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The Kinetic Ion Mobility Mass Spectrometer: Measurements of I on-Molecule Reaction 
Rate Constants at Atmospheric Pressure 

K. Giles and E. P. Grimsrud* 
Department of Chemistry, Montana State University, Bozeman, Montana 5971 7 (Received: March 6, 1992) 

An instrumental method for measuring the rate constants of ion-molecule reactions in an atmospheric pressure buffer gas 
is described here. The instrument consists of an ion mobility spectrometer, a mass spectrometer, and an assoCiated gas-handling 
plant. The rate constants are measured by two different operational modes of the instrument. One of these does not require 
mass spectrometric sampling of the reaction mixture and, therefore, completely avoids measurement errors that are commonly 
associated with aperture sampling of a high-pressure ionized gas. The application of this instrument to the sN2 nucleophilic 
displacement reactions of chloride anions with a series of alkyl bromides in nitrogen buffer gas at 640 Torr and 125 OC is 
described, and the results are compared with those obtained by others at lower pressure. 

Introduction 
The field of gas-phase ion chemistry has received much attention 

during the last 3 decades. Hundreds of research groups, spanning 
a wide variety of scientific interests from chemical physics to 
biochemistry, have contributed to the extensive literature in this 
area.lb It is therefore somewhat surprising that our present 
understanding of the dynamics of ion-molecule reactions in the 
gas phase is limited to those physical conditions in which the total 
system pressure is relatively low, less than a few Torr. This is 
clearly due to the fact that the mature techniques presently used 
for studying ion-molecule reactions in the gas phase do not 
function at pressures higher than about 6 Torr. The ion cyclotron 
resonance (ICR) methods6 require operating pressures less than 
about Torr, the flowing afterglow (FA) mass spectrometer7 
and the selected ion flow tube (SIFT)* perform optimally at 
pressures of about 1 Torr, and the pulsed e-beam high-pressure 
mass spectrometer (PHPMS) has been shown to perform well at 
pressures up to about 6 Torr.g For several reasons, it is desirable 
that new versatile methods be developed for the study of ion- 
molecule reactions at elevated pressures. Perhaps the most com- 
pelling of these reasons is so that ion-molecule reactions will 
become more completely understood over the entire range of 
physical conditions in which they readily occur. Another more 
practical reason is to provide a firmer foundation for several 
currently important instrumental methods of analysis, including 
the atmospheric pressure ionization mass spectrometer (APIMS),’O 
the ion mobility spectrometer (IMS),” and the electron capture 
detector (ECD),I2 which are based on gas-phase ionic reactions 
in atmospheric pressure buffer gases. 

Only a few attempts have previously been made at measuring 
rate constants of ion-molecule reactions in buffer gases near 
atmospheric pressure. In a series of articles by Collins, Lee, and 
co-~orkers ,~~-~’  the charge-transfer reactions of He2+, Ne2+, and 
AT2+ with a variety of atoms and small molecules were charac- 
terized in the noble buffer gases at total pressures up to about 
2 atm. The experimental method for these measurements involved 
the initiation of ionization by an intense electron beam and the 
monitoring of either the fluorescence from excited N2+ that was 
produced by competitive reactions of the reagent ions with added 
N2 or the optical absorption of UV light by Ar2+. The results 
obtained by Collins et al. in these studies revealed a previously 
unknown effect of elevated buffer gas pressure on ion-molecule 
reactions. They found that at elevated pressures, a termolecular 
mechanism became operative which, along with the well-known 
bimolecular mechanism for these systems, resulted in overall 
reaction rates that significantly exceeded the expected Langev- 
in/ADO collision rate. They explained these rate enhancements 
at very high pressures in terms of third-body encounters that 
changed otherwise glancing interactions of the ion and reagent 
neutral into inwardly spiraling orbits. Unfortunately, the ex- 
perimental method of Collins et al. has not proven to be generally 
applicable to the study of other ion-molecule reactions. 

Matsuoka and co-workers1*-2’ have also reported measurements 
of ion-molecule reactions at atmospheric pressure by a time-re- 
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solved atmospheric pressure ionization (TRAPI) mass spectrom- 
eter in which ionization was initiated by a pulsed X-ray source. 
While this approach could potentially be applied to many ion- 
molecule reaction systems, several formidable problems can be 
anticipated in its use for kinetic studies. These problems include 
the following: adiabatic expansion and cooling of the source gas 
in the region of the ionsampling aperture of an APIMS can 
perturb the effective gas temperature and relative ion intensities 
in this region;22 diffusional loss of ions is very slow at atmospheric 
pressure, and therefore, “old” ions from previous pulse cycles will 
persist for times far greater than the time of one measurement 
cycle;ls the means by which ions are lost in the region of the 
ion-sampling aperture are not under tight experimental control 
and potentially involve several competing phenomena, including 
electron recombination, ion recombination, diffusion, migration, 
and ~ent i la t ion .~~ 

In the present study, we describe a new approach to the 
measurement of ion-molecule rate constants in an atmospheric 
pressure buffer gas that appears to offer a high level of applicability 
to negative and positive ion-molecule reaction systems. This 
instrument utilizes elements of the IMS and the APIMS which, 
as indicated above, have been used extensively for chemical 
analysis. In this instrument, the reaction of interest is made to 
occur in the ion drift region of an IMS where ion transport can 
be controlled and ion loss by recombination reactions is eliminated. 
With one of two operational modes of this instrument, MS 
measurements of the reaction mixture are unnecessary, and 
therefore, potential errors commonly associated with aperture 
sampling of a high-pressure buffer gas are completely avoided. 
With its second operational mode, mass spectrometric analysis 
of the ions is used along with the IMS. Hereafter, this instrument 
will be referred to as the kinetic ion mobility mass spectrometer 
(KIMMS). 

In this first report of this instrument, we have chosen to describe 
its application to a series of sN2 nucleophilic displacement re- 
actions involving the chloride anion and several alkyl bromides. 
This reaction system is of central importance to the field of physical 
organic chemistry and has been extensively studied in the gas phase 
by the ICR?4 FA,25 SIFT,26,27 and PHPMS28*29 techniques. In 
the gas phase, the rates of these reactions are thought to depend 
on the behavior of relatively short-lived ion-neutral intermediates. 
Hence, in the present measurements of these reactions by the 
KIMMS technique, the effect of increased collisional stabilivltion 
of these intermediates in an atmospheric pressure buffer gas will 
be of specific interest. 

Experimental Section 
Appamtm. The KIMMS consists of three major components, 

as shown in Figure 1. They are an ion mobility spectrometer 
(IMS), a mass spectrometer (MS), and a gas-handling plant 
(GHP). An expanded view of the source and detection ends of 
the IMS is provided in Figure 2. 

The walls of the IMS are defined by a Pyrex glass tube, 40 cm 
in length and 9 cm in diameter. This tube is terminated at both 
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gas, to be subsequently referred to as the drift gas. The drift gas 
enters the drift tube via two ports within the IMS-MS interface 
flange (Figure 2) with a flow rate of approximately 500 mL min-'. 
Both the drift and source gases exit through the source flange of 
the IMS tube. Because of its greater flow rate, the drift gas sweeps 
the source gas with it so that the source gas is not expected to 
penetrate more than a few centimeters beyond the end of the ion 
source. 

A movable Tyndall ion gate30 is located about 0.5 cm in front 
of the ion source and consists of two vertical arrays of gold-plated 
stainless steel wire separated and electrically insulated by an 
0.005-cm-thick Teflon washer (Figure 2). Each array (Graseby 
Ionics, Watford, UK) has wires of diameter, 0.01 cm, and sep- 
aration, 0.1 cm, across a 3-cm circular opening. The gate is 
supported by two ceramic legs, and its potential is set equal to 
that corresponding to its position in the IMS drift field. The gate 
can be 'closed" to the passage of ions by applying a 40-V potential 
difference between the two arrays and can be "opened" to the 
passage of ions by equalizing the potential difference. As will 
be described below, the Tyndall gate is operated in either a 
"continuously open" or a "pulsed" mode. In the pulsed mode, the 
gate is opened for brief periods (0.1-1 ms) about 10 times s-I. 

One means of ion detection is provided by a stainless steel 
Faraday plate that is located 23.7 cm from the Tyndall gate 
(Figure 2). The ion current at the Faraday plate is amplified by 
a fast operational amplifier set to a gain of lo9 V/A. This signal 
is fed into a digital signal averager (Model 370, Nicolet Instru- 
ments, Madison, WI). By "pulsed mode" operation of the Tyndall 
gate with synchronous triggering of the signal averager, an ion 
arrival time spectrum is obtained. Temporal resolution of the 
Faraday current measurements is enhanced by the addition of a 
3-cm-diameter, 0.025-cm-thick gold-plated stainless steel screen 
grid (Graseby Ionics, Watford, UK) in front of the Faraday plate. 
This screen grid is electrically insulated from the Faraday plate 
by a 0.0127-cm-thick Teflon washer and is maintained at a slightly 
higher potential appropriate for its position in the drift field. The 
screen grid capacitively decouples the Faraday plate from the 
approaching ion cloud, thereby reducing the magnitude of image 
charges." 

At the center of the Faraday plate is a 50-pm-diameter aperture 
which admits ions into the first vacuum stage of the mass spec- 
trometer. The 50-pm aperture is at the center of a l-cm-diameter, 
25-pm-thick stainless steel disk (Optimation, Salem, NH) which 
is attached to the Faraday plate with an electrically conducting 
epoxy glue (TRA-DUCT 2924, TRA-CON Inc., Medford, MA). 
The Faraday plate is mounted on, but is electrically insulated from, 
the n m  cone of the MS by a macor washer (Figure 2). Vacuum 
integrity is maintained by viton O-rings on either side of the macor 
washer. The Faraday plate has either a +9-V or a -9-V potential 
applied to it by a mercury battery to allow detection of positive 
or negative ions, respectively, in the mass spectrometer (since the 
quadrupole axis of our MS is grounded, the potential of the 
Faraday plate determines the ion energy during mass spectral 
analysis). 

In order to reduce mechanical stress on the glass IMS tube, 
the IMS and the MS are mechanically connected by a universal 
joint (Figure 2). This joint consists of an aluminum flange with 
two large viton O-rings on either side to provide both flexibility 
and the vacuum seal. The O-rings are prevented from beiig fully 
compressed by two pairs of stainless steel posts also located on 
either side of the flange. 

The entire IMS is enclosed in an insulated box and is tem- 
perature variable over a range from ambient to 175 "C. Heating 
is achieved with two 1550-W finned strip heaters and a tem- 
perature controller (Model CN9000A, Omega Engineering Inc., 
Stamford, CT). Both the drift gas and source gas are preheated 
by heater tapes prior to their entry into the IMS. The temperature 
of the drift gas is monitored by a Type J thermocouple located 
near the point at which the drift gas enters the IMS. 

Regular grade nitrogen (Valley Welders, Billings, MT) was 
used as both the drift gas and source gas. This was purified by 
passing it through three traps in series: an oxygen-removing trap 

Figure 1. Diagram of the KIMMS apparatus: (a) stainless steel source 
gas dilution volume, (b) septum inlet, (c) needle valve, (d) N2 source gas 
supply, (e) source and drift gas exhaust, (f) flow meter, (g) pressure 
transducer, (h) insulated box, (i) drift tube, (j) ion source, (k) Tyndall 
gate, (1) Faraday plate/MS aperture, (m) drift gas inlet, (n) universal 
joint, (0)  electrostatic lens element, (p) quadrupole mass filter, (9) 6-in. 
diffusion pump, (r) first vacuum envelope, (s) channeltron electron 
multiplier, (t) second vacuum envelope, (u) 3-in. diffusion pump, (v) N2 
drift gas supply, (w) leak valve, (x) on/off valve, (y) fused silica capillary, 
(2 )  4-L stainless steel dilution volume, (aa) N 2  gas supply. 
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Figme 2. Expanded view of the ion source and detection regions of the 
KIMMS: (a) drift field ring, (b) ceramic support post, (c) stainless steel 
tube, (d) ceramic insulators, (e) 15-mCi 63Ni foil, (f) Teflon washer, (g) 
Tyndall gate, (h) Pyrex glass tube, (i) screen grid, (j) Faraday plate, (k) 
Macor washer, (1) Viton O-ring, (m) drift gas entrance port, (n) elec- 
trostatic lens element, (0) stainless steel spacer post, (p) quadrupole mass 
filter. 

ends by glass-to-metal seals and stainless steel flanges. An electric 
field is generated along the length of the tube by 19 stainless steel 
rings (common hose clamps) that are strapped around the glass 
tube and are electrically connected via 1-MQ resistors. The 
detection end of the resistor chain is electrically grounded, while 
the ion source and the ring closest to the ion source are connected 
to a *5OOO-V power supply (Model 205B05R, Bertan Associates, 
Inc., Hicksville, NY). Therefore, the potential of the rings in front 
of the ion source decreases incrementally toward ground potential, 
and the potential of the rings behind the ion source float at A5000 
V. Ions are created by a 15-mCi 63Ni-on-R radioactive foil (New 
England Nuclear, Boston, MA) that is located inside a movable 
ion source (see Figure 2). Nitrogen gas flows continually through 
the ion source from a 1-L exponential dilution volume at a rate 
of about 50 mL mid.  Following injection of a suitable compound 
into the dilution volume, the reagent ion of choice is created in 
the ion source (C1- is produced in the present study by dissociative 
electron capture to CC14). 

Some of the ions formed in and near the source will drift under 
the influence of the electric field toward the detection end of the 
IMS and will thereby enter a counterflowing current of nitrogen 
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(Alltech Associates, Inc., Deerfield, IL), a molecular sieve 
(SA)/drierite/activated charcoal trap (Alltech), and an OMI- 
1 -indicating purifier (Suppelco, Inc., Bellefonte, PA). Gas flow 
rates were monitored by using rotameters (Omega Engineering, 
Inc., Stamford, CT), and the pressure within the IMS was 
measured by using a Barocel pressure transducer (Type 622AB, 
Edwards, Wilmington, MA) that was located on the gas exit line. 

The mass spectrometer has a two-stage vacuum envelope 
(Figure 1); the first stage is maintained at a pressure of 4 X lo4 
Torr against the leak through the Faraday plate aperture by a 
6-in. diffusion pump. Six lens elements are used to focus the ions 
into the second vacuum envelope. The sixth lens element has an 
aperture of 3-mm diameter and is located on, but is electrically 
insulated from, a nose cone which leads to the second vacuum 
envelope. The second vacuum envelope is maintained at a pressure 
of 6 X la-6 Torr by a 3-in. diffusion pump. In the second envelope, 
the ions are focused into a quadrupole mass fdter and then detected 
by using a channeltron electron multiplier (Model 4039, Galileo 
Electro Optics Corp., Sturbridge, MA) operating in the pulse- 
counting mode. The ion pulses are amplified by using a pream- 
plifier (Model F- 1 OOT, Modem Instrumentation Technology, Inc., 
Boulder, CO) and then sent to a rate meter (Model TC 525, 
Tennelec/Nucleus, Inc., Oak Ridge, TN). 

The quadrupole mass filter has been adapted from a used 
GC/MS system (Finnigan, Model 3200) and is controlled by an 
MS data system (Vector One, Teknivent, Maryland Heights, MO) 
with a Zenith-386 SX microcomputer. The pressure in the first 
vacuum envelope is measured by using a Penning gauge (Model 
CP25-K, Edwards) and that of the second envelope by the ion- 
ization gauge of the original Finnigan 3200 GC/MS system. 

The GHP (Figure 1) provides a means of accurately seeding 
the nitrogen drift gas with the reagent compound of interest at 
concentrations as low as a few parts per billion. The GHP has 
a 4-L stainless steel volume that is typically pressurized to about 
2500 Torr with nitrogen. The pressure in this volume is measured 
by using a Barocel pressure transducer (Edwards). Small 
quantities of the reagent compound of interest are then injected 
into this volume through a septum inlet, thereby providing a first 
stage of dilution. This mixture then flows out of this volume 
through a 2O-cm by 50-pm intemal diameter fused silica capillary 
at a rate of about 1.3 mL min-' (640 Torr, 125 "C) into the main 
stream of nitrogen drift gas, thereby providing a second stage of 
dilution. The exact rate of flow through the capillary is determined 
by monitoring the pressure drop in the 4-L volume as a function 
of time. The GHP is housed in an insulated box and is maintained 
at a temperature of 150 f 5 OC by using two 1250-W finned strip 
heaters and a temperature controller. 

Generation of the Reagent Ion. In order to study SN2 dis- 
placement reactions of Cl- by the KIMMS technique, ideally only 
C1- ions would be generated in the ion source. However, a few 
other negative ions are also invariably created along with C1- due 
to the presence of impurities. As will be described below, most 
of these impurities are thought to be formed as a result of the 
radiation chemistry that is occurring in the source. Therefore, 
these impurities cannot be avoided, and their potential effects must 
be accounted for in the data analysis. 

With the potential of the ion source set to -5000 V, the electric 
field in the vicinity of the ion source will cause a portion of the 
negative ions created in the source to drift toward the Tyndall 
gate. These ions can then be admitted to the drift region either 
continuously, by use of the open mode of the Tyndall gate, or 
periodically, by use of the pulsed mode of the Tyndall gate. In 
the drift region, the ions will migrate through the drift gas with 
a velocity, ud, given by32 

where E is the electric field strength and K is the ion mobility 
given by3' 
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ud = KE (1) 

q is the charge on the ion, N is the drift gas number density, m 
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TABLE I: Typical Conditions of tbe IMS 
drift gas/flow rate N2/525 i 13 mL min-' 
source gas/flow rate N2/50 i 5 mL min-l 
temp 125 i 5 OC 
pressure 640 i 10 Torr 
drift field strength 194 V cm-I 
Tyndall gate pulse width 0.2 ms 
reaction length 23.7 cm 

sweeps per MAIM spectrum 5000 
sweeps per IM spectrum 500 

is the mass of the ion, M is the mass of the drift gas molecules, 
kB is Boltzmann's constant, and QD is the average ion-drift gas 
cross section. In the pulsed mode, the shape of an ion packet as 
it first enters the drift region is determined by the width of the 
pulse applied to the Tyndall gate. However, as this ion packet 
moves down the drift tube, additional broadening of the packet 
can occur, due to ion diffusion and possibly also due to mutual 
ion-ion Coulombic repulsion if the ion density is sufficiently high. 
The diffusion coeffcient, D, of a given ion is related to the mobility 
of that ion by the Einstein relationship3* 

KkBT 
D = -  

9 (3) 

Under the experimental conditions used here (Table I), K for the 
C1- ion is measured to be -5.0 cm2 V-' s-l and, by eq 3, D is 
-0.17 cm2 6'. The longitudinal spreading of an infinitely narrow 
packet of C1- ions by diffusion during its transport through the 
drift region is described by3' 

(4) 
where s d  is the standard deviation for the distribution of ions in 
the spreading ion cloud and t d  is the arrival time of C1- at the 
Faraday plate. Since t d  is 24.5 ms under the present conditions, 
s d  for diffusional spreading of the C1- ion packet is expected to 
be on the order of 0.1 cm, which is small in comparison with the 
length of the drift region, 23.7 cm. This calculation of s d  also 
indicates that diffusional spreading in the radial direction will also 
be relatively small. The effective diameter of an ion packet leaving 
the source is probably about 1 cm and is expected to increase no 
more than about 50% during its transport through the drift region. 
It is also important to note that if experimental conditions were 
used (relatively low drift field, for example) in which significant 
radial diffusion occurred during the transport of ions through the 
drift region so that only a fraction of the initial ions arrived at 
the Faraday plate, the efficiency of detection by the Faraday plate 
would sti l l  be expected to be the same for all ions. This is because 
small ions of high D will also be characterized by high K and low 
td so that the spreading of these smaller ions as described by eq 
4 will be the same as that of larger ions of low D.32 

The average energy, KE,,,, of the ions in a drift field can be 
determined from the Wannier equation3' 

3 1 1 
2 2 2 

sd = 2(Dtd ln 2)'/' 

(5) KE,,, = -kBT + -mud' + -Mud2 

where the first term on the right side is the thermal kinetic energy 
and the next two terms represent the energy imparted by the drift 
field. Under the conditions of our experiment, the contribution 
of the drift field to KE,, will be negligible and the energy of the 
ions will be essentially thermal. For example, the drift velocity 
of C1- is 965 cm s-I in 640 Torr of nitrogen at 125 OC in a field 
strength of 194 V cm-l. While the thermal kinetic energy con- 
tribution to is calculated to be 5 1.5 meV at this temperature, 
the energy imparted to this ion by the field is only 0.03 meV, Le., 
less than 0.1% KE,,. 

The physical conditions of the IMS are listed in Table I. With 
the Tyndall gate open, the ion current at the Faraday plate is about 
0.8 nA and the total ion signal reaching the detector of the mass 
spectrometer is about 20 000 counts s-l. For the present study, 
20 pL of CC14 headspace vapor was added to the 1.0-L source 
gas dilution volume (Figure 1) so that C1- ions were created in 
the ion source by dissociative electron capture to CCl.,. The CI- 
arrival time spectrum in pure nitrogen drift gas is shown in Figure 
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Figure 3. Ion mobility spectrum of the reagent ions. The most intense 
signal at 24.5 ms is due to Cl-, which is formed by electron capture to 
CC4 in the ion source. Other minor peaks are also observed; the origin 
of these is described in the text. 

m / Z  

Figure 4. Mass spectrum of the reagent ions. 

3 under the conditions listed in Table I except that a gate pulse 
width, t,, of 0.5 ms was used. The major peak observed at drift 
time 24.5 ms is due to C1-. The apparent signal at the origin (t 
= 0 ms) is not real but is due to radio-frequency (RF) pickup at 
the Faraday plate of the pulse applied to the Tyndall gate. The 
C1- peak has a distinctly broadened base that extends several 
milliseconds either side of the main peak. On the trailing side 
of this base, three distinct peaks, having drift times of 28.8, 30.0, 
and 33.1 ms, are also observed. The presence of ions other than 
C1- is also indicated in Figure 4, which is a low-resolution mass 
spectrum recorded while the IMS was momentarily switched to 
the continuous mode. In addition to the C1- isotopes at m / z  = 
35 and 37, several ions in the mass range m / z  = 50-100 are 
observed. The mass spectrum in Figure 4 yields no information 
as to which ions amve under the various mobility peaks in Figure 
3. However, by tuning the mass spectrometer to a specific ion 
and switching the IMS back to the pulsed mode, the arrival time 
spectrum of each ion in the mass spectrum can be determined, 
as illustrated in Figure 5. 

The mass-analyzed ion mobility spectra (MAIMS) in Figure 
5 provide a great deal of information concerning the peaks ob- 
served in the overall IMS spectrum shown in Figure 3. The small 
difference in mobility of the 3sCl- and 37C1- isotopes can be noted 
in Figure 5, and this causes a slight asymmetry in the IMS peak 
for C1- in Figure 3. It is also noted in Figure 5 that essentially 
all of the C1- ions arrive between drift times of 23.0 and 25.3 ms 
and that no ions arrive at times shorter than 23.0 ms. Therefore, 
the broadening at the leading edge of the C1- peak in Figure 3 
is not real but is due to capacitive effects of the Faraday 
plate/electrometer current measurements. This factor may also 
account for a portion of the broadening observed at the trailing 
edge of the C1- peak in Figure 3. The ion of m / z  = 63 is thought 
to be Cl-.N2 formed in the free jet expansion of gas that occurs 
at the IMS-MS interfa~e.'~ This is collsistent with the observation 
in Figure 5 that its drift time coincides with that of the C1- ions. 
The ion of m / z  = 71 is the cause of the peak at 28.8 ms in Figures 
3 and 5 and, after consideration of the relative intensity of two 
chlorine isotope ions of m / z  = 73 and 75, has been attributed to 
CI-aHCl. The fact that this ion appears as a distinct peak in Figure 
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Figure 5. Mass-analyzed ion mobility spectrum of several of the reagent 
ions. 

5 indicates that it is formed in the ion source rather than in the 
drift region. Small amounts of HCl are undoubtedly produced 
in the ion source following the recombination of C1- with positive 
i0ns.3~ The ion of m / z  = 8 1 is thought to be due to Cl-.HCOOH. 
The peak in Figure 5 at 30 ms indicates that a significant portion 
of these ions are produced in the ion source. However, this ion 
is also observed in Figure 5 distributed between 24 and 30 ms, 
indicating that it is formed continuously in the drift region from 
the C1- ion. Therefore, this association of Cl- with HCOOH in 
the drift region accounts for a portion of the apparent broadening 
of the C1- peak in Figure 3 between 26 and 30 ms. The ion of 
m / z  = 95 is thought to be due to C1-.CH3COOH. The fact that 
this ion is observed in Figure 5 between drift times of 24 and 33 
ms indicates that it is formed from C1- throughout the length of 
the drift tube, with a small amount of source production forming 
the peak at 33.1 ms. None of the ions shown in Figures 4 and 
5 are observed prior to the addition of CC14 to the source gas, and 
all of these ions are observed when either CF2ClZ or CFCI3 is used 
instead of CC14 for the generation of Cl-. A parallel study in our 
laboratory by a pulsed high-pressure mass spectrometer operating 
with 4 Torr of methane buffer gas has indicated that the acidic 
species, HCOOH and CH3COOH, are formed by reactions of 
water vapor with radical hydrocarbon species that are absorbed 
on the walls of the ion source. In the IMS, these reactions ap- 
parently occur throughout the system. This is not surprising since 
all traces of water can not be removed from our gas supplies and 
the walls of our instrument undoubtedly accumulate a small 
amount of the radical species that are continuously generated by 
the 63Ni ion source. 

Determination of Rate Constants from Ion Mobility Spectra. 
If an alkyl bromide (RBr) is added to the drift gas, the reaction 

k6 
C1- + RBr - Br- + RCl 

is expected to occur throughout the length of the drift region. 
Since the ionic product of this ion-molecule reaction is known 
to have a mobility that differs from that of the reagent ion, the 
occurrence of reaction 6 in the drift region will have a pronounced 
effect on the ion mobility spectrum observed when the Tyndall 
gate is operated in the pulsed mode. Several predictions of 
"modified" ion mobility (MIM) spectra for the case of reaction 
6 are shown in Figure 6. These have been determined for the 
present experiments by using the analytical expression developed 
by Woo and WhealtonsSJ6 which incorporates the pulse width 
applied to the Tyndall gate, diffusional spreading of the ions, and 
the separation of the C1- and Br- ions in accordance with their 
known mobilities. These predictions clearly indicate that the 
shapes of the MIM spectra will depend strongly on the rate of 
reaction 6 and should, therefore, provide a means of experimentally 
determining k6. 

In the present experiments, a mixture of the RBr of interest 
was made by pressurizing the GHP to 2500 Torr with nitrogen 
and then injecting the alkyl bromide through the inlet septum by 
using either a 500-pL gas-tight syringe (for methyl bromide) or 
a 10-pL gas-tight syringe (for ethyl bromide, isopropyl bromide, 
and n-butyl bromide). The contents of the GHP are then leaked 
into the main drift gas stream through the capillary (see Figure 
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Figure 6. Predictions for ion mobility spectra of Cl- modified by reaction 
with CH,Br in the drift region using the analytical model in refs 35 and 
36. The following set of parameters has been used: Tyndall gate pulse 
width, 0.2 ms; drift tube length, 23.7 cm; C1- ion drift velocity, 965 cm 
s-l; Br- ion drift velocity, 865 cm s-I; temperature, 125 "C; pseudo- 
first-order rate constants, k6[CH3Br], (a) 0, (b) 20, (c) 60, (d) 100, (e) 
160 s-I. 
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Figure 7. Ion mobility spectra modified by the reaction, C1- + CH3Br - B r  + CH3CI, using the following concentrations of CHIBr in the dnft 
tube: (A) none, (B) 1.29 X 10l2, (C) 2.60 X 10I2, (D) 5.27 X 10l2 
mokcules cm-). 

1). While the ion mobility spectrum was altered immediately after 
the initial opening of the GHP, a period of several minutes was 
generally required for complete stabilization of the system. Before 
each measurement, about 20 rL of CCll headspace vapor was 
injected into the source gas dilution volume (as expected, the MIM 
spectra observed were not dependent on the exact amount of C C 4  
added as long as all of the electrons were converted to C1- ions). 
A MIM spectrum is then recorded. An additional aliquot of RBr 
was subsequently added to the GHP, and the above sequence of 
steps was repeated until 6-10 MIM spectra, over a wide range 
of RBr concentrations, had been obtained. In Figure 7, four 
representative spectra of this type for the case of R = CH3 are 
shown, including the first (7A) for which no CH3Br had been 
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Figure 8. (A) Reaction-modified IM spectrum obtained with 1.95 X 10l2 
CH3Br molecults cm-3 in the drift tube and t, = 0.5 ms. The numbered 
lines indicate the choice of data used in the area method for determining 
k6, as explained in the text. (B) Mass-analyzed IM spectra of the C1- 
and Br- ions under identical reaction conditions. 

added and the last (7D) for which the concentration of CH3Br 
is sufficiently high that almost all of the C1- has been converted 
to Br-. In parts B and C of Figure 7, intermediate concentrations 
of CH3Br have resulted in the partial conversion of Cl- to Br-. 
It is apparent in Figure 7 that the major changes in the IMS 
spectra caused by the addition of CH3Br to the drift gas are, 
indeed, of the general type predicted in Figure 6. Also, it is noted 
in Figure 7 that the impurity ions having drift times of 28.1,30.0, 
and 33.1 ms remain approximately constant in intensity as the 
concentration of CH3Br is increased. This indicates that these 
ions do not react with CHJBr and, therefore, do not participate 
in the production of Br-. It is also noted in Figure 7 that the 
experimentally observed mobility peaks are significantly broader 
than those predicted by the model of the experiment shown in 
Figure 6. This is not surprising since the model does not include 
several potentially complicating fa~tors,3~.~* such as spacecharge 
broadening of the peaks, imperfections in the drift fields and the 
Tyndall gate, and peak distortions by the detection system. 

Due to the unknown contributions to peak broadening just 
mentioned, it was not possible to determine accurate values of k6 
simply by comparison of the shapes of measured MIM spectra 
with those derived from the model predictions shown in Figure 
6. Therefore, the following method3g of determining from MIM 
spectra was used. If A(C1-) and A(Br-) are the respective areas 
of the C1- and Br- peaks under a MIM spectrum, then the 
pseudo-first-order reaction rate constant, a = k6[RBr], is given 
by 

A(C1-) + A(Br-) 
A(C1-) 

a = - I n  (7) 

where t d  is the drift time (and hence reaction time) of the cl- 
reagent ions (24.5 ms in Figure 7). The determination of A(C1-) 
and A(Br-) requires knowledge of the distribution of these two 
ions under the overlapping portions of the MIM spectrum. This 
information was obtained using the parallel amval time mea- 
surements shown in Figure 8. In this figure, a MIM spectrum 
(8A) and a MAIMS (8B) for the C1- and Br- ions are shown for 
a given reaction condition. From the shapes of the MAIMS in 
Figure 8B and from the assumption that just outside the C1- peak 
the intensity of the Br- peak will increase ~ x p o n d a l l ~ ~  with time, 
the approximations shown in Figure 8A for determination of the 
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Figure 9. Plot of u as determined from mobility spectra using the area 
method and eq 7 vs the concentration of CH3Br in the drift tube. The 
straight line was determined by least-squares analysis of the kinetic data 
for which 20 s-I < u C 120 s-l. 

areas of the Br- and Cl- peaks were established. Line 1 is the 
background ion signal determined far away from any peaks. Lines 
2 and 6 denote the boundary of the arrival time spectra of the 
reactant and product ions, respectively. The product ion arrival 
time data between lines 4 and 5 are fit to an exponential curve 
by using a least-squares routine. The derived curve is then ex- 
trapolated back to shorter drift times and at point 3, the minimum 
between the reactant and product peaks, is linearly extrapolated 
to the intersection of lines 1 and 2. Thus, the ion signal between 
lines 2 and 4 which lies above the extrapolated line is assumed 
to be due to the reactant ion, and that between lines 2 and 6 which 
is below the extrapolated line is assumed to be due to the product 
ion. Determinations of k6 by this method were reproducible under 
a given set of reaction conditions to within *20%. 

A set of MIM spectra that include those shown in parts B-D 
of Figure 7 have been analyzed by using the area method just 
described, and the calculated values of a by eq 7 are plotted in 
Figure 9 as a function of the concentration of CH3Br in the drift 
tube. A straight line is expected, intercepting the axes near the 
origin with the slope being equal to k6. The three data points at 
higher CH,Br concentrations fall below the expected line. This 
can be attributed to the difficulty in measuring the area under 
the reagent ion peak when significant conversion to the product 
ion has taken place. Similar errors occur in the measurement of 
the area under the product ion peak when only a small amount 
of conversion has taken place. Consequently, the more accurate 
data are expected to be the midrange values (20 s-I I a I 120 
s-'). A least-squares fit of these midrange data points yields k6 
= 3.4 X lo-" cm3 s-l. 

Determination of Rate Constants by Ion Mobility-Mass 
Spectrometry Measurements. Another means of measuring k6 
was provided simply by operating the IMS in the continuous mode 
(Tyndall gate open) and using the mass spectrometer for meas- 
uring the relative amounts of reactant and product ions present 
at the end of the drift tube. In this approach, the reaction time 
was determined from pulsed-mode measurements of the C1- ion 
drift time, as described above. This method of k6 measurement 
does not require that the mobilities of the reagent and product 
ions differ and, therefore, is of added interest to us in that it should 
increase the general applicability of the KIMMS technique. 

The results obtained by this approach for the case of R = CH3 
are shown in Figure 10 where the same gaseous mixtures as used 
in Figure 9 have been used. First, the plot of log C1- intensity 
vs CH3Br concentration is expected to have a slope equal to 
-k6td/2.3, where t d  is the drift time of the c1- ion. This mea- 
surement of the diminution of the reagent ion intensity, alone, 
relies on high stability of the mass spectrometer over several hours. 
Nevertheless, a good straight line is obtained. A plot of log 
(Cl-/(Cl- + Br-)) intensity ratio vs CH3Br concentration is also 
expected to have a slope equal to -k6td/2.3. While this means 
of treating the data does not require long-term stability of the m a s  
spectrometer, it is vulnerable to detection mass bias effects if 
detection sensitivities to C1- and Br- differ. Nevertheless, this 
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Figure 11. Reaction-modified ion mobility spectra with 1.59 X loL2 
CHoBr molecules in the drift tube using the following drift field 
strengths: (a) 194, (b) 183, (c) 171, (d) 159, (e) 148, (f) 136 V cm-I. 
Note the increased conversion of reactants to products and increased 
diffusive spread with use of longer drift times. 

method of treating the data also provides a good straight line in 
Figure 10 whose slope is essentially identical to that obtained from 
the measurements of CI- intensity, alone. The high level of 
agreement between the two slopes in Figure 10 suggests that the 
entire instrumental system is very stable and that the mass bias 
effects under the MS focusing parameters selected here are small. 
High stability and low mass discrimination is also evidenced by 
the relatively small fluctuations (115%) in the sum of the Cl- and 
Br- ion signals, also plotted in Figure 10, as a function of CH3Br 
concentration. From the slopes of both kinetic plots in Figure 
10, k6 for CH3Br is determined to be 3.4 X lo-" cm3 s-l. This 
value is identical to that obtained above by analysis of MIM 
spectra. Determinations of k6 from IM-MS measurements have 
also been found to be reproducible to within *20%. 

Effkts of Drift Field Strength and Convection on Rate Con- 
stants. In our previous discussion of eq 5 ,  it was shown that the 
amount of kinetic energy imparted to the C1- reagent ion by the 
drift field should be very small (less than 0.1%) relative to the 
average kinetic energy of the C1- ion at 125 OC. Therefore, we 
would not expect the rate constants determined by the KIMMS 
to be dependent on the magnitude of the drift field. This ex- 
pectation was verified by experiments such as the one shown in 
Figure 11 where several MIM spectra have been recorded for a 
given reaction mixture using a variety of different electric field 
strengths, from 194 to 136 V cm-I. With use of lower fields, the 
reaction time of the ions is increased so that progressively greater 
fractions of reaction are observed. A plot of In ((A(C1-) + A- 
(Br-))/A(Cl-)) vs the drift time of the C1- ion yields a straight 
line, as shown in Figure 12. According to eq 7, the slope of this 
line should be equal to a = k6[CH3Br]. A least-squares fit to 
these data yields a = 59.2 s-I, and since [CH3Br] = 1.59 X lo'* 

a rate constant of 3.7 x 1O-" cm3 s-' is calculated from these 
data. This value is in good agreement with those determined 
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Figure 12. Plot of In ((A(CI-) + A(Br-))/A(CI-)) vs C1- drift time as 
determined from the reaction-modified IM spectra shown in Figure 11 
using the area method. In accordance with eq 7, the slope of the line 
shown (obtained by least-squares analysis) should provide an independent 
determination of a. 

TABLE II: Rate Constants, k b  (em3 S1), for the Reaction of (3- 
with MeBr. EtBr. i-PrBr. and n-BuBr at 125 OC 

~~~ 

present study, at 640 Torr 
MIMa IM-MSb lit: at 4 Torr 

MeBr 3.4 X lo-” 3.4 X lo-” 8.8 X 
EtBr 1.1 X IO-” 1.3 X IO-” 9.7 X 
i-PrBr 8.0 X IO-” 7.6 X lo-” 6.2 X IO-” 
n-BuBr 2.2 X IO-” 2.2 X lo-” 2.0 X IO-” 

Determined from reaction-modified ion mobility (MIM) spectra. 
Determined from ion mobility-mass spectrometry (IM-MS) mea- 

surements. t From ref 28 by PHPMS. 

previously by varying the concentration of CH3Br and, therefore, 
supports our expectation that the rate constants measured here 
are not affected by the drift field. 

To determine whether the drift gas flow rate has a significant 
effect on the measured reaction rate constants, a series of studies 
of the CH3Br reaction were made in which the drift gas flow rate 
was set to 270 mL min-’ rather than its normal setting of 525 
mL min-’. Rate constants measured under these conditions from 
MIM spectra and by the IM-MS methods described above were 
3.6 X lo-” and 3.3 X lo-” cm3 s-I,  respectively. These deter- 
minations are in excellent agreement with those given earlier and 
support our assumption that gas flow rates have little affect in 
the measured rate constant as long as the flow rate of the drift 
gas is in large excess of that of the source gas. 

Results and Discussion 
The reactions of C1- with methyl bromide (MeBr), ethyl 

bromide (EtBr), isopropyl bromide (i-PrBr), and n-butyl bromide 
(n-BuBr) were studied here under the conditions listed in Table 
I, and the rate constants for these reactions, determined from MIM 
spectra and from IM-MS measurements, are listed in Table 11. 
All of these reactions are known to occur in the gas phase by the 
SN2 nucleophilic displacement mechanism in which Br- is produced 
as the only ionic product.26 The potentially competitive E2 
elimination mechanism is not possible for these reactions since 
it is endothermic by about 10 kcal mol-’. Also listed in Table 
I1 are determinations of k6 for these reactions at 125 OC by 
Caldwell et a1.,28 who used the PHPMS method with methane 
buffer gas at 4 Torr. While several other groups2e27 have also 
studied these reactions, only the report of Caldwell et al. included 
measurements at the temperature used in the present study. 

It is apparent in Table I1 that very good agreement is obtained 
between the k6 determinations by the MIM and IM-MS methods 
described in the Experimental Section for all four alkyl bromides 
studied here at 640 Torr total pressure. For each reaction, the 
difference in the measurements of k6 by these two approaches is 
less than our estimates of the reproduabhty of each measurement 
(*20%). It is also apparent that all of these SN2 reactions are 
slow relative to their Langevin/ADO collision rate constants,@ 
for which kAm = 1.7 (f0.3) X cm3 s-l is expected. The 
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pressure, at least for experiments performed in the lower end of 
their temperature range (303 K). With use of higher tempera- 
tures, this equilibrium reaction favors the reactants, as expected, 
so that the relative concentration of Cl-SRBr was too low to be 
reliably monitored in the PHPMS experiments of Caldwell et al. 
Nevertheless, it is likely that the intermediates for the cases, R 
= Et, i-Pr, and n-Bu, were also brought into thermal equilibrium 
with the buffer gas in their experiments at higher temperatures, 
including 125 OC. Therefore, the observations made here that 
the k6 values for R = Et, i-Pr, and n-Bu at 640 Torr are essentially 
the same as those measured by Caldwell et al. at 4 Torr might 
have been expected. 

For the case of R = Me, however, Caldwell et al. observed that 
the intermediate species, (Cl--MeBr)*, was never in thermal 
equilibrium with the reaction system at 4 Torr. Therefore, they 
concluded that the intermediate, (Cl-SMeBr)', was not fully 
stabilized by collisions with the 4-Torr buffer gas and that the 
rate constants, kb and k,, reflected those of a partially activated 
(Cl-oMeBr)* species that had experienced partial but not complete 
stabilization by collisions. For the specific case of MeBr shown 
in Figure 13, additional intemal energy in the ion complex might 
be expected to increase kb more than it does kp because dissociation 
back to reactants will be entropically favored relative to forward 
motion over the tight transition state, *.24,28 Evidence for this 
expectation is provided by the fact that k6 for the case of R = 
Me has been shown to decrease with an increase in the temperature 
of the buffer gas.28 Since the buffer gas pressure used in the 
present study is more than 2 orders of magnitude greater than 
that used by Caldwell et al., it is reasonable to suggest that 
collisional stabilization of (Cl--MeBr)* is complete in the present 
study. This is expected to reduce the ratio of kb to kp in the present 
study and, in accordance with eq 8, would explain an increased 
k6 for this reaction at the higher pressure. 

Conclusion 
The kinetic ion mobility mass spectrometer (KIMMS) has been 

shown here to provide a means of investigating ion-molecule 
reactions under ambient pressure conditions. The method is 
expected to be applicable to the study of any ion-molecule reaction 
provided that the reagent ion of interest can be created in a 
high-pressure ion source and that it will be immune to reaction 
with ubiquitous buffer gas impurities, such as water. Although 
the initial use of the KIMMS instrument related here has involved 
only one choice of temperature (125 "C), pressure (640 Torr), 
and buffer gas (nitrogen), variations of these parameters are 
expected to be easily accomplished in future applications of the 
KIMMS to studies of p i t ive  and negative ion-molecule reactions 
at elevated pressures. 
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