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The simulated radiolysis of cyclopropane with low encrgy electrons (3.5 to 15.0 eV) was investigated. The setup used
for the irradiations has been described previously. Appearance curves of the various products formed under electron impact
were determined, The features observed on these curves yield various indications.

(1) Some products arise from the dissociation of excited molecules. Contributing states are the following ones: a triplet
state at 7.4 €V, singlet states at 6.7 and/or 7.7 eV, at 8.55 eV, at 9.4 and/or 9.95 eV and superexcited states lying/around
10.2 eV. As in other hydrocarbons studied, the electron impact excitation cross section shows a steep increase at the joniza-
tion potential. (2) Other products result from ion fragmentation and ion—molecule reactions.

A reaction scheme was proposed to account for the chemical effects associated with excited states and the yields of ex-
cited molecules in dissociating states were derived from experimental data. The observations relative to excited molecule
fragmentation are in conformity with photolysis data. Additional information on the decomposition processes of molecules
excited in the triplet state at 7.4 €V, in the singlet states at 6.7 and/or 7.7 €V and in the superexcited states were obtained.

Owing to the complexity of ionic mechanisms it was not possible 1o distinguish between the contributions of ionization
and excitation. Only the radiation chemical yield of products, G (products), was evaluated. The values found for G (products)
just above the jonization potential are close to the data obtained in conventional radiolysis which could indicate that sec-
ondary electrons having such energies play an important roie in radiation chemistry.

1. Introduction

The present paper belongs to a series concerned
with the study of simulated radiolysis of gaseous
hydrocarbons with low energy electrons. Results ob-
tained with neopentane and propene are published
elsewhere [1,2]. As mentioned in ref. [11, such
studies are particularly interesting for investigations
on the role played by low energy secondary electrons
in radiation chemistry. They bridge the gap between
conventional radiolysis studics and those based on the
direct determination of transient species formed under
electron impact. The case of cyclopropane, a cyclic
hydrocarbon, isomeric of propene, is considered here.

This compound presents the foliowing characteris-

* This work is a part of the Thése de Doctorat d*Etat of
R. Derat. - :

tics. As indicated by fig. 1 which compares optical ab-
sorption [3] and electron impact threshold excitation
[4] spectra cyclopropane has three triplet states at
7.4,9.0 and 9.8 eV (see ref. [3]) and four singlet
states, a valence state at 8.55 eV [6] and three Rydberg
states at 7.7, 9.4 and 9.95 €V [7]. A weak absorption
band relative to a symmetry forbidden transition evi-
denced at 6.7 eV by Wagner and Duncan [8] does not
appear on the optical absorption spectrum presented

in fig. 1. This spectrum includes however a strong ab-
sorption band with a maximum at 10.2 eV which cor-
responds to superexcited states [6]. The ionization
potential of cyclopropane lies at this energy [9].
Fragmentation is known to lead to various ions: allyl,
allene, vinyl, allenyl and acetylene ions appear at 12.0,
124,136,144 and 14.6 eV respectively [9]. Al
these fragment ions undergo rapid reactions with cyclo-
propane molecules {10—17]. Data on photolysis with -
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Fig. 1. Companson between excitation spectra: (a) photon
impact [3], (b) electron impact {4]. .

: 3.4, 10.0 and 11.6-11.8 eV photons [18,19] and on
 radiolysis [20,21] of this compound are also available.

2. Experimental

The setup described in ref. [33a] was used with
however slight modifications (see ref. {1} for details).
Its principle is recalled here. A flow system was
adopted in order to limit secondary effects on the
products formed. This system involves three chambers,
I, Il and III, separated by two holes of small conduc-
tance with a differential pumping between two of
them, 1 and II. The electrons are produced by a tung-

- sten filament located in the source chamber [ which
is maintained at a low pressure by a high speed pump-
ing. The electron optics are-such that the electrons
are drrected through the central compartment iI,
“reach the derived energy at the entrance of the reac-
'tron ‘chamber.11!.and undergo collisions wrth the gas
w1thm an equrpotentral volume, at a- constant pressure
Py, in this last chamber. The gas sample is introduced_
-at a constant flow rate in the.reaction ciiamber and is

"removed through the central compartment by asecond '
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’pump Thrs compartment allows one to obtam a hrgh

pressure gradient between the electron source and the
reaction zone and permits a satisfactory electron flow.

“The electron beam is confined by a 300 G magnetic

field. The electron optics include the possibility of

"detérmining before, each irradiation the energy defini-

ion of the incident electron beam by the retarding
potential method. .

The irradiations of flowing cyclopropane (5 emi3
s—1) were performed at 1 X 10~2 torr with electrons
having energies, £y, between 3.5 and 15.0 V. Elec-
tron energy definition was + 0.6 eV. Products up to
C5 compounds were analyzed by gas chromatography.
The detection limit was 10~4 molecules of product
formed per incident electron. The analytical condi-

" -tions were those indicated in ref. [1].

Cyclopropane from Matheson Co., Inc., which con-
tained propene as the most important impurity
(0.29%) was used.

3. Results
3.1. Nature of the products

The products observed include compounds up to
Cs. Some products (allene, ethylene, hydrogen,
methane, acetylene and 1-butene) are formed from
6.0 eV. Others (cyclopropene, propyne and ethane)
appear at 8.0 eV. Propane and small quantities of vari-
ous C4 and C5 compounds {22] are observed only

- above 10.0 eV. Low energy electron impact on cyclo-

propane leads also to propene. Analysis of this com-
pound was possible above 10.8 eV only. It cannot be
excluded that it is formed below this energy. Small’
yields (< 10—2 molecules per incident electron) of
this compound cannot be detected easily since, as

. indicated above, it is an important impurity of cyclo-

propene.
3.2. Carbon—hydrogen bélzznce

“The H/C ratio is always slightly higher-than 2, the

- expected value. This indicates a lack in products char-

acterized by an H/C ratio smaller than 2. Among non-

identified products, diallyl (C4H;q) could be an im-
-portant one. The yields of this compound which satis-

fy the carbon—-hydrogen balance represent less than
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Table 1 B
Yields of dxally and l~butene at various elect:on enezglcs. -
-Yields are expressed as 1072 events per incident electron

Product - Yields

70 80 85 90 95 100 105
" eV eV eV eV eV eV eV

CeHip 008 O 0.04 0.12 071 116 2.08
1CqHg 0.18 O 006 0.i4 020 030 043

10% of the yields of all the obhserved products. They
are compared to the yields of 1-butene in table 1.

3.3. Appearance curves

Product appearance curves or product yields ([X])
versus electron energy (EO) curves are presented in
figs. 2 to 8. (Product yields are expressed in number
of molecules formed per incident electron.) Omitted
curves relative to C4 and C¢ compounds are similar to
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Fig. 2. Appearance curve for allene.
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Fig. 3. Appearance curve for (a) ethylene and (b) hydrogen
(dotted lines allow distinction between linear and resonant:
componcnts of the yields).



10 -
5_ " Edlevy -
- L :
15
s € ooV
. pase®
18
- 10
s}
S S, VU S S— E—
o . 1. 10 15

Eobevi

Fig. 4. Ai)pea:ance cusve for (2) methane and (b) acetylene.

that of propane. Distinct energy domains can be noted
from the breaks observed on these curves:

Dj: 60eV<E,< 80eV
Dy 80EV<E,< 9.0eV
"Dyt 9;o'ev<E0 <10.0eV
Dyt 100eV<Ey <125V
Dyi 125eV<E,<1S Qev.

_ Below 10.0 eV, i.e., in the excitation range, allene,
ethylene hydrogen, methane, acetylene and 1-butene
(figs. 2'to 5) appear at 6.0, 8.0 and 9.0 eV ethane,
- propyne, and cycloprapene (figs. 6 and 7) at 8.0 and
9.0 eV only. ‘Appearance curves are linear in domains-
‘D; and Dj. In domain Dy, three different kinds of -
.appearance curves are noted: one curve is linear .
(allene in fig. 2) others are resonant in shape with a
- maximum around 7.0 eV and zero yields at 8.0 eV
(methane, acetylene and l-butene in ﬁgs 4 and S)
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Fig. 5. Appearance curve for 1-butene.
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- Fig. 6. Appearance curve for ethane.

Qthers again correspond to the superposition of the
two previous kinds (ethylene and hydrogen in fig. 3).
Dotted lines on these latter curves allow distinction
between the linear and resonant components of the

 yields (see table 2).

Above 10.0 eV, ie., in the 1omzanon range all the

- products formed in the excitation 1ange, except
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Fig. 7. Appearance curve .for (a) cyclopropene and
(b) propyne.

I-butene, exhibit at the ionization threshold (10.0—
11.0 eV) a steep increase in yields. These products
can be classified in two groups A and B according to

the behaviour of their yields above this energy. Yields h
either decrease (group A: allene and cyclopropene) or

increase (group B: ethylene, hydrogen, methane,
acetylene, ethane and propyne). Products such as
propane, propene, and C4 and Cs compounds (fig. 8)
which appear at 10.0 eV and 1-butene behave differ-
ently. Their yields increase gradually with electron
energy. They belong to group C. A break is noted at

12.5 eV in the appearance curves of two products of

this group: propene and 1-butene. As in the simulated
radiolysis study of neopentane [1] where similar fea-

tures were observed and analyzed thoroughly, the ap-

pearance curves in group B can be visualized as the -
superposition of those characteristic of groups A and C.
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Fig. 8. Appearancé curve for (a) propane and (b) propene
(dotted line allows the evaluation of {C3Hg g in domain D,
and D3).

Table 2 :

Distinction between linear and resonant components of the -
yields in domain D at 7.0 eV. Yields are expressed as 1072
events per incident electron

Product Yields at 7.0 eV
Linear Résonant
component (L) -component (R)
Allene 0.079 .0
Ethylene 0.128 0.089
. Hydrogen . 0.079 . 0.178"
Methane , 0o ’ 0.059
Acetylene 0 . 0.158.

1-Butene = o . 0.178
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4.—[ﬁ)iscu's_sion; Lo e S A :' “cited and mmzed states of cyclopropane Correlatlons
T R between the products which characterize each domain
4.1, Filiations of the observed products with respect and these states are deduced from this comparison.

to ‘the exczted and wmzed states of cyclopropane -
4 1.1, Excitation range

Table 3 compares the appearance potentxals of the ' - A tentative assignment of the states involved in
Vvanous observed products with the energxes of the ex- product formation is the following. In domain Dy,
Table 3 '

Comparison between product appearance potentmls (AP) and literature data

Spectroscopic [3,8} and mass

spectrometric data {9] Present results
_ Excited state E (eV)’ . AP (eV)
fon AP (eV) - Characteristic products domain
C3H3 14.4
+ Ds
CoHj 136 —m— propene, 1-butene
C3HY 124 —— 125
C4 and Cs componnds, propane
C3HE 120 propene, 1-butene,
ethylene *, hydrogen *
methane *, acetylene *, ethane *
propyne * Ds
SE
C3Hg (1P} 102 —— allene *, cyclopropene *
Ss - 9.95 ---eneennen 10.0
T3 98 ——m-—— aliene, propyne
S 94 ethylene, hydrogen D3
4 - : methane, acetylene, ethane
Ta X1 J—— o _ 9.0
allene, propyne; cyclopropene -
S3 . 8.55 ethylene, hydrogen 373
- methang, acetylene, 1-butene, ethane
: 8.0
S2 7.7 ———— ‘methane ¥, écetylené *
T I Q—— - 1-butene ¥
Sl 67 —— { ethylene T*, hydrogén?* D,
, . ) {aucne'f'- : . ;&
ET) 60 ' ' — X 6.0

' S: singlet state; T: tﬁp]et state; SE: s'dperéxi:ited states IP: ionization potential; ET: excitation threshold; ¥ yields exhibit a
maximum; f: yields increase linearly with electron energy; *: yields increase steeply at the ionization pbtenﬁal._ -
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products whose yields increase linearly with electron
energy (allene) are ascribed to the singlet states at 6.7
and/for 7.7 eV reached by allowed transitions * whereas
products whose yields exhibit a maximum around 7.0
-V and become zero at 8.0 eV (methane, acetylene,
and 1-butene) are due to the triplet state at 7.4V re-
sulting from a spin-forbidden transition. These singlet
and triplet states are responsible for the formation of
ethylene and hydrogen, as shown by the composite
character of their appearance curves (see Results and
table 2).

The products characteristic of domains D, and D5
(methane, acetylene, 1-butene, ethylene, hydrogen,
allene, propyne, cyclopropene and ethane) are
ascribed to singlet states. Aliowed transitions to such
states would account for the linear shape of appear-
ance curves. The singlet state at 8.55 eV is involved in
domain D5, the singlet states at 9.4 andfor 9.95 ¢V in
domain Dj;.

The triplet states at 9 Dand 9.8 eV seem to have a
negligible contribution.

4.1.2. fonization range :

As in other hydrocarbons studied, neopentane [1],
propene [2], methane [33b], a striking feature is ob-
served at the ionization threshold: the yields of the
products observed in the excitation range increase
steeply as soon as the {onization potential is reached.
However, in the present case, not all products present
this sharp increase. 1-Butene exhibits a particular
behaviour: its yield increases gradually above 10.0eV.
This exception rules out the possibility of an experi-
mental artifact namely a steep variation of deposited
electron energy. This argues also against the possibility
of a steep variation of the fragmentation probability
of excited molecules when their excitation energy
reaches the ionization potential. As demonstrated in
the paper relative to neopentane [1], the feature ob-
served at the ionization threshold where ionization is -
negligible is correlated with superexcitation. The con-
clusion that electron impact produces superexcited
molecules with @ much higher cross section than ex-
cited molecules applies to cyclopropane too.

Above the ionization threshold, contribution from
ionization must be considered. It has appeared impos--

* The transition at 6.7 &V which is symmetry forbidden is
likely to be allowedm the case of low-energy electron im-
pact.

sible to establish the detailed filiations of the observed -
products with respect to neutral and ionic _precursors

in domains D4 and D. The reaction scheme is too
complex for such an analysis to be made. As men-
tioned above, various ions are formed betwean 10.0

and 15.0 eV and their reactions are numerous [9—-17].
Only one correlation appears clearly: the break ob-
served around 12.5 eV on the appearance curves of -
propene and 1-butene corresponds well to the appear-
ance potentials of allyl and/or allene ions.

However, gross filiations can be established from
the appearance curves as suggested by observations
made in neopentane study [1].

(1) Producis of group C (1-butene, propane, C4
and Cg compounds) are due uniguely to ions. Their
yields increase gradually with electron energy as the
ionization cross section does.

(2) Superexcited molecules, formed at least partly
by a resonant process, are main precursors of products
in group A (allene and cyclopropene). These products
have the same typical appearance curve as 2,2-dimethiyl-
butane formed in the simulated radiolysis of neopen-
tane which has been demonstrated to be representative
of the production of such precursors (see ref. [1}). .

(3) Products of group B (methane, acetylene,
ethylene, hydrogen, propyne and ethane) result from
both neutral and ionic precursors in agreement with
the analysis proposed to explain the shape of their
appearance curves (see Results).

4.2. Chemical effects associated with excitation

4.2.1. Reaction scheme :

The reaction scheme proposed to explain the ob-
servations in the excitation range and just above the
ionization potential when ionic contribution is
negligible is presented in fig. 9. '

Primary processes — As proposed in photolysis
studies [18,19], the first step involves ring rupture
with formation of trimethylene radicals which either .
dissociate directly aécor_ding to processes (I11), (IV) -
and (V) (mechanism A) or isomerize to propene prior
to dissociation according to processes (I) to (VI)
(mechanism D). Processes (111), (IV) and (V) are
common to both mechanisms.

Secondary reactions — The free radicals formed in
primary processes undergo reactions (1) to (5). which

_ occur either on the walls or in the gas phase. Only -

reaction (5) needs walls for the recombmahon product
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Primary processes . S .
cC3Hg, cC;HE‘ - CHz—CH2~f‘H2 —C3HE - dlssocmtlon
- STy ] (mechamsm D)
‘dissociation )

{mechanism A)

Mechanism D

CaHorcC3HE* =C3Hs+H (D)
~CHy+CHy an
- CHy +CaHy am
~C3Hy + Ha : av)
" —=C3Hg+2H I\
~CyHy +CH3 + H (VD)
Mechanism a
cC3H$ or cC3HE* — CH, + Cylig (111))
—C3Hy + Hy - awv
—C3Hg + 2H (V)
Secendary reactions
CHj + CoH3 —~ CHg + CzH; m
CzH;3 + CoHa~ CaHy + CoHy 2
CHj + CgHs — CsHp . 3
C3Hs + CaHs— CgHyo “)
CH;+CH; ¥C,H, )
CH3+H ‘—cha ®
CHa+H "C~H4 o Q)]
CsHs+H = C3H6 ' ®
H+H = H2 ) N

“ Fig. 9. Reaction scheme. cC3HE: excited molecules; cC3HE*
superexcited molecules.

to be stabilized. Disproportionation is the most prob-

able fate of vinyl radicals [23,24]. Combination is

favored in the case of allyl radicals [25,26].

" .Reactions involving hydrogen ato_mS were con-
_sidered to oc_cu’xr only on the walls [reactions (6) to

(9)]. Gas-phase reactions (6") to (9") where the recom-

-birjiation produict is not stabilized and dissociates into
fragments smu]ar or. not to those mvolved in their for-
:bmatlon :

,CH3+H ->(CH4) S CHy +H, o (6’)'
:Czﬂg +H"(C2H4)—*C2H2+H2 o o (7)

_i_..C3H5 + H-’(C3H6)—>C3H5 +H or C, H3+CH3,(8)

- were aSaumed to havea neghg1ble probablhty since

hydrogen atoms diffusé 30 times more rapidly than -

- large radicals [4] and hence their steady concemratloh

in the gas phase is low. This assumption is well sup- ..
ported experimentally. It will be seen in the appendix
that omission of reacuon (7 recelves a good experl-
mental justification. - .

Reactions of methylene radlca]s on cyclopropane
were also omitted. Products expected from these reac-
tions (methyleyclopropane, cis- and trans-2-butene
[27-32]) are not observed. The same argumentation
applies to other reactions omitted: reactions of methyl-
ene radicals with hydrogen atoms and other free radi-
cals; reactions between allyl and viny] radicals (see
appendix). Gas-phase or wall-catalyzed reactions of
hydrogen atoms with cyclopropane molecules were
neglected too. Such reactions would lead to cyclo-
propyl radicals which are not observed.

Absence of methylene radicals reactions is note-
worthy. A similar situation is found in simulated radio-
lysis of propene [2]. The suggestion made in this case
is retained here: methylene radicals are probably
formed in ground triplet state and undergo a wall-

_catalyzed chain reaction with cyclopropane leading to

a non-analyzed high molecular weight compound
(CHy),. »

4.2.2. Yields of excited molecules involved in product
formation

The yields of excited molecules in dissociating
states (total yield Ng and individual yields Ny, My,
N> Nyy+v and Nyyy) were evaluated from experi-
mental data, using the relations presented in the appen-
dix. The corresponding results are summarized in table 4.
Some of these yields (Vg , Ny, Njqy and Ny 4y) are
plotted versus electron energy in fig. 10. Table 5 shows
the relative importance of the various decomposition
processes considered.
" ‘The yields of excited molecules which dissociate
éccordmg to processes (IV) and (V) cannot be evalu:
ated separately..

Only limits were obtained for process (I) It was

" not indeed possible to determine experimernitally the .

yield of propene resulting from reaction (8) below

 10.8 &V. A'similar situation is found in domains D,
~_and D for processes (II) and (VI) which lead to.the -
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Yields of excifed molecules at dxffexent electmn energies (6.0 eV < Eq <105 eV). Yxelds are expressed as l()“2 events per mcldent'
clectron. Subscripfs specify the decomposition process mvolvcd . .
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~ Process Yxelds
72.0eV 20eV 856V 9.0eV 958V 100eV 10.5eV
D A '
M 0.36-054 O a 0.14-0.34 0.38--0.78 1.62-2.22 2.26-3.06 5.34
Ny 0.26 0 0 0.16-0.07 0.34-0.16 0.65-0.28 1.04-0.35 1.98-0
Ny ] 013 0.26 0.81 1.24 263 4.55 18.60
Nivsv ] 0.08 0.12 048 0.78 2.03 3.32 14.98
Nyg 0 0 0 0-0.09 0-0.18 0-0.37 0-0.69 1.98~-3.96
Ng 0.62-0.80 0.21 0.38 1.59-1.79 2.74-3.14 6.93-7.53 11.17-11.97 42.88
¥ 4 ¥ { { ¥ $
S | Nt e
Dl D2 D3 D4
NI
< ]
N.10°

Fig. 10. Yields of excited molecules formed in dissaciating states {mean values) and involved in decomposition processes (1), (Iil),
(V) plus (V) (cuwgs a, b, c and d respectively). Abscissa of curves b, ¢ and d are shifted lettwards by 5, 10 and 15 eV respectively.

same products.
- Mechanisms D and A occur in the whole energy

range but they are dlStlIlgUlShed in domain D, only.
It appears in tables 4 and 5 that cyclopropane mole-

. cules excited in the singlet states at 6.7 eV andfor

7.7 eV dissociate according to processes (Ii[] and (IV]
{mechanism A) whereas cyclopropane molecules.ex-
cited in the triplet state at 7.4 eV dissociate according
"to processes (I and (II) via isomerization to propene
" {mechanism Dj. A good agreement was found between



C 340 - " R Derdi,J. DanonfLow energy. electron impact or—h_VdfocarbonS;HI

.’ Table S

" Relative i xmportance of the decomposition processcs of excﬁed molecules between 8.0 ¢V and 10.5 eV Yxelds are expressed as

' . percent total decomposition

Process Relative importance
7.0V BOeV  85eV 9.0ev 9.5¢cV 100cV © 10.5eV
Mechanism D Mechanism A
i ) 59-68 . 0 0 9-19 14-25 23-29 20~25 12
-1 41-32 0 . G 10-4 12-5 9_4 10-3 5-0
it 0 62 68 51458 4539 38-35 40-38 43
IV+Vy 0 38 32 30-27 29-25 30-27 30-28 35
Vi [¢] ) a 0 0-5 06 0-5 0-6 5-10
R \ 4 4 y 4 4
D ——— ~— e e el
D D, D, Ds
Table 6 quently are characteristic of dissociation of cyclo-

Yields of primary free radicals at 7.0 £V. Yields arc expressed
as 102 events per incident electron

Relation (primary free radical) Yield at 7.0 eV

{d) {vinyd 0.26
(e} (methyD 0.24

the yields of vinyl and methy! radicals, resulting from
process (II) (see table 6). The Ny /N7 ratio associated
with this triplet state is between 41/59 and 32/68.
This observation is discussed in a separate paper [34]
on the chemical effects associated with propene
triplet states. Cyclopropane molecules excited in the
triplet state at 7.4 eV are expected indeed to isomer-
ize in propene molecules excited i in the triplet states
at44,~6.1 and 7.7eV. .
Observations in domain D, (columns 5 and 6 of
tables 4 and 5) show thar cyclopropane molecules
excited in the singlet valence state at 8.55 eV disso-

ciate mainly according to processes (Il and (IV)+(V}.

This agrees well with photolysis studies using 8.4 eV
photons [18,19] where ethylene and C3H, com-
pounds are the most abundant products. A contrast
with observations relative to the corresponding triplet
state at 7.4 eV is noted which could indicate that
mtenystem crossing to thzs state is of small impor-
tance.

In domain D (columns 7 and 8 of tables 4 and 5)
processes {1, (1 III )and (IV) +{V) are the most impor-
tant decomposition _channgls These processes conse-

propane molecules excited in the higher singlet
Rydberg states at 9.4 and 9.95 eV. Process (I) and
hence mechanism D are relatively more important for
these states than for the singlet valence state at 8.55 eV,
1t appears on colurmn 9 of table 4 and on fig. 10
that the yiclds of excited molecules which dissociate
according to processes (D), (IV) + (V) and (VI) in-
crease steeply at the ionization threshold in domain
D, whereas this sharp increase is absent for process (I)
and a similar situation seems to apply to process (If).
Superexcited molecules which have been shown to be
1esponsible for the sharp discontinuity in product
yields occurring at the ionization threshold dissociate
consequently according to processes (I1I), (IV) + (V)
and (VI). Processes (I} and (II) are negligible decom-
position channels of such molecules. This observation
parallels that relative to the negligible contribution of
superexcited molecules to 1-butene formation. More-
over, the fact that process (V1) is relatively more im-
portant at the ionization threshold than in domain Dy
-(see table 5) indicates that the fragmentation degree
is higher in superexcited molecules than in excited
molecules.

4.3. Chemical effects above the ionization potential

As mentioned already it is not possible to perform
* a detailed analysis of chemical effects occurring above
the tonization potential owing to the large 'complexjty
of ionic mechanism. The only tractable data concemn
the total yleld of (nonpolymenc) products from which
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the radlatlon chemical yield of products G(products),
can be calculated assuming that all the electron energy
is deposited in the medium {36]. The values found
for G(products) between 11-and 3 eV increase from
9.7 to 12.5; they compare well with that obtained in
conventional radiolysis studies, i.e., 9.2 [21]. Secon-
dary electrons having energies just above the ioniza-
tion potential thus appear to play an important role
in radiation chemistry. A similar conclusion arose
from other simulated radiolysis studies (see ref. {1]
for instance).

5. Conclusions

The simulated radiolysis of cyclopropane with low
energy electrons (3.5 eV to 15.0 eV) brought a large
butk of experimental data on the electron impact dis-
sociation of this compound.

As in other similar studies (see ref. [1] for instance)
some data were deduced directly from striking features
observed on appearance curves. Others required a
detailed analysis of the chemical reactions of the re-
active specics formed under electron impact. This
analysis was sometimes complex and not unambi-
guous but appeared also selfconsistent as shown by
some a posteriori checks.

The most important statements from the present
work are the following ones.

(1) Some products result from the dissociation of
excited molecules. All the excited states of cyclo-
propane are dissociative: (i) the triplet state at 7.4eV;
(ii) the singlet states at 6.7 andfor 7.7 eV, at 8.5 eV
and at 9.4 and/or 9.95 eV, (iii) the superexcited

.states around 10.2 V.

(2) Other products are associated with ionization.
However, owing to the complexity of ionic mecha-
nisms, it was not possible to derive detailed correla-
tions between ionized states and products.

(3) Observations relative to the fragmentation
processes of excited molecules agree with photolysis
data: trimethylene radicals resulting from ring rupture
either dissociate directly (mechanism A) or isomerize
to propene prior to dissociation (mechanism D).
Additional information was obtained concerning
the triplet state at 7.4 eV, the singlet states at 6.7

andfor 7.7 eV and the superexcited states. Mechanism .

D prevails in the first case, mechanism A applies to the

second case. Both mechamsms are mvolved in the dis-
sociation of superexcited molecules. It is found more-
over that the fragmentation degree is higher in super-

_ excited molecules than in excited molecules.

(4) Information concerning primary processes also
was obtained. Some of them are peculiar to cyclo-
propane: intersystem crossing from the singlet state
at 8.55 eV to its parent triplet at 7.4 eV is of neghulble
importance.

Others corroborate data obtained in simulated
radiolysis of neopentane {1] and hence support the
same conclusions: (i) the electron impact excitation
Cross section shows a steep increase at the jonization
potential; (i) superexcitation could be at least partly
a resonant process; (iif) secondary electrons having
energies just above the ionization potential appear to
play an important role in radiation chemistry.

Appendix: Evaluation of the yields of excited mole-
cules in dissociating states (6.0 eV < Ey < 10.5 eV) [35]

The following general relations can be derived from
the reaction scheme presented in fig. 9.
Ng =Np-vy> @)
= [C3Hs] = [1-C4Hg] +2[C4Hyql + [C3Hglg(b)
= [H}; = 2A{H,] - [C3H,]) + [CHy] ~ [CoH, ]

+({CaHyly + [CoH4 ) + [C3Hgls (©
Ny = [CoH3] =([CoHy ]y + [CyHy 1n)

+([CyH 15 + [CaHa19) (d)
Ny = [CH3ly = [CH,4] + [1-C4Hg] +2[C2H6]

~ [CH, ] + ([CoH, ]y + [CoHalh) Q)
Ny = [CaHg] ~(ICoHa]; + [CoH4l9), ®
Nvay = [C3Hyl - ®

vi= [CoHy] —([CoH, 1 + [CoHa o) (&)

Ng =2[H,] ~ [C3H4] + [CHy] + [CoH,])

+([CHy1, + [C2H4]'7) +[C3Hglg . (i)

These relations involve unknown terms such as
([CZHZII + [C2H2]2) and ([C2H2]2+ [C2H4]7) and -
terms such as {C3Hg]g and [CgH, 4] whose determi-
nation was not performed as already mentioned
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B .(analysns of propene was p0551ble only above 10.8 eV)
Aswill be seen latvr([Czﬂz]z + [CyHy]7) can be,

* calculated al'ld reasonable limits can be proposed for -

“({CH, ]y + [CyH,],) and [C3Hg 1. The values for

[CgHyol which satisfy the carbon—hydrogen balance

. (see table 1) lead always to z very good agreement
between relations (b) and (c). -

A1, Emluatzon of i CZHZ/ 2+{CoHlyf ;) and
. ,(/Csz/J "‘[CZHZIZ)

_ Domain Dy ~ Pro'ducts due 10 the singlet states at
6.7 and/or 7.7 eV (linear component in table 2) are
assumed-to result from primary processes (I1I) and
(IV) only, therefore via direct dissociation of tri-
‘methylene radicals {mechanism A). Products due to’
the triplet state at 7.4 eV (resonant component in
table 2 which vanishes at 8.0 eV are assumed to be

- formed by processes I and II followed by secondary
reactions (1) to'(4), (8) and {9) therefore via isomeri-

" zation of trinethylene radicals into propene and sub-
sequent dissociation (mechanism D).

In such conditions, the linear and resorant compo-
nents of ethylene and hydrogen yields can be written
as follows:

[Hylo =[Hs]g . Hliv = [Hy]y,
{CaHg]y = [CoHy IR, [CoHg g = [CoHaly -
Relations (c) to (i) become then

W DR = 2mzlk +[C3Hgl. ' ()
Wipg =[CoH3] =2[CH] - [CH,l, (@)
-(Vpdr = [CH3} = [CH,] + [1-C4H,] , )

(g = [CHglg + [CH] - [CoH,] =0, (g
(Nypg = [CH, )= (JCH, ] + [CyH ) =0. (g

WP =[CHgly, - _ - (),

(rv)y = [C3Hy] =[Ha] ‘ @)

Ng - =2{Hy]~[C3Hy] + [CyH,) |
'ﬂwm+%mh @)

~ Results’ obtamed with relations (d ), (¢") are pre-
sented in table 6. This table shows that a good agree-

ment is reached between these two relations. Accord- o

lmg to. table 2, relauons (f ) (h g and (g )y are well

Satlsﬁed These observatlons together w1th the fact

. that'the only products observed at 8.0 eV are ethylene
“and hydrogen give some support not only 1 to the

method used to distinguish. between the two linear and

-resonant components in the appearance curve of this

product but also to the proposed,reactlon scheme. In

- particular, omission of reaction (7') and of interaction
- between vinyl and allyl radicals is-entirely justified.

Dorains D, and D3 — The whole reaction scheme .
involving indistinguishable mechanisms D and A is
considered here.

The unknown term ([Cszlz + [CZH“}T) is de-
duced from the comparison between relations (d) and
(e) which leads to relation (k):

[CH,} + [1-C Hgl + 2[C2H6] —{CH,]

=([CyH,]5 + [CoHyly) - (k)
Relations (b) to (1) become then
Ny =2([H,] - [C3H,]) + 2[CH,4] — 2[C,H,]

+ [1-C4Hg] + 2[C2H6] +{C3Hglg . ")
N“ = [CH4]+ [1-C4H3]+ 2[C2H6] — [C2H2]
 +([CHy) H [CHy ), "
N = [CoH,l - ([CH4] +[1-C4Hgl + 2[CoHgD)

+[CyH,], ("
Ny+y = [C3Hyl, : &"
My1= [CaHp] = ([CoH, ] + [CHy)5) ®"

Ng =2{H;] - [C3H4] +2{CH,] - [CyH,] @
+[1-C4Hg] + 2{CyHg] + [CoHq] + [C3Hglg -
Limits can be found to Ny; and Ny since

0<([CoH] +[CoHal) < [CoHp), )

[CHy] + [1-C4Hg] + 2[C,Hg] > Ny > [CH, ]
+[1-C4Hg] +2{C;Hg) — [CoH, 1, (m")

0<Ny; < [CoHy] . @")

Domain D4 at the ionization-threshold {10.5 eV}
— As in domains D, and D3, both mechanisms D and
A are involved in the primary stage and cannot be
distinguished. Secondary reactions such as (2) and
(7) are negligible. The térm (lC2H2]2 +[CqH417)
given by relanon (k) appears indeed to be zero.
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Relanons (b) to (i) are consxderably simplified:
= 2([“2] - [0354]) + [CHy]

 —[CH,1+ [C3Hglg | ") -
Ny =[Gy, W@y
Ny =1CoHyl, ' )
Npyey = [C3Hyl, . (4]
Ny = [CHy ]~ [CoHy ), ' ")

Ng =2[H,] - [C3H ]+ [CH,]
+ [CoHyl + [C3Hlg - (")

Limits to Nypand Ny are deduced from relation

)

0<[CoH]y S [CH,], ")
[CH,] >Ny >0, (m™)
[CoHy] — [CH,] SNy <[C,H,] . @™

2. Evaluation of [C3H gl g

The evaluation of the term [C3Hg}g which appears
in relations (b"), (b") and (b™) for N and in relations
(i), (i") and (i"") for N, is based on the following ap-
proximation.

Domain Dy — All hydrogen atoms formed in
process (I) react on the walls which is not the case for
corresponding allyl radicals. Relation (o) holds
between the yields of propene and hydregen formed
in reactions (8) and (9)

< [CsHglg < [Halg (@)
which allows evaluation of limits to V] and Ng:
2[Hy g <M <3[H]g. ®)
2{H,1 - [C3H, 1 + [CoH,] + [CoHy) S Vg < 2[Hy]
—[C3Hg] + [CoH,] + [CoH ) + [H ). @)

Domain D4, D3, and Dy at the ionization thresh-
old — Reactions (8) and (9) are not the only wall-
reactions of hydrogen atoms. The approximation used
in domain D; does not apply here. Another approxi-
mation is proposed. A hypothetical appearance curve
is considered for propene resulting from reaction (8)
(see dotted line in fig. 8). [C3Hg] g is lower than the
hypothetical yield read on this dotted line.
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