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Dissociative electron attachment (DEA) to halogenated derivatives of propane: 1-bromo-3-chloropropane,
2-bromo-1-chloropropane, 3-bromo-1,1,1-trichloropropane and 1,3-dibromo-1,1-difluoropropane was
studied in the gas phase at ambient temperature using a high resolution crossed electron/molecule beams
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vailable online 21 June 2008

eywords:
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technique. The negative ions formed via DEA reaction were identified using mass spectrometric technique
and the anion yields were measured in the electron energy range from 0 to 10 eV. The absolute partial
cross sections for DEA to the molecules were estimated using the relative flow technique.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Dissociative electron attachment (DEA) reactions to the
olecules play an important role in various fields of chemistry,

hysics and in large number of technological applications [1].
hloro- and bromo-substituted hydrocarbons are of high impor-
ance for the atmospheric chemistry. These molecules which are
ither of anthropological or natural origin are sources of the
tomic chlorine and bromine in the upper atmosphere and are
esponsible for the decomposition of the stratospheric ozone in a
atalytic cycle [2,3]. To the most important sources of the chloro-
nd bromo-substituted hydrocarbons belong the human activi-
ies (organic and pharmaceutical synthesis) and there exists also
atural sources (ocean) thus these molecules may exist in the
tmosphere in considerable amounts [4]. Besides these environ-
ental hazards it has been proved that the halogenated propanes

ave also genotoxic ability (damages to the DNA) and that this
bility depends on the mutual position of the halogens in the

olecules. The most toxic halogenated propanes contain vicinal

romines [5]. The environmental importance of the molecules, the
enotoxic properties and also the fundamental interest in the com-
etition of the several reaction channels in DEA reactions motivated
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resent study. Additionally, the study of DEA to different isomers of
hloro–bromo-propane is of fundamental interest as we are able to
tudy the effects of the molecular structure on the fragmentation
nd the kinetics of the DEA reaction.

Our laboratory systematically deals with DEA to chloro- and
romo-substituted hydrocarbons [6–11]. The DEA to several iso-
ers of methane revealed that the Br− channel is dominant

ccounting for more then 90% of the products and rest the Cl− anion.
nteresting question in DEA to chloro- and bromo-substituted
ydrocarbons is the formation of the molecular ions Cl2− and ClBr−.
hese ions were observed in FALP (Flowing Afterglow Langmuir
robe) experiments to chloro- and bromo-substituted methanes
6], however in our crossed beams experiments we were not able
o detect these anions [10]. Thus one of the questions in present
xperiment is if molecular negative ions are formed in DEA reaction
ith larger halo-hydrocarbons.

In present work we studied the reaction of the DEA to halogen
ubstituted propanes:

+ M → (M#−) → X− + (M − X) (1)

#− represents the transient negative ion (TNI), X− represents a
alogen negative ion and (M − X) a radical. The DEA reaction is a two

tep process. In the first step an unstable transient negative ion M#−

s formed, which either decays via autodetachment or decompose
nto fragment negative ion and neutral fragment or fragments.

The DEA to the chloro–bromo-propanes have been previously
tudied using swarm technique and crossed beams technique

http://www.sciencedirect.com/science/journal/13873806
mailto:matejcik@fmph.uniba.sk
dx.doi.org/10.1016/j.ijms.2008.06.009
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bromo-3-chloropropane. In previous low resolution experiment
[12] due to broad electron energy distribution function (about 1 eV
FWHM) only one broad resonance was observed in both molecules
located at 0.31 eV in 2-bromo-1-chloropropane and 0.37 eV in 1-
04 W. Barszczewska et al. / International Jou

12,13]. The rate coefficients for DEA to 2-bromo-1-chloropropane
f 3.5 × 10−10 cm3 s−1 and to 1-bromo-3-chloropropane of
.5 × 10−10 cm3 s−1 have been measured in swarm experiment
12]. In the low resolution crossed beams experiment the Br−

nd Cl− ions as the main products have been detected. Signifi-
ant differences in the ratio of the Cl−/Br− intensities have been
bserved, ranging from about 1 for 2-bromo-1-chloropropane
o about 0.05 for 1-bromo-3-chloropropane [12]. The crossed
eams experiment [12] has been carried out with low resolution
lectron beam (full width at half maximum (FWHM) of more
hen 1 eV) and thus the low energy resonances are not properly
esolved. So far we are not aware of experimental cross beams
tudies to the molecules 1,3-dibromo-1,1-difluoropropane and
-bromo-1,1,1-trichloropropane.

. Experiment

Present study has been carried out using a crossed elec-
ron/molecular beams apparatus which has been described in detail
n [14]; therefore we will give only a brief description. The elec-
ron beam is formed in a trochoidal electron monochromator (TEM)
15] with an electron energy resolution in present experiment
f about 100 meV full width at half maximum. The molecular
eam is formed by effusion of the molecules through a channel
4 mm long and 0.5 mm diameter). The molecular beam source is
emperature controlled so the DEA reaction can be measured at
ifferent gas temperatures. The pressure in the molecular beam
ource (about 1 Pa) is measured by absolute pressure gauge (Bara-
ron MKS). The negative ions are formed at the crossing point of
he two beams. The ions are extracted by a weak electric field
E < 0.2 V cm−1) into quadrupole mass spectrometer and the mass
elected ions are detected as a function of the electron energy. Spa-
ial discrimination of the ions exists in present experiment, i.e.,
nly ions from a very small spatial angle are extracted into the
ass spectrometer. This discrimination does not depend on the
ass of the molecule and only weakly on the kinetic energy of the
olecule. For this reason we do not expect discrimination effect

oncerning the Cl−/Br− ratio. Some discrimination of the ions is
lso possible in the mass spectrometer (transmission) and detec-
or; however, according to our experience we may neglect these
ffects in this range of masses. The resolution of the mass spec-
rometer was sufficient to resolve the isotopes of Br and Cl (79Br,
1Br, 35Cl, 37Cl). The negative ion yields were measured for iso-
opes 35Cl and 79Br, however, the experimental intensities were
orrected in order to get total Br−and Cl− ion yields. The calibra-
ion of the electron energy scale and the estimation of the electron
nergy distribution function of the electron in the electron beam
ere carried out through the measurement of the electron attach-
ent (EA) process SF6

−/SF6, additionally, the electron attachment
eaction SF6

−/SF6 has been used to estimate the cross sections
or DEA to the studied molecules using the relative flow tech-
ique.

The cross section curves were obtained by data analysis of the
xperimental ion yields. The ion yield is a convolution of the cross
ection and the electron energy distribution function and also
epends on the sensitivity of the apparatus. Measuring the ion
ield for a reference molecule under well defined experimental
onditions we are able to determine the electron energy distribu-
ion function f(E,U) and the response function K of the apparatus.
sing f(E,U) and K we are able to determine cross sections for a

olecule measured under identical conditions as the reference
olecule (electron current, f(E,U), pressure). We assume identical

ensitivity of the apparatus K for the detection of the ions. In
resent experiment we have used SF6 as a reference molecule. The
ross section for EA to SF6 has well-established values [17]. The
Mass Spectrometry 277 (2008) 103–106

EA cross sections (Fig. 2) were obtained from the ion yields by a
econvolution procedure (see [16] for details).

The ion yields were measured in the electron energy range from
to about 9 eV. The molecules studied in present experiment are

nder normal conditions liquids and the purity of the samples has
een 99%. No additional cleaning of the samples has been carried
ut. The gases were purified by the vacuum freeze–pump–thaw
echnique in order to remove impurities. Without this cleaning pro-
edure of the gases the negative ions formed in DEA to the impuri-
ies present in the sample were dominant, however, also this clean-
ng technique could not remove all impurities from the sample.

. Results and discussion

DEA to 2-bromo-1-chloropropane, 1-bromo-3-chloropropane
as measured in the electron energy range from 0 up to 9 eV.

he DEA to these derivatives of propane results in the forma-
ions of the ions Br− and Cl−. The measured ion yields for DEA to
he 2-bromo-1-chloropropane, 1-bromo-3-chloropropane are pre-
ented in Figs. 1 and 2. The ion yields for all fragments exhibit a
rominent peak at ∼0 eV. The 0 eV peak is usually attributed to
he capture of s-wave electrons and subsequent dissociation of
he parent molecular anion. This process is typical for exother-

ic dissociative electron attachment channels. The structures and
idth of the 0 eV peaks for these molecules indicate additional

ow energy resonances present in the molecules at approximately
.1 eV in 2-bromo-1-chloropropane and at about 0.5 eV in 1-
Fig. 1. The ion yields of the ions formed in DEA to 2-bromo-1-chloropropane.
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ig. 2. The ion yields of the ions formed in DEA to 1-bromo-3-chloropropane.

romo-3-chloropropane. The positions of the resonances of all
tudied molecules are listed in Table 1. A weak most probably core
xcited resonance is present at approximately 7 eV in 1-bromo-3-
hloropropane, this resonance is present for both negative ions Cl−

nd Br−. In the case of 2-bromo-1-chloropropane, there is some
ndication of similar high energy resonance, however, this reso-
ance is very weak and just above the noise level. The sensitivity
f the apparatus was not sufficient to detect this resonance more
learly. Using relative flow technique (reference reactions SF6

−/SF6,
he cross section for this reaction was taken from [17]) we have
oughly estimated the values of the partial cross sections. The val-
es of the cross sections for DEA to 2-bromo-1-chloropropane are
× 10−16 cm2 (Br− at 0.12 eV) and 2 × 10−17 cm2 (Cl− at 0.1 eV).

n the case of DEA to 1-bromo-3-chloropropane the values are
× 10−17 cm2, 1 × 10−18 cm2 (Br− at 0.47 eV, respectively 7 eV) and
× 10−18, 6 × 10−19 cm2 (Cl− at 0.57 eV, respectively 7 eV). The
ccuracy of the present cross sections is limited with relative accu-
acy of about 20%. In the low electron energy range (at 0 eV peak)
he accuracy of the cross sections is deteriorated by the presence
f impurities in the samples, the cross sections at higher electron
nergies are not influenced by the impurities. In the paper [12]
esides the low resolution crossed beam study also a quantitative

warm study was presented. The values of the total rate constants
or DEA to several chloro–bromo-substituted hydrocarbons were

easured. In the case of 2-bromo-1-chloropropane and 1-bromo-
-chloropropane the values were 3.5 × 10−10 cm3 s−1, respectively
.5 × 10−10 cm3 s−1. The integration of the present deconvoluted

i
u
k
n

able 1
he position of the resonances as observed for particular molecules

olecules Resonances (eV)

Cl− Br−

H2ClCH2CH2Br 0 0.57 7.0 0 0.47
H2ClCHBrCH3 0 0.10 7.0 0 0.12
H2BrCH2CCl3 0.10 6.8 0 0.13
H2BrCH2CF2Br – 0
Mass Spectrometry 277 (2008) 103–106 105

artial cross section gives values of rate coefficients of 3 × 10−9 and
× 10−10 cm3 s−1 which exceed the values obtained in the swarm
xperiment. The experiments to the molecules with inefficient dis-
ociative electron attachment are very sensitive to the impurities.
lready trace amounts (less then 1%) of impurities (in the sample,

he gas inlet system or the apparatus) with large cross sections for
EA (e.g., CCl4, CCl3Br, . . .) present in the sample may affect the
pparent rate of the reaction. This is probably also problem in the
resent DEA studies to 1-bromo-3-chloropropane and 2-bromo-
-chloropropane and may explain the difference in the reaction
ates in present and the former experiment. The trace amounts of
mpurities were confirmed also by positive mass spectra of the com-
ounds, however in the positive mass spectra the impurities were
ery weak.

Valuable information about reactions with two or more reac-
ion channels gives quantity called “branching ratio” (R). This
uantity describes the relative distribution of the ions into the
eaction channels R defined as follows (RBr = Br−/(Br− + Cl− + BrCl−),
Cl = Cl−/(Br− + Cl− + BrCl−)). There exist characteristic difference

n the branching ration between 2-bromo-1-chloropropane and
-bromo-3-chloropropane. Whereas in 2-bromo-1-chloropropane
he branching ratio RBr is about 90% (almost constant in whole mea-
ured electron energy range) in 1-bromo-3-chloropropane the RBr
epends strong on the electron energy (62% at 0 eV, 87% at 0.47 eV
nd about 60% at higher electron energies (above 1 eV)). If we com-
are the present branching ratio results with those published in
12] we may conclude that there is reasonable agreement between
hese two experiments.

The DEA reaction to 3-bromo-1,1,1-trichloropropane results in
our different reaction channels (within the sensitivity of present
pparatus). We have detected the products Cl−, Br−, Cl2− and
2H4Cl−. The ion yields of these products are visible in Fig. 3.
he dominant product at ∼0 eV is Cl− which is stronger than
he Br− anion. This is unusual result as in the previously stud-
ed chloro–bromo-substituted hydrocarbons, the dominant ion was
lways Br−. The high efficiency of the Cl− channel is most probably
ue to the fact that first carbon is highly substituted with Cl. The
igh substitution of this carbon results in a weak C–Cl bond and
hus high exothermicity of the Cl− channel. Using similar procedure
s mentioned above we have estimated the values of the partial
ross sections for DEA: 2 × 10−17 cm2 at 1 eV and 6 × 10−18 cm2 at
.8 eV for Cl−, 6 × 10−18 cm2 at 1 eV and 3 × 10−18 cm2 at 6.5 eV for
r−. The molecular ions Cl2− and C2H4Cl− were formed only at
eV resonances and the magnitude of the ion yield was one order,

espectively three orders of magnitude lower then the magnitude
f the Cl− peak. Using the present cross section data we were able
o calculate the rate constant for DEA to 1,1,1Cl-3Br-propane. The
alue of the total rate constant (including Cl− and Br− channel)
as 1 × 10−8 cm3 s−1 for gas temperature Tg = 300 K and electron

emperature Te = 300 K.

Electron attachment to 1,3-dibromo-1,1-difluoropropane results

n formation of three different negative ions (Fig. 4). The main prod-
ct is Br− which is effectively formed already at ∼0 eV. It is well
nown that in the brominated hydrocarbons this reaction chan-
el is exothermic and this ∼0 eV peak is most probably result of

F−

7.0 –
– –
6.5 –

2.0 3.3 5.6 6.82 2.16 7.8
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Fig. 3. The ion yields of the ions formed in DEA to 3-bromo-1,1,1-trichloropropane.

Fig. 4. The ion yields of the ions formed in DEA to 1,3-dibromo-1,1-difluoropropane.
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he s-wave electron capture to the molecule, which for exothermic
hannel results in fast dissociation. Four additional resonances are
resent at electron energies of 2, 3.3, 5.6 and 6.8 eV. The last two
esonances form a broad peak at energies above 5 eV. The 2 eV res-
nances has a cross of about 3 × 10−18 cm2. The 3.3 eV resonance
s most probably shape resonance (cross section ∼4 × 10−18 cm2)

hile the 5.8 and 6.8 eV resonances could be core excited (cross
ections ∼1 × 10−17 cm2). Additionally, at low electron energies the
olecular anion Br2

− is formed, however its intensity in compar-
son to Br− is more then two order of magnitude lower. The DEA
hannel resulting in F− formation is weak, estimated cross section
f about 2 × 10−18 cm2. As the F− channel is endothermic, there is
threshold for formation of this ion of about 1.5 eV. The peak of

he resonance is located at about 2.2 eV. Additional resonance at
bout 8 eV is also present in ion yield curves. Using the present
ross section we have calculated the rate constant for DEA to 1,3-
ibromo-1,1-difluoropropane. The value of 2 × 10−8 cm3 s−1 was
btained for gas temperature Tg = 300 K and electron temperature
e = 300 K. This value is in very good according to that obtained in
he swarm experiment which is equal to 1.8 × 10−8 cm3 s−1 [18].

. Conclusions

Using high resolution crossed electron–molecule beams tech-
ique we have measured the relative partial cross sections to four
ifferent halogen-derivatives of propane (1Cl-2Br-propane, 1Cl-
Br-propane, 1,1,1Cl-3Br-propane, 1,1Br-1,3F-propane). We have

dentified the products of the DEA reactions, the resonant energies
resent in the ion yields of particular products and estimated the
alues of the DEA cross sections to these molecules.
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