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Ionization and Dissociation by Electron Impact: Isobutylene, Propane, and Propylene

By D. P. STEVENSON! AND JoEN A. HIPPLE

In a recent paper the results of a mass-spectro-
scopic investigation of the dissociation products
of normal and isobutane were reported.? We pre-
sent here the results.of a similar investigation of
isobutylene. As a part of an extensive study of
the form of ionization efficiency curves, we have
examined certain processes in propane and pro-
pylene. Inasmuch as our results on these latter
molecules differ from those of a previous investi-
gation, we also report appearance potentials of
some of the ions in the mass spectra of propane
and propylene.

The instrument and general technique have
been described in the preceding article.? The gas
samples were given to us by the Standard Oil
Company of Indiana.

The appearance potentials, determined from
the '‘initial breaks,”’? are summarized in Table I.
The results of Delfosse and Bleakney® on pro-
pane and propylene are included for comparison.
We can offer no explanation for the discrepancies
between our results and those of Delfosse and
Bleakney. Careful checks show the results we
report are consistent with our previously reported
work on ethane and the butanes.

The significance of the appearance potentials of
the various ions in the spectra of propylene and
propane has been discussed by Delfosse and
Bleakney.® Our values are not sufficiently dif-
ferent to change their interpretation in any sig-
nificant detail.

The value of the appearance potential of the
parent ion in the isobutylene spectrum, 4(C,Hs*)
= 8.9 e. v., which is to be associated with I e
(i-C Hs) is surprisingly low. The substitution of
two methyl groups in ethylene reduces I (7 +
7, m,) by ~2.0 e. v. The effect of methyl for hy-
drogen substitution is more marked in the ethylene
series than in the corresponding ethane series,
since Ivert<C2Hﬁ) = 11.7 e. v. and Ivert<C4H10) =
104 e. v.2 The [, (ethylenes) decrease more
or less smoothly with methy! substitution, while
the ethane series shows a greater decrease from
propane to butane than from ethane to propane.

{1) Westinghouse Research Fellow. Present address, Shell De-
velopment Co., Emeryville, California.

{2) D. P. Stevenson and J. A. Hipple, THIs JoURNAL, 64, 1588
(1942).

(3) J. Delfosse and W. Bleakney, Phys. Rev., 86, 256 (1939).

It will be noted that while in the ethylene
series there is a difference of over 2.2 volts be-
tween the appearance potentials of R-H* and
R+ + H, the difference is less than 1.2 e. v. for
the saturated hydrocarbons. A similar situation
obtains when one compares the appearance po-
tentials of R-CH;t and R+ 4+ CH; for R olefin or
saturate. These observations are consistent with
the assumption which is usually made with re-
spect to the relative strengths of single bonds to
unsaturated and saturated carbon atoms.*

The ionization efficiency curve for C,Hs* from
isobutylene shows inflections at ~12.5 e. v. and
at ~18 e. v. The inflection at 12.5 probably
is to be attributed to the removal of the electron
from a C-H bond orbital instead of from a C-C
double bond orbital. Although we can make no
assignment of the higher ionization potential
(~18 e. v.), it should be remarked that isobutane
also has an ionization potential about 9 volts
above the appearance potential. The ionization
efficiency curves for CsHg* from 2-C,Hs and for
C:Hyo ™ from ¢-C.Hjyg are shown in Fig. 1.

Barring molecular rearrangement, the ion
CsH;* formed from isobutylene has the structure
CH:CCH:*. One might expect the C;H;+
formed from propylene to be the isomeric CH,-
CHCH,* since the bonds to carbon atoms at-
tached to unsaturated carbon atoms are gen-
erally weaker (more reactive) than the bonds to
an unsaturated atom. The fact that 4A(CsH;t)
from CsHgis 2.2 e. v. greater than A(C;Hgt) while
A(CsH;t) from C;Hjg is but 0.5 e. v. greater than
A(CsH;s ™) suggests that the hydrogen atom lost
by propylene was attached to one of the ethylenic
carbon atoms. In either case we can write
(a) CHg —> CH;CCH,t + H + ¢

A(CH*) = 11.9¢
(b) 4-C4Hs —> CH;CCH,t + CH; + &

A(CsHs)T = 11.57
(0)5 ’i-C4H. + 2H = CaHe + CH4 AH;,g.l = —493
These equations lead to D(CHs—H) < 4.48 e. v.
This is in good agreement with the value of 4.3g

e. v. deduced from other data.® This agreement

(4) F. O. Rice and K. XK. Rice, ""The Aliphatic Free Radicals,’
Johns Hopkins Press, Baltimore, Md., 1935, p. 75.

(5) F.D. Rossini, Chem. Rev., 87, 1 (1941), 1 kecal./mole = 0.04337
e. V.

(6) D. P. Stevenson, J. Chem. Phys., 10, 291 (1942).
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TaBLE I

APPEARANCE POTENTIALS OF VARIOUS [oNs 1N CHs, C;Hs AnND N CiHj

Process
CaHs —— C3H9+ + €
CHg ——> C;H;t + H +
CaHg o C3Hs+ + €
CiHg ~——>» C;H;™ + ¢
CiHs —> CHst + CH; + e
CsHs —> CHyt 4+ CHy + ¢
C;Hg —> CH3+ -+
2-CyHg — CH™ + ¢~
’L'-Cq,Hg o C4H7+ + H 4+ ¢
i-c.;Hg o C31{5+ -+ CH3 -+ e
’i-CgHg o C3H4+ + CH; + "
i-C4H3 - C3H3+ + T
‘1‘-C4Hg - C2H5+ + . Lo e
'i-C4H3 o C2H4+ + C,H, 4= T
L’-C.;Hg o CgHatM + C-;H4 + }{ + €

L eT

AiX ) e v A{X )y e vt
9.76=0.1 10.0=0.2
11.96= .1 11.8= .2
11.27= .1 11.8= .2
11.67= .1 11.9= .2
12.21= .1 12.3= .2
11.81= .1 12,2+ .2
17 =2
8.85=0.1; 12 5=1
11.39= .1
11.51= .1
11.60= .1
142 = .5
15 =1
12.1 =0.5

159 = .5

® The ionization potential of argou, [ = 15.76 e. v., was taken in accordance with the new conversion factor, 1 e. v. =

8066 cm. 2,

suggests either that the unsymmetrical structure
for the C;Hj;* from CsHjg is correct or that the isom-
erization energy of the reaction CH,CHCH,™ -~
CH;CCH,* is quite small. The latter seems verv
likely, since the allene — methylacetylene reac-
tion involves but —0.07 e. v.
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Fig. 1.—Jonization efficiency curves for the reactions
l‘-C4Ha —_ C4Hs+; 7:-C4Hg - C4H7+ + H; ’i-CgHm
-~ C;Hjs". The voltage scale is uncorrected. The

ordinates for isobutylene and isobutane are not com-
parable.

The appearance potentials in reference 2 should all be raised 0.07 e. v.
who called attention to the incousistency on this point which existed in our original manuscript.

We should like to thank the referee
b Ref. 3 of text.

The CgHy* fromn isobutylene may have either
the allene or the methylacetylene structure.
From the data summarized by Rossini,’ we can
write

(d) i-C:Hg = CH,CCH, + CH;,
or

(d) +-CHs = CH;CCH + CHy AHzga = 120 e v.
Subtracting from 7-CHs; A(CsH,*) = 11.62, we
have either J(CH,CCH,) = 10.2¢ or I{(CH;CCH)
= 10.33 e. v. Delfosse and Bleakney? found from
direct measurement on allene, A(CH,*) =
9.9 e. v. The ionization potential of methyl-
acetylene has not been measured. In acetylene,
A(CHyt) = 11.2 e. v." By analogy with the
observed decreases in the vertical ionization po-
tential brought about by substituting a methy!
group into ethane and ethylene, one may guess
that J,at(CHsCCH) is 1 e. v. less than Iy~
(CoH3) or I, (CH;CCH) = 10.2 e. v. Thus we
are unable to reach a decision with regard to the
structure of the C;H,* in the isobutylene spec-
trum. It may be noted that regardless of the
structure of this ion, the methyl and hydrogen
which forin the methane come from adjacent
carbon atoms rather than from the same atom.®

The relatively low values of the appearance
potentials of the ions CyHst and C;Hi™* in the
isobutylene spectrum indicate that a minimum
number of bonds are lost in the course of the re-
arrangement and dissociation reactions through

which they are formed. The essential sharpness

{(7) ].T. Tate, P. T. Smith and A. I.. Vaughan, Phys. Rev., 48, 525
{1935).
‘8) Ree the discussion in refs. 2 and 3.

AHzogg.l = 136 e. V.
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with which the ionization efficiency curves (see
Fig. 2) rise to their maximum values suggests that
but one process is involved in each case, 7. e., one
set of products. The low precision of 4(C,H;™)
precludes the unique assignment of the un-ionized
fragments which accompany the formation of
C2H5+.

From the data of Rossini® we can write

(e) 4-CHz = 2C.H, AHSg, = 1.23 e. v.
while Tate and co-workers® give

() CoHy—> CH,Y 4+ ¢ A(CH:T) = 108e. v.
Adding, we find
(g) i-CiHs —> C:Ht + CoHy +

Aeated, (CHyt) = 12.0e. v.
in excellent agreement with the observed value
(Table I). If, instead of the electron impact
value of A(C;H,¥), we had used Price’s! spectro-
scopically determined I?(C;Hy) = 10.4 e. v., the
value of 4(C;H,™) calculated for (g) would be 0.4
e. v. below the observed value. This suggests
0.4 e. v. as a limit to the activation energy of the
reverse of reaction (g). We have assumed that
the products are of the ethylene rather than the
ethylidene structure, an assumption which is un-
warranted at present. Until the energies of ethyli-
dene and its ion are known from other data, this
ambiguity in the foregoing discussion must re-
main unresolved.

The ionization efficiency curve of the ion of
mass 27 (primarily C;Hz*) of the isobutylene
spectrum is similar in form to the curves for this
ion in the spectra of ethane and the butanes. The
rather large range of electron energies through
which the slope increases suggests that one or
more secondary processes, involving more frag-
mentation than the primary process, are involved.
Combining reaction (e) with C;Hs, A(C,Hs*) =
14.1e.v. wefind
(h) i-CiHg —> CoH, + CHyt + H + e

Acated (CH3 ') = 153 €. v.
in good agreement with the observed value of
A(CH;*) = 15.(2) e. v. We cannot exclude
C,Hj as the un-ionized product which accompanies
the C;Hst. The association of C;Hsand H to C,H;
gives off about 1.7 e. v., thus for the reaction

(h’) -CiHg > CoHy + CoHi* + e
one would estimate A (C.H;t) =<13.6 e. v., well
below the observed value. The 1.5 e. v. discrep-
ancy could easily be assigned to an activation
energy of the reverse of reaction (h’).

(9 P.Kusch, A. Hustrulid and J. T. Tate, Phys. Rev.,52, 843 (1937).
(10) W. C. Price, ibid., 47, 444 (1935).
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Fig. 2.—Ionization efficiency curves for various processes
in isobutylene. (C.Hs™):1 is to be compared with the C,
masses. (Cys%): is to be compared with the C; masses.

The form of the ionization efficiency curve of
CH;™ from propane is of a character intermediate
to those of this ion in ethane and the butanes.
The formation of the methyl ion in the ethane
spectrum involves mainly single ionization and in
the butanes only double ionization. The value
of A(CH;*) from propane, while only rough,
indicates that a process involving only single
ionization contributes. The very pronounced
curvature of the ionization efficiency curve in
the vicinity of 26 volts indicates double ioniza-
tion to be the more important source of methyl
ions. The CHs* current from propane attains
about 109, of its maximum value for 30 volt
electrons, while for similar electrons in ethane,
CH;* is 509 of its maximum value. The methy!l
ion current is but 6%, of its maximum value for 30
volt electrons in the butanes.

The relative abundances of the various ions
in the mass spectrum of isobutylene are given, for
round values of the bombarding electron energy
in Table IT. Qualitatively, the distribution of in-
tensities is very like that observed in the butane
spectra. Asis the case in the spectra of propylene,
propane and the butanes, the principal reaction is

R-CHj > R* + CH; + ¢~
In the C, region of the spectrum, isobutylene
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TaBLE II
Ture MAass SPECTRUM OF [SOBUTYLENE”
wie = A6 55 by A3 52 51 50 49 48
V- ion = Cals - CuH: " Calfs Cels CyH:* CsHz ™ C4H. * CiH* Cet
30 100 33.3 3.9 .. .. .. .. .. .
50 103 40.8 4.9 1.0 2.5 8.6 8.4 1.6 0.22
70 108 43.6 4.8 10.8 2.3 3.5 9.7 2.6 .38
100 107 45.1 3.2 11.2 2.2 8.3 10.3 3.2 .54
wie = 42 41 1) 30 38 47 56
Vo oilon = CaHy CaHs CaH,y CsHa * CaHat CiH + Cat
30 16.1 175 16.9 50.1 .. .. .
50 18.2 218 21.4 83.8% 11.3 5.1 0.25
) 18,7 231 22 .4 R7 .4 12.7 7.5 .88
100 17.2 245 22 6 870 2.7 8.1 1.33
e = 20 u8 27 265 20 25.5 25 24 15 14
A oCion = CoHs ™ CiHs CaHs® {CaHs CaHo * CyHgt ™ CoH Co* CH;*+ CHa*
30 18.8 42.2 21.4 . .. 1.4 0.0g
50 28.1 59.5 55.1 11.0 0.5 5.5 1.9
70 29.1 63.3 56.6 . 13.9 .. .. .. 6.5
90 29.9 64.8 55.7 0.22 14.3 2.8 2.3 0.25 6.7

“ No correction for C'¥ in its natural abundace, 1.19.

shows its generic relationship to isobutane. The
manner in which the spectrum changes with
electron energy is illustrated in Fig. 2.

Summary

The results of a mass-spectroscopic investiga-
tion of the ionization and dissociation of propyl-
ene, propane and isobutylene by electron impact

are reported. The vertical ionization potentials
of these three molecules were found to be I, (CsHs)
=98 =01le v, [,(CHg) =112 = 0.1e. v., and
1,(1-CiHg) = 8.9 = 0.1 e. v. The significance of
some of the observed appearance potentials of ions
in the isobutylene spectrum is discussed. The
mass spectrum of isobutylene is given in detail.

EAST PITTSBURGH, PA. RECEIVED JuLy 28, 1942
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Reactions of Cobalt(III), Cobalt(II), and Iron(II) Oxides in Liquid Ammonia

By THOMAS E. MOORE AND GEORGE W. WATT

With the single exception of the reduction
studies described by Watt and Fernelius,' the
only available information relative to reactions
of metal oxides in liquid ammonia consists of a
number of incidental gqualitative observations?
together with certain partially erroneous® results
on reactions of the acidic oxides of chromium,
molybdenum and tungsten published by Rosen-
heim and Jacobssohn.* The experiments de-
scribed in this paper represent the first of a series
of studies initiated for the purpose of providing
information on the behavior of metal oxides
toward Hquid amimnonia and liquid ammonia solu-
tions of ammoniumn salts (acids), alkali amides
{bases) and strong reducing agents.

(1) Watt and Fernelius, 'HIS JOURNAL, 61, 2302 (193Y).

(2) For primary references see Fernelius and Watt, Chem. Rev.,
20, 213 (1937).

13) Davies and Watt, forthcoming publication.

“1} Rosenheim and Jacohssohn. 7. anovg. allgem. Chem., 50, 297
TR 1)

Experimental

Methods.-—Unless otherwise indicated, the experimental
techniques were those employed by Watt and Fernelius.!
All analytical data were obtained using standard methods
of analysis.

Materials.—All materials were carefully dried before
use. All chemicals other than the oxides were either re-
agent grade materials or consisted of commercial products
which were subjected to careful purification.

Cobalt(III) Oxide.——Baker ‘'reagent grade’ oxide was
dried for ten hours at 100° and used without further treat-
ment.

Anal.
70.75.

Cobalt(II) Oxide.-—The most satisfactory niethod for
the preparation of this material was found to be that of
Le Blanc and Mobius.? However, the use of this method
in the original or in nodified form, as well as other known
methods,$ failed to yield a product of the desired composi-
"(8) Le Blanc and Mabius, Z. physik. Chem., A142, 151 (1920).

{8) For details see Mellor, "'A Comprehensive Treatise on Inor-

ganic and Theoretical Chemistry,’’ Longmans, Green and Co., New
York., No Y. 1037, Vol XTIV, pp. 558--363.

Caled. for Coy03;: Co, 71.06. Found: Co,



