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This thesis 1s divided into a chaplar of zeneral
Introduction and six chapiers on experimental work,

The genaral introduction provides tha olementary
background for understanding the objectives of the resasrch
which follows, and acquaints ths rrader with the raasens
for conducting the work, The introduction elso describes
the agdvantages and disadvantagQes of the design of experie
ments in this field of research,

Chapter II deals with the sercuryephotosensitized
decomposition of dimethyl ether at moderate temperatures.
The overall reaction mechanism is conaldered and the
rasults of the present investioation sre compared with
those of previous studies,

Chagter III considers the unimclezular decomposie
tion of the methoxymethyl rodical to give a farmsldehide
molacule and @ methyl radical, Although this reaction has
bean studied briafly before, in recent ysars thore has
arisen considerable controversy ragarding the kinetic order
of the reaction., The pressnt study was undertaken to
evamine the kinetics of this unimolecular reaction and to
sstablish the Arrhenius parsmeters of the limiting highe
pressure and ilowe-pressure rate consgtants,

Chapters 1V and V deal with the combination of
two methyl radicals and the combination of & methyl radical
with 2 methoxyasthyl radical, Aadical coembinstion reaciions
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have been considered by & nusber of suthors, with the come
bination of mothyl redicals receiving frequent attention,
The kinetics of the combination reaction can change from
second te third order as the pressure is lowered., This
pressure dependence is the critical feature which i3
exanined for both of the reactions, and from ths results
certaln conclusions regarding the reverse reactions can be
drawn,

Chapter VI describes the work conducted to estiabe
1ish the heat of formation of the methoxymethyl rediecal.

No heat of formation for this radical has bean reported in
the literature. This severaly limits the tharmochemical
calculations which cen be made for reactions invelving this
radical, Kinetic msasurements, combined with other heat of
formation data and with appearance potential smasurements,
lvad to an evaluation of the heat of formstion of thsf
methoxymethyl radical and to the assignment of certain bond
dissociation energles.

Chaptexr VII deals with the unimoleculsr decomposie
tion of the ethyl radical to give an cthylens molecule and
3 hydrogen etom. In recent years the kinetic order of this
docomposition has been examined indirectly but not in
sufficient detall to establish conclusively the pressure
dependence of the firsteorder rate cosfficient. The actie
vation enexgy his also been open to gquestion sinco the
observed values have been somewhst lower than expected
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from thermocheaical calculations. The present woxk
examines the effacts of pressure and temperature on this
decomposition and leads to & :0re complete assessment of
the kinetic bahavier of the reactien,
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The mercuryephotosensitized decomposition of
dimethyl ether was investigated from 200° to 300°C and over

the pressure range of 3 to 600 nmm Hg, Moasurements were

made of the initial rates of formstion of the productas of
reaction, which are <0, Ho, Collg, CHg, CHaOCHHg and
CHaOCHZCHoOCH3, It is concluded that the primary step
invoives & C-H split; thers is no evidence for s primry
C=0 split, Over the rangs 200 to 300°C the methoxymethyl
redical, CHa0CH,, decomposed to give formsldehyds and a
methyl radical, whils at 30% no decomposition of the
CHaGCHg radicel was detected, The mass balance is cone
sistent with the mechanism proposed. The homogeneity of
the reaction conditicns was examinad by varying the con=

centration of mercury in the resction vessel,

The decomposition of the methoxymethyl radical,
generated in the mercuryephotosensitized decomposition of
dimethyl ether, has been investigated over the temporature
range 200 to 300%C ‘and the pressure renge 3 to 600 mm Mg,
The radical decomposes to give a formaldehyde melecule and
a methyl radical., The effects of pressure and temperature

on the firsteorder rate coefficient for the decomposition
of the methoxymethyl radical have been examined in detail,

—
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The rate coefflcient shows & pressure dependence over the
full pressure range studied., The order of the decomposition
is about 1.4 at the middle of the pressure range studled,
with a lower order at highar pressures and a higher order
at lower pressures, At 100 am Hg the observed activation
energy for the decomposition of the methoxymethyl radical
16 24,8 kcal per mole,

The firstecrder and secondeorder rate coeffiw
cients, k™ and k%, corresponding to the limiting conditicons
of high prossures and lew pressuras respectively, have bean

evaluated as
K° = 2,0 x 1019 " 20.000/RT g .1

ko = 2.8 x lolﬁ "18'100/&1 -l

1 sec 7,

cc mole™
Kagsel integrations have besn carried out for the methoxy-
methyl radical and have been fitted L0 the experimental

data, It is concluded that 8 or 9 norma) modes eontribute
to the onexrgization of the radical, The rate coefficient

is increased by the presence of carbon dioxide, but carbon
dioxide has & lowsr efficlency than dimsthyl ether for the
transfer of enexrgy in the energization process.

The concentration of mercury in the reaction vons,
and the dagree of homogeneity of Mg 3P1 production assocloted
with this concentzstion, considerably affect the rate of proe
duction of l,2~dimethoxyethane but have no influence on the
decompesition of the methoxymethyl radical,

e P




Ag part of the study of the mercuryephotosensie
tized decomposition of dimethyl ether, the combination of
methyl radicals has bean investigated in the temperature
range 200 to 3009C and st pressures between 3 and 300 ms
g, For pressures of less then 100 mm the secondesrder
rate constant for the coabination of methyl radicals shows
a pressures dependence, Thw pressure dependsnce agrees
gualitatively with that obsexved by others, but occurs at
somowhat higher pressures, Calculations for the Kassol
aquation using thes Arrhenius parameters for ethane decome
position and fitted to the pressure dependence of the
mathyl radical combination show that the number of effective
modes for ethane decomposition is 8 or 9., Carbon dioxide
was found o be a quite ineffective third body for energye

transfer,

The result: for the mercury-photosensitized

deconmposition of dimethyl ethar have bzen analyzed in order
to obtain information about the combination of methyl
radicals with methoxymethyl radicals in the temperature
range 200 to 300% and at pressures from 3 to ¢00 mm ig.

The combination of these radicals becomes pressure dependent
a2t pressures loss than about 15 mm, Kessel (ntegrations

based ¢on the rate constant
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k® = 4.8 x 1019 =78, 200/RT 4ec-l
for the unimelecular decomposition of methyl ethyl ethar
at the CeU band, and fitted to the obsorved pressurs
dapendence of the combination reaction, leads to $=<i0 for
these resactions,

The rate constant for the abstraction of 2

hydrogen atom by 2 methyl radical from dimethyl ether was
found to be

k = 1,1 x 10k} =R 800/T oo mote™! gac*i,

A kinetic study has been made of the pyrolysis
of 1,2-dimethoxyethane, ClaUlHolhgOCHy, using toluene as a
radical scavenger, The initial stop invelves the CeC
split, snd there are no chaine; the activation energy of
71.3 kcal per mole thus corrssponde to the dissociation
energy of the C-C bond, The heat of formatfon of
CHAOCH,CHoOCH, has been found to be «82.4 kcal per mole and
thase values lead to =5.6 for the heat of formation of the
CHaOCHy radical and to 90,9 for the dissociation energy of
CHgOCH=H,

Support for thece values le provided by the
results of a similer study with chloromethyl methyl ether,
CHaOCHACL, for which the CeC) hond {e ruptured in the
initial step, Activation energies of 69.3 and 69,9 kcal
per mole were found with toluene and propylens as scavengers.

With the use of appearsnceepotential dats these values lead
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to D(CHaOCHz=H) = 92.9 and AHF(CHyOCHg) = =3,2 keal, per
mole, with, however, 2 wider margin of error than for the
results with QH3OGHZCH20CH3.

The kinetics of the thermal decomposition of the
ethyl radical to give an ethylune molecule and a hydrogen
atom was studied over the pressure range 4 to 650 mm Hg and
the temperazture range 400 to 500°C; the mercuryephotosensie
tized decomposition of ethane was used to generate the
ethyl radical, The unimolecular decomposition of the ethyl
radical was found to be preasure~dependent over the entire
range of pressures studied, with the order of reaction
varying from 1.6 for the lowest pressures to 1.4 at the
highest pressures, Tha extrapolated highepressure and lowe

pPressure rato constants for the decomposition of the ethyl
radical sre given by: .

k” = 3,9 x 1034 ¢=40,900/RT 01

k® = 6,8 x 1017 o=3L,800/8T oo 5101 goc™l,

A best fit of the Kassel equation te the observed pressure
dependence shows that s = B for this reaction.

The results lead to a value of 98,1 kcal, per mole
for the bond dissociation energy D(CoHs=H). The heat of
formation of the ethyl radical wes calculated to be 30,0
and 26,2 keal, per mole for 0% and 259 respectively,

T A R o = o 5 e AR B0



The study of unimolecular reactions has received
increasingly more attention in recent years., The most
easily accessible of unimolecular xeactions are the thermal
isomerization reactions such as the isomerization of cyclo~
propane to propylene, A number of lsomerizstions have been
etudied in deteil. OCther unimolecular rxeactions, such &g
chaineinitiating steps and certain chainepropagating steps,
are of more consequence in daveloping an understanding of
complex reaction mschanisms, It is only In recent years
that techniques have become available to study the
individual steps of 2 resaction mechanism and to examine
the effects of temperature, pressure and foreign gases on
the Individual steps. In some cases it is now possible to
observe the kinetic behavior of & unimolecular reaction
which is one step of an overall mechanism,

A characteristic feature of unimolecular reactions
is the pressureedependence of the firsteorder rate coeffi-
clent when studies are made at low pressures, The €irste
order kinetics are found to fail at low pressures, and at
sufficiently low pressures aoccnd-prdor kinetics are
observed., This behavior was first explained by Lindemann

with the proposel that for molecules obtaining energy for

reastion through collisions with other molecules the rais




of energization will become o secondweorder process at low

pressures, The reactions can bs shown in the following
scheme:

. k
1] A v A é A v oA
k‘l
k
[2] P

Here A Tepresents & moleculs of reactant, A" represents a

molecule of reactant with sufficiont energy to decoapose,

and ¥ represents the products of & unimolecular decomposis-
tien, The overall rete of decomposition is given by

{3] V2 = kﬂ [J‘s‘}
The ateadye-atate treatment for A" leads to
f4] Cg[a12 e ke, IA¥IT - kA"l = 0

This can be rearranged to give an expression for LA*}, and
on substituting this oxpression in [3] one obtains
k;ﬁzﬁﬁla

{5} \72 w k‘l{A] N ha

This expreassion qualitatively describes the observed

pressure dependencsa since at high pressures, when

ky & key{a], the kinetics are firsteorder, while at low

pressures, when ke;{A} & k5, the kinetics are secondeorder,
The Lindemann treatment has provided a wery

succasoful basis for examining unimwlecular reactfons, but

is found to fail on two accounts, The first failure of

the Lindemann theory resulted from the use of siumple

collision theory to estimate k; from the expression
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(6] ky = zye™F /RT

This expression led to values of k) which were considerably
too smail. Hinshelwood recognirzed that the process of
&n»rgiiatien may Ge much {aster for a complex molecule with
3 considerable number of vibrational degress of fresdon
than for a simple molecule, aince the ansIgy can beo dise
tributed in many ways among the vibraticnal modes of the
complex molecule, The expression for ky for a molecule
having s mndes of vibration {s

ZO -;* .‘1 ,?% "
f71 kl“m (ﬁ?) e~E /AT

where Z., i3 the collisfon frequency for the deactivation
process, In application, it is found that agreement with
expariment 13 obtained most frequently for & value of s
near ngﬁ, f.e., only one half of the normal modes of
vibration contribute to the enecrgization pProcess, |
The second failure of the Lindemann theory is
that the varistion in the firsteorder rate coefficient with
the pressure shows the wrong foxm. This effect i3 a raesuilt
of an inadequate description of Ko in the Lindemann theory,
The theories of Kassel snd of fics and Ramsperger take into
sccount the fact thatihighly senergized excited species dee
compose more rapidly than a species thet 1s just critically
enexgized, In discussions of the Xasgel theory 1t {3 cone

venient to consider the following reactions instesd of
reactions [1] and [2]:

e o at i o :‘-xu‘.::.—yh-
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[e] A A == A%, 4
k-l
[9] A% K2
f10] o

This scheme differantiates between an energized
molecule (A") and an activated complex (A?). where an
energlired molecule has sufficient energy to bacome an actie
vated complex, but does not have that energy distributed
among the vibrational modes in the manner required for the
activated complex, The energy in the energized molecule is
assumed to be reshuffled on every vibration., The greatar
the energy of the enexgized melecule, the greuter s the
chance of redistributing this energy in the manner required
for the activated complex,  This leads to a higher rate of
formation of the activated complex from highly enexrgized
moleculas than from just critically anexgized molecules,
The expression describing this behavier of ko 13 given by

[11] ky = i} (_g_-_-é_g_:)s-z

whexe ¢ and €” are the energy of the anerglzed molecules
and the critical eansrgy reapectively, oand 3 1s the number
of modes of vibration ia the molecule, The rate constant
for the deeompasitlon'af an activeted complex is not dee

pendent oan the total energy of the activated complex since

the complex is assumed to decompose during the period of
the first vibretion.

s et ,mx—,:-,.-
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“#ith this expression for k2 and with the Hinshel~

wood expression for k), the final aquation of the Kagsel
theory is obtainad:

P” fw} % gml ‘
ri21 i .(...k:) (T&) (é'i‘e‘) a~ €kT %ﬁ
o =1l k¥ - €¥\8~1
IJ'k.lgn} (£?§:)
J +*

€
This aquation gives tho value of a firsteordexr rate coeffie

clent, ki. for a glven pressure fAl, and for a chosen value
of the parameter &, In 2pplying the Kasgssel equation it is

necessary to know *, the highepressure activation energy,

and k , the highepressura liniting rate constant., It is
then possible to fit the calculated values of k! to the
observed values, through variation of the s parameter, The
Fassel equation leads to en s value which is less than the
total number of modes, and which is often about enn half.
of the totsl number of modes., It may be recalled that
Hinshelwood's expression for ky also led to low s values

when fitted to experimental date,

Although the unimolecular decompositions of guite
& nuxber of melecules have been examined, thare have bean
fTaw detailied studins igta the unimoleculsy decomposition of
radlcals, One of the chainepropagating stops in a chain
Zesction is frequently the unimolecular decomposition of a
radical; an understanding of the unimolecular decomposition

of the radical 1s basic to the understanding of the overall

reaction mechenism, The deconposition of som»'tadicals has
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been examined over a wide enough temperature range to yleld
an activation snergy for the reaction, but these studies
have most fraquently been made at only one pressure. The
studies often involve an assumpticn regarding the kinmetic
order of the decomposition at this pressure. Although
there may sometimes be sufficient reason for the assunption
of & cextain order of reaction, the orders of reaction for
many radical decompositions ars opean to question until more
pressure studiss have beon made. Radicals containing from
4 to 10 atoms axe most likely to show verfation in the
order of reaction with pressure, in the pressure range
10600 am (most frequently used in pyrolysis and photolysis
axparimonta}. For larger species the pressure dependence
will be observed at lower pressures, while smalier species
will show secondeorder kinetics over this range of pressure,
and the kinetics will change to first order only at several
ataospheres prossure,

The rate constent for & radical decomposition is
often difficult 2o isolate, MHost freguently a rate-constant
ratio has been considered., Vsrious ratios have been cone
sidered by authors and héve led to very different conclue
sions regarding the rate constant for the decomposition of
the radical., An example is seen in thas case of nepropyl
radical, for which activation snergles ranging from 20 to
38 keal per mole were obtained in six seperate studies,
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Cne of the best rate-constant ratios to study
for the decomposition of 8 radical can be derived from
the following abbrevisted scheme:

f13] R —» 3+ &Y
(14a) 28— Ay
f14n] 2R —> HH + C

In this scheme R represents the radical under study, R' a
second radical, # a molecule produced in decomposition,
Ro the dimer of the radical combinetion and O the olefin

produced by disproportionation. The rates of the varicus
reactions are given by

f15] Vi3 " kia [R) = vy
r6a) Yiaa * Xy4q 132 = Vi,
[16b] viab ® kigy [R12 = vy
It follows that
fi7] k19140 = VizViae? = vifvy

The rateeconstant ratic given in [17] has the following
adventages over other rate~gonstant ratios, The vatio is
derived from the cancellstion of the radical concentration
in the two rate expreseions, and hence involves no A55UMpe
tions sbout the radical concentration, The formation of i
and of Ry i3 2lmost always unambiguous in the reaction
schame, gince these products csnnot be formed through otherx
reactions, No assumption for the disproportionation to
combination ratio is required, The activation energy for
the decomposition of the radical hag greater precision than
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other rate-constant ratios since the activation enerqgy for
combinstion 1s usually zere ang thus requires no correction
by difference from the activation energy observed for the
ratfo, The maln disadvantsge of this ratio is the deffia
culty tnvolved in making quantitative measurements of the
dimer, A corresponding ratfio can be derived using the
disproportionation products, but experimentally it s
usually easier to measure the coabination products,
Various methods have been used to generate radie
cale for the study of their thermal decomposition. These
have generally been photolytic or sensitization mathods;
examples are the photolysis of a~butyralidehyde to produce
nepropyl radicals sand the thermally sensitired reacticn of
dzomethsne 1n the presence of propane to produce propyl
radicals, dercuryephotosensitizration 1s a useful means of
producing rsdicasls, where the radical required involves
the loss of a hydrogen atom from the perent gpacies, The
usual primary step in Aercury=photosensitization is the
removal of a hydrogen stom from the parent molecule, by
the Hg 391 atom, Hexcuryephotosensitization has the
advantage that & wide range of temperaturas is available
for the investigation, Sensitizetion by chemical means,
such as by azomethane, limits the temperature renge cone
siderably. Furthermore aercury-photosensitization provides
clean reaction conditions since 06 other radicals ave added
to the system, Fhotolytic and sentttization.gothoda both
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generate yadicals othar than the one under study and come
plicate the overall mechanism, The maln disadvantage of
mercury-photosensitization is the degree of coaversion
which can be used, Certain products, particularly olefins,
which have high quenching crossesaections can be lost
through further reactien by a sercury-photosensitized
reaction, =#hen using mercuryephatosensitization to generate
redicals, one must also consider the possibility of primary
steps other than the removal of @ hydrogen atom and the
possible formation of hot radicals,

The studies described in this thesie were
initisted to examine the thermal decomposition of two
rédicals over a wide range of prassure and temperaturs.

The two radicals studied wers the methoxyssthyl radical
and the ethyl radical, which are known to decompose to
formaldehyde and a methyl radical, snd to ethylene and a
hydrogen atom respectively, For both radicals the activa~
tion energy and the pressure dependence of the firstesrder
rate coefficisnt for the unimolecular decomposition were
unsettlied in view of discrepancies in the previocus
literature,

In the prograss of the study on the thormel dee
composition of the methoxymethyl radical, 1t became evident

that the mercuryephotosensitized decomposition of dimethyl
ether provided a basis for the study of two radical come

bination reactions. These two yeactions were the combinae

BT
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tion of two methyl radicsls to form ethane, and the come
bination of s methy! radical with a mothoxymethyl radical
to form mothyl ethyl ether, These reactions and the
effects of pressure on them have been sxemined in detatl,
A correlation of the observed activation
energies with the thermochomistry of the corresponding
reactions was not possible for reactions involving the
methoxymethyl radical until the heat of formetion of
this radical was known., This heat of formetion hag been

deterained in order to provide a more complete basis for
thermochemical discussion,
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The mercury-photosensitized decomposition of
dimethyl ether has previously been examined by sarcus,
Darwent and Steacle (1), and by rottie, Harrison and
Lossing (2). The former suthors studisd the reaction
over the temperature range of 2%°C to 2929% 2t pressures
of 26 mm Hg and 110 mm Hg, They concluded that the primacy
decomposition step was . |

Hp Jy + CHaOCHy —» CSHyOCHp + M+ Hg Y5,
At 25°C the only subsequent resctions wers
H o+ CHaOCHy — iy + CHaOCH,
20Ha0CHy —  CHyOCHCH0CH,
At higher temperatures the methoxymethyl radical, CHyOCH,,
decomposed by the reaction

CHyOCH; —» G + Ciy0
They found the activation energy for this docomposition to
be 18,5 kcel. per wole at 28 mm and 20,0 keal, per mole at
110 mm, on the assumption that rethoxymethyl radicals come
bine with zero activation energy.

The laetter authors studied the mercury«photcsan=
sitized decomposition of dimethyl ethar in a fast flow

e e AR 4 A B T A TR S TS TS x-l-v:.r..-
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system coupled to a mass spectrometer, The effective ether
pressure was about 0,010 om Hg. The study was made at 559C,
and @ higheintensity light source was used, Under these
conditions a second primery decomposition,

Hg | o CHyOCH; — Gy o OCHg » Hg 15,
wag found to occur., It was concluded that under these cons
ditions this C«0 split accounted for as much as 508 of the
total Inftiation,

In the present investigatlion & more detalled
study hag been made of the mercuryephotosensitized decome
position of dimethyl ether, particular attention being peid
to the kinetics of the variocus slementary processes over a
rangs of tempersturss and pressures,

Saterisls

The dimethyl other used was obtained from the
#theson Company and was further purified by bulb to bulb
distilletion, The purifiad ether contained small quantitises
of carbon dioxide and methyl ethyl ather., For the measurse
mant of methyl e¢thyl ethar formed during reaction g small
corzrection had to ba made for the mathyl athyl ather in

the reactant, Ho evidence of any cther impurity was
observed in chromatographic anslysis of the dimethyl ether.
The 1,2«dimethoxyethane used for calibraticny of the chromae
tograph was cbtained from the Aldrich Chemical Company.

o
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“ethyl ethyl ether wes prepared by a Willlamsen synthesis
using ethyl slcohol and methyl fodide.

Apperaius

The reaction was studied in 2 static system, A
view of the apparatus is shown in Flate 1. The essential
features of the apparatus are shown schematically in
Figure 1,

A cylindrical quartz reaction vessel, 4" in length
end 2% in diameter was used; its volume was 166 cc, The
furnace constructed around the reaction vessel had the
following features., A cylindrical fron collar 9* long by
1/4% thick was placed arcund the reaction vessel to provide
aven heating, <utside the iron col;ar windings of resistance
wire wore placed in three zones along the length of the
furnace so that heating could be controlled for each section,
The heating of the two ond zones was controlled by the '
adjustment of a Variac., The temperature of the central
heating zone was controlled by & Thermo Flectiric tempera=
ture controller which was activated by means of a thormoe
couple (Cq) placed at the side of the veaction vesssl,

The temperature of the reaction vessel was
measured by means of chromel-alumel thermocouples (0°C
reference), connected to a Croyden Type Pe3 potentlometex,
The temperature wes observed for three thermocouples {Cy,
G2, C3) throughout the reaction time. These thermocouples
gave the temperature at both ends and at the middle of the
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A viow of the apparatus




A schematlc diagram of the apparstus

2. §3
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reaction vessel, It was possible to waintain very constant
tetperaturas for Cq and Cy but the opening of the shutter
caused some fluctuation in C; during the reascticn. This
was compensated for by adjusting the Variac centrelling

the tempersture of this zonse,

The mexcury lamp was a lowepressure lamp and was
saintained at 11¥ from the incident face of the reaction
vessel, The lamp was warmed up for at least twenty minutes
before use and was cperated at room tompevsture, The lamp
was operated at & current of 9,0 ma, This current was
adjusted with 2 Variac (Vg) in the primary circult of the
transformer {output 2,000 v maximum) used to activate
the marcury lamp,

The concentration of mercury in the reaction zone
was controlled by the temperature of a spiral trap (T,),
containing mercury, in the lead to the reaction vessel,

The concentration of mercury was sssumed to correapond to

the equilibrium vapor pressure of mercury at the tempera=

ture of the spiral trap, For much of the work, this trap

was maintained at 0°C, but other temperatures ranging from
«30%C to 120%C were also used to vary the concentration of
aercury in the reaction zone,

prior to sach experiment a pressure of 2 x 10°° mnm
or better wis abtained, A sample of ether was admitted to
the manifold from the reaction vessel and then trapped out
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in a U~tube (T;) after stopcock 54 and the mercury cuteoff
were opensd, The reaction vessel wds then i{solated by
tlosing the mereury cuteoff, snd the ether was allowed to
expand into the reaction vessel, with the ether pasaing
through the mercury ssturator trap {Tg). The reasction was
started with the removal of the gshutter and was stopped by
guitehing off the mercury lamp. Convessions were kept low
for all runs, The conversion was well undar 1¥ except for
runs at legs then 10 mm pressure of reactant,

The products of reaction were separated into four
fractions: (1) noncondensable, {2} cendensables at =1989C
(1iquic nitrogen}, (3) condencables at «1609C {isopentane
slush) and (4) condensables at =1279C (n~prepapol slush),
The noncondensable products, which comprised hydrogen,
carbon monoxide and methane, wevre collectsd with a Toepler
pump. The trap et «1969C retainmed ethane, although ‘
occasionally a small correction had to be added for ethane
which appeared 4{n the noncondenseble fraction, The <1600
trap contained reactant and methyl ethyl ether while the
trap at =1279C contained 1,2«dimethoxyethane with virtually
no reactant or methyl ethyl ether, A mercury diffusion
pump betweon the «160° trap and the «196° trap was used to
pump reactant and pioducts from the reaction vessel,

The products of reaction were analysed by @& gos
chromatoqraph having 3 hot filament deatecting unit, All
columns were 1/4 inch in diameter, Heltum was the carrier
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gas used for all chromatographic anslyses, and all columns
wera thermostatted at 30°C, dathane, carbon monoxide and
ethane ware analysed using a twelveefoot column of 100=200
mesh silica gel, The fraction containing reactant and
methyl sthyl ether was andlysed on a fortyefoot column of
polypropylene glycol on 60«80 mesh Chromosorb i (20X load),
The length of this column allowed the reastant to bLe sluted
and the base line to return to good stability before the
methyl athyl ether appeared, 1,2+Dimethoxyethans was
anslysed on & ten-inch column of polypropylene glycol on
60-80 mesh Chromosorb P HuMDS (20X load). Feak=height
medsuremsnts provided good calibration curves for all proe
ducts except 1,2-dimethoxyasthane, for which it was necessary
to make area measursments,

The low conversion necessitated high sensitivity
for the gas chromategraphic analysis, This sensitivity
was obtalned by preamplification of the eignal, by means
of a Lands and Northrup microvolt amplifier, bmfore it was
put through @ 10 av, recoxder. This high amplification
requlres minimal fluctustions of pressure betwesn the
helium source and the detector, in order to have a sisble
base line; this wes accompiished by inserting Ldwards VPCel
preseurs controller& in both the reference flow end the
andlysis flow of the chromstograph,




The reaction was studied over the range of 200°
to 3009, and of 3 to 600 mm Hg pressure, The products
found were hydrogen, carben monoxide, methane, ethane,
methyl ethyl ether (MEE) and 1,2edimethoxyethane (dimer),
Formaldehyde is certainly producad but its analysis, which
i1s difficult and unreliable, was not attempted, Table I
shows the rates of production of products for typicel runs,

These results sugoest the following reaction

scheme
1] Hg ¥y ¢ Cha0CHy —» CHgOCHy + H » Hg 15,
{2] 2 CHyUCHy — CiigOCHCHROCH,
(31 Gy —- GHa + GHoU
(4] | CHy + ChiglCHy —a CHyg » CHyOCH,
(5] 2 CHy —a Cohg
e CHy + CHyUCHp — ChigOllnlHy
(7] H v CHyOCHy —> Hy + ClgQCH,
[8] CHgd —> CO 4 Hy

Uncexr the conditicns of the present work there
appeirs to be no Ce0 split in the primary step., The proe
duction of (H4C would lead to the formstion of methanol; the
chromatograph had good sensitivity for methanol, but none
was detected,

When the reactlon was carried ocut at 309C the only
products were hydrogen and 1,2~dimethoxyethane; reaction [3)

doas not occur under these conditions, This result confirms
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that mesthane results only €from the decomposition of the
methoxymethyl radical. It also provides further evidence
that there is no Ce0 split in the primary step; if there
were, the'CHS radiceles would produce either CHy or Collg s
neither of which wes found at 30°C,

The carbon monoxide produced in the reaction is
undoubtedly formed by the decomposition of formaldehyde,
This process, representad by equation [8], cextainly does
not oceur as an elementary process, but vis HIG, It is
sasily verified that these processes do not interfere with
the mass balances employed in the present work,

Derk reactions carried out at 248°C and 300°C
confirmed that no significant thermal decompositiocn of the
ether was occurring,

ipss Palance
The stesdy~-state agquations for H, Chly and ClgOCH,
are
vy % vy
V3 B Vgt Avg b Vg
Vit V4 tVy = iy v
Elimination of vy and v, gives
My T Vat Vgt Vg
Since hydrogen is produced only by reaction [7]
or by the decomposition of formeldehyde, in which caso an
oquivalent amount of carbon moneoxide is produced, vy 18

[T . -
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equal to sz = Vo3 therefore
Vi = YO 7 Vdimer * Vigly * VMEE

A serles of experimenis was carxried out to test
this relationship, care being taken to avoid any loss of
products. The products other than hydrogen were analysed
by chromatography; the amount of hydrogen formed wés obe
tained from the difference of the gas burette measurement
of the total noncorxiensabdles and the chromatographic messures
ment of a1l other noncondensables in the sample, The results
obtained at 2009C are shown in Table II, from which it is
seen that the mass balance relatfonship i{s subetantiated

within the experimental error,

The question arists'as to whether the mercuxy
vapor concentration {s such that there is very little drop
in intensity as the light passes through the resction vsik»l.
in order to test this, messurements were made of the net
teraination rate, vyie.. ¢ VCob, * Vapss (this is equal to
the initiation rate) at varicus mercury vapor prassures,
The temperature of the trap controlling the concentyraiion
of mercury vaper in the vessel wae adjusted at temperatures
from «30°C to +209C, fét Qarious runs, The results sre
shown in Figure 2. It £s to be seen that at tempevatures
above about 09C the rate of termination has reached an
upper limit, corresponding to totsl light absorption. At
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£layre 2

Not rate of termination of the mercury-
photosensitized decomposition of dimathyl
rther as a function of the mercury vepor

pressure, The trap temsporatures are
indicated,
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»30°C the termination has fallen to a point where 50%
absorption is oceuring. In the work described in the
following threa chapters & correction has boen made for
this lack of homogeneity,

e o e 7 s m
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A previous study of the mercuryephotosensitized
deconposition of dimethyl ether by Murcus, Darwent and
Steacle (1) has led to the conclusion that the methoxye
mothyl radical, CHaOCH,, decomposss into a methyl radicasl
and formeldehyde, At & pressure of 110 mm the activation
enerqgy was given as 20.0 kcal. per mole, while at 28 mm
it was 18,5 kcal, per mole, From the sbove experimental
dats TrotmeneDickenson {3) calculsted the frequency factor
of this reaction to be about 1010 sec™! for the decomposie
tion in its firsteorder region., The low frequency factor
and the decreased activetion energy at lLower pressure both
suggest that the decomposition of the methoxymethy!l radicsl
is in its pressureedependent region, = —

In the thermal decomposition of dimethyl ether
the decomposition of tha methoxymethyl radical 1s one of
the chainepropagating steps. Benson and Jain (4) prefer
to regard this decomposition as being secondeorder, while
Mckenney and Laidler (9 heve suggested that this reaction
is in its firsteorder region. Although the order of this
Teaction doas not influence the oversll oyder of dimethyl
ather pyrolysis, clarification of the prasaure”dopcngaace
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of methoxymethyl radicai decomposition Is & matter of some
interest.

in the preeent work the kinetics of the methoxye
methyl radical decomposition have been deduced from the
results of a study of the mesrcurye-sansitized decemposition
of dimethyl ether,

The spparatus and experimental technicqus have been

described in detail in Chapter II, The bulk of work wes
carried out using 0°C for the trap controlling the mercury
concentration in the reaction vessel, Howsver, for some of
the later runs the temperature of the trap was varied from
«30 to +20°C using an ethsnol bath, |

The scheme of rsactions describing the mercurys
photosensitized decompousition of dimethyl ether wss given
in Chapter Il; the same numbering of reactiona {1] te [7]
is used here., The present work has been centesed on the
kinetics of zeaction [3] and has beon accomplished by cone
sidexring the rates of the individual steps [2] and [3],

fa] vy = kg [ClgOuiy ]
[9] vg = kg [CHpOCH, )R
whence

- k
(10] ;;'35 -
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Thus by measuring vy snd v, the rate constant ratio ka/k21/7
may be evaluated, The rate of reaction {21 hags basn measured
directiy ae the rate of production of 1,2edimethoxyethane,
The rate of resction [3] has been measured as the sum of
Ve, * ZV%HG + Vgzps The steady~state condition for methyl
radicals yields

f11] ¥y Vg4 Qug 4 Vg
rrovided that all methyl radicals are produced by zeaction
{3] and are consumed f{n the productiocn of CHy, Collg and
CHyehnQlhy, the relation

{i2] V3 ® Vo, ¢ 2"*2“@ * VCiiqCHaQuHy
holds,

The rates of production of methane, ethane, methyl
ethyl ether and 1,Zedimethoxyethune have been measured for
the mercury-photosensitized decomposition of dimethyl ether,
The reaction has been studied over tho temperature range of
200° to 30CYC and over a pressure range of 3 mm to 600
The measured rates at various temperatures and pressures
are shown in Appendix 1.

Values of ka/kgl/g have bean calculated using
relationship [1G], Filgure 3 shows a plot of leg kaszL/a
vs, log F, where © is the pressure of ethar in the systam,
At @ach teamperature there is & steady decrease in the log
kafkgl/z values @5 the values of log i decrease. In view
of the large number of atoas in 1.2-dimuthoxyathane. no

prassure dependence of Ko would be expected in this pressure
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The pressure dependence of ka/kzl/Q st
five tomperatures in the range 20C° to
3009%,
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reglon, The falleoff observed In Figure 3 is attributed

to the pressure dependence of kq. If the decomposition of
methoxymathyl radical were firsteorder, the slope of log
k3/12119'against log ¥ would be zero; if the decomposition
wera in {ts secondeorder region the slope of the curve would
ve unity. From Figure 1 it 15 seon that the order of roe
action lies betwean 1 and 2 over the entire pressure ragion
for all temperatures investigated, At 248°C the order of
reaction is about 1.4 in the middie of the pressure range
studled,

Figure 4 shows an Arrhenius plot for the k3/k21/2
values interpolated from Flgure 3 at a pressure corresponding
to 100 om ether, The activation energy for the decomposie~
tion of methoxymethyl radical i{s feund to be 24,8 kcal, pex
pole at this pressure, on the assumption that the radicals
combine with zere activation energy.

Of more importance are the Arrhenius parameters
that correspond to the reaction in its first-order and
second~order regions. From the Lindemann theory

(13) Jr T I
k i k%Al

where k: is the defined firsteorder rate ceefficlent, k™

is the firsteordsy raté constant corresponding to the firste
order decomposition obiainoed at sufficlently high pressures
and k° is the second~order rate constant corresponding to
the decomposition in its secondeorder region at sufficiently

low pressuraes,
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An Arzhenius plet for ka/kzl/g at

100 mm tg pressurae.
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Flots of k, /'/ks sgaingt —17 have beon made to
evaluate k3 and k3. A typical reciprocal plot is shown in
Figure 5, It i{s seen that for high pressures the plot is
not linéar; the experimental poinis fall below the straight
line. This corresponds to the deviation from Lfindemann
theory that arises because highly energized radicals decom=
pose more rapidly than those which are just critically
energized, The intercept taken from the reciprocal plot is
the one estimated from the extension of the curved portion
of the line and not from the extension of the straight line,
The intercept yields k21/m545° values, The slope of the
linear portion of Figure 5 yields values of kzl/ /ks.

Arrhenius plots for ka/ka /2 and ka/kzz'/2 are
showns in Figure 6., On the assumption that methoxyaethyl
radicals combine with zero activation energy, Ey = 25.5
kcal, per mole and Eg = 18.1 kcal, per mole, In order to
evaluate the frequency factor {t has beon assumed that
methoxymethyl radicals have the same frequency factor as
methyl radicals for the combination reaction, The A factor
for the methyl radical combination has been given by Shepp
(6) to be 2,2 x 1013 ¢¢ mole! sec™t,  wWith this value for
Age It is found thet AY = 1013.0 goc=l 4ng a3 = 1016416
mole=l gec~l,

Thus
k3 = 1.0 x 1013 ¢=25,500/RT gqc~1
kg = 1.4 x 1016 ¢=18,100/RT ;. mole™! sec!
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Lindemann plot for deta at 270%2, The
slope of the linear portion gives k,zvafkg;
the intercept obtained by extrapolation of
the curve vields kgl/alk';.
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The assignment of Eg = 18,1 kcal, per mole must
be viewed with seﬁn caution since the slopes of the Lindee
mann plots weare rather poorly defined, Eg could be .2 kesl,
per mole €rom the value quoted, The value of £§° is quite
well defined, however, since the extrapolation to the intere
copt was quite readily made, Furthermove it has slready
boen observed that £4 = 24,9 kcal. at 100 mm pressure and
this sets a lower limit for £3°, The EJ value of 25.% kcal,
per mole should be accurate within (0,3 kcal, per mole,

From the assignment of E‘3° and Eg it is possible to
make an estimate of s, the number of normal modes contribue
ting to the process of enmergizetion of the radical, From
the lilnshelwood expression for snergization it follows that

[1e] Ep = Eg = (8 » 3/2)AT
For temperatures iIn the range studied this yields an s

value between 8 and 9,

After k'; was ovaludted it was possible to calcue
late Kassel integrals for the unimclecular decomposition of
the methoxymethyl radical, The integrations were carried
out on an IB4 1620 II computer, Celculstions were made for
each temperature studied and over » pressure range greater

than studied experimentally, The Kassel fntegral may be
written as




B

- JORE. X 3. SR

-3l -
n o0
fel e’ sl ]
SO LT () (58) 0w AT 26
(S“l)! ) .kf (fcé’)"l
* k-l{h] €
Ue"

whore k> is the defined first order rate coefficlent and

the other rate constants correspond to the following schema:

k
A A :;é: a* . a
kay
A o
r
¥ i., products

In this scheme AY 1s an anergizod molecule and at &n actie
vated complex; the latter 1s a complex passing smoothly
into products while the former s charscterized only by
having sufficlent onargy to become an activatad complex,

In Kassel integrations ko) 13 normally taken to
be the collision frequency for the deactivation Process,
and deactivation is assumed to occur on every coliision,

In the present work 4" is necessarily & methoxymethyl radi-
cal, while A is normally an @th&:ﬂm?licule. For the calcue
lation of the collision number K:Niﬁé = was taken as 45,56,
The collislon diameters of both methoxymethyl radical and
of dimethyl sther were taken to be 5,0 A% (3)(7).

The 30lid iines of Figure 7 show the dependence
ef the ¢salculated Kassel rate constants on prossure, in
terms of 4 logelog plot, These curves were calculated for
67 and yielded the best it to the experimental data, which
are also shown in Figure 7,
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Elayre 7

Curves calculated from the Kassel equation
for kq and fitted to the experimentsl data
at five temperatures from 200 te 30G°C,

The Kassel integrations were performed with
8= 7and A= 1.0,

SR |
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The curvature found for s=7 gseems rather sharper
than indicated from the experimental dats, although the
fall=off occurred in the correct range of pressure, Higher
values of s appear to have a curvature more in line with
the experimental points, but the falle-off occurs at pressures
much lower than found experimentally, In an attempt to fit
the experimental data more oxactly, the assumption of unit
efficiency for the deactivation process has been examined,
Although deactivation may occur on every collision for some
procesees, 2 collisionesfficloncy factcr,a\ , ®ay have &
value of less than unity for some deactivation reactions,
Reactions involving & low critical rhtia. such as the decome
position of the methexymethyl radical (E/HT » 20}, may be
more susceptible to low collision efficlencies, for the
deactivation process, than decomgositions involving a high
critical ratiec. with this in mind Kessel integrations were
carried out for 4\ = Q3,13 such & value may be unr@alisti-
cally low since this implies that only one collisfon in ten
is effective in deactivation,

Figure & shows the K2esal curves calculated for
A = 0.1, These curves were obtained for a value of s=10,
The fit to the curvature of the experimental points is only
marginally better than obtained in Flgure 7 for s=7 and
A= 1.0,

From the Xassel integrations it appsare that s,
the number of normel modes contributing to enargization,




Elgure 8

Curves calculated from the Kassel equation

for k3. The integrations were performed
with 8 = 10 and A\ = 0,1,
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has 8 value no less than 7 and no greater than l0. This

is in agreement with ths value of 8 or 9 obtained from the

activation energy difference., The value of s 1is frequently
close to 3%59 whare N 18 the nusber of atoms in the species
decomposing, For the methoxymethyl radical, 3%?& is 9.

There are a number of modes which may be sxpscted
to contribute very little to the energization process which
sventually ruptures the C«0 bond in CHaOCHy., A linear actie
vated complex for the decomposition of the methoxymethyl
radical seems unlikely, since only when the methyl group
has actually left would linearity be achieved. For 2 none
linear activated complex there would be two torsionsl modes
and one hending mede, none of which will contribute to
energizetion, In addition tha methoxymethyl radical should
axhibit five CeH siretching frequenciss which would have
high zerocepoint energy; the higheenergy quanta required for
anergization of these CeH stratches may not be available,
It is xeasonable to exclude these eight modes when counting
the modes which contribute to energization: this lesves ten
norsal modes, in agreement with the s values previcisly
discussed,

It is significant that the experimental rate
coefficients fall less sharply at lower pressures than is
predicted theorotically., This affect may be related to the
presence of hot radicale arising as a result of the excess

enexgy provided in the mercury photosensitization, The
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bond dissociation enexgy D(GH3¢CH2~H) is shown in Chapter VI
to be 90.9 kcal, per mole, and the Hg 3?; contains 22,2 kcal,

energy in excess of this. For reaction [1] this excess
energy aust resids in the fragments, The presence of some

of this energy in the methoxymsethyl radicals could lesd to

an enhanced rate of decomposition, even though the hot radie

cale have less than the critical energy required for decome

poesition, At high pressures the hot radicsls may be therma=

1ized rapidly, while st low presaures some of the hot radie
cals may decompose before beling thermsiized, This would
account for the obsarved pressure dependence, Further
support for such a postulate is seen in the fact that for
the lowest temperature studied the anomalous pressure
dependence was more pronounced than for the higher temperae

tures, This trend would aleo be accounted for by the dee

compesition of hot radicals, since at lower temperatures a
larger fraction of the total swthoxymethyl radicals are

generated by the photosensitization step, due %tz shorter
c¢hain lengths,

The pressure depondence of X3 has been tested by
using COp 2s an tnert gas to incresse the pressure at low
pressures of sther, For s given pressurae of ether in the
presence of inert gas the rate coefficlent should have 2
value greater than at the same pressure of ether with no
inert gas, The.rat» coefficient should incresse to the




- 47 =~

value corresponding to an ether pressure equsl to the total

pregssure developed by the sther plus the i{nert gas, Figure 9

shows the results obtained experimentally, The solid dots
show the value of the rate constant obtained for that

pressure of ether in the pressnce of CO0gpe The crosses refer

to the increase in the rate conatant that would be obtained
if CO, hud the same efficiency for activaticn and deactiva-
tion as dimethyl ether., The methoxymethyl radical is not
decomposing in the presence of & great abundance of other
methoxymethyl radicals, but rather in the presence of
dimethyl ether; dimethyl sther is thus the normal third
body involved in activation and deactivation, when carben
dioxide is added, both carbon dioxide and dimethyl ether
will act as third bodies. The efficiency of COn In sctie
vation is expected to be less than the efficifency of a
molecule such as dimethyl ether; hence it is eoxpectad tbat
for runs carried out in the presence of COgy the rate cone
stant would not e incressed to ths value corresponding to
the totel pressure, The distinct Increases in the rate
constant observed in Figure 9 suppert the pressure depen-
dences of the methoxymethyl radical dacémpooition.

The homogeneity of the reaction conditions has
been discussed in Chapter II, It was found that the use of
a 0°C trap to control the partial pressure of mercury vapor

in the reaction vassel did not lead to & low enocugh partial
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flgure ®

The infiuvence of carbon dioxide and of
light intensity on k3 at 248°%C,

o

o

results with sther alona,
experimental values with ethere
cerbon dioxide mixtures,
expected value 1f ether and
carbon dioxide had equal energye~
transfer efflciencies,

results with raduced light
intensity,
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pressure to assure the homogensous production of Hg 3¢,
atoms, 3Since the bulk of the present work was carried out
undexr the above conditions it was necessary to deteraine
the efféct of the possible nonehomogeneity on the decomposie
tion of the methoxymethyl radical. A number of Tune were
made with a trap st «309C to control the mRrcury concentrae
tion, In Chapter II, it was concluded that nearly homow
genecus conditions are obtained by using this procedure,

The use of the «30% trap for the mercury had a
distinct effect on the kafkgl/z ratics, For all tempera-
tures studied the ratio was increased by a factor of about 2,
At 225°C the decomposition was refuvestigated over the full
pressure region, while at 200, 2438 and 2709C the decomposie
tion was studied over a smaller range of pressure, Figure 10
shows the naw experimental dats superimposed on the curves
found under the previous conditions, It 1s seen thai the
curve for 2259C has the same shape as previously found, and
that the fall off is occurring in the same range of pressure,
Enough data were cbtained st the other temperaturss to estabe
1ish the position of the fall«off curve st a presaure of
about 35 mm, Values of the rate constant ware intexpolated
from both the old and new curves at 3 pressure of 3% mm,
These values of log kakaLIQ are shown in Arrhenius plots
in Pigure 11, It 1s seen thet the sctivation energy has
remained the same under the new conditions as under the old
conditions., It 13 concluded that the effects of non~homo=




Edgure 1O

The variation of k4 with pressure, for
mercury concentration in the reaction
zone controlled by a -30°C trap. The
experimental polnts and dashed lines
correspond to this condition, The solid
curves axe the same as shown in Figure 3

and were obtained with the wmarcury trap
at 0%,
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joure 1]

Arrhenius plots for ksf&QL/a 8t 35 mm Hg
pressure, The lower curve was obizined
from data using a trap at 0°C to control
the mercury concentrationg the upper curve
was obtained with & =30° trap to control

the mercury concentration,
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geneity did not interfexre with the conclusions drawn about
the decomposition of the methoxymethyl radical., The ine
crease in the ratio kalkalfz is thought to arise from the
effect bf nen=homogeneity on the 1,2«dimethoxyethane formae
tion. Under conditions of complete absorption the cone
tentration of methoxymethyl radicals will be particularly
high near the incident face of the reaction vessel, This
will give rise to an abnormally favourable condition for
combination of methoxymethyl radicals, leading to formation
of 1,2«dimethoxyethane at rates greater than expectad for a
homogeneous reaction. This in turn causes ka/kzlfn ratios
to be smallexr thon expacted for homogennous conditions,

Although it has beon shown that with the mercury
trap at 0°C, 3 has not been affected by the non-homogeneity,
one smust aleo consider the effect on Aae The log ka/kalfa
valuss for «30°C ware all about 0.3 log units higher than
sbtained for O°C, This change is therefors prasent in the
Arthenius plot, and has the effect of increasing the intere
cept by 0.3 log units., This requires that the A factors
for the decomposition of methoxymethyl radical should be
incressed by 1093 giving

k3 * 2,0 x 10%3 ¢725,500/4T g =1

k§ a 2,8 x 1016 o*18,100/AT o0 pp1o=l gac=)

Another test for homogeneity was conducted (using
0°C for the mexcury trap) by reducing the 14ght intensity
by inserting a wire mesh betwaen the light source and the
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reaction vessel, Figure 9 shows that the k3/k2L/2 ratio
was incressed undey these conditions, This may also be
explained in terms of the l,2«dimethoxyethane production,
Althouqh complete absorption would still be occurring, the
methoxymethyl radical concentration near the incident face
of the reaction vessel would be substantially reduced so
that 1,2«dimethoxyethane would be produced at a lower rate,
The unimolecular decomposition would remain unaffected and

hence the kz/kgx/a'xatxo would be axpected to increase under

the condition of lower light {ntensity,

Ihsrmochemistiyy
The thersochemistry of the decomposition of the

methoxymethyl radical gives support to the activatfon energy

of 25.,% kcal, per mole found experimentally, Calgulations
have been mede using the following AHg values for a stan-
dard state of 23%: CMz0CH; = =44,0 (8), CHy = 32,0 {9),
and CHaO = «27,7 (9) all in kcal. per mole. The heat of
formation of the methoxyunethyl radical is shown in Chapter
VI to be «5,56 kcal, per mole,

Figure 12 shows the theramochemical relationships
for the dacompusition of the methoxywwthyl redical, It 1is
sesn that the decomposition is ondothermic to the extent
of 9.9 kcal, par mole. The observed activation energy of
25,5 kcal, per mole s 15,6 kcal, per mols in excoss of the
endothezmicity, This latter cuantity is the activation
energy for the gxothermic back raaction, which 1s the




Cnexrgy diagram for the decomposition of
the methoxymethyl radical to formaldehyde
and a8 nethyl radical,
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addition of & methyl group to the carbonyl group of formsle
dehyde, with addition oeccurring at the oxygen atom, The
reactlion of methyl radicals with formaldehyda has been
studied by Toby and Kutachke (10) and by Blake and
Kutschke (11), The above back reaction was not observed,
the only reaction being abatraction of a hydrogen atea by
methyl radical, The activation ensrgy for the abstraction
reaction was fournkd to be 6.2 and 6,6 keal. per mole in the
two studles, An activation emergy of 19.6 kcal. per mole
for the addition of a methyl radicsl to formaldehyde s
sufficiently higher than the activation energy for abotrace
tion to render the addition reaction unobservable,




Several investigations into the pressure depsan-
dence of the combination of methyl radicals heve been cone
ducted under various conditions, Kistizkowsky and Roberts
(12) etudied the coabination of methyl radicals produced
in the photolysis of acetone at temperatures in the 13%
to 240%C range; in the pressure range 1 to 10 ma of acetone
there was a pressure dapendence of the second=order rate
coefficfont, Ingold and Lossing (13) and Ingold, Hendere
sen, and Lossing (14) studied the combinstion of methyl
radicale produced from mercury dimsthyl at temperatures
ranging from 160 te 10009C, using a mass spectrometric
technique, The pressure of the system was slmost entirely
that of the helium carrier gas, it 1000°C the combination
of methyl radicals was observed to be prossure dependent
in the pressure range 3.4 to 15.0 ma with an indication
that there was pressure dapendence at eoven higher pressures,
Dodd end Steacie (15) examined ths combination of methyl
radicals at 2479 over the pressure renge of 0.2 mm to 100

o, the methyl radicals being produced by the photolysis
of acetone, They showed that over this pressure range the
oxrdexr of reaction changes from second to third as the
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pressure decreases, the fallwoff being most rapid in the
1 to 10 mm range, The combinetion of methyl radicals has
been studied by Toby and Weiss (16) for pressures ranging
from 3 to 60 mm and at temperatures from 25 to 1BO°C, the
photolysis of azomethane being used to produce methyl radie
cals, Fressurs effects on the combination of methyl radie
cals were observed for pressures of szomethane below 20 =,
In the pressnt work, pressure effects on the
kinetics of the combinstion of methyl radicals have besn
deduced from the results of the mercurys-photosensitized

decomposition of dimethyl ether at temperatures from 200
to 300°%,

EXEESLMENTAL
The apparatus and experimentsl technique have
bean descridbed in detail im Chapter 1I,

3 3 ¥ 30USY

The reaction acheme for the mmrcury-photogsensie~
tized decomposition of cdimethyl ether has been given in
Chapter 11, The same numbering for reactions [1]e[8] is
used in this chapter,

In the temperature range 200 te 306°C the methoxye
methyl radical dacomposes to give a methyl radical and
formaldehyde, The methyl radicals either combine to form

ethane or abstract & hydrogesn atom to give methane, The
rates of these reactions are
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(9] vy = kyly1? = vp
[10} Ve = kqlagllCH0TH, ] = vy,
It follows that V21 e
f11] kg2, wo/Bangocny] | Vo, V/2ICHg00H
k‘ V4 VC\}id

Figure 13 shows a plot of leg ksl/?/k4 against
the logarithm of the pressure (¥} in = Hg, A falleoff in
the rate coefficlent is observed at the lower pressures,
with the rate coefficient appreaching 2 censtant value for
pressures above 100 ma, Since the function plotited cone
tains R5L/2 in the numerator, & slopes of zaro is expacted
in the seconde~order region, while a slope of 0,5 would
correspond to the reaction in its thirdeorder region. For
the lowest pressuras studied the combinatian of methyl
radicals 1s not yet completsly thixdeordexr, It should be
noted that falleoff $n the rate coefficient appears %o bhes
gin at pressures of about 100 am. The present results are
qualitatively in agresment with the work of Dodd and
Steacie (1%), in which, at similar temperatures, the falle
off was cbserved at somowhat lower pressurss., Diffexences
in the efficiency of dimethyl ether and acetone as third
bodies for the combination of methyl radicals could account
for the differsnces in fall-off pressurss. 3ince, in the
present work, the pressure dependence 1is obgerved at
pressures higher than in Dodd and Steacie's work, it is
concluded that dimethyl ether 1s a lass efficient third
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Elquge 13

The pressure dependence of keyl/2/k, at
five tomperatures in the range 200 to
3009, '
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body than acetone. The pressure dependence of mathyl come
bination is found at substantially higher pressures than
observed by Toby and Welss (16} with zzomeihane as the
third bo&y. and this leads to the conclusion that dimethyl
ether it also 3 less efficient third body than azomethane,
Values of log kal/?/k4 wore interpolated from
Figure 13 at a pressure corresponding to 100 wa pressure
and are plotted in Figure 14 in the form of an Arzhenius
plot. From this plot it is found that 1/2 Ep = Eq4 = «10,9
kcal, per mole, If the methyl radicals combine with no
sctivation energy, the sctivation energy for the abstrace
tilon of hydrogen from dimethyl cther by methyl radicals is
10.5 keal. per mole. Gince the pressure dependence of the
methyl redical combination 4s becoming evident at 100 mm
picsnuro, there may be an apparent negative activation
energy for the combination of methyl radicals., The 1Tt T
tive activation energy may be about 2 kcal, at this
pressure; hence the abstraction reaction will probably have
en activation energy of about 9.5 kcal, per mole. In
Chapter V the abstraction reaction is estimated to have an
activation energy of 9.4 kcal, per mole from consideration
of a different rate constant ratic. lrom the intercept of
Figure 14, and using Ax = 2.2 x 1013 cc mole*! sec™! for
the combination of methyl radicals (6), the frequency factor
for the abstraction reaction hes been calculated to be
101182 oo ante=l sec'l. 104, Ag = 6,6 x 101 ¢c mole~l

ccc‘l.
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Eiqurs 14

An Arrhenius plot €or the kbl/ 3/1:4 ratio.
at » pressurs of 100 mm Hg,
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kassel Intsaration

The pressure dependence of the combination of
two species must be identical to the pressurs dependencs of
the reverse unimolecular reaction. This means that as the
combination reaction changes from secondeorder to thirde
order kinetics over a certain pressure rangs, so alse must
the unimolecular decomposition change from firsteorder to
secondworder kinetics over the same prossure range,

The reverss reaction of the combination of methyl
radicals is the unimolecular decemposition of ethane, the
kinetics of which have been thoroughly studied by Lin ang
Back (17)., The rate constsnt for this reaction calculated
for the firsteorder region is

K° = 1,0 x 1016 o~86C00/RT goc=l
@ith the uee of this rate constant, and a collision diameter
of 3,3A for ethsne (23 used by Lin and Back), Kagsel inte~
grations have been computed for various s values, By choosing
thae proper s value one may fit the pressure-dependence of the
rate constants calculatad for ethane decomposition to the
cbserved prassure~depondence of the combinstion of mathyl
radicals, Figure 1% shows the pressure dependence of the
rate constants calculated from the Kassel equation and fitted
to the data on the combination of methyl radicals, The upper
curve for each tempersture {s calculated for s = 9, while
the lowar curve is for o = 8, It $s seen that an s value

between 8 and 9 would more appropristely f{t the experie




Flgure 13

Curves calculated from the Kassel equatioen
for ksl/a and fitted to the experimental
data at five tenperatures. For each tamperas

turs the upper curve was calculated with s = ¢

and the lowar curve was calculated with s = 8, -




G

(wuw)d 2607

4 02

200¢

0042

82

S22

002




mental data, Thus 8 or 9 normal modes are contributing to
the energization of ethane for its unimolecular decomposie
tion. At higher temperatures Lin and Back concliuded that
11 teo ls'modos contribute to energization, on the basis of
Kassel integrations carried out to fit the exporimental
data on the decomposition of ethaneg they also note that
there 1s svidence that the apparsnt s values are lower the
lowar the temperature. The present value of 8 or 9 {8 in
agreemsnt with the value & » 9 caleulated by Gill and

Lafidler (18) and 1s close to the 3§f§ {=9) value fregquently
found with the Kassel theory,

WW ‘ . :

Sevaral runs were carried out at low prassures of
dimethyl ether, with added ceﬁ &s an inert gass, The rate
constant for the combination of methyl radicals would be .
expected to increase under the influence of this additicnal
third body, However, within the limits of experimental
error the increase in the value of the rate constant was
baraly noticeable and certainly was not of the magnitude
predicted from the increased pressure of COne This observee
tion agrees with the conclusions of Dodd and teacle and of
Toby and Weias, The feimur suthors concluded that COs, has
an snergy~transfer efficlency of only 0,03 of that of
acetcne. Toby and Welss found the efficiency of 0y to be
0.06 reliative to azomethans, It was concluded above that
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dimethyl ether is a less effictlent third body than either
acetone or azomethane, From the relative positions of the
falleoff curves observed for acetone snd dimethyl ether ag
third bdﬂios it may bo estimated that acetons is 3 « 5 times
as efficient as dimethyl athexr. <srdon dioxide would stilil
be & much less ufficient third body than dimethyl ather,
Unly 1f the effficlency of carben dioxide were greater than
about C.15 compared with dimethyl ether would the cexbon
dioxide have had a marked effect on the rate constant in
the present experiments., 5Such a valus is calculsted if tha
aefficiency of O 18 0,03 compared with acetone and 1f die
mathyl ether is 0.20 compared with scatone, as suggested
above., Thus the efficiency of COq velative to dimethyl
ether is such that the effect of (0,4 on the rate constant
would gscarcely be detected in the present experiments.

Lin and Back (17) have obsarved that 0y 18 an.
efficient third body re¢lative to ethans for the docomposie
tion of ethane., At fivrst this soems contradictory to the
above conclusions, However, if othane has a third body
efficiency which is low and of the sane magnitude as that
of carbon dioxide, such & result would still bs consistent
with the present observations, fvidence that L0, has an
sffficiency similar to Callg 18 suggested from the work of
Ayscough and Steacle (19). These suthors studied the
deactivation of vibratiocnal states in electronically excited
states produced in the photolysis of hexafluoroscetsna,
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For this process it was found that CoFy and L0, had collf-
slon efficlencies of 0,36 and 0.31 respectively relative to
the hexafluorcacetone, These valuss suggest thet CoHy and
COy should have nearly equal efficiencles for deactivation
processes, The assignment of desctivation efficiencies
found for one process to a second deactivating process must
howsver be viewed with csution.

The fact thet CO, had ne noticeable effect on kg s
the rate constant for the combination of mwthyl radicals,
but had a eignificant affect on k3, the rate constant for
the decomposition of the methoxymethy! radical (Chapter 111},
seems anomalovs. A further reason for obsexrving the sffect
of COp on the methoxymethyl radical 13 the fact that the
function plotted for ks was more sensitive to increases in
the rate constant than the function plotted for kb'

The use of 0°C to control the partfal preasure of
mercury in the reaction vessal has been shown to give rige
to inhomogenecus reaction conditions sssocleted with the
concentration of Hy 37, atoms, These offacts have besn cone
8ldered in detail in Chapter IX end III, Agaln, for the
combination of methyl radicals the mercury concentration has
a significant affect, The bulk of the work was concucted
with the mercury concantration corresponding to the partfal
preasure of mercury at O°C, Figure 16 compares rusults
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Elgure 16

The affect of mercury concentration on the rate-
constant xatio k51/27k4. The experimental points
wars obtained with a mercury concentration correse
ponding to the vapor pressure of mercury at «30%C,
The solld cuzves are the same a8 shown in Figure 13
and were obtained for 3 mercury concentration

corresponding to the vapor pressure of mercury at
o,
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obtained using »30°C to control the mercury concentration
with the results obtained for 0°C, The solid lines are the
curves obtained for 0°C as drawn through the oxperimental
points shamn in Flgure 14, The experimontal points and the
dashed lines are the values found for «3C°C, The rate cone
stant ratio kgk/?/k4 hes decreseed by 0.08 log units, The
date at 225°C show that the shape of the falleoff curve has
not changed, thus not invalidating cenclusions about the
pressuras dependance of “5' It is alno noted that each
curve has been shifted vertically by the same number of

log units; hence the activation enargy foxr 1/2 By = Eg 18
not changed, Howover, the A factor for the abstrsction
reaction must be corrected by 10008 glving Ag = 1011‘90 ¢e

mole*: zec”! or Ag = 8.0 101! ¢c mole®t eec’l.




For ths mercuryephotosensitized decomposition of
dimethyl sther the combination of methyl radicals with
nethoxymethyl radicals hes been proposed #s a termination
process by Marcus, Darwent and Steacie (1) and by Pottie,
Harrison and Lossing (2}, The latter authors observed
methyl ethyl ether in the products analysed by a masse
specirometric technique. This ssme termination step has
beon proposed for the thermsl decomposition of dimethyl
ethor (4,5,20), and methyl othyl ether has been observed in
the products by Anderson and Benmson {21)., Oetafls of the
kinetics of methyl ethyl ether Formstion by this radical
combinat{on have not been repoxted praviocusly,

in the pregent study of the mercuryephstozensie
tized decomposition of dimethyl ether, the forsstion of
methyl ethyl ether has boon sxamined sne certaln aspacts

of the kinatice of the combination reactlon have boen
elucidated,

EAPEBIMENTAL
The detaills of the apparatus and technique used
in the study of the mercuryephotosensitized decomposition
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of dimethyl ether have been outlined in Chapter 1I,

The scheme of reactions which explain the

mexcury~photosensitizsd decomposition of dimethyl ether has

baen given in Chapter iX, The same numbering of reactions
f1]«[7] s used in the foilowing discussion,

This chapter deals with the kinetica of reaction
[6], the combination of methyl and methoxymethyl radicals,
¥ith the experimontal rates of formation of methene,
1,2«dimethoxyethane, ethane and methyl ethyl ethex, one
can examine the rate constant kg in two ways,

The rates of reactions [2), [4] and (6] are as

follows:
) vy * kolCHocH; 12
[9] ve = kg{CiHg 1{CHa0CH, ]
{10} vg = kg [CHy JICH0CH, ]

From the above relationships it follows that

m1 e =R e,

452 av2 4
Thus from the messured ratss of formetion of methyl ethyl
ether (MEE), methane and 1,2«dimsthoxysthane (dimer), the
rate constant ratio ké/k4kzlfa oy be evalyatad,
The second rate-constant rotio 1s obtained by

sonsidoring xeactions [3]1, {41, and [6):

{i2] vy kz{%@a‘f33
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{13} vy = kg[CH, J[CHa0CH, ]
[14] Vg = kglCHy 1 H,0CH, ]
From the above it follows that:
| kake | __Yo¥e
(3] kg [CH,0CHg Ivg

Ag discussed in Chapters II and II1I consideration of the
steady~state concentration of methyl radicals yields

{161 va T Vo, ¢ 3"(.:2&& v Vogg
Relationship [1%) =ay now be written as
Kaks (VOH, » Do M. » Viugs)(VoHg)
173 i ﬁ} -+
6 CHOCHy Mg

Thus from the measured rates of formation of methane, ethane
and methyl ethyl ether, the rate constant ratie kakg/ ke may
be evaluated, |

The combination of methyl radicals with mathoxye
methy!l radicals has been found to exhibit a pressure dew
pendance. Flgure 17 shows the variation of ké/k4kzlfﬁ with
pregsure In 2 logelog plot, At pressures below cioud 1% mm
the rate~constant ratie k&/k‘lkzl/2 decreasns, The rate cons
stants kg and ky should not be influsnced by pressures in
this range; the former is for the abstraction reaction,
while the latter 1s for the formation of 1,2-dimethoxye
ethane and should have a pressure dependence only at vexy
low pressures, The experimental points are sonewhat scate
tered but the decrease in the rate constant at lower pressures
fe substantial and pressure dependence quite gmrkeﬁ.
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A logelog plot of the pressure dependence
of ky/kko}/? at 200, 248 and 270,
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Values of log k6/k4k2l/2 were interpolated from

Figure 17 at a prussure corresponding to 100 am and an
Azyhenius plot was made, as showmn in Figure 18, (n the
assumption that reactions [2] and [6] both have zero actie
vation anergy and that both these reactions have the sanme
frequoncy factor as the combimatlion of methyl radicals
(2.2 x 10!3 sec™! ag given by sShepp (6)), the sctivation
anergy B4 i3 calcuieted to be 2.2 kcal, per mole snd the
frequency factor A, is 1030+78 cc mole*! sec™!, Thus the
rate constant for the abstraction resctlion is glven by

f18] Ke * 3.8 x 1010 ¢ R0U/RT oo no19*) gee™?
Both Arrhenius parameters sre lowex than the valuns quoted
in Chapter 1V, The statter in the axperimental points in
Figure 17, with values at only three temperatures, leaves
some doubt about the values of these Arrhenius parameters,

The pressurs dependence of the rate constant ratio

kake/ke hos bean considered. Figure 19 shows a plot of log
kakge/ke a8goinat the logarithm of the pressure. The rate
congstant for the abstraction resction, Kqe should have no
pressure dependenca, On the other hand ki, the rate cone
stant for the decoaposition of the methoxymethyl radical,
has been shewn in Chapter 111 to be pressurs dependent,

and kg, the rate constant feor the combinstion of methyl
rodicals with methoxymethyl radicals, has beon shown %o be
pressurs depeadent in the above discussion, The rate-
constant ratio kakge/k, exhibits an unusual pressure depenw
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An Arrhenius plot for the rate-constant
ratio kelk‘.kaw at 3 pressure of 100 mm,
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The pressure dependence of kakd/"é' shown
in & logelog plot, for five temperatures
from 200 2o 300°C,
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dence, For decreasing values of pressure, the value of
this vatio dacreases, but as jven lower pressures sre
reached the value levels off to a constant, &¢ seen in
quuxn'IQ. This is explainad by the pressurs dependence of
the separate rate constanis k3 and kﬁ. The rate constant k4
has been found to be presaure dependent up to gquite high
pressures, while ko is pressure dependent only at lowex
pressures., As the values of pressure decrease the pressure
dependence of k4 causes the ratio &3k4/ke to decrease, but
&8s lower pressures sre reached the pressure depsndence of
kg in the denominator of the ratlc compensates to yield a
constant value of the ratio, The effect observed in

Figure 19 is good supporting avidence for the pressure dee
pendence of both kq and k.

Values of log kak‘/ka interpolated from Figure 19
8t a3 pressure corresponding to 100 m» are shown in an
Axrhenfus plot in Figure 20, With the sssusption that E4=0,
the slope of the Arrhenius plot gives %, » Egq ™ 34.2 keald,
per mole., In Chapter 11 Eq was svaludted as 24,28 kcal, per
mole at the same pressure, From the differaonce one obtaine
Eq ™ 944 kcal/mole, Intercepts avslusted from the same
Azrhenius plots yield A, = 1011408, under the assumption
that Ag = Ag * 2,2 x 1033 cc mole™] sec™l; hance Xk, = 1.1 x
1011 o*s400/RT cc mole™! sac™, This 1s the third method
used to svaluate ks, This value of Z4 ie probably the most
relizble sinca Ly was evaluated independently at this
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An Arrhenius plot for the rateeconstent
ratlo kqky kK, at & pressure of 100 ma,
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pressure and since Eg 1s alazost certainiy not negative at
this pressure., The value of A, could ba somewhst low since
the assumption that Ag = 2.2 x 1013 ¢c mole”! sec”* {Shapp's
value for methyl radical combinatizn) may not held exactly,
& steric factor which reduced A, would be reflected as an
increase in A4, The value of £4 agrees well with 3.5 keal,
per mole found by Trotman~Dickenson and teacie {7) from
tha photolysis of acetone in the presence of dimethyl ether,

Experiments using added COg to test the pressure
dapendence of ke were inconclusive. Tests were aade of the
non«homogeneity of reaction conditlions resulting from the
use of 0°C to control the mercury vapor pressure in the
reaction vessel; these were done with the mercury at «30°%0,
The results showed scatter but the values of ke/k4kﬁl/2
were not substantially different from those sbtained undex
the less homogeneous cenditions, This result my have
arisen fortuitously owing to compsnsating =ffects on 36 in
the sumerator and kQL’Q in the dencminator,

A caleulation of the bond dlssocistieon energy for
the CeC bond in methyi ethyl ether can be made from thermos
chamical data, The following heats of formation have been
used: AHO(CHOCH CHy) = «B1,73 (B), AR O {CHACH,) = 5,96
(22) and AMO{CH,) » 82,0 (9), all 4in keal. per mole,

The calculated heat of resciion is going from
aethyl ethyl ether to a methyl radical and a =methoxymathyl
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radical is «78,17 kcal, per mole, Under the assumption that
2 methyl radicel can combine with a methoxymethyl radicsl
with zero activallon energy, the endothermicity of the above

reaction will ba the activetion energy for the decomposition
of methyl athyl ether through @ Cel bond rupturs, and is

also D{CHAOCHA=CHy) .

The pressure dependence nf the coabination of
methyl radicals with methoxymethyl radicale must be the same
as the pressure dependence of the unimsolacular decompesition
of methyl sthyl ether occurring at the CeC bhond, The docoms
position of mothyl sthyl ether by 3 Cel aplit may he hypoe
thatfcal since pyrolysis might be axpected to occur through
a Ced split as found for dboth dimeihyl and dlathyl elthers,
The pressure dependence of the decomposition thiough the C«C
split $s interesting, howsvar, since from thls prossure dee
pendence one can make an astimate of the nuuber of noramsl
modes contributing snergy to this decomponitiong thig astie
mate should be of the same orxrder as the nusher of modes
which contribute to 8 Cef split since it is presumed that
thoae modes which can exchange encrgy to the Tl bond would
probably alse be effective In excheaging energy to tha Ce«0
bend,

Kaasel integrations have been carried cut on an
iBM 162011 computor, for the unimolecular decomposltion
of methyl ethyl ether, For the calculatinng the highe
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pressure firet-order rate constant for the detoamposlition
of methyl ethyl ether has been takon as

kT = 4.8 x 1019 ¢=78,200/RT gqcml
This activation energy was obtained frem the calculated
D{CHL0CH =CHy ) = 78,2 keal, pex mole, as alrvesdy discussed,
The frequency factor was obtained from the geometric mean
of the frequency factors for the unimoleculsr decompasition
of ethane and for the unimolecular decomposition of
1,2«dimethoxyethane, These frequancy factors sre 1,0 x 1016
sec~l (22) and 2.3 x 1010 gec*} (23) respectively,

The pressure dspendance observed experimentslly
wvas for mmthyl ethyl eother formation rather than decomposie
tion, The process invelving enexrgy exchange was the
stabilization of ths methyl sthyl ether through collfsion
with dimethyl ether, For'the Xasgel inteqrations a collision
diameter of 5,0 A has beon assumwd for the collisfon ine
volving a molecule of dimethyl ether and a moleculs nf

mnethyl ethyl ether, and m was taoken as 52,157,

Figure 21 shows the falleoff curves calculated from the
Kagsel eqquation and fitted to the axperimental pressure
dependenca, The curves shown were obtained for s = 10 and
provided the best fit,

The value s = 10, although higher than has been
obsarved for many unimolocular decompositions, sosms to bLe
rather low for a molecule as large ags methyl ethyl ether,
For this molecule containing 12 atoms the rough formula
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The theoretical pressure dopendence of kg
calculated from the Xassel equation and fitted
te the pressure dependence of the kﬁﬂ4k31/2
rvatio, The Kassel integrations for kg were
computed with s = 10,
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' &%’.‘ﬁ vrould suggest an 8 value of 19, The low & value
observed may arise as a result of the large mumber of CeH
stratching modes which may not coatribute to energlzation
because of the high zercenoint energies in these modes,

Pressure dependence for the unimolecular decompo-
sition of & specles as large as methyl ethyl ethex has been
chserved eliewhere, Both Hershanson and Benson (24) and
dalcahy and @illiams (29} have observed that the decomposie
tion of tebutoxy radical, to give acetone and a methyl
radical, is pressure dependent. Althsugh no Kagsel intee
grations have baeen cerried out for this decomposition, it
would be expected that the 3 value obiatned weuld be low
conpared with the large number of modes in this specles
containing 14 atoms,




Thare is little direct informetion availablias en
the thermochemistry of the methoxymethyl radical, CHQOCHQ.
Benson (26) assumed a value of 94 kgal, per mole for
D{CHyUCHa~H) , which leads to Aﬁ? = 3 kool, per mole for
the radical CH,O0CH,, MHoxe recontly sartin, Lampe and Taft
(27) have obtatned AMg » =14 L 3 keal, per mole from
appearance potential measurements; this value leads to
D(CHaOUHyi) = 82 £ 3 keal, par mole, These values are
very different from those favoured by Bsngon, whose valuess
are supported by the results of the present work,

The procedure In the present work was to measure
the activation enaxgy for the decowposition of 1,2«dimethoxye
ethane and to confirm that thare are no chalns and that
rupture occurs at the C«C hond, The result tan tharefore
be identified with the C-C bond dissociation snergy, Toe
gether with 2 very rolisbls value for the heat of formation
of 1,2«dimethoxyethana obtained at our request by 5. arantz
and G, T, Armstrong (28} at the Nationsl Bureau of Standards,
this dissocfation energy leads to a value for the heat of

formetion of the radical,
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A second approach involved a similax study ueing
chloromethyl methyl ether, ChaOCH,Cl, which undergoes
dissociation at the C~Cl'bon¢. Unfortunately there 1s no
reliable value for the heat of formation of this compound,
and thers are formidable experimental difficultlies with
regard to this, Cur procedure was to obtain sonme informae
tien from appearanceepotential data, snd the results proe
vide some useful confirmation for the results obtained
using 1,2~diswethoxyethane,

EXPERLAENTAL

The pyrolyses of 1,2«dimethoxyethane and chloxoe
sethyl methyl ether were carried out in 3 static system
having a quartz reaction vessal of volume 1656 cc. The
apparatus ugsed is the sams as detciibod in detail in
Chapter II, Wo modifications of the apparatus were made
for the study of these thermal decompositions,

The materlale used were of the following standerds,
Chlioromethyl methyl ether from the Aldrich Chemical Company
with n29 = 1,3979 was further purified by distillation on
the vacuum iine., 1,2«Dimeothoxyethane supplied by the
Aldrich Chemical Company, n3° = 1,3772, was driad with
lithium aluminium hydride and redietilled; a centre fraction
had a boiling point of 93.8 « 84,0°C, Phillips Research
Grade propylene quoted to have purity of 99.9 mole per cent
was used sftexr degassing In the vacuum line. The toluene
ugsed was Fisher Caxrtified Heagent grade,
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For the pyrolysis of 1, 2«dimethoxyethsns in the
presence of toluene about 105 1,2«dimethoxyethsne and 203
toluene was used, Since the iotal pressure wes low (£ 20
mm) it was not possible to measure the pressures of
1,2=dimethoxyethane manometrically, and the following teche
nigque was used to obtain & sample of the mixture, Approe
priate guantities of 1,2edimethoxyetheéne and toluene were
sccurately weighed inte a smell sample bulb equipped with
a groundeglass joint. The entire sample was then introe
duced fnto the vacuum system and twice degassed briefly to
remove dissolved gases, The s2mple wes allowed to equilie
briate at room temperature and portions of the sample were
expanded to the reaction vessel; the total pressure wis
read on 2 mercury smsncaster, From the waighte of toluene
and 1,2-dimethoxyethane, the partial pressure of
1,2«dimethoxyethine was calculated, At the end of thg
reaction time resctant and products were trapped out with
Lliguid nitrogen, The noncondensable gases wore then
collected with Toepler pump and analyzed by vaporephase
chromstography., HMethane was dotermined quantitatively on
8 twelveefoot silicasgel column (100«20C mesh).

For the thnrmnl decomposition of chlozemethyl
methyl ether in the presence of toluene the sample of re=
agtants was prepared in the manifold of the apparatus. The
ether was introducad into the manifold and the pressure
recorded; with the ether trapped out, toluene was admitted
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to the manifold, and after the toluene and ether had
equilibrated to room temperature, the total prassure wos
noted, After time had been allowed for amixing, a sample
from the manifold was expanded into the reactlion vessel,
Froducts of the reaction were collected and analyzed in the
same manner as given abeve for 1,2-dimethoxymethane, The
measurement of the pressuze of tolusne and chleromethyl
methyl ether in the manifold was not as accurate as one
would wish since the total pressure lnvolved was not greater
than about 25 mm. In oxder to improve on the measurcments
of pressure of reactant, propylene was used in the place of
toluene. For the thermal decomposition of chloromethyl
methyl ether in the presence of propylene it was possible
to measure the pressures of athexr and propylene plus ether
with much greater precision, with & high ratic of propylens
to ether., Fron a quantity of propylane plﬁs ether in .the
manifold a sample was expanded to the reaction vessel,
dathane was collected and znalyzed in the same manner as
for the pyrolysis of 1,2«-dimethoxyethane,

Blank runs were conducted with tolusne and pro-
pylene separately. A twentyeminute Tun for toluens at 490°C
revealed that no methane was produced; this shows that the
toluene contained no impurities which could lesd to extra-
neous production of methane, A twenty-minute run with
propylene at 390°C showed a small peak for methane, probably
arising from a slow pyrolysis of propylens at this tempera«
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ture., The rate of methans formetion was only a fow per
cent of the rate of methane formstion from chloromethyl
methyl ether,

The pyrolysis of 1,2~dimethoxyethane in the pree-
sence of toluene was studled in o static systen at tempera~
tures from 4657 to 5109, The function of the tolusne was
to scavonge methyl radicals with the formstion of methane,
the rate of formation of which was measured,

The CeC bond in the aolecule is undoubtedly much
weaker than a Ce0 bond, especlally since the Ciy0 groups
will have the effact of lowering the C«l bond strength, It
has therefore been sssumed that the initial step in the
pyrolysis is the dissociation into two CHaOCH. radicals,
All of the results support this conclusion, For example,
the only productsy other then didbenztyl are methene, carbon

monoxide and hydrogen, the latter two subastances coning from

the decomposition of the formaldehyde, The splitting of Ce0
bonds would inevitobly lead to the formation of cther proe
ducts which were not cbserved,
The resction scheme has therefore been taken to be
(1] CHaOCHCHOCHy  —> 2 CHgOCHy
(2] CHyOCHy —» CHy 4 CHgO
[3] CHy + CglisCHy —»  CHy » CoHaCly
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(4] 2 CgligCily —>  CgligUipUiiaCly

The CHyUCH, redicals are expected to decompose
rapidly by reaction [2], the rate constant foxr which 1s
(29)

k= 2,0 x 1013 o=23,500/RT g4+l
That this s s0 is confirmed by the fact that oniy ainute
traces of dimethyl ether are found in the system this would
be formed from the abstraction of H froa toluene 1f CHa0CH,
redicals were preasent at appreciable conceatrations, It
follows that the rete of formation of methane is & measure
of the rate of splitting of the C-U bond,

Figure 22 ghows & double logerfitimic plet of the
rate of methane formition against the concentration of
l,2«dimethoxyethane, The line driun is of unit slopey the
order 1s clearly close to unity, in aqgreement with the
reacticn schame, The rate of methane production is twice
that of the decomposition of 1,2«dlomthoxyethane; thus

Vi, 7 2vy 7 2 iy [CHa0CHCHA0CH, )

The quantity vcu‘/[CHaccHQGHQGCﬂQI has been evalusted for a
sorxies of runs at various temperaturos and the results are
shown in Table III.‘ an Arrhenius plot of log ‘Vca¢/tcns
GCHaCHaOCHA 1) 49 shown in Figure 23, Uss of the method of
least squares led to ky = 2,3 x 1019 =71, 300/RY sec”!,

The standard deviation for log 4 is 10.4D, and
that for £ {s £1,600 keal, per mwole,
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Crder of reaction of methane formation with
respect to 1,2-d4imothoxyethane concentration,
for the pyreolysis of 1,2-dimethoxyethane at
49509 in the presence of toluane,
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Elguze 23

An Arrhenius plot for the thermal decome
position of 1,2~dimethoxyethane,
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Marantz and Armstrong (28) have measured the
heat of combustion of ),2«dimethoxyethane, and thelr re-
sults lead to «90,02 L 0,05 kcal, per mole for the heat of
formation of the liquid. The heet of vaporization has baen
calculated from vaporepressure data of Kebe, Havice and
Vohra {30); Figure 24 shows a plot of log F vs, }/T, and
the results lesd to AH, » 7,60 kcal, per mole, The hest
of formation of the vapor is therefore 82,4 kcal, per
mole,

On the assumption that the methoxymethyl radicals
combine with zero activation energy the activation snergy
of 71.3 kecal, per moie ls the dissocintion snergy
D{CHaOCHy = CHpOCH4),  These results lead to

AN (CHaO0CH) = =5,6 & 0.8 keal, per mole,
for the standard hest of formation of the radical. The heat
of formation of dimethyl sther was recantly found by
ilcher, #oll and Colemsn (8) to be «44,0 & 0.1, Tha#e
values lead to D(CHaOCHy « H) = 90.5 L 0.9 kcel, per mole
for the heat of dissoclation of the CeH bond in dilmethyl

ethar,

The pyxol?&is of CHaQUHoCL was studied in the
presence of toluene end also of propylene, both of which
are effective scavengers for zmthyl radicals, In each
study the rate of methane production wss measured at
tamperatures from 360° to 400,

e S~
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Elguze 28

A plot of the vapor pressure of i,2~die
methoxyethsne against the reciprocal of
the tomperature, The data wore cobiained
from (30).
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The following sppears to be the regction scheme

in the presence of propylene:

(5] CHaOCHCl —»  CHyOCH, + Gl

(2] CHaOCHy —»  Chy + CHyO

(o] Gy + CHg = CH = Chig —> CHgq + CHp = CH = CHy
followed by terminstion processes, The C«Cl bond 1s cone
siderably weaker than the CeH bond, snd the decomposition
of CHaOCH, is fast; the rate of methane formation is theree
fora the rate of the C«Cl bond split,

Results for the decomposition of chloromethyl
methyl ether in the presence of propylene are shown in
Table IV, Figure 2% shows 3 plot of log ch4 against log
{Cﬂaocﬂzcl]. and the order i¢ unity. The legaritham of the
ratio of vgy, to [CHHOCH,CL], which 1s ky, is plotted
against 1/T in Figure 26, and the rate expression is
found to be

kg ® 3.8 x 1008 o=69,900/RT gy =1

in the presence of toluena the mechanism is

s{imilarly

(s] CHaOCHaCL —> CHgOCHy + C1
2] CHyOCH, —> City + CHyO
followed by reactions [3] and [4], Results are shown in
Table ¥V, and Figure 26 shows an Arrhenius plot which leads
to _
kg = 4,3 x 1018 =69,300/RT gqc)
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Hauze 33

Order of zxeaction of methane formation with
rospect to chloromethy!l methyl ether conw
centration, for the pyrolysis of chloramethyl
methyl ether at 380°C in the presence of
propylene,
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Elours 28

Arrhenius plots for the theyma) decomposise
tion of chloromethyl methyl ether,

01 CHACHACL « toluene,

1 CHAUCHACL 4 prapylene,
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It 15 ta be smen from Flgure 26 that the rate
constant in the presence of propylene s significantly bee
low that {n the presence of toluene, althcugh the activae
tion énargxea are vary close, This discrepancy probably
arises from some loss of methyl radicals by addition to
propylene,

7 CHy ¢ CHy « CH = CH, —» butyl radicals,
The butyl radicals may revert to CHy ¢ CHy » CH = Clim
but asy decompose or abstract from propylone,

#Aiyoshi and Brinton (31) found the activation
energies for the addition and abstraction reactions of
methyl radicals with propylens to be 8,8 and 8.2 keal, per
mole respactively, Over the temparature range of the pree
sent study the ratio of the two rates would change by only
2.9 per cent, and this may explain why thore is not much
difference betweon the activation energies for the pyrolyses
in the presence of toluene and propylene., In the subsequent
calculations an average value of 69,6 kcal, per mole has
been taken for the activation energy, which is assumed to
be the disscciation anexrgy D{(CHeQCHy=Cl).

No heat of formation for chloromethyl methyl sther
is given in the literature, and its measuremsnt prasents
soawe difficulties, As an alternative procedure, we have
determined the appearance potentials of mass 45 (CH3QCH£}
for both CHa0CH; and CHaOCUHACL. If there is no excess
energy in either of the species produced the following
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relationships hold between the appearance potentials A and
the ionization potentials 1:
Agt (CHaOCHa) = Ipt + D(CHyOCHgwH)

Agt (CHQOCHACL) = Ige + D{CHZ0CH,<CL)
whence ‘
Ag* (CHaOCHg) » Apt {CligOCHCL) = D{(CHyXHgeH) « D{CHy0CH=CL)
This relationship will still hold 1f there are oxcess
snergies In the ' lons provided they are the sams in the
two cases.

The appearance potentials wers measured for the
two ethers using the procedure of Warren (32), with xenon
used as the standard for sach deteraination. The lon currents
of mass 45 (CHaOCH3) and of mass 129 (Xe’) were seasured os
a function of voltage for cach of the ethars, with xencn
present in the sample, The plots of lon current againat
voltage are shown in Figures 27 and 28. In Werren's proe
cedure the slopes of the linear portions of the plats'ata
mode egqual by multiplying all ion currentn of either the
unknown or the calibrent by an appropriate factory Figurss
29 and 30 show the plots, at low lon current, after this
wae done. The finu)l step is to oxtrapoliste to zerc ion
current the voltage difference botween calibrant and une
known. These differences, taken from Figures 29 and 30,
are plotted aguinst fon current in Figure 31, Extrapolas
tion to zero ion curxrent gives the difference between the

appearance potentizls of the unknown and the calibrant,
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Edgupe 27

A plot of fon current sgainst veoltage for
mass 4% and mass 122, obtalned from &
aixture of »enon and dimethyl ethex,
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Elgure 28

A plot of lon current ageinst voltage for
mass 45 and mass 129, vbisined from a
aixture of xenon and chlcromethyl methyl

ether,




(621 SSYW) LN3IYYND NOI
Qo o Qo Q
0 0 < (V] O
1 i T T

1 / O/
' c o ~ O/
nnv °/ OI <
© 0 o\ i Y
M > %~o 2
W + /O N\
3]
W ~
i I
; O
O
n
b
O
L ! 1 | o
(] (@] (o] (@} o
< %) Y] =

(GP SSYW) LN3IYNND - NOI

VOLTAGE




o 103 =

Elqure 29

A plet of fon current against voltage for
mags 45 and mass 129, in the low lon current
region, The dats are for a xencnwdimethyl

ather nixture,
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Elouze 30

A plot of lon curzrent
mass 45 and mass 125,
region, The data are
methyl ether aixture,

against voltage for
in the low fon current

for a xenonwchloromethyl
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Voltage differsnces hetween mass 129 and
mass 4% as a fuagiian of fan current, The
intexcept at gero ion current gives the
appearance potential of mass 45 relative to
the fonfization poteniial of xenon,
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In oxdexr to obtain & relisble extrapoliation a second plot
of differences was nade, and {s shown in Figure 32; this

plot extrapolates well to give A(AV) = 1,01 oV {23.3 keal,

per mole). Tharefore
D(CHgUCHgeH) = D(CHaOCHa=Cl) = 23,3 kcal, per mole,
#ith the value of 69.6 for D(CHOCHACL) this leads to
D{CHaOCHoeH) = ©2,9 keal, per mole,
This provides ugeful supgport for the valuz of 0.5 obtalined
from the pyrolysis of 1,2«dimethoxysthsne, Ths lower value
is, however, to be considered more relisble becauss of the
difficultics associated with the appearancespotential
wethod,
The absolute appearance potentials can be calcue
lated by using the value of 12,13 eV for xenon (33,34);
the results are
Ag{CHaO0CH,) = 11,51 eV
At (CHaOCHAGL) = 10,50 oV
The first value comperes satisfactorlly with the values of
11,69 oV given by Losaing (3%), and 11,42 ¢V given by
dartin, Lampe and Taft (27). lNo previous values are

avaliable for 6330CH2c1.

REHBILOY
The present work leads to the following theraoe
chemical values, basad on the rosults with i, 2«di{mathoxyw
ethane;
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Edgyre 3¢

The voltage difference bwtween the curves
of Figure 31, plotted as a function of lon
current, The extrapolation to 2ero lon
current gives the voltage difference in the
appearance potentisls of mass 49 obtained

from dimethyl ether and chlurcmethyl methyl

ether,
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AHZ(CHaOCHY) = =B.8 & 0,8 keal, per mole
D(CHAOCHoH) = 90,5 o 0.9 keal. per mole

The former value is subgtantially different from
that given by dartin, Lampe and Taft {(27), and lles ocutsids
the limite of error stated by them. Their value leads to a
value of 94 kcal. per mole for D{CHaUlIeCHaOCHA): this is
much to0 low 8 value for & compound which is reasonably
stable up to about 460YC, and which according to our work
decomposes with an activation energy of 71,3 kcal, per mole,

tn the other hand cur theraochemical values come
pare favorably with those estimsted by Benson (26): he
suggested 94 kaal. for D{ChHy0lH,eH),

Cthar thexsochemical values mey be calculated from
our resulta. The heats of'farmatién of methyl eothyl ether
and nepropyl methyl ather have been given as «51,7 and «55,.8
koal, per meole respectively (8). lWith thoe values
AHZ(CHg) = 32,0 keal, per mole (9) and AH(CyHe) = 26,2
kcal, per mole {38) the following velues are calculated:

D(CH0CHL-GHg ) = 73,1 kesl, per mole
n(caaocnz~cnacas} » T7.4 kecal, per aole

It %8 of intersat that these values lie half way
between the value of 85,0 kcal, por mole for ethine {17)
and 71,3 for l,2=dimethoxyethane; it appears that each
methoxy group iowers & neighboring CeC bond dissociation
enexqgy by about 7 kcal,




v 109 =

The thermal deccuposition of the ethyl radical
to give an sthylens molecule and a hydregen atom presents
an interesting kinetic problem in itself, and its under~
standing is of importances in connection with 3 nusber of
complex reaction sechanisms, During recent years there
has been some doubt about the kinetic order of the reaction
and about the values of the kinetic parameters, work on
the pyrolysis of ethane (22) and butane (37), in particular,
has provided indirect but convincing evidence thet the
decomposition of the radical is 2 unimplecular reaction
which is in its pressure=dependsnt regfon at the pressures
commonly used in pyrolysis experiments.

The present investigation was conducted in order
10 obtain further and somswhat more direct information
regarding the pressure dependence of the decamposition of
the ethyl radical; & greater range of pressure has been
used and the results have led to values for the limiting
highepressure and lowepressure Arrhenius parameters., The
ethyl radicals were generated by the mercuryephotosensis-
tired decomposition of ethane,
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Bywater and Steacle (38) have investigsted the
mercury-~photosensitized daecomposition of ethane at a
pressure of 400 ma, From cquantumeylisld studies these
authors concluded that for temporatures above 400°C there
was & chain reaction, and they proposad the following

mechanisms
£1] He(3py) + CoHg —» Coits + H + Ha(lsy)
(2] H Clg —» Hy + Colig
(3a] 2 CHy —= Gy
[3b)] —» Coliy + Colig
(4] Colly —» Cplig + H

Bywater and Stsacie concluded that the activation energy
for reaction [4] was 39.5 k¢al, per mole, In 3 study of
the pyrolysis of butane Furnell and Quinn observed activae
tion enexgias of 39,3 and 32,8 keal, per mole for pressures
of 100 and 12.5 am respectively. Recently, Lin and Back
{(17), in & study of the pyrolysis of ethane, have examined
the decomposition of the ethyl radical over a 10-fold range
of pressure., iy applying Fowell's methed they have evaiua=
ted the limiting higheprassure and low-pressurs rate
constanta:

K% = 3,8 x 1013 o=38000/RT gop-1

k® = 1,8 x 1018 o=32800/17 oo pore”! gectl,
In the photolysis of proplonsldehyde Karxrx and Trotmane

Dickenson (39) observed a rete constant expressed Dy:
K = 10ll.2 ,-3.1%0/&1‘ mc"'




- 111 -

but concluded that this activation energy was too low to
describe the highe~pressure rate constant, The low Arrhenius
E parsmeters may hiave resulted from a presasure dependence of
| the raia constant since their experiments were conducted at

; a presaure of about 30 mm,

e o
= 5 )

" I
Fhillipe Research Grade ethane stated to ba 99,99
mole percent pure wes used, It was further purified by
trap-tostrap distillation and finaily degsssed in the
storage vessel at «1609°C, The only impurities detected by
gas chromatography were traces of air and ethylens, neither
of which ware present in sufficient quantitiss to affect

the meagsured rates of reaction,

The maercuryephotosensitized decomposition of
sthane wes studled in a static system with a quartiz reaction
vessel of volume 166 c¢, The mercury lamp wes & lowepressure
lamp operatad at room temperature and at a constant current
of 9.0 ma. DLetsils of the apparatus have been described in
Chapter 11, ’

Frior to each experiment the system wag evacuated
to a pressure of 2 x 10°° mm or less., The mercury seturator
trap in the lead to the rsaction vessel was immersed in
1iquid nitrogen for s ainimum time of 4% aminutee, and then
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in & bath at -30° immedietaly before the reaction was con=
ducted, A sample of ethane was introduced to the reaction
vassel from the manifold and trapped with liquid nitregen
in a ﬂbtuba in the lead to the reaction vessel, After the
reaction vegsel was isclatad by the closing of a3 mercury
cute=off, the ethane wss allowed to expand, passing through
the mercury saturator trap and into the reaction vessel,
The acrcury lamp was switched on at least 20 minutes before
use; reaction was started with the removal of a shutter and
was stopped by switching off tha lamp,

For pressures of less than 40 ma of ethene, proe
ducts were separated {nto two fractions: nonecondensable
and condensseble in 2 solid nitrogen tyap, The non-condens
sable fraction, which was found to contain only hydrogen,
wag measurad Iin 2 gas hurette, Ths condensable fraction
wat collected with a Yoepler pump and chromatographic
analysis was conducted Ly sweeping the sample from & ﬁ%tube
on the top of the Toepler pump, For pressures groater than
40 mm,, an additional trap at ~160°C (isopentane slush) wes
used. Ethane was distilled from the -160° trap until the
cquantity of reactant was reduced t0 a level that could be
collected with the Toepler pump,

The cendensable products were enalyzed by gas
chromatography on & 30«foot column of squalane on 60-80
mesh Chromoserb P (30% load) with helium as the carrier

gas, For the lower pressure runs it wasg poseible
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gquantitatively to determine ethylene, which was eluted
before ethane, but for higher preossuras of ethane, the
ethylene peak was distorted by the huge athane peak, Butane
was r@tclned mich longer than ethane and was readily detere
mined,

The mercury-photosensitized decomposition of
sthane was stwiled &t temperatures of 4G0, 430, 470 and
S009C, At each temperaturs the rsactions were sxamined at
preasurss from 4 te 650 ma of ethane,

Thae products of resction are hydrogon, butans and
ethylena, For many runs it was possible to analyze the
quantities of all three products, However, the difficulty
involved in the separation of ethylere from large quantie
ties of ethane, by gos chromsiography, restricted the
analysis of ethylens to runs for which the pressure in the
reaction vessel was less than 40 ma, 4 search for other
products, in particular ecetylens or mercury alkyls,
revealed no further products of reaction,

A single run wae carried out at each pressure and
temperature, The degres of convarsion variad with the
pressure of reactant used. For pressures in the middle of
the range studied, the conversion wag about 0,3%, At the
highest pressures used, conversion wae as low as §,02%
while for the lowest pregsures, conversion reached & saxie
mum of 2-3%, To obtain exactly identical conditions for a
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soeries of runs at a porticular pressure and tempsrature,
it is necessary to have not only ldentical pressures and
temparatures, but also identicel light intensity snd mexrcury
cencoﬁtratian in the reaction vessel, The last of these
conditions is the most difficult to reproduce when one 1is
in the region of low mercury concentration whers complete
absorption of the light 1s not cccurring., 7This is further
discussed later in this chapter, A timsecourse study has
been made at 4T0°C at & pressure of 22 sm, The results
sre shown in Table VI and show that the rates of product
formation vary, but not in 2 roeguisr patlern related to
reaction time, Furthermore the kd/kaal/a ratio, which is
boing examined in this work, has not been significantly
altered in any trend with reaction tise, The author
attributes the variation in rasction rates to differences
in mercury concentration in the reacticn vessel and the
resulting diffoxent rates of Initiistion associated wiih
the mercury concentyation,

Furthexr justification for the assusption of
initiel conditions ls obtsined from the work of Dywater
and Stescle (38) where deviation from initial rate wis
observed at rosction times greanter than five minutes and
enly at 500°C, At the same temparature shortoer zeaction
times were generally used in the present work, and cone
varsions were significantly lower since a lower concentrae
tion of mercury wais used.
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The mechanism given by equations [1] to [4] has
been used as a basis for interpreting the results, From
this schemo the rate of decomposition of the ethyl radical
is qivén bys

] va = kglCotin)
where kg 18 a defined first-order rate coefficlent, Also
{6} via * kaalColly I

From these equations one obtsins:

trl ./ V. .
vaah/z ksa1/9
1t is this ratio of vate censtants which has been exanmined
in detall,
The rate of reaction [3a] is obtninad»directly

from the measurement of butane, The rate of resction (4]
igs obtained from consideration of the steady~statse condie
tion which gives l

{8] V4 M Wp v Vg, = Vo
The sum of vy, + Vay Topresents the total consumption of
ethyl radicals by combinaticn and disproportionation, The
disproportionstion/conbination ratie, «/c, has heen
measured by varicus suthors and found to be independent of
temperature and pxaséure. For the calculations of this
chapter the value of d/¢ = 0,117 & 0,006 given by Roquitte
and Fuirell {40) has bean used, For d/c = 0,117, the sum
of vay + vap i8 given by 1,117 vy,. Thus from equation [8],

{9l . V4 = Vi, " 1,117 VCeHio
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In expariments where ethylene was measured, &
useful check on the value of vy was provided by the
relationship:

IO v & - 0.117 v
103 4 T2y Cathio

Foxr the calculaticon of the results raported in this chapter,
the value of v4 from [9] was used, since this relationship
could be used over the entire pressure range studied, while
the latter method could be ueed only when the measursment
of athylene was possible,

The cholce of d/c ratio does not algnificantly
affect the caleculated valbs‘L/Q ratios. The use of d/c =
G.1% instead of 0,117 dacreases the ratio by about 0,14 at
500% while at 400° the decrease is in the order of 1~3%,

The experimental data and cslculations are shown
in Table V11, The mass balance esquation

(1] Voghy * Vogtyg T VHp
follows at onse from oquation [8], Table VII includes the
ratlo moleas CoHy + Cghyo/moles Hy for thoge suns where the
moasursment of sethylene was possible, The fact that thils
ratio is alwdys cleose to 1.0 gives suppert to the reaction
scheme given in equations [1] to 4],

The rata constani ratie k‘/k3‘L/2 wis avaluated at
400, 430, 470 and 500%C over & wide range of pressures,
Figure 33 shows a plot of log kg/ky,'/2 against the logarithn

of pressure, The rate constant ﬁaa for the combination of
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Elours 33

A double logaritha plot of pressure against
the rateeconstant ratfo k4/k3‘1/2, showing
the pressurs dependence of k, at four

temporatures.,
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ethyl radicals should be pressure independent, so thet the
lower values of k"/ka‘l"’2 for lower pressures can be attrie
buted te the pressure dependence of the decomposition of
the atﬁyl radical, The slopes of thase falleoff curves
range froa about 0,40 at 600 mm to about C,60 at 5 mm; thus,
the order of reaction for the decomposition of the ethyl
radical ranges from 1.4 for the highest pressures studied
to 1.6 at the lowest pressures studied, It should be noted
that thae decomposition of the sthyl radicel is pressures
depandant over the entire range of pressures most frequantly
encounterad in gasephase reactions, The order of the ree
action is in good agreement with the value 1,55 suggested
by Cuinn (41),(37) and with the values 1,38 to 1,59 obtained
by Lin end Back (22). '

Values of log k4/k3a1/2 were interpolated from
Figure 33 at log ¥ = 2,80 (630 mw pressure} and plotted
against the reciprocal of temperature as shown in Flgure 34,
with the assumption that ethyl radicals combine with zexo
activation energy, this plot ylelds an activation energy of
37.0 kcal, per mole for the decomposition of the ethyl radie-
cal at 630 mm pressurs, Algso shown in Figure 34 are polints
interpolated from the dets of Lin and Back (22) for the
same pressure. These authors had observed an activation
enerqy of 32,7 kcal, per mole for a study at temperatures
of 550 and 6409C, Figure 34 shows that the absolute values

of their rate-constant ratio are in remarkably good agree
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Eigurs 24

An Arrhenius plot of W*:«W at a pressure
of 630 mm, '

O 3 data of Lin and Back (22),

O : this work. |
The activation energy 18 37,0 kcal, per mole,
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ment with the present results, with the extension of the
line which gave E4 » 37.0 kecal, per mole cutting through the
aiddle of thelir data,

| The Arrhenius parameters corresponding to the high
pregsure limit are of more thermodynamic and kinetic interest.
Figure 3% ghows a Lindemann plet of the reciprocal of the
rate constant against the reciprocal of cencentration for the
data at 500°9C, For lower L/0[M] values the typical deviation
from lincarity is cbserved and extrapolation to cbtain the
intercept is seen to be difficult, since the data appreach
the kaalf?/i‘ axis slmost ssymptotically. 1In Figure 35 the
square root of the reciprocal nf concentration has also been
plotted against the reciprocal of the rate constant ag
suggested by Schleg and Rabinovitch (42). This second method
of plotting yields a curve which approaches the rate cone
stant axis more satisfactorily. The intercept has been
taken such thét both plots were satisfled. From the intere
cepts of Lindeomann plots at sach of the four temperatures
studled, values of kG /K3, /2 were obtained, snd Figure 36
shows an Arrhenius plot of the resulls, The value of kaa
has been taken as 2,0 x 1013 cc mole*! sec”l with rexo
activation energy (43), (39). This value, combined with
the slope and intercept of the Arrhenius plot of Figure 36

glves

K7 = 3.5 x 1014 =40,900/RT .l

The low-pressure limiting xats constant for k; has been

U - . .
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Elgure 30

Plots used to evaluate X5 and kg at 500%,
¢ : Ths usuel Lindemann plot of k! ve
[u3"t,
x t A plot of k=l ve [u]"V2,

R |
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Liguze 33

An Arrhenius plot of k°4° /kaavz.
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evaluated from the slopes of the Lindemenn plots and an
Arrheniue plot is shown in Figure 37, The slopes wers qulite
wall defined at higher temperstures, but et 400% the slope
was not uniquely defined so thet the point corresponding to
400° has been weighted less in assigning the slope of the
Arrhenius plet., The lowepressure secondeorder rate constant
is given by
k3 = 6,8 x 1017 g=31800/AT oo ng1e=l gee™?
in estimeting the Kassel parameter s in thelr work, iLin snd
Back {17) concluded that this lowepressure rate constant was
best described by
kg = 1.8 x 1017 o*31800/RT op more™l gec”l,

The extrapolated values of the intercepts and the
slopes of the Lindemann plots are dhawn in Table VIIXI along
with the logarithms of the calculated rate-constant ratlios,

The limits of exror for B and Eg are not sasily
assossed since tha slope and the intercept ctan only ba dew
fined within certain limits. t% has 8 lower iimit of 37
kcal, per mole since this value was cobgsrved at 630 ma whers
the decomposition of the ethyl radical is well inte its
pressure-dependent region. The quoted value for EF = 40.9
kcal, per mole is probably valie to { B kcal, per mole,
The valus of E: = 31,8 keal, per mole could readily have
limits of & 2 kcal, per mole,
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Elguzs. 23

An Arrhenius pleot of kﬁ/km‘va.
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A seperate aspact of the present study concerns
the homogeneity of reaction conditions involved in the
mercur§~photouans£t1zed decompogsition of ethane, For all
runs so far described theo concentration of mercury in the
reaction 2one was controlled by a spiral trap i{mmersed in a
bath at «309C; the trep was part of the tubing leading to
the reaction vessel, The rate of initistion was alsc
stuwdied as a function of the mercury concentration in the
xeactlion vessel, with the concentration of mercury taken as
the equilibrium vapor pressure of msrcury for the temperge
ture of the bath on the spiral trap. The trap tespsrature
was varied from «30°C to +20°C and a number of yuns were
conducted at 300°C whare no chain reaction will be occurring,
At these temparatures, the rate of initiation is given by
the rate of hydrogen production, Figure 38 shows the rate
of infitiatfon 2a a function of mercury concentration., It
i3 seen that for higher concentration of mercury, the rate
of initiation reaches & maximm, e interpret this maximun
to corvespond to complete absorption of the resonance line,
Agsocleted with complete absorption there should be a cone
centration gradient of Hg 3P1 ranging from very high near
the Incident face of the reaction vessel to vary low at
positions near the daerk face of the reaction vessel, Come
pletely homogencous production of Hg 35, would be cbtained
only when 8 small fraction of the incident light is absorbed,
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Ligure 32

The zate of initlaticn of the mercurye
photosensitized decomposition of ethans
at 300%C as a function of the mercury

vapor pressurs in the reaction vessel,
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For »309C the rate of Initfation has been reduced by e
factor of 2 and should represent fairly homageneous reaction
conditions, Similar effects obsexrved in the mercury«photos
nansltiicd decomposition of dimethyl ether have boen dese
cribed in previcus chapters,

o g™ R

with the value of k% established it is possible
te apply the Kassel equation o calculste the expected
pressure dependence of the rate constont and to evaluate
the 8 parameter of the KasgeleiiceeRomsperger theoriss,
The collisions which energlize the ethyl radicsl will
usually Involve sn othyl radicsl and an ethane molecule,

Thus ;E%g% was taken as 29,9558 and the collisfon dizmeter
for the éalliaian of an mth?i radical with an ethene mole-
cule whs taken as 5.0 A, This colliision diameter which i3
greater than the 3,35 A used by Purnell snd Quinn (37) is

8 value obtained from the viscosity data of ethans and has
been used previously in the litersture (44,4%,46), Kassel
integrals have been evaluated for verious s values at SGOC
and the theoretical pressure dependence L& compared with
the experimontal pressure dependence in Figure 39. It is
seen that 5 = 3 {g coﬁszstant with the experimental pressure
dependence, The s value, which is interpreted as the number
of noramal modes which contribute to the energization of the
specias decomposing, is slightly higher than reported by
Furnell and Culnn (37) or by Lin end Back (17}, The higher
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Elaure 22

A double logarithm plot of k‘/us‘m
against pressure for experimental points
at 500°C and for tho curves calculated from
the raseel squation with ¢ = 7, & and 9,
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& value rasults from the frequency factor which was found
to be considerably greater than the value 10!3 assumed by
Furnell and Quinn, The higher astivation energy found in
the présent work and the larger collisfon diuimcter used,
would both tend to decrease the s value sliightly froa the
value found by Furnell and Cuinn, It may be notad that
g = 8 or 9 was observaed for the thermal decompositioen of
the methoxymethy! radical in Chapter 1I1I,

Another evaluation of the number of modes cone
tributing to energization is provided by the equation

{123 E® = E® = (3 - 3/2)RT

which comes from the Hinshelwood expression for the rate
of energization, From the values £% =+ 40,9 kcal, per
mole and £} = 31,8 kcal, per mole one obtains s = 8, in
agreement with the conclusion from the Kassel aquation,

With a value of T , and with a knowledge of the
activation energy of the back resction, E_4, it is possibie
to calculate the bond disscciation energy of ethane and the
heat of formation of the athyl radical, The activatiocn
energy for the addition of a hydrogan atom to ethylene has
bean reported to be i.? keal, per mole by Yang {47), For
the thermochemical discussion we will consider the equations:

{13} Collg —» Collg + H
{4} Coly, — GpHg + H
{14} Tt — Uply « @M
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At a given temperature T the enthalpy change of reaction [4]
can be expressed as
(15] AHG (T) = Ef = L g + KT
whare the coefficient of 4T is unity since two species are
produced from one in the reaction. Also the enthalpy change
of reaction {4] 2t temperature T is related to the enthalpy
change at °K by T
[16] ARG (T) = oM} (%) | Acdr
o
1;Hﬁ {(T) was evaluated from [15] and then, with
this value, AH] (C°) was found to be 36.2 keal, per mole from
[16], where it has been assumed that the heat caprcity of the
ethyl radical {s the seme as that of ethana, The tharmo-
chemical data used are those of Ressinl et al, (48).
The enthalpy change of reaction [14] at %K, AH},
(CP), is calculated as 134,3 kcal. per mcle. The enthalpy
change of reaction [14] is the sum of AHY + AH],, and hence
AxDy (0°) 1s 98.1 keal, per mole, The enthalpy chsnge of
the reaction [13] at 0% is the bond dissocistion energy of
sthone; thus D(CyHyeH) = 98,1 kcal, per mole. The heat of
formstion of ethyl radicel at (%K {9 found to be 30.0 keal,
per mole from the rslation
[17] AHP(CHg o = AHE(0°) xaHG(Cotg) comaiy (H) oo
The results of antlogous calculations for 298, %00
and SO0PK ore ehown in Table IX along with the values
obtsined for C°K,

T £ A e T s
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TABLE IX

Thermodynanic CQuantities at Varicus Temperaturas
for Reactions 4] and [33)

T (ac)) Tt AHy 4, Alig{SoHg)

{kecal, per mole)

0 G 36,2 98,120 30.0
298,18 2,2 38.4 98,9 26,2
%00 3.3 39,5 98,9 24,1
800 4.9 86,7 99,3 21,9

T

(acd)r e | acer
)
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l, The pressure dependence of the firsteorder rate
coefficient for the unimolecular decomposition of the
methoxymethyl radical was studled over the pressure range
3 to 600 moy Hg, Addition of inert gas, COn, confirmed the
preasure dependence, Kassel inteqrations were carried cut
end fitted te the results,

2. The lLimiting highepressurce and lowepressure
Arvhenius porametars for the thermal decomposition of the
mathoxymethyl radical were deduced from & temperature and
pressurs study,

3. The pressure dependence of the scconé*order rate
coefficlent for the combination of methyl radicals was
examined in the mercuryephotosensitized decomposition of
dimethyl sther, |

4, The combination of a2 methyl radical with a
methoxymethyl radical to form methyl ethyl ether was
studied over the pressure range 3 to 600 mm, The seconde
order rate coefficient for this reaction was found to be
pressurcedapendent,. Kassel integrations were carried out
for the reverse reaction and fitted to the observed
pressure dependsnce of the combination reaction,.

5. The enthalpy of formation of the methoxmethyl
radical was deduced from kinetic measurements on the
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pyrolysis of 1,2~dimethoxyethana, Ths heat of formation
was independently checked by appearance potential measure-
ments on CHyO0CH; and CHaO0CHXCL which were cowbined with
kinetic measuremants on the thermal decomposition of

C}&§EHQCL.

G, The pressure dependence of the firstecrder rate
coefficient for the unimolecular decomponition of the ethyl
radical to give ethylene and a hydrogen atom, was studied

over the pressure range 4 to 650 mm, The Kassel oquation
was applied and fitted to the experlmental data,

7 The high«-pressure and lowspressure rate constants
for the thermel decomposition of the ethyl radical were
determined from & temperature and pressure study of this

reaction,

8, The homogensity of Hg 391 production in a
mercurysphotosensitized reaction wan examined as a function

of the meroury concentration,




