina. TI00 2..33 mina. 
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TABLE 16. 

Filament No. 1. fempe ra ture 1273
0
X. 

~1me Press. Prese. Per cent.Per cent. s. 19 a K 
mina. mm. 1nor. 1ncr. deoomp. ~ - x 8 - X 

m 

0.00 396 0 0.0 0.0 1.000 0.00000 -------
0.26 606 109 2'7.'1 14.9 1.176 0.07004 0.280 

0.33 655 159 40.5 21.'7 1.277 0.10619 0.319 

0.50 605 209 52.8 28.40 1.59'1 0.14520 0.290 

0.65 655 259 65.5 35.2 1.543 0.1883'1 0.298 

0.00 706 309 '18.0 41.9 1.721 0.23578 0.296 
I 

0.98 766 359 90.7 48. '1 1.949 0.28981 0.296 

1.18 fk>6 409 103.0 66.4 2.242 0.36064 0.298 

TOO 0.47 mine. TI00 1.16 mine. 
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T-lBLE 1'1. 

Filament No. 1. Temperature 12'7Z0X. 

Time Pressure Pressure Per oent. 
mina. Dml. increase inorease 

0.00 212 0 0.0 

0.4'7 255 43 20.3 

1.05 306 93 43.9 

2.00 3'13 161 '76.0 

3.00 428 216 102.0 

4.00 4'11 269 122.0 

6.00 601 289 156.0 

6.60 531 319 160.5 

'1.00 539 32'1 164.0 

8.00 660 338 169.2 

10.00 663 361 165.6 

TSO 1.23 mina. TI00 2.92 mins. 
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UBLB 18. 

Pila.ment No. 2. Temperature 1100oK. 

Time Pressure Pressure Percent 
mine. increase inorea.se. 

0 693 0 0.0 

1 698 6 0.7 

6 720 2'1 3.9 

13 '163 60 8.'1 

21 792 99 14.3 

35 863 170 24.5 

4'1 923 230 33.2 

60 982 289 41.7 

69 1020 32'1 4'1.2 

'18 1061 358 61.6 

94 1114 421 60.9 

106 1163 460 66.6 

130 1213 620 '16.0 

161 1262 669 82.0 

1'10 1301 608 8'1.8 

194 1331 638 92,0 

213 1361 668 96.6 

226 13'16 683 98.6 

T50 '14 mina. !100 236 min •• 
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TABLE. 19 

Fila mant No. I.. 
0 

Tempera ture 1100 X. 

Time Press. Press. Per oent. Per oent. a 19 a mina. mm. incr. 1ncr. decomp. s - x a - x 
0 686 0 0.0 0.00 1.000 0.0000 -------
1 689 3 0.6 0.2'1 1.003 0.00130 0.00130 

3 696 9 1.6 0.80 1.008 0.00346 0.00116 

8 612 26 4.4 2.36 1.026 0.010'72 0.00134 

11 639 63 9.1 4,90 1.062 0.02202 0.00147 

26 680 94 16.0 8.60 1.094 0.03902 0.00156 

36 722 136 23.2 12.60 1.143 0.05805 0.00166 

4ti '164 178 30.4 16.33 1.197 0.0'7809 0.001'14 

60 826 239 40.8 21.93 1.283 0.10823 0.00180 

'16 883 297 60.7 2'1.26 1.377 0.13893 0.00185 

90 932 346 69.0 31.'10 1.464 0.16554 0.00184 

106 976 390 66.6 36.80 1.558 0.1925'7 0.00183 

120 1011 425 '12.6 39.00 1.639 0.21458 0.00179 

136 1042 456 78.0 41.92 1.726 0.23'704 0.001'76 

150 1070 484 82.5 44.30 1.795 0.25406 0.00169 

166 1096 609 86.8 46.66 1.878 0.273'10 0.00166 

T60 '14 mina. T100 216 min. 
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TABLE. 20 

Filament No. 2. TempeI8ture 1150 oX. 

Time Press. Press. Per cent. Per cent. s 19 • mina. DDn. inor. wore decomp • s - X 8 - X 

0 577 0 0.0 0.00 1.000 0.00000 --------
1 593 16 2.1 1.50 1.015 0.00647 0.0064'1 

1.6 600 23 4.0 2.16 1.022 0.00946 0.00630 

2 60'1 30 6.2 2.80 1.029 0.01242 0.00621 

5: 665 '18 i3.6 7.26 1.0'18 0.03262 0.00653 

8 '105 128 22.2 11.92 1.136 0.06600 0.00688 

12 773 196 34.0 18.30 1.224 0.08778 0.00731 

14 806 229 39.7 21.33 1.2'11 0.10416 0.00745 

18 86'1 290 50.3 2'1.00 1.3'10 0.136 '12 0.00'160 

22 925 348 60.3 32.40 1.4'19 0.1699'1 0.00'173 

26 964 38'1 6'1.1 36.06 1.564 0.19424 0.00777 

30 1012 435 75.5 40.66 i.682 0.22583 0.00'152 

34 1068 491 85.2 45.76 1.844 0.265'16 0.00780 

38 1108 531 92.0 49.50 1.980 0.2966'1 0.00780 

.8 1145 568 98.6 62.90 2.123 0.32695 0.00'180 

46 11'16 599 103.8 55.75 2.260 0.35411 0.00770 

T60 1'1.8 mina. TIOO 43 mina. 
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TABLE 21. 

Filament No. 2 Temperature 1150
0

X. 

Time Pressure Pressure Per cent. 
mina. mm. increllae. increa.se. 

0 698 0 0.0 

2 729 31 4:.6 

4 '166 67 9.6 

." 823 126 17.9 

9 861 163 23.4 

12 920 222 31.8 

15 9 .,,6 278 39.8 

1." 1812 314 46.0 

20 1064 366 62.6 

23 1111 413 59.3 

2." 1169 471 67.6 

31 1221 623 75.0 

36 1269 6'11 82.0 

39 1311 613 88.0 

44 1361 663 96.0 

45 1371 673 96.5 

47 1388 690 99.0 

48 1398 700 100.5 

49 1408 710 102.0 

T60 18.6 mins. T100 47 mina. 



TABLE. 22. 

Jlllament No. 2 Tempera. ture 
0 

1200 X. 

Time Press. Press. Per oent. Per oent. a 19 a mins. DDIl. iuor. lncr. de.omp. a - x a - x 

':0.00 581 0 0.0 0.00 1.000 0.00000 r 

( . ..1. ------

1.1'1 64'1 66 U.4 6.13 1.065 0.02'135 0.0234 

2.0'1 69'1 116 20.0 10. '16 1.121 0.04961 0.0240 

2.90 '14'1 166 28.6 16.40 1.182 0.0'1262 0.0250 

3.'18 '19 '1 216 3'1.2 20.00 1.260 0.09691 0.0256 

4.72 84'1 266 46.'1 24.60 1.326 0.12264 0.0260 

5.68 89'1 316 54.4 29.20 1.412 0.14983 0.0264 
\ 

6.69 94'1 366 63.0 33.80 1.511 0.1'1926 0.0268 

'1.81 99'1 416 '11.5 38.40 1.623 0.21032 0.0269 

9.00 104'1 466 80.2 43.10 1.'158 0.24502 0.0272 

10.30 109'1 616 88.8 4'1.70 1.912 0.28149 0.0273 

11.'10 114'1 666 9'1.6 52.40 2.101 0.32243 0.0276 

13.33 119'1 616 106.0 6'1.00 2.326 0.36661 0.0275 

T50 5.20 mins. T100 12.17 mina. 
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TABLE 23. 

J'ilament !lo. 2. Temperature 1200oK. 

Time Pressure Pressure Per oent. 
mins. mm. inorease. increase. 

0.00 688 0 0.0 

0.05 691 3 0.4 

0.87 741 63 7.a 

1.63 791 103 15.0 

2.44: 841 153 22.2 

3.16 891 203 29.6 

3.97 941 253 36.8 

4.77 991 303 44.1 

5.60 1041 353 51.3 

6.36 1091 403 58.6 

7.28 1141 463 66.9 

8.28 1191 603 73.1 

9.30 1241 663 80.6 

10.41 1291 603 87.6 

11.62 1341 653 96.0 

12.97 1391 703 102.2 

TSO 6.33 mina, T100 12.5 mina. 



-69-

TABLE 24. 

Filament No. 2 Tempera ture 1250
o
X. 

Time Press. Press. Per cent. Per oent. a 19 a 
mine. mm. inor. inor. deoomp. a - x a - x 
0.00 683 0 0.0 0.00 1.000 0.00000 -------

Cl 

0.28 "137 54 7.0 4.25 1.044 0.018'10 0.0660 

0.56 "18"1 104 15.2 8.1'1 1.089 0.03703 0.0674 

0.80 83'1 164 22.6 12.15 1.138 0.05614 0.0703 

1.10 889 204 29.9 16.10 1.192 0.07628 0.0693 

1.35 93"1 264 37.2 20.00 1.250 0.09691 0.0"11"1 

1.65 98'1 304 44.6 23.90 1.314 0.11860 0.0718 

1.9"1 1037 364 61.9 2"1.90 1.38"1 0.14208 0.0720 

2.23 108'1 484 69.1 31.80 1.466 0.16613 0.0744 

2.53 1137 464 66.5 36.80 1.568 0.1926'1 0.0760 

2.90 118"1 504 73.8 39.'10 1.658 0.21958 0.0757 

3.26 1237 654 81.1 43.60 1.773 0.24871 0.0765 

3.6'1 128"1 604 88.5 47.50 1.906 0.27989 0.0763 

4.07 133'1 654 96.8 61.60 2.062 0.31429 0.0773 

4.53 138'1 704 103.0 66.40 2.242 0.36064 0.0773 

T50 1.87 mina. TI00 4.33 mina. 
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TABLE 26. 

Filament ITo. 2. Temperature l260oX. 

Time Pressure Pressure Per~cent. 
mins. mm. incrdase. increase. 

0.00 57'1 0 0.0 

0.08 693 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 

3.2' 1093 616 89.5 

4,25 1193 616 107.0 

T50 1.60 mina. T100 3.84 mina. 
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An examination of the tabulated velocity 

constants will show that in the early stages of the reaction, the 

oonstants rise, and finally beoome constant within the experimen-

tal error. Exactly the SBme behaviour was noted in the case of the 

homoseneous reaotion, and the reason is as follows. During the 

early part of the reaction, due to the existenoe of conseoutive 

reaotions, the seoondary reaotion dr deoomposition of formaldehyde 

does not beoome as fast as the primary deoomposition until a small 

amount of formaldehyde has acoumulated, the deoomposition then attains 

its normal rate for the existing pressure and temperature. 

Effect ot Pressure. 

The effect of pressure on the reaotion is 

shown more ooncisely b7 the summary iil.·!rable" 26, a.nd graphically by 

the ourve given in fig. ,. As in the homogeneous reaotion the 

velooity oonstants fall off at pressures below 300 - 400 mm. 

1be same remrkable inf1uenoe of hydrogen in 

keep1ng up the norml rate, at pressures below whioh fa.lling off 

would ooour in the absence of h7drogen, was noted. Some data are 

given below. 

Filament no. 3. 

Partial pressures ann. 

Methyl ether Hydrogen ~26 mina. T60 mina. TlOO mins. 

46 229 4.5 8.' 16.8 

123 485 5.0 9.4 19.4 

164 619 4.7 9.1 19.6 

192 '195 3.7 7.6 19.2 

498 ·0 5.5 10.5 .. _---
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ftBLE 2A. 

filament ~!o. 1. ±Mperature U60°X, 

Pressure TIC) ~100 -. min •• Ilia •• 

9' 23.0 51.' 
98 26.6 ".4: 

lM 19.1 4.8.4-

206 1 •• 8 81.3 

814t 10.' 21.' 

S16 12.6 80.0 

811 12.0 29.0 

Il.8 12.0 28.a 

4.10 10.0 23.0 

4.12 10.' 26.' 

~S 10.' 26.' 

Dup bmperature 00lfftol.8'& 
. 

!h. heat of! aot1"fRtloD was ca101llatea f!rOJll two 

.Dtlr.~ aepamte seri.a of! result. on two ~1lameDt8. In the f!1rat 

•• ri •• , f!or ezperiMlltal res sons , 1t was 1IBpo8s1bl. to uae initial 

pre8sure. IIIlOh in em.aa of! 400 DID •• 80 th.s. reaults in thems.lT •• 

"01114 Dot b •• ntUe~ oonolusiT'. H.DI. the second eeri •• o1! runs 

w.re _48, with initlal pre8surea from 600 - 800 DID, At th.s. 

PJ:88811r •• the 18111Ds off was D881181b1. aJUt henc. this ob~ect1oD 

eamot b ... a.. .& 8DDnAI7 o1! the tiMs ... d 111 oalcu.1at1ng the 

heat o~ aot1YStloD. 1n the ca8. of! both ~11am.nt. ls 8iven below. 

)lIS.' 8 aD4 . 9 show a plot of! '26' TIiC)' aDd '100 apillet the reoi

prooal ot tbe ab.o111t. t.mpera~ •• 
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~BLE 2'1. 

Pressures about 400 mm. 

Tempera ture oK. T60 mins. 

1100° 40.6 

1160° 10.0 

1200
0 

2.6 

12'73° 0.66 

UBLB 28, 

Pressures about 200 mm. 

Tempera ture ox. TSO mins. 

1100 0 65.0 

11500 14,3 

1200° 3.8 

12'73° 1.1 

Filament No. 1. 

T100 mina. 

94,0 

23.0 

1.3 

Filament No. 1. 

TlOO mins. 

-------
36.3 

8.6 
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Fig. 8 . 

Curve • T100 t 200 mm . 

" B. TIOO 400 mm. t 

n C. T50 200 mm. t 

" D. T50 400 mm. t 
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2-80 
• 

A 

2:00 

1·60 

, .. eo 

0-90 

800 900 

Fig. 9. 

Curv~ A ----from T100 

Curve B ----from T50 

Curve C ----from T25 



TABLE 28. 

Pressures about 700 mm. Filament No.2. 

Temperatures oK. T26 mins. T50 mins. TIOO mins. 

1100 3'1.5 74 216 

37.0 '14 236 

1150 8.75 17.8 43 

9.25 18.5 47 
." 

1200 2.63 6.20 12.2 

2.68 5.33 12.5 

1250 0.92 1.60 3.84 

0.97 1.87 4.33 

0.'13 

The heats of activation calculated for 

various fraotional times far both series are given below. 

Series 

1. 

2. 

TABLB 29. 

Heat of Aotivation. ( Oalories per gram mol.) 

-------
68,300 

from TOO 

68,600 

69,600 

from TIOO 

70 t lOO 

72,200 

On account of the oomplications due to the inter-
/ 

mediate formation of formaldehyde, previously mentioned, the best 

valuesof the heat of act~tionwill be obtained by extrapolation 

of the above values to initial rates. This is done in fig. IQ. The 
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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 reaotion. 
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.l oalrPARISOB alP SOME Hal~rOGENEOUS AND HETEROGENEOUS GA S REAOTIONS. 

The unimoleoular deoompositions of the follow

ins substanoes have been investigated both homogeneously, and 

heterogeneously in contaot with hot filaments. The heats of acti

vation are summarised in Table 30. 

TABLE 30. 

Substanoe. Heat of Activation. 

Homogeneous. Filament. 

Aoetone 68,500 ( 8) 68,400 (29) 

Bthyl Ether 63,000 (28) 62,000 (30 ) 

6'1,000 (36) 

Prop 1 ona ldehyde 66,000 (10) 96,600 (31) 

Ileth7l Bther 68,600 (11) 67,000 (36) 

It will be seen that in the first two cases 

the heats of actl~tion agree within the experimental error, while 

in the last two, the heat of activation of the filament reaotion is 

higher than that of the homogeneous reaction. This point will be 

disoussed later in detail. We will now consider more fully the 

individual reaotions. 

(1) The thermal deoomposition of Ethyl Ether on the surfaoe of 

Platinum. 

This was investigated by Steaoie and Campbell 

(30), The heat of aotivation of the reaction was found to be 

62,000 calories per gram molecule. This agrees within the experi

mental error with the value of 63,000 oalories found by Hinshe1wood 

for the homogeneous reaction (28). 
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The ve100ity oonstants of the surface reaction were found to fall 

off at low pressures as in the homogeneous reaction. There would 

seem to be two possible explanations: 

(a) Molecules are activated by oollisions with the filament. 

(b) The filament serves as a source of energy, the surrounding 

gas layer being maintained at a high temperature. Aotivation takes 

plaoe in the hot gas layer by ordinary molecular collisions. 

The second explanation seems by far the most likely, 

since it is diffioult to see why the velooity oonstants should fall 

off at low pressures if oollision with the filament were a necessary 

preliminary to reaotion. That this is the oorreot explamtion may 

be proved oonolusively by an examination of the statistios of the 

reaotion. 

Some typioal data are: 

Temperature ••••••••••••••••••••••• 

Pressure ••••••••••••••••••••••••••• 400 mm. 

Volume of reaction vessel •••••••••• 125 0.0. 

~ilament length •••••••••••••••••••• 160ms. 

Filament diameter •••••••••••••••••• 0.16 mm. 

Bulb temperature ••••••••••••••••••• 3230X. 

26.6 per oent deoomposition in 150 seconds. 

The number of moleoules reacting. 

From the above data this is foun~ to be 2.67 X 10
18 

moleoules per second. 

The nnmber of moleou1es hitting the filament. 

Aooording to Khudsen's equation we have 
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where m is the mass of gas striling the solid surface per second, 

M is the molecular weight, R is the gas constant in ergs per gram 

moleoule, T is the absolute temperature, and p the pressure in bars 

Evaluating the constants, and putting the pressure in atmospheres, 

we have 

m = 44.2 fi p. 

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

interested in the orier of magnitude of the results, it is not of 

muoh importanoe, and the simplest assumption to make is that the 

temperature of the oolliding molecules is that of the filament. 
o 

In any case, an error of even 200 in T will not introduce more 

than a 10 per cent. error into the result. 

Hence we have 

m = 44.2 .. ,-;;; • 400 ,973 760 

~6.42 grams per sec. per sq. om. 

Hence the number of moleoules striking the filament is 

_ 6.~ X 6.06 X 1023 mo1eou1es per sea. per sq. om. 

The surface area of the filament is 0.0706 sq. om. Hence the 
22 

number of molecules hitting the filament is 3.72 X 10 moleoules 

per second. 

The fraotion of the moleoules possessing the energy of activation. 

Using Hinshelwood's form of theory, this will 

be given by 
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e -B/RT, E nIB - 1 

_HT I 
1~/2 - 1 

Prom Hinshelwood's data for the homogeneous reaction we have 

Et the energy of activation ~ 63.000 + Cn/2 - l)RT 

D, the number of degrees of freedom = 8 

o Hence the fraction of the molecules at 9~3 K. possessing the 

energy of activation is 

e 

53.000 3 X 2 X 973 
2 X 973 

3 X 2 

(03,000 3 X 2 X 973 ) :; 
2 X 9~3 

Henoe the total number of aotivated molecules produced by collisions 

with the filament only 
-10 22 

_ 3.86 X 10 X 3.~2 X 10 moleoules per seo. 
13 

~ 1.44 X 10 molecules per second. 
S 

Henoe about 2 X 10 moleoules react for every one whioh obtains 

the neoessary energy from the filament by direot oollision. It 

may therefore be oono1uded that the reaction is oocurring in a 

layer of hot gas surrounding the filament. The effeotive dimen

sions of this layer may be caloulated approximately as follows: 

The total number of moleoules entering into collisions 

in a gas per 0.0. per seo. is given by 2~~82u n
2

, where s is the 

molecular diameter, u the root mean square velocity, and n the 

number of moleoules per 0.0. The total number of aotivated mole

cules produoed in the hot layer of gas per c.o. per seo. is 

therefore given by 
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r;; 2 2 -E/RT ( )B/2 - 1 
2~2.1(s u n e 11 

R f 

\nj2 - 1 

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

value to s, the molecular diameter. Kinetic theor,y considerations 

indioate a value of about 10 X 10-
8 

cms. It is known, however, 

that moleau1es with a high energy content can transfer energy by 

resonance, and in general in dealing with energy transfer effective 

diameters muoh larger than kinetio theory diameters must be used. 

It will therefore be useful to evaluate the above expression with 
-8 -8 

8 = 10 X 10 ems., and also .. i th s ca 100 X 10 • In the first case 
20 22 

we obtain 2.88 X 10 ,and in the second oase 2.88 X 10 molecules 

per c.o., per second. 

The number of moleoules reacting per se90nd is 
18 

2.67 X 10 • Henoe the effective volume of the space in which 
18 18 

reaotion oocurs 1s ~2_.~6~7~X_1~0~20 C.O., or 2.67 X 1022 c.o~, 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 whioh reaction oocurs 

is either 0.066 or 0.001 mm. 

It is well known that praotioally the entire 

temperature drop in the gas surrounding a filament of thi s typre 

takes place in a " skin" about 0.5 mm., thick by conduction. The 

last few degrees drop is muoh more gradual, and the heat transfer 

takes place miniy by oonveotion. The total temperature drop here 
o is 650 • 

o If we sssume that 600 of this occurs in such a layer, 
-8 and tb8t s =10 X 10 cms •• then the reaction is occuring in a 

zone surrounding the wire which con~ins a temperature gradient 
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of about 60
0

; a value of s=lOO X 10-8 would give about 10. Values 

between these extremes are quite reasonable ones, since (a) the 

velooitJ of a reaotion falls off so rapidly with decreasing temper

ature that a drop of 10 to 20 degrees will cause the reaction to 

proeeed at a~rate negligible compared with that at a higher temper

ature, and Cb) such an error in the value of the mea.n temperature 

of the re.ction zone would introduce oomparatively little error 

into the calculated heat of activation ( which involves the differ

ence of the reoiprocals of the absolute temperatures ). 

It may therefore be concluded that' the dynamios of the 

reaotion are oompletelY explained on the assumption that it ocours 

in a hot gas layer surrounding the filament. 

The above reaction has also been investigated by 

!aylo* and Schwartz on the surface of platinum and tungsten (36T. 

Data are not given as to the dimensions of the filament and bulb. 

An approximate calcuLstion, however, yields results very similar 
6 

to those given above, the indications being that about 10 molecules 

.eact for every one that obtains the necessary energy directly from 

the filament. 

(2) The Decomposition of Acetone on Platinum. 

~ylor investigated this reaction (29) and found a 

heat of activation of 68,400 oa1ories, as compared with 68,600 

found by Hinshelwood and Hutchison for the homogeneous reaction(S). 

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 ca1oulations, however, indioate that 
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6 again about 10 molecules react for eaoh one whioh obtains the 

neoesS8r.J energy direotly from the filament. 

It may therefore be conoluded that in these oases 

the filament serves merely to maintain the surrounding gas at a 

temperature high enough to cause an appreoiable rate of reaction. 

!h. "reaction is oonfined to a thin layer, and the mean temperature 

of thi s lAyer does not differ from that of the filament by a large 

enough amount to introduoe a~ appreciable error into the calou

lation of the heat of aotivation. As will be seen, however, the 

two following oases give results of quite a different mature. 

(3) The Deoomposition of Propiona1dehyde on Platinum. 

Steacie and Morton (31) found a heat of activa-

tion of 96,600 calories, oompared with 66,000 calories for the 

homogeneous reaotion (10). 

If oa1oulations are made as with methyl ether, 
o 

we obtain for 1166 K. and 294 mm •• initial pressure: 
18 

Number of moleou1es reacting = 4.61 X 10 mo1eoules per second. 
22 

Number oolliding with the filament:. 2.81 X 10 molecules per sec. 

If we assume that the observed heat of activa-

tion is an apparent one, and that the real energy necessary 

is that given by the homogeneous heat of activation, we have from 

H1nshelwood 's and Thompson' s data: 

E-- 66.000 +Cn/2 - l)RI 

n s 12 

Whence the fraction of the moleoules possessing the energy of 

aotivation is given by 
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_ 66.000 6 X 2 X 1166 
2 X 1166 

e 

- 6.03 X 10 
-8 

( 66.000 6 X 2 X 1166 ) 
2 X 1166 

6 

BeDOe the number of aotivated moleoules produoed by direot 0011is

iODS with the filament is 
-8 22 

- 6.03 X 10 X 2.81 .X 10 =-
16 

1.69 X 10 • 
Henoe about 2500 molecules reaot for every one which 

gets the neceseary energy from the filament. Proceeding as with 
-8 

et~l ether t and putting 8 = 10 X 10 ems., we obtain 0.006 mm' t 

for the thiokness of the effeotive volume surrounding the filament 

in whioh reaction ocours. This is a reasonable value for such a 

We are still left with the neoessity of explaining 

why the observed temperature ooeffioient leads to a heat of 

aotivation of 96,500 oalories. This value oannot possiblj be the 

true heat of aotivation. If it were the true heat of aotivation, 

the fraotion of the molecules activated would be given by 

_ 96,500 5 X 2 X 1166 
2 X 1166 

e 

-14 
~ 1.16 X 10 

6 
(96.500 5 X 2 X 1166) 

2 X 1166 

o 
Caloulation shows that if the 8Dtire bulb were at 1166 K •• and 

the true heat of activation were 96,500 oalories, the rate would 

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

'S stated previously an apparent heat of activa

tion of 67,000 oa1ories was found, as compared with 58,600 for 

the homoseneous reaotion. Proceeding as with ethyl ether, from 

the following data: 
o Filament temperature ••••••••••••••• 1150 K. 

Pressure • • • • • •• • • • • • • • • • • • • • • • • • • • 316 mm • 

Volume of reaotion vessel ••••••••• 100 0.0. 

Filament length ••••••••••••••••••• 10 ems. 

Filament diameter ••••••••••••••••• 0.06 mm. 

Bath temperature •••••••••••••••••• 318oX. 

Rate of decomposition ••••••••••••• 0.033% per seo. 

t'b.enoe we obtain: 

The number of molecules realting. 
17 = 3.19 X 10 mo1eoule s per sec ond. 

The number of moleou1es hitting the filament. 

As with ethyl ether, the simplest assumption to 

make is that the temperature of the colliding molioule is that 

of the filament. Thus from Knudsen's equation we obtain: 

mass of gas striking filament 

:a 3.68 grams per sec. per sq. cm., 

hence the number of moleoules striking the filament is 
22 = 4.85 X 10 moleoules per sec. per sq cm., 

the surface area. of the filament is 0.188 sq. cm. t henoe the 

number of moleoules striking the filament is 

.. 9.12 X 1021 per second 

The fraction of the moleoules at l150oX. posseSSing the energy 

of activation. 
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USing Hinshelwood's form of 1Ileory, this will be given by 

e 

_ 58.500 6 X 2 X 1150 
2 X 1150 

5X4X3X2 

assum1ms that the heat of activati.on found by Hinshelwood and 

Askey for the homogeneous reaction is the true one, and n=ca. 12. 

!he above expression is 

::: 1.36 X 10-8 

Hence the total number of activated molecules, produced by colli

sions with the filament only is 
21 -8 = 9.12 X 10 X 1.36 X 10 
14 

~ 1.24 X 10 mo1eou1es per second. 

Hence about 2600 molecules react for everyone 

which obtains the necesssry energy from the filament by direct 

oollision. It may therefore be concluded, as with the previous 

cases disouseed, that the reaction is oocuring in a layer of hot 

gas surrounding the filament. Prooeeding as with ethyl ether, 
-8 

and assuming that s- 20 X 10 cm., 

the number of activated molecules produoed by oollisions in the 
o 

gas at 1150 K. is 

- 3.54 X 1022 molecules per c.o. per seoond. 

the number of molecules reaoting is 

hence the 

is 

=- 3.19 X 10 
1'1 

effective volume of the space in which reaction ooours 
17 

_ 3.19 X 10 -
3.54 X 1022 

-6 
:::. 9.00 X 10 c.o. 
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Whenoe the effeotive thiokness of the region surrounding the 

filament in which reaction oocurs is 
-4 

c '.'13 X 10 mm. 

This volume is obtained by equating the number of molecules 

aotivated to the number reacting, therefore it will be a minimum 

value. It will. however, be approximately correct, sin~e the calcu

lations have been made for a pressure at wh1ch the velocity con

stants bave fallen off to an appreoiable extent. 

As was stated for the ethyl ether deoomposition, it is 

well known that practioally the entire temperature drop in the gas 

surrounding a filament of this type takes pla.ce in a "skin" 0.5 mm., 

thiok by oonduotion. The last few degrees drop is muoh more gradual, 

and the heat tzansfer takes plaoe mainly by oonvection. The total 

temperature drop here is 8320. If we assume that 7600 of this 

ocours in suoh a layer, then the reaotion is ooouring in a zone 

surrounding the wire whioh includes a temperature gradient of about 
o 
I. T.he volume, however, is a minimum value, as explained before. 

We may therefore conolude that the zone in whioh rea.otion ooours 

does not inolude a great enough temperature gradient to introduoe any 

appreoiable-, error into the caloulated value of the temperature 

ooefficient of the reactioD.tprovi4ad 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 

oocurs in a hot gas layer surrounding the filB.ment. 

Ve may therefore consider that the dynamics of the 
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deoomposition of ethyl ether and of acetone are oomplete~ explai~ 

ed. In the case of propionaldehyde and of methyl ether, however, 

it is still neoessary to explain the faot tha t the tempera. ture 

ooefficients are higher than those of the homogeheous reactions • . 
The heats of activation oalculated for the filament reactions cannot 

be the true ones. Thus as pointed out for propionaldehyde calou

lation shows that if the true value of E were 96,600 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 

ooeffioients of these reactions would seem to involve the transfer 

of energy between the filament and incident sas moleoules. 

t. 

To fluote Iall8muir (38): " Xund t and r!arburg (37) , in a. 

stud7 of the visoosity of gases at low pressures, Showed, both 

experimentally and theoretioally, that there is a certain apparent 

alippins of the gas aIons the surface. In gases at atmospheric 

pressure this effeot is very small, but it varies inversely pro

portional to the pressure and thus becomes very important at low 

pressures. The thiokness of the layer in which this slipping 

ocours is approximately equal to the mean free path of the gas 

moleoules. Kundt and warburg predicted, from the analogy between 

visoosity and heat conduotion, that a oorresponding discontinuity 

in temperature at the surface of a solid body would be observed 

in the oase of heat oonduction 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 occurrid within a. layer about equal 

in thiokness 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 a solid body was only a fraction of that 

whioh Should be delivered if eaoh molecule striking the surface 

reached thermal equilibrium with the solid before leaving it. 

Smoluchowski developed the theorY;lof this effect along the 

lines of two alternative hypotheses, whioh he denotes by A and B. 

Hypothesis A is e(Julvalent to that made more recently by Knudsen (42·). 

It assumes, when molecules of a temperature Tl strike a surface at 

a higher temperature Ta' that the molecules leaving the surface 

have a temperature T whloh is intermediate between T2 and Tl a.nd 

that the relation holdS: 

T - Tl = 0<. (T2 - T1 ) 

where ~ is a number less than unlty and is called by Knudsen the 

"aooommodation ooeffioient." 

Hypothesis B is similar to that originally used by Ma.:x.we-R 

(43) in dealing with the slip of gases. It assumes that, of all 

the moleoules striking the surface, a fraction f, reaches thermal 

equilibrium with it, while the fraction 1 - f is reflected without 

ohange of temperature ( or rather velooity ). 

The two methods give analogous, but quantitatively slightly 

clifterent results. 'f 

More reoently. by means of heat conductivity measure

ments at low pressures, Boddy and Berry (44) came to the oonolusion 
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that 0{ for gases of high molecular weight was always in the 

neighborhood of unity. Iangmuir's theor,y (45) indicates that 

all or nearly all the molecules hitting a solid oondense and re

evaporate. The aocommodation coefficients are therefore virtually 

unit.y 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 specular~ from solid 

surfaces without ant transfer of energy. (511, (52) • (53) • 

It therefore seems plausible to assume that energy trans

fer between oomplex gas molecules and solids may be highly specific, 

and that in certain caaes the accommodation coefficients may be 

quite low. This is especially so in the cass of molecules which 

deoompose unimolecularly, since suoh molecules are notoriously 

~eoific in action insofar as the transfer of energy is conoerned, 

(54), (56),(66). ~~ere is also some experimental justification 

for such an assumption. Rice and Byck (67) bombarded a platinum 

target with a molecular beam of dimethyl mercury. They found no 

deoomposition at a temper~ture at whioh there should have been 

about 6 per cent. deoomposition if equipartition had been reached. 

The meohanism of the foregoing reactions may therefore 

be .explained on the ~ollowing basis. With acetone and ethyl ether 

the molecules are mostly adsorbed on collision. They evaporate 

after a ver.y 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 at a temperature which 



40es not di~fer appreciably from the temperature of the filament. 

Bo appreciable error is therefore introduced into the oalculation 

of the heat of aotivation of the reaction. With propionaldehyde 

and meth7l ether the acoommodation coefficients may be assumed to 

be low. ( !his asswmption will be disoussed later). Hence com

paratively few of the molecules are adsorbed and reaoh thermal 

equilibrium with the filament. The majority of the molecules are 

reflected more or less speoularly 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 graau.l 

akin effeot. 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 hiSh temperature coeffioient of the reaction may there

fore be explained in two ways: 

Ca) .e may interpret the high temperature coeffioient as 

being due sole17 to the cause mentioned above. The temperature 

80ale used in ca10ulating the heat of aotivation of the reaotion 

Should therefore be shifted to somewhat lower temperatures. The 

heat 01' activation is inversely proportional to (1/T1 - 1/T2). !f 

we lower both temperatures by a constant amount, the calculated 

value of the heat of activation will therefore deorease. 

We may calculate, for propiona1dehyde, the lowering of the 

temperature required to bring the heat of aotivation from 96,500 

oalories to 66,000 o.lories. The value obtained is in the neighbour

hood of 2~5°. If we repeat the previous oa1oulations for proplo~~ 

aldehyde on the assumption that the tempersture of the gas is not 
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1166oX. but 1166 - 275 == 891oX., we find that the fraction of the 

moleoules activated is now 1.35 X 10-10 , assuming that s ==100 X 10-8 

ame., whioh is certainly the maximum allowable effeotive diameter 

of the moleoule. Th~s gives a radius for the effeotiv$ zone in 

whioh reaotion ooours of 0.04 mm. This is rather large, espeoially 

since the maximum possible value of s has been used. It also seems 
o 

unlikely that as great a drop as 275 should ooour suddenly at the 

surfaoe of the fi ·\.ment. 

Cb) It has been observed that aooommodation ooeffl'Jients 

increase with increasing temperature. ~e m~ therefore explain 

the high temperature ooeffioient of the reaction in a much more 

reasonable way by ssswm1ng that the acoommodation ooefficients are 

low, but not exoessively low, and vary with temperature. The temp

erature ooefficient of the reaction is therefore a oomposite one, 

and includes the temperature coeffioient of the accommodation 

ooefficient. It is thus unneoessary to assume such a pronounoed 

ttrop in temperature at the surface of the filament. 

The specifio aotion of the surface remains to be 

explained. If the foregoing assumptions are valid, the aooommoda

tion ooeffioients for ethyl ether and acetone are near unity while 

those for propionaldehyde~d methyl ether are quite low. Aooom

modation coeffioients usually rise in the presenoe of a layer of 

adsorbed gas. It is therefore by no means improbable that the 

speoifio action depends on the relative adsorption of the various 

produots formed in the deoompositions. It has been noticed tha.t 

a small amount of carbon is deposited '.in the deoomposition of 

propionaldehyde and :of m,~thyl. ether, ,but not in the other oases. 
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This deposit is sufficient to ohange the appearenoe 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 expeoted to have a pronounoed effe,ct on the accom

modation ooeffioients. 

stn.mARY. 

The kinetics of the thermal decomposit16n-.. of dimethyl 

ether in the gaseous state, in contact with heated platinum filaments 

has been investigated, The deoomposition is unimolecular and 

ooours in a hot gas layer surrounding the filament. The heat of 

aotivation is found to be 6',000 oalories as oompared with 58,500 

for the homogeneous reaotion. 

A number of other homogeneous unimoleoular deoomposition 

reaotions have been investigated on heated platinum filaments. The 

methyl ether-investigation is an addition to this series. The 

reaotions invariably take plaoe in the gas layer surrounding the 

filament, and are not catalysed. In the oase of ethyl ether and 

of aoetone the gas layer is in thermal equilibrium with the fila

ment, and the apparent heat of aotivation oaloulated from the 

temperature ooefficient of the reaction agrees with that of the 

homogeneous reaction. 

With propionaldehyde and with methyl ether the apparent 

heat of aotivation is muoh higher than that of the homogeneous 

reaotion. An examination of the moleoular statistics of these 

reaotions shows that they also take plaoe in the layer of gas 

surrounding the filament. The high temperature ooeffioients of 
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these reactions can be explained on the assumption that the 

aocommodation coeffioients for these gases are low t and hence 

thermal equilibrium with the filament is not attained by colli

ding gas moleoules. 

Montreal. April 22nd •• 1933. 
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