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Reaction of Gaseous Ions. VII,

Methane-Hydrogen and the Proton Affinities of

Methane and Ethane
By F. W. LampE anD F. H. Fi1eLD
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. Upper limits to the cros.s-.sections of gaseous ion reactions between methane and hydrogen are assigned. Upper and lower
limits for the proton affinities of methane and ethane are estimated from existing knowledge of ion-molecule reactions that

have been observed.

In a previous communication concerning the
formation of protonated methane,! we reported that
we were unable to find any evidence of CDH*
ion formation in ionized mixtures of tetradeutero-
methane and hydrogen. Since the absence of reac-
tion seemed so unusual and since recently Tal’roze
and Frankevich®? have reported contradictory
restilts, we have made a more detailed investigation
of the system, the results and conclusions of which
we report in this paper.

Experimental

The experiments were carried out with methane~-deu-
terium and tetradeuteromethane-hydrogen mixtures in a
Consolidated Electrodynamics Corporation (CEC) Model
21-620 cvcloidal focusing mass spectrometer aild a Westing-
house Type LV mass spectrometer. The ionization cham-
ber of the CEC instrument was calibrated for pressure using
total ionization cross-sections for 75 v. electrons.? The
ionization chamber of the L'V instrument was calibrated for
pressure using the previously measured cross-sections of the
ion-molecule reactions producing C;H;* and C,H,* ions in
ethylene.? In the case of the CEC spectrometer, the re-
lationship between ionization chamber concentration in
golegules—cm. ~3, [N], and inlet reservoir pressure in mm.,

Ry 1S

[Mlege = (73 + 2.8Pr) X 10! Py (1)

while for the LV spectrometer the relationship with mani-
fold pressure in mm., Py, is

[Ny = (410 4 0.78Py) X 108 Py (2)

Pressures in both gas handling systems were measured with
mercury manoimeters.

The pertinent ionization chamber conditions for the ex-
periments carried out in the CEC were: electron current =
2.0 microamperes; ion repeller = 1.0 v. (corresponding to
an electric field streugth of 10 v./cm.); temperature = 150°,
The corresponding experimental conditions in the LV were:
electron current = 3.0 microamperes; ion repeller = 2.6 v.
(corresponding to an electric field of 5.7 v./cm.); tempera-
ture = ca. 260°. The experimental techniques and proce-
dures for the measurement of secondary ions have been de-
scribed previously.®

Phillips Research Grade methane (minimum purity
99.58%,) and tetradeuteromethane (minimum purity 95%)
obtained from Tracerlab, Inc., were used as received. Hy-
drogen from the Matheson Company and deuterium from
the Stuart Oxygen Company were used without further
purification.

Results

Tetradeuteromethane-Hydrogen Mixtures.—In
Fig. 1 we present the results of experiments carried
out in the LV spectrometer in which the partial
pressure of tetradeuteromethane, Pm(CD,), was
held at about 40 mm. while the partial pressure of
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hydrogen was varied from zero to 420 mm. The
open circles in Fig. 1 represent the ratio Jo;/Iy as a
function of the hydrogen partial pressure, Pum(H,).
Superimposed on this plot are the results of a set of
experiments in which the tetradeuteromethane
pressure was varied from 50 to 400 mm. The tri-
angles in Fig. 1 represent the ratio of Iy to Iy as a
function of Pn(CD,). Since the ratio of the slopes
of the lines is a meastre of the relative amounts of
bimolecular reaction occurring, it is apparent
that the cross-sections of reactions producing CDs-
H+*, namely

H,* + CD;,—> CDH™* + H (3)

cD;*+ Hy,—> CDH* + H (4)
must be much smaller than the cross-section of

CDy*t 4+ CD;, —> CD;* + CD; (5)

Identical experiments in the CEC yielded com-
pletely equivalent results.

Methane-Deuterium Studies.—Studies identical
to those just described were carried out with this
system in both the CEC and LV mass spectrome-
ters. In this system the product formed by an
ionic reaction between methane and deuterium
would be the CH,D+* ion having a mass of 18, and
the necessary impurity and background correc-
tions result in more scatter of I3/[;s than was
found with the I, /Iy values in the tetradeutero-
methane-hydrogen svstem. Nevertheless equiva-
lent results were found.

Figure 2 shows the results of experiments with
the CEC spectrometer in which the reservoir pres-
sure of methane, Pr(CH,), was held essentially
constant at about 1.2 mm. while Pr(D,) was varied
from 1 to 18 mm. The open circles, representing
I3/I1s as a function of [D;], show no upward trend.
On the other hand, I1;/I;s increases linearly with
[CH,] in the same concentration range showing that
the ionization chamber pressures are sufficiently
high to observe easily ion—molecule reactions. Iden-
tical results on this system were obtained in the LV
spectrometer.

One is thus forced to conclude that the cross-sec-
tions of the reactions

D;* + CH; —> CH.D* + D (6)
CH,* + D, —> CH,D*+ 4 D 4
must be very small relative to the cross-section of
CH,* + CH, —> CH,* + CH, (8)

In Table I the results on both systems obtained
from both mass spectrometers are summarized.

As a matter of interest in this same general con-
nection, we have been unable to find any evidence
for the exothermic reaction

D;* 4 CH, —> D,H* + CH; (9)



July 5, 1959

1
I-EE— 5 102
) ‘

l21
iy 2
To5 * 10

o 100 300 400

200
PuiHz) or PM(CO).

Fig. 1.—CDH; system in LV mass spectrometet: O, I/l
X 10%; A, In/In X 102,

TABLE I

ABSENCE OF PROTONATED METHANE FORMATION IN METH-
ANE-HYDROGEN MIXTURES

Mass Pressure range

i?g:; Sys- ”Metlillm")'H dro I In

eter tem ane'’ geyn" ]_15 x 108 I; x 100
CEC CD«~Hy 1.5-2.5 0-8.3 ......... 0.898 &= 0.005
LV CD«Hs 40 = 10 0-420 ......... 1.12 £0.03
CEC CH+D; 1.2£0.2 0-16.7 1.30£0.13 ...........
LV CH+~D; 4010 0-310 0.92 £0.18 ...........

over pressure ranges in which the reaction
Dy* 4+ Dy —> D;* 4 D
and (8) are easily detectable.

Discussion

Reaction Cross-sections.—It is apparent from
Figs. 1 and 2 that ionic reactions between ‘‘meth-
ane’’ and “hydrogen” to produce the isotopic
analogs of CHs* are not occurring to an extent that
is within our experimental sensitivity to detect.
Moreover, this absence of detectable reaction exists
over a pressure range in which we can readily ob-
serve the CHy* ion formation from methane alone.
Such an apparent absence does not, however, per-
mit us to say that the reactions do not occur, The
failure to observe a given reaction permits one only
to assign an upper limit to its cross-section.

Let us assume that, in the CDy—H, system, CD,-
H+* can be formed by (3) and (4) while, in the
CH4-D; system, CH,D+* can be formed by (6) and
(7). Then it can be shown easily that in these sys-
tems, respectively

4 (%Z) - ("4 +7£%8%; «n) [Hld (1)
and
A (%:) = ("7 "'ﬁ%% ve) [D:d (12)

where o is the reaction cross-section, d is the dis-
tance from the center of the electron beam to the
ion exit slit, Q is the total ionization cross-section,
fu, is the fraction of ions of mass 2 in the primary
mass spectrum of hydrogen and the other f’s have
analogous definitions. Taking values of f from the
API Tables of Mass Spectra and of Q from our re-
cent tabulation,* fu,0n,/fcp,Qap, has the value 0.53
while fp,0p,/fcn,QcH, is 0.56.

Making the reasonable assumption that we could

PROTON AFFINITIES OF METHANE AND ETHANE
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Fig. 2.—CH~D; system in CEC mass spectrometer: O,
Iu/I“ X 103, A, I17/I1a X 102,

detect a systematic increase in the ion—current ratio
over the pressure range studied that exceeded twice
the indicated uncertainties (Table I), and taking &
to be 5 X 10~% ¢m. in the CEC and 0.23 cm. in the
LV, we are led to these upper limits for reaction
cross-sections

(o4 + 0.5303) < 2 X 10~ cm.?
(o7 + 0.5605) < 2 X 10~ cm.2

Since we obtain the same result for both the CHs
D; and the CD,H, systems, it is reasonable to
conclude that the cross-sections of the completely
protium analogs of (3), (4), (6) and (7) are also less
than 2 X 10-% ¢m.2

Proton Affinities of Methane and Ethane.—At
the ionization chamber pressures generally obtain-
ing in studies of jon-molecule reactions, any
activation energy in excess of 1 or 2 kcal./mole
would so decrease the chance of occurrence of a reac-
tive collision that a corresponding reaction would
not be observable. Thus the detection of an ion-
molecule reaction permits one to conclude (within
an uncertainty of 1 or 2 kcal./mole) that its heat of
reaction is equal to or less than zero. Further,
if the heats of formation of the reactants and neu-
tral product(s) are known, the upper limit of the
heat of formation of the ionic product can be calcu-
lated.

Contrary to one point of view,? however, this re-
quirement of thermoneutrality or exothermicity is
a necessary but not a sufficient condition for the ob-
servation of a given reaction. Thus the failure to
detect a given reaction does not permit one to con-
clude without qualification that the reaction is
endothermic. There may be other factors in-
volved which result in failure to observe a reaction.
One possibility is the occurrence of a more probable
competitive reaction. An example of this is pro-
vided by the finding of Meisels, Hamill and Wil-
liams® that A+ undergoes a dissociative charge
transfer reaction with methane rather than the hy-
drogen atom abstraction which would be energeti-
cally equivalent to the established formation of AH+
in argon-hydrogen mixtures.” Another possibil-
ity, which may account for the failure®?® to ob-
serve CoH;* and C3Hgt ions in ethane-hydrogen

(8) G. G. Meisels, W, H, Hamill and R. R. Williams, Jr., J. Chem.

Phys., 36, 790 (1958),
(7) D. P. Stevenson and D. O. Schissler, sbid., 23, 1353 (1955).
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and propane-hydrogen mixtures, respectively, is
that of the very rapid further decomposition of a
highly energetic product ion formed in a very exo-
thermic reaction. An extreme example of this al-
ternative is the complete failure so far to detect the
dimer ion of the reactants.!=?%3-8

From all the reactions we have observed! that
produce CH;* (or its deuterated analog) we calcu-
late AH{(CH;*) < 234 kcal./mole. Reactions 3
and 6 cannot, of course, be endothermic for this
would mean that AH{(CH;*) > 286 kcal./mole
which is an obvious inconsistency. Though we do
not observe (4) and (7), we do not think it is because
of energetic limitations, and furthermore Tal’roze
and Frankevich?® report evidence that (3), (4), (6),
(7) do occur. However, neither wes nor others?
have been able to detect the reaction

CH;* 4+ H,O0 —> CH;* + OH (13)

which, if due to energetic limitations, permits the
assignment of AH(CH;*) > 218 kcal./mole. Ex-
pressing these energetic limits as proton affinities,
P, we thus have

113 keal./mole < P(CH,) < 129 keal./mole

in agreement with Tal'roze and Frankevich.”¢

For the reasons discussed above we do uot believe
that the failure to detect CoH;* ioun in ethane-hy-
drogen mixtures permits the assignment of P(C,-
H;s) < 61 keal./mole.?® Furthermore it seems un-
reasonably low when compared with the range
found for methane. A more reasonable estimate
can be made from the energetics of a well-estab-
lished reaction occurring in methane,®? namely

(8) F. W. Lampe, I'. H. Field and J. L. Franklin, TH1s JOURNAL,
79, 6132 (1957).

(9) D. O. Schissler and D. P, Steveuson, J. Chem, Phys., 24, 426
(19586).

LEONARD S, SILBERT, L. P. WITNAUER, DANIEL SWERN aND C. Riccrurt

Vol. S1

CH;* + CHy —> [CG:Hr*] —> CGH " + H,  (14)

The reaction must proceed through the C,H:* ion
and so it must have at least a transitory existence.
Moreover, for the reaction to be observable AIl;
(C:H;*) must be less than ZAHi(reactants) but
greater than TAH(products). Hence,® 224 kcal./
mole < AH{(C.H;*) < 244 kcal./mole which ex-
pressed as limits for the proton affinity of ethane is
101 keal. /muole < P(C.Hg) < 121 keal. /mole

It is of interest that a value of AF(CH;) > 224

enables oite to answer the question as to why a re-

action analogous to (8) and (10) does not occur in
ethane. For the reaction

CHs+ + CHy —> C.H:* + CH; (15)
AH > 20 kecal./mole, and thus has an activation en-

ergy that surely precludes its observation. Moare-
aover, the reaction
H,* + CHy —> C:H;* + H, + H (16)

for which AH < 60 kcal./mole may be the reason
for the failure to detect the C;H;* 1011.2.8  The heat
of reaction of

H,* + CH; —> CH,* + I, + H (1

is AIT < 24 so that (17) may be responsible for our
inability to detect (3), (4), (6) and (7). Although
we did not observe an increase in CH;*+ with hydro-
gen pressure, this inight well be due to our sensitiv-
ity limitations in detecting small differences be-
tween relatively large numbers.
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VIII.? X-Ray Diffraction and Polarographic Study of /-Butyl Peresters
and Diacyl Peroxides of Aliphatic Monobasic Acids®

Peroxides.

By LeoNarp S. SiLBERT, L. P. WitnaveR, DanNier Swern anp C. Riccrorr?
RECEIVED NOVEMBER 12, 1958

Alternating series are obtained from long spacing aid melting point data for the even and odd acyl chain members. of
diacyl peroxides and ¢-buty! peresters. The even memibered diacyl peroxides have lower long spacing and higher melting
point curves than the odd members. The even acyl chain membered ¢-butyl peresters have higher long spacing and melting
point curves than the odd members. Long spacings have been redeterniined for several acid anhydrides and reported for tlie
first time for several ¢-butyl esters. Peroxide bond skew is revealed as a foreshortening of chain length. An exact computa-
tion of the O-O bond length in diacyl peroxides by a series comparison of the crystal data cannot be made because of mi-
certainties involving end packing and tlie degree to which tlie peroxide oxygen atoms are shielded as a result of skew by the
attached carbonyl carbon atoms although a projected O-O group distance of 1.44 A. has been derived. Half-wave potentials
of —0.82 to —0.96 volt zs. S.C.E. for ¢-butyl peresters and —0.08 to —0.12 volt vs. S.C.E. for diacy! peroxides also have heen
obtained. Half-wave potentials for ¢-buty! peresters and diffusion current constants for diacyl peroxides decrease witl chain

asceusion.

fusion current constant with chain size in the diacy! peroxides.

The relations #4M'/2 = const. and 433/%s = const. are proposed to account equally well for the chiange of dif-

An order of decreasing bond strengths in peroxides based on

half-wave potentials is di-#-buty] peroxide > #-butyl perester > liydroperoxide > diacyl peroxide > peracid.

The availability of pure homologous diacyl per-

(1) Eastern Utilization Research and Development Division, Agri-
cultural Research Service, U. S. Department of Agriculture.

(2) Paper VII, Ansl. Chem., 80, 385 (1958). Paper VI, THIs
JourNAL, 81, 2364 (1959).

(3) Presented at the Fall Meeting of the American Chemical Sn-
ciety, Chicago, lllinois, September 7-12, 1958,

(4) Deceased,

oxides and #-butyl peresters of long chain aliphatic
monobasic acids, the preparation of which is de-
scribed in a previous paper,? permitted a determina-
tion and study of their X-ray diffraction spectra
(Tables I, IT and III) and polarographic character-
istics (Table IV). The results of these investiga-
tions are reported in this paper. Several acid an-



