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A new experimental approach based on swarm techniques was proposed for the measurement of rate constant
of an electron attachment process at atmospheric pressure by means of negative ion mobility spectrometry.
In this technique, sample is continuously delivered to the drift gas, which then enters into the drift region
where it reacts with a counterflowing swarm of electrons injected by the shutter grid. As a result, negative
ions are formed in the drift tube and a tail appears in the ion mobility spectrum. It is shown that the tail fits

to an exponential function and the magnitude of the electron attachment rate constant value can be extracted
from the plot of In(ion intensity) versus the drift time. Unlike conventional electron swarm technique, it is
not necessary, in this method, to perform the experiment at various concentrations of the sample. The approach
proposed was typically examined for GCCHCl, and CHCI, and the rate constants were estimated for a
range of mean electron energigsl{= 0.28-0.88 eV) in nitrogen buffer gas at 300 K. Good agreement
between the rate constant measured in the present work with those reported in earlier works is observed.

1. Introduction energy electron attachment processes based on swarm tech-

. niquest?2-16 The major advantage of that instrument in com-
Attachment of low-energy electrons to molecules in gas phase . . .
arison with a conventional electron swarm appaf&tiswas

has been an active area of research from both experimental an hat the masses of the anion products resulting from the electron

theoretical points of view. These studies are important in various attachment process could be determined. The anion product

fields such as electric discharges, plasmas, lasers, and atmo- . .
. . ! . masses are needed to investigate the electron attachment
spheric chemistry. There are several experimental techniques

which have been extensively used in studies of low-energy processes, however, othqr swarm techniques are not able to
electron attachment. These include the high-Rydberg collisional measure such values. Grimsrud et al. alsq measured thermal
T L electron detachment of the molecular anion of azulene at
ionization, rare-gas photoionization, crossed-beams, reversal . > ;

. - “elevated pressures by ion mobility spectromé®nBy this
electron attachment detector, the Cavalleri electron density R . . .
sampling, electron swarm, flowing-afterglow/Langmuir-prob method, negative ions were introduced to a drift tube containing

. o : - . nitrogen gas. During the time required for an ion packet to drift,
and microwave conductivity/pulsed radiolysis technigti&sn . .
. . a portion of the ions undergo thermal electron detachment. From
most cases, electron attachment has been studied by negativ

ion mass spectrometry. In a few cases, however, it has beenﬁ“a IMS waveform thereby produced, the magnitude of the

observed by means of ion mobility spectrometry (IMS). IMS electron detachment rate constant value can be deduced.
. . ; . . . In the conventional electron swarm technique, a pulsed swarm
is basically an ion separation technique at atmospheric pres-

sure34 In this technique, ions are separated according to their of electrons, produced at one end of a drift tube, is drawn under

individual velocities as they drift through an inert gas, driven th;sl?g\,ﬁ?geaoéjggt?rr; ?Leed(;ltchEflgiégr%fj%ﬂea?ulgsrt : Lg:ﬁg”
by an electric fiel~7 It is a simple, inexpensive, and sensitive 9 ;

analytical method for the detection of organic trace compounds. quan_tity (usually less than one part per million) O.f an attaching
Karasek et a¥~10 have first proposed IMS as an efficient gas is added to the buffer gas. .Th's results in removal of
technique for the investigation of electron capture behavior of electrons and hence a reduction in the electron current. The

molecules. They reported experimental evidence of dissociativearnIDIitUde of the electron pulse is then monitored as a function
: yrep P . . . of the attaching gas concentratidvi]| The density normalized
electron capture for halogenated aromatics with formation of a

) . . electron attachment coefficiert, can be extracted from the
halogen ion as well as simple electron attachment for nitroben-

zene with formation of a negative molecular i®nSpangler exponential aftenuation equati¢h:
and Lawless later measured the electron capture rate constant A
for chlorobenzene with an ion mobility spectrometehe — = expalL[M]) (1)
procedure included the use of exponential dilution flask to vary Ao
the concentration of the sample introduced into the ionization ) ] )
region. Then, the rate constant was extracted from the plot of Where A and A, are the pulse amplitude with and without
the number of Cl ions generated as a function of number of attaching gas in the drift tube, respectively, anis the length
chlorobenzene molecules injected. Mayhew also used an ionOf the drift tube. The rate constakiis related too by
mobility mass spectrometer to investigate the kinetics of low-

k= wa (2)
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] | |i :H_ where E] and [M] are the electron and the neutral electron
_T T attaching molecule concentrations, respectivielg.the electron
Curtain Gas - Carrier Gas Drift Gas attachment rate constant ahi$ the elapsed time. The neutral
Discharge Curtain lonization Drift reactantsM, are present in great abundance compared to the
Region  Region  Region Region electrons; thus, it is possible to assume that the sample
Figure 1. Schematic diagram of the negative corona discharge ion concentrationljf] is contant, and consequently, the reaction can
mobility spectrometer. be considered as a pseudo-first-order reaction. Then, the

integration of eq 4 yields
In the standard electron swarm technique, information is

extracted from the reduction in the electron current. To use eq [e];

1, it is necessary to perform the experiments at various sample In Eh —K[M]t (5)
concentrations NI], which is unfavorable because of time- 0
consuming experimental measurements. In this paper, we
describe a new method, using ion mobility spectrometry, for

measuring electron attachment rate constants, in which the
information is extracted from the negative ions. Unlike the

electron swarm technique, it is sufficient, in this method, to

perform the experiment at only a single concentration of sample.

where E], and [g]; are the initial concentration of electrons,
and the electron concentration at elapsed tinmrespectively.
The elapsed timé may be substituted by = wt, wherew is
the electron swarm velocity andis the distance traveled by
the swarm. The electron density at distardem the injection
point in the drift region will then be

i i k[M]x
2 Experimental Section 6, = [d, ex;(— %) ©)

The ion mobility spectrometer used in this work was

constructed in our laboratory at Isfahan University of Technol- This equation shows that the electron swarm is exponentially
ogy. A schematic diagram of the spectrometer is shown in Figure diluted as it travels in the drift region.
1 and a detailed description of the instrument has been given The number of the negative ions formed at each peinof

in ref 21. The IMS cell is made of a glass tube, 4-cm inner the drift region during the injection time of the electron swarm,
diameter and 19-cm length, on which 15 stainless steel guardtg, can be calculated using eq 4.

rings are mounted. The cell consists of four regions, namely,

the discharge, the curtain, the ionization, and the drift region. [M] = ftg K[M][€]dt @)
Electrons are produced by the discharge between the needle 0

and the target electrode which is a graphite disk with a small
hole (1.5 mm) in its center. Electrons are then extracted by the
second electrode (curtain electrode) into the ionization region
and finally injected to the drift region by the shutter grid. A - _

flow of dry nitrogen (about 120 mL/min) was introduced ML= k[M][e]th (8)
between the target and the curtain electrodes to prevent theS
diffusion of the sample into the discharge region. The sample
can be introduced either into the ionization region via the carrier
gas or into the drift region via the drift gas. The gas used in

this work was pure nitrogen (99.9995%, Internmar B. V., [M"], = KIM][€] ot, exp{—
Netherlands). Water vapor and other contaminations were

removed by passing the gas through &I8olecular sieves  Generally, the speed of electrons is much higher than that of
(Fluka) trap before entering the IMS cell. The flow rates of the negative ions under the same conditions. For a typical value of
carrier, the curtain, and the drift gases were about 100, 120,E/N = 15.5 x 10718 V cm? (commonly used in IMS), the
and 600 mL/min, reSpeCtiVE'y. The electric field Strength in the electron Ve|ocit§2 is5.29x 10° cm s 1 while the ion velocities
drift region and the ionization region varied between 2660 are about 1®cm sL. Thus, the negative ions do not move much
Viem and a 10Q¢s pulse for shutter grid was typically used  during the short period of injecting electrons. In fact, a pulse
during the measurements. All experiments were performed at of electrons flashes quickly through the drift tube and produces
room temperature (300 K) and ambient pressure. some negative ions that are distributed all along the drift tube
2.1. The Procedure.The method presented in this work is  on the basis of eq 9. Some negative ions are also formed in the
similar to the electron swarm technique. A swarm of electrons ionization region, before the shutter grid. Those ions also pass
are allowed to enter a drift tube and move under the influence through the shutter grid during the opening time along with the
of a uniform electric field in an inert gas such as nitrogen. At electrons. Therefore, a high concentration of negative ions exists
the same time, a low concentration of an electron attaching near the shutter grid in addition to those produced by the electron
substance is continuously delivered to the drift region. As the swarm. Accordingly, the total distribution of the negative ions,
swarm travels within the buffer gas, electrons are captured by immediately after opening the shutter grid, is predicted to be
the electron-attaching molecules and negative ions are consesimilar to that presented in Figure 2. The negative ions, then,
quently generated in the drift region. drift all together with the same velocity toward the end of the

Since the concentration of electrons and neutrals are constant
at each pointx, eq 7 is simplified to

ubstitution of &, from eq 6 into eq 8 gives the distribution of
the negative ions in the drift region.
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Figure 2. The distribution of the negative ions in the drift tube produced by an electron swarm.
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drift tube. The waveform generated by the collector plate would 250
be the mirror image of Figure 2, that is, a tail appears to the electrons CI'lons produced in
left of the negative ions peak. Each poixtjn the drift region / the ionization region
corresponds to a point in the time domain. The point that shutter 200 /

grid exists x = 0) corresponds tt, the drift time of the negative
ions peak. Therefores can be substituted by = vq (t, — ta)
where vy is the drift velocity of the ion andy is the drifting
time from the pointx to the collector. Thus, the negative ion
intensity, i, as a function of drift time for the tail would be
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CI' lons produced
in the drift region

This equation states that a plot of the logarithm of the ion current
intensity versus drift time for the tail is a straight line with a
slope proportional to the rate constahtlf the drift velocity of
the negative ions and the electrons as well as the sample
concentration is known, the rate constant can then be easily 0
determined.

2.2. Sample Introduction. The sample could be introduced 0 2 N . ,6 8 10 12 "
either into the ionization region or into the drift region. In the Drift time (ms) t,
first case, the drift region remained clean and no tail was
observed in the ion mobility spectra. The tail was observed when Figure 3. The ion mobility spectrum of CGl (&) The sample was
the second setup was used. In this case, a low concentration Ofntroduced.lnto the ionization region and (b) the sample was introduced
the sample was continuously delivered to the drift region. This Into the drift region.
was achieved by the insertion of a Swagelok T and a small
glass vessel containing the sample into the source gas suppl
line leading to the drift region. The sample diffused to the drift
gas via a fine capillary glass tube. The weight of the vessel
was consecutively measured at constant temperature to obtain

4]
[=]
|

Usually, the lifetime ofRX™" is very short (about 1830 ps for
yCCI4‘)24 so that the reaction is controlled by the slow step of
electron attachment reactiok,

the flow rate of the sample and to calculate the sample RX+ e R+ X (12)
concentration, ], in the drift region. The sample concentration

in all cases was more than 10 mol-L . Considering the 3.1. CCl. The negative ion mobility spectrum of CLis
volume of the IMS cell, there would be about210-t mole shown in Figure 3. Trace a was recorded when JOhs

sample in the drift region. The maximum electron current introduced into the ionization region. The peak near zero drift
received at the collector in the absence of an electron-attachingtime corresponds to the electrons with very high mobility and
sample was about 200 réAwhich is less than % 1016 mole the peak around 9.5 mg) corresponds to Clions. The
electron in each 10@s pulse. Therefore, the concentration of background in trace a is almost zero and no tail is observed for
electrons was much less than that of the sample so that thethe CI" peak. Trace b was recorded when the sample was
sample concentration could be assumed to be constant duringntroduced into the drift region. In trace b, again, the electrons

the reaction progress. and the Ct ions appear but the background is clearly not zero
and a tail for Ct peak exists. The tail corresponds to the Cl
3. Results and Discussion ions that have been produced in the drift region. As expected,

the spectrum is the mirror image of the negative ion distribution
in the drift region, presented in Figure 2. The only remarkable
difference is the presence of a peak at zero drift time. This peak
corresponds to the electrons that could survive during the
traveling of the swarm through the drift tube. On the basis of

eq 10 if the natural logarithm of the ion intensity is plotted

versus the drift time, the tail is expected to become a straight
‘ " line. This is demonstrated in Figure 4b. The experiment was
RX+e—-RX* —R+ X" (12) repeated at several drift fields and similar behavior was

To practically evaluate the method, the rate constants for
electron attachment reactions to GGCHCL, and CHCI,, as
typical examples, were determined. It is well known that the
electron attachment reaction to the aliphatic halides is a
dissociative electron attachment reaction leading to the formation
of a negative halide iof?
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Figure 4. The plot of natural logarithm of the signal intensity versus
the drift time. (a) The sample was introduced into the ionization region
and (b) the sample was introduced into the drift region.
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Figure 5. Logarithm of the signal intensity for the negative ion tail at
various electric fields.

observed. The plots of logarithm of the tail versus drift time
for various electric fields are presented in Figure 5. All plots
are linear (2 > 0.99) and on the basis of eq 10 their slope would
be kM]ug/w. To calculate the rate constant, the drift velocity
of ions and electrons were required. The drift velocity of
negative ions was calculated from the ion mobility spectrum
usingug = L/t, wherelL is the length of the drift tube ang is
the drift time corresponding to the Clon peak. The electron
drift velocity, w, depends on the value &N whereE is the
electric field andN is the neutral density in the drift region.
The values for the electron velocity at eaEfN were taken
from ref 16. Finally, by measuring the concentration of the
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Figure 6. The electron attachment rate constant for G&€N; buffer
gas at 300 K as a function of average electron enekgiis work, O
ref 26, and the solid line, ref 27.

0.0

TABLE 1: Electron Attachment Rate Constants, kK,
Obtained in This Work at Various E/N’S, and Different
Electron Mean Energies, &[]

E/N
(/10718V-cm?) 7.75 10.3 12.9 155 18.1 20.7 23.3 25.9

[e/eV) 0.28 0.36 0.44 0.53 0.61 0.69 0.78 0.88
CCl,  k(/108cm’s™) 5.02 4.26 3.49 2.73 2.45 2.72 2.72
CHCl; k(/10%m’s™l) 1.29 1.28 1.19 1.12 0.94 0.92 0.94 0.79
CHyCl, k(/107*cmfs™) 3.57 4.80 6.82 6.32 7.88 6.64 6.43 6.45

sample

Electron attachment to C£is a dissociative reaction over the
entire electron energies. There is a main peak at 0 eV and a
small peak at 0.8 eV in electron attachment cross section curve
of this molecule?® The values obtained in this work for electron
attachment rate constants of GGave been compared in Figure

6 with other reported values. The results are clearly in good
agreement with the reported data of Shimafiemd Christodoul-
ideg” obtained by the swarm technique. The mean electron
energies at eadd/N were taken from ref 22. It was not possible
to extend the electron energy beyond G-B835 eV range since

at the electric fields less than 200 V/cm the signal intensity
was too weak to be used, and electric fields higher than 660
V/cm caused sparking.

3.2. CHCls. Electron attachment to chloroform has been
studied by several research grodp3?3°The electron attach-
ment cross section for this molecule has two peaks at 0 and 0.3
eV?? and CI is the major ion below 1 eV.

CHCIl; + e— CH,CI+ CI™ (13)
The ion mobility spectrum of CHgIs shown in Figure 7. Trace
a was recorded when CH@Vlas introduced into the ionization
region while trace b was recorded when sample was introduced
into the drift region. Again in trae b a tail for the Ct peak
appears. Here, in trace b, unlike GCthe CI ion peak has
shifted to longer drift times with respect to the peak in trace a.
This was observed for any magnitude of the applied drift field.

sample, the rate constant was calculated. The values of electrorAlthough the two peaks arise from Cions, which is the result

attachment rate constants measured forsGElvariousE/Ns

of the dissociation reaction 13, their drift times are not the same.

are tabulated in Table 1. The values are not the same for allThe CI” ions that drift through the buffer gas, which contains
E/Ns since the electron attachment cross section depends ora small amount of chloroform, arrive later than those drifting

the kinetic energy of the electrons which is influencedgy.

in pure buffer gas. The reason for this delay could be the
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200 — TABLE 2: Thermodynamic Data for Clustering Reaction of
Cl~ with Selected Neutral Molecules
CHCI3 —AH%kcal —AScal —AGkcal
reaction mol”t  mol*K1  mol? Keq  ref
150 Cl~ +H,0— 14.7£0.6 19.7£15 8.8 2.5x 10° 32
= CI=+H;0
5 Cl-+cCClh—  134+02 28+3 5.0 4.4x 10® 33
> Cl=-CCl4
m Cl-+CHClL— 195+£0.2 25+3 12 5.5x 108 33
= Cl~+CHCly
S 400 CI~ + CH,Cl,—~ 14.8+0.2 20+3 88  2.6x10° 33
E Cl=+CH.Cl,
=
2
o) CHCl,
£ 5
r\d
(b
(a)_J 108 - g@ A -
0 T T T - ] § b‘m‘f} o
n ]
0 5 10 15 20 . © o (@]
T £
Drift time (ms) S o
Figure 7. The ion mobility spectrum of CHGI (a) The sample was B 1
introduced into the ionization region and (b) the sample was introduced o
into the drift region. 1©
clustering of the negative ions with neutral chloroform molecules 1o
in the drift region. In general, ions in atmospheric pressure attach
to neutral molecules such as the buffer gas or water vapor which
is present in the buffer gas (reaction 14). 109
_—
0.0 0.5 1.0 1.5

X~ + n(H,0) = X (H,0), (14)
Average electron energy (eV)
If the sample concentration is high enough, the ions may even Figure 8. The electron attachment rate constant for CHICN, buffer

attach to the neutral sample molecules. gas at 300 K as a function of average electron enekghis work,O
ref 28.

X" (H,0), + m(CHLCI) < X (H,0),(CHCI),, (15)
tube length. The term then becomd@, — tg)/t, which is
However, if the sample is introduced only into the ionization invariant with respect to change in the drift times since the
region, there is no chloroform in the drift region and when ions clustering increases botp andty with the same ratio.

enter that region, the equilibrium quickly moves back so that  agin CCl, the experiment was repeated at several drift fields
ions of the formX™(H;0), reach the collector. In case b when 4 gptain the rate constant at various electron energies. The rate
the sample is introduced into the drift region equilibrium 15 -,nqtants were derived from the slope of logarithm of the ion
continues all along the drift tube; thus, ions of the fo“.‘(?HZO)” intensity versus the drift time. The values obtained for electron
(CH3C.:I)'" reach the collector. Apparer_nly, the_mob|||ty O_f the attachment rate constants at different average electron energies
Iatgr lons are !es§ than that m(HZ.O)" 1ons. This results in a between 0.28 and 0.88 eV at 300 K are presented in Table 1.
fh'ﬁ n th_e (.j”ft time of the negative ion p‘?a" for case b to Figure 8 demonstrates that the results are in excellent agreement
onger d”ft. times. The magnl_tude of t_he Sh'.ft depends on the with those of Sunagawa et @ .obtained by the use of pulse-
concentration of the sample in the drift region since a higher radiolysis microwave-cavity technique. There is a maximum for

concentration of sample results in the formation of heavier S )

X . . . : the rate constant around 0.3 eV which is in agreement with the
clusters. This was practically confirmed by increasing the sample resence of a peak in the cross section curve at about 023 eV
concentration and monitoring the magnitude of the shift. The P P ' )

shift also depends on the strength of the clustering which is a  3-3- CH.Cl2. Electron attachment to GRl. is a dissociative
function of the ior-molecule interaction. Table 2 provides the €action with a peak at about 0.7 eV in the cross section curve
thermodynamic data which demonstrate the relative strength ofat 300 K¥ The shift in the Ct ion peak was also observed for
clustering of water and selected neutral molecules toi@is. CH;Cl; when the sample was introduced into the drift region.
The highest and the lowest equilibrium constants are those of The magnitude of the shift was smaller than that of chloroform.
CHCl; and CC}, respectively. The equilibrium constant for GCI ~ This is expected from the thermodynamic data presented in
is 1075 times as much as that of chloroform. That is why the Table 2. The equilibrium constant for the clustering reaction of
shift was not observed for CEIThe shift was also observed, CHCl is smaller than that for CHglut considerably larger

to a lesser extent, for Gigl.. than that for CCJ. The described method was again used to

The clustering of ions or shifting the negative ion peak do measure the electron attachment rate constants for this molecule
not affect the rate constant extracted from eq 10, since the valueat various electron energies. The results are presented in Table
of termuy(tp — tg) does not change by the clustering of ions. In 1 and Figure 9. Our results are in good agreement with the most
fact, the clustering causegto decrease bu} andty to increase. recent data, measured by Pinnaduwage etlalsing high-

This is clearer ifug is substituted wittd/t, whered is the drift temperature electron swarm technique.
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Figure 9. The electron attachment rate constant for,Chlin N buffer
gas at 300 K as a function of average electron ene&gthis work,O
ref 31, andd ref 27.

4. Conclusion

It was shown that the electron attachment rate constants ca
be successfully extracted from the tails in the negative ion

Tabrizchi and Abedi
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