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ABSTRACT

Technigues and instrumentation have been developed
which permit trapping of ions in the source region of an
ion cyclotron resonance cell., These techniques have been
used to determined rates of ion-molecule reactions and
to observe gas phase ion-molecule equilibria.

The rate constants of a number of symmetric charge
exchange and proton transfer reactions in simple molecules
have been determined and related to theoretical models of
ion-molecule reaction. In addition, the role of a sym-
metric reaction in competition with exothermic reaction
channels has been discussed.

The rates of symmetric proton and deuteron transfer in
a number of simple alkyl alcohols and amines have also been
obtained. These reactions have been related to de-excitation
mechanisms of excited ions.

Gas phase ion-molecule equilibria have been examined
to obtain substituent effects on such properties as gas
phase basicity, acidity and carbonium ion stabilities.

Finally, the ion-molecule reactions of a cyclic ether,
trimethylene oxide, have been examined to illustrate the
wide range of information available through ion cyclotron

resonance experiments,
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CHAPTER 1

Introduction

In the relatively few years since its inception, ion
cyclotron resonance spectroscopy (ICR) has emerged as one of
the most versatile techniques for the study of gas phase ion-
molecule reactions. Using double resonance (1) and ion-
ejection experiments {(2), complex reaction sequences and
product distributions may be readily obtained. In addition,
useful information regarding thermochemical properties such
as gas phase basicities and acidities (3) in the absence of
complicating solvation phenomena have led to fundamental
insights into substituent effects and the role of solvents
in organic reactions in solution. These and other incursions
into physical organic chemistry have shown that ion cyclotron
resonance spectroscopy is a vital tool for the understanding
of reactivities of organic ions.

Of fundamental importance, however, in the characteri-
zation of any reacting system is the determination of re-
action rate constants. Equations to calculate ICR peak
intensities from power abosrption equations have been formu-
lated and rate constants extracted from them by approximate
methods and analysis involving iterative computer solution
(4-6). These methods are cumbersome, however, and can be
accurately applied only to the simplest of ion-molecule re-

action sequences.
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Recently, a number of diverse mass spectrometric tech-
nigues nave been developed for the determination of ion-
molecule reaction rate constants. Among the must successful
of these have been methods involving examination of relative
ion abundances as a function of reaction time. Several of
these methods employ electric or combinations of electric
and magnetic fields to trap ions for controlled periods of
time. For example, Harrison et al. (7) have shown that the
negative space charge of a low energy, high intensity
electron beam can be used to trap positive ions in a con-
ventional mass spectrometer.

This is similar to an apparatus developed by Tal'roze
(8) where ions are trapped in a cylindrical region by a
wire biased at lower voltage than the cylinder walls and
running through the center along the longitudinal axis of
the cylinder. It was shown that ions execute rosette
motion about the wire with a low probability for actually
striking the wire. This technique has the advantage over
that of Harrison in that it is capable of trapping both
positive and negative ions.

More recently, in this laboratory, a trapped ion source
has been designed for use with a quadrupole mass spectrom-
eter (9). TIons formed by a pulsed electron beam are trapped
in a cylindrical region by the combined action of electric
and magnetic fields. After the desired reaction time, ions

are ejected from the source through a series of collimating
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lenses into the mass spectrometer.

The above techniques suffer from the disadvantage that
ions are formed in regions of relatively high electric field
and hence have excessive amounts of kinetic energy. It is
in general of much more interest to examine the rate con-
stants for reactions of thermal energy ions.

An advantage inherent in ICR experiments is that ions
are formed in a region of low electric field and have near
thermal energies. Wobschall has described a method for
trapping ions for periods up to one millisecond in an ICR
spectrometer of solenoidal design (10). More recently,
McIver (11,12) has demonstrated that a trapped ion analyzer
cell based on the trapping action of electric and magnetic
fields is a valuable tool for determination of ion-molecule
reaction rates. The simple analysis required to relate
reaction rate constants to the variation of ion abundance
with time obviates the difficult task of calculating ICR
rate constants by iterative computer solution to the ICR
power absorption equations. This increased ease of calcu-
lation makes the variation of ion abundance with time far
more amenable to determination of reaction rate constants by
the more conventional study of variation of ion abundance
with pressure. However, the conventional ICR cell remains
well-suited to routine aspects of gas phase ion chemistry.
These include examination of elastic collisions by collision

broadening of the absorption line (13,14), identification
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of reaction sequences in double resonance experiments (1),
determination of product distributions using source and
trapping ion ejection techniques (2), study of variation of
rates with ion kinetic energy (15-17), observation of col-
lisional stabilization of excited intermediates in ion-
molecule reactions (18,19), and the routine recording of
mass spectra without mass discrimination (3). While it is
possible to perform many of these experiments using the
trapped ion analyzer all described by McIver, the conventional
drift cell offers distinct advantages in most applications,
primarily in terms of operational simplicity. It was desir-
able, therefore, to modify the conventional ICR cell in such
a manner as to permit its convenient use in both drift and
trapped-ion modes. The fruits of that endeavor are the

subject of this thesis.
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CHAPTER IT

Ion Motion in Ion Cyclotron Resonance Experiments

A. Introduction

In order to extract quantitative rate data from ion
cyclotron resonance experiments, it is necessary to under-
stand ion motion under the combined effects of electric and
magnetic fields. Classical electrodynamic theory can be
applied to the configurations of electric and magnetic
fields appropriate for both conventional drift and trapped-
ion ICR experiments and provide a means of understanding the
factors governing ion motion (1) . In the conventional drift
mode of operation the combined effects of magnetic field
and potentials applied to the drift and trapping plates on
the transit time of ions through the apparatus can be
investigated and used to obtain accurate reaction times (2).
In trapped-ion mode (3,4) the electric and magnetic forces
governing ion trapping can be determined and used to
advantage in design of trapped-ion cells and in execution
of experiments requiring a knowledge of distribution of ions

in the trapping region.

BE. Ion Motion in Drift Mode

1. Analysis of ELlectrostatic Fields

Deauchamp and Armstrong have presented an analysis of

the electrostatic fields for ICR cells with equally spaced
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trapping and drift plates (5). Greater homogeneity for the
drift field is obtained by decreasing the spacing between
drift plates relative to the spacing between the trapping
plates.

Equipotentials of the electrostatic fields in this type
of "flat" cell have been determined both by applying
appropriate voltages to silver electrodes painted on uniform
resistance paper in accordance with the geometry of the flat
cell and by an exact solution of Laplace's eguation. With
no applied drift voltages, a typical set of equipotentials
arising from the trapping and drift voltages applied alone
are illustrated in Fig. 1. 1In order to describe the effects
of potentials applied to the drift and trapping electrodes
on ion motion, it is useful to parameterize the electrostatic
fields in the cell. Following Beauchamp and Armstrong (5)
the equipotentials shown in Fig. 1, which arise from the
trapping voltage, can be approximated by an asymmetric
quadrupolar field of the general form

V = Vo + Az - Bx® , (1)

where V, is the potential at the center of the cell and the
constants A and B are chosen to best match the boundary
conditions. The origin of the coordinate system is taken
at the center of the cell midway between the trapping and
drift electrodes. A detailed solution to the electrostatic
field equations gives V = 0.11 VT’ If d is the spacing

between the trapping plates, and Fg. (1) is to satisfy the



Figure 1

Equipotentials obtained from an exact solution to Laplaces
equation for separately applied trapping and drift voltages.

The view shown represents a cross section in the xz plane.
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boundary conditions at both x = 0, z = #+d/2 and z = 0,

x = *d/4, then A = 3,52, B= 1.76 and
1.76
d2

The drift voltages are assumed to give rise to an idealized

Vo=V, [0.11 +

(222 - x2?)] (2)
set of equipotentials appropriate to a parallel plate

capacitor with

v= 22", (3)

d

where Vh is the drift voltage applied across the ICR cell.
For reasons discussed in detail below, this voltage is
nominally divided between the top and bottom plates of the
cell. A set of equipotentials for typical experimental
values of combined drift and trapping voltages are shown in
Fig. 2.

2. Drift Motion

The trajectory of a particle of charge g and mass m
subject to the combined action of an electric field, ¥,

and magnetic field, ¥, can be determined from the solution

of Eq. (4).

m dv q (E + vXH ). (4)

dt o]

In the absence of an applied electric field, the ion
moves in a circular orbit in the plane perpendicular to H
at the cyclotron frequency, w, = gH/mc. Addition of a
constant electric field qives>rise to a net drift motion

given by
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Figure 2

Equipotentials for a typical experimental combination of
trapping and drift voltages. Note that the trapping and

drift characteristics are maintained in the combined fields.
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» - CEF x H , (5)

2k

which will be in a direction perpendicular to both E and
H . In executing this drift motion, the center of the ion

orbit will remain on an equipotential of the applied electric

field.
Combining the potentials given by FEgs. (2) and (3)

gives

E = -V =( T . Dy; - 7.04z k (6)

from which we have

3.52 x V, 2V
o= T Dycg, . (7)

az d |3
In the more normal experimental situation, different voltages
are applied to the source and resonance regions of the ICR
cell. If we let VDS and VDR be the drift voltages in each

region, respectively, then the corresponding drift velocities

are
, ~ 2c VDS 3.52 x ¢ VT 8)
bs 7 7
Hd Hd ?
and
) ) 2CVDR ) 3.52 x Vi ()
DR
Hd Hd 2
in the negative y direction. If £, and {£, are the distances

from the electron beam to the beginning and end of the
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resonance region, respectively, then

;=L (10)
Ype
and
T! = ’—f,l — + ("—Qi,- = ). (11)
DS DR

where Tis the time the ions enter the resonance region and
7/ is the time the ions leave the resonance region of the
ICR cell.

It should be noted that the drift velocity is predicted
to be independent of trapping voltage only if the ions remain
in the center of the cell in the plane defined by x = 0.
This is accomplished by balancing the drift voltages applied
to the source and resonance regions so as to match the
equipotentials in the center of the cell at the interface
between the two regions. If the equipotentials are mis-
matched the ions will move out of the x = 0 plane as they
enter the resonance region.

In order to experimentally verify the predicted ion
transit times a technique was devised to measure them and
simultaneously obtain dispersion in transit times of ions
from the electron beam to the ion current monitor (2).
Modifications required to perform these experiments are
shown in Fig. 3. A Hewlett-Packard HP-3300 Function

Generator generates a square wave of variable frequency and

amplitude which is applied to one trapping plate of the ICR
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Figure 3

Cutaway view of the ICR cell including a block diagram
showing the modifications required to perform transit time

exper iments.
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cell. The opposite trapping plate is held at a fixed
potential equal to the square wave maximum voltage. The
positive slope of the square wave is used to trigger a
Tektronix Type 161 pulse generator, providing a negative
pulse of variable duration and magnitude which is applied to
the filament to generate ions by switching the electron
energy above the ionization threshold. In the present
experiment the trapping plate was pulsed between +0.40 V
for times in the millisecond region corresponding to the
ion transit times. The electron energy was pulsed from

10 to 43 eV for a duration of approximately 50 usec. The
trapping time is determined by the positive half-cycle of
the square wave, measured directly to *1.0 usec with a
Heath Universal Digital Instruments Model EU-805. The pulse
sequence 1is illustrated in Fig. 4. The pulse times
represent the on period of the square wave, which is equal
to one-half the repetition rate period. Determination of
transit times follows in a straightforward manner. An

ion current is registered only if the trapping voltage
remains on long enough for ions to reach the monitor. This
technique is the simplest method for determining transit
times. Difficulties are encountered in measuring the
dispersion in arrival times since the ion current decreases
inversely with trapping pulse width when the ion transit

time is exceeded. To measure dispersion in arrival times,

an alternate pulsing schemec was devised in which the
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Figure 4

Pulse sequence for transit time measurements. The electron
energy is switched from below the ionization threshold (eV)
to above (eV) to generate a pulse of ions. The pulse

time defines the time during which ions are trapped in the
cell. An ion current is registered if this exceeds the

drift time through the cell.
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repetition rate period, determined by the square wave
generator, remains fixed at a period longer than the transit
time.‘ One of the trapping plates is held at a constant
positive potential and the other is switched from this
potential to a negative value after a suitable delay time,
using a Tektronix Type 161 pulse generator. Only if the
delay period exceeds the transit time is an ion current
registered. Referring to Fig. 4, this pulse sequence
involves operation at a fixed repetition rate with a variable
pulse time.

3. Variation of Transit Time with Magnetic Field

Strength

The variation of ion current with pulse time using the
simpler pulsed trapping method is illustrated in Fig. 5 for
N2+ at a pressure of approximately 10" torr and magnetic
fields at 2.5 and 5.0 kG. The time at which the first ions
arrive at the monitor was taken to be that time for which
an ion current is first detectable. The maximum ion current
gives the time at which the last ions formed in the electron
beam pulse arrive at the electrometer. The mean arrival
time of the ions is taken as that time at which the ion
current attains one-half its maximum value. Assuming ion

4

velocities in the range of 10 ° to 10—5 cm/sec we estimate

that after they leave the resonance region it requires
approximately 10 to 40 usec for the ions to move to the

side plates of the cell in the collector region (in which



22

Figure 5

Variation of ion current (N2+) with duration of pulse applied
to the trapping plates, using the simpler pulsing method
described in the text. Magnetic field strengths of 2.5

and 5.0 kilogauss were employed, the latter corresponding

to the longer transit time. Other conditions were Vor =

R
Vhg = Vqp = 0.4 volts. Maximum ion currents of 107t A

were recorded.
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no trapping voltage is applied). This error in transit
time measurement is approximately canceled by the 50 usec
delay in formation of ions, at the electron beam following
the turning on of the trapping.

The variation of ion current with trapping pulse time
for the second pulsing scheme described above exhibits the
expected step function behavior as shown in Fig. 6. The
dispersion in ion transit times can be determined from the
derivative of this curve, obtained by numerical analysis.
The observed dispersion in transit times is small, about 100

psec, as determined by the full width at half height of
the derivative curve displayed in Fig. 6. The spread in
ion production and collection times contribute to this
measured dispersion.

In Fig. 7 the experimental variation of ion transit
time with magnetic field strength is compared with that
calculated from Eg. (l11) for ions at the center of the cell
(x = 0). The agreement is excellent for the range of mag-
netic fields tenable with our instrument (0-14 kg).

4. Variation of Transit Time with Drift Voltages

The variation of ion transit times with simultaneous
variation of the drift voltages in the source and resonance
regions is shown in Fig. 8. The line represents calculated
transit times. As is evident, agreement is good for the
full range of electric field strengths.

A simple transposition of Egs. (10) and (11l) gives
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Figure 6

Variation of ion current (N2+) with duration of pulse applied
to the trapping plates using a fixed dquty cycle for ion for-
mation. The derivative of the ion current with respect to
pulse time was determined by fitting a polynomial to the
experimental curve at the indicated points. This derivative
curve details the dispersion in transit times. Other con-

ditions were the same as Fig. 5 with H = 5.0 kilogauss.
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Figure 7

Variation of ion transit time with magnetic field strength.
The points represent experimentally determined mean ion
transit times. The line indicates the calculated times
using Eg. (11) in the text. Other conditions were V =

DR

VDS = VT = 0.4 volts.
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Figure 8

Variation of ion transit time with drift voltage. The

points represent experimentally determined mean ion transit
times. The line indicates the calculated times using Equation
11 in the text. Other conditions were VDR = VDS = VD (varied),
VT = 0.4 volts, H = 5.0 kilogauss.
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(ﬂz - £1)Hd

2c VDR

T'

H
3
+

(12)

Thus by measuring the ion transit time at fixed magnetic

field strength for various values of the drift voltage in

-1
DR’

the source residence time, T, 1is obtained as the intercept

the resonance region, V and making a plot of 77 wvs V

DR’
of the 7’ axis. Typical experimental results are shown in
Fig. 9. The experimental value of T is 0.39 msec, to be
compared with a calculated source transit time of 0.41 msec.
Relatively more weight is given to those points at higher
values of Vé%. Fringing of the electric fields in the
source regions is likely to occur at high electric field
strength in the resonance region and may cause the observed

deviation from linearity at low values of VB% in Fig. 9.

5. Variation of Transit Time with Trapping Voltage

The effects of trapping voltage, Vipr and position of an
ion in the cell, x/d, on the transit time of an ion are
illustrated in Fig. 10. The results indicate a good
qualitative agreement between experimental transit times
and those calculated using ion velocities given by Egs. (8)
and (9). A lack of better quantitative agreement can be
attributed to the approximation inherent in the parameteri-
zation of the electrostatic field in Fg. (11), which does

not satisfy Laplace's equation (V2V = 0) unless A = B, 1If

the drift voltages are balanced in the source and resonance
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Figure 9

Variation of transit time with drift voltage applied to the

resonance region. Relatively more weight is given to the

points at higher values of VDR to compensate for the effect

of fringing fields. The transit time axis intercept is the

source residence time. OQther conditions were V =V _ =

DS T
0.4 volts and H = 5.0 kilograms.
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Figure 10

Effect of trapping voltage on ion transit time for three
different field situations:
(a) Vhr = 0.4 volts (+0.3 volts on top plate and
-0.1 volts on bottom plate).
(b) VDR = 0.4 volts (+0.2 volts on top plate and
~0.2 volts on bottom plate).
(c) VDR = 0.4 volts (+0.1 volts on top plate and
-0.3 volts on bottom plate).
Ineach case, VT = VDS = 0.4 volts with the drift voltage
divided evenly between the top and bottom plates in the
source region. Other conditions were H = 5.0 kilogauss.
In the three cases shown, the ions are in the plane defined

by (a) x = +d/4, (b) x =0, and (c) x = -d/4 as they pass

through the resonance region.
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regions it is found, as predicted, that transit lines are
relatively insensitive to a wide range of trapping voltage.

6. Effects of Ion Energy on Transit Time

It is assumed in a double resonance experiment that at
low irradiating power the change in product ion intensity
observed upon irradiation of a reactant ion reflects the
change in reaction rate with ion kinetic energy (6). If
the higher ion kinetic energy resulting from irradiation
leads to a modification of the ion transit time, then the
extent of conversion from reactant to product will be
similarly altered, independent of any variation in the
reaction rate constant with ion kinetic energy. To test
this possibility the mean arrival times of ions were mea-
sured as a function of the field strength of the double
resonance oscillator used to irradiate the only species
present, N2+, in the source region. Ion transit times
were found to be independent of irradiating field strength
up to the point where ions were ejected from the cell by
striking the drift plates. This corresponds to an ion
energy of 7100 ev.

7. Variation of Ion Transit Time with Pressure

At pressures high enough such that a significant number
of collisions occur in the ICR cell, it is necessary to
consider possible effects this might have on the ion transit
times. A damping term representing the effects of momentum

transfer is added to Eq. (4) to give
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dv
dt

v X H

m ) = gY), (13)

= q(r +

where £ is the collision frequency for momentum transfer.

The time averaged solution to this equation yields (7)

£qE ~ EcE
v, =-——— = (14)
X m@? + £2) 0 H
C C
-w gk
vy =—0S— = SE o Epe) s
y m(w2c+ £2) H c

In the limit of no collisions (vx> is zero and <vy) gives
the drift velocity. Based on the long range attraction
between the ion neutral pair being dominated by the ion-
induced dipole interaction, the approximate collision fre-
quency is given by (8,9,10)

£ = 2.21 nrqualid®/m (16)

where n is the number density of neutrals, & is the angle-
averaged polarizability, and U is the reduced mass of the
collision pair.

Ion transit times were measured for N2+ at pressures
up to 6 x 107> torr with a magnetic field strength of 5.0
kilogauss. At 6 x lO—3 torr a collision frequency of
9.7 x 10% sec™! is calculated from Eq. (16), while ®_ is
1.7 x lO6 sec-l. From Eq. (15) less than 1% decrease in

transit time is predicted. This was experimentally

verified within our limit of accuracy. No change in ion
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transit time was observed with increasing pressure, up to
the highest pressure obtainable, 6 x lO_3 torr. At higher
pressures, where the effect would measurably influence
drift times, the loss of ions to the negative drift plate
becomes appreciable in accordance with the pressure
dependent transverse drift velocity given by Eq. (14). A
measurable ion current is, however, not registered under
such conditions, and transit times cannot be determined.

It is evident that measured transit times are ade-
quately reproduced by the straightforward analysis leading
to Egs. (10) and (11) when the drift voltages applied to
the source and resonance regions are appropriately balanced
so as to match at the center of the cell, the equipotential
along which the ions move in each region. The trapping
voltage is found to influence transit times only when the
drift equipotentials are mismatched at the center of the

cell.

C. 1Ion Motion in Trapped-Ion Mode

1. General Description of the Method

The cell used to conduct trapped-ion experiments 1is
basically the conventional Varian flat cell described in
the previous section of this chapter. In a typical experi-
ment, ions are formed by an electron beam pulse of variable
energy and duration. Trapping is effected with the aid

of a new cell plate added to the rear of the source region

of the cell. With the source drift plates and the new
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rear plate at ground, the analyzer drift plates at some
negative potnetial and the trapping plates at a positive
potential, a potential configuration is created in the
source region very much like that in the trapped ion
analyzer cell described by McIver (3) for trapping posi-
tive ions. The space potential everywhere within the source
is positive with respect to the surrounding cell plates
and adjacent resonance region. This constrains the ions
to move on equipotentials of the drift field which close on
themselves within the source region of the cell. To trap
negative ions the polarity of the voltage applied to the
trapping and analyzer drift plates is reversed.

Ton detection is effected by switching all voltages
to appropriate values for normal drift mode of operation.
The ions are consequently drifted through the analyzer
region of the cell where they are observed with the
usual marginal oscillator detector. The ion motion for
this sequence of pulses is shown schematically in Fig. 11.
A more detailed analysis of ion motion in the trapping
configuration is presented in the following section.

2. Description of Fields and Ion Motion

Sharp, Eylar and Li (11) have presented an analysis
to explain the trapping action of combined electric and
magnetic fields in the trapped-ion analyzer cell developed
by McIver (3). 1In that case the geometry is that of a

parallelepiped enclosed on all six sides by plates to
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Figure 11

Schematic depiction of ion motion in the ICR cell in trapped-

ion and drift modes.
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which individually variable potentials may be applied. For
such a geometry an exact solution to Laplace's equation is
possible. However, in the trapped-ion cell described in
this thesis (4) one of the ends of the trapping region is
open to allow ions to drift through to be analyzed. This
geometry is shown in Fig. 11. A straightforward exact
solution to Laplace's equation is not possible in this
case. However, a reasonably accurate approximation may

be obtained by assuming that the open end is a plate at
ground potential. The solution to Laplace's equation for

such an approximation is

¢(XIYIZ) = (17)

sin (2n-1)7T x sin (2m-1) 7 vy coshaf 25 (2n-1)°+(2m-1) %z
T a 5a 5a

M 2] el (2n-1) (2m-1)

where Vi is the trapping voltage and the origin of coordi-
nates is in one corner of the cell. "Sharp et al. (11)

have shown for such an analytical solution for the McIver
geometry that the potential at the midplane (y = {/2 where

¢ is the length of the cell) is almost exactly that obtained
for the two-dimensienal solution. They have also shown that
near the midplane the potentials inside the cell can be
accurately approximated by a three-dimensional quadrupolar
potential. Since the two-dimensional quadrupolar approxi-

mation carried out in the first part of this chapter (2)
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very accurately predicted ion motion in drift mode, the
approximation was extended to three dimensions for the
trapped ion cell described here. Fitting this potential

to the boundary conditions the result obtained is
_ X, 2 Y2 zZ,2
Vo =avy + v (B2« ¥H? + NH?) (18)

where ® = 0.1132, B = -0.4528, § = -1.8112 x 1072, X =
0.8868 and the origin of coordinates is now taken at the
center of the trapping (source) region of the ICR cell.
Like the two-dimensional quadrupolar case, this approxi-
mation does not satisfy Laplace's equation (§72V = 0) and
hence a completely quantitative description of ion motion
may not be possible although the qualitative features
should certainly be adequate.

The motion of an ion under the combined effects of the
potential of egn. (18) and a homogeneous magnetic field in
the z direction can be regarded as a superposition of
oscillation in the z direction due to trapping voltage and

cycloidal drift due to the F x B constraint., The components

of drift velocity are obtained from the equations

ik = cEy/B (19a)
vdy = ~cEx/B (19b)
de = 0 (19c)

The components of £ for our quadrupolar potential are
obtained from EQ = ~V7VO and the components of drift are

given by
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2¥yv,C
2
Vix T (20a)
Ba?
_ —2@ X V.,.C
vdy = T (20b)
Ba?
Vag = 0 (20c)
Differentiating eqn. (20b) and substituting
dv dv
S R A A (21)
dt Y dy
we can integrate and obtain
vd 2 “298VT2C'2Y2 (22)
Y = + const. “
2 R2g%
Substituting for vdy we obtain
g x* +¥y® = const. (23)

Assuming as our initial condition that ions are formed
at the origin at time t = 0 with initial velocity (on’
Vyo, VZO) then the constant of equation 23 may be evaluated.
At time zero the generating circle for the cycloidal motion

has a center initially at (13)

X = v
c yO

/w0 (24a)
yc = "on/u (24Db)
and substituting into eqn. (23) we obtain

Bxz +¥y2 = @xcz +8ycz . (25)
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Using this condition and the coupled equations (20) the

cycloidal motion in the xy plane is defined as

S cos{lt + (—%rd% Yo sin()t (26a)

y = Y cos(t -~ (—%—-)I/2 %C sin{)t (26b)
2V

where.gl = T (BK)% (27)
Ba®

From these equations the individual ion motion can be seen
to be that of a corkscrew motion, circling around magnetic
field lines at the cyclotron frequency while executing
simple harmonic motion in the z direction due to the
trapping potential, VT’ This motion takes place on a micro-
second time scale with a frequency (12)

VT 1

Wp = 163 ( ) (28)

m
and each ion traces out the surface of a cylinder. On a
millisecond time scale, the cylinder moves on the ellipses
described by equation (26) with the axis of the cylinder
along the magnetic field lines and at a frequency 0.
Figure 12 shows the maximum loci of generating centers
for Ar+‘ions formed with the initial kinetic energy indi-
cated, all directed in the y direction. As can be seen,
for thermal energy ions the maximum excursion is less than
0.5 cm. This means that thermal energy ions will all stay
very close to the center of the cell in a region where the
quadrupolar approximation is most accurate (11).

For a thermal population of ions, Sharp et al. (11)
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Figure 12

Maximum loci of generating centers for Art ions formed at

the origin with the initial kinetic energy shown, calculated
from equations (24) and (26) based on @ and X obtained from

the approximate potential of equation (18). The maximum

locus is generated by an ion with all of its initial veloc-

ity in the y direction.
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shown that the distribution of initial centers of gener-

ating circles of the cycloids is given by

dN(x,,y.) =

. (29)
No ()t Zexp [ -ameo? (5 2C ] ax_a
©lgmerp) W exp | MW () | dx.dy,

Initially for a thermal situation the population contours
will be concentric circles about (xc,yc). However, it can

be readily seen from equation (26) that after one-quarter
w

period of the elliptical motion at time t = —EEXT“ the
generating center of the cycloid has moved to
L
X = L_%r_)z Yo (30a)

c (30b)

y = - (8%«
¥
Since @»’X the ions have all moved to positions very near
the x = 0 plane. After another quarter period, the popu-
lation controus will again return to concentric circles.
This periodic behavior serves to explain a seemingly
anomolous behavior occasionally observéd in trapped-ion
spectra. Large oscillations in intensity as a function of
trapping time with periods on the order of milliseconds
such as those shown in Fig. 13 are often seen. Space
charge effects, which have been ignored in the above analy-
sis would prevent the concentration of ions near the x = 0
plane. Hence, each time the circular population contains

collapsed to thin ellipses a space charge force would

accelerate the ions to the cell plates and the ions would
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Figure 13

A typical spectrum exhibiting oscillations in intensity as

a function of time. This trace shows CF3+ generated from

CFBCHF2 at 70 eV and a pressure of 2 x 10“6 torr. The

fluoride transfer reaction

+ +
CF3 + CF3CHF2-———- CHE'ZCF2 + CF

occurs causing the decrease in CF

4
3+ intensity. Trapping

voltage was 0.5 volts, magnetic field 13.8 kilogauss and

the observed oscillation frequency 185.8 Hz.
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be lost. It is experimentally observed that these oscilla-
tions generally become damped at longer trapping times or
higher pressures. This can be explained on the basis of
ion-neutral collisions. Collisions, also ignored in this
analysis, will randomize the positions of the generating
circles for the cycloids and the population contours will
no longer oscillate. |

The experimentally observed variation of the oscil-
lation frequency with trapping voltage, Vips predicted from
equation (27) is shown in Fig. 14. It can be seen that the
variation is very nearly linear and the slope yields a
value of @5 of 0.0845, very close to the theoretically pre-
dicted value of 0.082.

The above analysis for trapped-ion motion suggests
several considerations for trapped-ion cell design and for
alignment of a light beam in experiments involving photo-
ionization (13), photo-detachment (14) or photo-induced
reaction (15). The principle mechanism.for ion loss other
than the space charge effects discussed above is due to
random walk of the ions to the cell walls as a result of
collisions. Sharp et al. (11) have shown that the average

retention time of ions in the cell is given by

3
T . D2q2B21T 5

4.8 P o (mkT)?

(31)

where D is the distance from the origin to the cell wall

in the x direction, P is the pressure in dynes/cm2 and o
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Figure 14

Experimental variation of the oscillation frequency with

trapping voltage for CF3+ ions generated under the conditions

described in Figure 13.
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is the average collision cross section. This suggests
that enlarging the space between the drift plates should
lead to a dramatic increase in trapping efficiency, a
consideration worthy of note for future cell construction.
In addition to randomizing the distribution of genera-
ting centers, ion-neutral collisions should thermalize the
ion motion in the z-direction. Illence after relatively few
collisions most of the ions will be distributed near the
z=0 plane. Hence, any attempt to irradiate ions with an
external light source should have a thin light beam
aligned in this plane to minimize the interaction volume

of photons and ions.
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CHAPTER III

Design, Construction and Operation of a Trapped-Ion

Cyclotron Resonance Spectrometer

A. Introduction

The principle consideration in the design of the
trapped-ion ICR cell was the need for versatility. It
was essential that the frequent change from the trapped~
ion mode of operation to either trapping voltage or electron
energy modulation in drift mode be routinely possible with a
minimum of alteration to the instrument. In particular,
it was mandatory that there be no need to change cells,
necessitating breaking of the vacuum seal and a tedious and
time-consuming bake-out procedure. The minimum of mechanical
modifications and the aid of several integrated circuits,
FET switches and switching transistors made the change from
one mode of operation to another possible with a single

multi~deck wafer switch.

B. Mechanical Modifications to the ICR Cell

The only physical alterations to the conventional ICR
cell necessary to effect ion trapping are the addition of
a plate to the rear of the source region (¢onnected to
either of the source drift plates) and the mounting of 90%
open mesh gold grids between the filament and trapping plate

on one side of the cell and between the electron collector
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and the trapping plate on the other. These grids, operated
at the potential of the adjacent trapping plate, shield the
trapping region from the bias voltages applied to the fila-
ment and electron collector and were found to greatly reduce

ion losses during the trapping period.

C. Electronic Design.

1. TIon Trapping Circuitry

A block diagram, illustrating the control and sequence
of pulses during the trapped-ion mode of operation is shown
in Fig. 1. The actual circuitry for control of drift plate
potentials in the trapped ion mode is shown in Fig.2 . The
time base for each trapping cycle is suppliedvby a Tektronix
Type 454 Oscilloscope which generates a 0 to 10 volt ramp
exactly the length of the oscilloscope trace. The common
experimental range of trapping times from 10 milliseconds
up to several seconds are routinely available by changing
the time base setting of the oscilloscope.

A slow scanning ramp is obtained from the output of
the sweep potentiometer of the Fieldial (1) control for the
magnet. The Fieldial may be decoupled from the magnet to
generate a 0 to 10 volt ramp in times ranging from 30
seconds to 50 minutes while the magnetic field remains
constant.

Each of the ramps are input to high impedance operational

amplifiers, IC's 1 and 2 (Fairchild~ pA 741) (2) wired as

voltage followers. These devices prevent the pulsing
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Figure 1

Block diagram illustrating the control of pulsing sequences
for the trapped ion cell. Ramp 1 is generated by a Tec-
tronix Type 454 Oscilloscope, Ramp 2 by the Fieldial of a
Varian electromagnet. The boxcar integrator is a PAR Model
CW-100 Boxcar Integrator. All other compbnents are home-

built.
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Figure 2

(a) Circuitry to generate the pulsing of the ICR cell drift
plates by comparing the outputs of the fast and slow ramps.
Pulses from the monostable multivibrator (M A-9601) also

trigger the boxcar integrator.

(b) Outputs of the FET gate drivers in the last stage of
Figure 2(a) are each input to the gates of four separate
FET switches (2N 3819), one for each of the ICR cell drift
plates. Each plate may be pulsed between any two given

voltages. In practice, the lower resonance drift plate is

not usually pulsed since this seriously perturbs the marginal

oscillator.
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circuitry from loading either of the ramps.

The outputs of the two voltage followers are used as
reference voltages for a voltage comparator, IC 3 (Fairchild-
pA 710) (3). When the output voltage from the oscilloscope
ramp exceeds that from the Fieldial the output of the com-
parator switches from 0 to 3 volts. It is this transient
that is used to trigger the detect pulse. An optional con-
stant reference voltage is also supplied to allow the Fieldial
to be coupled to the magnet and permit mass spectra to be
taken at any desired reaction time. |

The output of the comparator is used to trigger a
monostable multivibrator, IC 5 (Fairchild- A 9601) (4). When
the input to the monostable multivibrator is 0 volts the
logic 0 and logic 1 outputs are 0 and 3 volts respectively.
However, when the input voltage switches to 3 volts and logic
0 and logic 1 outputs generate a pulse of 3 volts and 0 volts
respectively of controlled width. This width is given by

= 1
T 0.32 R1C2 (1L + 0.7/Rl) (1)

where R,, Rz, and C, are resistors and capacitor wiréd
externally to the monostable multivibrator. This pulse
width is the width of the detect pulse during which ions are
drifted from the trapping region into‘the resonance region
where they are detected. It is desirable that the pulse
width be variable since the ion drift velocity is dependent

on the magnetic field strength according to the relation (5)

v, = cE (2)
H
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At higher magnetic field strengths the ions will drift
slower and hence in order that the detect pulse be on for a
time approximately equal to the ion transit time through
the resonance region of the apparatus the value of R, was
made easily controllable by a potentiometer on the control
panel of the instrument. This was done to ensure that only
marginal oscillator signal would be integrated by the box-
car integrator and thus optimize the signal to noise ratio.
Since it was decided to use inexpensive FET switches
for pulsing the cell plate voltages from a trapping to drift
configuration, it was necessary to convert the output pulses
of the monostable multivibrator to voltage pulses of sufficient
magnitude to gate the FET's. This is done by means of FET
gate drivers (6). The FET gate drivers shown here employ
small signal germanium switching transistors with break-
down voltages above 30 volts and high current gain. The
2N 404A transistor is a PNP type while the 2N 388A is an
NPN although any switching transistors with comparable
characteristics could be used. These drivers convert the
logic 0 pulse (0 to +3 volts) of the pA 9601 to a -15 to
+15 volt pulse, while the logic 1 pulse (+3 to 0 volts) is
transformed to a +15 to -15 volt pulse. When the potential
applied to the gate of a 2N 3819 FET is -15 volts the
effective drain source resistance approaches infinity.

Therefore, the logic 1 driver output (+15 to -15 volts)

can be used to supply the gate for the FET switch which will
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be on for the trapping period while the logic 0 driver
pulse (-15 to +15 volts) can be used to turn on the detect
pulse by supplying the appropriate potentials for drift
motion.

The drains of both FET's supply the inputs for high
input impedance operational amplifiers (Fairchild pA 741)
wired as voltage followers. The output of these amplifiers
go directly to the cell plates. Since their output impedance
is very low the pick-up of stray noise is minimized and thus
improves signal to noise characteristics of the instrument.
While one FET is in the off position the other is on and in
this way voltages can be switched very rapidly (rise time
~10 ns.) from trapping to drift configuration.

2. Electron Energy Pulsing Circuitry

In the trapped-ion experiment ions are formed for a
period of time short compared to the reaction time. This
is done by pulsing the electron energy from below the ioni-
zation potential of the molecule being investigated to some
voltage above the ionization potential. In addition, in
drift mode, where detection is accomplished by a phase-
sensitive detector electron energy modulation at the refer-
ence frequency of the phase sensitive detéctor is a very
useful technique. The circuitry for accomplishing both
these functions is shown in Fig. 3.

The electron energy pulse for the trapped-ion experi-

ment is supplied in a manner analogous to the detect pulse -
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Figure 3

Circuitry for control of the electron energy in ICR experi-
ments. In both trapped ion and electron energy modulation
modes, the circuit provides pulsing from below to above

the ionization potential of the molecule studied. In the
trapping voltage modulation mode the electron energy is

held constant.
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Thé oscilloscope ramp is again used as one input to a voltage
comparator (Fairchild- pA 710) (3). The reference input
is supplied by an external constant voltage set at some
low value so that the electron energy pulse will be
initiated very near the beginning of the duty cycle determined
by the width of the oscilloscope ramp. The width of the pulse
is again determined by a monostable multivibrator. A two
position switch allows variation of the pulse width from
0 to 1 millisecond and from 0 to 10 milliseconds. The logic
0 output (0 to 3 volts) is used to gate a high Qoltage switch-
ing transistor (2N 398B). When the voltage applied to the
base of Q5 1is negative, the transistor is conducting and
the voltage applied to the filament is determined by the
setting of potentiometer R21. However, when the mono-
stable multivibrator changes levels to +3 volts the base of
Q5 is positive and the transistor will not conduct. The
voltage applied to the filament is then determined by the
setting of a remote programmable power supply.

In order to use electron energy modulation the output
of the monostable is replaced by a 0 to 3 volt square wave
from thé phase sensitive detector. The transistor Q5
operates in a fashion similar to that described above except
that the voltage applied to the filament is now a square
wave.

In cases where constant electron energy is desired, the

voltage applied to the base of Q5 is switched to +5 volts.
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The transistor is then held continuously non-conducting and
the filament voltage is constant.

3. Trapping Voltage Circuitry

Another possible modulation scheme_in drift-mode ICR
experiments is trapping voltage modulation. A single
resonance spectrum in absorption mode may be obtained if
one trapping plate is modulated between some positive and
some negative potential with a period longer than the
transit time of the ions through the cell. This technique
is especially useful for studying negative ions where ion
formation can often take place over a wide range of electron
energies and in photoionization ICR experiments. A typical
spectrum taken with trapping voltage modulation (25 Hz) 1is
shown in Fig. 4 for a mixture of ethyl nitrite and ethanol.
A reversal of the sign of the potential applied to the
trapping plate held at constant voltage serves to detect
negative rather than positive ions. Since mass discrimi-
nation effects are not importanﬁ.in ICR experiments and the
applied fields are symmetric for both positive and negative
ions, it is possible to quantitatively assess the relative
abundance of positive and negative ions.

The circuitry to apply trapping plate potentials in
all modes of operation is shown in Fig. 5. For trapping
voltage modulation, reversal of the sign of the potential
applied to the modulated plate is again accomplished with

the use of FET switches. The 0 to 3 volt square wave
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Figure 4

Positive and negative ion cyclotron resonance spectra of a
mixture of ethylnitrite and ethanol recorded using trapping
voltage modulation. Both spectra were recorded using the

same gain and an observing oscillator frequency of 153.7

kHz.
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Figure 5

Circuitry for control of trapping plate voltages in ICR

experiments. In trapping voltage modulation mode the modu-

lation frequency is supplied by the phase sensitive detector.

In all other modes both trapping plates are held at constant
voltage.
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supplied by the phase sensitive detector is converted to a
suitable magnitude (-15 to +15 volts) to act as a gate

driver by the switching transistors Q14 and Q1l5. Using two
FET's of opposite polarity a single gate driver can act

to switch one FET off while switching the other on. As

can be seen from Fig. 5, the desired trapping voltage is-
input to two separate operational amplifiers, one wired as

a voltage follower (IC 13), and the other as a unity gain
inverting amplifier (IC 11). The output of the voltage
follower is applied to the trapping plate held at constant
voltage. The output of the inverting amplifier is the

source voltage for one FET while the potential applied to

the constant trapping plate is the source voltage for the
FET of opposite polarity. The drains of both FET's are
input to another voltage follower (IC 12). Thus, the
potential applied to the mddulated trapping plate is switched
between plus and minus the potential on the constant trap-
ping plate at the reference frequency of the phase sensitive
detector.

In trapped ion and electron energy modulation operations
the potential on both trapping plates is held constant by
grounding the input to the gate driver circuit. This holds
the gates of the FET switches at -15 volts and keeps the
switch supplying the inverted potential continuously off.

4. Radio Frequency Pulse Circuitry

One of the unique features of ICR is the ability to
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alter ion populations and ion kinetic energies by applying
a secondary radio frequency field at the cyclotron frequency
of a particular ion. It was desired to extend this feature
to the trapped-ion mode of operation and to allow for the
capability to initiate the RF pulse at‘any time during the
trapping cycle for a controlled duration. This was
accomplished by means of the simple circuit shown in Fig.®6

The oscilloscope ramp again supplies one input to a
voltage comparator. A variable front panel adjustment
supplies the reference input to the comparator. The output
pulse from the comparator triggers another monostable
multivibrator. A front panel switch and potentiometer
control the width of the output pulse from several micro-
seconds to the remaining length of the duty cycle.

Several investigators (7-9) have used microsecond
radiofrequency pulses in drift mode ICR experiments to
accelerate ions to a known kinetic energy and examine
reactions and rate constants for ions as a function of
kinetic energy. The increased ease of kinetic measurements
in trapped-ion mode make the ion kinetic energy experiments
.much simpler. In a typical experiment an electron energy
pulse of several milliseconds forms ions of thermal energy.
These ions are subsequently accelerated to a known kinetic
energy by a radiofrequency pulse on the order of micro-
seconds. These translationally excited ions are then

allowed to react and reactant and product ion intensities
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Figure 6

Circuitry for initiating r.f. pulses from the double resonance

oscillator. The circuit allows the double resonance oscil-

lator to be turned on in trapped ion mode after a suitable

delay time for any desired length of time.
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are recorded as a function of time as in the normal trapped
ion experiments.

In addition to examining reactions of translationally
excited ions, the time delayed irradiation technigue has
several other useful purposes (10). One of these is the
ability to selectively remove a particular ion from the
trapping region at a given time during the trapping cycle.
The utility and results derived from this type of experi-
ment will be discussed later in this thesis in the treat-
ments of fast charge and particle transfer and in the
equilibria of organic ions.

As well as these experiments, it is also possible to
do the usual double resonance experiment in trapped-ion

mode by allowing the radiofrequency irradiation to be

continuous.

D, Pressure Measurement

The accuracy of rate constants determined by ICR
techniques depends on the ability to accurately measure the
pressure of gas in the ICR cell. In drift-mode ICR
where reaction times are about one millisecond, most reaction
occurs above 10—5 torr. In this pressure range accurate
pressure measurement is possible with a capacitance
manometer (11). However, in trapped-ion experiments
reaction times can be on the order of several seconds and
6

operating pressures in the range 5 x 10—8 torr to 5 x 10~

torr are desirable. In this region, no absolute method to



80
measure pressure exists and pressure measufement must be
carried out by indirect methods. The most convenient
method for our purposes is an ionization gauge. Because
of space limitations and the need to measure pressure in a
strong magnetic field, an ionization gauge of Shulz-Phelps
geometry was chosen (12,13). Such a gauge is shown
schematically in Fig. 7. Accelerating fields draw positive
ions to a collector plate while electrons (and possibly
negative ions) are drawn to another collector. The current
at the electron collector is a measure of the emission
current while the positive ion current registered at the
collector opposite is a measure of the neutral gas density.
Since every molecule has a unique ionization cross section,
the gauge is calibrated against a capacitance mancmeter
above lO“5 torr for each gas studied. It is assumed that
the calibration curve is linear from the measured range
down to zero pressure. The pressures of interest for
trapped-ion experiments are thus obtained from extrapolation
of the calibration curve.

Since the emission properties of the filament surface
can vary with pressure of the added gas or with temperature
it was found necessary to regulate the emission from the
ionization gauge filament. This was done with the emission
regulation circuit shown in Fig. 8 (14). Satisfactory
emission regulation was obtained from 0.1 UA to 200 KA.

12

Ion currents are in the range of 1072 A to 10~/ A and
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Figure 7

Schematic of the Schulz-Phelps ionization gauge adopted

for pressure measurement in trapped-ion ICR experiments.
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Figure 8

Circuit to provide emission regulation for the filament of

the Schulz-Phelps gauge.
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are measured using a Keithley Model 610 Electrometer.
Imission currents are monitored on a Simpson MicroAmmeter.
A typical calibration curve of ion current as a
function of pressure of methane measured by the capacitance
manometer is shown in Fig. 9. For most gases studied
these calibration curves are linear over the measured
range and give rate constants in good agreement with
literature data. Occasionally highly polar species will
give non-linear calibration curves, presumably due to
absorption on metal surfaces. Due to the change of cyclo-
tron radius with magnetic field the gauge sensitivity also
varies with magnetic field. For this reason all cali-
bration curves for gases were conducted at 6 kilogauss
and 10 uA emission current to insure consistency of

observations.

E. Data Collection and Analysis

As ions drift through the analyzer region of the cell,
the power absorption at their cyclotron frequency is
monitored with the usual ICR marginal oscillator detector.
The transient output of the marginal oscillator is inte-
grated by a Princeton Applied Research model CW-1 Boxcar
Integrator. The boxcar integrator is gated externally
using the detect pulse output of the monostable mﬁlti—
vibrator (IC 4) in the ion trapping circuit (Fig.3 ). The
integrated output of the boxcar integrator is displayed on

a Hewlett Packard xy recorder.
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Figure 9

Typical calibration curve for the Schulz-Phelps gauge for

CH4 at 6 kilogauss and 10 A emission current.
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The instantaneous power absorption of ions at resonance

is given by (15,16)

A(t) = N(0)g*Epg®t (3)

4m
where N(0) is the number of ions with mass to charge ratio
m/q, Erf the radiofrequency electric field strength and
t is the time the ions have been in the analyzer region.
The drift velocity of ions in the resonance region is
determined by the static electric field strength E and the

magnetic field strength H, according to the relation (5)

- CE__XH

vD |H|2

Thus knowing the drift velocity and the length of the

(4)

resonance region, £ , the drift time through the resonance

region is given by

{H
cE

(5)

when E and H are perpendicular. Hence the power absorption
increases linearly with time, reaching a maximum at t = T
beyond which it falls to zeroc as ions leave the resonance
region. The boxcar detector integrates the transient power

absorption giving the measured signal intensity

2F 2 2
I = wn() S Ef£T (6)

8m

At a fixed observing frequency, higher mass ions come into

resonance at proportionately higher magnetic field strength.
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Thus it follows from equations (5) and (6) that the inte-
grated power absorption will be directly proportional to
ion mass.

In order to illustrate the ion'trapping technique and
to demonstrate its usefulness for kinetic measurements the
positive ion molecule reactions of the parent ion of
methyl chloride are shown in Fig. 10. The reaction sequence
occuring in this system is

ki

+ =) +

CH3Cl"  + CH4C1 CH,ClH'  + CH,C1
+ ke +

CHyC1H  + CH,Cl - CH,CICH, " + HC1

A solution to the kinetic equations for a simple primary
(P), secondary (S), tertiary (T) ion system such as this

yields the abundances of the various ions as

p = p(0) e kit (7)
S = k]_P(O) (e~nk1t _ e‘nkzt) (8)
kz“kl
- —nk;,t —nkzt_
T k,k,P(0) ( l-e + e 1 ) (9)
kz_kl kl k2

where P(0) represents the initial concentration of pri-
mary ions. A plot of loglO (relative ion abundance) vs
time for each of the ions in methyl chloride is shown in
Fig. 11. The negative slope for the disappearance of

1

CH3C1+ gives k; = 1.2 x 1072 cm’® molecule sec ~. This

compares favorably with values of 1.5 x 10 ™2 cp3 molecule '
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Figure 10

Typical trace of variation of ion intensity with time for
ions observed in methyl chloride at 13.0 eV and 2.1 x 10°°
torr. Each trace represents a 5 minute scan. The observing
oscillator was operated at 307 kHz and the magnetic field

was varied to observe each resonance.
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Figure 11

Plot of loglo (relative ion abundance) vs. time for the

three ions of the methyl chloride system.,
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sec ! obtained by Herod et al. (17), 1.94 x 1072 cn®

molecule 1 sec”! obtained by McAskill (18) and 1.25 x 1077

em® molecule™ sec™! obtained by conventional ICR techniques
(L9). The rate constant for formation of the dimethyl

chloronium ion was obtained from the limiting negative

slope for the disappearance of CH ClH'. The value of

3
-10 3 -1 - .
k. = 1.8 x 10 cm” molecule sec agrees well with the
reported values of 1.0 x 10710 em? molecule™ sec™t of
10 -1

Herod et al. (17) and 1.4 x 10 cm® molecule t sec

of Beauchamp et al. (19).

F. Effect of Trapping Voltage on Rate Constants

To optimize ion trapping, it is often necessary to
operate at relatively high trapping voltages, VT' Ions
moving in the trapping well produced by the trapping voltage
will have varying degrees of kinetic energy depending on
their point of formation along the electron beam axis.
This varies from ion kinetic energies equal to 0.8868 Vi
for ions formed near the trapping plates to 0.1132 VvV, for

T
ions formed at the center of the cell. As seen from the
discussion of ion motion in the previous chapter, however,
the effect of ion-neutral collisions is to translationally
relax the ions so they reside very near the center of the
cell. Since ion-molecule reactions have been shown

theoretically and cxperimentally to depend on ion cnerqy,

it was dcemed necessary to ascertain the effect of high

trapping voltages on ion-molecule reaction rate constants.
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In order to examine this effect, the well-documented rate
constant for the reaction
+ - +

4 + CH4 CH5 + CH3 (10)

CH
was examined as the trapping voltage was varied (20-22).
The results of this study are illustrated graphically in
Fig. 12. Determinations at both 16 eV and 70 eV yield a
rate constant of 1.04 x lO~9 cm3 molecule-_l sec~l.
However, at higher trapping voltages the rate constant
appears to fall off. It was characteristic of spectra
taken at trapping voltages above 3.0 volts that primary
ion intensities were abnormally low relative to secondary
ion intensities. This can be explained in terms of ion
losses for higher kinetic energy ions. It appears that
primary ions formed with higher kinetic energies are
trapped less efficiently and may be lost from the source
region by striking the trapping plates before an ion-
neutral collision occurs. However, upon collision with a
neutral the ion kinetic energy may be partitioned between
the ionic and neutral products. Thus, secondary ions formed
have a lower kinetic energy and are trapped more efficiently,
accounting for the anomalously high secondary to primary
ion intensity ratio at short times. Hence the lower rate
constants at higher trapping voltages may be attributed
to a differential ion loss factor rather than a rate

variation with ion kinetic energy. Since most trapped ion

experiments are carried out with trapping voltages between
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Figure 12

Variation of rate constant with trapping voltage for the

ion-molecule reaction

+ +
CH4 + CH4-——> CH5 + CH3

determined by the ICR trapped ion technique described in
this thesis.
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0.5 and 2.5 volts, rate constants determined in this
manner should be fairly accurate. This is verified by the
excellent agreement between the rate constant for reaction

(10) determined by trapped-ion ICR at lower trapping voltages

and literature data.

G. Error Limits on Rate Constants
Uncertainties in rate constant measurements by the
trapped ion cyclotron resonance technique are largely due
to uncertainties in pressure measurements. Unless other-
wise indicated, all rate constants quoted in this thesis

may be assumed to be accurate to * 10%.
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CHAPTER IV

Trapped Ion Cyclotron Resonance Studies of Symmetric Charge

and Proton Transfer Processes

A. Molecular Resonant Charge Transfer

Symmetric charge exchange reactions involving atomic
ions and atoms have been the subject of much theoretical
interest since it is possible to treat them quantum mechani-
cally with some degree of rigor (1-3). Similar theoretical
calculations on molecular charge transfer have been few due
to difficulties in accurately describing complex systems
using existing quantum mechanical technigues.

Rapp and Francis (1) have separated charge exchange
between gaseous ions and neutrals into three categories of
ion velocity according to the theoretical model most suitable
for its characterization. At very high ion velocities
(v >'108 cm/sec) the Born-Oppenheimer approximation breaks
down since nuclear motion is no longer siow compared to elec-
tronic motion. This region has been the subject of very
little theoretical treatment. Considerably moré attention
has been directed to the intermediate velocity range where
the semi-classical impact parameter method may be applied.
This method assumes a rectilinear trajectory, such as that

shown in Fig. 1, in which charge transfer occurs at large

impact parameter with little or no transfer of momentum (3).
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Figure 1

Diagram of rectilinear trajectory for charge transfer. The
neutral molecule is located at a fixed distance R, from
the x axis. The ion moves along the x axis from x = - 00

to x = +o0,
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The resonant charge transfer process may be represented by
the equation

A+at—at + a (1)

where the initial state of the system having a wavefunction
\Vvi, and the final state of the system,\V £ correspond to
the left and right sides of equation (1) with the ion and

neutral at infinite separation. The total wavefunction for

the system is then given by

'\P' = (ci\yi + cf’qff) exp[%} (2)
where ci and cg are constants which are functions of time, t,
and E is the total energy of the system exclusive of the
relative motion of the ion and molecule.

The probability of charge exchange taking place during
a collision may be derived from the method of perturbed
stationary states which is based on consideration of an A2+
system as a one electron problem (2,3). The A2+ system is
assumed to have two degenerate states of energy, E, which
are split into symmetric and antisymmetric stationary states
of energyeS and ea’ respectively, by the relative motion
of the ion and molecule. Charge transfer is then interpreted
to arise from a phase interference between the symmetric and
antisymmetric stationary states and the probability of charge

transfer in a given collision with relative velocity, VvV ,

and impact parameter b is given by (1)

w (e, —¢,)ax
P(b,V) = Sin2 [ j ——-—a—z%-;u-.g._ ] (3)
v
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The corresponding cross section may then be calculated from

o0
o (v) = 21\-] P(b,v) bdb (4)
[+

An exact calculation of ¢depends only upon (éa - es) along
the trajectory, which must be calculated from a quantum
mechanical description of the system. The sin2 dependence
causes the probability function to oscillate rapidly between
0 and 1 with disappearance of the oscillations occurring as
the impact parameter is increased. This oscillatory behavior
corresponds to a rapid electron transfer between the nuclei.
In the region of oscillation the probability function is
taken to be 0.5 (3).

Accurate quantum mechanical calculations have been
carried out only for the HY + H system(4), although fairly
detailed calculations have been carried out for He + He
(5) and for resonant and non-resonant charge transfer between
alkalai ions and atoms (6). For more complex systems, calcu-
lations are very difficult and approximate methods using
Slater orbitals (3), hydrogenic orbitals (7) and semi-
empirical orbitals (8) have been used.

Gurnee and Magee (3) have treated diatomic species in
resonance using Heither London electronic wavefunctions

constructed from normalized one electron wavefunctions having

the Slater nodeless form

Vo= el e (5)

This function satisfies the wave equation for large values of

r if kis taken to be (21)% where I is the ionization
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potential in atomic units. At sufficiently large r, the
shielding by other electrons is complete enough that the
hydrogenic description is accurate. At smaller distances
the shielding is not complete and larger effective values
of & are necessary.

Based on the use of a screening constant for atomic
nitrogen, Leventhal, Moran and Friedman (9) used ® = 1.95
in a calculation of charge exchange in N, rather than the
value of 1.2 obtained from &K = (2I)%. Using this larger
value of & they carried out a calculation similar to that of
Gurnee and Magee (3) and obtained a velocity dependent
charge transfer cross section in good agreement with experi-
mental data.

The above methods apply only to ion velocities for
which the impact parameter approximation holds. At low ion
velocities the ion trajectories can no longer be assumed to
be rectilinear with constant velocity since ion induced
- dipole and ion dipole attractive forces result in curved
trajectories. In order to continue to use a semi-classical
approach these curved trajectories must be included in calcu-
lations of charge transfer probabilities. At very large
impact parameters the trajectories will continue to be
approximately rectilinear. However, as the initial impact
parameter is redﬁced the trajectories will become noticeably
curved, until inside some critical impact parameter, by,

reflection at the repulsive wall of the ion-molecule potential
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will occur. Such a family of trajectories is shown in Fig.
2. In the Langevin model for ion-molecule reaction (10,11)
it is assumed that all trajectories with impact parameter
less than by lead to ion-molecule reaction. In this case
the cross section for ion-molecule reaction is given by

o (v) = e <;>% (6)

v

where e is the charge of the ion, ® is the polarizability
of the neutral molecule and M is the reduced mass of the

ion-molecule pair. In cases where the molecule has a per-
manent dipole moment,/*D, the cross section has been repre-

sented by a number of investigators (12,13) as

2Me MR cosB
o) = 2TWe (X x5, D (7)

v M v?

where © is the angle between the dipole moment vector and

the velocity vector of the projectile ion.

Rapp and Francis (1) have designated the region of
thermal ion velocities as a transition zone where both
rectilinear and Langevin trajectories must be considered.

In this case the mean ion velocity is given by (14)
8kT )%
wm

v = |

(8)
It has been well established that ions in ICR experiments
have near thermal velocities (15) and hence charge exchange
must be considered to take place both within and outside the
orbiting impact parameter, bo' If a Langevin.collision

complex 1s indeed formed in a symmetric charge exchange
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Figure 2

Family of trajectories as a function of impact parameter b,

for the Langevin ion-induced dipole, l/r4 potential.
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reaction there will be two thermodynamically equivalent
channels available for dissociation. Thus in each collision
there will be a probability of one~half that an electron
transfer will occur. As was pointed out previously, for
rectilinear encounters the probability of charge exchange
oscillates as a function of impact parameter and the average
charge transfer probability is oné—half. Hence, for either
mechanism the symmetric charge exchange rate will be one-
half the collision rate in the absence of other reaction
channels.

Leventhal, Moran and Friedman (9) have obtained inter-
esting results in the case where ion-molecule reaction
and symmetric charge exchange can both occur. 1In a study of
symmetric charge exchange in N, a sharp rise in charge
transfer cross section was observed at ion energies below
10 eVv. The behavior was attributed to the fact that at

higher ion energies the ion-molecule reaction

Ty ow,— N o+ x

N, 2

5 (9)

may occur (16). This reaction is endothermic for ground
state N2+ and requires that ion kinetic energy take part in
the reaction. Thus at low ion energies the only reaction
channel is symmetric charge exchange.

Quite a different situation was observed in H, (9).
At low ion energies the charge transfer cross section is

observed to fall off as a result of the increase in cross

section for the exothermic ion-molecule reaction
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+ +
2 + HZ——>-H3 + H (10)

H

These results imply that at low ion energies resonant charge
exchange does not compete favorably with exothermic ion-
molecule reaction inside the critical impact parameter.
However, long range charge transfer does continue to occur.

Hence, in ICR experiments contributions to the symmetric
charge exchange cross section from large impact parameters
must be considered when other ion-molecule processes occur

as well as when resonant charge exchange is the only reaction

channel. Both cases are treated in this chapter.

B. Symmetric Charge Exchange Reactions

1. Nitrogen, Carbon Monoxide and Carbon Dioxide

At thermal ion energies the parent molecular ions of
N2’ CO and CO2 exhibit no ion-molecule reactions other than
symmetric charge exchange. Using isotopically labelled
molecules and ion ejection techniques in the trapped ion
mode of operation the kinetics of symmetric charge exchange
reactions of the form

At & altz=al*t + a (11)

where A and Al differ only by isotopic substitution, may

be readily examined.

A typical experiment is that carried out for a mixture
of 14N2 and 15N2. The forward (kf) and reverse (kr) rate
constants of reaction 12 may be measured using an ion

ejection technique.
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TABLE 1°

Typical Ejection Times for Some Combinations

of Magnetic Field and Double Resonance Oscillator Level

H (kGauss) E. ¢ (mv) -Cej(msec)
10 2 64
10 20 6.4
10 200 0.64
5 2 32
5 20 3.2

5 200 0.32
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ke
14N + + 15N _— 15N + + 14N (12)
2 2 Kr 2 2

For the duration of the trapped ion timing sequence an iradi-
ating radiofrequency field is applied to the trapping region

of the ICR cell at the cyclotron frequency of one of the iso-
topic nitrogen ions. As a result, these ions are continuously
removed in a time short compared to the time between collisions.
The time necessary for ejection of ions is given by

T =28 (13)
rf

where H is the magnetic field strength, E ¢ is the applied
irradiating voltage and r is the cyclotroﬁ radius at which
ejection occurs, in this case 0.635 cm. The ejection times T
are shown in Table 1 for a number of values of H and E,¢.
Usually an ejection field of 200 mV was used to insure
ejection in less than 1 msec.

Ejection of one of the ions forces reaction 12 to pro-
ceed in only one direction and an exponential decay of the

unejected ion is observed as it reacts to form the isotopic
15, +

counterpart which is ejected. The abundance of N, with
and without ejection of 14N2+ is shown in Fig. 3 for a mixture
of l4N2 and l5N2. A simple kinetic analysis yields the
expressions
15
14 . + _ 14 . + - N, ket
N, ] o5 = [*, ]oe 2 Kf (14a)
14
15, + _ 15 + - N, k.t
[+°n, ] o = [ 1oe 2 Kg (14b)

where the subscripts ej and 0 indicate the ion intensity
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Figure 3

Typical trace of variation of ion intensity with time for

the 15N2+ ion with and without continuous ejection of l4N2+.
Ions were formed in 5 msec, 70 eV electron beam pulse, in a
1.4:1 mixture of 15N2 and 14N2 and a total pressure of 1.25

x 1070 torr.



OO0l

(o9sw) awl| |

O¢

O¢

Ol

115

08 0L 09 0§ Ov
i

I _ _ !

°N,, 40 uoyosfe
SNONUILUOD YHIM SN,

© (o) AUl
Ajisusyu] [pubig

Q

Q



116

. +
with and without the ejection field. Plots of log(I+ej/I 0)
vs time are shown in Fig. 4 and exhibit the linear behavior
expected from equation 1l4. The slopes of these plots are

readily related to the rate constants and a number of repli-

-10
cate determinations give rate constants of kf = 6.2 x 10
cm® molecule b sec”! and k, =7.1x 10710 cm3 molecule™
sec—l. Intuitively it would be expected that kf = kr'

While the difference in rate constants is well within ex-
perimental error it was reproducible with the reverse
reaction exhibiting a larger rate constant in every deter-
mination. An analysis showed that the difference is not due
to differences in nuclear spin degeneracies or differences
in zero point energies for the isotopic ions and neutrals.

Taking an average rate constant for charge exchange
10

of 6.65 x 10 9 cm® molecule ! sec™! an encounter rate of

1.3 x 1072 cm’ molecule™ T sec ! is obtained. This is

considerably in excess of the Langevin encounter rate of

10

8.2 x 10~ cm3 molecule'—l sec—l and strongly suggests that

electron transfer is occurring well outside the orbiting
impact parameter. .

Using a tandem isotope separator mass spectrometer
Leventhal, Moran and Friedman (9) obtained a cross section

of 39 A02 for charge exchange between 1 eV l4N2+ ions and
15 . .

N, - This value yields a rate constant for charge ex-
10

change of 7.0 x 10 cm3 molecule”l sec ~, in excellent

agreement with the value obtained in this work.
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Figure 4

Plot of loglO (I/1,5) vs. time for each of the isotopic
nitrogen ions. Conditions are the same as those in .

Figure 3.
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Other experimental evidence indicating that long range
electron transfer is occurring in nitrogen has been obtained
from an ICR study of momentum transfer. At pressures
above approximately 5 x 10—5 torr the ICR linewidth varies
linearly with pressure (17,18). The momentum transfer
collision frequency for elastic collisions is given by (19)

§ = f‘—“‘——-)( Ve, (v)) (15)
m + M

where n and M are the number density and mass of the neutral,
m is the mass of the ion, amica' (v) and v are the diffusion
cross section and relative velocity of the ion~neutral pair.
The brackets indicate an average over the distribution of
relative velocities., It can be shown that the halfwidth at
half height of the ICR peak is equal b3§ (17). A plot of
linewidth vs pressure for N2+ in N2 is shown in Fig. 5

from which a momentum transfer collision frequency of 7.2 x
10710 cr® molecule™ sec™l is obtained (Buttrill (20) has
also carried out this experiment and obtained a value of

10 cm> molecule—l sec_l). In the case that the

7.4 x 10
ion and neutral masses are equal the encounter rate is twice
the momentum transfer collision frequency. An electron
transfer event in which no kinetic energy is transferred
represents a very efficient means of momentum transfer.

Hence the momentum transfer collision frequency also reflects

the symmetric charge exchange rate. Huntress has also

measured the momentum transfer collision frequency by a
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Figure 5

Plot of fullwidth at half maximum for 14N2+ peaks as a

function of pressure.
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method in which the instantaneous power absorption is
monitored at resonance as ions enter the.resonance region of
the ICR cell (21). He obtained a value of 6.7 x 10”10
cm> molecule ! sec™ in good agreement with the linewidth
determination and the measurement of the charge exchange
rate.
These results all verify the occurrence of a long
range charge exchange mechanism for nitrogen. This fact
has important thermochemical consequences since no kinetic
energy 1s transferred in this reaction and as such provides
an efficient means for de-exciting translationally hot
nitrogen ions. In order to test the generality of this
mechanism similar experiments were cérried out in carbon
monoxide and carbon dioxide. At thermal ion energies the
molecular ions of these molecules show no reaction with the
parent neutral other than symmetric charge exchange.
The symmetric charge exchange process in carbon

monoxide was examined in the reactioh

200" 1 13gp  BEs 130+ | 12, (16)

ky

The ion ejection technique was used to observe the rate of
decay of one of the isotopic ions as the other was continuous-

12

ly ejected. This is illustrated in Fig. 6 for co’ with

and without ejection of 13CO+. Plots of (I+ej/I+O) \%S

time for the two ions in this system are shown in Fig. 7.

These data yield a rate constant of 4.1 x 10 10 cm?
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Figure 6
12, F
Trace of variation of ion intensity with time for Cco

with and without continuous ejection of 13co*. 1ons were

formed by a 5 msec, 70 eV electron beam pulse in a 3.5:1

12 13

mixture of CO and CO and a total pressure of 2.5 x 10—6

torr.
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Figure 7

Plot of loglo (I/15) vs. time for each of the isotopic
carbon monoxide ions. Conditions are the same as those in

Figure 6.
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molecule b sec ! for symmetric charge exchange in CO with

the forward and reverse reactions being equal in this case.

In similar fashion the charge exchange rate in CO2 was
determined from the reaction

12, + 13 ke, 13+ 12

CoO + COo — COo + Co (17)
2 2 2 2
kr
As shown in Fig. 8 continuous ejection of 12C02+ results in
exponential decay of 13C02+ with time. The appropriate
12 + 13 +

plots of log(I+ej/I+0) vs time for CO2 and CO2 are

shown in Fig. 9. From these plots a rate constant of 3.7 x
10710 cm3 molecule™ sec™t is obtained for both forward and
reverse reactions.

It can be seen that symmetric charge exchange in CO and
Co, is slower than that in N,. In Table 2 the experimental
encounter rates for these molecules are compared to those
calculated from the Langevin model based on the angle
averaged, parallel and perpendicular polarizabilities (22).
It can be seen that the. experimental nitrogen value is well
in excess of the maximum value predicted from the parallel
polarizability of nitrogen, indicating that long range
electron transfer must be taking place. However, the car-
bon monoxide and carbon dioxide results correlate fairly
well with the values predicted from the angle averaged

polarizabilities. This indicates that symmetric charge

exchange in CO and CO, may not be occurring via a long range
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Figure 8
C s . . . . . 13 +
Trace of variation of ion intensity with time for CO2
with and without continuous ejection of 12C02+. Ions were

formed by a 5 msec, 70 eV electron beam pulse in a 1.5:1

12 7

mixture of l3c02 and CO2 and a total pressure of 8 x 10

torr.
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Figure 9

Plot of loglo (I/IO) vs. time for each of the isotopic
carbon dioxide ions. Conditions are the same as those in

Figure 8.
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electron transfer.

Recently, Futrell (23) has examined the velocity de-
pendence of a number of charge exchange reactions. At
near thermal ion energy he obtained a rate constant for

symmetric charge exchange in CO at 0.1 eV ion energy of
10

8.5 x 10~ cm3 molecule'-l sec in poor agreement with

the result obtained in this work. At higher ion energies an
encounter cross-section well in excess of the calculated
Langevin value was observed and on the basis of these results
Futrell concludes that electron transfer is occurring well
outside the critical impact parameter. The reason for the
serious disagreement between his-results and those reported
here is not known. Several other results reported by
Futrell in the same study appear to be extraordinarily

large and in at least one case disagrees considerably with
other literature data (24,25).

Bates and Lynn (26) have conjectured that only reactions
in which the interaction potential between the ion and
neutral is spherically symmetric will be resonant at long
range. If this is indeed the case, then the small dipole
moment of CO (0.112 Debye) and the bond dipoles and largely
anisotropic polarizability of CO2 may preclude the occurrence
of resonant charge exchange at large impact parameters.
Obviously several further experiments involving homonuclear

and heteronuclear diatomics must be done before any conclusion

may be drawn.
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2. Methyl Bromide

Symmetric charge exchange was examined in methyl bro-
mide as an illustration of charge transfer as a competitive
reaction channel. The only normally observed reaction of
the parent ion of CH3Br is dimethyl bromonium ion formation
(reaction 18).

CH3Br+ + CHBr —> CH3BrCH3+ + Br (18)

This reaction is very slow, proceeding with a rate constant

-11 -1

of 5.5 x 10 cm3 mo]_ecule—l sec {(27). Since the encounter

rate predicted from an ion-induced dipole potential is 8.2 x

-10 -1

10 cm® molecule™ sec”! it was considered likely that

symmetric charge exchange might be taking place. Bromine has
two naturally occuring isotopes, 79Br (50.57%) and 81Br
(49.43%) and as a result the ion ejection technique can be
used for methyl bromide to determine charge exchange rates
in the same manner as described in the previous section for
N2’ CO, and COZ' However, in order to determine whether the
competing reaction of dimethyl brominium ion formation would
cause difficulties in interpretation of the results, a de-

tailed kinetic analysis was carried out. The reactions

occurring in this system are
k

79 .+ 81 19, 79 81_ +
CH3 Br + CH3 Br ,Erzg_ CH3 Br + CH3 Br (19)
Kk
CH379Br+ + Cl,Br 20, CII3BrCH3+ + Br (20)
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cH,° Br’ + CHBr —> CH3BrCH3+ + Br (20")

kzo !

Assuming that kl9 = k_19 the solutions to the coupled kinetic

equations are

[on %5

81, +
[CH3 Br ]

where the subscript indicates ion intensity at t = 0, and

[§H3793r+]o e Tk20t (21)

ECH3slBr+]O e_nkZO't (21")

n is the total pressure of methyl bromide. However, in the
ion ejection experiment one of the isotopic bromides is con-
tinuously removed. Under these conditions the intensity

equations become

81
[CH 79Br+] . [CH 793r+] cinkyg + CHy "Br kig)t  (22)
3 e 3 0
N2 79 ,
[CH 8l,,+1  _ [CH Blsrf] olnk,g, + CHy7Br ko)t (227)
3 ej 3 0
where [CH379Br+Jej indicates the intensity of that isotopic

1

ion when[CH38 Br+]is ejected continuously. Thus the ratio of

ionic intensities with and without ejection is given by

79 +
[CH3 Br ]eJ _ e-klg[CH381Br]t
+
[¢H379Br ]
81

A similar relation holds for CHy Br® and hence a logarithmic

(23)

plot of this ratio as a function of time will yield the rate
constant for symmetric charge exchange. This experiment is
illustrated in Fig. 10 while semi-logarithmic plots of the

appropriate ratios are shown in Fig. 11. From these plots a

-10

charge transfer rate constant of 9.7 x 10 cm3 molecule“1
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Figure 10
Trace of variation of ion intensity with time for CH379Br+
with and without continuous ejection of CH38lBr+. Ions

were formed by a 5 msec, 15 eV electron beam pulse in CH3Br

at a pressure of 1.45 x 1078 torr.
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Figure 11

Plot of loglO (I/IO) vs. time for each of the isotopic
methyl bromide ions. Conditions are the same as those in

Figure 10.
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sec was obtained. Since it can be assumed, as before,
that the ionic species will change its isotopic identity on
only one-half of the collisions, an encounter rate of 1.94 x
1072 cm® molecule ™t sec™! for charge exchange events may be
inferred. Adding to this the rate constant for dimethyl
bromonium ion formation, a total encounter rate of 2.0 x

1072

cm3 molecule_l sec‘_l is obtained for CH3Br+ interacting
with CH3Br. This value is sufficiently in excess of the pre-
dicted Langevin rate that the possibility of long range sym-
metric charge transfer must be considered. To a crude
approximation the CH3Br+ + CH3Br situation resembles Kr+ + Kr.
A number of investigators have found that symmetric charge
exchange in Kr occurs well outside the critical impact
parameter (23-25). Alternatively, it may be that the CH3Br
dipole moment of 1.81 debye (28), plays a significant part
in the ion-molecule potential. There is no convenient way
to experimentally distinguish these two models until con-
siderably more data on ion-molecule reaction rates is available.
In a previous ICR investigation of alkyl halides (27)
it had been determined from isotopic double resonance experi-
ments that the bromine atom in the dimethyl bromonium ion
came with equal probability from the ionic and neutral CH,Br.
This conclusion is confirmed by the occurrence of fast sym-

metric charge exchange in which the initial isotopic iden-

tities of ion and molecule are rapidly lost after a few col-

lisions. Such experiments may require re-evaluation to
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determine what takes place in a single collision since the

identity of reactants is obscured by multiple charge transfer

events.

C. Symmetric Proton Transfer Reactions

The most commonly observed gas phase ion~-molecule
reactions are protonation and proton transfer reactions. Pro-
ton transfer reactions may be used to establish the intrinsic
basicity or proton affinity of gas phase bases. The recent
ordering of gas phase basicities of organic molecules
(15, 29, 30) has answered questions concerning substituent
effects that have been confounding physical organic chem~-
ists for years. This type of study will be discussed later
in this thesis.

In addition to the thermochemical information obtained
from proton transfer reactions, insights into the mechanisms
of ion-molecule reactions and the structures of gas phase
ions may be obtained from the kinetics of proton transfer
reactions. Comparison to theoretical models can answer many
questions regarding dynamics of proton transfer. For instance,
can symmetric proton transfer reactions take place via a
long range resonant process as was observed for charge
exchange? 1In order to elucidate the mechanism proton trans-
fer was studied for a number of simple systems.

1. lydrogen

The first ion-molecule reaction to be identified was

H3+ production by reactions of ions generated in hydrogen.
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The reaction involved was early determined to be (31,32)

+ +
Hy,” + H, — Hy" + H (24)

+
2

to be a stable species with two possible geometrics (33,34).

Since that time, theoretical investigations have shown H

Of these, the triangular has been shown to be more stable than
the linear form. 1In the early 1930's Eyring demonstrated that
the rate of H3+ production could be predicted using the newly
developed absolute rate theory (35). The theoretical descrip-
tion of ion-molecule reactions developed for this reaction
gave .an expression identical to that developed by Gioumousis
and Stevenson almost twenty-five years later (11). Since
then, numerous investigators have examined the ion-molecule
reactions in isotopic hydrogen systems and the rates of pro-
duction of the various protonated and deuterated species are
well documented (36-40) and have been found to be in ex-
cellent agreement with the predicted values. However, the
symmetric proton and deuteron transfer reactions of the
species thus formed have not been well characterized, largely
due to the fact that reactions of the form

+ +

+ H, —» H, + H (25)

H 2 2 3

3
are undetectable by most means of investigation. Reactions of
this type have been invoked as the chain propagation steps

in radiation induced isotopic exchange in mixtures of hydro-
gen isotopes (41,42). 1In order to quantitatively assess the

dynamics of this process a number of attempts have been made
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to measure the rate constant for reaction (25).

Dawson and Tickner (41) have estimated a rate constant

of 3 x 10 1% cn’® molecule™ sec™! for the reaction

+ +
Hy" + D, — HD,  + H, (26)

to account for the amount of isotopic exchange observed in
a mixture of H, and D, subjected to a glow discharge. This

10 3 molecule T sec” !

agrees well with a value of 3.3 x 10
obtained by Terao and Back (42) for the same reaction in a
study of radiation induced isotope exchange in a mixture of
H2 and D,. In addition, a high pressure mass spectrometric
investigation of arrival time distributions of ions in Hy s
D2 mixtures by Chang, Sroka and Meisels (43) established a

11

lower limit of 9 x 107 % cm° molecule—l sec™! for reaction

(24) .
Using ion ejection techniques, it is possible to observe
normally undetectable reactions of isotopic (H,D)3+ species

at eguilibrium. In pure HD, the observable sequence of

ion-molecule reactions is

r— H.,D + D (27a)

HD + HD —————
L—.HD2+ + H (27b)

However, symmetric proton and deuteron reactions also occur
under conditions where the protonated and deuterated HD

species can undergo successive collisions with the neutral

HD (reactions 28 and 29)



144

—=H, + D, (28a)
+
H,D© + HD — N
L—m + H,D (28b)
+
‘-—»D2 + HZD (29a)
HD2+ +  HD —— s
- D + W, (29b)

Rate constants for reactions (28a) and 2%a) may be ob-
tained by a technique similar to that described for the
charge exchange reactions. However, in this case a time

delayed ion ejection technique is used. After approximately

100 collisions have occurred, steady state concentrations
of H2D+ and HD2+ will be established and a secondary radio
frequency oscillator tuned to the cyclotron frequency of
one of these ions is switched on in the trapping region of
the ICR cell. Ions are thus selectively ejected in a time
short compared to the time between ion-molecule collisions.
This pulsing sequence is illustrated in Fig. 12. The per-
turbation causes the system to respond at the rate of
reaction to achieve a new equilibrium. By monitoring the
decay in abundance of one ion while the other is continu-
ously removed from the cell, the rate constants for
reactions (28a) and (29a) may be easily determined. The
variation of ion abundance with time for the three ions
observed in HD is illustrated in Fig. 13. From the decay

+ . . -
of HD with time, rate constants of 6.0 x 10 10 cm3

molecule—l sec™t and 1.0 x 1072 cm® molecule * sec™ ! were
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Figure 12

Pulsing sequence for initiating ion ejection partway through

a trapped ion sequence.
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Figure 13

Variation of ion intensity with time for ions in HD., Ions

are formed by a 5 msec 70 eV electron beam pulse in HD at

a pressure of 9 x 1077 torr.
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obtained for production of H2D+ and HD2+, respectively,
in good agreement with other workers. A time delayed ion
ejection experiment is shown in Fig., 14. After 100 msec,
the ions HZD+ and HD2+ have reached equilibrium and at this
time the irradiating oscillator is turned on for the duration
of the trapping cycle to eject HD2+. The subsequent decay
of H2D+ is monitored and the ratio log (I/Io) is plotted
vs time after ejection. These plots are shown in Fig. 15
for both H2D+ and HD2+. The rate constants obtained from
this method are summarized in Table 3. Included for com-
parison are the theoretical Langevin encounter rates.

In order to relate the observed reaction rate to an
actual encounter rate, the mechanism of the proton transfer
reaction in hydrogen systems must be understood. If an H5+

complex is formed in which all of the hydrogen atoms are

equivalent, statistically 10% H3+ ahd D' would be expected

3
to be formed as a result of reactions of H2D+ and HD2+.
Less than 5% H3+ or D3+ is observed which arises from Hz

and Dzimpurities, ruling out a complex in which statistical
scrambling of the hydrogen atoms occur. Recent theoretical
SCF MO calculations have shown that HS+ should be a stable
species with a binding energy of approximately 4.25 kcal/

mole (44). These calculations predict a spirane-like

geometry of the form
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TABLE 3

Rate Constants for Reactions in HD

Reaction
—=,07 + D
mt +  mD—
—i," + H
+ +
H,D' + HD—=m," + &,
+ +
w," + ®w—u,0" + D,

Rate Constant
(cm3molecule~lsec-1)

Expt.

6.0 x 1010

1.0 x 1072

2.6 x 1010

3.5 x 10 10

Langevin

1.66 x 10

1.59 x 10

1.52 x 10

9

9

9
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Figure 14

Variation of intensity of HD2+ with and without continuous
ejection of HZD+ after 100 msec. Conditions are the same as

those for Figure 13.
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Figure 15

Plot of log10 (I/IO) for H D+ and HD +. Conditions are the

2 2

same as those for Figure 13.
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In addition, H5+ and other highe@ order hydrogen aggregates
have been observed mass spectrometrically (45,46), and the
binding energy of H5+ determined to be 9.7 kcal/mole (46).
If we assume that the nature of the intermediate involved in
proton transfer reactions is that of the H5+ species shown
above, it would presumably be the "bridging" proton which

is transferred. Ignoring any isotope effects, in the reaction

+ . ¥ +
B0+ WD T—== [}‘13‘32] == mw,  + H, (30)

the bridgehead position would be occupied by a proton twice
as often as by a deuteron. The proton transfer leads to’
products identical to the reactants and as a result is not
detectable. Therefore, the total rate of proton and
deuteron transfer may be approximated by three times the
measured deuteron transfer rate. However, we must consider
the fact that in every encounter there is an equal probability
that the bridgehead proton will leave the H5+ complex with
the hydrogen molecule with which it entered; that is to
say, 50% of the encounters are non-reactive. Hence to
obtain the actual encounter rate the measured rate must be

multiplied by a factor of 6. It is very satisfying to note

that the encounter rate thus determined is nearly identical

to that predicted by the Langegin model. Discrepancies may
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be attributed to deuterium isotope effects and possibly to
the different centers of mass of the triangular H2D+ and
HD2+ ions which would result in different moments of
inertia and rotational frequencies of these ions.

These fast rates of proton transfer have important
implications for the de-excitation of excited H3+ species.
Upon formation via reaction (20) H3+ contains up to 2 eV
of internal excitation which may participate in subsequent
ion-molecule reactions (47). Leventhal and Friedman (48)
have suggested that de-excitation of H3+ may occur after only
one collision in which the transferred proton carries no

excess energy. If this is the case, de-excitation of H3+

9 -1

may occur as rapidly as 1 x 10~ cm® molecule ™t sec™t.

The ion-molecule reactions of H3+ with neutrals other than

H2 have been shown to have a strong dependence on the

+. The fast proton transfer rate ob-

internal energy of H3
tained here indicates that under usual ICR conditions, H3+
will be completely relaxed and implies that past thermo-
chemical inferences made assuming ground state H3+ may be
presumed valid.

As a final comment it is interesting to note that if
reactions (28a) and (29a) are summed the overall sequence

is a chain reaction

2HD ——H, + D, (31)

This 1s in agreement with observations of radiation induced

conversion of H2 to D2 to mixtures containing HD (41,42).
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It has been observed that samples of initially pure D

kept for long periods of time show a buildup of H and

2
D2, presumably due to cosmic radiation.
2. Methane

With the rekindling of interest in mass spectrometry in

* was
5

observed in mass spectrometric investigations of methane

the 1950's, the ion-molecule reaction product CH

(49) . Since that time, the ion-molecule reactions of

methane have been extensively studied and CH5+ has been

shown to arise from the reaction

+ . +
CH + CH4 —_— CH5

4 + CH

3 (32)

The rate constant for this reaction, 1.1 x 1072 cm® mole-
cule_l sec—l, has become the standard on which accuracy of
kinetic measurements are based (50). While the dynamics

of CH5+ formation have been studied exhaustively, its struc-
ture is still a matter of controversy. The most commonly

accepted structures for CH * are shown in Fig. 16. Re-

5
cently, two independent theoretical studies using STO-SCF
(51) and LCAO-HF (52) calculations have been carried out
on these structures. The results of these calculations
are summarized in Table III. It is readily seen that the
three structures are found to be of roughly comparable
energy.

Recently, Harrison has shown in the isotopic scrambling

reaction (53)
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Figure 16

The three suggested structures for the CHS+ ion.
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CHy" + D,
+ +q* +
CH, +D2—>[CH3D2 ] CH,D" + HD (33)
+
cEp,” + H,

that the hydrogen and deuterium atoms become scrambed and
that the product distribution is statistical. However,

the total rate of reaction is observed to be less than half
of that predictued by the Langevin model. This suggests

a strong preference for the complex to return to the CH3+
+ D2 reactants. The CS structure in Fig. 16 would exhibit
such a preference if Hl and H2 were deuterium atoms. This
structure has been calculated to have a bonding interaction
between these two atoms. Therefore, since the deuteriums
are bonded when they enter the complex it might be expected
that this bond would be partially maintained in a complex
of Cs geometry and exhibit a preference for return to

CH3+ + D, However, attempts to displace a molecule of
hydrogen from CH5+ by the reaction

+ +
5 + D2-—~—> CH3D2 + H2 (34)

CH
have failed (54). 1In order to further examine the feasi-
bility of the C, geometry the measurement of the symmetric
proton transfer in CHS+ like species suggested itself. This

experiment was carried out straightforwardly by analyzing

the ion-molecule reactions of CH2D2 using the time delayed

1on ejection technique. Upon ionization the parent ion of



162

CH2D2 reacts rapidly to form the protonated and deuterated

parent ions as shown in Fig. 17.

. CH2D3 + CH,D
CH.D + CH,D (35)
272 272 [CH p.t¥ + cmp

2

These ions may subsequently interconvert by the symmetric
proton and deuteron transfer reactions

+ +
CH,D," + CH,D, —— CHD,  + CHD

+ +
3D, + CH,D, —-———>CH2D3 + CHyD (36b)

3 (36a)

CH

Ejection of one of these ions will cause the decay of
the other if they are chemically coupled by proton-deuteron
transfer reactions. That this is the case is illustrated
in Fig. 18. The rate constants obtained for reaction 36a
and 37b were both 3 + 1 x 107 end molecule™ sec”t.

These rate constants have large error limits due to the
fact that proton transfer reactions to impurities, es-
pecially water, are very rapid. Within the limits of
accuracy of these measurements the rate constants are
identical. Statistically the measured rate constant
represents only two-fifths of the possible reactive events.

The actual proton-deuteron transfer rate is about 7.5 x lO—ll

cm3 molec:u].e_l sec ~, lgnoring any isotope effects. The
fact that this rate constant is so slow is likely a conse-

quence of the instability of any possible C2H * intermediate

9

(55). If such an intermediate can be formed, it would
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Figure 17

Variation of ion intensity with time for ions in CH2D2

generated by a 5 msec, 70 eV electron beam pulse at a

pressure of CH,D, of 2.3 x 107% torr.
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Figure 18

Variation of CH3D2+ with and without continuous ejection
CH2D3+ after 100 msec. Conditions are the same as those

for Figure 17.
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likely dissociate before the reorganization necessary for
proton transfer can take place. An alternative mechanism
for this reaction would be transfer of a labile proton from
CH5+ at long range; that is, in the absence of complex
formation. The probability of this occurring would be
rather low, however, since thé transfer of a proton to
neutral CH, involves extensive reorganization of the molec-
ular geometry. However, in cases of exothermic proton
transfer from CH5+ to polar neutrals where a stable proton
bound intermediate may be envisioned, the proton transfer
rate has been found to be very large (18).

The slowness of proton transfer reactions of CH5+ in
CH, has important consequences for momentum transfer experi-
ments. On the basis of ICR linewidth studies of CH5+ in
CH4 it had been suggested that the anomolously high
momentum transfer rate might be due to rapid symmetric
proton transfer (20). As seen from the experiments presented
here this cannot be the case since proton transfer is
twenty times slower than the collision rate.

It is also apparent from the slowness of the proton
transfer rate that this reaction will not be an efficient
mechanism for de-excitation of excited cu.t ions. Therefore

5

excited CH5+ ions, such as those formed in the reaction of
CH3+ with Hy, will not be efficiently relaxed by proton

exchange with CH,. Such ions will likely be stabilized only

through collision.
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Based on theoretical calculations and the experiments
presented above, it is still not pdssible to absolutely

determine the structure of CH5+. However, the experiments

of Harrison (53) implicate a CS structure which is consistent
with the observation of proton transfer presented here.

3. Ammonia

A time delayed ion ejection experiment, shown in Fig. 19,
was carried out to determine the symmetric proton transfer

rate in ammonia. The rate constant for both the forward

and reverse reactions of the equilibrium

k
15NH + l4NH f . l4NH + 15

4 3 -— 4

(37)

were obtained from the plots of log(I+ej/I+0) vs time shown

in Fig. 20. The forward, kf, and reverse, kr’ rate constants

were found to be 6.0 x lO-'10 cm3 molecule—l sec—l.

A symmetric intermediate for this reaction may be imag-

ined to be of the form N

H AH

H Witty Nuvee H ooy N vt g )

H H

a proton bound structure. Theoretical calculations have
shown that the most stable form of N2H7+ has a double

potential minimum for binding of the proton with an equi-

librium N-N distance 2.713 AO and a binding energy of 36.0
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Figure 19

Variation of ion intensity of 15NH4+ with and without con-

tinuous ejection of 14NH4+ after 100 msec. Ions were formed

by a 5 msec, 13 eV electron beam pulse in a 1.5:1 mixture

14 15

of NH3 and NH3 at a total pressure of 1.1 x 10"6 torr.
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Figure 20

Plot of loglo (I/Io) for each of the isotopic NH4+ ions.

Conditions are the same as those for Figure 19.
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kcal/mole (56). Kebarle has also obtained an experimental
binding energy of 27 kcal/mole for the proton bound dimer
of ammonia (57).

Since such an intermediate may dissociate with equal
probability to give reactants as products an encounter rate
of 1.2 x 1072 cm® molecule ! sec™! is obtained by doubling
the measured proton transfer rate. This value is in good
agreement with the predicted Langevin encounter rate of 1.16
x 1077 cm® molecule™t sec~l, indicating that the molecular
dipole of ammonia plays no important role in the ion-

molecule potential.

Munson and Field (58) have also found an approximate
rate constant of 1 x 1072 cm® molecule ' sec™t for the

reaction
+ +

3 + ND4y — NH, + NHD2 (38)

NHD
in good agreement with the result reported here.
From these results it may be concluded that symmetric
proton transfer will be an efficient means of relaxing

excited NH4+ ions.

4. Methyl Chloride

As with charge exchange in methyl bromide, symmetric
proton transfer in methyl chloride presents an example of
proton transfer as a competitive channel to further reaction.

The reaction sequence in methyl chloride has been shown to

be (27)
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+ kg +
CH3Cl + CH3C1 ——— CH3C1H + CHZCl (39)
+ K +
CHBC]_H + CH3C1 ——d CH3C1CH3 + HC1 (40)

As was shown in the third chapter of this thesis, the rate
constant for reaction (39) is almost seven times slower than
that for reaction (40), even though the encounter rates for
both pairs of reactants should be almost identical. This
Observation led to the suspicion that symmetric proton
transfer might be a competing reaction channel. As with
ammonia, a chlorine lone pair supplies a convenient means
for formation of a proton bound dimer intermediate. The
sequence of events involving the protonated parent ion of

methyl chloride might be viewed as follows:

X X

+ *

cu, cint + cu 35c1;-&[CH C1HC1CH,] ==cu.7c1 + cu,3%cint
3 3 3 3 3

kp, Ky

kn (41)

r
+

CH,CICH, + HC1 .

37 3
An ion ejection experiment was carried out involving
continuous ejection of one of the isotopic protonated
parent ions while monitoring the time variation of the
other ions. This experiment is shown in Fig. 21. The
kinetic analysis for this system is more complex than any

of the others previously discussed. An exact solution to



175

Figure 21
Variation of intensity of CH335C1H+ with and without con-

tinuous ejection of CH337C1H+. The CH335C1CH3+ ion is

included to obtain relative ion abundances. Ions were
formed by a 5 msec 13 eV electron beam pulse in CH3C1 at

a pressure of 1.5 x 107°% torr.
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the rate equations yields a ratio of protonated parent ion

CH335C1H+, with and without ejection of the isotopic
protonated parent, CH337C1H+, as
35 + -nket - (nkp+n37k,) t
- £v nTi37
[cH, > c1H ] y n(k kg .[e e P ](42)
35 + -
[cHy>c1n™] n(k, -k.)+nyk o~kgt _ _-nk.t

where n represents the total pressure of methyl chloride and

337c1. This

expression does not have the convenient form necessary to

Ny represents the partial pressure of CH

extract the rate constant kp, for symmetric proton transfer.

We know that k., is much smaller than kf and thus if nk g

nk ~+ n37kp. The ratio can be approximated by
35 +
[ cu ?>c1n ]Aj 0k - kg) e-P37kt (a3)
35171 -
[bH3 ClH ] n(k, - k¢g) + ny.Kp

A plot of the log of this ratio vs time gives a straight
line of slope n37kpt. From this and a similar plot of
37 +
[c,* c1n™]

[CH337C1H+] =

log

such as those shown in Fig. 22, a rate constant for
symmetric proton transfer of 4.5 x 10 10 cnd molecule~t
sec_l is obtained. If we assume that the proton bound dimer
intermediate formed decomposes to produce products isotopi-

cally distinct from the reactants in one-half of the
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Figure 22

Plot of log10 (I/IO) for each of the isotopic CH3C1H+ ions.

Conditions are the same as those for Figure 21.
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10 w3 molecule L

encounters a rate constant of 9.0 x 10
sec”! is obtained. Adding to this the rate of dimethyl
chloronium ion formation a total encounter rate of 1.1 x
10710 cn® molecute™ sec? results. This is well within
experimental error for agreement with the rate of reaction

of the methyl chloride parent ion.

In order to establish whether protonation occurred for
every collision of methyl chloride parent ion an ion ejection
experiment was done on this ion to determine whether sym-
metric charge exchange was taking place. It was found not

to, implying that all encounters of ion and molecule lead

to protonation. The predicted Langevin rate for this

-10 1

reaction is 9.8 x 10 cm3 molecule sec—l while the

predicted locked dipole rate is 4.5 x lO—9 cm3 molecule_l

sec_l. The experimental rate can thus be taken to be a

measure of the importance of the molecular dipole in the

+

ion-molecule potential. Assuming the potentials for CH,C1l

3
and CH3C1H+ interacting with CH3C1 are the same, an
encounter rate of 1.2 x lO—9 cm3 molecule_l sec”l is
predicted for the protonated parent ion. This model for

the reaction is consistent with an intermediate in which

the proton is bound equally strong by either of the two

chlorine atoms.
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CHAPTER V

Kinetics of Symmetric Proton Transfer Reactions in Alcohols

and Amines. De-excitation Mechanisms in Equilibrium Studies

of Gas Phase Basicities and Structures of Proton Bound Dimer

Intermediates

A, Introduction

Product ions in ion-molecule reactions are frequently
formed with varying amounts of internal enerqgy. Haney
and Franklin (1) have shown that a large fraction of the
exothermicity of a gas phase ion-molecule reaction may
appear as vibrational excitation of the products. If the
reaction is sufficiently exothermic the ionic product may
be short-lived compared to the time scale for its detection
unless all or at least some part of this excitation energy
is efficiently removed. If excited ions thus formed do
not dissociate they may be sufficiently long lived to be
detected in the excited state or they may undergo subsequent
reaction in the exéited state. If this is the case, any
thermochemical inferences made from reactions in which the
internal energy content of the reactant ions is in doubt
will necessarily be uncertain also. An accurate assess-
ment of relative proton affinities and a choice of efficient

chemical ionization reagents depends strongly on a precise

knowledge of the internal excitation of reactant ions.
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Since the most useful and extensively tabulated data are for
ground state ions, it is important to determine under what
conditions gas phase ions may be determined to have

relaxed to the ground state.

The previous chapter of this thesis examined the rates
of electron and proton transfer in simple molecules. In
these simple cases, where the ion-molecule potentials are
least complex, 1t is more easy to evaluate the mechanisms
for these reactions. In favorable circumstances, it may
be assumed that the mechanism 1is general and applied to
situations where more complex ion-molecule potentials are
involved. In the case of proton transfer, it is apparent
that the mechanism for that reaction most commonly involved
formaéion of an intermediate. Toc characterize the efficiency
of proton transfer as an ionic stabilization mechanism
the rate of symmetric proton transfer between protonated
parent ion and neutral molecule is used.

Of more general interest than the simple systems of the
previous chapter are the analogous rates of symmetric proton
transfer in more complex organic species to be used to
determine the validity of thermochemical data obtained for
gas phase organic ions. Of particular interest are the
proton affinities or gas phase basicities of organic ions.
Among the most commonly used reagents to determine the

proton affinity of a particular organic molecule are the

protonated parent iong of simple alcohols and alkyl amines.
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In order to ascertain that these reagents are in their
ground states, the rate of symmetric proton and deuteron
transfer reactions of the form

+

MaDt  + MH—4—>MH2+ + MD (1)

were examined. Although only applied to alcohols and
amines in this chapter the techniques used are general

and may be applied to a wide range of systems where MH

may be alkyl halides, carboxylic acids, thiols, and alkyl
phosphines. By measuring the rates of reaction for these
molecules, it is possible to infer the rate of de-exci~
tation of protonated molecular ions, should they be formed

in excited states.

B. Methylamine

The gas phase ion chemistry of alkyl amines has been
studied extensively in connection with attempts to charac-
terize substituent effects on amine basicities (2-4).
However, few attempts have been made to analyze the kinetics
of reactions of amines. While the rate of formation of
the protonated parent ion from the parent ion of methyl
amine has been documented (5) no attempt has been made to
examine the relative rates of proton transfer from carbon
and from nitrogen. In connection with the study of sym-
metric proton transfer these rates were measured for
CD,NH,. In both conventional drift and trapped ion experi-

ments the relative rate constants for proton transfer
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(egn. 2a) and deuteron transfer (eqn. 2b) were obtained from

the ratio of protonated and deuterated ion intensities at

low conversion. It can be readily seen from the variation
k
N +
—= CD,NH, + CD,NH (2a)
cp,NH," + CD.NH, —
3772 3772 +
-ha-CD3NH2D + CD,NH (2b)
kC 272

of ion intensities with both pressure (Fig. 1) and with
time (Fig. 2) this ratio is not constant as the reaction
sequence progresses, The results indicate that CD3NH2D+
is converted to CD3NH3+ by a symmetric proton transfer
reaction which can be envisioned as proceeding through an
excited proton bound dimer intermediate. This reaction
sequence resulting from the parent ion of methyl amine is
shown in Fig. 3.

If it is assumed that every ion-molecule encounter of
the parent ion leads to reaction, then the encounter rate
for CD3NH2+ may be faken to be k

rate of the protonated and deuterated parent ions is

c + kN. Since the encounter

predicted by theory to be nearly identical to that of the
parent ion the rate of formation of excited proton bound
dimers, kd’ is predicted to be kC + kN. In the absence of
termolecular stabilization these excited ions undergo uni-
molecular decomposiﬁion. Ignoring any deuterium isotope

effects the dimers formed by reaction of CD3NH2D+ will -favor

proton rather than deuteron bound dimers by a statistical
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Figure 1

Variation of ion abundance with pressure for CD.,NH

3 NH, at
11.0 eV. The solid line indicates the variation of ion
intensity with pressure calculated from the average rate

constant obtained from several determinations. The points

indicate experimentally determined intensities.
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Figure 2

Variation of ion abundance with time for CD3NH2 at 12.0 ev

and 6.5 x 10—7 torr with a 6 msec electron beam pulse.
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Figure 3

General ion-molecule reaction sequence for reactions of the

parent ion of primary alkyl amines, represented by CH,NH, .

3772
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Ky .
——=CD,Ni;" + CD,MH
+
CD,NH,™  + CD,NI, —
> cp.Nu.DT + cp.nE
N 3Ny 2Ny
C
k nk
+ d e ® S +
CD,NH," + CD,NH, T—-—: [(CD3NH2)2H ] ——= (CD,NH,) H
Y
cp.NH.DT + CD.NH
-D 3NH, 3NH3
ka
H 1 H . H 1 H .
\ + / \ + /
CD,———— N#\tt H attt N ——CD CD s N\ D tti\\\ N——CD
3 3 3 3
D l H H H
K, k, k.
Y
+ + +
CD;NH,D + CD,NH, ~ CD4NH," + CD,NHD CD,NH,D" + CD,NH,
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probability of 2:1. The deuteron bound dimer will always

dissociate to CD_NH.D' but the proton bound dimer will

3NH, T
dissociate with equal probability to CD3NH2D+ and CD3NH3+.
Therefore in one-third of its encounters CD.NH D+ will

372
produce CD3NH3+, accounting for the changing ratio of

protonated and deuterated molecules,

ICR experiments provide a means for measuring the
apparent bimolecular rate constant for conversion of
CD,NH,D" to CD,NH,". At sufficiently low pressures,
collisional stabilization of the excited intermediate is
not an important reaction channel and the steady state
assumption may be applied to this species. The limiting
slope for the disappearance of CD3NH2D+ may then be repre-
sented by

afcp ,Nu,p"] 2k

= - nky [op N T (——P—) (3)
at 2k 42k

where n is the number density of methyl amine neutrals and

the rate constants are defined in Fig. 3. The apparent

2k

. P . .
bimolecular rate constants, k +2ku+ku ), is found to be

10

d(2kp
~- 3 -1

4.2 x 10 cm” molecule sec™l. If this rate does repre-
sent one-third of the ion-molecule encounters as predicted,

9 cm’ molecule T sec™!

an overall encounter rate of 1.3 x 10
is obtained, which is in fair agreement with the rate
constant for reactions of the parent ion. If this

assumption is true, the small discrepancy may be assigned



197
to experimental uncertainties or a possible small deuterium
isotope effect.
The rate constants obtained using ICR techniques are
summarized in Table 1 for both CH3NH2 and CD3NH2. Included

for comparison are available literature data for these

reactions.

C. Dimethylamine

Analogous to deuterated methylamine an investigation of
the ion-molecule reactions of dimethylamine—dG, (CD3)2NH,
revealed a changing ratio of protonated and deuterated
amine as the reaction sequence progressed. This is shown
in the plots of variation of ion abundances with pressure,
Fig. 4, and with time, Fig. 5. As in methylamine, an
excited proton bound dimer intermediate is implicated.
However, in the case of dimethylamine the dimer formed
from the deuterated parent ion has a statistically equal
probability of being bound by a proton and a deuteron.

These two species, of the form,

CDh CD CD CD
3 3 3 3
\ + / \ + /

D——NwWw HuWWN—EH He~——— NWuDittt N —H
N\
CD3 CD3 CD3 CD3

have a one-fourth probability of undergoing unimolecular

. . . +
dissociation to (CD3)2NH2 .

The experimentally obtained rate constants are
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Figure 4

Variation of ion abundance with pressure for (CD3)2NH
at 11.0 ev. The solid line indicates the variation of
ion intensity with pressure calculated from the average
rate constant obtained from several determinations. The

points indicate experimentally determined intensities.
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Figure 5

Variation of ion abundance with time for (CD NH at

303
10.5 eV and 7.5 x 10-7 torr with a 6 msec electron beam

pulse.
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summarized in Table 2 for both (CH3)2NH and (CD3)2NH. The

symmetric proton transfer rate obtained from the limiting

+ 9

slope for the disappearance of (CD,) ,NHD™ is 1.24 x 10

em® molecule™d sec™ and is in good agreement with the

predicted rate of dimer formation of 1.42 x J_O"9 cm3

moleculeml sec—l.

D. Methanol

The ion-molecule reactions of simple alcohols are slightly
more complex than alkyl amines due to the formation of
protonated dialkyl ethers via a nucleophilic displacement
reaction analogous to that producing dialkylhalonium ions
in alkyl halides (6-~10). The parent ion of methanol—dB,
CD3OH+ exhibits the same behavior as CD3NH2+ in transferring
both protons and deuterons to the neutral molecule.

The sequence of reactions arising from the parent ion,
CD3OH+, in methanol-—d3 is shown in Fig. 6. The conversion
of deuterated parent to protonated parent through the ex-
cited dimer complex is illustrated in £he variation of ion
intensities with pressure (Fig. 7) and with time (Fig. 8).
Analysis of the kinetics of disappearance of the deuterated
and protonated parent molecules gives the épparent bi-
molecular rate constants for symmetric proton transfer
and protonated ether formation, respectively. These
rate constanfs are summarized in Table‘3 together with the

analogous rate constants in undeuterated methanol. The

fact that symmetric proton transfer occurs much faster than
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Figure 6

General ion-molecule reaction sequence for reactions of the

parent ion of aliphatic alcohols represented by CD,OH.

3
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Figure 7

Variation of ion abundance with pressure for CD3OH at

11.0 eVv. The so0lid line indicates the variation of ion

intensity with pressure calculated from the average

rate constant oktaned from several determinations. The

points indicate experimentally determined intensities.
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Figure 8

Variation of ion abundance with time for CD3OH at 14.0 ev
7

and 3.5 x 10" ' torr with a 6 msec electron beam pulse.
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ether formation is convincingly shown by the lack of any
deuterated dimethyl ether formation. At higher pressures
the proton bound dimer of methanol may be collisionally
stabilized before dissociation takes place and the apparent
bimolecular rate constants for symmetric proton transfer
and protonated ether formation will fall off (l11). It is
important therefore to work at pressures where termolecular
reaction is inoperable to gain an insight into the actual

mechanisms of reactions involved.

E. Ethanol

In addition to the molecular ion of ethanol, it was
found necessary to work under conditions where the parent
minus H ion was also present. The reactions observed in
ethanol—d5 are basically the same as those observed for

methanol—-d3 with the addition of the new reaction

.+ .
CDBCDOH + CD3CD20H-——b CD3CD20H2 + CDBCDO (4)

The reactions observed for ethanol-d5 are illustrated
graphically by the variation of ion abundances with both
pressure and time in Figures 9 and 10, respectively. The

rate constants obtained for these reactions and those

observed in undeuterated ethanol are shown in Table 4,

F. Discussion
The occurrence of symmetric proton transfer reactions
and the formation of proton bound dimers at high pressurec

are strong evidence for an excited proton bound dimer
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Figure 9

Cb,0H

Variation of ion abundance with pressure for CD,CD,

at 12.0 ev.
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Figure 10

Variation of ion abundance with time for CD3CD2OH at

16.0 eV and 8.0 x 10/ torr with a 6 msec electron beam

pulse.
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complex as a reaction intermediate for the ion-molecule
reactions of protonated alcohols and amines. In the case
of alcohols there are two plausible complexes which could
be postulated to permit facile proton or deuteron transfer.
The first of these complexes has two equivalent forms for

reaction of the deuterated molecule,

D
R-0" R-0]
Do+ and Suo+
R~O< R-07
H NH

Dissociation of these complexes would yield ROH2+ in one

out of every four formed. However, an alternative, cyclic

intermediate may be postulated with the three equivalent

forms
R _H R _H H. R
N~ N N N
0" + 0O-R o7+ 0-R nd R-0"+ 0O
g N~ o N\ 2 N7 Nu

where R is the alkyl group originally part of the ion and

R is the alkyl group associated with the neutral molecule.

+

Dissociation of these complexes would produce ROH2

from
one-third of those formed.

The nature of the proton bound complexes in the case of
alkyl amines is less ambiguous. Since the nitrogen atom
of an amine has one less non-bonded electron pair than the

oxygen atom of an alcohol, a cyclic complex is not possible.

The complexes formed from protonated amines must then take
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the linear form discussed previously. 1In Table 5 the total
rate constant for symmetric proton transfer inferred from
the intermediates discussed above are compared with the
total rate constant for protonation of the parent molecule.
The theoretical Langevin and locked-dipole rate constants
are also included for comparison.

It is instructive to compare the rate of protonated
dialkyl ether formation in alcohols to the analogous
reaction in alkyl halides, dialkyl halonium ion production
(12) . The intermediate for the latter process can also be
thought of as a proton bound dimer of the form

R"X ,’I,

H +
R-x "

Generally, the rate constant for the condensation reaction
of alkyl halides proceeds at a rate very close to that for
alcohols but in amines no such reaction is observed. The
allyl halide complex can rearrange to eliminate HX by a
concerted process of bond breakage and formation in which

a non-bonding chlorine lone-pair participates. A linear
alcohol dimer would be able to eliminate H2) by an entirely
analogous process. In a cyclic alcohol dimer, however,
the concerted process is hindered since the oxygen lone-pair
is tied up in a second proton bond. The fact that the
observed rate constants for‘the analog;us reactions of

alcohols and alkyl halides are nearly identical is an

indication that the linear proton bound dimer is more likely.
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A proton bound amine dimer must also have a linear form.
However, the nitrogen atoms in such a complex have no lone
pair of electrons to allow a concerted condensation reaction
to occur by elimination of NH3.

Although the above arguments favor a linear proton
bound dimer for alcohols, an interesting example adding
credence to cyclic proton bound dimers does exist. In an
investigation of the relative basicities of tetrahydro
pyran and trifluoroethylamine (CF3CH2NH2) it was found that
although the proton affinities were nearly identical, the
crossed proton bound dimer was favored strongly at higher
pressures (13). While neither of the protonated species

is able to form a cyclic proton bound dimer with its parent

molecule, it is possible for the crossed dimer to take the

\\\\\ Ij \ N/C I'IZCF 3
Yy TNy

The formation of two proton bonds thermodynamically

cyclic form

favors the cyclic crossed dimer causing this species to be
preferentially formed after many encounters.

It is of interest to note the wide variation in rates
of formation of proton bound dimers of the species studied
here. Both ethanol and dimethylamine dimers appear at
much lower pressures than methanol and methylamine.

Simple RRKM theory relating the rate of chemical reaction

to the amount of excess energy in the transition state and
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the number of vibrational degrees of freedom it has offers
an explanation for this. Assuming that each of the proton
bound dimers initially contain comparable amounts of excess
energy equal to the proton bond strength than the ethanol
and dimethylamine dimers will have longer lifetimes due to
the greater number of vibrational modes available for
distribution of this energy (14). This longer lifetime
results in an increased probability of stabilizing collisions
occurring to remove excess energy before it can participate
in unimolecular decomposition. This argument is consistent
with the recent empirical expression derived by Good (15)

for termolecular reactions

D + rRT:‘ S=2
rRT

k = ¢C

(5)

where C is an empirical constant, D is the bond dissociation
energy of the intermediate, R is the gas conétant, T is
the Kelvin temperature, r is the number of square term con-

tributing to the internal eneray of the molecule ard s is the

number of vibrational degrees of freedom of the intermediate.

G. Conclusions

Proton transfer reactions in which the proton carries
no excess energy and the neutral rather than ionic product
is left in an excited state are plausible de-excitation
mechanisms. As indicated by this study, these reactions

are relatively fast and de-excitation should then be rapid.

A summary of some of the thermochemical properties for
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the molecules studied here along with the maximum amount
of internal excitation in protonated molecules is shown in
Table 6. Polyatomic species of this sort are capable of
accomodating excess energy in their vibrational modes
quite well. The probability of proton transfer occurring
after complex formation has taken place and the relative
amounts of energy in the ionic and neutral products will
depend on the potential in which the proton finds itself.
Recently, calculations of potential surfaces for proton
bound dimers of water have indicated a symmetric potential
well with a broad minimum (16,17). The nature of the
potential well for proton bound dimers would determine its
structure and the strength of the proton bond and thus the
probability for its dissociation.

The polyatomic species studied here would likely have
potentials similar to that for water. Thus, protonated ions
formed with excess energy may facilely relax by a proton
transfer mechanism involving a proton bonded intermediate.
These reactions occur rapidly and hence the protonated
species formed with varying amounts of excess energy may
be de-excited rapidly. Hence when further reaction takes
place the protonated ion can be assumed to be in its ground
state, implying that thermochemical inferences derived
from proton transfer reactions to other neutrals are likely

valid since the reagent ions contain no excess energy.
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H. Experimental Details

The experiments described in this chapter were carried
out on the modified ICR spectrométer described in Chapter
3 of this thesis. Rate constants from intensity vs.
pressure spectra were calculated by an iterative computer
Solutién to the ICR lineshape equations formulated by
Marshall and Buttrill (18). The computer protram together
with sample data cards is listed in Appendix I. Rate
constants from trapped-ion spectra were obtained from semi-
logarithmic plots (19).

Methylamine-—d3 and dimethylamine—d6 were obtained from
Merck, Sharpe, and Dohme of Canada. Methanol—d3 and
ethanol-—d5 were prepared by refluxing methanol—d4 and
ethanol-d6 with magnesium turnings to produce the dialk-
oxide magnesium salts. These salts were then treated
with water and distilled to obtain the exchanged alcohol.
All samples were further purified by bulb to bulb distil-
lation and were found to be greater than 99% isotopically

pure by mass spectrometric analysis.
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CHAPTER VI

Trapped Ion Cyclotron Resonance Investigations of Equilibria

of Organic Ions

A. Gas Phase Ion Molecule Equilibria

Within recent years several research groups using a
variety of techniques have begun investigations of bimolec-
ular gas phasc equilibria involving a wide range of ion-
molecule reactions (1-5). Of the large number of experi-
mental techniques available for determination of thermo-
chemical quantities such as heats of formation, bond
strengths, proton affinities, electron affinities and
carbonium ion stabilities, equilibrium techniques provide
the most accurate methods, allowing relative thermochemical
properties to be determined within 0.1 kcal/mole. From
the equilib