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The y-radiolysis of liquid olefins was undertaken to obtain reliable evidence for a possible role
of hot hydrogen atoms and superexcited states in radiation chemistry. The contribution of thermal
hydrogen atoms may reasonably be excluded in this system. The effect of various electron or
positive-ion scavengers on hydrogen formation in the radiolyses of liquid propylene and ethylene
has been examined. The hydrogen formation is not appreciably affected by these additives, which
indicates ionic species may not play an important role in the hydrogen formation. The liquid-
phase radiolyses of C3Hg-CyDg and C;H,-C,D, mixtures have also been investigated and compared
with those previously reported of CHg-1 - C,Dg-1 and trans-C, Hg - 2-trans-C4Dg-2 mixtures. The
data indicate that the hydrogen from the olefins except ethylene may be formed for the most part by
bimolecular processes. A large part of the hydrogen from liquid ethylene may be interpreted in
terms of the molecular detachment of a hydrogen molecule, while from the other olefins it may be
interpreted in terms of the hydrogen-atom abstraction reaction of hot hydrogen atoms formed by
direct excitation which must at least partially involve superexcitation. To attempt quantitative
substantiation of the above viewpoint a simple calculation has been made based on the so-called

optical approximation.
ment with observed ones.

Calculated yields of the hydrogen formation are apparently in good agree-

The role of a hot hydrogen atom as a reaction
intermediate in radiation chemistry has often been
indicated complementarily by many authors,” who
have presented little experimental confirmations of
its role. Moreover, there have been some criticizing
comments? on the hot-hydrogen-atom process. It
has so far been difficult to distinguish the hot-hydro-
gen-atom process from bimolecular physical inter-
actions or from the hydrogen-atom abstraction reac-
tion by thermal hydrogen atoms. In a previous
paper® on the radiolyses of liquid butene-1 and
trans-butene-2, however, these difficulties as described
above could appreciably be removed and evidence
was presented for a possible role of hot hydrogen
atoms in the radiation chemistry of hydrocarbons.
Namely, the hydrogen formation was interpreted in

1) J.P. Manion and M. Burton, J. Phys. Chem., 56,
560 (1952); P.J. Dyne and W. M. Jenkinson, Can. J.
Chem., 38, 539 (1960); V.V. Voevodskii and Yu. N.
Molin, Radiation Res., 17, 366 (1962); T.J. Hardwick,
J. Phys. Chem., 66, 1611 (1962) ; S.Z. Toma and W. H.
Hamill, /. Am. Chem. Soc., 86, 1478, 4761 (1964); M.
Cher, C. S. Hollingsworth and B. Browing, J. Chem. Phys.,
41, 2270 (1964); J. Y. Yang and I. Marcus, ibid., 42,
3315 (1965) ; 43, 1585 (1965); W. E. Falconer and R.
Salovey, ibid., 44, 3151 (1966) ; P.J. Dyne and J. Den-
hartog, Can. J. Chem., 44, 461 (1966) ; L. A. Rajbenbach
and U. Kaldor, J. Chem. Phys., 47, 242 (1967).

2) C.E.Klots, Y. Raef and R. H. Johnsen, J. Phys.
Chem., 68, 2040 (1964) ; C. E. Klots, J. Chem. Phys., 41,
117 (1964).

3) Y. Hatano and S. Shida, J. Chem. Phys., 46, 4784
(1967).

terms of the hydrogen-atom abstraction reaction of
hot hydrogen atoms formed by direct excitation
which must, atleast partially, involve superexcitation.
The purpose of the present investigation is twofold :
firstly to report new data on liquid propylene and
ethylene and to compare these data with those previ-
ously reported® on liquid butene-1 and trans-butene-
2, the result for ethylene being in striking contrast to
those for the other olefins, and secondly to attempt
quantitative substantiation based on the so-called
optical approximation of the previous viewpoint.®
Preliminary results of such work have already been
reported,® and so the details are presented here.

Experimental

Materials. Research-grade propylene and ethylene
from Takachiho Trading Co. were used after the usual
degassing and trap-to- trap distillations, Gas-chromato-
graphic analyses of the propylene and the ethylene showed
no impurity except for less than 0.1%, propane and 0.1%
ethane, respectively.

Propylene-d; was synthesized from methylacetylene-d,
by using a palladium catalyst. The methylacetylene-d,
was obtained® from magnesium tricarbide by passing
deuterium oxide vapor (99.8 at.% D) in an evacuated
system over the carbide at 200°C which was prepared®

4) Y. Hatano, S. Shida and M. Inokuti, ibid., 48,
940 (1968).

5) R. C. Lord and P. Venkateswarlu, J. Chem.
Phys., 20, 1237 (1952).
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by passing n-pentane vapor over a few grams of finely
divided magnesium metal in a quartz tube heated to
700°C. The methylacetylene-d, was then treated with
an equal volume of deuterium over 1 g of palladium
catalyst” at 150°C until the calculated pressure fall had
taken place. The catalyst was initially placed in an
evacuated system at room temperature and reduced for
8 hr with deuterium at 180°C.. The deuterium was re-
placed several times to remove any adsorbed hydrogen.
The propylene-dy produced was used after a gas chroma-
tographic purification and trap-to-trap distillations, No
chemical impurity was detected by gas chromatography
using dimethylsulfolane, benzyl ether, and AgNO;-
benzylcyanide columns operated at room temperature.
The isotopic purity was determined mass spectrometrical-
ly to be 99 at.% D.

Ethylene-d, was synthesized from acetylene-d; by using
a palladium catalyst in a way similar to the case of pro-
pylene-d;. The acetylene-d, was obtained from calcium
carbide by passing deuterium oxide vapor in an evacuated
system over the purified carbide at room temperature.
The ethylene-d, produced was used after a gas chromato-
graphic purification and trap-to-trap distillations. No
chemical impurity was detected by gas chromatography
using squalane and AgNOy-benzylcyanide columns oper-
ated at room temperature. The isotopic purity was de-
termined mass spectrometrically to be again 99 at.% D.

Nitrous oxide (minimum purity: 99.9%), ammonia
(>99.5%), and sulfur hexafluoride (>98.0%) were used
without further purification. Carbon tetrachloride and
methanol (spectral grade) were used after the usual de-
gassing and distillation.

Irradiation. Measured amounts of propylene,
ethylene, or the mixtures were sealed in vacuo at —196°C
in glass ampules 5 mm in diameter and 50 mm long fitted
with break-off-tips. The samples were irradiated in the
facilities of Tokyo Institute of Technology (6 kCi #Co) at
a dose rate of 6.9x 10" eV/g hr. Unless otherwise
specified, samples were irradiated to a total dose of 4.3 X
10* eV /g at —78°C using dry ice and methanol slushes.
The dose rate was determined by Fricke dosimetry using
G(Fe?+)=15.6.

Analysis. After irradiations, the sample tubes
were attached to a vacuum line and the seals were broken.
The products, noncondensable at —210°C, hydrogen and
methane, were collected and measured by an analysis
device composed of a Toepler pump, a gas burette, a
a McLeod gauge, and a copper oxide furnace kept at
250°C. In this furnace, hydrogen was oxidized into
water which was then trapped at —196°C.

In the case of isotopic experiments, the relative amounts
of H;, HD, and D, were determined with a Hitachi
RMU-5 mass spectrometer.

Results

Figure 1 shows the variation of hydrogen forma-
tion as a function of the energy absorbed in the radio-
lyses of liquid propylene and ethylene at —78°C.
The hydrogen formation is directly proportional to
the energy absorbed ; that is, the G value, the num-
ber of molecules formed per 100 eV of the energy

7) T. Kabe and 1. Yasumori, Nigpon Kagaku Zasshi
(J. Chem. Soc. Japan, Pure Chem. Sect.), 85, 410 (1964).

Role of Hot Hydrogen Atoms and Superexcited States in Radiolysis 1121

15 |- .
L (<]
ot CyH, -
20r :
=]
E b o
< L
n =
& -
2 - -
T
= SF 4
X C3Hg |
L . 1 1 1 1
0 2 4 6
Energy absorbed (eV/gx10-20)
Fig. 1. Variation of hydrogen formation as a func-

tion of the energy absorbed in the radiolyses of
liquid propylene and ethylene at —78°C.

TasLe 1. EFFECT OF VARIOUS ELECTRON OR
POSITIVE-ION SCAVENGERS ON HYDROGEN FORMATION
IN THE RADIOLYSES OF LIQUID PROPYLENE
AND ETHYLENE

System G(Hy)
C;Hg 0.82
C;H, + SF, 4mm 0.82

20 mm 0.82

NO 10 mm 0.78
60 mm 0.82

CCl, 40 mm 0.78
80 mMm 0.86

120 mm 0.74

NH; 0.1 ™ 0.82
0.2 M 0.82

CH;OH 0.5 0.86
1.0 ™ 0.94

C.H, 1.24
C.H, + SFg 4 mm 1.30
20 mMm 1.30

N:O 10 mm 1.25
60 mm 1.25

CCl, 40 mm 1.24
80 mm 1.35

120 mm 1.24

CH,O0H 0.1 m 1.52
0.2 m 1.42

0.5 M 1.52

1.0 M 1.47

absorbed in the system, is independent of the total
energy absorbed. The G values of hydrogen forma-
tion in the radiolyses of pure liquid propylene and



1122

ethylene at — 78°C have been estimated as 0.82 and
1.24 from Fig. 1, respectively.

Various types of reagents possessing a high reac-
tivity for ionic species, electrons or positive ions, were
used. They were also selected on the basis of their
ionization potentials being higher than that of pro-
pylene or ethylene. Table 1 shows the effect of
various electron or positive-ion scavengers, i.e., ni-
trous oxide, carbon tetrachloride, sulfur hexafluoride,
ammonia, and methanol, on the hydrogen formation.
The hydrogen formation is scarcely suppressed even
at high concentrations above 100 mum of the electron
scavengers and above 1 M of the positive-ion scaveng-
ers.

These results in Fig. 1 and Table 1 show a marked
contrast to those in the radiolysis of saturated hydro-
carbons as described in the previous paper,® in
which a detailed comparison was made.

Table 2 shows the relative amounts of H,, HD
and D, evolved from the radiolyses of CgHg- CgDg
and C,H, - C,D, mixtures. From the kinetic anal-
ysis as described previously,® when the value of

TasLeE 2. ISOTOPIC COMPOSITION OF TOTAL HYDROGEN
EVOLVED FROM THE LIQUID-PHASE RADIOLYSES
oF C3Hg-C3Dg anp CoH,-C;D; MIXTURES

Isotopic composition, %
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Fig. 2. D,/HD vs. concentration of the perdeuterat-
ed olefins in the liquid-phase radiolyses of C,H,-
C,D,, CHg-CyDy, CHg-1-C,Dg-1,2 and trans-
C,Hg - trans-2-C,Dg-2 mixtures.

Mol% D./HD
H. HD D: D,/HD is extrapolated to zero concentration of CgDj
C;Dg or CpD,, it is found to be one-half of the ratio of uni-
0 100 0 0 - molecular to bimolecular processes in the hydrogen
1.40 99.2 0.68 0.14 0.21 formation. Values of Dy/HD are listed in the last
1.84 98.6 1.19 0.25 0.21 column of Table 2, and are plotted against the con-
2.70 98.0 1.63 0.38 0.23 centration of C3gDg or C,Dy in Fig. 2. The values
5.50 95.6 3.58 0.87 0.24 of Dy/HD at zero concentration are determined to
11.5 90.5 7.56 2.02 0.27 be, respectively, 0.20 and 1.2 for CgHq - CyDg and
C.D, CgH‘ - CzD‘ mixtures. Thu-s, 71% and 29% of
0 100 0 0 _ tf)taJ hydrogen from propylene a_.nd ethylene, respec-
0.9 99.2 0.39 0.47 1.2 tively, may be formed through bimolecular processes.
1.79 98.6 0.62 0.77 1.2 The results for butene-1 and #rans-butene-2, reported
previously,® are also plotted in Fig. 2 and listed in
3.65 96.9 1.25 1.80 1.4 . h
4.03 97.0 1.29 1.84 1.4 Table 3 for ready comparison. FJ_gu_n: 2 or .Table 3
shows that the result for ethylene is in striking con-
5.53 95.6 1.76 2.63 1.5 trast to those for the other olefins. For ethylene the
8.81 92.7 2.93 4.46 1.5 bimolecular hydrogen formation is less important,
12.9 %0.7 3.56 5.70 1.6 while for the other olefins it is most important.
TABLE 3. PERCENTAGES OF UNIMOLECULAR (DENOTED BY I) AND BIMOLECULAR (II) PROCESSES FOR
HYDROGEN FORMATION IN THE RADIOLYSIS OF LIQUID OLEFINS
Olefin G(H:) (Dy/HD)22 I (%) IT (%) G(H")®
trans-C,Hg-2% 1.22 0.11 18 82 1.0
CyHs-12 0.74 0.14 22 78 0.6
C;H, 0.82 0.20 29 71 0.6
C.H, 1.24 1.2 71 29 0.3

a) (D;/HD), means the value of D;/HD extrapolated to zero concentration of the perdeuterated olefins.
b) H' means the precursor for bimolecular hydrogen formation in the radiolysis of liquid olefins, probably

a hot hydrogen atom.
c) Ref. 3.
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Discussion of the Experimental Results

A fairly large quantity, about one molecule per
100 eV energy absorbed, of hydrogen formation has
been observed in the radiolysis of some liquid ole-
fins.8=1  This cannot be explained by processes in-
volving thermal hydrogen atoms, since for them ole-
fins, RH,, have a high reactivity ; and the addition
reaction (1) is dominant compared with the abstrac-
tion reaction (2) :12

H + RH2 — RH:i (l)
~N

H; + RH. (2)

Thus, Reaction (2) or thermal hydrogen atoms must
be unimportant for hydrogen formation in the radio-
lysis of liquid olefins,

The hydrogen formation is scarcely suppressed by
the addition of an appreciable concentration of vari-
ous scavengers for ionic species, as shown in Table 1
and in the previous paper.® Consequently, from
the discussion similar to that previously reported,? it
seems reasonable to assume that ionic species, elec-
trons and various positive ions, do not play an im-
portant role in the formation of observed hydrogen
in the radiolysis of liquid olefins. The excited olefin
molecule, RHy*, which is formed by recombination
of the parent olefin ion and an electron may not be
acting as a precursor for the product hydrogen, but
rather as a precursor for a thermal hydrogen atom
which will eventually be scavenged by olefin itself:

RH,* 4+ e~ — RH;* (3)
RH,* >  H+ RHor 2H + R (4)
H + RH; — RH.. (5)

The probability of hydrogen formation through vari-
ous ion-molecule reactions in olefins may also be
eliminated.

The most reasonable conclusion to be drawn from
available data is that the excited olefin molecules
RH;' formed by direct excitation are essential to the
hydrogen formation. Since, as described above,
excited states which are formed by recombination of
the parent olefin ion and an electron do not play an
important role in the hydrogen formation, excited
states lying below the ionization potential which are
formed by direct excitation may also be of minor im-
portance. Thus, the entities RH," may be in highly
excited states lying above the ionization potential,
which are called superexcited states.!® The im-
portance of direct excitation has never been indicated
explicitly in the radiation chemistry. The hydrogen

8) P.C. Kaufman, J. Phys. Chem., 67, 1671 (1963).

9) Y. Hatano, S. Shida and S. Sato, This Bulletin,
37, 1854 (1964).

10) S. Sato, R Yugeta, K. Shinsaka and T. Terao,
ibid., 39, 156 (196

Il) Y. Hatano and S. Shida, ibid., 39, 456 (1966).

12) K.R. Jennings and R, ]J. Cvetanovié, J. Chem.
Phys., 35, 1233 (1961).

13) R. L. Platzman, Radiation Res., 17, 419 (1962).
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may be formed by the molecular detachment from
RHSI:
RH, ‘w» RH,' (6)
RH," - H; + R, (7)

or by the hydrogen-atom abstraction reaction of a hot
hydrogen atom H',

RH,’ - H' + RH (8)
H' + RH, - H, + RH, (9)

where a part of the highly excited states RH," may
undergo the following autoionization :

RH,' — RH,* + e-. (10)

The former is a unimolecular process and the latter
bimolecular. Since, for ethylene, a greater part of
the total hydrogen is formed by a unimolecular pro-
cess as shown in Table 3, Reaction (7) is essential to
hydrogen formation in the radiolysis of liquid ethy-
lene. For the olefins except ethylene, on the other
hand, Reactions (8) and (9) are important for the
hydrogen formation as shown in Table 3.

It has well been known!¥ from a mass spectro-
metric investigation that an ion of mono-olefin tends
to rupture giving an allyl type ion fragment. Thus,
particularly for propylene, the possibility of the fol-
lowing process giving a hot hydrogen atom might be
considered :

C;Hg** —» H' + C;Hs*, (11)

where C;Hg+* is an excited ion of propylene. As
shown in Table 3, however, it can not be found for
propylene to be characteristic of Reaction (11).
Thus, the possibility of hot-hydrogen-atom formation
through Reaction (11) may be eliminated.

Calculations and Their Discussion

The collisions of electrons, photons, or excited
atoms with various molecules have been studied
since long ago. Especially in recent years a number
of studies have been made on the measurements of
electron-energy loss or photoionization spectra pro-
viding significant information about the nature of
higher excited states of molecules. And, moreover,
theory is now able to provide at least an approxima-
tive quantitative description of the primary stage of
radiolysis. A simple calculation has been made in
this paper based on the optical approximation in-
troduced by Platzman.1®

The yield g,, per 100 eV energy absorbed, of pri-
mary decomposition channel s may be estimated by
the optical approximation. Thus, g, can be taken

14) See, for example, F. H. Field and J. L. Franklin,
“ Electron Impact Phenomena,” Academic Press Inc.
Publishers, New York, N. Y. (1957), p. 174.

15) R, L. Platzman, Vortex, 23, 372 (1962); R.L.
Platzman, ‘‘ Radiation Research 1966. Proceedings of
the Third International Congress of Radiation Research,
Cortina d’Ampezzo, Italy, 1966,” ed. by G. Silini, No
Holland Publ. Co., Amsterdam (1967), p. 20.
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as proportional to an effective dipole-matrix-element
squared for s in atomic units :

i = ("o F Ghes, (12)

where E is the excitation energy in eV, R the Ryd-
berg energy, df/dE the differential oscillator strength,
¢+(E) the probability of decomposition s upon ex-
citation at E, and J, the threshold excitation energy
for 5. Utilizing data on ionization, namely the W
value (in eV) and M;?%, the dipole matrix-element
squared for ionization,!®

b R df
2 - e
M, ...}c 2E) 4B (13)
we may writel®
100 M,

&=y e (14)

In Eq. (13), I is the ionization energy and #(E) is
the probability of ionization upon excitation at E.
Since the G value for hydrogen formation measured
in our experiment is considered to represent the com-
bined yield of hot hydrogen atoms and molecularly
detached hydrogen :

RH,’ » H' + RH

N

(15)

H; + R, (16)

we can compare G(H;) with g, calculated from Eqs.
(12), (13), and (14) taking these two decomposition
modes as the channel s.

In calculating g, by numerical integrations in the
above equations, we have relied upon the following
sources of information. The differential oscillator
strength df/dE is deduced from photo-absorption!”
and electron energy loss data.!® The former has
been mainly used and is shown in Fig. 3. The spec-
trum of butene-1 has not been reported in the region
oflarge E. In the region of small E (<12 eV), how-
ever, it has been reported!? that the spectrum of
butene-1 is very similar to that of butene-2. Then,
it is supposed that the quantity M2 for butene-1 is
nearly equal to that for butene-2. For ethylene, the
data of Metzger and Cook somewhat differ from
those of Schoen, which we have primarily relied
upon.}? The differential oscillator strength df/dE
is proportional to the absorption cross section at E,
and 5(E) is equal to the ratio of the ionization cross
section to the total absorption cross section at E.
The quantity M,? is taken from ionization cross sec-
tions for fast electrons.!® The W value is quoted

16) R. L. Platzman, J. Phys. Radium, 21, 853 (1960).

17) R.1. Schoen, J. Chem. Phys., 37, 2032 (1962);
J- A. R. Samson, F. F. Marmo and K. Watanabe, ibid.,
36, 783 (1962) ; M. Zelikoff and K. Watanabe, J. Opt.
Soc. Am., 43, 756 (1953) ; J. T. Gary and L. W. Pickett,
J. Chem. Phys., 22, 599 (1954) ; P. H. Metzger and G. R.
Cook, ibid., 41, 642 (1964).

18) E.N. Lassettre and S. A. Francis, J. Chem. Phys.,
40, 1208 (1964); K.J. Ross and E. N. Lassettre, ibid.,
44, 4633 (1966).
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Fig. 3. Exitation spectra of olefins.

from the existing paper,?® with an assumption that
no artifacts disturbing total ionization such as the
Jesse effect are operative. As to the probability
@¢,(E) for the decomposition into a hot hydrogen
atom and into a hydrogen molecule, lack of directly
relevant information forces us to consider a reason-
able model. Namely, we shall tentatively assume
that the above decomposition corresponds to all
the pathways, except for ionization, by which
superexcited states decay :

$:(E) =1 — 9(E), I<E. (17)
The highly exploratory nature of the model must be
19) B. L. Schram, M. J. van der Wiel, F. J. de Heer

and H. R. Moustafa, ibid., 44, 49 (1966).
20) G. G. Meiscls, ibid., 41, 51 (1964).
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emphasized. Firstly, contribution of hot hydrogen
atoms from excitation in the region J,<E<I are
not included :

$(E) =0, J,<E<L (18)

The value of ], is difficult to be estimated a priori. A
reasonable assumption, however, is that J, is near
I, because neutralization has been experimentally
found not to contribute appreciably to the hydrogen
formation as described in the last section. Secondly,
other decomposition modes, C-~C bond ruptures,
have been disregarded. Presently available evid-
ence does not seem to allow a conclusive statement as
to this point,2? although a recent study indicates the
predominance of the C-H bond rupture in photolysis
of ethylene at 11.6—11.8 V.22 Finally, influence
of condensed phase on primary activation!%> has been
neglected.

The results are listed in Table 4. Apparently g,
is in good agreement with G(H;). Although these
results are still very tentative owing to approximate
nature of estimation, they definitely lend some sup-
port to a significant role of superexcited states of
hydrocarbons in the radiolysis.

In Table 4 the experimentally estimated yields of
hot hydrogen atoms, G(H'), in the radiolysis of these
olefins are also listed. As indicated in footnote 18
of the previous paper® it is a question whether the
hot hydrogen atom H’ is a ground-state atom with
appreciable kinetic energy or an electronically ex-
cited one. If we assume that H' is electronically
excited, its precursor requires at least about 14 eV

21) 'W.P. Jesse and R, L. Platzman, Nature, 195, 790
(1962) ; G. G. Meisels, ibid., 206, 287 (1965).

22) R. Gorden, Jr., and P. Ausloos, J. Chem. Phys.,
47,1799 (1967).
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TABLE 4. COMPARISON OF CALCULATED AND
OBSERVED HYDROGEN YIELDS

&s G(Hy) G(H'")
C,Hg-2 0.7 1.2,2> 1.0® 1.0
C,Hg-1 0.7 0.7% 0.6
C;3H; 0.8 0.8 0.6
C:H, 1.0 1.2 0.3
cyeclo-CgHyp —_— 1.3© —
a) Ref. 3.
b) Ref. 9.
c) Ref. 10.

of the excitation energy that is the sum of the C-H
bond dissociation energy, about 4 eV, and the thresh-
old energy, 10.2 eV, for the production of H(2P).
Optical data in Fig. 3 show that superexcitation
above 14 eV occupies relatively a small fraction of
the absorption spectrum except in the case of ethyl-
ene. Thus, the majority of the hot hydrogen atoms
in the other cases appears to be the ground-state
atoms with kinetic energies rather than electronically
excited ones.

As described in the last section, the experimental
result for ethylene is in striking contrast to those for
the other olefins. When, in Fig. 3, it is found for the
spectrum of ethylene to be characteristic, it might
be considered that the above two facts have some
relations with each other.
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