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FREE RADICALS BY MASS SPECTROMETRY

PART II.—.THE THERMAL DECOMPOSITION OF ETHYLENE OXIDE,
PROPYLENE OXIDE, DIMETHYL ETHER, AND DIOXANE *

By F. P. LossinG, K. U. INGoLD  AND A. W. TICKNER }
National Research Council, Ottawa, Canada

Received 3rd March, 1952

The thermal decompositions of ethylene oxide, propylene oxide, dimethyl ether and
dioxane in a stream of helium have been studied by means of a mass spectrometer de-
signed to permit the measurement of free radical concentrations. With ethylene oxide
it was found that each molecule decomposing gave rise to about 0-6 methyl radicals, and
in propylene oxide the corresponding number had a lower limit of 0-36. Methyl
radicals were also abundant in the decomposition of dimethyl ether. In the decom-
position of dioxane only a small number of methyl radicals were found, and they probably
come from a secondary reaction. No other radicals were detected, although formalde-
hyde was found to be a comparatively long-lived intermediate in the decomposition of
dimethyl ether. The effect of the addition of nitric oxide on the decomposition of ethylene
oxide was examined. Average values for the collision efficiency of the nitric oxide--methyl
radical reaction at 950°, and the methyl radical recombination reaction from 925° to 975°
were found to be 2 X 104 and 2-5 x 10-2 respectively.

A number of studies of reaction intermediates in gaseous reactions have been
made using mass spectrometers. A study of relatively long-lived intermediates
in the thermal decomposition of dimethyl ether and acetaldehyde was carried
out by Leifer and Urey.! The detection of free radicals such as methyl from the
pyrolysis of methane and lead tetramethyl, methylene from diazomethane, allyl
from propylene, and ethyl from ethane, as well as a study of the role of inter-
mediates in low pressure flames, was made by Eltenton.2:3 The measurement
of the ionization potential of methyl radicals produced by the thermal decomposi-
tion of lead tetramethyl was carried out by Hipple and Stevenson.4 Robertson 3
detected methyl and ethyl radicals in the pyrolysis of methane and ethane on a
platinum filament.

For the detection of radicals, the authors mentioned above made use of the
fact that the ionization potential of a free radical is less than its appearance
potential from a given compound by an amount of energy equal to the sum of
the strength of the bond broken and the kinetic energy of the fragments formed
by electron impact. In most cases the ion current due to R+ formed by electron
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dissociation of RR’ will disappear at an electron energy a few volts higher than
the ion current due to R+ produced by ionization of the radical R already present
from the thermal dissociation of RR’. By careful selection of an electron energy
greater than the ionization potential of R but less than the appearance potential,
the presence of the radical was demonstrated. However, because of the more
or less exponential shape of the feet of the ionization efficiency curves a clear
separation of the two processes results, in most cases, in a very low ionization
efficiency (sensitivity) for the process

R -+ e~ R+ 4 2e.

Since the ionization efficiency is not only low at these electron energies, bul varies
with the energy in a manner that is not easily calculated, these conditions are
not very suitable for the quantitative determination of the concentration of the
radicals. The reproducibility of the ionization efficiency at low electron energy
is complicated further by the difficulty of maintaining constant the contact potential
and the energy distribution of the electrons.

In the present work the method outlined above has been used for the quali-
tative detection of free radicals, but the quantitative measurements have been
made by measuring the mass spectra using an electron accelerating potential of
50V. Under these conditions the ionization efficiencies and the mass spectral
patterns are almost independent of small changes in the electron energy. If all
the reaction products which contribute to the radical peak are identified, these
contributions can then be subtracted by reference to calibration spectra in the
manner well known in the analysis of hydrocarbons.6 In this way a net peak height
is obtained which is a measure of the partial pressure of the radical. The use of
this method to obtain the sensitivity for methyl radicals formed by the thermal
dissociation of mercury dimethyl and di-zerz.-butyl peroxide has been described.?
A brief summary of this method is given below under the heading of Calibration
Jfor methyl radical sensitivity.

In the present work the thermal decompositions of ethylene oxide, propylene
oxide, dimethyl ether, and dioxane have been examined by this method to deter-
mine the extent to which free radicals play a part. An analysis of the stable
products was also made.

EXPERIMENTAL

THE REACTOR AND MASS SPECTROMETER,—A diagram of the reactor and the ion source
of the mass spectrometer used in this work is shown in fig. 1. The reactor consisted of
a quartz tube of 7 mm internal diameter which was heated by an element consisting of
a sheet of tantalum 0-005 in. in thickness rolled into a cylinder 12-7 mm in diameter and
held in this shape by lugs spotwelded at the edge. The upper end of the heating element
fitted over, and was spotwelded to a steel tube which was bored out to make a sliding
fit over the upper end of the quartz tube. The lower end of the element was spotwelded
to the inside of a ring which made electrical contact to the outer steel jacket through four
heavy iron legs. The legs were soft-soldered to the inside of the steel jacket after assembly.
The lower end of the quartz tube extended to the lower edge of the ring. The expansion
of the heating element was taken up by a bellows which was silver-soldered over a sliding
joint in the upper steel tube. The furnace was surrounded by a radiation shield of thin
quartz coated with aquadag. A thermocouple well of thin quartz tubing was sealed into
the side of the quartz tube 2 cm from the lower end, and passed out through holes in the
heating element and the radiation shield. A chromel-p alumel thermocouple was used
to measure the temperature. The outer steel jacket was provided with a cooling coil of
copper tubing through which water was passed. Electrical contact to the lower end of
the heating element was made through this coil and to the upper end through the inner
steel tube. A ring of glass sealed to two rings of Kovar prevented the short-circuiting of
the element by the outer steel jacket.

The current required to heat the reactor to 1200° C was about 250 A at 4 V. This
was supplied from a transformer consisting of eight turns of % in. copper tubing wound
on the core of a 50 A Variac. Electrical connection from this winding to the heating
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element was made using £ in. copper tubing connected by pressure fittings. This enabled
the transformer secondary to be cooled by circulating water, to prevent large temperature
changes which would cause the temperature of the reactor to drift. The primary current
to the 50 A Variac was controlled by a 10 A Variac operated from a 110 V line stabilized
by a Sorenson electronic regulator. This
form of reactor was found to be quite
satisfactory and did not have a large

o RN temperature lag. The temperature could
Dxomson o be held within + 1° C for long periods.
The effective length of the furnace, although

e 5 Pl memuocoume rather uncertain, was taken to be 7 cm.
== The flow of gas from the reactor into
STEEL TUBE e the mass spectrometer took place through
UARTE LR -— SoLnG wAven a hole in a thin quartz thimble which pro-

rola Gt jected into the heated zone of the reactor.
The diameter of the hole was 30 microns
and the thickness of the wall surrounding
——rerLon aasker the hole was about 16 microns. The hole
“@ was formed by means of an electric spark
as previously described,” and was almost
S _manrason nearive perfectly circular with smooth edges. The
S

oy

QUARTZ TuimoLe—_ |
ELECTAON @EAU—_ |

bottom of the thimble was thickened and
ground flat, and was cemented to a silver
disc with silver chloride. The disc was
- soft-soldered to a threaded steel cap which
\MW“ oisc closed the end of the reactor. The major
%ﬁ T part of the gas entering the reactor passed
“‘E E‘[ out through the space around the outside

-THERMOCOUPLE

BLASS AKG SPACERS . |

of the heating element, but a small portion

issued from the orifice in the quartz thimble

into a region of very low pressure as a mole-

\ cular beam which was directed into a hole

—awavvzen Tuse 2 mm in diameter in the plate covering the

. ionization chamber. The distance from the

orifice to theelectron beam was about 1-5cm.

S - The mass spectrometer itself 7 was a 90°

. sector type instrument using an ion source

FiG. 1.—Reactor and ion source. with drawing-out potentials as described by

Nier,8 but with a modification to provide

for differential pumping of the filament chamber. The analyzer tube and the chamber

into which the reactor and the ion source projected were pumped separately by high speed

mercury diffusion pumps. The electronic controls for the mass spectrometer were similar

to those described by Thode.? Magnetic scanning and pen recording 19 were employed.

The sensitivity of recording was such that an ion current of 3 x 10-14 A gave a deflection
of 1 cm on the Speedomax recorder.

THE FLowW sYSTEM.—AIl the decomposition experiments were carried out in a stream
of helium at pressures in the region of 10 mm. The flow of helium was regulated by a
small metal needle valve opening from a 3 1. flask in which a pressure of about 10 cm
of helium was maintained by a rough manostat. The flow of reactant gas was con-
trolled by a metal needle valve opening from a trap in which a fixed pressure in the region
of 5-15 cm of reactant was maintained by means of a freezing bath of an appropriate
substance. By this means a flow of helium at about 10 mm pressure containing a partial
pressure of a few microns of reactant could be held constant for an hour or more with
a drift of only a few per cent. This could be allowed for by timing all measurements
and using a linear time correction.

METHOD OF OPERATION.—A flow of helium containing a small partial pressure of
reactant was passed through the reactor as described above, and mass spectra were
obtained at several reactor temperatures below and through the range of temperature
in which the reactant decomposed. The method of detection of methyl radicals from
mercury dimethyl using an electron energy of about 11 V is shown in fig. 2. The mass
15 peak in the upper spectrum, which was obtained at 200° C where no decomposition
occurred, was due to CH3* formed from mercury dimethyl by electron dissociation.

TO PUNPS—e— ——Z+-T0 PUNPS
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This was the remainder of a peak which was over 100 times as large when measured
using 50 V electrons. The peaks at 18 and 28 are those of residual water and carbon
monoxide which are present in all spectra. The lower spectrum was obtained with the
same electron energy but with the reactor at 800° C and with a contact time of 2-1x 10-3
sec. The increase in the mass 15 peak corresponds to CH3* formed by the ionization of
methyl radicals produced in the thermal decomposition of the mercury dimethyl. A
trace of the ethane spectrum can be seen at the mass 28-30 region. This method was used
for detecting radicals, but the quantitative measurements were made by measuring the
spectra obtained with 50 V electrons, and subtracting the superposed spectra of the
reaction products as described above.

A M
75 ; 2625

5 6 /8 28 30

Fi1G. 2.—Detection of methyl radicals from mercury dimethyl. The upper spectrum
was obtained at 200° C, the lower at 800° C. The electron energy was 11 V.

CALIBRATION FOR STABLE PRODUCTS.—The mass spectral patterns of the reactants and
the stable products were determined in separate experiments by passing through the
reactor a stream of helium containing a convenient amount of the gas to be examined.
By comparing spectra obtained at different reactor temperatures, it was found that in
many cases the spectra changed slightly with temperature as previously reported for
hydrocarbons.11, 12 For the reactants, this effect could not be measured over the whole
temperature range since decomposition occurred. The mass spectral patterns of the
reactants at the higher temperatures were obtained by extrapolation from lower
temperatures.

In addition to the change in the patterns, it was found that the sensitivity for a given
substance decreased with increasing temperature. This effect could be ascribed partly
to the effect of temperature on the flow of gas through the orifice, and partly to the effect
of increased molecular velocity on the ionization probability. Since the flow through
the orifice was partly molecular and partly viscous at these pressures, the relation between
sensitivity and temperature was not simple, and was obtained by calibration. The * tem-
perature coefficient of sensitivity ” measured in this way was applied as a correction to
the partial pressures of the products measured at any temperature. This coefficient was
in some cases as large as 0-50 for a range of 800° C.

The sensitivities for the reactants and products relative to that for methane were
measured in separate experiments. Known proportions of methane and the gas in question
were passed in a stream of helium through the reactor at a fixed temperature. These
relative sensitivities were then related to the actual pressure in the reactor by measuring
the sensitivity for a known partial pressure of methane, and could be expressed as a peak
height per micron pressure.

CALIBRATION FOR METHYL RADICAL SENSITIVITY.—The ratio of the sensitivity for
methyl radicals to that for methane with 50V electrons was previously determined 7
by decomposing a known quantity of mercury dimethyl and by making a continuous
analysis of the products, of which methyl was the major component. The stable pro-
ducts were ethane and methane. The net peak height at mass 15 due to methyl was
obtained by subtracting from the total mass 15 peak the known contributions from
methane, ethane, and mercury dimethyl. The sensitivity to methyl was then obtained
by assuming a 100 9; carbon balance. In order to be more independent of instrumental
factors, this sensitivity was reported relative to that for methane. The value of sensitivity
for CHj/sensitivity for CH4 was 047 - 0-07.

MateriALS.—The helium was of 99-8 9/ purity or better and was further purified by
passing it through a charcoal trap immersed in liquid nitrogen. The oxygen content
was reduced to less than 0-005 9 by this means. The ethylene oxide was obtained from
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the Matheson Co., the propylene oxide from the Eastman Kodak Co., the 1: 4-dioxane
from Anachemia Chemicals Ltd., and the dimethyl ether from the Ohio Chemical and
Manufacturing Co. All these materials were purified by several distillations at reduced
pressure.

RESULTS AND DISCUSSION

ETHYLENE OXIDE.—The decomposition of ethylene oxide was investigated
in the temperature range 800° to 1000°. The rate constants given (at 850°) in
table 1 show the reaction to be first order with respect to the partial pressure of
the ethylene oxide, but the order appears to depend slightly on the helium pressure.
The activation energy is independent of both ethylene oxide and helium pres-
sures; a mean value of 42:1 kcal was obtained which is in closer agreement with
that of Rice and Johnston 13 value for the split into free radicals (44 kcal) than
with activation energies measured in static systems for the overall reaction.

TABLE 1.—EFFECT OF HELIUM AND ETHYLENE OXIDE PRESSURES ON k& AND E

helium ethylene oxide k at 850° C activation
pressure (mm) pressure (u) (sec!) energy (kcal)
50 5-68 42:4 41-6
10:0 1-64 546 41-0
15-0 1-37 557 412
15-0 1-58 54-1 42:5
15:0 10-98 552 43-8

The products of reaction, at three different temperatures and slightly differing
times of contact, are given in table 2. The partial pressures of the products are
given in microns. The reliability of the data is evaluated in table 3 which shows
the amounts of carbon, hydrogen, and oxygen found in the products expressed
as a percentage of the amount which should be present as calculated from the
amount of ethylene oxide decomposed, e.g.,

2(CH3 + 2CHg + CH4 + 2CH,CO + CO) % 1
2(CH2)20 decomp.

The carbon and oxygen balances are fairly good, but the hydrogen balance is
particularly susceptible to slight changes in the relative amounts of the different
products. The last column in table 3 shows the number of methyl radicals formed
per ethylene oxide molecule decomposed. The values are based on the assumption
that all the ethane formed comes from the recombination of two methyl radicals.

All the products listed have been reported previously.14-19 In particular
methyl radicals were specifically reported by Rice and Johnston.!3 Methylene
radicals, first postulated by Fletcher and Rollefson,!5 have never been detected

% carbon found = 00.

TABLE 2,—THE THERMAL DECOMPOSITION OF 924y OF ETHYLENE OXIDE IN
15 MM HELIUM

(Partial pressures of products are given in microns)

terap. COMAOTY decomp €O CH, CoH, H, CH;  CH;=CO
875 0-90 16-7 1-49 0-40 0-055 0-73 070 0-087
925 0-86 320 276 0-74 011 1-77 1-63 0-17
975 0-83 501 4-28 1:19 0-20 2:84 2:65 0:30
TABLE 3.—THERMAL DECOMPOSITION OF 924 . OF ETHYLENE OXIDE
%, bo 9 hyd o CHj radicals
t?,‘g;‘ {oﬁrd inn /fou);u;?rgle " {'oﬁ:ﬁgiiln (gg:g)dngg{.
products products products Jecomp.
875 92 91 101 0-520
925 96 105 99 0-626

975 99 110 100 0-663


http://dx.doi.org/10.1039/df9531400034

Published on 01 January 1953. Downloaded by Universitaetshibliothek Dortmund on 22/10/2014 14:52:33.

View Article Online

E. P. LOSSING, K. U. INGOLD AND A. W. TICKNER 39

experimentally and we too were unable to find them. Nor were any hydrogen
atoms detected, though the large amount of hydrogen gas in the products indicates
that these may play some part in the reaction. They will, however, recombine
very readily and are therefore not very susceptible to detection by the present
method. We were not able to discover any propane,18 formaldehyde (a postulated
intermediate 15) nor any acetaldehyde.l8 1In a separate experiment it was shown
that acetaldehyde did not decompose under our experimental conditions. At
850° there were no products of greater molecular weight than ethylene oxide in
the mass range 50 to 100.

ADDITION OF NITRIC OXIDE.—Although some previous measurements have
been made on the inhibiting effect of both nitric oxide 15 16¢; 20 and propylene 19 21
on the decomposition of ethylene oxide, no direct measurements have previously
been made on the change in methyl radical concentrations caused by the addition
of an inhibitor. So in order to obtain additional information as to the extent
to which methyl radicals play a part in the decomposition, some experiments
were carried out in which nitric oxide was added to the reacting gas stream. The
effect of added nitric oxide (table 4) is to decrease slightly the amount of ethylene
oxide decomposed, i.e. there is partial inhibition of the reaction. Methyl radicals
are still present but are not so abundant and the concentration of methane in
the products is also decreased. The decrease in methane and methyl concentra-
tions are given as a percentage of the amounts present in the absence of nitric
oxide.

TABLE 4.—THERMAL DECOMPOSITION AT 950° C OF 28 1 OF ETHYLENE OXIDE IN
PRESENCE OF NITRIC OXIDE

(Carrier gas 15 mm helium ; contact time 0-83 x 10-3 sec)

decrease of decrease of

£ NO inhibition & 4 cn 4 ACH,
Presss of decom-  [CHAGHEN L) Shton ACH,
position of NO of NO
(1) 186 38 Y% 128 % 229 Y% 056
(2) 402 359 187 % 28:6 % 0-65

The final column in table 4 gives the ratio of the decrease in methane to the
decrease in methyl concentration. This ratio, virtually constant for a 2-3 fold
change in nitric oxide concentration, has a value of 0-6 or 3/5. There are two
fundamentally different reactions by which methane can be formed during the
thermal decomposition of ethylene oxide, viz.,

(CH,),0 — CH4 (+ CO) 0))
CH3 + RH — CHy4 (+ R) (3]

If the concentration of RH is not affected by the addition of nitric oxide, i.e. if
it is not a radical itself, then 2/5 of the methane will be formed by reaction (1)
and 3/5 by reaction (2). From the analytical data at 975° it is seen that 26 %
of the ethylene oxide decomposed gives rise to methane. Assuming RH to be
ethylene oxide, this can be divided between reactions (1) and (2), i.e. at 975°
reaction (1) occurs to 26 x 2/5 = 10-4 % and reaction (2) to 26 x 3/5 = 156 %
of the ethylene oxide decomposed.

On the other hand, if RH is wholly or in part a radical whose concentration
is decreased by the addition of nitric oxide (a H atom, for example) then the
amount of methane formed in reaction (1) will be greater than 10-4 9/, by an amount
depending on the decrease of the concentration of RH.

The addition of nitric oxide decreased the methyl concentration by 229 %
and 28-6 9 in two separate experiments. On the simple assumption that RH
is wholly ethylene oxide we can calculate the expected degree of inhibition of the
156 x 229 15:6 x 286

=5 236 9% and ——_——- = 44 % respectively.

reaction to be
100
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These results are in good agreement with the experimental measurements given
in table 4, i.e. 3-8 % and 3-5 9 respectively.

REACTION MECHANISM.—An elaboration of Sickman’s 22 free radical mechan-
ism for the decomposition of ethylene oxide has been put forward by Fletcher
and Rollefson.156 It involves induced decomposition by a methylene radical
formed in the primary reaction

(CH,);,0 - H.CHO -+ CH,
to two methyl radicals and carbon monoxide,
CH; + (CH3),0 — 2CHj3; + CO.

Although the methylene radical should be susceptible to detection by the present
method 3 none was in fact found among the decomposition products of ethylene
oxide. Moreover, Fletcher and Rollefson’s mechanism does not postulate any
reaction between methyl radicals and ethylene oxide. It has recently been shown,
however, by both thermal 19 and photochemical 23 studies, that the reaction

CH3 + (CH2);0 — products

occurs readily. This, in conjunction with our own experiments in which methyl
radicals were the only free radicals to be detected, leads us to the view that not
only do methyl radicals induce the decomposition of ethylene oxide, but also the
primary split of the parent molecule gives a methyl radical

(CH),0 — CH3 + CHO. 3)

The number of methyl radicals formed per ethylene oxide molecule decom-
posed appears to be considerably greater than under Fletcher and Rollefson’s
experimental conditions (see table 3). Fletcher and Rollefson reported a value of
0-28. In the calculation of our values it is assumed that all the ethane arises from
the recombination of two methyl radicals. This assumption is almost certainly
true, but since the ethane concentration is only 13-15 % of the methyl concentra-
tion, if a part of the ethane arises in some other way the values given in table 3
will not be greatly affected. It should be noted that the sensitized decomposition
of ethylene oxide will not appreciably affect the radical concentration, since apart
from the small amount of side reaction to ketene, each methyl radical removed
by reaction is regenerated. This will become clear from an examination of the
proposed reaction mechanism. In actual fact the values given in table 3 are mini-
mum values since some of the methyl radicals will disappear by reaction with
other free radicals, e.g.

CH; + H(+ M) — CH4(+ M). @

The mechanism proposed below is similar in many respects to that proposed
by Gomer and Noyes 23 for the photochemical decomposition of ethylene oxide
at 175°, the major differences being that no formaldehyde 18 or acetaldehyde
was found. Moreover the C;H30 radical, if it exists at all as a separate entity
at our elevated temperatures, has too short a life to combine with other atoms or
radicals. Thus we find no products of greater molecular weight than ethylene
oxide and in particular we find no propionaldehyde.

The most important primary reactions and most of the possible radical re-
moving steps are listed below :

(CH»),0 - CH4 + CO (¢))
(CH,);0 - CH; + CHO 3)

CHO - CO + H (5)

CH; + (CH),0 — CHy + C;H30 ©)
H 4 (CH2);0 — H; + C;H30 )]

CH30 - CH3 4+ CO (8)
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CH30 - CH,CO + H )

CHO + CHO — 2CO + H, (10)

H -+ CHO — CO - H, an

CH3 + CHO - CO + CHy (12)

CHj3 + CH3; - CHg (13)

(M+)H -+ CH; - CHy(-++M) C))

(M+)H + H - Hy(+M) (14)

and possibly (CH,);0 - CH,CO + H, (15)

The radicals H, CHO and C;H30 were not detected experimentally and therefore,
if they exist in the free state, have a shorter life than the methyl radical. The
CHO radical has become quite popular in reaction kinetics ; its heat of dissoci-
ation to CO and H is not large. Its detailed reactions are not known, but all
those postulated are quite probable.

If all the methane comes from reactions (1) and (6) and all the hydrogen atoms
are removed by reaction (7),24 a minimum value to the extent of reaction (3)
can be given. At 975° this will be (100 — 26) = 37 %. The half arises because
effectively all the C,H30 produced in (7) gives a methyl radical by reaction (8).
The amount of ethylene oxide decomposing by reaction (3) will be increased above
37 % in the event that either of the following reactions occur; that some CHO
disappears by reactions not forming hydrogen atoms or that hydrogen atoms
are removed by reactions not regenerating CHs.

COLLISION EFFICIENCY OF REACTION BETWEEN METHYL RADICALS AND NITRIC
oxIDE.—The collision efficiency for the reaction CH3 + NO — products is given
by the number of collisions between methyl radicals and nitric oxide which lead
to reaction, divided by the total number of collisions. The pressure of nitric
oxide was converted to molecules cm—3 and then substituted in the equation

7= (21 (BRI + s
=n 2 MM,

which gives the number of collisions each methyl has with nitric oxide per cm3
per sec. The mean molecular diameter was taken as 375 X 1078 ¢cm.25 The
collision efficiency was obtained by multiplying the collision number Z by the
contact time and dividing into the proportion of methyls which react (see table 4).
The results obtained in the two experiments and the values obtained by earlier
workers are given in table 5. The close agreement obtained over such a large
temperature range may indicate that the activation energy of the reaction is small,
Or Zero.

TABLE 5.—COLLISION EFFICIENCY OF REACTION CHj3 +4- NO — PRODUCTS

temp. collision

workers °C) efficiency
Forsyth 25 800 1-4 x 10-5
Staveley and Hinshelwood 26 540 66 x 104
Durham and Steacie 27 25 1-5 x 104
present experiment (1) [CH3] = 60 u 950 2:6 x 10—4
present experiment (2) [CH3] = 52 950 14 x 104

COLLISION EFFICIENCY OF METHYL RECOMBINATION.—If it is assumed that all
the ethane formed in the ethylene oxide decomposition arises from methyl re-
combination, the data for the partial pressure of methyl and ethane given in table 2
can be used to calculate a collision efficiency for the recombination. The calcu-
lated values are 2-1 X 10-2 at 975° and 29 x 102 at 925°. These are in good
agreement with the average value of 2:9 x 10-2 previously calculated in the same
way from the data for mercury dimethyl decomposition.?
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PROPYLENE OXIDE.—The major products of the thermal decomposition of
32 of propylene oxide at a temperature where decomposition is essentially
complete (950°) are shown in table 6.16¢ The partial pressures of the products
are given in microns. In addition to the products listed, traces of water, ketene,
propylene and allene were found. Since the only important oxygenated product
was carbon monoxide it was assumed that under these conditions of complete
decomposition the amount of propylene oxide originally present was equal to
the amount of carbon monoxide formed. The carbon and hydrogen balances
were worked out from this basis. The activation energy of the reaction was
31-8 kcal, and the rate constant at 650° was 165-1 sec1,

TABLE 6.—THE THERMAL DECOMPOSITION OF 3:2 u PROPYLENE OXIDE
AT 950° C IN 10 mm HELIUM

(Contact time = 1-85 x 10-3 sec)
CyHs CoH, CH> CHy CH; H, CO
036 193 0-27 044 1-04 325 321
% C found in products == 103
% H found in products = 113

It is apparent from the large quantity of methyl radicals present in the pro-
ducts that a free radical mechanism is of importance in the decomposition of
propylene oxide. The compound was, however, not examined in sufficient
detail for this mechanism to be thoroughly elucidated ; it will, however, probably
be quite similar to that for ethylene oxide, and the following is suggested :

CH3;CHCH,O — CH4 + H.CHO (1)
I
H.CHO - H; 4+ CO )

CH3;CHCH,O - CHj3 4 CH30. (€))
I

Since no formaldehyde was detected reaction (2) must be very fast at this tem-
perature. The two radicals formed in reaction (3) will follow the same paths as
in ethylene oxide. The acetylene probably arises from dehydrogenation of ethylene.
Calculations based on the collision efficiency of the CH3 + CHj reaction show
that only 0'05 p of ethane arises from this reaction, the remaining ethane must
arise from the hydrogenation of ethylene. The minimum value for the number
of methyl radicals formed per propylene oxide molecule decomposed is therefore
(1-04 4+ 2 x 0-05)/3-2 = 0-36. If it is assumed, as is quite probable, that all
the methane arises from the reaction of methyl radicals with propylene oxide a
value of 0-48 is obtained.

CH3 + CH3CHCH;0 — CH4 + C3Hs0 @

C3Hs0 - CG;Hy 4+ CHO. *)

On the basis of these simplifying assumptions, the extent of reaction (1) is then
64 %, reaction (3) 24 9 (i.e. # x 0-48 x 100, since two methyl radicals are formed
for every propylene oxide molecule decomposing by reaction (3)), and reaction
@) 12 %.

DiMETHYL ETHER.—The products of the thermal decomposition of 2:23
of dimethyl ether are shown in fig. 3 as a function of temperature, together with
the decrease in the amount of dimethyl ether remaining. In table 7 these results
are summed up in the carbon and oxygen balances. The oxygen balance ap-
proaches 100 at the higher temperatures, but it is apparent from the carbon
balances that about 20 9 of the carbon is disappearing to compounds we have
not detected. This result we have so far been unable to account for satisfactorily.
At the lower temperatures it might be due to polymerization of the formaldehyde.


http://dx.doi.org/10.1039/df9531400034

Published on 01 January 1953. Downloaded by Universitaetshibliothek Dortmund on 22/10/2014 14:52:33.

View Article Online

F. P. LOSSING, K. U. INGOLD AND A. W, TICKNER 43

The activation energy of the reaction was found to be 32-4 kcal with a rate
constant at 650° of 87 sec”l. An activation energy of 17-8 kcal was obtained
for methane production, using the results at the lower temperatures where
secondary reactions are comparatively unimportant. This compares favourably
with a value of 16 kcal obtained by Leermakers 28 (who, by photolyzing acetone
as a source of methyl radicals, sensitized the decomposition of dimethyl ether
at temperatures from 270° to 400°).

There is abundant evidence 29-31 for the existence of free radicals and chain
reactions in the decomposition. The build up and subsequent decay of the inter-
mediate formaldehyde during the decomposition at 500° has been studied pre-
viously by Leifer and Urey ! using a mass spectrometer, which was not, however,

0
20—
CH30CH;
= ; Hp
o 16 ._\ HGHO
xz L]
2 [ —o ’
o s (] ’
'3 ’
$i2 \z\
3 12—
< . ’
& on
B 3
SN
&l 08—
a )_,_———-0
& / D
204 */ G0 —
S
;&s/’o 8\
0‘0 _-nﬂ" l GaHe o
750 800 850 900 950 IOOO l050

TEMPERATURE (°C)
FiG. 3.—Formation of products from the decomposition of 2:23 u of dimethyl ether,

designed to study free radicals. The same build up and decay of formaldehyde
is apparent in fig. 3. The formaldehyde decomposes to hydrogen and carbon
monoxide, as is clearly shown by the rapid increase of these two products. The
concentration of ethane and methyl radicals also pass through a maximum, the
former because of some decomposition to ethylene and hydrogen (at the highest
temperature, 1050°, the ethylene has increased to an amount equal to the ethane).
The decrease of the methyl concentration may be due in part to reaction with the
rapidly increasing concentration of hydrogen. Except for the absence of the
CH;0 radical, which may well be unstable at these temperatures, our results
appear to be in accord with the mechanism of Rice and Herzfeld.32

TABLE 7.—CARBON AND OXYGEN BALANCES IN DECOMPOSITION OF DIMETHYL ETHER

temp. (°C) 775 850 00 950 1000
contact time (sec x 10-3) 2:16 2:01 193 1-85 1-78
%, decomposition 32:0 62-0 790 92:0 99-0
% C found in products 750 80-0 80-0 83-0 82:0
% O found in products 87-0 94-0 95-0 98:0 104-0

DioxANE.—The main products of decomposition of dioxane at 915° were
carbon monoxide, hydrogen and ethane, with smaller amounts of water, formal-
dehyde, ketene, ethylene and acetylene. Methyl radicals were present only in
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amounts corresponding to about 1 % of the dioxane composed. This quantity
may well arise merely from the decomposition of ethane, No methylene or other
radicals were detected. This is interesting in view of the strongly inhibiting action
of nitric oxide reported by Kiichler and Lambert.33 However, these workers
report the reaction to be not catalyzed by methyl radicals from the decomposttion
of azomethane, and moreover, the para-ortho hydrogen method gave negative
results. The radicals reported by Forsyth 25 are undoubtedly methyl.

The activation energy of the decomposition was 43-5 kcal, and a value of 9-8
sec™! was obtained for the rate constant at 650°. Since practically no radicals
were found, this compound was not studied in detail.

The authors wish to thank Dr. E. W. R. Steacie for encouragement and advice
during the course of the work. They also wish to express their appreciation to
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