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=259, for such low dielectric loss. If the value
of the dielectric loss for each of the three sub-
stances measured is substituted in the Debye
equation as used by Jackson and Powles!® and
given in equation (4), a moment value 0.04 D is
calculated for benzene, n-heptane and cyclohex-
ane.

- [27 " kT (1 + (@nfr)?) "2 @
K’ 8(e + 2)Newtfr
where u is the dipole moment, €” is the dielectric
loss, €’ is the dielectric constant, T is the absolute
temperature, & is the Boltzmann constant, f is
the frequency in cycles per second, 7 is the re-
laxation time in seconds, /V is Avogadro’s number,
and ¢ is the density divided by the molecular
weight. In the calculation of the dipole moment
by this method the value of 7, the relaxation time,
has been assumed to be approximately 5 X 10~12
seconds in view of the values of r found for bromo-
benzene, cyclohexyl bromide and #-heptyl bro-
mide at 25° in the 1.27 cm. measurements.!!
These moment calculations seem to indicate that
moment values between 0 and 0.1 X 10~ may
be differentiated by the use of microwave absorp-
tion methods. However, these small moment

(13) Jackson and Powles, Trans. Faraday Soc., 42A, 101 (1946).
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values indicated by the losses are not to be in-
terpreted as evidencing permanent asymmetry
of the molecules.

Summary

The dielectric constants of n-heptane, benzene,
cyclohexane, carbon tetrachloride and carbon
disulfide have been measured at 577 m., 10
em. and 1.277 em., while additional values at
3.22 cm. have been obtained for n-heptane
and benzene. The measurements at 10 cm.,
3.22 cm. and 1.277 cm. are absolute determina-
tions. The values are independent of frequency
since the losses measured at 1.277 cm. for three
of the non-polar liquids are so low as to be negli-
gible in their effect on the dielectric constant.
The absolute dielectric constant values are
linear functions of the temperature within the
accuracy of the measurements.

The dielectric loss values at 1.277 cm. have
been used to calculate extremely low moment
values for #n-heptane, benzene and cyclohexane,
possibly, the result of inductive effects. The
calculations indicate that microwave absorption
results may be used to differentiate between
moment values of 0 and 0.1 X 101,
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Photochemical Studies.

XLII.

Ethylene Oxide’

By RoBERT GOMER*? AND W. ALBERT NOYES, JR.

The only previous work on the photochemistry
of ethylene oxide seems to be that of Phibbs, Dar-
went and Steacie? who investigated its mercury
sensitized reactions. Trost, Darwent and Steacie*
have studied the reactions of hydrogen atoms with
ethylene oxide. The thermal reactions of this
molecule have been studied extensively.?

The ultraviolet absorption spectrum of ethylene
oxide has been photographed and interpreted re-
cently.® The longest wave discontinuous absorp-
tion is found at 1713 A. This band broadens as
the pressure is increased and gives an apparent
continuum to about 2120 A.

The first experiments (carried out with a hy-
drogen discharge as a light source) served to show
that the principal products of the direct photo-
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chemical decomposition of ethylene oxide are
hydrogen, carbon monoxide, methane and ethane.
Since hydrogen gas probably could not be formed
unless H atoms are produced in the primary proc-
ess, the work of Phibbs, Darwent and Steacie is of
importance in interpreting the results of the pres-
ent research. The production of methane and of
ethane indicates, presumably, that CH; radicals
are intermediates. The reactions of CH; radicals
(formed by photochemical decomposition of mer-
cury dimethyl) with ethylene oxide were also stud-
ied. A recent investigation” has served to clarify
certain steps in the photochemical decomposition
of mercury dimethyl.

Experimental

The ethylene oxide was specially purified by the
Dow Chemical Company.? It was purified further
by bulb-to-bulb distillation and outgassed in a
high vacuum after cooling to —120°. It was free
from aldehydes as shown by the method of Stotz.*
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Walters of this Laboratory.
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The first experiments were made with a Hanovia
hydrogen discharge tube as a light source without
filters and without collimation. The radiation ab-
sorbed by the ethylene oxide must have been
mainly at wave lengths below 2000 A. This point
was verified with a Schmidt-Ott vacuum fluorite
spectrograph. Mercury vapor was interposed be-
tween the light source and the reaction vessel to re-
duce danger of a mercury sensitized reaction.

A rough estimate of quantum yields was made
with a hydrogen bromide actinometer. One mole-
cule of hydrogen was assumed to be formed per
quantum absorbed.’® This figure is valid if bro-
mine is removed by mercury. Since the incident
radiation was not monochromatic, exact correc-
tions could not be made for absorption and reflec-
tion by the windows. The reaction is not a long
chain reaction under any of the experimental con-
ditions investigated.

The technique used for mixtures of ethylene
oxide and mercury dimethyl is similar to that al-
ready described.”

The main products (hydrogen, carbon monox-
ide, methane and ethane) were usually determined
by methods described in earlier articles from this
Laboratory.” Some analyses were performed with
a Blacet-Leighton apparatus.!’ Other products,
particularly formaldehyde and acetaldehyde and
possibly other aldehydes were found. The meth-
ods of analysis for these will be described briefly.

The method of Matsukawa,!® for the determina-
tion of formaldehyde, wus found to be quantita-
tive. Mueller!® and Cripps and Walters!® found
that acetaldehyde in fifty-fold excess did not inter-
fere (error less than 159) and Mueller'® observed
that a 20,000-fold excess of ethylene oxide did
not introduce an error greater than 159, in the
determination of formaldehyde by this method.

Beer’s law was found to be obeyed by the col-
ored compound formed in the Matsukawa
method.!? The optical density at 525 mpuis 0,369 ¢,
where ¢ is the concentration of formaldehyde in
the original solution in gramns X 10~¢/ml. The
optical density is defined by D = logy lo/I, where
Iy is the incident intensitv and I the transmitted
intensity.

Acetaldehyde was determined by the method of
Stotz,® using a 109 copper sulfate solution. This
methods is based on the formation of colored com-
pounds with p-hydroxybiphenyl by all lower al-
dehydes in concentrated sulfuric acid solution.
Erbelding and Walters® found that the colored

(10) E:. Warburg, Sigb. pireuss. Akad, Wiss. Physik.-math. Klasse,
314 (1916),

(11) Certain modifications in the techniques for the Blacet~
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(12) D. Matsukawa, J. Biochem. (Tokyo), 30, 386 (1939). This
method has been improved by H, Cripps and W, D. Walters of this
I.aboratory.

(13) K. Mueller, Ph.D. Thesis, Department of Chemistry, Uni-
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supervision of Professor W. D. Walters.
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compound formed with acetaldehyde obeys Beer’s
law at 570 and at 610 mg, but that the compound
formed with formaldehyde does not do so at either
wave length. Smooth curves were found, how-
ever, when optical density was plotted against®
concentration in the case of formaldehyde. Er-
belding and Walters® found that formaldehyde and
acetaldehyde gave approximately additive optical
densities at both wave lengths if the formaldehyde
concentration did not exceed 4 X 10-¢ g./ml.

If formaldehyde is determined by Matsukawa’s
method and the appropriate optical density is sub-
tracted from that of the mixture, acetaldehyde
can be determined with satisfactory accuracy.

It was found in the present work that the wave
length of maximum absorption changes smoothly
from 570 to 610 mu as acetaldehyde/formaldehyde
changes from infinity to zero, and that it is ap-
proximately independent of the two concentrations
as long as they are below 5 X 10~%g./ml. Plots of
the optical density at maximum absorption against
acetaldehyde concentration (at several wave
lengths) together with the ratio, give absolute
concentrations by interpolation. The greatest ac-
curacy is obtained in the middle of the range where
the ratio is approximately unity.

Analyses for formaldehyde will be inaccurate if
determined from the ratio, but acetaldehyde as a
function of total optical density at peak wave
length is not very dependent on the ratio, so that
analyses for acetaldehyde will be reasonably good.
The two methods provide independent checks on
the analyses.

Propionaldehyde was found to give a peak ab-
sorption at 575 my and Beer’s law is obeyed at all
wave lengths. Mixtures of acetaldehyde and pro-
pionaldehyde show only very small deviations
from additivity for their optical densities. Table
I shows the wave lengths of maximum absorption
and the optical densities for the three aldehydes
mentioned.

TasLe I

Dara CoxcErRNING CoMPOUNDS FORMED ¥rOM p-HyDROXY
BIPHENYL AND VARIOUS ALDEHYDES

Limits of
Wave lengths detection
of maximum QOptical density X 108
Aldehyde absorption (logw Jo/I) g./ml,
HCHO 445 muy L.
610 0.796 logw (¢ + 1.949)0.588 0.5
CH;CHO 430 0.0225 ¢
570 143 ¢ 0.1
CH,;CH.CHO 440 L0126 ¢
575 L0379 ¢ I

The methods just described can be used for
either mixtures of formaldehyde and acetaldehyde
or of acetaldehyde and propionaldehyde. Solu-
tions maintain color for several hours, although
some fading was noticed in the case of propionalde-
hyde. Mixtures of formaldehyde and propionalde-
hyde were not investigated. Ternary mixtures
cannot be resolved. Probably the limit of error is
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10-209, for a single aldehyde, but for mixtures it
is much greater unless concentrations are low. It
should not exceed 50-1009, in any case encount-
ered in this work. The determination of formalde-
hyde by the method of Matsukawa!? should be ac-
curate within 10-15%,.

Preliminary Results

Table II shows preliminary data obtained with
ethylene oxide by the use of the hydrogen dis-
charge as a light source. The analyses for formal-
dehyde are not reliable since they were obtained
by the p-hydroxybiphenyl method only. These
results served mainly to identify the principal
products and to indicate the desirability of study-
ing the reactions of CH; radicals with ethylene
oxide.

TasLE 11

RATEs oF FORMATION OF VARIOUS PRODUCTS DURING
IRRADIATION OF ETHYLENE OXIDE
Light source, Hanovia hydrogen discharge; absorbed wave
length, <2000 A.; dimensions of cell, 20.0 X 2.4 cm.;
temp., 27°; rates in mm. pressure X 103/hr. (measured
at 27°; in a volume of 590 cc. Multiplication by 9.7 X
1014 gives moles/cc./sec. in the reaction vessel.
Press.

(CHz)2-

Run mon'1. Rco Rcs RuH;  Roms  Romscmo  Rucmo
13 28 85 13.5 35.3 Present 3.1 4.5
15 64 111 18.6 41.6 Present 4.5 (6.6)
16 100 120 22 44.3 Present 7.5 (11.1)
17 148 122 23.7 47.3 Present 6.2) 9.1)
18 288 135 24.4 54.1 Present ? ?

Results with Mixtures of Mercury Dimethyl and
Ethylene Oxide

Tables III, IV, V and VI present the rates of
formation of products formed during irradiation
of mixtures of mercury dimethyl and ethylene ox-

TasLE III

RATES OF FORMATION OF PRODUCTS IN THE PHOTOLYSIS OF

MERCURY DIMETHYL IN THE PRESENCE OF ETHYLENE

Ox1IpE: ErFeEcT oF TEMPERATURE AT CONSTANT CONCEN-
TRATION AND LIGHT INTENSITY

Cell 20 cm. in length, 2.4 cm. in diameter; light source,
8-353 arc; ethylene oxide pressure 100 mm. (in cell at
300°K.); mercury dimethyl pressure 20.0 mm. (in cell at
300°K.): rates of formation given in microns/hour at
300°K. and in a volume of 590 cc. Barred quantities
refer to runs in the absence of ethylene oxide. Rates
must be multipled by 9.70 X 10714 to convert to moles/
cc./second.

- - Rca/
Run LogP” Rco  Rcms Rosme Rems  Rome  Roo
B9 150 3.40 12.0 71 4.6 77 3.5
B-1 174 9.60 24.5 88 10.0 97 2.6
B-5 176 7.30 26.2 &5 10.4 95 3.6
B-4 200 14.2 48 87 19.5 101 3.4
B-3 220 25.7 82 80 34 102 3.2
B-7 220 22.4 88 87 35 104 3.9
B-8 220 19.0 79 81 30 94 4.1
B-2 248 57.1 182 88) 72 (129)° 3.2
B-6 250 54.7 181 102 71 (121)° 3.3

e Total C; hydrocarbons, ethylene not determined.
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TABLE IV

RATES OF FORMATION OF PRODUCTS IN THE PHOTOLYSIS OF

MERCURY DIMETHYL IN THE PRESENGQE OF ETHYLENE

OxipE: EFFECT oF CHANGES IN LIGHT INTENSITY AT
175° AND CONSTANT PRESSURE

Cell 20 cm. in length, 2.4 cm. in diameter; light sources,
§-353 and A-H6 arcs; ethylene oxide pressure 100 mm.,
mercury dimethyl pressure 5.0 mm. (in cell at 300°K.);
temperature 175°; rates of formation given in microns/
hour at 300°K. in a volume of 590 cc. Barred quantities
refer to runs in the absence of ethylene oxide. Rates
must be multiplied by 9.70 X 10714 to convert to moles/
cc./second. Rc,m, is a rough measure of intensity.

- Remy/ Reapme/

Run Rco Remi  RoHe Reay  ReEs Rco  Rem
E-6 70 160 1780 2.3 11.1
E-8 50 117 950 2.4 8.1
E-7 34 87 610 ... 2.8 7.0
E-5 31 80 550 14 630 2.6 6.8
E-1 6.6 21 51 3.2 56 3.1 2.5
E-2 4.7 12 19 1.8 23 2.6 1.6
E3 1.7 5.1 3.3 0.74 4.8 3.0 0.65
E4 1.2 3.2 1.3 0.54 2.2 2.7 0.41
TABLE V

RaTES OF FORMATION OF PRODUCTS IN THE PHOTOLYSIS OF
MERCURY DIMETHYL IN THE PRESENCE OF ETHYLENE
OxipE: ErreECT OF CARBON DIOXIDE AND VARIATIONS IN
ETHYLENE OXIDE PRESSURE AT 175° AND CONSTANT LIGHT
INTENSITY
Cell 20 cm. in length, 2.4 cm. in diameter; light source,
S$-353 arc; mercury dimethyl pressure, 20.0 mm. (in cell
at 300°K.); temperature, 175°. Rates of formation
given in microns/hour at 300°K. and in a volume of 590
cc. Barred quantities refer to rates in the absence of
ethylene oxide. Rates must be multiplied by 9,70 X
1014 to convert to moles/cc./second.

Ethylene R
oxide - - CH4/
Run  pressure Rco  Romde ResHs Romy  RosHe  Roo
D-1¢ 49 3.9 189 90 10.6 103 4.9
C-1 50 4.4 183 93 10.1 98 4.2
D-2¢ 153 9.0 36.2 75 10.8 100 4.0
c-2 200 9.7 38.7 79 10.3 99 4.0

o Carbon dioxide added to bring total pressure to 220
mm. (at 300°K.).

ide by light absorbed only by mercury dimethyl.
The main variables studied were the following:
(a) concentrations of reactants, (b) temperature,
(c) intensity. The light intensity was not meas-
ured quantitatively but was varied over a wide
range by the use of two different light sources and
by the use of neutral density filters.” The effect of
an added foreign gas which would reduce the rate
of diffusion to the walls was investigated in one
series of experiments.

The Mechanism in Mixtures of Mercury Di-
methyl and Ethylene Oxide

A mechanism for the photochemical decomposi-
tion of mercury dimethyl has been presented
recently.” This mechanism is in general agree-
ment with data found in this Laboratory as well
as elsewhere. The primary process has not been
elucidated, although CHj; radicals must be formed.
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TABLE VI
ALDEHYDE PRODUCTION IN THE PHOTOCHEMICAL DE-
COMPOSITION OF MERCURY DIMETHYL IN THE PRESENCE OF
ETHYLENE OXIDE

Cell 20 cm. in length, 2.4 cm. in diameter; light source,
§-353 arc; ethylene oxide pressure 100.0 mm. (in cell at
300°K.); temperature, 175°. Rates of formation- of
products given in microns/hour at 300°K. in a volume
of 590 cc. Rates must be multiplied by 9.70 X 1071¢ to
convert to moles/cc./second. Acetaldehyde dark rate:
2.74 microns/hour. Barred quantities refer to runs in the
absence of ethylene oxide. R‘cm, represents rate of CH,
formation due to ethylene oxide.

Mercury
dimethyl
(atpgggi‘ﬁ?), - —~  R'emi—
Run mnt, Rco Rens  Re.Be Remy ResEs Koo
B-11 20 7.4 26.3 72 10.5 89 8.4
B-12 135 14.5 50.1 250 14.4 280 21.2
Excess aldehyde by p-hydroxybiphenyl method
As acetaldehyde As propionaldehyde
at 440 mp at 575 mp  at 440 mup  at 575 mu
B-11 0.5 2.2 6.4 6.4
B-12 1.06 4.1 13.1 11.7

The number of CH; radicals produced per quan-
tum absorbed may be temperature dependent.
The following treatment of the data would not be
affected by such a variation.

The addition of ethylene oxide to mercury di-
methyl (see Table III) lowers somewhat the
amount of ethane produced and causes a substan-
tial increase in the rate of formation of methane.
Carbon monoxide and certain aldehydes (see Ta-
ble VI) are also produced when ethylene oxide is
present. These effects were not observed at room
temperature. It appears certain, therefore, that
CH; radicals react with ethylene oxide, at least at
temperatures above 150°.

The following facts are found by inspection of
the data in Tables III-VI: (a) methane forma-
tion rises sharply in the presence of ethylene ox-
ide; (b) the increase in methane formation is
always greater than the amount of carbon monox-
ide produced; (c) ethane formation decreases in
the presence of ethylene oxide. The larger the in-
crease in methane formation the greater the de-
crease in ethane formation. On the other hand,
the larger the rate of formation of carbon monox-
ide the less the decrease in rate of ethane forma-
tion.

It is concluded from these facts that CH; radi-
cals react with ethylene oxide to give methane,
but that the resulting radical (presumably with the
empirical formula C,H;0) does not always disso-
ciate into CH; and carbon monoxide but a certain
fraction of the time enters into a compound which
still contains ‘oxygen. This compound (or com-
pounds) might be either an oxide or an aldehyde.
Evidence for, but not proof of, the formation of
propionaldehyde is given in Table V1.

The mechanism given below is advanced to ex-
plain the facts presented above. The initial for-
mation of CHj; radicals upon absorption of radia-
tion by mercury dimethyl is assumed.
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CH; + CH; = CZHG; R,(‘ﬂ-lu = kl(CHs)z

CH; -+ Hg(CHs). = C,H¢ + CH; + Hg;
R"e:ms = k(CHs)(D)  (2)

where (D) is the concentration of mercury di-
methyl. This reaction almost certainly does not
proceed in a single step” and hence is probably not
a simple inversion reaction. Reaction (2) is, how-
ever, rate determining but the details of the mech-
anism of ethane formation by this process need
not concern us at present.
CH; + Hg(CH3)y» = CH, + CH;HgCH,;

R'ems = k:(CH3) (D) (3)
CHzHgCHa + CHg = C2H5HgCH3;

— Rx = A(CH:)(X) (4)

where X refers to the CH,HgCH; radical. C.H;-
HgCHj; has not been identified, but the rate of (4)
does not affect the conclusions to be drawn.

CH; + (CH;):0 = CH, + C.H;0;
R’cm, = ks(CH)(E) (5)
where (E) is the concentration of ethylene oxide.
CH;0 = CH; + CO; Roo = ke(C:H;0) (6)

CH3 + CgH:;O = CH;CzHgO; RY =
E(CH) (CH:0)  (7)

where Ry is the rate of formation of an oxide or
aldehyde of the empirical formula shown but
whose nature cannot be specified with certainty.
(Subscripts of rate constants throughout this ar-
ticle correspond with the numbers of the equa-
tions to which they refer.)

It is seen in Tables ITI-VI that except at low
light intensities the rates of ethane formation in
the presence and in the absence of ethylene oxide
do not differ by more than 20%,. Since (1.2)Y:
differs from 1.2 by less than 109, the ratio of CH;
radical concentration in the presence of ethylene
oxide to that in the absence of ethylene oxide will
not be in error by more than 109, whether it is cal-
culated from the rate of (1) alone or from the sum
of the rates of (1) and (2). Since most of the eth-
ane must be formed by (1), we may write to a good
first approximation

(CH3)/(CHy) = (Reumo/ Reass) V2 ®

where the barred quantities throughout this ar-
ticle will refer to experiments with no ethylene ox-
ide present and the unbarred quantities to experi-
ments at the same mercury dimethyl concentra-
tion with ethylene oxide present.

It is evident by reference to reactions (3) and
(5) that

Rem/Reme = (1 + k(E)/ks(D)(Revms/ Row) V2 (9)

Equation (9) permits evaluation of ks/k; since it
contains only measured quantities. Table VII
shows ks/k; obtained over a wide range of experi-
mental conditions. The ratio is remarkably con-
stant and is even independent of temperature.
Thus the grand average of ks/k; at 175° is 0.33,
whereas the average of the three values at 220°
is 0.35. In fact 0.35 was obtained both at 150

ey
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TasBLE VII
EPFECT OF TEMPERATURE, REACTANT PRESSURES AND LIGHT INTENSITY ON THE RATIO £;/k; AND THE MATERIAL BALANCE
OF THE PHOTOLYSIS OF MERCURY DIMETHYL IN THE PRESENCE OF ETHYLENE OXIDE
Reactant pressures in mm. in cell at 300°K. Product rates given in microns/hour at 300°K. in a volume of 590 cc.

Barred quantities refer to runs in the absence of ethylene oxide.
to moles/cc./second. Light intensity kept constant in all runs marked B, C, D (8-353 arc).

Rates must be multiplied by 9.70 X 10714 to convert
Light intensity varied

about 1000-fold in runs marked E (S-353 and A-H6 arcs).

Temp., Ethy]frl;zssult-;ercury EC—ZH—G
Run °C. oxide dimethyl J3%: 0%
B-9 150 100 20 0.92
B-1 174 100 20 .90
B-5 175 100 20 .90
B4 200 100 20 .86
B-3 220 100 20 .79
B-7 220 100 20 .83
B-8 220 100 20 .86
B-2 248 100 20 ( .68)
B-6 250 100 20 ( .84)
C-1 175 50 20 .94
D-1¢ 175 49 20 .87
B-5 175 100 20 .90
D-2¢ 175 153 20 .75
C-2 175 200 20 .79
E-5 175 100 5 .87
E-1 175 100 5 .92
E-2 175 100 5 .84
E-3 175 100 5 .69
E4 175 100 5 .61

Average value

R

\/595_« +Rcm, Resms
RC2Hs ks/ka —~Rco + Rom,

0.96 0.348 79.6 81.8
.95 .316 103 107
.95 .328 104 106
.93 .324 120 120
.89 .342 136 136
91 347 153 140
.93 .357 141 124

( .83) .410 (213) (201)

( .92) .352 (227) (192)
.97 .346 107 109
.93 .373 105 113
.95 .328 104 106
.87 .373 102 111
.89 .322 108 110
.93 .263 598 644
.96 .283 65.3 58.9
.92 .322 26.3 24,2
.83 .367 6.74 6.58
.78 .328 3.36 2.70

.343

a Carbon dioxide added to bring total pressure to 220 mm. (in cell at 300°K.).

and at 250°. The energies of activation for meth-
ane formation by reactions (3) and (5) must,
therefore, be identical within experimental error.
It has already been shown’ that E; = 9000 + !/
E, and hence we may write
E; = 9000 + /2B (10
It is probably safe to assume that two CHj radi-
cals are produced per quantum absorbed at the
temperatures in Table VII. Hence the number of
CH; radicals produced per unit volume per unit
time is 2/, + Rco, where I, is the number of
quanta absorbed per cc. per second and Rco is the
number of molecules of carbon monoxide produced
per cc. per second. The material balance for CHs
radicals gives
2ls + Reco = 2R'come + R'cms + R'cms + Ry — Rx
1
But R’cu, = Rco + Ry and R'cg, = —Rx. If 2
is the fraction of ethane formed by reaction (2)
I. + 2 Regas = Regmg + Rema — Roo (12)
In the absence of (CH,).0 the similar expression is

I. + % Ro;ms = Reqme + Rem, (13)

Since z and 2 should be approximately equal and
in any case should be small except at low light in-
tensity, it follows that

Rewm; + Rem, — Roo = Royme + Reme (14)

The data in Table VII show (14) to be obeyed ap-
proximately at all temperatures and light intensi-

ties studied over a fourfold variation in ethylene
oxide pressure.

The mechanism as given in equations (1)—(7)
must be incomplete, however, because it leads to
the following relationship which is not obeyed
(Table IV)

Reni/Roo = k(D) /ks(E) + kiRemi/ksks(E) + 1 (15)

It may be assumed that the radical C,H;0 will de-
compose according to (6) (some such step is nec-
essary to explain the formation of carbon monox-
ide) and also isomerize, possibly according to the
equation
CzHaO = CHchO, rate = k]s(CzHaO) (16)

Reaction (16) could be followed by (7) with result-
ant production of propionaldehyde. The inclu-
sion of (16) leads to the expression

Rery/Reo = (ke + kie)(1 + k3(D)/ks(E))/ks  (17)

While Equation (17) fits the data (see Fig. 1),
it must be emphasized that it is impossible to
prove that the complete mechanism offers a unique
solution to the problem. Propionaldehyde is al-
most certainly one of the products and hence there
is some support for the proposed mechanism. An-
other mechanism based on polymer formation also
gives the right form of equation. Attempts to find
evidence for polymer formation failed.

Another expression derivable from the mechan-
ism is
Resme/Romy = kiRem/ (k:(D) + ks(E))® +

ky(D)/(k(D) + ks(E)) (18)
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Yig. 1.—RceHs/RcHy vs. Reny (circles) and Rexy/Reo vs.
RcHy (crosses) in mixtures of ethylene oxide (100 nun.)
aund mercury dimethyl (5 min.) at 175° and variable in-
tensity (see Table IV).
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Figure 1 shows that Rc,u,/RcH; vs. Ren, gives a
straight line at constant temperature, constant
(E) and (D), and variable light intensity. The
deviations at low light intensities can be explained
as in the previous work’ by splitting reaction (2)
into two steps: (a) CH; + Hg(CHj), & complex;
(b) complex + CH: = C.Hs + 2 CH; 4 Hg.
The slope of the straight line can be calculated
from k,/k% obtained in the previous article? and the
value of ks/ks found above. The calculated slope
is 0.045 hour/micron and the found value is 0.054
hour/micron.

The quantity R"cH, may be seen by inspection
to be given by

R’cu; = Roms — Remy (Regme/Roame)'/2 - (19)
Rco/R"cq, will be the fraction of CoH30 radicals
which decompose to CH; + CO. The data in Ta-
ble VIII show this fraction to be very independent
of temperature and of light intensity. Mueller
and Walters!® have studied recently the reaction of
CH; radicals (produced thermally from mercury
dimethyl) with ethylene oxide and find no evidence
for a long-chain reaction even at 400°. The sta-
bility of C:H;O may result from resonance in the
form CH,CHO,*

The mechanism herein presented for the reac-
tions of CHj; radicals with ethylene oxide agrees
with the facts. It should be noted again that the
two reactions for methane formation by hydrogen
abstraction (reactions (3) and (5)) have the same
activation energy whereas the ‘‘effective cross sec-
tion” for the reaction with mercury dimethyl is
about six times that for ethylene oxide. This mat-
ter will be discussed in a later communication
from this Laboratory.

Results on the Direct Photochemical Decomposi-
tion of Ethylene Oxide

The three principal variables investigated in
connection with the direct photochemical de-
composition of ethylene oxide were light intensity,
pressure and temperature. The latter was parti-

(14) See F. O. Rice and K., K. Rice,""The Aliphatic Free Radicals,”

The Johns Hopkins University Press, Baltimore, Md., 1935. This
was suggested in connection with acetaldehyde decomposition.
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TABLE VIII

ErrECT OF PRESSURE, TEMPERATURE AND LIGHT INTEN-
SITY ON THE FATE oF THE CH;O RabpicaL
Reactant pressures refer to the cell at 300°K. Intensity
kept constant in runs B (S-353 arc). R"csm, refers to rate
of methane formation due to ethylene oxide, as found from
equation (19).

Pressure, mm.

Temp., Ethylene Mereury Reo/
Run °C. oxide dimethyl R"cH,
B-9 150 100 20 0.45
B-1 174 100 20 .64
B.-5 175 100 20 .45
B-4 200 100 20 .48
B-3 220 100 20 .50
B-7 220 100 20 .40
B-8 220 100 20 .39
B-2 248 100 20 .47
B-6 250 100 20 .48

cularly important since it was shown in the pre-
ceding sections that CHj; radicals react very slowly
with ethylene oxide at room temperature.

Tables IX and X show data obtained with vari-
able light intensity at room temperature as well as
at several temperatures.

Mechanism of the Photochemical Decomposition
of Ethylene Oxide

The presence of large amounts of hydrogen
among the products of the direct photochemical
decomposition of ethylene oxide indicates that
probably H atoms are produced in the primary
process. If one H atom is produced per quantum
absorbed, the remainder of the molecule will have
the empirical formula C;H30 and in this respect
should be similar to the radical produced when
CHj; reacts with ethylene oxide to form methane.
However, the latter radical is reasonably stable
even at 250°, whereas the rate of production of
carbon monoxide is too great to ascribe a similar
stability to the radical produced in the primary
process.

Some of the relationships in Table XI would be
obtained if hydrogen atoms, carbon monoxide and
CHj; were all produced in the primary process, but
in that event methane would be produced by the
reaction CH; + H = CH,, since hydrogen abstrac-
tion by CH; is too slow at room temperature to
account for the observed quantities of methane.

The ratio ethane/methane decreases as the in-
tensity increases. This is in direct contrast with
cases in which ethane is formed by radical
combination and methane by hydrogen abstrac-
tion.!® Any proposed mechanism must account
for this fact.

Many different mechanisms were proposed
and tested. The one finally adopted is not a
unique solution to the problem but in all respects
is more logical than any other. The mechanism
fits all of the data within experimental error.

(15) See L. M. Dorfman and W. A, Noyes, Jr., J. Chenm. Phys.. 16
557 (1948).
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TaBLE IX

RATES OF FORMATION OF PRODUCTS IN THE PHOTOLYSIS OF ETHVYLENE OXIDE—VARIATION OF LIGHT INTENSITY -
Reaction cell 20.0 cm. in length, 2.4 cm. in diameter; light source, Hanovia H, discharge tube; ethylene oxide pressures

refer to cell at 300°K. Product rates of formation given in microns/hour at 300°K. in a volume of 590 cc.

be multiplied by 9.7 X 1071 to convert to moles/cc./sec.

Pressure, Temp.,
°C.

Run mm, Rco Rcmy
0-1 100 27 2.2 0.31
0-10° 100 27 9.5 1.55
0-2 100 27 16.3 2.68
0-3 100 27 50 9.2
0-4 100 27 58 14.0
20 100 27 100 17.5
0-12° 10 27 3.19 0.22
0-11° 10 27 3.27 0.21
0-6 10 27 12.6 1.66
0-7 10 27 27.0 3.39

» 10-em. quartz cell, containing mercury vapor, interposed
mercury frozen down.

Rates must
Ru, RcaHs RcHiCHO Rcuq0
0.99 1.22 0.3 0.1
3.3 2.51 ? ?
6.5 6.8 0.8 0.9
19.9 19.5 2.0 2.6
23.6 27.0 4.1 3.8
37.0 39.0 9.0 (6.0)
1.55 1.5 ? ?
1.52 1.5 ? ?
7.04 5.4 2.8 1.6
13.5 10.7 (6.2) (1.8)

between reaction vessel and lamp. ? Same cell interposed,

TaBLE X
VARIATION OF TEMPERATURE

Pressure, Temp.,
©

Run mm. C Rco Ry R, RosHe RcmicEO Rcrq0
26 55 27 32.3 6.1 12.3 Present 2.5% 3.7
25 40 (175) 81 22 42 Present® 6.1)° ?
0-3 100 27 50 9.2 20 20 2.0° 2.6
T-1 100 175 78 13.6 40 24 5.0° 7.0
T-2 100 220 95 28 57 25 8.9° 11
T-3 100 250 118 49 66 24 ? ?
-n Acetaldehyde and/or higher aldehydes. ¢ Total C; hydrocarbon, ethylene not determined.
TABLE X1
VARIOUS RELATIONS BETWEEN THE PRODUCTS OF THE PHOTOLYSIS OF ETHYLENE OXIDE

Pressure, ‘Temp., co co CHy CzHs
Run mm, °C. CO/H: CO/CH;, CHy + 2C:Hs CH 4+ 2H: CzHs H:
0-1 100 27 2.19 7.06 0.792 0.912 0.253 1.23
0-10 100 27 7.85 6.10 1.43 1.15 620 0.755
0-2 100 27 2.49 6.08 1.00 1.03 .394 1.04
0-3 100 27 2.51 5.45 1.04 1.02 .470 0.979
0-4 100 27 2.87 4.84 0.997 1.11 .519 1.14
20 100 27 2,70 5.71 1.05 1.09 472 1.06
0-11 10 27 2.16 15.3 1.02 1.00 .143 0.987
0-6 10 i 1.79 7.59 1.01 0.805 .307 770
O-7 10 27 2.00 8.00 1.09 .890 317 .795
T-1 100 175 1.94 5.70 1.27 .835 .574 . 591
T-2 100 220 1,65 3.40 1.22 .664 1.11 .436
T-3 100 250 1.79 2.43 1.24 .654 2.07 .357

The primary step is assumed to be
(CH3):0 4+ h» = CH; + HCO

The HCO radical has been suggested in many con-
nections by other authors, Its heat of dissocia-
tion to H + CO is nearly zero and hence its ther-
modynamic stability would be nearly independent
of temperature. It seems to be formed from hy-
drogen atoms and carbon monoxide at tempera-
tures up to 200° and probably higher.1® Its de-
tailed reactions are not known but several are
probable. The principal reactions which concern
us in this discussion are

HCO = H + CO; R'co = Ea(HCO)  (21)

(18) See W. Frankenberger, Z, Elektrochem., 868, 757 (1930}, who
found HCHO and (HCQ): to be formed up to 200°.

(The reverse of this reaction can probably be neg-
lected both because the H atom concentration
was low and because carbon monoxide was never
allowed to accumulate to an appreciable extent in
the system.)

CHy + HCO = CH, + CO;

R’cy, = ku(CH:)(HCO) (22)
CH: + H (+ M) = CH, (+ M);
Ricu, = ku(CH:)(H)(M)  (23)
CH; + CHs = CeHg; Rowms = 21(CHg)? (1)
H 4+ H (+ M) = Hs (+ M); Rp, = bu(H):(M) (24)
CH; + HCO = CH;CHO;
Renseun = ki (CH3) (HCO)  (25)

H + HCO = HCHO; Rucno = ku(H)(HCO) (26)
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The following reactions of the HCO radical may
occur but they would not influence the conclusions
to be drawn. They have all been suggested by
various authors.

HCO + HCO = H; + 2CO; R'co = kx(HCO)* (27)
= HCHO + CO; R’ucmo = kis(HCO)? (28)
= (HCO):; Remcoy, = kep(HCO)? (29)

The hydrogen abstraction reactions (5) and (30)
will have to be considered under some experi-
mental conditions, that is, at the higher tempera-
tures.

H 4 (CH;):0 = Hy + C:H30; Rosmo = kx(H)(E) (30)

The following relationships are obtained from
the mechanism

Rem: = Rucmo + Ra, (31)
Roo = Rucmo + 2Rm; + Roen, (32)
Rco = Rewm: + Rm, + Rem, (33)

Reaction (30) is neglected in arriving at equations
(31) and (32). Equations (31) and (32) are obeyed
within the limit of accuracy of the determination
of HCHO. Equation (33) is obeyed from room
temperature to 175° and it should be valid pro-
vided the C,H;0 radical formed during hydrogen
abstraction can only do one of the following: (a)
dissociate into CH; and CO; (b) capture an H
atom; (c) capture a CHjradical.

Since equation (33) is not obeyed at tempera-
tures over 175°, reactions other than those listed
must become important.

o

(9.

'
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Rene/RY %cane in (microns/hr.) V2.

[

| | { I J 1
0.5 1.0 1.5 2.0 2.5 3.0

RV20,Hy in (microns/hr.)V2,

Fig. 2.—RcH,/RY 2cynavs. RV 20oH; in (CHy);0 (100 mm.)
at 27° and variable intensity; light source, Hanovia H;
discharge. Multiplication of either ordinate or abscissa
by 3.12 X 1077 gives (moles/cc./sec.)‘“‘

<

A detailed equation for Ren,/Rc.u; 1S very com-
plicated if all of the above steps are included in the
derivation. It can be seen with the aid of certain
approximations, however, that this ratio will in-
crease as the intensity increases. If attention is
directed to reactions (1), (21), (22), (23), (25),
(27), (28) and (29) (which should account for the
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bulk of product formation), it can be shown that

Rem/Resm = a — b/ R::/:Ha (34)

where ¢ and b are complex constants mvolvmg
several of the rate constants. Since R, in-
creases with increase in intensity, Rem,/Rc,m, will
increase with increase in intensity. If part,
but not all, of the primary process gives CH; +
H + CO, this conclusion will still be valid. Fig-
ure 2 shows a plot of Rem,/R¢%, vs. Ry, which,
by equation (34), should be a straight line.

The hydrogen abstraction reaction (30) leading
to hydrogen formation must become important at
high temperatures since the rate of formation of
hydrogen is too large to be accounted for by the
other equations. Since Trost, Darwent and Stea-
cie* have shown that hydrogen atoms react with
ethylene oxide this conclusion seems amply justi-
fied. At 30° other competing reactions of hydro-
gen atoms seem to predominate under the condi-
tions of these experiments.

The mechanism as outlined accounts, therefore,
for the observed facts. Each step in the mecha-
nism is reasonable, but detailed proof of all steps is
not available at the present time. It would be ad-
visable to have precise quantum yield data when
and if monochromatic light of the proper wave
length becomes available.

Summary

1. The reactions of CHj; radicals with ethylene
oxide have been studied.

2. The heat of activation of the reaction CHj;
+ (CH):0 = CH; + C,H;O is about 9000 calo-
ries more than one half of the heat of activation of
the reaction CH; + CH; = C,He.

3, The radical C.HsO, produced simultane-
ously with methane formation, decomposes par-
tially into CH; -+ CO and partially is stable
enough to combine with other atoms or radicals.
The ratio of the two amounts is nearly tempera-
ture independent.

4. The principal products of the direct photo-
chemical decomposition of ethylene oxide are
methane, ethane, hydrogen and carbon monoxide.
Smaller amounts of formaldehyde and of acetalde-
hyde are also produced.

5. The primary process of the direct reaction
is probably (CH,),0 + hv» = CH; 4+ HCO (or, per-
haps, H 4+ CO).

6. Since the ratio methane/ethane increases
with increasing intensity during the direct reac-
tion, methane must be formed by some process
other than hydrogen abstraction from ethylene
oxide and the reaction CH; + HCO = CH, 4+ CO
is suggested.

7. The complete mechanism of the direct reac-
tion cannot be given, but a reasonable mechanism
which accounts for the data up to 175° has been
presented.

ROCHESTER, NEW YORK REcCEIVED JULY 21, 1949



