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The yields of isotopic hydrogen in the vapor phase radiolysis of deuterated methanol(CH,OD)

were found to be G(H,)=6.1, G(HD)=5.3 and G(D,)=0.2.

The molecular yields of isotopic hy-

drogen were also determined by adding propylene as a radical scavenger, Gy (H,)=1.5, Gy(HD)=

0.6 and Gy(D,) ~O0.

In order to estimate the contribution of ionic species for the formation of

hydrogen, the ion-molecule reaction of CH;OD has also been investigated by using a mass spectro-

meter of the differential pumping type.

The product ions, such as (CH,OCH;CH,OD)D+ or

(CH;OD), D+, which were considered to be formed by the higher order ion-molecule reactions
were observed. The mechanism of hydrogen formation was discussed on the basis of the ionic,

the molecular and the radical mechanisms.

Although extensive studies of the radiolysis of
methanol have been carried out in the liquid phase,
little attention has been paid to vapor phase radiol-
ysis.1 =%

Baxendale et al.®® calculated the vyields of
radiolysis products of CH;OD from mass spectral
data, considering the ion-molecule reactions. In
the ion-molecule reactions of CH,OD* and CH,-
OD+ with CH ;OD, they assumed that only H+
transfer from CH,OD+ or CH,OD+ occurred to
form CH,ODH*. However this is not true, because
recent studies®=7) on ion-molecule reactions of CH,-
OD indicate that D+ transfer also occurs from OD
as well as H* transfer from CH, and CH,.
Prasil® also calculated the relative yields of pro-
ducts using the quasi-equilibrium theory in semi-
classical approximation, considering direct exci-
tation as well as ionization. However, the mole-
cular yield of hydrogen thus obtained seemed to be
larger compared with the experimental values.
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In order to obtain information on the vapor
phase radiolysis of methanol, the ion-molecule reac-
tion of methanol was also studied by a conventional
mass spectrometer.® However, it is very doubtful
that the mechanism of ion-molecule reactions thus
obtained can be applied to the mechanism of vapor
phase radiolysis of methanol, since radiolysis is
usually made at considerably higher pressure com-
pared with that in the mass spectrometer.

The present investigation has been undertaken
in order to elucidate the mechanism of hydrogen
formation in the vapor phase radiolysis of CH,OD.

The following experiments were carried out.

(1) The isotopic composition of hydrogen formed
by y-radiolysis was determined by mass spectro-
metric analysis, and the molecular yields of isotopic
hydrogen were also estimated by adding propylene
as a radical scavenger.

(2) The ion-molecule reaction of CH,;OD was
studied in the pressure range of 6x 10-3—1x 10-1
mmHg with a mass spectrometer of the differential

pumping type.

Experimental

Materials. Deuterated methanol, CH,;OD, from
Showa Denko Co. (999 ) was used without further puri-
fication. Before irradiation, the sample was thorough-
ly degassed by the freezethaw method. Propylene
and nitrous oxide from Takachiho Chem. Indust. Co.
were used after purification by distillation.

Irradiation and Analysis. A glass reaction vessel
of about 700 m/ with a break-seal was used. Before
introducing the sample into the reaction vessel, both
the sample preparation system and the reaction vessel
were flamed out several times in a vacuum. Deute-
rated methanol vapor of about 60 mmHg was irradiated
at room temperature with a %Co source of 3000 Ci.
The molecular yield of hydrogen was determined by
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adding a few percent propylene as a hydrogen atom
scavenger. Dose rate was determined with nitrous
oxide of 200 mmHg on the basis of G(N,)=10.0.9
Energy absorbed by methanol was calculated from the
electron densities. The dose rate was approximately
3.3x10"%eV.g1-hr~* and the total dcse was ~10%
eV.g 1l

After irradiation, the amount and composition of
products volatile at liquid nitrogen temperature were
determined by gas burette and mass spectrometric
analysis.

Ion-Molecule Reaction. In order to investigate
the ion-molecule reaction in the higher pressure range,
a Hitachi mass spectrometer, Model RMU-5, was rear-
ranged and equipped with an ion source of the differ-
ential pumping type. The relevant dimensions of the
ion soruce are: electron beam hole 0.02 cm; ion exit
slit 0.02 X 0.5 cm?; repeller electrode - ion exit slit 0.31cm
and center of electron beam - ion exit slit 0.25 cm. Elec-
tron bombardment was carried out at 70 eV. Pressure
of the ionization chamber could not be measured directly,
but was estimated from the pressure of the sample
reservoir by the conventional method!® using methane.
The revised ion source made it possible to carry out
experiment at the pressure of ionization chamber up to
about 0.14 mmHg.

Results

Gamma Radiolysis. The G value of each
isotopic hydrogen obtained with and without
propylene in the system is shown in Table 1. The
total yield of isotopic hydrogen G, (hydro-
gen), is found to be 11.6. This value is somewhat
higher than that obtained by Baxendale.? In con-
trast with the results in the liquid phase radiolysis,
the yield of H, is higher than that of HD. The
yield of D, is very small as shown in Table 1.

TasrLE 1. OBSERVED YIELDS OF ISOTOPIC HYDROGEN
G(H,;) G(HD) G(Dg) G(Total)

Total yield 6.1 5.3 0.2 11.6

Molecular yield 1.5 0.6 ~0 2.1

Addition of propylene as a hydrogen atom scaven-
ger reduces the total hydrogen yield from Gigpa;
(hydrogen)=11.6 to Gyoa1(hydrogen)=2.1, which
corresponds to the molecular yield of isotopic
hydrogen. The molecular yield of H, is about
2.5 times greater than that of HD, and the molecular
yield of D, is negligibly small.

Ion-Molecule Reaction. In the pressure
range of 0.006—0.02 mmHg, the relation between
the ionization chamber pressure and the ion current
fraction of each ion, (i;/33i;), where ¢; is the ion
current for jth ion and 37, the total ion current, is

9) F.T. Jones and T. J. Sworski, J. Phys. Chem., 70,
1546 (1966).

10) C. E. Melton, “Mass Spectrometry of Organic
Ions,” ed. by F. W. McLafferty, Academic Press, New
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Fig. la, b. Relation between ionization chamber
pressure and i;/33i; Or iag/ig,.

shown in Fig. 1. We see that all primary ions
decrease as the ionization chamber pressure increas-
es. These primary ions are considered to decrease
by either one of the ion-molecule reactions, such as
proton or deuteron transfer, hydride ion transfer or
charge transfer. On the other hand, as reported
by Hyatt et. al.”, icn,op,+/icu;opu+ increases
with the increase in the ionization chamber pressure.
Table 2 shows the results obtained at the higher
pressures up to 0.14 mmHg. At 0.14 mmHg, only
a trace of CH,OD*, which is the most abundant
primary ion at low pressure, is observed and the
ratio Zom,0p,+/icE;opns e€xceeds 10. We see that
the primary ions and the lower order product
ions decrease and the higher order product ions
increase with the increase in pressure. The results
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indicate that the ion-molecule reactions occur
successively toform the higher order product ions
at a higher pressure. It is also clear that the
deuteronated ions formed by the higher order ion-
molecule reactions are much greater than the proto-
nated ions. Munson') also observed the higher
order product ions using CH,OH and presented
the mechanism of their formation.

Discussion

Ionic Mechanism. Primary processes in
radiation chemistry are mostly caused by secondary
electrons with energies less than 100 eV. A num-
ber of discussions for the ionic mechanism of
radiolysis have been made on the basis of the
results obtained by mass spectrometer at low
pressure. As shown in Table 2, the higher order

TABLE 2. VARIATION OF RELATIVE ION CURRENT
WITH IONIZATION CHAMBER PRESSURE

Relative ion current(%)
Pressure (mmHg)

mle Ion

0.07 0.10 0.14
32 CH,0OD+ 4.1 0.7 0.2
34 CH,ODH+ 9.4 5.5 3.2
35 CH,OD,* 65.4 51.9 34.1
48 (CHOCH,)D* 9.6 11.9 9.7
67 (CH,OD)H* 1.0 1.6 3.3
68 (CH,OD),D+ 10.1 26.2 36.1

81 (CH,OCH,CH,OD)D+ 0.3 1.3 4.6
101 (CH,0D),D+ 0.1 0.9 8.7

product ions, which do not appear in mass spec-
trum at low pressure, are observed remarkably at
higher pressure, indicating that the contribution
of these higher order product ions must be consid-
ered in the ionic mechanism of radiolysis. It
can be assumed that fragment ions are formed from
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parent ion by the unimolecular decomposition in a
much shorter time than collision time of parent ion
with neutral molecule at the pressure employed in
radiolysis experiments. Thus the abundance of
ions formed primarily by the irradiation of %Co
y-rays should be the same as that in the usual mass
spectrum. Table 3 shows the fragmentation proces-
ses and abundance of various ions in the mass spec-
trum of GH,OD and the possible types of ion-mole-
cule reactions. According to the types of ion-mole-
cule reactions, these primary ions react with neigh-
boring CH,OD molecules to form the secondary
ions, CH,ODHt and CH,OD,*. As the pres-
sure increases, these secondary ions react further
with CH,OD molecules by the reactions such as.

CH,ODH+ + CH,OD — CH;OD + CH,ODH~*
(1)

— CH,OH + CH,OD,+
(1b)

CH,OD,;* + CH;OD — CH,OD + CH,OD,+
2
Secondary ion CH,ODH* can transfer either a
proton or a deuteron by reaction (la) or (lb).
Secondary ion CH;OD,* will not change its iden-
tity by reaction (2) since only a deuteron can be
transferred. Therefore, the ratio igm,op,+/icusopu-
increases with the increase in the ionization cham-
ber pressure. The ions, such as (CH;OCH,)D+,
(CH,OD),H+ and (CH,OD),D+, are formed by

the following reactions.

CH,ODH+* + CH,0D — (CH,OCH,)D+ + HDO

(3)
CH,OD,* + CH,0D —» (CH,;OCHyD+ + D,0
C))
CH,ODH* + CH,0D —> (CH;OD),H* or
(CH;ODCH,OH)D+ 5
CH,OD,* + CH,OD — (CH,OD),D+ (6)

TasrLe 3. FRAGMENTATION PROGESS AND ABUNDANCE IN THE MASS SPECTRUM OF CH;OD AND POSSIBLE
TYPE OF ION-MOLECULE REACGTION

Fragmentation process® Aburé(l:)l/:.;lce” Type ;25%2;?%60‘116

CH,OD + e — CH;OD+ + 2¢ 24.8 P, D

— CH,OD* + H + 2e 37.7 P, D

— CH O+ + D + 2¢ 2.9 p

— HCOD+* + H, + 2e 2.4 G

— COD+ + H, + H + 2¢ 4.5 D, H,d

— HCO* + H, + D + 2¢ 16.1 P, Hd

— CO+ + Hy, + HD + 2¢ 1.6 H

— CH;* + OD + 2e 10.0 H

P: Proton transfer
H: Hydride ion transfer
d : Dissociative charge transfer

D: Deuteron transfer
C: Charge transfer

11) M. S. B. Munson, J. Amer. Chem. Soc., 87, 5313 (1965).
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From the fact that the higher order product ions,
(CH;OCH,CH,0OD)D+ and (CH,OD),D*, were
also observed, it is reasonable to assume that the
primary ions formed in the radiolysis are ultimately
converted to deuteronated ions by successive ion-
molecule reactions. These product ions recombine
with electrons, and dissociate into D atoms, not H
atoms, and products.

(CH;OCH,CH;OD)D+ + e — D + Products (7)
(CH;OD);D* + ¢ — D + Products ®

D atom formed by reaction (7) or (8) reacts with
CH;OD and abstracts H atom from the methyl
group of CH;OD to give HD.

D + CH,0D — HD + CH,OD )
D + CH,0OD > D, + CH,0 9"

“The direct formation of molecular hydrogen (D,)
by neutralization reactions and the formation of
D, by reaction, (9"), if any, are negligibly small,
because of the very small observed value of G(D,).
Furthermore it can not be considered that molecular
‘hydrogen HD is formed preferentially by neutrali-
:zation reactions.

Baxendale and Sedgwick? explained that a part
-of molecular hydrogen is produced from excited
methanol molecule which is formed by the neutrali-
-zation reaction of secondary ion, CH,ODH* with
.electron. As shown in Table 2, higher order ions
.are produced by successive ion-molecule reactions.
Tt may be reasonable to consider that hydrogen is
not formed molecularly from the excited molecules
by the neutralization reactions of these higher
«order ions with electrons. Therefore, hydrogen
formed through ion-molecule reactions followed
‘neutralization is considered to be only HD by the
reactions (7), (8) and (9).

As shown in Table 3, the primary ions are also
accompanied with atomic or molecular hydrogen.

"TABLE 4. YIELD OF ISOTOPIC HYDROGEN CALCULATED
FROM DATA IN TABLE 3

H, HD D,
M;i|N 0.67 1.21 0
Mi_ N 0.24, 0.01, 0
G; 2.6 4.7 0
Gim 1.0 0.1 0

N: number of ion pair produced
M;: number of isotopic hydrogen produced
through the ionization of CH;OD
M;_m: number of isotopic hydrogen produced
molecularly by the fragmentation of CH;OD+
«Gi: G-value of isotopic hydrogen produced
through the ionization of CH;OD
Gi-m: G-value of isotopic hydrogen produced
molecularly by the fragmentation of CH;OD+
«G-values are calculated by the following equation
using W=25.9eV.
100 M
w

*N
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The yields (M;/N) of isotopic hydrogen are shown
in Table 4, where M, is the number of molecules
produced through ionization of CH,OD and N is
the number of ion pairs induced by irradiation.
From these data, the total yield of isotopic hydrogen
through ionization is estimated to be M;/N(H,)=
0.67 and AM;/N(HD)=1.21. By the saturation
current method, Ohma and Sakurai® obtained
M/N(H,)=3.00 for the ionic yield of hydrogen
from CH;OH, where M is the number of hydrogen
molecules produced. Combining AM/N(H,)=
3.00 with the observed Gygpqi(hydrogen)=11.6,
the energy to produce an ion pair from methanol
(W) is calculated to be 25.9 V. Baxendale and
Sedgwick obtained W=27.7 eV on the assumption
that molecular hydrogen was also produced by
the decomposition of excited methanol molecule
formed by the neutralization of CH,OH,+ with
electron. The yield of isotopic hydrogen through
ionization, G;, can then be estimated from the rela-
tion, G;(hydrogen)=100/W x [M;/N (hydrogen)],
and G;,(H,)=2.6 and G;(HD)=4.7 were obtained.

Molecular Mechanism. The observed mole-
cular yields of hydrogen are Gy(H,)=1.5 and Gy
(HD)=0.6. On the other hand, as shown in Table
4, molecular yields by the fragmentation of CH,OD+
are G;-,(Hy,)=1.0 and G;_,(HD)=0.1.

The fact that the value of W=25.9 ¢V is more
than twice the ionization potential(10.85 eV) sug-
gests that directly excited CH,OD molecule may
well be formed by reaction (10) and that the excited
molecule thus formed may give hydrogen by the
molecular mechanism, reaction (11).

CH;0OD 4\» CH,OD* (10
CH,OD* — H,, HD + Formaldehyde (11

The molecular yields of hydrogen formed by the
dissociation of CH,OD*, G,(H,) and G,(HD),
can be estimated as

Gu(H;) = Gu(H,) — Gi— n(H;) = 0.5

1.5 1.0
Gn(HD) = Gy(HD) — G;_ n(HD) = 0.5.
0.6 0.1

Porter and Noyes!® investigated the photolysis
{A<200 myu) of CD,OH vapor and obtained 809,
HD and 209 H, as unscavengeable hydrogen.
A similar result was also obtained by Hagege
et al*®» (A=124 and 185 mu). If one considers
that the excited molecules formed by radiolysis are
the same as those formed by photolysis, the ratio of
O(H,) to ®(HD) in the photolysis of CD,OH
must correspond to the ratio of G,,(D,) to G,,(HD)
in the radiolysis of CH,OD. In the present inves-
tigation, Gy(D,) was found to be negligibly small,
indicating that G,(D,) is also negligible. There-

12) R. P. Porter and W. A. Noyes, Jr., ibid., 81,
2307 (1959).

13) J. Hagege, S. Leach and C. Vermeil, J. Chim.
Phys., 62, 736 (1965).
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fore, it is clear that radiolysis and photolysis are
quite different in the mechanism of hydrogen forma-
tion.

There is also some possibility that hot hydrogen
atom may be a source of unscavengeable hydrogen,
but at present no definite information concerning
quantitative estimation has been achieved. How-
ever, the fact that Gy(D,) is negligibly small
indicates that the contribution of hot hydrogen
atom may not be so large.

Radical Mechanism. The observed total
hydrogen vyield, G,o,i(hydrogen)=11.6, can not
be explained only by ionic and molecular mecha-
nisms, because the sum of the yields by the two
mechanisms, G(hydrogen)=8.3, is much smaller
than the observed value. The difference can only
be explained by assuming that hydrogen atoms
formed by the dissociation of CH,OD* are also
the precursors of hydrogen molecules. The calcu-
lated yields by the radical mechanism, G.(H,) and
G:(HD), are found to be 3.0 and 0.1 which indicates
that reaction (11a) is more important than reaction
(11b).

CH;0D* — H + CH,0D (11a)
CH,OD* — D + CH,O (11b)

The results obtained by direct photolysisi?13)
and by the mercury-photosensitized decomposition
of methanol vapor!¥) show that reaction(l1lb) is
more important than reaction(lla). The differ-
ence between radiolysis and photolysis can be
explained as follows. In the photolysis data, the
energy of light applied was lower than the ionization
potential of methanol molecule, but enough to
excite methanol molecule electronically. The
absorption band of methanol vapor is observed in
the vacuum ultraviolet region A,y 174 my, and
attributed to the (n-¢*) transition which corresponds
to the excitation of the non-bonding electron of
oxygen atom in methanol.'® Therefore, the for-
mation of hydrogen atom by the scission of O-H
bond in the primary process is explained by the

14) R. F. Pottie, A. G. Harrison and F. P. Lossing,
Can. J. Chem., 39, 102 (1961).
A. R. Knight and H. E. Gunning, ibid., 39, 1231 (1961).
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TaBLE 5. CALCULATED YIELDS OF ISOTOPIC HYDROGEN
ON THE BASIS OF IONIC, MOLECULAR AND RADICAL
MECHANISMS

G(H,) G(HD) G(Dy)
Ionic 2.6 4.7 —
Molecular 0.5 0.5 —
Radical 3.0 0.1 —
Observed 6.1 5.3 0.2
The yields are defined as follows :
Ionic: yields of isotopic hydrogen, formed

molecularly as well as radically, through the
ionization of CH;OD

Molecular : yields of isotopic hydrogen formed
molecularly by the dissociation of directly ex-
cited methanol molecule (CH;OD¥*)

Radical: vyields of isotopic hydrogen formed
radically by the dissociation of directly excited.
methanol molecule (CH;OD*)

assumption that the excitation of methanol mole-
cule by the absorption of ultraviolet light is limited
to the oxygen atom of methanol molecule, and thus
causes the scission of O-H bond of methanol mole-
cule. In radiolysis, it is well known that most of
the excited molecules are formed by the interaction
of electrons. Thus, it is reasonable to consider
that the induced excitation energy is not localized
but distributed at random among methanol mole-
cule. Therefore, the scission of C-H bond occurs.
more easily than that of O-H bond, because the
bond energy of C-H is lower by about 10 kcal/mok
than that of O-H.

The calculated yields of isotopic hydrogen in.
each radiolysis mechanism are summarized in Table
5.
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