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Abstract: Dissociative electron attachment (DEA or DA) to chlorobenzene, benzyl 
chloride, o-,m- and p-tolyl chloride, vinyl chloride, and allyl chloride has been investi­
gated, including an analysis of the kinetic energy content of the fragments, i.e. hydrocar­
bon radical and Cle. Electron transmission (ET) spectroscopy is simultaneously em­
ployed to reveal the properties of the initial temporary molecular anions. The results 
suggest that for all systems the incident electron is captured into a low-lying 7i*-orbital.  If 
the C—Cl bond lies in the nodal plane of the ti-system the symmetry of the ground state 
fragments does not correlate with the initial anion resonance of 2H-symmetry. Predis­
sociation offers a mechanism to yield these products but sufficient time remains to 
channel the excess energy into various internal degrees of freedom of the products, 
resulting experimentally in less kinetic energy release. Alternatively, if the C—Cl bond 
does not lie in the nodal plane of the tt-system, adiabatic correlation between initial and 
final species in their ground states is obtained. The initial anion is formed in a repulsive 
state and Cl® appears experimentally with considerable kinetic energy. The present 
results thus offer clear-cut experimental indications for symmetry control in bond cleav­
age processes.

The events which occur during the colli­
sion of a free electron with an isolated mol­
ecule in the gas phase have received much 
attention in the past 20 years. This renais­
sance of the electron scattering field has 
been initiated by the discovery that short­
lived negative ions, also called resonances, 
may appear as intermediates in such colli­
sions111. A knowledge of the properties of 
such resonances is of crucial importance to 
an understanding of their subsequent fate 
which determines phenomena in e.g. astro­
chemistry, laser plasmas, and magneto­
hydrodynamics121. Furthermore an increas­
ing number of industrial chemical pro­
cesses make use of electron-impact induced 
association or dissociation reactions, com­
monly termed «electron curing»131.

Halogenated hydrocarbons have be­
come a major threat to the environment

and the search for economic ways of elimi­
nating the halogen atoms has thus stimu­
lated much basic research141. The well 
known process

RHal + e®^R° + Hal®

offers an attractive procedure of dissocia- 
tively reducing them to less toxic sub­
stances including an inert halogen anion. 
Since anaerobic bacteria apparently also 
possess the potential for this reaction, 
much work is currently devoted to eluci­
date its mechanism in detail151.

Considerable electrochemical work has 
been done on halogen elimination in solu­
tion. Electrochemical methods can con­
tribute to the study of solvent effects on the 
reaction rates and, if the radical anion lives 
longer than 10-9s, to the determination of 
the lifetimes of the unstable species16,71. The 
internal energy distribution of the product 
molecular anion, as well as the reduction 
potential dependence of the reaction rates 
are, however, difficult to obtain with such 
measurements. Dissociative electron at­
tachment (DA) spectroscopy including the 
kinetic energy analysis of the product an­
ion thus offers a unique possibility to 
examine the dissociation mechanism of the 
isolated short-lived radical anion and to 
interpret the findings in the light of theo­
retical considerations.
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We now report DA processes in the un­
saturated halocarbons chlorobenzene (1), 
benzyl chloride (2), vinyl chloride (3), and 
allyl chloride (4). DA in 1 has already been 
investigated1'01. For 2 an efficient DA pro­
cess with thermal electrons has been no­
ticed in a y -irradiated organic matrix1"1. 
Our spectra of this compound will show 
that the cross section becomes even larger 
at non-thermal electron energies. The DA 
to 3 has also previously been reported1121, 
while no data on the DA to 4, as well as on 
any ion kinetic energy measurements of the 
compounds 2 and 4 are known to us.

i 2 3 4

In DA to saturated halocarbons, the 
electron is captured into a <7-orbital of the 
C—Cl bond and causes its dissociation. 
This type of process has been studied theo­
retically on the prototype molecules HC1181 
and halogenated methanes191. In the case of 
unsaturated compounds, however, the 
electron may also be accomodated in a ?t *-  
orbital before dissociation takes place. 
Symmetry considerations assuming the 
molecule to remain planar during the 
C—Cl bond cleavage speak against this 
mechanism if adiabatic formation of the 
ground state products is envisaged, but the 
large DA-band observed at the energy of 
the it *-resonance,  known from electron 
transmission spectroscopy, supports the 
notion of the formation of an intermediate 
radical anion of 2H-symmetry.

Thus, from the previous results of DA to 
chloroethylenes, and from calculations 
and electron transmission studies113141 it 
was concluded that the electron is acco­
modated in a 7r*-orbital  before dissocia­
tion1121. In our work, all four systems are 
shown to produce Cl® efficiently via the 
capture of the incident electron into the 
lowest unoccupied s*-orbital.  A distinct 
difference, however, exists in the partition­
ing of the excess energy between those 
compounds, in which the chlorine atom 
and the 71-system are directly linked, and 
those, in which they are separated by a 
methylene group. Characteristic differ­
ences in the dissociative breakdown of the 
anions of benzyl chloride and chloro­
benzene were in fact predicted almost 20 
years ago on the basis of the symmetries of 
the initial anion state and the final states of 
the dissociation products[15].

Experimental
The dissociative attachment instrument 

has been described earlier1161. A quasi- 
monoenergetic (about 0.06 eV fwhm) elec­
tron beam is prepared using a trochoidal 
monochromator1171. The beam then col­
lides with a static gas in a target chamber. 
Negative ions are extracted through a slit 
from the chamber at 90° with respect to the 
electron beam and are energy analysed by
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a 90° cylindrical condenser and associated 
ion optics. The ions are then either directly 
detected to obtain high-resolution ion­
yield curves, or are passed into a commer­
cial double-focusing magnetic sector mass 
filter to give lower resolution but mass se­
lected curves.

The trochoidal monochromator allows 
the measurement of processes at electron 
energies very close to 0 eV with the same 
beam intensity as at higher energies. Thus, 
this energy selecting device has an impor­
tant advantage over pure electrostatic sys­
tems in the investigation of chloro com­
pounds which often yield Cle upon colli­
sions with 0 eV electrons.

The resolution in the ion kinetic energy 
measurements is limited by thermal 
broadening1181. This broadening becomes 
considerable at ion energies above 100 
meV. Furthermore, the observed shape of 
the ion kinetic energy curves depends on 
the transmission function of the ion optics 
for different ion energies. This function is 
consistent with a 1/E^ drop of the ion 
extraction efficiency for the present instru­
ment116,191. In our communication the con­
clusions are based on the qualitative differ­
ences between the ion kinetic energy spec­
tra in a series of compounds, the knowl­
edge of the true curve-shapes therefore not 
being essential. The ion energy spectra 
shown in the figures were not corrected for 
the effect of the transmission function. The 
electron energy was calibrated on the O®/ 
CO2 threshold at 3.988 eV.

Results
Fig. 1 shows the electron energy depen­

dence of the zero energy Cl® yield from 1 
and the ion kinetic energy spectra taken at 
0.7 eV and 1.1 eV incident energies. The 
0.75 eV DA band is in agreement with pre­
vious work1'0,20-211, but some differences still 
exist in the region of weak signal-intensi­
ties below 0.5 eV120,211.

The C—Cl dissociation energies found in 
the literature indicate that the Cl® thresh­
old must lie close to 0 eV. We observe a 
weak peak at 0 eV, and the Cl® yield does 
not drop to zero at energies above 50 meV. 
Similar peaks at zero energy have been ob­
served in a number of saturated halocom­
pounds such as C1®/CH3C1[221, C1®/CC14 
and C1®/CFC131231, and were interpreted as 
the onset of an s-wave scattering process 
with attachment cross section propor­
tional to E^112123]. Except for our lower 
resolution, the peak we observe at zero 
energy in 1 is similar to the one reported 
for the saturated halogenated methanes1231. 
We may thus describe this peak as arising 
from the direct capture of the electron into 
a C—Cl n*-orbital, the mechanism of dis­
sociation being similar to that described 
for the prototype saturated compounds18,91.

The Cl® yield increases sharply at ener­
gies above 300 meV. At this energy a shape 
resonance in the transmission spectrum is 
observed, which was assigned to the X 2A2 
state of the molecular anion1241. Two anion 
states are expected to be formed at these

energies by the capture of an electron into 
the a2(re*) and b/re*) lowest unoccupied 
orbitals:

a^/f) b^

The transmission curve in Fig. 1, 
recorded with the present instrumentation, 
shows that the rise in Cl® signal coincides 
with the decrease of the transmitted cur­
rent, and thus with the attachment cross 
section. We can therefore associate the in­
tense DA band with the capture of the 
incident electron into the low-lying /^-or­
bitals. The existence of a shoulder in the 
DA energy dependence at 1.1 eV may indi­
cate the location of the second state B 2Bj. 
The ion kinetic energy spectra show that 
only zero energy Cl® is produced from the

Fig. 1. Cl& yield and ion kinetic energy distributions from dissociative electron attachment 
to chlorobenzene 1 at low incident electron energies. The transmission curve (not derivative) 
indicates the position of the shape resonances associated with the capture of an electron into 
the unoccupied n*-orbitals.
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Fig. 2. Incident electron energy dependence of Cle yield and ion kinetic energy spectra of 
benzyl chloride 2. The letters a, b, c, and d stand for the incident energies E^ = 0, 0.5, 0.8, 
and 1.1 eV, respectively. The curve on the left was obtained with the ion analyser adjusted to 
accept 0.4 eV ions.

ION KINETIC ENERGY CeVJ

DA event at this energy.
Fig. 2 shows the energy dependence of 

the Cl® yield from 2 and the ion kinetic 
energy distributions measured at the inci­
dent energy locations indicated with a,b,c, 
and d. In contrast to 1, Cl® appears with 
considerable kinetic energy from this mo­
lecular anion. The analyser was adjusted to 
accept 400 meV ions for the energy 
dependence measurement. The ion signal 
intensity from 2 is similar to the one ob­
served in 1. Considering the l/E^ drop of 
the apparatus sensitivity, one may estimate 
the Cl® DA cross section of 2 to be one to 
two orders of magnitude larger than the 
corresponding cross section for 1.

As Cl® cross sections from compounds 
without re-bonding such as CH3C1 in 
general only reveal a peak at zero 
energy1221, we may conclude, that the high 
Cl® cross section at non-thermal electron 
energies in 2 is due to the capture of the 
electron into the low-lying re*-orbitals. 
From the approximate C—Cl dissociation
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energy of 3.0 eV[251 we can expect the 
threshold for the production of Cle from 2 
to be at about —0.6 eV. At an incident 
electron energy of 0.5 eV we thus have an 
excess energy of 1.1 eV, and with 
f) = 0.28p6!, the highest possible kinetic 
energy of Cle would be 0.79 eV. Approxi­
mately 40 % of the available excess energy 
therefore appears as kinetic energy of the 
fragments.

Fig. 3 compares the energy dependence 
of the Cl® yield and the ion kinetic energy 
spectra of 3 and 4. The Cl® cross section of 
4 is estimated to be one to two orders of 
magnitude greater than that in the vinyl 
system 3. In analogy with the aromatic sys­
tems, Cl® appears with very little kinetic 
energy from 3, but with a considerable 
amount from 4. From the 3.5 eV C—Cl 
dissociation energy of vinyl chloride1251, 
one would expect the treshold to be above 
0 eV. Our spectrum shows a weak peak at 
0 eV, similar to the one observed in 1. We 
therefore conclude that the threshold lies 
little below 0 eV. At ^n = 1.4 eV, the ion 
kinetic energy of 100 meV indicates that 
more than 80% of the excess energy is ab­
sorbed as internal energy by the vinyl frag­
ment. If we assume the threshold energy of 
4 to be similar to that of 2, we see that at 
Em = 0.8 eV about 60% of the excess 
energy is channeled to translational energy 
of the fragments. The data are summarized 
in Table 1.

Discussion
Summarizing the experimental obser­

vations, the following distinct patterns are 
found in the investigated compounds: 
(i) In compounds where the Cl-atom is 

bound directly to the carbon ?r-system 
(and thus lies in the symmetry plane of 
the 7i-system), no kinetic energy 
release and smaller signal intensities 
are observed;

(ii) in compounds where the Cl-atom is 
separated from the carbon tt-system 
by a CH2-group (and is - by steric rea­
sons - no longer in the above men­
tioned plane), a large kinetic energy 
release and larger signal intensities are 
found.

The explanation of the difference in in­
ternal energy of the neutral fragments may 
be based on symmetry considerations. The 
ground state fragments of 1, phenyl-radi­
cal C6Hy (2A„ or «2S») and C1®('S) can 
only be correlated with a totally symmetric 
anion resonance, a feature already pointed 
out in[151. The electron captured into a®*- 
orbital, however, yields a short-lived an­
ion, whose wave function is antisymmetric 
with respect to the molecular plane. We 
shall call this temporary negative ion a 
«2n»-resonance. If this initial state is cor­
related with a dissociation continuum 
yielding Cl® (‘S), the phenyl-radical frag­
ment must have also 2II-symmetry. This is 
shown with schematic potential curves in 
Fig. 4. The 2S-2n excitation energy (2.34 
eV) of the phenyl-radical was taken 
from1271. We can thus expect the predis-

Fig. 3. Energy dependence of Cle yield and ion kinetic energy spectra of vinyl chloride 3 and 
allyl chloride 4. The letters a, b, and c stand for the incident energies Ein = 1.1, 1.4, and 1.8 
eV, respectively in the case of 3, and for Ein = 0.5, 0.85, and 1.8 eV, respectively in the case 
of 4. In the energy dependence measurements, the ion energies were fixed at 0.1 and 0.4 eV 
for 3 and 4, respectively.

Table 1. Evaluation of ion kinetic energies obtained from dissociative electron attachment to 1-4. The ion kinetic 
energies at the maxima of the distributions (£„,„) were obtained from the data corrected with respect to the 
extraction efficiency. £th is the threshold energy for dissociation. E^/E^ is the fraction of the excess energy 
partitioned to the translation energy of the fragments.

%[cV] Sth [eV] Äon [eV] ^kin/^ex

chlorobenzene 1 0.7 «0 0 0
1.1 0 0

benzyl chloride 2 0 æ-0.6 0.2 0.45
0.5 0.37 0.45
0.8 0.4 0.40
1.1 0.4 0.33

vinyl chloride 3 1.1 «0 0.1 0.20
1.4 0.1 0.16
1.8 0.1 0.13

allyl chloride 4 0.4 s-0.6 0.35 0.65
0.8 0.45 0.60
1.2 0.5 0.52

sociation via the <r*-resonance to be the 
only energetically possible way of dissocia­
tion. In order for predissociation to be fea­
sible, the symmetry of the resonance must 
be lowered by eliminating the molecular 
plane of symmetry. Molecular distortions 
such as the excitation of the C—Cl bond 
out-of-plane wagging motion, could create 
the necessary interaction between the 
states involved. A similar mechanism has 
been involved in the dissociative attach­
ment to 31131 and is based on the theoretical 
findings that the 2II-ethylene anion is un­
stable with respect to out-of-plane tor- 
tional motions about the double bond1141.

Two qualitative reasons may thus be 
given for the zero Cl® kinetic energy in the 
dissociative attachment to 1 :
(i) The excess energy must be trans­

formed into the excitation of vibra­
tional deformation modes to enable 
dissociation;

(ii) the predissociation mechanism implies 
a - relatively speaking - longer disso­
ciation time, thus allowing for the effi­
cient distribution of the excess energy 
among the various vibrational degrees 
of freedom of the molecule.

The fact that Cl® appears with small, yet 
observable kinetic energy in 3 (as opposed

to 1) can be associated with the higher ex­
cess energy and with the smaller number of 
vibrational degrees of freedom of the vinyl 
fragment, among which the excess energy 
can be distributed.

Fig. 4. Approximate potential energy curves 
of the ground state and the low-lying anion 
states of chlorobenzene 1. The molecule is 
assumed to remain planar during the disso­
ciation of the C—Cl bond.
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In the benzyl chloride system 2, the 
C—Cl bond is not fixed in the plane of the 
n-system. Molecular models indicate that 
by steric reasons this bond is strongly ro­
tated out of plane. The C—Cl a*-bond or­
bital is thus able to mix with the ^-or­
bitals of the benzene ring, becoming part 
of the 7t*-system. This is visualized in the 
energy dependence of the Cle yield of 2 in 
Fig. 4, where no distinct separation be­
tween a 2L- and a 2II-DA resonance can be 
made as in the case of 1. The anion of 2 can 
thus directly dissociate, i.e. the electron is 
directly captured into a repulsive state. 
Here, no interactions between a discrete 
non-dissociative level and a dissociation 
continuum determine the lifetime of the 
resonance with respect to dissociation, 
which is therefore expected to proceed 
rapidly. There is also less time for the dis­
tribution of the excess energy among the 
vibrational degrees of freedom which re­
mains localized in the dissociating coordi­
nate. Consequently, a considerable frac­
tion of excess energy will appear as transla­
tional energy of the fragments.

This explanation of the different DA 
characteristics observed in unsaturated 
halocarbons was supported by the measu­
rement of the ion kinetic energy of Cle 
from o-, m-, and p-tolyl chloride. The 
recorded spectra are shown in Fig. 5. No 
major difference between the spectra of the 
m- and p-tolyl compounds in comparison 
with the benzyl compound 2 can be seen, 
o-Tolyl chloride, however, reveals a 
distinct reduction of the ion kinetic energy. 
The steric interaction between the Cl-atom 
and the methyl group is expected to favour 
a conformation with the C—Cl bond now 
situated in the plane of the it -system, thus 
interrupting the interaction between the n - 
system and the <r*-orbital of the C-Cl 
bond with respect to 2. The dissociation 
takes therefore more time which allows the 
excess energy to be more efficiently chan­
neled into the various vibrational modes of 
the tolyl lattice.

Conclusion
The results of the present work suggest, 

that in DA to unsaturated halocarbons the 
fragment Cle is most efficiently produced 
through the capture of the incident elec­
tron into a low-lying unoccupied 7t*-or- 
bital. The Cle yield is highest when the 
C—Cl bond does not lie in the nodal plane 
of the 7t-system, thus permitting the inter­
action between this bond and the ti-sys­
tem. The temporary negative ion is then 
formed in a repulsive state and Cle appears 
with considerable kinetic energy.

If the C—Cl bond is directly linked to the 
7i -system, i.e. if it lies in the nodal plane of 
the 7t-system, the symmetry of the ground 
states of the fragments no longer permit 
their formation adiabatically by direct 
dissociation of the initial anion resonance 
of 2H-symmetry. A predissociation mecha­
nism necessitating a distortion of the mo­
lecular anion can nevertheless account for 
its decay into ground state fragments.

ELECTRON ENERGY CeV5 ION KINETIC ENERGY CeVJ

Fig. 5. Cle yields and ion kinetic energy spectra of o-, m-, andp-tolyl chloride. The energy 
dependence of the lower two compounds was taken with the ion analyser adjusted to accept 
0.3 eV ions. In the ortho-compound, the energy dependence of the production of 0.2 eV ions 
is displayed. The letters a, b, c, d, and e standfor the incident energies Ein = 0,0.25,0.5,0.8, 
and 1.1 eV, respectively.

However, in this case, sufficient time re­
mains to channel the excess energy primar­
ily into the various vibrational modes of 
the organic moiety, resulting in less kinetic 
energy release of the fragments.
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