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Time-resolved photoionozation mass spectrometry (PIMS), ion cyclotron resonance spectroscopy (ICR),
and photoelectron spectroscopy have been employed to study the formation of the ethylene oxide molecular
ion and its subsequent ion—molecule reactions which lead to the products C,H;O" and C;H;O". Earlier
observations that a structurally and énergetically modified species (C,H,O%)* is an intermediate in the
production of C;H;O" are confirmed. The PIMS data detail the effects of internal energy on reactivity,
with the ratio of C;H;O* to C,H;O" increasing by an order of magnitude with a single quantum of
vibrational energy. Evidence is presented for the formation of (C,H,0%)* in a collision-induced
isomerization which yields a ring-opened structure by C-C bond cleavage. This species contains
considerable internal excitation which is relaxed in collisions with ethylene oxide or bath gases such as SF;
prior to reaction. The relaxed ring-opened C,H,O" ion reacts with neutral ethylene oxide by CH; transfer
to yield an intermediate product ion C;H,O* which gives C;H;O" by loss of H. Isotopic product
distributions observed in a mixture of ethylene oxide and ethylene oxide-d, are consistent with this
mechanism. The effects of ion kinetic energy on reactivity are explored using ICR techniques. Increased
reactant ion kinetic energy leads to collision-induced dissociation of C,H,0O" rather than isomerization to

the open form.

I. INTRODUCTION

Highly strained small ring compounds such as ethyl-
ene oxide and cyclopropane are of particular interest
since they can rearrange under appropriate conditions
to more stable acyclic isomers. The ion chemistry of
the smallest heterocyclic oxygen compound, ethylene
oxide, has been extensively studied by mass spectro-
metric!~® and ion cyclotron resonance®® (ICR) experi-
ments. Charge localization, predominantly on the oxy-
gen center, ® renders the ion-molecule reactions of
ethylene oxide less intricate than those of cyclopropane
and other small hydrocarbons.!® Table I shows that
both the ethylene oxide radical cation and protonated
ethylene oxide are high energy isomers of C,H,0* and
C;H;O*, respectively, while the lower energy ring
opened and acetaldehyde ion structures are from 11 to
35 kcal/mole more stable, Collisional processes may
trigger the rearrangement of cyclic C;H,O* and C,H;0*,
with concomitant energy release to internal modes.
The resulting structurally and energetically modified
species may have a substantially different reactivity
than the precursor,

The structural integrity and differing reactivity of the
three C,Hz0* isomers VII, VIII, and IX (Table I) has
been demonstrated in several previous studies. Beau-
champ and Dunbar dealt with the identification of the
three ions VII-IX by comparing their ion chemistry, ®
The similarities in reactivity of VIII and IX did not al-
low them to be distinguished.® Our recent ICR study of
the ion-molecule reactions in mixtures of ethylene
oxide with PH; or H,S established the cyclic structure
IX of protonated ethylene oxide ions remaining at long
ion trapping times or at high pressures.® When ethyl-
ene oxide is protonated by H3}, the large reaction exo-
thermicity leads to both fragmentation and rearrange-~
ment to the more stable ion VI, *7

In comparison to the above studies of C,H;0*, the
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structure and reactivity of the different C,H,O* iso-
mers IV, V, and VI, are not as well characterized.
Two product ions, C,H;0* and C;H;0*, result from the
reaction of C,H,0* with ethylene oxide. The latter prod-
uct, which was overlooked in a number of early
studies of the ion chemistry of ethylené oxide,'? was
first reported by Beauchamp and Dunbar, ® Blair and
Harrison studied the ion—-molecule reactions of ethyl-
ene oxide alone, and also in mixtures with (CDj;),0,
(CH,),CO, CH;CHO, and CD,CDO.* They concluded that
while the C,H,O* ion formed initially by electron im-
pact reacts only slowly to form detectable products, it
undergoes a rapid collisional modification to a more
reactive species, (C,H,0%*, which is principally re-
sponsible for the formation of C;H;O* [Reactions (1)~

(3)l;

2L C,H0* + C,H,0, 1)

C2H40‘ + C2H4O—]L
2 (C2H4O’)* + C2H40, (2)
(C,H,0°)* + C;H,0 —2+C,H;0* + CH,0 + H. @3)

Inaddition, they observe that (C,H,0"* reacts withcar-
bonyl compounds by CHj addition.* In our ICR study of
a mixture of C,H,O with PH;, the product ion CH,PH}
was observed to be produced at the expense of the
C,H;0* normally observed in ethylene oxide alone, ®
This result also suggests that the reactant species is
the structurally or energetically modified ion observed
by Blair and Harrison.? A characterization of the
(C,H,0%* ion and a more complete understanding of the
ion chemistry of ethylene oxide is the main focus of
this work.

In the present study, the ion chemistry initiated by
electron impact in ethylene oxide is re-examined at
thermal ion energies using trappedion ICR techniques,
Additional ICR experiments have been carried out to
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TABLE I. Enthalpies of formation of C,H,0, C,H,0", and C,H;O" isomers,

Molecule AH; Molecular jon AH; Protonated molecule  AHy
+ H
O b o c N ]
I /N -12.58+0.15 v P 230.9+0,5 VIL /N 1691
o o OH
I CH;C —39.72+0, 15 V CH;C 196.0+0, 5° VIII CH;C 143 £1¢
H H H
d d + e
- o 443 - o 201,945 X PN 158 +1
H,C CH, H,C CH, H;C CH,

2All values in kcal/mole at 298 °K.
P Reference 48,
¢ Reference 19,

determine both the effect of ion kinetic energy on reac-
tivity and the possibility that an inert diluent can relax
the internal energy and affect the reactivity of the pro-
posed (C,H,0** intermediate. Mixtures of C,H,O and
C,D,0 have been examined to verify the mechanism and
neutral products of Reactions (1)-(3), More important-
ly, the greater energy resolution provided by photoion-
ization techniques has been employed to prepare C,H,O*
with well-characterized internal energy distributions.
Using time-resolved photoionization mass spectrom-
etry,? the kinetics of Processes (1)~(3) are mea-
sured at selected photon wavelengths. The present
study is a continuation of our efforts to understand the
effects of internal energy on the reactivity of molecular
ions, 1315

Previous photoelectron and photoionization studies
have elucidated several features of the molecular and
electronic structure of ethylene oxide, ¥-%° The
ground ionic state of C,H,0O* is formed by removal of a
2b,7 electron largely localized on the oxygen atom, °
The first band of the photoelectron spectrum exhibits
vibrational structure which is associated with either
CH; scissoring or symmetric ring breathing modes.
In an effort to determine which motion is excited upon
photoionization near threshold, the photoelectron spec-
trum of ethylene oxide-d, was recorded. Several pre-
vious photoionization studies of ethylene oxide!®® and
acetaldehyde!®® are useful for interpreting the present
results,

9,16

Il. EXPERIMENTAL

The Caltech-Jet propulsion laboratory photoioniza-
tion mass spectrometer used in this study has been de-
scribed in detail elsewhere,?"'%# Briefly, the instru-
ment consists of a differentially pumped windowless
Hinteregger lamp mounted on a 1-m normal incidence
monochromator (McPherson model 225)., Ions are re-
moved from the differentially pumped ionization cham-
ber using a shaped repeller and extraction lens assem-
bly designed for efficient collection of ions at relatively
low repeller voltages and after correspondingly long
residence times in the source. Ions are mass analyzed
with a quadrupole mass filter (Extranuclear 324-9) and
detected with a Channeltron multiplier using conven-

dEstimated, see Appendix,
®Reference 8,

tional ion counting techniques, A cooled photomultipli-
er with a coating of sodium salicylate monitors the in-
tensity of the light passing through the ion source,
Over the wavelength region scanned, the relative quan-
tum efficiency of the scintillator was assumed con-
stant. #

For the time resolved photoionization mass spec-
trometry experiments, % a pulsed light source is re-
quired, so the dc power supply was replaced by a
Cober high power pulse generator model 605P with a
P27 pulse generator plug in. The output pulse width
was 10 psec and the pulse rate was 350 Hz, In order
to record the distribution of ion arrival times, the am-
plified output pulses from the Channeltron were routed
to a Nuclear Data multichannel analyzer. The time
resolution was limited by the 10 usec per channel mini-
mum dwell time of the analyzer. The experimental
repitition rate was limited by the 2. 6 msec required to
scan through the smallest memory block of 256 chan-
nels. The ion arrival time distribution was accumu-
lated for 10° lamp pulses.

A MgF, coated grating blazed at 1200 A and ruled
with 1200 lines mm™! was used in first order in the
present experiments. The ionization chamber pres-
sure was measured with a model 90 H1 MKS Baratron
capacitance manometer., Other pertinent operating
conditions include: source temperature, ambient
(20-25 °C); sample pressure, 8x 10™ torr; resolution,
1.4 .f\; repeller field, 0.1 V ¢cm™!; ion energy for mass
analysis, 10.0 eV. The hydrogen—-many line spectrum
was utilized in the wavelength range examined.

Ion cyclotron resonance (ICR) experiments performed
in conjunction with the present study employed an in-
strument built at Caltech equipped with an electromag-
net capable of a maximum field strength of 23.5 kG.
The instrumentation and experimental techniques have
been previously discussed in detail, '*?%%® The effects
of translational energy on the reactions of ethylene
oxide were performed by applying a constant rf electric
field at the cyclotron frequency of the reactant ion to
the source region of the ICR cell. Before entering the
analyzer region of the cell, reactant ions are accel-
erated to an average energy given in Eq. (4),
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FIG. 1. ICR results for temporal variation of ion abundance
in ethylene oxide at 1.5x 107 torr following a 14 eV, 10 msec
electron beam pulse.

T=cE12/8m, (4)

where E, is the amplitude of the irradiating rf electric
field and 7, is the time the ions spend in the source re-
gion.?® All ICR experiments were done at ambient tem-
perature (20-25°C).

Photoelectron spectra were obtained using a photo-
electron spectrometer built at Caltech employing a
He(I) resonance lamp and a cylindrical 127° electro-
static analyzer of standard design,® The analyzer po-
tentials can be adjusted to give a maximum resolution
of about 17 millielectron volts (meV), however in these
studies the resolution was maintained at 25 meV, The
spectra were calibrated with the 2P, ;, and 2P, ,, lines
of Ar both before and after scanning the sample spec-
trum to insure that experimental conditions remained
constant. All spectra were recorded at ambient tem-
perature (20-25°C),

The ethylene oxide and sulphur hexafluoride used in
this study were obtained from commercial sources and

were not further purified. Ethylene oxide-d, was ob-
tained from Merck, Sharp, and Dohme of Canada, Ltd.
and purified by gas chromatography. Before use, each
sample was degassed by several freeze—pump-thaw
cycles,

I1l. RESULTS
A. ICR study of C,H,0

The 70 eV ICR mass spectrum of ethylene oxide at
2.5%x107" torr is in good agreement with the previously
published spectra,?™2° At 14 eV the major ions ob-
served and their relative abundances are C,H,0* (53%),
C,H,;0* (8%), CHO* (32%), and CH} (3%). While the ion
chemistry of ethylene oxide has been investigated using
both ICR® and low energy electron beam trapping tech-
niques,* the trapped-ion ICR mass spectrum at thermal
ion energies has not been previously reported. The
temporal variation of relative ion abundance following
a 14 eV, 10 msec electron beam pulse at 1.5x 10°® torr
is shown in Fig. 1.%° Reactions of the parent ion lead
to the formation of C,H;0* and C;H;0*, Processes {1}-
(3). After accounting for other contributions to C,H;0*,
the data in Fig. 1 indicates that the ratio of C,H;0* to
C;H;0* changes with time in a manner consistent with
the proposed scheme of bimolecular Reactions (1)-(3),
The relative abundance of the C,H,O* ion does not de-
crease in an exponential fashion expected for a pseudo
first-order reaction scheme, but rather more slowly
before ~150 msec and faster thereafter, Termolecu~
lar reactions are ruled out by the low pressure of the
ICR experiment, 1,5x10°® torr, and by the similarity
of our observations to those of Blair and Harrison at
3.6x10™* torr, some 240 times greater pressure.* The
CHO"*fragment ion reacts by fast protontransfer to neutral
ethylene oxide [Reaction (5)]. The C,H,0O" fragment ion is
unreactive; this ion is also produced from hydride ab-
straction of C,H,0 by CH; [Reaction (6)] which is

CHO’ + C,H,0~ C,H;0*+ CO, (5)

CH;+ CzH4O - C2H30’ + CH4 (6)
present in low abundance at 14 eV, From the slopes of
the lines in Fig. 1 and the known pressure of C,H,0,

the total apparent rate constants observed for Reac-
tions (1)-(3), and (5) are summarized in Table II, The

TABLE II, lon-molecule reactions, rate constants, and reaction enthalpies in ethylene

oxide,
Reaction This work Literature (Ref,) AHY
CHO' + C,H,0 — C,H;0* + CO 1.340,1 1.65+0,3(4) —40,4+2
1.750,2(1)
C,H;0" + C,H;0 2 -18.3+3
. 0.15+0,03(4)
C,H,0 0.19 0, 02¢ :
2HO"+ CyH,O ‘ S 0.2+0.1(2)
C;H;O" + CH,0+H | —41,2+3
CH; + C,H,0 ~ C,H,0" + CH, ~62.322

1

-

2 All rate constants in units of 107 ¢cm® molecule™ - sec™

b All values in kcal/mole. See Appendix for heats of formation used in this study.

¢ Limiting slope at long times (see text).
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FIG. 2. ICR results for the variation with relative kinetic en~
ergy of the product yields for reactions of C,H,0" with C,H,0.
The data for CyH;O" and C3H;O" are normalized relative to
their thermal rate constants; the data for CHO* and C,H;O" are
normalized to unity at their maximum abundance (see text).

Langevin, or collision rate constant®'% is calculated to
be 1,0x10® ¢m® molecule™*. sec™!, an order of magni-
tude larger than the observed rate constants, Theories
which include the effect of the permanent dipole mo-
ment predict rates even larger, 33738

At higher pressures (= 10™ torr), additional prod-
uct ions are observed in the 14 eV ICR single res-
onance spectrum of ethylene oxide. The minor prod-
uct ion C;H¢O" is discussed further below, The C,H;0*
and C,H;O* ions are observed to cluster with neutral
ethylene oxide. In agreement with earlier work, the
proton bound dimer, (C,H,0),H*, is observed to elim-
inate H,0 to form a small amount of C,H,0* *

B. Effects of ion kinetic energy on the reactivity of
C,H, 0"

The effects of translational energy on the reactions
of C,H,0* with neutral ethylene oxide were investigated
using the continuous rf irradiation method developed
by Buttrill.?® The kinetic energy dependence of the
relative rates of reactions 1~3 is shown in Fig, 2.
Quantitative comparison of the change in reaction rate
is difficult because of the different reaction orders for
the production of C;H;0* and C;H;0*. At kinetic ener-
gies in excess of 0.1 eV, collision induced dissociation
of the C,H,O* ion to give both CHO* and C,H;0"* is ob~
served [Reactions (7) and (8)];

CHO* + (CH, + C,H,0) (7
CH,OYEyy,) + CZH,O—I
C2H30‘+ (H + C2H4O) . (8)

Figure 2 illustrates that the relative reaction rates
for product formation, Reactions (1)—(3), decrease
while those for collision induced dissociation in-
crease as the kinetic energy of C,H,0" is varied
from thermal energies to ~ 2 eV. At their maxima
the products CHO*, C,H,0*, and C;H;0" are 10%,
5%, and 10%, respectively, of the C,H;0" abundance
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at the energy. While the neutral products in Re-
actions (7) and (8) are uncertain, the use of SF, di-
luent gas provided similar results consistent with a
process whereby collisional activation is followed by
unimolecular dissociation to yield the observed prod-
ucts. For a given translational energy, the C,H,O*
yield decreases relatively more than the C,H;O* yield.
This suggests that the structure of energetically modi-
fied (C,H,0*)* ion [Eq. (2)] is collisionally dissociated
more readily than the intact C,H,O* ion. A previous tan-
dem mass spectrometric study of the collision induced
dissociation of the C,H,0%ion scattered from He atoms
reported a threshold of 0.9+0.2 eV for the appearance
of CHO",% in poor agreement with our result of ~0.1eV.

C. Mixtures of C,H,0 and C,D,0

Examination of a 1:1 mixture of C,H,O with C,;D,0
reveals information about the mechanism of formation
of the product ions C,H;0* and C;H;0*. Double reso-
nance®*?% confirms that the protonated parent ion,
C,H;0*, is produced both by proton transfer and hydro-
gen atom abstraction. The relative extent of proton
transfer is approximately three times that of hydrogen
atom abstraction, Double resonance also demonstrates
that the extent of charge transfer between the isotopic
molecular ions is negligible compared to the other re-
action channels at thermal energies. Both drift-mode
and trapped-ion mass spectra of C,H,O with C,D,0 give
an equivalent distribution of C;H;_,D,0*(n=0-5) prod-
uct ions. JIon ejection experiments yield the product
distributions for the cross Reactions {9)-(12) occurring
in this mixture®’;

25%

(CzH4o’)* + CzD.;O"’—:
8% C,HD,0* (m/e 61)+CH0+H, (10)
8% C,H,DO* (n/e 58)+CD,0+D, (11)

(C2D4O')* + C2H40_[
85% C,H,D,0" (m/e 59)+ CD,0+H. (12)

C,H,D;0* (m/e 60)+ CH,O+D, (9)

The observed product distribution suggests a specific
mechanism for the formation of the C;H;0* product ion
which is in accordance with the reaction scheme of Egs.
(1)~(3). The structurally or energetically modified
(C,H,0")* reacts with ethylene oxide-d, by CHj transfer
to produce C,H,D,0O*. This ion subsequently loses D or
H by unimolecular decomposition giving the observed
product ions C;H,D,0* and C,HD,0*, Egs. (9) and (10).
A similar scheme for the reaction of (C,D,0*)* with
C,H,O via the intermediate product ion C;H,D,0* is also
observed, Eqs. (11) and (12). The observed product
distribution is considered in greater detail below,

D. Effects of added diluent gas on C,H,0" reactivity

Further evidence in support of a structurally or en-
ergetically modified intermediate ion (C,H,0*)* re-
sponsible for the production of C;H;0* [Reactions (2)
and (3)] was obtained from the effect of added SFg gas
on the high pressure ICR mass spectrum of ethylene
oxide, Studies were conducted at electron energies be-
low the first ionization potential of the diluent.®% A
recent investigation of the collisional deactivation of
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FIG. 3. Enhancement of C;H;O" relative to C,H;0" as SF;

pressure is increased at 14 eV and 1.2%10"® torr ethylene ox-
ide,

(C;H3)* using a variety of monatomic, diatomic, and
polyatomic species demonstrated that SFg is quite ef-
ficient in deactivating vibrationally excited ions,?® and
accounts for the choice of SFy in this study. At an
ethylene oxide pressure of 1,2x10°% torr and an elec-
tron energy of 14 eV, the ratio of C,H;0* [produced in
the sequence of Reactions (2) and (3)] to C,H;0* [formed
in Reaction (1)] increases from 0,03 to 0,12 as the
partial pressure of SFg is increased from 0 to 2,1x10™
torr (Fig. 3). Under these conditions the extent of con-
version to products increases from 28% to 35%. While
this increase can be largely attributed to the increased
vield of C;H;O* at higher SFq pressures, the extent of
conversion is difficult to determine accurately due to
the effect of collision broadening on the absorption in~
tensities.?* In trapped-ion experiments, where Reac-
tions (1)-(3) have proceeded to completion at long
times, the effect of added SFg on the product ratio is
much smaller, At 8, 6x107 torr of ethylene oxide and
400 msec ion trapping time, corresponding to 99% ex~
tent of reaction, the ratio of C;H;0* to C,H;0* changes
from 0.57 to 0, 80 as the pressure of SF, is increased
from 0 to 6.7x10°® torr. The contribution of Reac~-
tion (5) to the C,HsO* ion abundance is excluded in cal-
culating the product ratio in both experiments. No
condensation product ions resulted from interaction of
ions derived from ethylene oxide with SF.

E. Photoelectron spectrum of C,H,0 and C,D,0

To interpret the effects of internal excitation on re-
activity and to examine the energetics associated with
the formation of the various C,H,O* ion states, it is of
interest to examine the vibronic structure of the ethyl-
ene oxide molecular ion using He(I) photoelectron
spectroscopy (PES). The photoelectron spectrum of
ethylene oxide has been recorded and discussed in sev-
eral previous studies. %1617 The first band, with a verti-
cal ionization potential (I. P.) of 10,560+ 0. 025 eV,
originates from the photoionization of an electron from
the nonbonding 25,7 molecular orbital'® and exhibits a

vibrational spacing of 1150+ 100 em™. This vibrational

structure may be assigned to either the v, totally sym-
metric CH, scissoring mode (1497.5 cm™ in the neu-
tral®®) or the v, totally symmetric ring breathing mode
(1270, 5 cm™ in the neutral?®), In an effort to determine
the correct assignment of this vibration, the photoelec-
tron spectrum of ethylene oxide-d, was recorded. Fig-
ure 4 presents the spectra of both C,H,0 and C,D,0 for
comparison, Table III gives the observed ionization po-
tentials and Table IV the vibrational sequences for the
respective cations and neutrals. The first band of the
photoelectron spectrum of C,D,0 differs from that of
C,H,O in two respects. The vertical I. P moves from
the (0-0) transition in C,H,O to the (0-1) transition in
C;D,0, reflecting a change in the Franck-Condon fac-
tors for the ionization process. The vibrational spacing
in the first band changes from 1150+ 100 cm™ in

C,H,0 to 895100 cm™ in C,D,0, or about 20%. Un-
fortunately, this shift does not permit the assignment

of the vibration to either v, or v; as the frequencies of
these two motions both decrease by approximately 20%
on going from C,H,0 to C,D,0 in the neutral molecules
(Table II1), * Either both modes are excited uponioniza-
tion as they are relatively close in energy and belong

to the same symmetry class (4, in G, symmetry) or one
mode is excited upon ionization and the vibrational ener-
gy is partitioned to both.

(a)

Relative Intensify

Intensity

Relative

| VR 1 1 | 1 | T |
10 15 20

JTonization Potential (eV)

FIG. 4. He(l) photoelectron spectra of ethylene oxide (a) and
ethylene oxide-d; ().
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TABLE III. lonization potentials and vibrational series in C,H,O and C,D,0.
First I, P. Vibrational structure Second 1. P,
Molecule Method  This work? Literature® IP? This work® Literature This work®  Literature
C,H,0 PES 10.560—A,V 10,56 — A, V¢ 10.560 1156 cm™ 1120 em™®  11,84-V 11,7-V®
10,702 1130 cm™8
10, 846
10. 988
PIMS 10.558+0,01-A 10,56~ AR 10,558 1100480 em™ 1170 cm™®
10,565 — Af 10.694 1150 em™!!
C,D,0 PES 10,571 — A 10,571 893 cm™ 11.85-V
10,686 —V 10,686
10,793
10. 903

2All values in eV, +0.025 eV unless otherwise indicated;
A=adiabatic, V=vertical.

b All values in eV.

¢ All values +100 em™ unless otherwise indicated,

dAll values in eV, £0,05 eV,

The diffuse second band of the photoelectron spectrum
of both C,H,0 (11.84+0.05 eV, vertical I.P.) and
C,D,0(11.85+0.05 eV, vertical I.P.) results from ion-
izationof the 8a,¢ molecular orbital. '® While the first
band originates from an orbital largely localized on
oxygen, the 6a,0 orbital is distributed almost equally
over the ¢ orbitals of the entire molecule.'® The broad
width of the band in the photoelectron spectrum suggests
that considerable geometry change is involved in this
ionization. Recent photoionization studies show that the
threshold for Processes (13) and (14) occur within the
second band at 11.54+ 0.03 and 11.62+ 0.05 eV,

C,H,0 ~ CHO" + CH,, 13)
C2H4O"C2H30*+H, (14)

respectively.!® These fragmentations may also contrib-
ute to the diffuse nature of this photoelectron band.

The third and higher bands are undoubtedly associated

Energy (eV)
11.0 12.0 13.0
T T T T T T T
a
A
A
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1150 1050 950
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FIG. 5. Apparent photoionization efficiency curves for C,H,O"
and C,H;O" normalized at 1166 A. Data were taken at 5 &
intervals with the hydrogen many-line spectrum from 1190-
9200 A,

¢Reference 16.
f Reference 20,
fReference 9.

h Reference 19,

with C~C, C-0, and C~H ionizations.!® The vibrational
progression at 17. 5 eV in C,H,0 is much better re-
solved into six components in C,D,0, and is found to
have a spacing of 920+100 cm™. This spacing is in
excellent agreement with the 900 em™ spacing observed
in the 16, 5 eV 3a} cyclopropane-d, % band, and sug-
gests a similar type of ionization in C,D,O.

F. Photoionization studies

Figure 5 presents photoionization efficiency (PIE)
data for C,H,0* between 1190 and 900 A. Measure-~
ments were taken at 5 A intervals and at low conversion
to products. The main features of the C,H,O* data, in-
cluding the ionization threshold at 10, 56 eV, and the
continuous rise in the photoionization efficiency from
threshold to 13.5 eV, are in agreement with previously
reported results.!® A slight rise at 12, 0 eV corresponds
to the vertical ionization potential of the 64,0 second
band in the photoelectron spectrum of ethylene oxide
[Fig. 4(a)]. At the threshold for the 35,0 state, which
appears at 13. 2 eV in the photoelectron spectrum of
ethylene oxide, !® a break occurs in the PIE curve. For
wavelengths near the ionization threshold of ethylene

TABLE 1V, Vibrational frequencies of C,H,0 and C,D,0,?

Neutral
v,—CH, vy~ring
Molecule scigsors breathing Cation
C,H,0 1495° 1263° 1156°
1490¢ 1266° 1120°
1497, 5¢ 1270, 59 1130%
C,Dyg 1301° 1013° 893®

2 All values in em™,

bG. Herzberg, Molecular Spectva.and Moleculay Structure
(Van Nostrand, New York, 1945), Vol. II, p, 341,

¢Reference 41,

dReference 40,

*This work, all values 100 cm™,

f Reference 9,

& Reference 186.
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FIG. 6. Apparent photoionization efficiency curves for C,H,0"
and C;H;0* normalized at 1166 A& in the energy region 10.4 to
10.8 eV recorded at low conversion and 2 & intervals, Arrows
indicate photon energies used to produce C,H,O" in the v=0
(1167 A) and distribution of v=0 and v=1 (1151 &) vibrational
levels. The separation of the two sets of data below 1162 &
indicates a decrease in the rate of production of C,H;0" with
increasing C,H,O" vibrational energy.

oxide where prominent vibrational structure is observed,
measurements were taken at 2 A intervals, Fig. 6.
From the step heights, the relative Franck—-Condon
factors for ionization into the =0 and v =1 vibrational
levels of the C,H,0" molecular ion at 1151 & are cal-
culated to be 0. 57 and 0.43, respectively. These re-
sults are in excellent agreement with the Franck—-Con-
don factors obtained from.the He(I) photoelectron spec-
trum of C;H,O, Table V. The agreement between the
Franck—-Condon factors for threshold ionization and
those for He(l) ionization, combined with the absence of
pronounced autoionization features near threshold, sug-
gests that C,H,0" is produced predominantly by direct
ionization,

Included in Figs. 5 and 6 is the photoionization ef-
ficiency curve for C,H;0*. The curve is normalized
to the C,H,0* curve at 1166 A on the step associated
with ionization into the v=0 state of C,H,0*. It is ap-
parent comparing the two curves that the =1 level
of C,H,O* does not react appreciably to yield C,H;O".

TABLE V. Relative Franck—Condon factors
for the excitation of the v =0 and v =1 states

in C,H,Q".

Method v=0 v=1 Ref.

PES?* 0.56 0,44 This work
PES? 0,57 0.43 Ref, 9
PIMS® 0,57 0,43 This work

%He(D 21.21 eV measurements taken from
photoelectron spectra,

*Threshold measurements taken from step
heights in photoionization efficiency curve,
Fig. 6.
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In fact, the photoionization efficiency of C,H;O* stays
relatively constant to 1080 A, At shorter wavelengths,
the reactions of fragment ions, principally CHO*, be-
come important in producing C,H;0*, and the PIE of
C,H:O" increases.

The CsH;0" ion was not observed in the PIMS ex-
periment at low conversion. This is consistent with
the C;H-O* ion being the product of consecutive bimo-
lecular collisions, in agreement with the ICR results.

The data in Fig. 6 suggest that the v =1 state is un-
reactive in producing C,H;0* in a single collision, To
investigate the results of several collisions and to ob-
serve the higher order product C;H,O*, the time-re-
solved photoionization mass spectrometry of ethylene
oxide near threshold was studied. Figure 7 shows the
temporal variation of relative ion abundance for C,H,0*
in the v=0 (1167 f&) and a mixture of =0 and v=1 (1151
A) states at 8 x 10™* torr following a 10 psec light pulse.
The arrows in Fig. 6 indicate the photon energies used
in the time-resolved PIMS experiment, The relative
abundances of the three ions C,H,0*, C,H;0*, and C;H,0*
at long reaction times in the 1167 A differ markedly
from those at 1151 A, although the difference in photon
energies is only 0.150 eV, At 200 usec, the relative
abundance of C;H,0* changes from 5. 5% to 28%, C,H,O*
from 85% to 56%, and C3H;0* from 8% to 18%, in going
from 1167 to 1151 A. From the relative populations of
v=0and v=1 ions at 1151 A (Table V), the temporal
variation of relative ion abundance starting with C,H,0°*
in the v=1 vibrational level only may be derived from
the data in Fig. 7. Figure 8 presents the v=1 time-
resolved ion abundances. Two features are apparent:

CoHA0*

=
) ]
\'- - 4
HooL CHsOY 1t
[oXel) o 9 F
N 1t
L 1f
000l L | l !
0O 50 100 150 2000 50 100 (50 200
Time (usec) Time (psec)

FIG. 7. PIMS results for temporal variation of ion abundance
in ethylene oxide at 8 x10™ torr following a 10 psec lamp
pulse, - C,H,O" ions are prepared initially in the v =0, 1167 &
(a) and a mixture of »=0 and y=1, 1151 A (b) vibrational
levels,
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FIG. 8. Calculated temporal variation of ion abundance in

ethylene oxide at 8 x10™ torr following a 10 psec lamp pulse.
C,H,0" ions are prepared initially in the v=1 state by subtract-
ing the contribution from the relative population of C,H,0" ions
in the v=0 vibrational level from the 1151 A spectrum [Fig.
7M.

The relative abundance of C4H;0* actually becomes
greater than that of C,H;O*; and the initial slope for
the decrease of C,H,0" is much less than observed

for the v=0 state, Fig. 7(a), indicating that the total
reactivity has decreased. Further increases in the
relative abundance of C3H;O" are observed when higher
vibrational levels are included in the initial distribu-
tion,

Data analysis

The data of Figs. 7 and 8 permit a quantitative anal-
ysis of the proposed reaction scheme [Eq. (1)-(3)] and
allow values for &y, k,, and %; to be extracted. The rate
constant 2, incorporates both the

Corderman, LeBreton, Buttrill, Williamson, and Beauchamp: lon chemistry of ethylene oxide

21

C;HO" + C;H,0 1)

C2H40*+C2H40—1
2 . (CHO")*+CHO )
(C3H,0%)* + C,H,0—2— C,H;0" + CH,O + H (3)

rate of Reaction (3) and the possible vibrational de-
activation of the intermediate (C,H,0O")* ion by succes-
sive collisions with C,H;0. The protonation of C,H,O
by (C,H,0*)*, which is probably a minor process, is not
considered in the proposed scheme. The time scales of
Figs. 7 and 8 were corrected to the actual reaction time
by subtracting the ion flight times of approximately 30
usec. 1222

Expressions for the relative ionic abundances as a
function of k,, ks, k;, and time for Reactions (1)~(3)
were derived and fit to the data of Figs. 7 and 8. The
results of these calculations are presented in Table VI.
For the v=0 (1167 A) data [Fig. 7(a)], the exponential
rise in C,H;O" gives %, + £,. From the abundances of
C.H 0" and C;HO" at long reaction times, the ratio
k,/k, may be obtained. With both the sum and the ratio
of k; and k,, the individual rate constants were calcu-
lated. A value of k; was then chosen to fit the observed
abundance of CgH;O*. A similar procedure was applied
to the data in a mixture of v=0 and v=1 vibrational
levels measured at 1151 A [Fig. 7(b)]. The abundance
of C,H;0* ions produced from v=1 state C,H,0* was ob-
tained by subtracting the contribution of v=0 state
C,H,0* from the total C,H;O* abundance at long reac-
tion times. The abundance of C;H;O" at long reaction
times produced from v=1 state C,H,0* gives the ratio
k,/k, for v=1 state C,H,0*. The assumption was made
that k;(v=0) equals k; (v=1). Finally, the total rate
constant for the decrease of C,H,0", &, +k,, was ad-
justed until the calculated ion abundances fit the ex-
perimental data of Fig. 8.

IV. DISCUSSION

The present results confirm the observations of
Blair and Harrison that a structurally or energetically
modified species (C,H,0*)* is an intermediate in the
production of C;HO*.* It is apparent from the PIMS
data that the formation of (C,H,0")* is promoted by in-
ternal excitation in the form of vibrational energy. How-
ever both the ICR and PIMS data indicate that vibra-
tional excitation alone is not sufficient for the produc-
tion of C;H,0"., We suggest that upon collision ethylene
oxide ring opens by C-C bond cleavage producing the

TABLE VI. Observed rate constants from time-resolved photoionization data.
Prod. Prod

Process E*v=0) dist.® By =1) dist,®

C,H,0" + CyH,0—4C,H,0" + C,H;0 8.5+0.7 0.87 0.65+0,25  0.24

C,H, 0% + CyH,0 -2 (C,H,01) *+ CyH,0 1.3+0.1 2.140.3

(C;H O * + CH,02A CH,0*+ CH,0+H  2.8%0,1 0.13 2.8+0,1 0.76

2 All rate constants in units of 1071% em® molecule™ - sec™.

bproduct distributions at long time, normalized to unity.
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acyclic ion of structure VI (Table I). The

4837

level involves the release of considerable excess ener-

o o* o gy, approximately 29+ 5 kcal/mole, to the internal
/ \ CHg—'C/ CHZ/ \(‘EH2 modes of the acyclic ion VI. The results obtained from
CHs;—CH, \H examination of the C;(H, D);O* product distribution from
a mixture of C,H,O with C,D,0O are interpreted using the
v v VI scheme of Reactions (15) and (16) (C,H,O alone). The
ring opening of cyclic C,H,0" in the v =0 vibrational ring-opened (CH,OCH})* ion reacts by CH;
B
CH, |*
o) |
(CH,OCHS)* + — 9 +CHO (15)
CH;—CH,
CH, * 5 *
I / \ +
o: — | CH, CH, | — CH,=O-CH=CH,+H (16)
7\ ~
CH, CH, CH,

transfer to neutral ethylene oxide. The activated inter-
mediate product ion (C;H,0*)*, eliminates H by unimo-
lecular decomposition and ring opens to the more stable
acyclic C;H;0* isomer. The preferred loss of H over
D from both of the intermediate product ions C;H,D,0*
and C,H,D,0" [Reactions (9)-(12)] suggests that these
ions have the cyclic structures X and XI. H or D loss
occurs principally from the carbons adjacent to oxygen.

o
D2C< >CH2
CH,

XI

Nen

Ny
X

D,C

The results indicate a large deuterium isotope effect
with H elimination approximately 2. 5 times more fa-
vcrable than D elimination.®? Of the various C,H,0"
structural isomers, the reactivity of only the CH,OCH;}
ion VI is consistent with the present results. Struc-
tures IV and V would not be expected to react by CH;
transfer. CH; transfer from CH,OCH; to n-donor
bases such as acetone, 4 acetaldehyde, * and phosphine®
is a facile process which is not observed for other
C,H,0* structural isomers. *

The ICR studies indicate that at low conversion,
where the relative ion abundance of C,H;O" is large
and C;H 0" is not appreciable, the yield of the latter
product is enhanced relative to the former by the ad-
dition of SFy. In trapped-ion experiments, where Re-
actions (1)—(3) have proceeded nearly to completion,
the addition of SFg has a smaller effect on the product
ratio, These results suggest that the collision gas ef-
ficiently deactivates vibrationally excited (CH,OCH3)*
ions and that these “cooled” or deactivated ions react
rapidly to produce C3H;O*. This corresponds to an
increase in the apparent rate of Reaction (3). Previous
studies have shown that the reaction cross sections for
ions in excited vibrational and electronic states can be
considerably smaller than for ground state ions, ! In
addition, it appears from the trapped-ion results that
production of the (CH,OCH;)* ring-opened ion may be

somewhat increased [#,, Eq. (2)] by the collision of
SF with ethylene oxide.

The ICR data in Fig. 1 is in qualitative agreement
with the time-resolved photoionization data of Fig. 7.
Quantitative comparisons are not meaningful due to the
poorly characterized distribution of states in the elec-
tron impact ionization process. When the extent of re-
action is appreciable, the ratio of C,H;0* to C;H;O* re-
flects the relative populations of the C,H,0* vibrational
levels, The trapped-ion ICR spectrum gives a ratio of
1. 85, after correcting for the contribution of Reaction
(5) to the C,H;O* abundance. This is not too different

I !
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b 0 -
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FIG. 9. Hypothetical energy surface for the isomerization of

cyelic C,H,O" to acyclic CH,OCH;. The vibrational levels are
for illustrative purposes ounly and are not indicative of a
normal coordinate involving the COC angle. The isomeriza-
tion to the open form involves CH, rotation in addition to
changes in the COC angle. The energy scale is determined by
the enthalpy of formation of the various species,
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TABLE VII, Enthalpies of formation used in this work,

Species AHf‘l

ethylene oxide -12,58+0,15"

CO —26,42 0, 04°

CH, —17.895 0, 08"

CH,0 —25,9520,12°

- : 52,100 +0, 001

C,H40" (ethylene oxide) 230.9+0,5°

C,H, 0" 203 +2°

C,H;0" (protonated ethylene oxide) 169+14

CHj 260+1°

CHO' 195,61, 5°
195,91, 0%

CH,OCH;} 201.925"

CyH;0" 151 +3h

C,H,0 31 +3h

2All values in kcal/mole at 298 °K,

YReference 48,

¢ Reference 19,

dReference 8,

¢ Reference 38,

fC, S. Matthews and P. Warneck, J. Chem. Phys. 51, 854
(1969),

#N. Jonathan, A, Morris, M. Okuda, and D, J. Smith, J.
Chem. Phys, 55, 3046 (1971).

R This work (see Appendix).

from the ratio of C,H;0* to C;H;O" obtained in the 1151
A PIMS data [Fig. 7(b)] of 1.32, which is weighted by
the relative populations of the v=0 and v=1 vibrational
levels at 1151 A (Table V). The PIMS data gives ratios
of 6.7 and 0. 32 for C,H,O" initially in the v=0 and v=1
levels, respectively (Table VI). Thus, in the ICR ex-
periment, electron impact ionization of ethylene oxide
produces a substantial population of the C,H,0” ions in
the =1 and higher vibrational levels. It is of interest
that the effects of vibrational excitation remain evident
in the ICR experiment. The collision time in the PIMS
and ICR experiments are markedly different, being
approximately 4 x 107° and 107 sec, respectively. The
direct inference is that the radiative lifetime of the vi-
brational excitation is longer than 107 sec.

It is of interest to consider the conditions which
cause the ring opening of C,H,O* molecular ions to oc-
cur. While the ring opening of ethylene oxide and other
three-membered rings has been considered in de-
tail, % we are not aware of such calculations for
C,H,O". Thehypothetical energy surface presented in Fig.
9 summarizes the salient features of the rearrangement
process. Although the ring-opened form is more stable
than the cyclic C,H,O" ion due to a favorable resonance
interaction and release of internal strain (26.9 keal/
mole®®), all the present evidence indicates that rear-
rangement does not occur directly upon ionization at
or near threshold. Consequently a barrier exists be-
tween the closed and open forms. The minimum ener-
gy pathway involves a simultaneous increase in the
COC angle and rotation of the methylene groups into the
COC plane. At small COC angles the energy surface
of the acyclic CH,OCH; ion is quite repulsive because
of the unfavorable H---H interaction. It was our ex-
pectation that activation of cyclic C,H,O" ions in ener-
getic collisions (Sec. III. B) would cause the formation

of (CH,OCH3})* by converting translational energy into
external excitation. However, the results show that
rather than promote the collision-induced isomeriza-
tion, the C,H,O" molecular ion dissociates to CHO* and
C,H,0" ions by Reactions (7) and (8). A specific inti-
mate collision complex is probably excluded in the iso-
merization reaction because there is very little isotopic
scrambling, products such as (C,H,D,0*)* are not ob-
served in the C,H,0-C,D,0 mixture, and there is no
significant charge transfer. This contrasts markedly
with the behavior exhibited by ethylene, where both
isotopic scrambling and charge transfer serve as
diagnostics for the characterization of the intermediate
complex, 4 [t appears that interaction of C,H,0" with
C,H,0 involves a rather subtle modification of the po-
tential energy surface which facilitates the ring open-
ing process. A theoretical study of the C,H,0O" surface
might possibly clarify the isomerization process.

APPENDIX-SOURCES OF THERMOCHEMICAL DATA

The enthalpies of formation of several key ions and
neutrals considered in this study are presented in
Table VII. The heat of formation of the C,H,O* isomer
with structure VI was computed by assuming that
D[H-CH,0CH}] =D[H~CH,OH] =92+ 2 kcal/mole, ¥*
AH;(C3H;0*) was calculated by taking the average hy-
dride affinity, D|R*~H"], of the two ethers (CH,),0 and
C,H.OCH,, ***° to give the three ions CH,OCH;,
CH,CHOCH;, CH,CH,OCH;.*® From D[R*-H"]=236
+ 3 keal/mole and AH;(CH;OCHCH,) =27.1+ 1 kecal/
mole, *® AH,(C;H,0*) =151 + 3 keal/mole was estimated.
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