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The simulated radiolysis of cyclopropane with low energy 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 1.4 eV, 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 Iyingearound 
10.2 eV. As in other hydrocarbons studied, the electron impact excitation cross section shows a steep increase at the ioniza- 
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 CX- 

cited mole&es in dissociating states were derived from experimental data. The observations rclativc 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 eV, in the singlet states at 6.7 and/or 7.7 eV and in the superexcited states were obtained. 

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

* This work is a part of the Thsse de Doctorat.dBtat of 

R. Derai. 

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,g.O 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 eV [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: al&l, 
allene, vinyl, allenyl and acetylene ions appear at 12.0, 
12.4, 13&, 14.4 and 14.6 eV respectively [Y]. All 
theBe fragment ions undergo rapid reactions with cyclo- 
propane molecules [lo-171. Daia on photolysis with 
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Fig. 1. Comparison between excitation spectra: (a) photon 
impact 131, (.b) electron impact I-81. 

8.4, 10.0 and 11.6-I 1.8 eV photons [ 18,191 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. [l] 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, II and 111, separated. by two holes of smaU conduc- 
tance with a differential pumping between two of 
them, I and 11. The electrons are produced by a tung- 
sten fdament located in the source chamber I which 
is maintained at a low pressure by a high speed pump- 
ing. The electron optics are-such that the electrons 
&e directed through the central compartment II, 
reach the derived energy at the entrance of the reac- 
tion chan+er.IIl.and undergo collisions with the gas 
within an equipotential volume, at a-constant pressure 
PIni in..this.last charrber. The gassample is introduced. 
at a constant flow rate in the reaction &amber and is 
removed .through the central compartment by a second 
. . 

.- 
.:.. ._ :. 

The products observed include compounds up to 
C,. 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 Cg 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 (< lo-: 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 baIance 

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, Amongnon- 
identiRe_d products, diahyl (C,Hlo) could tie an im- 
portant’one. The yields of this compound; which satis- 
fy the carbon-hydrogen balance represent less than 

~_ . . : :.. 

pm&This compartment allows one to obtain a high 
pressure gradient between.the.electron source and the. 
reaction zone and permits a satisfactory electron flow. 
‘Ibe electron beam is confined by a 300 G.magnetic 
field. The electron optics inc!ude the possibility of 

.determining before each irradiation the energy defii- 
tion of the incident electron beam by the retarding 
potential method. 

The irradiations of flowing cyclopropane (35 cm3 
s-l) were-performed at 1 X lo-’ torr with electrons 
having energies, EC,, between 3.5 and 15.0 eV. Elec- 
tron energy defmition was + 0.6 eV. Products up to 
C, compounds were analyzed by gas chromatography. 
The detection limit was 10m4 molecules of product 
formed per incident electron. The analytical condi- 
tions were those indicated in ref. [I]. 

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 



Tal$e 1. .T. 
Yields of dially and.l-butene at-various electron energies. 

-Yields &e expressed ai fO? events per incident electron 

Product Yields 

7.0 8.0 8.; 9.0 9.5. 10.0 10.5 
eV CV kV eV eV eV eV 

CbH,,, 0.08 0 0.04 0.12 0.71 1.16 2.08 
1C4Ha 0.18 0 0.06 0.14 0.20 0.30 0.48 

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

3.3. Appearance curves 

Product appearance curves or product yields ([Xl) 
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 C5 compounds are similar to 
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Fig. 2. Appearance curve for all&e. 

a 

Fig. 3. Appearancecurve for (a) ethylene and (b) hydrogen 
(dotted lines allow distinction between linear and resonant: 
components of the yields). 
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Fig. 4. Appearance curve for (a) methane and Jb) acetylene. 

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

Di: 6.0 eV <I$ < 8.0 eV 

D,:. 8.0 eV -CEO < 9.0 eV 

.D,i 9.tIeV<Eo<10.0eV 

D4:. lO.OeV<Er,<l2.5eV 

D,C 12.5 eV<EO < 15.0 eV. 

Below 10.0 eV, i.e., in the excitation range, ailene, 
ethylene, hydrogen, methane, acetylene and I-butene 
(figs. 2.to 5) appearat 6.0,8.0 and 9.0 eV; ethane,. 
propyne, and cydoprapene (figs. 6 and 7) at 8.0 and 
‘9:O eV only. Appearance curves are linear in domains 

..Di andDj.Ind omain Dr , three different kinds of. 
,appearance-curves are noted: one curve is linear 
@lie&n fig_ 2) others-are resonant inshape With a 
niaximum ‘around 7.0 eV and zero ,yields at 8.0 eV 
(methane, acetyIene and I;butene in figs. 4 and 5). 

_..;. 

F& 5. Appearance curve for l-butene. 

Fig. 6. Appearance curve for ethane. 

Others again correspond to the superposition of the 
two previous kinds (ethylene and hydrogen in fig. 3). 
Dotted limes on these latter curves allow’distinction 
between the linear and resonant components of the 
yields (see table 2). 

Above 10.0 eV, i.e., in the ionization range, all Ithe. 

products formed in the excitation range, except. 

.. -. ... 
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Fig. 7. Appearance curve for (a) cyclopropene and 

(b) propyne. 

I-bufene, exhibit at the ionization threshold (lO.O- 
11 .O 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 enerG. Yields 
either decrease &group A: aliene and cyclopcopene) or 
increase (group B: ethylene, hydrogen, methane, 
acetylene, ethane and propyne). Products such as 
propane, propene, and C, and C5 compounds (fig. 8) 
which appear at 10.0 eV and I-butene behave differ- 
ently. Their yields increase gradualli with electron 
energy. They belong to group C. A break is noted at 
12.5 eV in the appearance curves of ttio products of 
this group: propene and l-butene. As in the simulated 
radiolyk study of neopentane [l] where simikr fea- 
tures were observed and analyzed thoroughly, the ai- 
pearance cunres i&group B can be visualized as the 
superposition ofthose characteristic of groups A and C. 

-. 
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b 

Fig. 8. Appearance curve for (a) propane and (b) propene 
(dotted line allows the evaluation of [CsH~ls in domain D2 

and D3). 

Table 2 
Distinction between Iinear and resonant components of the 
yields in domain D1 at 7.0 eV. Yields are expressed ai LO* 
events per incident electron 

Product Yields at 7.0 eV 

Linear 
component(L) 

Resonant 
component (R) 

AlIene 0.079 0 

EthLlene 0.128 0.089 
Hydrogen 0.079 0.178 

Methane 0 0.059 
Acetylene 0 0.15f.J. 

I-Butene 0 -. 0.178 

: 
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.(. ‘. cited and ionized states of cyclopropane. Correlations 

.al. Fiiih%zs if the observed @bclucts with respect 
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Table 3 cbmpares the appearance potentials of t.he 
various observed products with the energies of the ex- 

Table 3 

between the products whi&characterize each domain 
and these states are deduced from this comparison. 

4.1.1; Excita&i range 
A tentative assignment of the states involved in 

product formation is the following. In domain II,, 

Comparition between product appearance potentials (AP) and literature data 

Spectroscopic [3,8] and mass 
spectrometric data i9] Present results 

Excited stite .E (ev) AP leV) 
Ion AP(eV) Characteristic products domain 

C3G 

SE 
C&UP) 

S5 Y*Y.j _-______-___ 

T3 9.8 ~ 

SA 9.4 - 

T2 

$3 

s2 

Tl 

Sl 

(ET) 

14.4 - 

13.6 ~ 

12.4 - 

propene, l-butene DS 

12.5- 

12.0 ~ 
C4 and Cs compounds, propane 
propene, l-butene, 

10.2 - 

9.0 _-__-_______ 

8.55 ____ 

7.7 ~ 
7.4 -_--__--___- 

6.7 ~ 

6.0 ._. 

ethylene *, hydrogen * 
methane *, acetylene *, ethane * 
propyne * D4 

1 

allene *, cyclopropene * 

lO.O- 

I 

allene, propyne 
ethylene, hydrogen D3 
methane, acetylene ethane 

9.0- 

allene, propyne; cyclopropene 
ethylene, hydrogen D2 
methane, acetylene, l-but&e, ethane 

methane *, acetylene * 
l-butene * 

{ ethylenet’, hydrogent” 
{allenef- 

D1 

6.0- 

&singlet state; T: triplet state; SE: &erexcited state; IP: ionization potential:_ET: excitation threshold; ‘: yields exhibit a 
maximum; t: yields increase linearly with electron energy; l : yields increase steeply at the ionization potential. : 
.: _ 

-. ;. 
..- ; . . . .’ 

.: :, : : 



products whose yields increase linearly with electron- 
energy (allene) are ascribed to the singlet states at 6.7 
and/or 7.7 eV reached by allowed transitions* whereas 
products whose yields exhibit a maximum around 7.0 
eV 2nd become zero at 8.0 eV (methane, acetylene, 
and I-butene) are due to the triplet state at 7.4eV 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 Dz and D3 
(methane, acetylene, I-butene, ethylene, hydrogen, 
allene, propyne, cyclopropene and ethane) are 
ascribed to singlet states. Allowed 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 D3, the singlet states at 9.4 and/or 9.95 eV in 
domain D,. 

The triplet states at 9.0 and 9.8 eV seem to have a 
negligible contribution. 

4.1.2. Ionization range 
AS in other hydrocarbons studied, neopentane [I], 

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 ionization 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 10.0 eV. 
This exception rules out the possibility of an experl- 
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 [l], the feature ob- 
served at the ionization threshold where ionization is 
negligible is correlated with superexcitation; The con- 
clusion that electron impact produces su,oere.xcit&d 
molecules with a 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 eV which is symmetry forbidden is 
likely to be allowed-in the case of’low-energy electron im- 

pact- 
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sible to establish the detailed liliations 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 between’ 10.0 
and 15.0 eV and their reactions are numerous [g-17]. 
Only one correlation appears clearly: the break ob- 
served around 12.5 eV on the appearance curves of 
propene and I-butene corresponds well to the appear- 
ance potentials of ally1 and/or allene ions. 

However, gross liliations can be established from 
the appearance curves as suggested by observations 
made in neopentane study [ 11. 

(1) Products of group C (I-butene, propane, Cd 
and C, compounds) ace due uniquely to ions. Their 
yields increase gradually with electron energy as the 
ionization cross section does. 

(2) Superexcited molecules, fcrmed at least partly 
by a resonant process, are main precursors of products 
in group A (allene and cyclopropene). These products 
have the same typicai appearance curve as 2,2dimethyI- 
butane formed in the simulated radiolysis of neopen- 
tane which has been demonstrated to be representative 
of the production of such precursors (see ref. [ 11). 

(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 sckeme 
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. 

i+imary processes - As proposgd in photolysis 
studies [18,19], the fist step involves ring rupture 
with formation of trimethylene radicals which either 
dissociate directly according to processes (III),~(IV) 
and (V) (mechanism A) or isomerize to propene prior 
to dissociation according to processes (I) to (VI) 
(mechanism D). Processes (III), (IV) and(V) are 
common to both mechanisms. 

Secondary &actions - The free radicals formed in 
primary processes undergo reactions (,I) to (Qw.hich 
occur either on the walls or in the gas phase. Only 
reaction (5) needs walls for the recombination product. 



@hary pmcezses 

cCjH& cC3H;* ‘CH2-CH+THZf - CTJH~ I+ dikciation 

(mechanism D) 4 
~iissocia tion 

(mechanism A) 
-. 

hie&nism D 

cCaHd or cQH:* - CJHs + H 

- CHa +.Ca& 

- CH2 + C2H4 

+ C3H4 + Hz 

- C3H4 + 2H 

- C2H2 + CH3.+ H 

Mechanism A 

cC3Hz or I&HZ* - (3H, + C& 

- C3H4 + Hz 

- C3H4 + 2H 

Seconaby reucriops 

CH3 + CzH3 - CH4 + CzHz 

C2Ha + C2H3-+ C2H2 + C2H4 

CHJ + CJHC -- C4HB 

C3Hs + C3H5-+ GHIO 

CH3 + CH3 YC’LHL 

CH3. +. H ’ %H4 

C2H3 + H 
W 
- C:H4 

C3H5 + H w c& 

H+H zH2 

(1) 

(II) 

(III) 

(IV) 

09 

WI 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(81 

(9) 

Fig. 9. Peaction sehcmc. cCaHz: excited m&&les; cC3Hz*: 
suptirexcited molecules. 

to be stabilized. Disproportionation is the most prob- 
able fate of vinyl radicals [23,24]. Combination is 
favored in the case of ally1 radicals [25,26]. 

Reactions involving hydrogen atoms were con- 
sidered to occur only on. the walls [reactions (6) to 
(9)]. Gas-phase reactions (6’) to (9’) where the recom- 
biiation product is not stabilized and dissociates into 
fragments similar or not to those involved in their for- 

: m&ion ... 

CH; ‘+.H + (CH,) + CH3 t H’, (6’) 
Only limits were obtained for process (I). It was 

not indeed possible to determine experime.ntally the 
yield of propene resulting from reaction (8) below 
10.8 eV. .A.simllar situation is found in domains D2 
and D, for processes.,(D) and (VI) w$icb lead to-the 

.-. . . 
--- : 

-. . 

H+H+(H,)+H+;, .. :. ~ ‘: -, (‘3’) 

were assumed to have a negligible probability since 
hydrogen atoms diffuse 30 times. more rapidly than 
Iarge radicals [4] and hence their steady concentration 
in the gas phase is low. This assumption is well sup - ‘. 
ported experimentally. It will be seen. in the appendix 
that omission of reaction (7’) receives a good experi- 
mental justification. 

Reactions of methylene‘radicals on cyclopropane 
were also omitted. Products expected from these reac- 
tions (methylcyclopropane, cis- and tram-Zbutene 
[27-321) 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 ally1 and vinyl radicals (see 
appendix). Gas-phase or wall-catalyzed reactions of 
hydrogen atoms with cyclopropane molecules were 
neglected too. Such reactions would lead to cyclo- 
propyi 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 

(CH& . 

4.2.2. yields of excited molecules involved in product 
formation 

The yields of excited molecules in dissociating 
states (total yield NE and individual yields NI, NII, 
NIII, NIV+v and NVI) were evaluated from experi- 
mental data, using the relations presented in the appen- 
dix. The corresponding results are summarized in table4. 
Some of these yields (NE,NI,NIII and&V+,) are 
plotted versus electron energy in fig. 10. Table 5 shows 
ff re relative importance of the various decomposition 
processes considered. 

‘fhc yields of excited molecules which dissociate 
according to processes (IV) and (V) cannot.be evalu; 
ated separately.. 
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Table 4 
. . 

Yields of exciied molecules ai diiereiit electron energies (6.0 eV < Eo < 10.5 eV). Yields are expressed as 10m2 events per incident 
electron. Subsqipk specify the decomposition process involved 

_.... __.P 

PrOGZSS Yields 

7.0 ,v 8.0 eV 8.5 eV 9.0 eV 9.5 eV 10.0 eV 10.5 ev 

D A 
.____--_-._. 

Nl 0.36-0.54 0 0 0.14-0.34 
Yi 0.26 0 0 0.16-0.07 
NW 0 0.13 0.26 0.81 
NV+v 0 0.08 0.12 0.48 
NW 0 0 0 o-0.09 
NE 0.62-0.80 0.21 0.38 1.59-1.79 

4 4 +--- 1 

0.38-0.78 1.62-2.22 2.26-3.06 5.34 
0.34-0.16 0.65-0.28 1.04-0.35 1.98-O 
I .24 2.63 4.55 18.60 
0.78 2.03 3.32 14.98 
O-0.18 o-o.37 O-O.69 1.98-3.96 
2.74-3.14 6.93-7.53 11.17-11.97 42.88 

4 c $ 

Dl D2 

N.lC? 

50 

/ i 

a 

40 

30 

20 

10 

Fig. 10. Yields of excited molecules formed in dissociating states (mean values) and imkived in decomposition processes (I), (III), 
(IV) plus(V) (curves a, b, c and d respectively). Abscissa of curves b, c and d are shifted lcttwards by 5,10 and I5 eV respectively. 

same products. Z 7 e Vdissotite according to processes (itI] and (LV} 
Mechanisms D and A occur in the whole. energy (mechanism A) whereas cyclopropane ‘molecules ex- 

rarige.but they are distinguished kdomain D, only. cited in the .tripiet state at 7.4 e V dissociate according 
It appears in tables 4 and 5 that cyclopropane mole- to processes {I) and (II) vin iwni&izaticm to.propene 
cules excited in the singlet states at 6.7 eVand/or (me&anism Dj. A good agreement was found between 

-. 
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Table 6 
Yields of primary free radicals at 7.0 eV. Yields arc expressed 
as I@ events per incident electron 

Relation (primary free radical) Yield at 7.0 eV 

(d’) (vinyl) 0.26 
(e’) (methyl) 0.24 

the yields of vinyl and methyl radicals, resulting from 
process (II) (see table 5). The Nrl& ratio associated 
with this triplet state is between 41159 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 propne molecuies excited in the triplet states 
at 4.4, -6.1 and 7.7, eV. 

Observations in domain Dz (columns 5 anb. 6 of 
tables 4 and 5) show thar cyclopropane mole&es 
excited in the singiet vafence state at 8.55 e Vdisso- 
c&e mainly according to processes (f.11 and (IV] +( VJ. 
This agrees well with photolysis studies using 8.4 eV 
photons [l&19] where ethylene and C3H4 com- 
pounds are ihe most abundant products. A contrast 

with obs&%ations relatiie to the corresponding triplet 
state at 7.4 eV is noted which could indicate that 
intersystem croqing to this state is of small impor- 
tance.:.,: -. .. 

In &main D, (columns’7 and.8 bf tables 4 and 5) 
processes (I), (III) and (IV) f ( V) are the most impor- 
tant decomjwition chnn& These processes conse- 

.’ 

quently are characteristic of dissociation ofcyclo- 
propane molecules excited in the higher singret 
Rydberg stares 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. 

It appears on column 9 of table 4 and on fig. 10 
that the yields of excited molecules which dissociate 
according to processes (III), (IV) +(V) and (VI) in- 
crease steeply at the ionization threshold in domain 
D4 whereas this sharp increase is absent for process (I) 
and a similar situation seems to apply to process (II). 
Superexcited molecules which have been shown to be 
responsible for the sharp discontinuity in product 
yields occurring at the ionization threshold dissociate 
consequently according to processes (III), (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 (VI) is relatively more im- 
portant at the ionization threshold than in domain D3 
(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 riot possible to perform 
a detailed analysis-of chemical effects occurring above 
the ionization potential owing to the i&e complexity 
of ionic mechanism. The only tractable data concern 
the total yield of (nonpolymeric) products from &ich 
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. . Table 5 : : 
Relative the impoitanc&of decom$osition processes of excited between 8.0 eV and 10.5 molecules ev. Yields are as expressed 
percent total decomposition 

-- 
Process Re!ative importance 

7.0 eV 8.0 eV .8.5 eV 9.0 eV 9.5 ev lO.OcV ’ 10.5 eV 

Mechanism D Mechanism A 

1 59-68 0 0 i 9-19 14-25 23-29 20-25 12 
II 41-32 0 0 IO-4 12-5 9-4 IO-3 5-o 
III 0 62 68 51-4s 45-39 38-35 40-38 43 
w+v 0 38 32 30-27 29-25 30-27 30-28 3.5 
VI 0 0 0 o-5 O-6 O-5 O-6 5-10 

-- 
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the radiation chemical yield of prod&s, G(products), 
can be calculated assuming that all the electron energy 
is deposited in the medium 1361. The values found 
for G(products) between 11 and I3 eV increase from 
9.7 to 12.5; they compare well with that obtained in 
conventional radiolysis studies, i.e., 9.2 1211. &con- 
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. Condusions 

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

As in other similar studies (see ref. [ I] for instarxe) 
some data were deduced directly from stri’king features 
observed on appearance curves. Others required a 
detailed analysis of the chemical reactions of the re- 
active species 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 and/or 7.7 eV, at 8.5 eV 
and at 9.4 and/or 9.95 eV; (iii) the superexcited 
states around 10.2 eV. 

(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 
and/or 7.7 eV and the superexcited states. Mechanism 
D prevails in the first case, mechanism A applies to the 

second case. Both mecbnisms are involved in the dis- 
sociation of superexcited molecules. It is found more: 
over that the fragmentation degree is higher in super- 
exciied molecules than in excited molecules. 

(4) Information concerning primary processes idSO 

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 negligible 
importance_ 

Others corroborate data obtained insimulated 
radiolysis of neopentane [l] and hence support the 
same conclusions: (i) the electron impact excitation 
cross section shows a steep increase at the ionization 
potential; (ii) superexcitation could be at least partly 
a resonant process; (iii) 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 < Eo Q 10.5 eV) [35] 

The following general relations can be derived from 
the reaction scheme presented in fig. 9. 

Iv, =N,-.,, , (a) 

Nr = [C&l = H-C4J%l + W&l + [C,H&h 

NI = [HI1 = W-b1 - [C3J541) + NH43 - W2H21 

+W2H212+ K2H417) + [C3H618 1 (C) 

NII = [C2H3l =([C2H2ll+ Ec2H2I2) 

+W2H212 + [C2&17) 9 @) 

41 = tcH3111= [CH41 + 11.C,%l + 2[C2H61 

- [C2H21 + W2H211f P%H212) 3 (e) 

&II= [c2H41 -W2H212 + [c2H417) t (0 

N IV+V = CC3H41 3 (9) 

%I= K2H21 - W,H,l~ + fV212) 9 (h) 

NE = 2IH21 - [C3H41+ Wf41+ iCaH41 

+ W,H,l, * [C2H417) * [c3~618 . (9 

These relationi involve unknown terms such as 

(WI211 + ~~2~212) and (K&H212+ &H417) and 
terms such as [C,H& and [C$Ilo] whose determi- 
nation was not performed as already mentioned 
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.- (analysisof propene was possible only above IO.8 eV’) 
As.?ill.be seen late;([C,H1]2+[C2H4]7)can be 
calculated.and~reasonabIe’limits can be proposed for 
([C2H2]i+ ]C,H,]2)aud [C3He]e.-The values for 
[C,HIo J whichsatisfy the carbon-hydrogen balance 
(see table 1) lead always to a very good agreement 
between relations (b) and(c). 

DominD - Products due t0 the singlet states at 
6.7 and/or 7.7.eV (linear component in table 2) are 
assumed to result from primary processes (III) 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 Ufollowed 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 resonant compo- 
nents of ethylene and hydrogen yields can be written 
as foliows: 

U-$lg = WilR > [Hzl,v = W2lL9 

K2H412 = [c2H4lR> [C2H41,11= [CzH41,_- 

Relations (c) to(i) become then 

%)R =2&lR f tC3H& (c’) 

(N& = I$&1 = 3-[C,H,l - Pi,1 > Cd’) 
W& =~W,l= tCH41 + [I-C,H,l a (e’) 

(&rr)R = [9441~+ [c&I - W21= 0 a (f’)R 

($r)R = ~C~H~l~-(ICH~l+ IC2H41R) =o 7 Ih’IR 

($iI)L = [cZH41L 3 (f’)L 
WIV)L~= F3H41 = [&I L> . w, 

NE =2[4l-~JC3H41+ [C2H21 

+ tCzH41+ tC3Hels . (0 

Results obtained xv&b relations (d’), (e’) are pre- 
-setited.in table 6. This.table shows that a good agree- 
ment is reached between these t&o relations; Accord- 
ing to.tabIe 2, relations (f’)n, (h’)n and (g’)i are Well 

,‘- : 
.,.. -.. 

satisfied, These observations together with the fact 
that.the only products observed.at 8.0eV are ethylene 
and hydrogen give some.suppoit not only to the 
merhod used to distinguish-between the two linear and 
resonant components in the appearance curve-of this 
product but also to the proposed reaction scheme. In 
particular, omission of reaction (7’) and ofinteraction 
between vinyl and ally1 radicals is-entirely justified. 

Lkunains D2 arzd D3 - The whole reaction scheme 
involving indistinguishable mechanisms D and A is 
considered here. 

The unknown term ([C2H2]2+ [CzH4]7) is de- 
duced from the comparison between relations (d) and 
(e) which leads to relation(k): 

[‘341+ WC,H,l + W,H4- tC241 

=W2H212 + [C$417). 04 

Relations (b) to (1) become then 

NI = W-I21 - [C3HQl) + 2WQl - 2[ti2H21 

+ [~-~~Hsl + W&j1 + [C3f’& > (C’) 

$1 = W41 + [l-C&l + 2[C2H6l - K9-M 
+UW211+ K2H212) > (e”) 

NIII= W941 -(P-&l +[1-C&81+2[c2H61) 

+ [C&l 9 @“I 

$v+v= K3H41 3 ti’) 

&I= W21 -W,H21,+ 1V212) 3 @“I 

NE = W-51 - [C&J +2[cH4l- [CzH21 
(i”) 

+ [1-C4H8] + &Hgl + [c2H41 + tC3H& . 
Limits can be found to NII and NV1 since 

oWC2H211+ W2H212) G K2H21 9 (1”) 

[CH4]+ [I-C4H8]+2[C2H6]hVI,~[CH,] 

+ [1c4H8] + ‘W2H61 - E2H21 3 Cm”) 

0 QNV, =Z [C2H2] . (n”) 

Domain 04 at the ionizatiotrthreshold (10.5 evj 
- As in domains D2 and D3, both mechanisms D and 
A are involved in the primary stage and cannot be 
distinguished. Secondary reactionssuch as,(2) and 
(7) are negligible. The term ([C2H2] 2 + [C2H4] 7) 
given by relation (k) appears indeed to be zero. 

.: 
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Relations (b) to (i) are considerably simplified: 
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4 = 2(&l - W3~~l) + W-t11 

-i W-b1 + tC,H,l, 3 (c’“) 

& ‘5 [C2H211 3 (d”‘) 

ND1 = IC2H4] 3 (f “I) 

NIV+V = W941 i <p”> 

NJ,= &H21- W-511 3 (h”‘) 

NE =2[H21- [C&l + [Cv41 

+ &H41 l W-&l, * (i’“) 

Limits to ND and NvJ are deduced from relation 
(1”‘) 

~~[CZHZ11~Wf41, 

[CH,] >-NJ1 > 0, 

[C2H2J - KHJI QVvr G W2H21 . 

A.2 Evaluation of LC$elg 

(1”‘) 

(ml”) 

(n”‘) 

The evahrat;on of the term [&3Hs]9 which appears 
in relations (b’), (b”) and (b”‘) for NJ and in relations 
(i’), (i”) and (i”‘) for NE is based on the following ap 
proximation. 

Domuirr DJ - All hydrogen atoms formed in 
process (I) react on the walls which is not the case for 
corresponding ally1 radicals. Relation (0’) holds 
between the yields of propcne and hydrogen formed 
in reactions (8) and (9) 

o< [C,H,l,~ tH2]~, (0’) 

which allows evaluation of limits to NI and NE: 

W321~==1~3[%1~ > ($1 

'W,l- [C,H,l+ &%I+ [C~H~~~NE=[H~I 

- W3H41+ K2H21+ tC2H41 + &IR- (4) 

Donlain D2, D3, and 04 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]8 is lower than the 
hypothetical yield read on this dotted lime. 
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