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a  b  s  t  r  a  c  t

Using  atmospheric  pressure  nitrogen  corona  discharge  electron  attachment  ion  mobility  spectrometry
(APNCD-EA-IMS),  the  rate  constants  of  electron  attachment  to  1,2-dichlorobenzene,  1,3-dichlorobenzene,
1,4-dichlorobenzene,  1,2,4-trichlorobenzene  and  �,�,�-trichlorotoluene  have  been  determined  at  ambi-
ent temperature  as  a function  of  the  average  electron  energy  in  the  range  from  0.35  to  0.65  eV based
eywords:
lectron attachment
ate constant
hlorobenzene

on  the  experimental  measurements  of  the  negative  ion  mobility  spectra.  The  rate  constants  are  in  the
order  of  magnitude  of  ∼10−9 cm3 molecule−1 s−1. The  ability  of  the  dichlorobenzene  isomers  to  capture
the  electrons  has been  found  to decrease  following  the  order  of 1,2-chlorobenzene,  1,3-chlorobenzene
and  1,4-chlorobenzene,  which  is  different  from  previously  reported  results  in  the  literature.  For  electron
attachment  to 1,2,4-trichlorobenzene  and  �,�,�-trichlorotoluene,  the  experimental  measurements  show

ne  ha
on mobility spectrometry that  �,�,�-trichlorotolue

. Introduction

Electron attachment to chlorine-containing molecules is a very
ffective reaction and often responsible for the negative ion for-
ation in a variety of processes such as electric discharge, plasma

eactions and gas lasers [1–3]. The rate constant of electron
ttachment can be measured by well-developed techniques includ-
ng high-Rydberg collision ionization, rare-gas photoionization,
rossed-beams and beam gas, flowing-afterglow Langmuir-probe,
avalleri electron density sampling, and electron swarm [4–7]. In
ddition, ion mobility spectrometry (IMS) or ion mobility spec-
rometry coupled with mass spectrometry (IMS-MS) has been
mployed to measure the rate constant of electron attachment
eactions. The conventional experimental procedure is to monitor
he signal intensity of ions or electrons at different number den-
ities of attachment gas, and the rate constant can be extracted
rom the plot of the intensity of ions or electrons as a function of
he number density of attachment gas [8–10]. Recently, Tabrizchi

t al. [11] developed a technique to determine the rate constant for
lectron attachment reaction by the so-called negative ion mobil-
ty spectrometry. This technique essentially is one kind of electron

∗ Corresponding author. Fax: +86 551 5591076.
E-mail address: ychu@aiofm.ac.cn (Y. Chu).

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2011.05.002
s a higher  rate  constant  than  1,2,4-trichlorobenzene.
© 2011 Elsevier B.V. All rights reserved.

attachment ion mobility spectrometry. The thermal electrons are
produced at atmospheric pressure by a corona discharge in pure
nitrogen gas. When the ion shutter on the IMS  apparatus opens,
the electron packet will rapidly travel through nitrogen buffer gas
in the drift region. If a reagent gas is added to the drift region, due to
electron attachment reactions, the negative ions can be generated
on the path of the electrons, thus a special spatial distribution of
ions will be formed in the drift region. As a result, in the ion mobil-
ity spectrum, a negative ion intensity evolution with the drift time
can be observed from which the rate constant information can be
conveniently extracted using only the single concentration of the
attachment gas. This method has been successfully applied to the
rate constants measurement of electron attachment to chlorinated
methane CCl4, CHCl3, and CH2Cl2 [11].

For electron attachment to chlorobenzenes, early in 1966 the
dissociative electron attachment to benzene derivatives including
three dichlorobenzene isomers was studied by the swarm-beam
method [12]. The rate constants were reported to increase follow-
ing the order of 1,4-, 1,2-, and 1,3-C6H4Cl2 over the mean electron
energy 0.14–0.35 eV. Recently, dissociative electron attachment to
these dichlorobenzene isomers was  investigated in the electron

energy range from 0 to 2 eV and in the gas temperature range from
391 to 696 K using a crossed electron–molecular beam apparatus
[13]. The temperature experiments demonstrated that the Cl− ion
peak at close to zero electron energy has an activation energy of

dx.doi.org/10.1016/j.ijms.2011.05.002
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:ychu@aiofm.ac.cn
dx.doi.org/10.1016/j.ijms.2011.05.002
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ig. 1. Schematic diagram of the atmospheric pressure nitrogen corona discharge
lectron attachment ion mobility spectrometer (APNCD-EA-IMS).

82 meV  for 1,2-C6H4Cl2 and 59 meV  for 1,4-C6H4Cl2. The experi-
ents also show that, at ambient temperature, the Cl− ion yields

xhibit peaks only at 0.49, 0.39, and 0.32 eV for 1,2-, 1,3- and 1,4-
6H4Cl2, respectively. However, there are no rate constants to be
eported in the crossed-beam experiment.

In the present work, electron attachment to chlorobenzenes was
nvestigated by using an atmospheric pressure electron attachment
on mobility spectrometer with nitrogen corona discharge as elec-
ron source. First, electron attachment to CH2Cl2 was studied so
s to check the validity of the experimental measurement proce-
ure. Subsequently the rate constants of electron attachment to
,2-C6H4Cl2, 1,3-C6H4Cl2, 1,4-C6H4Cl2, 1,2,4-C6H3Cl3 and �,�,�-
6H5CCl3 were determined in an electron energy range from 0.35
o 0.65 eV. In the case of 1,3-C6H4Cl2 there exists a discrepancy
etween the present experimental value and that reported in the

iterature. We  will discuss the difference in the rate constants for
lectron attachment to dichlorobenzene isomers or trichloroben-
ene derivatives.

. Experimental

The electron attachment experiments were accomplished on an
tmospheric pressure nitrogen corona discharge electron attach-
ent ion mobility spectrometer (APNCD-EA-IMS), which had been

onstructed at Hefei laboratory. Its design is basically identical to
hat reported by Tabrizchi et al. [11,14]. Fig. 1 is a schematic draw-
ng of the apparatus. The drift tube has a total length of 17 cm and
he internal diameter of 4 cm.  Thermal electrons were generated
y negative corona discharge through nitrogen gas at atmospheric
ressure. The discharge electrodes are in the geometry of point to
late and the corona discharge voltage is around 3 kV. There is a
urtain electrode mounted in parallel to the discharge plate elec-
rode so as to form an 8 mm wide space, where flowing curtain
as like nitrogen can prevent the attachment gas from diffusing
nto the discharge region to quench the discharge. The voltage sup-
lied between the discharge and the curtain electrodes drags the
lectrons formed in the discharge area into the reaction region.
he reaction and drift regions consist of metal ring electrodes and
nsulating Teflon spacers. The high voltage through an electric resis-
ance network on the metal rings generates a weak homogeneous
lectric field along the central axis of the drift tube. In order to
xamine the rate constants of electron attachment at different elec-
ron energies, the electric field in the drift region can be varied in the
ange of 260–500 V cm−1, which corresponds to an average elec-
ron energy from 0.35 to 0.65 eV. Electric fields outside the range
etween 260 and 500 V cm−1 were not adopted, because the lower
lectric fields produce too weak ion signal and the higher fields may
nduce a destructive spark. An ion shutter of the Bradbury–Nielson

ype was used and in the present experiment its open time was
00 �s. The ions collected on the Faraday plate were measured
y a current amplifier (Keithley 428) which was interfaced to a
omputer data processing system.
ss Spectrometry 305 (2011) 30– 34 31

In general, electron attachment to chlorobenzene molecules M
proceeds via the dissociative electron attachment process (1).

e + M
k−→Cl− + (M–Cl)  (1)

If the number density of attachment gas [M] is far larger than that
of electrons [e], the reaction (1) will obey the pseudo-first-order
approximation. The electron density [e]t can be expressed as Eq.
(2).

[e]t = [e]0 exp(−k[M]t) (2)

where [e]0 is the initial electron density. After differentiation, Eq.
(2) is transformed to Eq. (3).

−d[e]t = k[M][e]0 exp(−k[M]t)dt (3)

When the ion shutter opens for a short time tg, a packet of electrons
will travel rapidly through nitrogen gas in the drift region, and the
Cl− ions are formed via dissociative electron attachment reactions.
According to Eq. (3),  the spatial distribution of chlorine ions [Cl−]x

along the drift region can be derived on the basis of the charge
conservation.

[Cl−]x = k[M]tg[e]0 exp
(
−k[M]

x

w

)
(4)

where w is the electron drift velocity and x is the distance from a
point in the drift region to the ion shutter. The distance x can be
written in the following form.

x = vd(tp − td) = L

tp
(tp − td) = L

(
1 − td

tp

)
(5)

In Eq. (5),  vd is the ion drift velocity, tp is the ion transit time from
the shutter to the Faraday plate, and td is the drift time of the ions
from the point located at x in the drift region to the Faraday plate.
Thus, Eq. (4) is further converted to Eq. (6)

[Cl−]x = k[M]tg[e]0 exp

(
−k[M]

L

w

[
1 − td

tp

])
(6)

When nitrogen is used as drift gas, normally it is very difficult
to completely remove water impurity inside. Thus, the Cl− ions
formed in the drift region can be converted to the clusters ions
Cl−(H2O)n(M)m via the following ion reactions.

Cl− + nH2O + mM
K←→Cl−(H2O)n(M)m (7)

In Eq. (7),  K is the balance constant, and the relation
of ionic density between Cl− and the cluster ions is
[Cl−(H2O)n(M)m] = K[Cl−][H2O]n[M]m. The ions detected on
the ion mobility spectrometry will be Cl−(H2O)n(M)m, and the
corresponding ionic current i should be

i = K[H2O]nk[M]m+1tg[e]0 exp

[
−k[M]L

w

(
1 − td

tp

)]
(8)

The drift time ratio td/tp is a constant (x/L) for the ions Cl− and
Cl−(H2O)n(M)m. Thus, the td and tp in Eq. (8) can adopt the counter-
part drift times of Cl−(H2O)n(M)m when the Cl− ions are converted
to the Cl−(H2O)n(M)m ions. From Eq. (8),  the logarithm of the ionic
current i exhibits a linear relation versus the ionic drift time td, and
the slope of the straight line is relevant to the rate constant k of
electron attachment.

ln i ∝ k[M]L
wtp

td (9)

If the attachment gas concentration [M],  the drift time tp at the peak

of cluster ions, the drift tube length L and the electron velocity w are
all known, the electron attachment rate constant k can be extracted.

In the present experiment, the chlorobenzene vapour samples
were introduced to the reaction or drift region of the ion mobility



32 H. Feng et al. / International Journal of Mass Spectrometry 305 (2011) 30– 34

F
i

s
t
a
t
p
s
b
1
C
w
w
p

3

3

i
l
w
c
w
r
n
f
r
t
W
t
F
u
T
C
(
n
a
s
a
f
b
m
F
e

Fig. 3. Logarithm of the ion signal intensity in the incline region versus the drift
time at various electric fields.
ig. 2. The ion mobility spectrum of CH2Cl2: (a) the sample was  introduced into the
onization region and (b) the sample was introduced into the drift region.

pectrometer. Their concentrations were generated by the conven-
ional syringe pump introduction followed by further dilution with

 calibrated buffer gas flow. A gastight syringe was  used to prepare
he saturation vapour of the sample. The emission rate of the sam-
le from the syringe was obtained by means of the controlled pump
peed and the saturation vapour pressure [15]. The purity of the
uffer nitrogen gas is 99.9995%. CH2Cl2, 1,2-C6H4Cl2, 1,3-C6H4Cl2,
,4-C6H4Cl2, 1,2,4-C6H3Cl3 and �,�,�-C6H5CCl3 samples (Aladdin
o., Shanghai) are chemical reagents with a purity of >99.7% and
ere directly used without further purification. This experiment
as carried out at the laboratory temperature (292 K) and ambient
ressure (766 Torr).

. Results and discussion

.1. Dichloromethane

Electron attachment to CH2Cl2 has been widely studied by many
nvestigators and the rate constants are easily available in the
iterature [11,16,17].  Therefore this electron attachment reaction

as first studied to validate the ensuing measurement for other
hlorobenzenes. Fig. 2 displays two ion mobility spectra recorded
ith CH2Cl2 introduction to (a) the reaction region and (b) the drift

egion, respectively. One can see that there is a very strong sig-
al peak close to zero drift time in each spectrum, which originates

rom the electron packet. In the case of CH2Cl2 input to the reaction
egion, as shown in Fig. 2(a), only one ionic peak appears at the drift
ime of 10.8 ms.  We  ascribe the peak to the cluster ions Cl−(H2O)n.

hen CH2Cl2 was introduced to the drift region, the observed spec-
rum in Fig. 2(b) exhibits two remarkable changes compared with
ig. 2(a). The ion peak has a shift from 10.8 to 13.2 ms,  while a grad-
ally increasing incline appears between the electron and ion peak.
he ion peak shift to longer time indicates that larger cluster ions
l−(H2O)n(CH2Cl2)m achieved a thermal equilibrium via reaction
7) in the drift region and finally could be detected. The incline phe-
omenon is a result that the ions Cl−(H2O)n(CH2Cl2)m were formed
long the path of the electrons in the drift region under the circum-
tances of [M]  > >[e]. Fig. 3 displays the logarithm of the ion signal
round the incline versus the drift time at different electric fields
rom 200 to 500 V cm−1. Indeed a linear relation exists, as predicted

y Eq. (9).  From the slope of the straight line, the electron attach-
ent rate constants were obtained and the results are shown in

ig. 4. In the data treatment, the velocities and average energies of
lectron movement in nitrogen are taken from Ref. [18]. For com-
Fig. 4. The rate constants of electron attachment to CH2Cl2 as a function of average
electron energies in nitrogen buffer gas at 292 K.

parison, Fig. 4 also gives the rate constants reported in the literature
[11,16,17]. It can be noticed that the present experimental results
are in good agreement with previous data, showing the validity of
the present APNCD-EA-IMS experimental measurement.

3.2. 1,2-, 1,3-, and 1,4-dichlorobenzene

Fig. 5(A)–(C) shows the ion mobility spectra measured for
three dichlorobenzene isomers 1,2-, 1,3-, and 1,4-C6H4Cl2, respec-
tively. In analogy to the CH2Cl2 experiments, two different sample
introduction modes were used. Traces a and b in Fig. 5 are the
experimental results obtained by means of dichlorobenzene intro-
duction to the reaction region and the drift region, respectively.
When dichlorobenzene samples were introduced to the reaction
region, the ion mobility spectra exhibit the similar behaviour with
only one ionic peak at the drift time ∼10.8 ms.  When dichloroben-
zene vapours were introduced to the drift region, the ion peaks
were found to move towards longer drift times. The ion mobility
spectra labelled as b in Fig. 5(A)–(C) were recorded at dichloroben-

zene concentrations close to 950 ppb. The drift times of the ion
peaks in the three spectra are 11.10, 11.28 and 11.35 ms for 1,2-,
1,3-, 1,4-C6H4Cl2, respectively. These ions may  be ascribed to the
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Fig. 5. The ion mobility spectra for 1,2-C6H4Cl2, 1,3-C6H4Cl2, 1,4-C6H4Cl2, 1,2,4-
C6H3Cl3 and �,�,�-C6H5CCl3. The samples were introduced into (a) the reaction
region and (b) the drift region. In the case of introduction to the drift region, the
concentrations of C6H4Cl2 isomers and �,�,�-C6H5CCl3 are close to 950 ppb and the
concentrations of 1,2,4-C6H3Cl3 are (c) 498, (d) 1302, (e) 2803 and (f) 2700 ppb.

Fig. 6. The electron attachment rate constants for 1,2-C6H4Cl2, 1,3-C6H4Cl2, 1,4-
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the ion peak increases with the 1,2,4-C6H3Cl3 concentration. This
6H4Cl2, 1,2,4-C6H3Cl3 and �,�,�-C6H5CCl3 in N2 buffer gas at 292 K as a function
f  average electron energies.

luster ions Cl−(H2O)n(C6H4Cl2)m, formed in the drift region via
eactions (1) and (7).

As described in Section 1, the rate constants of electron attach-
ent to 1,2-, 1,3- and 1,4-C6H4Cl2 were measured at electric fields

anging from 260 to 500 V cm−1, which covers an average electron
nergy between 0.35 and 0.65 eV. The rate constants determined
re displayed in Fig. 6 which also includes the rate constants of
lectron attachment to 1,2-, 1,3- and 1,4-C6H4Cl2 measured using
he swarm-beam method by Christophorou et al. [12].

For 1,2-C6H4Cl2, the rate constants reported in the litera-
ure [12] increase in the electron energy range between 0.14
nd 0.36 eV. The present measurement extends the upper bound-
ry of the electron energy region from 0.36 up to 0.65 eV,
articularly at around 0.36 eV our experimental datum of
.8 × 10−9 cm3 molecule−1 s−1 is reasonably close to the reported
alue of 4.6 × 10−9 cm3 molecule−1 s−1 by Christophorou et al. [12].

The present work shows that, in the average electron

nergy range from 0.35 to 0.65 eV, electron attachment
o 1,3-C6H4Cl2 has a rate constant between 2.5 × 10−9 and
.2 × 10−9 cm3 molecule−1 −1, which is below that of 1,2-C6H4Cl2.
ss Spectrometry 305 (2011) 30– 34 33

However, in the same electron energy region, the rate constant
reported for 1,3-C6H4Cl2 by Christophorou et al. [12] is in the
range of 7.8 × 10−9 to 9.2 × 10−9 cm3 molecule−1 s−1, which are
larger than that for 1,2-C6H4Cl2.

As for electron attachment to 1,4-C6H4Cl2, the determined rate
constant in the present experiment is in good agreement with the
result obtained by Christophorou et al. [12]. One can see that the
rate constant has a broad maximum around the electron energy of
0.5 eV.

Many studies [13,19–21] have shown that electron attachment
to chlorobenzene derivatives proceeds via dissociative channel to
produce Cl− anions. The reaction mechanism is that electron is
attached to the �* molecular orbital on the benzene ring followed
by intramolecular electron transfer to a C–Cl �* orbital, thus result-
ing in the Cl− dissociation. In the present work, the differences in
the rate constant for electron attachment to three dichlorobenzene
isomers may  be explained on the basis of the reaction energy and
electron withdrawing induced effect.

The energy threshold (Eth) for Cl− formation in the elec-
tron attachment reactions can be calculated using the bond
dissociation energy D(C–Cl) and electron affinity EA(Cl) of Cl:
Eth = D(C–Cl) − EA(Cl). The experimental D(C–Cl) values of 1,2-, 1,3,
and 1,4-C6H4Cl2 were reported by Chen et al. [22] to be 3.998,
3.898, and 4.063 eV, respectively. However, Cioslowski et al. [23]
thought that this experimental D(C–Cl) value of 1,3-dichlorobenzene
is most probably in error. Their calculation at the BLYP/6-311G**
level of theory gave a different result, i.e.,  the D(C–Cl) values are
incremental in the order of 1,2-, 1,3- and 1,4-C6H4Cl2. Some other
computations at a variety of theoretical levels [24–26] also obtained
the same result. Based on these theoretical values for D(C–Cl),
because the EA(Cl) is definite (3.61 eV) [27], the Eth values should
exhibit an increase for Cl− formation in electron attachment to
dichlorobenzenes in the order of 1,2-, 1,3-, and 1,4-C6H4Cl2. This
will lead to the electron attachment reactions to be energetically
more accessible following the order of 1,4-, 1,3-, and 1,2-C6H4Cl2.

Forys et al. [28,29] investigated the thermal electron attach-
ment rate constant dependence on the molecular structure for
halogenated propane isomers. The rate constants difference, like
k(1,1-C3H3Br2) > k(1,2-C3H3Br2) > k(1,3-C3H3Br2), was explained
via a hypothetical summary polarizability only at the electron
attaching centers in the molecule based on the concept of the elec-
tron withdrawing induced effect. Analogously, if the polarizability
of a chlorine atom at the C1, C2, C3, and C4 position of benzene
is expressed as P1, P2, P3 and P4, respectively, the position change
of a chlorine atom in dichlorobenzene from C2 to C3 and C4 might
cause a decrease in the polarizability: P1 > P2 > P3 > P4. Thus, for 1,2-,
1,3- and 1,4-C6H4Cl2, their summary polarizabilities would have a
relation: P1 + P2 > P1 + P3 > P1 + P4. This could result in a diminishing
rate constant for electron attachment to 1,2-, 1,3- and 1,4-C6H4Cl2:
k(1,2-C6H4Cl2) > k(1,3-C6H4Cl2) > k(1,4-C6H4Cl2).

3.3. 1,2,4-Trichlorobenzene and ˛,˛,˛-trichlorotoluene

As in the case of dichlorobenzene, when 1,2,4-C6H3Cl3 and
�,�,�-C6H5CCl3 samples were injected to the reaction region, in
the ion mobility spectra only one ion peak occurred at the drift time
of 10.8 ms  (see Fig. 5). Similarly, when the trichlorobenzene deriva-
tive samples were fed to the drift region, the ion peak appeared at
longer drift time. In Fig. 5(D), traces c, d, e and f are the ion mobil-
ity spectra recorded at 1,2,4-C6H3Cl3 concentrations of 498, 1302,
2803 and 2700 ppb, respectively. It can be seen that the drift time of
shows that large cluster ions Cl−(H2O)n(1,2,4-C6H3Cl3)m can form
via reaction (7),  once the number density of 1,2,4-C6H3Cl3 in the
reaction region is high.
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Table 1
Rate constant of electron attachment to 1,2,4-C6H3Cl3 at 292 K and at 410 V cm−1.

[1,2,4-C6H3Cl3] (ppb) tp (ms) Slope k (10−9 cm3 molecule−1 s−1)

498 11.30 0.04548 2.23
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[
[28] M.  Forys, I. Szamrej, The dependence of electron capture rate constants on some
1302 11.44 0.12063 2.29
2083 11.54 0.19084 2.29
2700 11.60 0.24132 2.24

Table 1 lists the drift times of product ions with respect to the
bove mentioned four concentrations of 1,2,4-C6H3Cl3. As shown
n Eq. (9),  the logarithm of the ionic current versus the drift time td
ndeed exhibits a linear dependence, and the slopes and rate con-
tants were obtainable which are listed in Table 1. It can be seen that
he rate constants k measured under the same drift electric field
f 410 V cm−1 are nearly unchanged even though using different
umber densities of 1,2,4-C6H3Cl3 in the experiments.

In order to compare with 1,2,4-C6H3Cl3, electron attachment to
,�,�-C6H5CCl3 was investigated and the ion mobility spectrum is
iven in Fig. 5(E). The rate constants of electron attachment were
lso determined and the results are displayed in Fig. 6. One can find
hat the rate constant for �,�,�-C6H5Cl3 is about 3.3 times of that
or 1,2,4-C6H3Cl3. In the previous studies of electron attachment
o chlorobenzenes [20], the cross-section for C6H5CH2Cl reaction
as found to be about 20 times of that for C6H5Cl. This large differ-

nce in the reaction cross-sections has been attributed to the ring
* orbital mixing with the C–Cl �* orbital that can promote the
l− dissociation. For the reaction system in the present work, we
elieve that the strong anti-bonding character of the C–Cl �* orbital

n �,�,�-C6H5CCl3 is the main reason for the higher rate constant
ompared to 1,2,4-C6H3Cl3.

. Conclusions

Using negative corona discharge in nitrogen gas at an atmo-
pheric pressure as electron source, electron attachment ion
obility spectrometry technique has been applied to study

lectron attachment reactions to a series of chlorobenzene
ompounds at ambient temperature. Electron attachment to
H2Cl2 has been studied to demonstrate the validity of the
xperimental method. The rate constants for electron attach-
ent to 1,2-C6H4Cl2, 1,3-C6H4Cl2, 1,4-C6H4Cl2, 1,2,4-C6H3Cl3 and
,�,�-C6H5CCl3 were quantitatively determined in the average
lectron energy range from 0.35 to 0.65 eV, which follow the
elations of k(1,2-C6H4Cl2) > k(1,3-C6H4Cl2) > k(1,4-C6H4Cl2) and
(�,�,�-C6H5CCl3) > k(1,2,4-C6H3Cl3). The differences in the rate
onstants for electron attachment to dichlorobenzene isomers or
o trichlorobenzene derivatives are discussed.
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