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Ion Cyclotron Resonance Studles of Ion Molecule Reactions

using a Novel Pulsed Ion EJection Technique

I. INTRODUGTION

Ion Cyclotron Resonance Spectroscopy (ICR) is a new and
powerful technique for the study of ion-molecule interactions,
ICR Spectroscopy is based on the simple motion of charged part-
icles in crossed electric and magnetic flelds. An ion with mags
m and charge q, moving normal to a uniform magnetic field B,
describes a circular path with an angular frequency (v, , inde-

pendent ¢f particle veloclity, given by

oo = qB/mc . (1)

[

When an oscillating electric field is applied at right angles to
the direction of B at a frequency (J_, the charged particle 1s
accelerated in a spirsl path of increasing radius. This corres-
ponds to an energy geln per unit time, or a power absorption,
Thie power absorption can be monitored by using a.marginal oscil-
lator-detector to produce the oscillating electric field. The
sensitivety of this device 1s sufficient to detect approximately
one ion per cubic centimeter,

One of the advantages of the ICR technique is its ability

to detect lons formed over & large region. For operations at



reasonable resolution, most mass spectrcmetric techniques require
that the ions be generated at a fixed point in epace, or at least
along & linear path, ICR, on the other hand, can observe lons
over a large volume, and 1s non destructive in the senss that
the lons can be observed in situ. This precludes any difficult-
jes which might occur on withdvawing the 16ns for mass &analyslis,
This feature of the ICR technique makes it unique'for the study |
of lonizatlion generated by the bets decay of tritiated specles.
The ion chemistry which is generated by the beta decay of
tritiated compounds is not well understoocd, It has been postulat-
ed that mixtures of T_ with a molecular species M can proceed

2
via two pathways initiated by the beta decay process

+
T2 —> THe + {5’ (2)
followed either by the reaction sequence
+
e T + T, ——> T. + SHe (3)
2 3
Py _
Ta + M —+ Products, (4)

or the direct reaction

+
™He + M —> Products, (5)
Consider, for example, the reactions of T2 with methane!
&
3He + CH, — (CH,T ') + %He (6)

which fregments to give
*.—
(e r ) —> CHg? + Hp

L CH, + HT ,

the tritiated methyl ion reacting repidly with methane

(?)




WCHoTH 4 CHy — 02H4T41+'H2

. (8)
L+ CoHg * +HT ,

or the excited ion (CH4T'*)% can be collision stabilized and
subsequently react with the inactive methane as

Yiong . (9)

(CH,T ¥)* + CHy ~—— CHyT

All of the reactions (6) through (8) can be followed using ion
cyclotron single and double resonance techniques. In cyclotron
double resonance, the concentration of a product ion is monitor-
ed with the marginal oscillator while the possible parent ion
specles present 1n a mixture are selectively heated with a sec-
ond radio frequency electric field. Since the reaction rates
are dependent on ion temperature, & change in the power absorp-
tion detected by the marginal osclllator serves to identify the
reactants generating the observed icn, Thus it should be easy
to 1dentify the elementary steps which follow the ipitial beta
decay of T, or any other tritlated compound.

Alternatively, the course of reactions initiated by process
(4) can be studied in mixtures of Hp and Do with the species M,

using the known reaction sequencesz

+

4
Ho' + Hp —= Hz + H

E] + (10)
and Do + Dg —# Dz + D
to generate the reagent epecies of interest, Such studies, by
their anslog to Eq.(3), can yield useful information on the ion
chemlstry generated by the beta decay of Tg, tritiated compounds,

and on the radiation chemistry of To in general,

Problems arise, however, in the determination of product



lon distributions when competing processes, €.g. Eqs. (4) and (5),
contribute to the product lons of interest. A novel technique

has been developed for the ICR, requiring no physicel modifica-
tion to the cyclotron resonance cell, which enables the ejection
of selected ions féom the cell. Pulsing the ejJection field and
referencing the detection system to the pulsing frequency ylelds
a spectrum of ions whoge number density is modulated by the
pulsed field. This spectrum includes only the ejected reactant
ion and any products formed by reactions of this specles with

neutrals present in the cyclotron resonsnce cell.
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A novel technique involving a straightforward modification of an ion cyclotron resonance spectrometer has been
developed which utilizes the excitation of the characteristic oscillatory motion of the ions, due to the trapping field,
for ejecting ions from the cyclotron resonance cell. By pulsing the rf ejection field and referencing the detection
system to the pulsing frequency, a spectrum of ions whose number density is modulated by the pulsed ejection field
is obtained. This is directly applicable in studying ion-molecule reactions for the determination of product ion
distributions, even when other processes, such as direct ionization or concurrent ion~molecule reactions, contribute

to product ions of interest.

INTRODUCTION

N understanding of the chemistry of ions provides
considerable insight into the phenomena in nature
which involve the production and subsequent activity of
ions in the gas phase. The study of ionization phenomena
in the gas phase during the past decade has received con-
siderable impetus from the development of specialized
electronic instrumentation and vacuum technology, with
ion cyclotron resonance being one of the more ingenious
spectroscopic techniques devised for these investigations.
The motion of a charged particle in a uniform magnetic
field is constrained to a circular orbit whose angular or
cyclotron frequency depends only on the magnetic field
strength and the ionic charge to mass ratio. When an rf
electric field is applied normal to the direction of the
magnetic field at the cyclotron frequency, an absorption
of energy occurs which is readily observed by means of
a marginal oscillator-detector, which is sensitive enough
to permit direct observation of as few as 30 ions. By
trapping the ions for several milliseconds, it becomes
possible to examine the effects of ion-neutral collisions
at pressures below 1072 Torr.l2 While an analysis of line-
widths yields information concerning elastic processes,!?
the application of ion cyclotron resonance to the study
of ion—molecule reactions is of principal interest.3—8
A variety of steady state® and transient! experiments
permit the determination of ion-molecule reaction rate

* Alfred P. Sloan fellow.

t National Science Foundation Undergraduate Research Partici-
pant (1968).
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1R. A. Fluegge, Cornell Aeronautical Lab. Rep. No. UA-1854-P-1,
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constants, with double resonance experiments being used
to identify reactions and provide information regarding
the variation rate constants with ion energy.®:

Pulsed double resonance spectra are obtained by sweep-
ing a pulsed irradiating field through the cyclotron fre-
quencies corresponding to the possible reactant ions while
monitoring the product ion of interest, with the marginal
oscillator output fed to a phase sensitive detector refer-
enced to the pulsing frequency. Ion-molecule reaction
rate constants usually show at least a slight variation
with lon energy, causing a change in the number density
of product ions when the irradiating oscillator is switched
on and off. The modulation information necessary for the
marginal oscillator and phase sensitive detector to produce
a signal is thus transmitted only through an ion-molecule
reaction.

While double resonance experiments provide a means
for identifying ion-molecule reactions, they do not in
themselves facilitate the determination of product ion
distributions. Consider the reaction

% cr+D
A++B_ k2

E+4+-F

in which two ionic products, C* and E*, are produced
competitively from the reaction of A+ with B. If processes
such as direct ionization or concurrent ion-molecule
reactions lead to the production of C* and E*, then the
individual rate constants k; and ks can be determined
only by a rather detailed analysis,” or by performing
cxperiments such as can be done with a tandem mass
spectrometer in which the reactant A* can be selectively
generated.3? In ion cyclotron double resonance experi-
ments, acceleration of A* with the irradiating field causes
changes in the reaction rate constants k; and k; which
are detected by observing concomitant changes in the

¢y

7 A. G. Harrison and J. M. S. Tait, Can. J. Chem. 40, 1986 (1962).
¢ J. H. Futrell and C. D. Miller, Rev. Sci. Instr. 37, 1521 (1966).
97T, F, Moran and L. Triedman, Rev, Sci. Instr. 38, 668 (1967).
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Fic. 1. Block diagram showing the modifications required to
erform ion ejection experiments, including a cutaway view of the

resonance cell.

production of C* and E*. Thus while changes in k; and
k, with ion energy can be examined, the absolute mag-
nitudes of k1 and k., or even their ratio, cannot be de-
termined when other processes contribute to Ct+ and E*,
This disadvantage could be circumvented if A+ could be
injected into, or selectively removed from, the cyclotron
resonance cell. With the exception of spectrometers em-
ploying solenoid fields,' the geometry of the magnetic
field employed does not allow for injection of a low energy
jon beam into the apparatus, Irradiating fields sufficiently
strong to eject AT have the undesirable effect of perturbing
themarginal oscillator-detector. To obtain greater reactant
selectivity in cyclotron resonance experiments, we have
developed a novel technique which utilizes the excitation
of the characteristic oscillatory motion of the ions, due to
the trapping field, for ejecting ions from the cyclotron
resonance cell. Sec. I describes the modification of the
apparatus to perform these experiments. The nature of
the electrostatic fields in the cell and their effect on the
ion motion is discussed in Sec. II. The results of experi-
ments designed to take advantage of this motion to
eject ions from the cell are presented in Sec. III.

I. EXPERIMENTAL

The ion cyclotron resonance spectrometer used in this
study is manufactured by Varian Associates (V-3900
series). The resonance cell employed is a standard design
plug-in unit (Varian V-5950) whose basic features have
been previously described.¢

The modifications necessary to perform the ion ejection
experiments, all external to the cell, are shown in the
block diagram, F ig. 1, which includes a cutaway drawing
Qf the resonance cell. Tons are formed by an electron beam
accelerated in the direction of the primary magnetic field.
The motion of the ions in the direction of the magnetic
ﬁ.eld is constrained by a trapping voltage applied to the
Side plates of the cell. With an electric field applied
Perpendicular to the direction of the magnetic field, the

BEAUCHAMP AND J. T.
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ions drift from the source region into the resonance
region, the center of the ion orbit moving with constant
velocity along an equipotential of the drift field. To
facilitate matching the equipotential along which the ions
drift in the source and resonance regions, the applied
potentials which give rise to the drift fields are divided
between the top and bottom plates of the cell, as indicated
in Fig. 1. Separate potentials are applied in each region
to isolate the rf fields used to irradiate and detect the
ions in the resonance region. The net ion motion can thus
be maintained in a plane centered between and parallel
to the top and bottom plates of the cell. At the end of the
cell, the trapping field is released permitting free motion
of the ions in the direction of the magnetic field. The ions
are thus collected and the total ion current measured. The
spacing of the drift and trapping electrodes is 2.54 cm.
The distance from the electron beam to the resonance
region is 2.34 cm. The length of the resonance region is
6.35 cm.

As explained in Sec. IT, the ions execute simple harmonic
motion at frequency wr in the trapping field. The ampli-
tude of these oscillations can be increased by applying an
rf electric field (the ejection field) across the trapping
plates, as indicated in Fig. 1. The ejection ficld is applied
to the primary of a 2.8:1 surplus coupling transformer,
with the trapping voltage being connected to the center
tap of the secondary. A Hewlett-Packard 651B oscillator
generates the ejection field which can be amplitude modu-
lated (1009}) using an FET switch triggered by Tektronix
160 series pulse generators. The output of the marginal
oscillator is fed to a phase sensitive detector'® which can
be referenced either to the repetitive pulse of the Tektronix
units, or to conventional modulation schemes such as
field modulation.* Ejection of a particular ion from the
cell can be ascertained by its absence from the field
modulation spectrum, or it can be directly observed using
the pulsed-ejection field.

The argon employed was obtained from Airco division
of Union Carbide (purity>99.9%,). C.D4 (99% isotopic
purity) was obtained from Merck, Sharpe, and Dohme of
Canada. All other gases were obtained from Matheson
(>99%, purity). The background pressure in the spec-
trometer was less than 10~8 Torr prior to performing each
experiment.

II. ANALYSIS OF ELECTROSTATIC FIELDS AND
ION MOTION IN THE CYCLOTRON
RESONANCE CELL

With the drift electrodes at ground, the potential
applied to the trapping plates gives rise to a quadrupole
field near the center of the cell. The space potential can

10 Princeton Applied Research, model HR-8.
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pe approximated by
V=VotC(E@—a%), 2)

where Vo is the potential at the center of the cell and the
constant C is chosen to match the boundary conditions
pest. The origin of the coordinate system indicated in
Fig. 1 is taken at the center of the electron beam, midway

_petween the trapping electrodes. By symmetry, Vo=3Vr
when Vr is the applied trapping voltage. If 4 is the spacing
petween the trapping electrodes, and Eq. (2) gives the
correct potential at x=0 and z=2d/2, then

V=Vrli+(2/d*)(F—27)]. )

. The quadratic behavior of the space-dependent part of
the potential described by Eq. (3) was confirmed by
“supplying appropriate voltages to silver electrodes painted
on uniform resistance paper in accordance with the cell
geometry. As shown in Fig. 2, a plot of V'—V/ against 22
with =0 is fairly linear near the center of the cell and
deviates somewhat near the trapping electrode, the posi-
tion of which is indicated by the broken vertical line. The
effect of applying a drift voltage to the top plate of the
cell is to reduce the coeflicient of the 2 term in Eq. (2)
without appreciably involving higher order terms in the
description of the potential (see Fig. 2). The effect of the
trapping electrodes on the drift field was investigated for
several potential configurations. In each case the measured
field at the center of the cell was 80419, of the value
given by Vp/d where Vp is the applied drift voltage.
The x and z components of the clectric field near the
center of the cell derived from the potential given by
Eq. (3) and including the idealized drift field are

E,=4xVp/d®+V p/d ©))
and
E,=—4zVp/d% (3)

The drift field contribution to E, gives rise to a drift
velocity

vp=cVp/dH, (6)

whose direction is perpendicular to the magnetic and
electric fields, as indicated in Fig. 1. The remaining con-
tributions to the electric fields have two effects. The first
Is to cause a shift in the cyclotron resonance frequency w,
to a new effective value wey which can be calculated as
follows®?: The equation of motion for the ion velocity v
—

1W, P. Allis, in andbuch der Physik, S. Fliigge, Ed. (Springer-
Verlag, Berlin, 1956), Vol. 21, p. 384.
. The effect of trapping fields on the cyclotron resonance frequency
In an omegatron has been previously elucidated [H. Sommer, H. A.
T'homas, and J. A. Hipple, Phys. Rev. 82, 697 (1951)7]. The treatment

8lven this phenomenon above ascribes to the geometry of the reso-
Nance cell used in the nresent experiments.
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F16. 2. Verification of the predominance of the quadratic term in
the z component of the electric field in the cyclotron resonance cell
for several combinations of trapping and drift voltages. V, represents
the space potential at the center of the cell. The broken vertical line
indicates the extension of the trapping electrode.

is given by

dv ¢ vxH
= L(pe 0, Q
at m c
which has the components in the x—y plane,
dvg/dt=4V r/md>+w., (8)
and
dv,/dt=—w.v., ©)
where
we=¢H /mc. (10)

Differentiating Eq. (8) with respect to time yields
v, 4qVv.  dy,
W

ar md dt
= — (02— 4qV ¢/md*)v., (11)

which represents harmonic motion in v, at a frequency
wert= (02— 4qV r/md?)}
o (1—wr’/2w?), (12)
where, as shown below,
wr= (4qVr/md*)} (13)

is a frequency characteristic of ion motion in the trapping
field. Thus, to maintain resonance conditions at a fixed
observing frequency, an increase in trapping potential
must be compensated for by a corresponding linear in-
crease in the magnetic field strength.
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The second effect which the electric fields derived from
e trapping potential have on the ion motion is to
stablish an oscillation in the direction of the primary
pagnetic field. The component of Eq. (7) in the z direction
jecomes

dv,/dt=— (4qV ¢/md*)z
= —szz, (14)
shich has the solution
v, (1) =7.(0) cos(wrf) —(0) sin(wrl), (15)

shere 2,(0) and z(0) are the velocity and position of the
im along the z axis, respectively, at the time of formation.
flhe amplitude of this oscillatory motion can be increased
ly applying an rf voltage V4 at frequency w=wr across
the trapping electrodes. The equation of motion becomes

d%/dP= —wy%~+gE sinwl/m, (16)

khere E.=V,/d. Taking initial conditions for the ion
botion as

2(0)=0 (17a)
nd
dz(f)/dt] 1mo=0 (17b)

uds to the solution

)= @B/ mor)
X{[wr sin(«l)~w sin (wrl) ]/ (wr?—w?)}. (18)

24 T T
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F16. 4. Verification of
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At resonance (w=wr), Eq. (18) reduces to
2(1) | wmup= (gEr/2mer){1 cos(wrl) —sin (wrl)/wr}. (19)

For £ (wr)™, the second term in Eq. (19) can be neglected.
The time required to eject an ion from the cell, which
occurs when 5(f) =3d, is given by

Te=mwrd/qE . (20)

III. APPLICATIONS OF THE ION
EJECTION TECHNIQUE

The shift in the resonant magnetic field with trapping
voltage at fixed observing frequency (304.9 kHz) is given
in Fig. 3 for argon ions with drift voltages of 0.68 V in
the source and resonance regions. The slope of the straight
line in Fig. 3 vields a shift of 234-1 G/V. The calculated
shift, using Eq. (11), is 16.3 G/V.

In practical units Eq. (12) yields

wr/2r=123.0(Vr/m)} kHz, (21)

where Vr is in practical volts and  is in atomic mass
units. For argon ions with Vr=1.0 V, Eq. (21) gives
wr/27=19.4 kHz. At this trapping voltage and with drift
voltages of 0.68 V in the source and resonance regions,
applying the ejection field causes a decrease in the Art
single resonance absorption monitored using field modula-
tion, with the maximum effect occurring at a frequency
of 20.0 kHz. A plot of the experimental ejection frequency
vs the square root of the applied trapping voltage is shown
in Fig. 4, the observed linearity confirming the relation
delineated by Eq. (13). As described above, by pulsing
the ejection field and referencing the detection scheme to
the pulsing {requency, the ions ejected from the cell can
be directly observed by sweeping the magnetic field.
Such a spectrum, obtained with V,=1.0 V, drift voltages
in the source and resonance regions of 0.60 V, w/2r=20.0
kHz, and V4=0.063 V, is shown in the inset of Fig. 5.
The m/e=40 (Ar*) intensity in the pulsed ejection spec-
trum is given in Fig. 5 as a function of V. Below 0.01 V
no appreciable ejection of Art occurs. Above 0.01 V the
intensity increases, reaching a maximum at V;=0.05 V
which corresponds to complete ejection of Art. With
wr/2r=19.4 kHz, the second term in Eq. (19) can be
neglected for times long compared to wr™ or 8.2X10¢
sec. From Eq. (20) the time required to eject Art with
V=0.05V is 6.5X 104 sec. It requires a calculated time
of 8.3X10~* sec for the ions to drift from the electron
beam to the juncture of the source and resonance regions.
The ions are thus ejected before entering the resonance
region.

The mass resolution of the ion ejection technique can
be experimentally determined by monitoring the intensity
of a peak in the pulsed ejection spectrum and sweeping
the ejection field frequency. With other conditions identi-
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TasLE I. Product distributions from the
reaction of Hy* with cyclopropane.

Product distribution®

Jon cyclotron
Ion resonance ion

Product
Tandem mass

mfe species ejection technique  spectrometer®
43 CsH;* 15 0
42 CsHe* 5 100
41 C.H;* 100 52
40 C:H,* 0 14
39 CsHg* 6 28

s Major product taken as 100. X
b Data from Ref. 12. Primary ion energy ~5 eV with 7.1 Az cross section
reported for production of CsHe*.

cal to those employed to obtain the data in Fig. 5, this
is shown for Art in Fig. 6 with V;=0.063 V. The full
width at half-height of the resonance centered at 20 kHz
in Fig. 6 is 3.0 kHz, which corresponds to 10 amu or a
resolution, expressed as M /AM, of 4.0. The origins of the
small peak at 30 kHz and the notch in the resonance
at 20 kHz were not ascertained. At higher values of
V. the resonance at 20 kHz becomes broad with a flat
top, corresponding to total ejection of Art over a wide
range of ejection frequencies. Low trapping voltages and
high drift voltages lead in general to poorer resolution. A
resolution as high as 7 has been obtained with a 1:1
mixture of C;Hy and C,D,. With a nominal electron
energy of 14.0 eV at 10=¢ Torr only C,H,* and C,D4* are
observed in the single resonance spectrum obtained with
field modulation [Fig. 7(a)]. With a trapping voltage of
1.2 V and drift voltages of 0.88 and 0.12 V in the source
and resonance regions of the cell, respectively, C.D4* can
be totally removed from the single resonance spectrum
at an ejection frequency of 24.4 kHz without measurably
perturbing the C,H,* intensity [(Fig. 7(b)]. The cal-
culated value of the ejection frequency [Eq. (21)]is 23.8
kHz, in good agreement with the experimental value.

With the limited resolution presently available, the ion
ejection technique is best suited for studying the reactions
of light ions such as H;+. To exemplify this application a
100:1 mixture of H; and cyclopropane was prepared. In
this mixture the reaction

Hyt+H, — Ht+H (22)

leads to the production of Hs+, which sustains several
energy relaxing collisions with H, before undergoing pro-
ton transfer to cyclopropane,

H*+ CsH — Ho+[CsHA ¥, (23)

a reaction sufﬁcienﬂy exothermic to lead to the decom-
Position of the excited product if collisional stabilization
does not occur.!31
e
ia J.J. Leventhal and L. Friedman, J. Chem. Phys. 48, 1559 (1968).
“P. Ausloos and S. G. Lias, Discussions Faraday Soc. 39, 36 (1963).
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Fi16. 5. Variation of pulsed Ar* ejection spectrum intensity with
ejection rf voltage at 1.0 V trapping. Inset shows a typical pulsed
Ar?* ejection spectrum obtained by sweeping the magnetic field with
an rf voltage of 0.063 V.

Figure 8(a) presents the single resonance spectrum in
the region between m/e=39 and m/e=43 obtained with
the Hy—cyclopropane mixture at 10~* Torr and 40 eV
electron energy. Field modulation gives the derivative
presentation. As has been previously noted, high ion
densities can cause a shift in the cyclotron resonance
frequency®+'? and distort the single resonance line shape.!*
Thus at high ion densities, periodically pulsing an ap-
preciable fraction of the ions out of the cell can give rise
to a frequency modulated signal observed at the output
of the phase sensitive detector referenced to the pulsing
frequency. Such a pulsed ion ejection spectrum, obtained
with a total ion current >>2X107t A  is shown in Fig.
8(b).Atloweriondensities (total ion current <2X10711 A),
the desired pulsed H3* ejection spectrum is observed, dis-
playing the products of the reaction of Hyt with cyclo-
propane [Fig. 8(b)]. The observed product distribution
is given in Table I. The balance of the ionic species ap-
parent in Fig. 8(a), the single resonance spectrum, are
generated either by direct electron impact or from reac-
tions of cyclopropane with Hy*.

The distribution of C; products obtained by impacting
H;* on cyclopropane at a nominal ion energy of ~5 eV in
a tandem mass spectrometer is included in Table I.** The

Fi1c. 6. Intensity of m/e=40
peak in the pulsed Ar* ejection
spectrum (see inset Fig. 5) ob-
tained by sweeping the ejec-
tion rf field frequency at a
level of 0.063 V with 1.0 V
trapping. The ejection tf field
frequency has been converted
to an equivalent m/e ejected
using Eq. (21) in the text.

[ T T i J
60 50 40 30 20 15 10

Ejection rf field frequency {kHz)

L Lo b bl ety
5 10 20 50 100 150

m/e Ejected



28 .

andem mass spectrometer results are at considerable

ariance with the cyclotron resonance pulsed ion ejection
esults. The latter technique does not suffer from dis-
gmination effects which might occur in the sampling of
product lons in the tandem mass spectrometer. More
mportant, however, are the different reactant ion energies
mployed in the two experiments. In the cyclotron reso-
gance apparatus, the reactant ion energy is near thermal
mnd more than two orders of magnitude less than the
~5 eV ion energy employved in the tandem mass spec-
rometer. If this is the case, then from Table I the relative

mportance of the processes g

I‘Ia++ C;;Hs -2 C3H6++ H2+H (24)
md

Hyt+-C3He — CsHyt+-2H, (25)

sppears to depend on the reactant ion energy. Double
rsonance experiments confirm this conjecture, indicating
that with increasing ion energy the rate of reaction (25)
jecreases considerably while the rate of the net charge
xchange process [reaction (24)7] increases slightly.

(O) :ien:;ionce /CZH: €Dk
: 2Y%
Spectrum 1-
(b) Eject
C,04" CoHa'

F16. 7. (a) Single resonance spectrum of a 1:1 mixture of CoHy
ind CoDy4 at 14 eV electron energy and 107 Torr. (b) Repeat of
iingle resonance spectrum with simultancous ejection of C,Dqt at
%4 kHz with 1.2 V trapping.

L. BEAUCHAMP AND J. T.

ARMSTRONG

{a) Single Resonance I
Spectrum .
Field M loh

SFad Hmelstolionk F16. 8. (a) Single

resonance spectrum

of the m/e=39 to

m/e=43 region of a

100:1 mixture of H,

and cyclopropane at

f 40eV electron energy -

and 10~ Torr. Under
these conditions, no
other ions are ob-
served between m/
e=44 and m/e=170.
(b) Pulsed Hs* ejec-
tion spectrum ob-

I tained with high ion
densities, causing a
frequency modula-
tion and subsequent
i detection of all ionic
species present. (c)
Pulsed Hs* ejection
spectrum at low ion
densities, displaying
the products of the
reaction of Hst with
cyclopropane.

”“{"‘*‘/y"’; f‘J‘ r"“"/ i
e W -

(b) Pulsed H Ejection
Spectrum l
(High Ion Density) i
|
!
|
|
|
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(c) Pulsed H3 Ejection
Spectrum |
(Low lon Density)

M‘A—MJ L«W\w

39 al 43
m/e —»

Iv. DISCUSSION

It is evident that the ion ejection technique comprises
a useful addition to the ion cyclotron resonance techniques
already available for the study of ion-molecule reactions.
It directly complements double resonance experiments,

permitting the determination of product distributions as

well as their partitioning with ion energy. While, as noted
in the previous section, it is best suited for studying the
reactions of light ions, improvement of the electric field
distribution by appropriate changes in the electrode con-
figurations as well as operation at higher trapping voltages
may significantly extend the usefulness of the technique.
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I1XI, The Reactiong of HQ' and Dg

with Propylene and Cyclopropane
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A. INTRODUCTION

The similarities which occur in the electron impact mass
spectra of isomeric hydrocarbons such as propylene and cyclo-
propane make difficult the identification of these species by
mass spectrometry. An alternative method for achieving ioniza-
tion of hydrocarbons is to react them with selected ionic rea-
gents, such as H3+ and D34'. The resulting product spectrun
may contain features dependent on the structure of the hydro-
carbon specles which allow isomers to be distinguished. This
stimulated the investigation of the resctions of Hé* and Déf
with propylene and cyclopropane using the pulsed ion ejectioﬁ
technique. The selectlon of these species for study will allow
an interesting comparison to be made to similar endeavors pre-
viously reported by Aquilanti and Volpi using a high pressure
mass spectrometer (HPMS),Q and by Levanthal and Friedman using

& tandem mass spectromet’,ern:5
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B. EXPERIMENTAL

The ICR spectrometer used in these experiments has been de-

scribed in detail elsewhere,4

and has been fitted with a dual
gas inlet system, The additive species was admitted to the spec-
trometer at a pressure of about 10'7 torr, and the hydrogen or
deuterium then added to bring the total pressure to between 10“5
and lO"4 torr, resulting in a 100:1 to a 1000:1 mixture. Pulsed

ion e jection experiments where then performed as described in

4
the literature, =
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C. RESULTS AND DISCUSSION

Product distributions from the reactions of Hg— and D3+
with cyclopropane and propylene as measured by the pulsed ion
ejection technique are presented in Table I along with the re-
sults of the HPMS and the TMS experiments.

The use of the ion ejection technique to isolate the pro- -
duct ion distribution of the primary ions of interest obviates
the need for the higher pressures® (0.1-0.6 torr) used in the
HPMS and eliminates the possible confusion by concurrent ioniz-
eation of the parent species. It also removes the necessity for
rare gas-hydrogen enhancement schemes previously studied5 to

raise the percent of H3+

produced by proton transfer reacticns

in HPMS. The use of lower pressures (~2 x 10"'5 torr) in the ICR
experiments accounts for the sharply reduced amount of collision-
8lly stabilized protonated parent ion species observed in the
HPNS product distributions (Table I).

Ags discussed briefly in the previous chapter, the ICR allows
reactions to proceed at near thermal energies (~ 0,04 eV) whereas
the TMS requores reactlion energies of about 5 eV for good reso-
lution and sensitivety;3 The variance of the TMS data of Leven-
thal and Friedman on the reactions of H3+ with propylene and
cyclopropane from the ICR and HPMS data (Table 1) was in part
accounted for by this energy difference. As mentioned in chapter
I, the double rescnance feature of the ICR allows & determination

of reaction rate dependence on reactant ion energy. Using this,

it was determined that the importance of energy on the reactions
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e o+
Hz + G-:SHG — Czlg 4 Hg + H (1)
4 + :
and H3 + CSH6'__~+ CSH5 +—2H2 (2)
was significant. With increasing reactant ion energy, the rate
of reactlon (2) decreased markedly, while that of reaction (1)
increased slightly. The TLS was operated with a collision

chamber pressure of about 10"5

torr, which alsc lowers the
probability of significant collisional relaxation of excited

icn species. The good agreement of the ICR and HPMS (where the
ion energies are also near thermal) results, with the exceptions
noted, lead to the conclusicn that the ion energy of reactant
icns is the primary cause for the differences between the ICR
and TS results.

The appearance of the protonated parent; m/e 43, in the
reaction of Hé* with propylene, when it did not appear in the
isomerically equivalent reaction with cyclopropane,.is possibly
due to the higher internal energy content of the cyclo—C3H7+
intermediate formed by proton transfer.to cyclopropane. The
heat of formation of cyclopropane is 8.2 kcal/mole {(~0.33 eV)6
greater than propylene. This internal energy present in the in-
termediate»may facilitate the unimolecular decomposition of
03H7'1L when it is formed in the reactlon cf H3+ with cyclopropane,

The reactions of D5+ with cyclopropane and propylene exhibit
several interesting features, and if only the ma jor peaks are
considered, the agreement of ICR results with those of other

researchers is good.(Table I). Considering cnly the ICR results

and normalizing each of the sequences to unity as in Table II,
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it is apparent that the m/e 41 product'(Cng—) partially shifts
to m/e 42 (CgH,D"), and the m/e 27 product (CgHs ) partially
shifts to m/e 28 (02H2D+). The appearance of more Czng*ispecies,
where X is either H or D, in the reactions of D;' with cyclbpro-
pane and propylene than in the analagous resctlons with Hz may
be due to the differences in the energy transfer processes be-
tween the hydrocarbons and Hé% or Dg- . It has been postulated3
that Hz could cérry away more energy from the réaction than its
isotope Dz, since it could come off more highly vibrationally
excited. |

If the overall reaction is viewed as Dﬁitransfer followed
by decomposition

Dy + CgHg — (C4HD T )® 4+,

L,,;;Products

then the product distribution observed can be compared to the

(3)

expected distribution for a statistical incorporation of D in
the products., For the process
4
+ >CgHyeD  (m/e 42) + Hg
(Ggigp ™ re | % (4)
CzHg = (m/e 41) +HD
the statistical ratio of products m/e 42 : m/e 41 would be 2.5,
This compares favorably with the measured ratios of 2.4C and 2,39
for cyclopropane and propylene, respectively., For the process
+ ;
it ) {cszn (m/e 28) -4 CHy -
ke 02H3+ (m/e 27) 4 CHgD
the statistical ratio of products m/e 28 : m/e 27 would be 0.75.

This again comvares well with the observed ratios o0.81 and o,77
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for cyclopropane and propylene, respectively.vThe agreemeny of-
the observed and stétistical~product distributions 1is good evi-
dence for reaction (3) as a first step, followed by unimolecular
decomposition of an excited intermediate whose lifetime is suf-
ficiently long to permit isotopic scrambling, Only a small frac-
tion of the reactions appear to incorporate more than one D

afom in the 1ionic product (Table I).

The TMS results are in part confused by the occurrence of
charge exchange, ylelding the parent ion. In these experiments,
1ittle incorporation of D into the.CsHéP product occurs (Table
I). This i1s probably evidence for a dissociaﬁ%thdride abstrac-
tion reaction |

Dg' + C;’;He; *

& '/D ceo H <o GSHS

D - (6)
‘—» D+ HD+ Q. H '
4 i

2
which occurs at higher kinetic energles and leads to no incorp-

oration of D into the ionic product, In the TMS experiments, a
near statistical incorporation of D into the CgHé# product does
occur, indicating D+ transfer followed by unimolecular decompo-~
sition
Table II also shows the results of later puléed ion ejec-

tion experiments on the reactions of methane and ethylene with
H ;
dix I,

and the significance of these results is discussed in Appen-
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D. CONCLUSION

A significant step forward has been made in deveIOping'ion
cyclotron resonance as a tool for the study of ion-molecule re-
actions, While the reacticns of Hg} and Déf with cyclopropane
and propylene are not sufficliently different to distinguish
these specles on the basis of product distributions, it is ap-
parant that the reaction mechanisms are quite intriguing and

amendable to further study.
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APPENDIX I,

The pulsed icn eJection technique hss more recently been
used.to study the reactions of H3+ withlmethane and ethylene,7
and the results are tabulated in Table II along with the pre-
vious ICR results obtained. This new information has been used
to obtain bounds for the proton affinity of hydrogen (PA(Hz)),
defined as the negative of the enthalpy change required to at-
tach & proton to Hé+. This is felt to be a quantity of fundamen-
tal interest.

If the enthalpy change is considered to be negative for
the reactions indicated in Table II, limits can be place on the

heat of formation of H3+ , which will allow limits to be infer-

3
6]

formation at lower pressures in the reaction of Hé* with methane

red for the proton affinity of hydrogen. The lack of any CH

(Table II) indicates that the reaction 1§'endothermic“to the ex-
tent that there le insufficient excitation of the'pfotonated , |
parent to cause it to undergo unimolecﬁlar dempositibn. Thié leads
to the conclusion that the PA(H,) 1s bracketed by 87 kacl/mole
and 118 kcal/mole.

Similar congsiderations on the react;on oflﬁi with ethylene
leads tc a better upper bound of 97 kcal/mole., This implies

87<PA(H,) €97 ,

which is a narrower range than has previously been reported, A

round number in the middle of this range is 92 keal/mole, and

corresponds to about 4 eV,
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TABLE I
a
Tech-- Reac- Mass of Product Icn Peaks® ,
nique  tents 44 43 42 41 40 39 28 27
b n | , |
ICR Hy and i mm B O e e — 32
TMS Cyclo-s -  -- 100 52 14 27 — 14
pro-
HPMS pane - 11.9 - 100 -~ - - B7.7
ICR Hy and —— 0.80 3.95 100 —=  -- — 38
™S Propyle - ~- 100 43 6.8 12 | - 8.7
HPMS  ene — 48 -~ 100 32 - — 37
ICGR  Dg and | 5.54 7,12 100 41.5 5.35 4,95 56.5 45,5
THS. Cyclo- —— -- 100 45.6 10 28 16 22
pro-
HPMS  pane 12 = 100 32 - - 20 32
ICR D; and 11.6 15.8 100 42,5 -= - |,  39.5 52
THS Propyl- —~  -- 100 48 2.3 11 6.8 11
HPMS  ene 47.5 —= 100 55 = = o0 27.5

a ICR i1s Ion Cyclotron Rescnance

TMS is Tandem lass Spectrometer, c¢.f., ref. 3

HPMS is High Pressure Mass Spectroscopy, c.f. ref., 2
b ICR data corrected for 013 and for extent of reaction,.

¢ Major peaks are normalized to 100.
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TABLE II
Prcduct® Thermochemicalb
Distrib-
( Reaction Sequences ution Inferences
CH +Hp 1.00 PA(H,) < 118
HY + CH4--L 5 . -
CHS + 2Hy 0.0 PA(Hy) > 87
+
+ CoHe 3 Hg 0.55 PA(Hy) < 158
Bg 4 Ughy F o
CoHz + 2Hp 0.45 PA(Hp) = 97
+
+ .
Hy Ty //\ ”"““’03}15 t 2Hy 0.73 PA(H,) < 143
CHy, * CH, &
~-wc:zﬁ;s + CHy +Hy 0.27 PA(H2) < 107
_‘,.
= CLH, + Hg 0.0
+, % + » ,
He + / \° —>C.H. + 2H 0.76 PA(Ho) < 151
3 ol . —cH 35 2 2
& TRlegoH; +CH, +Hy o.24 PA(H,) < 115
CéHGD 1 Dy 0.0
r o b—-&’uaH‘ll: 4 H2 -+ Dz C. 45
Da+ / \° ~4>C.H.  +HD + D .19
3 3°5 2
0 HoD + CHy + Dy 0,16
ﬂa»cza; 4 CHgD +Dy  0.20
G H o'+ D 0.0
6 2 .
o G H 4D + Hy 1 Dy 0. 43
0+ o\ ~dwc.i 4 HD 4+ D 0.18
3 35 2
CH2 Gh 4
+

a Each sequence normalized to unity,

b See Appendix I for details.

only major peaks listed.
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