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The formation mechanism of protonated molecular ions by cross-reactions in ethylene oxide-trioxane mixtures

has been studied with use of a modified time-of-flight mass spectrometer.

The precursors of the product ions were

determined by analysis of the fine structure of their ionization efficiency curves using deuterated ethylene oxide.
Protonated ethylene oxide is formed by the hydrogen atom transfer reaction of ethylene oxide molecular ion with
trioxane, and protonated trioxane by the proton transfer reaction of CHO* (from ethylene oxide) with trioxane.
In the ion-molecule reactions of ethylene-d, oxide-trioxane mixtures, appreciable isotope effect was observed.
The CHO" from ethylene oxide is an important reactant ion as compared with that from trioxane in the proton

transfer reaction, and CHO* from ethylene oxide was suggested as a thermal reactive ion.
affinity could be estimated from the proton transfer reactions involving CHO*.
affinity of trioxane is smaller than that of ethylene oxide.

The ion-molecule reactions in trioxane (1,3,5-
trioxane) and ethylene oxide have been studied in
connection with an elementary process in radiation and
ion chemistry.1: In trioxane, consecutive-association
reactions of protonated ions with trioxane were observed,
but the reactions were not carried out in ethylene oxide.
The results of the ion-molecule reactions could be
correlated with the behavior of observed radiation-
induced polymerization in which trioxane was easily
polymerized,3:% appreciable polymerization taking place
less easily in ethylene oxide.” On the other hand,
protonated ethylene oxide was mainly formed by the
proton transfer reaction from CHO* in ethylene oxide,
CHO* from trioxane not playing an important role for
the formation reaction of protonated trioxane.) It
seems that the reactivity of CHO" in proton transfer
reaction is attributed to the molecular source producing
CHO*. The proton transfer reaction due to CHO*
would be affected by the property of neutral molecule.
Futrell et al.® studied the effect of the kinetic energy of
CHO in proton transfer reactions with a tandem mass
spectrometer, and stated that the reactivity of CHO*
is affected by its energy state. Various oxygenated
fragment ions are produced by electron impact from
compounds containing oxygen. Since oxygenated ions
giving the same structure are produced from various
cyclic ether, it is of interest to examine the reactivity of
these ions. The formation reaction of protonated
molecular ions has been studied for alcohols,”~%
ketones,10-12) aldehydes,'-13 and dimethyl ether,'-1%
but not for cyclic compounds containing oxygen. The
ion-molecule reactions in pure system of ethylene oxide
and trioxane have been studied.»»? The present work
deals with the formation mechanism of the protonated
molecular ions by cross-reactions (reactions between
ions of one molecule and the molecules of the other) in
ethylene oxide (or ethylene-d; oxide)-trioxane mixtures.
The reactivity of the CHO™ ions from both ethylene
oxide and trioxane was examined by means of proton
transfer reactions.

The order of proton
It was found that the proton

Experimental

A Bendix Model 12-101 time-of-flight mass spectrometer
was used. A part of the spectrometer was modified in order
to study ion-molecule reactions.? Some pulse electronic cir-
cuits of the apparatus were modified. A Hewlett Packard
214A pulse generator and a pulse generator (Sanwa Denshi
Production Co., Ltd.) were used for suppling the ionizing and
ion withdrawal pulses. A variable delay time circuit permit-
ted a variation of the time between the end of the ionizing pulse
and the onset of the ion withdrawal pulse.? During the delay
time, the entire ionization chamber is field-free, so that ion-
molecule reactions occurring during the time interval are
under purely thermal conditions.

The retarding potential differential technique (RPD) was
adopted for appearance potential and ionization efficiency
curve measurement. A report has been given on the tech-
nique.' The measurement of the ionization efficiency curves
of two ions was simultaneously performed by the two-channel
jon detection method. The ion currents of two different
ions were recorded with a Rikadenki R-34 three-pen recorder.

The gas-sample inlet-system consisting of a dual-leak and
dual-reservoir was used. Two kinds of samples are introduced
individually into the ionization chamber through two separate
leaks from separate reservoirs (5L). The partial pressure of
the two samples was indirectly measured with an MKS Bar-
atron 90-X RP-2 capacitance manometer and the pressure
was calibrated by known rate constant (1.11 X 10~® cm?® mole-
cule-! s71) of CH;* in the ion-molecule reaction of methane.'®

The following reagents were used: trioxane (Celanese
Chemical), ethylene oxide (Nisso Yuka Industly Co., Ltd.),
and ethylene-d, oxide (Merck Sharp and Dohme of Canada,
deuterium atom purity, least 989%). The samples were used
after being subjected to vacuum distillation several times.

Results and Discussion

Delay Time Dependence. The delay time depend-
ence plots of fragment ions in a 1: 1 mixture of ethylene
oxide and trioxane are shown in Fig. 1. The plots were
obtained as a function of delay time at ionization
chamber pressure of 1.70 X 10'® molecules cm=3. 'The
mfe 44 (C,H,0O%), 43 (C,H;0%), and 29 (CHO™) are
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Fig. 1. Delay time dependence of fragment ions in ethyl-
ene oxide-trioxane mixtures. '
@®: C.H,O,+, A: C,H,Ot, @: CHO* (x1/2),
O: G;H;O5*, l: C,H,0%.

major fragment ions from ethylene oxide, while m/e 89
(CsH;O4%), 61 (C,H;0,t), and a part of m/e 29 are those
from trioxane.

The delay time dependence plots of product ions are
shown in Fig. 2. The formation of protonated ethylene
oxide (m/e 45, C,H;O%) is remarkable as compared with
protonated trioxane (m/e 91, C;H,O,*), the ion intensity
ratio of C,H O+ to C;H,;O4+ being ca. 5.5 at delay time
of 1.0 ps.

The ion-molecule reactions in ethylene-d, oxide-
trioxane mixtures were studied in order to clarify the
formation mechanism of product ions under the same
conditions as for ethylene oxide—trioxane mixtures. The
plots of delay time dependence for fragment and isotopic
product ions are shown in Figs. 3 and 4, respectively.
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Fig. 2. Delay time dependence of protonated molecular
ions in ethylene oxide-trioxane mixtures.
®: C,H,0+, O: C;H,0,4".
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Fig. 3. Delay time dependence of fragment ions in ethyl-
ene-d, oxide-trioxane mixtures.
A: CDO* (x1/2), O: C,H;0,*, A: C,D,0OH,
J: GH;O0,+, @: CHO* (x 1/2), H: C,H,0™.
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Fig. 4. Delay time dependence of protonated and deu-
teronated molecular ions in ethylene-d, oxide-trioxane
mixtures.

@: C.D,HO* (x2), A: C,D;OF (x2), O: GH;O;%,
A CsHgDOGt (X 5).

The CHO% ions from both molecules are separated
into CHO* and CDO*. The ions markedly decreased
with increasing delay time as compared with other
fragment ions of high mass number (Fig. 3). The
cause of decrease is mainly due to a mass discrimination
effect though there is a contribution of these ions to
ion-molecule reactions. The isotopic distribution of
product ions is given in Fig. 4. The m/e 49 (C,D,HO*)
and 50 (C,D;Ot) are protonated and deuteronated
trioxane, respectively. The C,D,HO+ and CgH DO;*
ions are formed by cross-reactions and the C,D;O* and
C;H, O3t ions by homo-reactions. The ion intensity
ratios of C,D,HO* to C,D;0%, and C;HgDO;* to C3H,-
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Fig. 5. Pressure dependence of protonated molecular ions
to ethylene oxide at delay time of 1.0 ys.
@: C,H,0+, O: CG;H,0,™.

O,* are ca. 5 and 0.2 at delay time of 1.0 ys, suggesting
that a drastic reaction occurs in the mixture system.

Pressure Dependence. The pressure dependence of
the product ions on each molecule was examined in
order to clarify the contribution of molecules of ethylene
oxide and trioxane. The pressure dependence plots of
the protonated molecular ions on the pressure of ethylene
oxide, shown in Fig. 5, were obtained by the pressure
variation of ethylene oxide at fixed pressure (8.5 102
molecules cm™3) of trioxane and delay time of 1.0 ys.
Protonated ethylene oxide shows a dependence of ca.
second order on the pressure of ethylene oxide, while
protonated trioxane shows one of ca. first order. This
suggests that the formation of protonated trioxane is
correlated with ethylene oxide.
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Fig. 6. Pressure dependence of protonated molecular ions
to trioxane at delay time of 1.0 us.
@: C.H,0*, O: CGH,0O;*.

Minoru KumAkURA and Toshio SuGIURA

[Vol. 50, No. 8

The pressure dependence plots of protonated molec-
ular ions to trioxane at fixed pressure (8.5 x 1012 mole-
cules cm™2). of ethylene oxide are shown in Fig. 6.
Protonated trioxane shows the dependence of second
order on trioxane pressure and protonated ethylene oxide
that of the first order on trioxane one. These results
suggest that protonated ethylene oxide and trioxane
are formed by means of proton or hydrogen atom
transfer reactions.

Ionization Efficiency Curves. ~ The ionization efficiency
curves of fragment and product ions in ethylene-d, oxide-
trioxane mixtures were measured at delay time of 1.0
us. The ionization efficiency curves of C,D,HO*,
C,D,O%, and C,;H;O,4* are shown in Fig. 7, and those
of CaHgDO,*, C,D,0*, and CDO* in Fig. 8. The
precursors of the product ions can be identified by
comparison of the onset and fine structures of the curves
of these product ions with those of fragment ions.
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Fig. 7. Ionization efficiency curves of C,D,0+(@), C,D,-
HO'(A), and C;H;0,+(Q) in ethylene-d, oxide-triox-
ane mixtures.
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Fig. 8. Ionization efficiency curves of CDO+((D), C,D;-

O*(@), and C;H,DO;3*(A) in ethylene-d, oxide-triox-

ane mixtures.

The ionization potential of ethylene oxide and the
appearance potential of C;H;Oz* from trioxanc were
10.64+0.1 and 10.594-0.05 eV, respectively.?14) The
onset and break points in the ionization efficiency curves
of both C,D,HO* and C,D,Ot agree. The onset of
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C,D,HO* approached that of C;H;O4*; however, the
fine structures of both curves differ from each other.
The appearance potential of other fragment ions from
trioxane is higher than that of C,D,HO*+.1%) The break
points of the curve of C,D,HO* does not agree with the
appearance potentials of these fragment ions. It is
concluded that the precursor of C,D,HO+ is C,D,Ot
and fragment ions from trioxane does not correlate as a
precursor.

The onset of CgHDO,* agrees with that of CDO*
and is higher than the ionization potential of C,D,O%
by ca. 1.5eV. The fine structures of the ionization
efficiency curves of CgH,DO,t+ and C,D,O* differ from
each other. The appearance potentials of other fragment
ions from ethylene oxide deviate from that of C;HDO,t,
and thus these ions do not contribute to the formation
of CgHgDOg*. From the results, we see that the precursor
of CHgDO,* is CDO* from ethylene-d, oxide.

Reaction Mechanism. It is found that a part of
C,H;O* and C,D ;O is formed by the following reac-
tions in ethylene oxide (or ethylene-d, oxide)-trioxane
mixtures, as observed in the ion-molecule reactions in
pure ethylene oxide.?

CH,-CH,* + CH,-CH, —
N _/ N\ _/
o e}
CHO* + CH,-CH, —
N _/

CH,-CH,* + G,H,0, (1)
N
OH
CH,-CH,* + CO, @)
A
OH
CD,-CD,* + CD,-CD, —— CD,-CD,* + G,D,;0, (3)
N 7/ N /7 N 7/
O O OD
CDO* + CD,-CD, —> CD,-CD,* + CO. (4)
N\ _ 7 AN
(@] oD
The ion intensity of C,D,HO* increases with increas-
ing delay time (Fig. 4), and the appearance potential
of this ion agrees with the ionization potential of
ethylene-d, oxide (Fig. 7). Thus, it is suggested that

C,D,HO* is formed by hydrogen atom transfer reaction
as follows.

CH,

/ \
cp,cp, + @ Q@ ., ap,cp,t + GH0, (5)
N CH, CH, o

N

This shows that predominant formation of C,H;O* in
ethylene oxide-trioxane mixtures is due to Reaction 6
rather than Reactions 1 and 2.

CH,
S ©
CH,-CH," + ), CH,-CH," + C,H,0,. (6)
N7 CH, CH, orf

C;H,O4t was formed by Reaction 7 in ion-molecule
reactions of trioxane.)

CH, CH,
3 © 3 omr

C;H;05* -+ I LT ] + GH,0;. (7)
CH, CH, CH, CH,

It was observed that the ion intensity of CsHgDOg*
increases slightly with increasing delay time in ethylene-
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d, oxide-trioxane mixtures (Fig. 4). From the ionization
efficiency curves (Figs. 7 and 8), it is concluded that
C;HDO;* in ethylene-d, oxide-trioxane mixtures is
formed by deuteron transfer from CDO* to trioxane
molecule.

CH, CH,
g o g ob+

cpor+ 9@ © _, 0 OD" oo (g
éu, ¢H, ¢H, C¢H,
N Ny

In the ion-molecule reactions of ethylene oxide, CHO*
was an important reactant ion in the formation reaction
of protonated ethylene oxide.® CHO® is a proton
donor ion. It follows that Reaction 8 predominates in
the formation of CyHgDO4*. Similarly, Reaction 9
would participate in the formation of CzH,Ogt in
ethylene oxide-trioxane mixtures.

CH, CH,
é o S om*

CHO* + & > ¢ H™ . co. 9)
CH, CH, CH, CH,
No” No”

Rate Constants. In the calculation of the rate
constant for C,H,O* formed in the mixture system, the
ion intensities of C,H,Ot and C,H;Ot are corrected.
The equation of rate constant (k) for Reaction 6 can be
expressed as follows:

o000 — Lot = k[CsHO5]¢ + C,
Ton,0tan

where Ig,n0t o and Io,n,0t o are the ion intensities of
C,H,O+ and C,H,O* in ethylene oxide-trioxane
mixtures, respectively; le,motmis the ion intensity of
C,H,O* formed in the ion-molecule reactions of pure
ethylene oxide;? [CyHgO,] is the concentration of
trioxane in the ionization chamber, and ¢ is delay time.
The rate constants obtained are given in Table 1. The
rate constants of the formation reactions of protonated
and deuteronated molecular ions in ethylene oxide (or
ethylene-d, oxide)-trioxane mixtures are summarized
in Table 1.

(10)

TABLE 1. RATE CONSTANTS

Ethylene oxide-trioxane Ethylene-d, oxide-trioxane

—t— ——t—
- k x 10° . k x 10°
Reaction ;12 molecule1 s~ Reaction 3 molecule? 51
¢)) 0.145» (3) 0.130
(2) 2.09% “4) 1.81
(6) 4.00 5) 4.18
) 1.159 ) 1.10
9 0.121 (8) 0.101
a) Ref. 2.
Reactivity. . The molecular ion from trioxane is

unstable. Its ion intensity is relatively low, while that
from ethylene oxide is high (Fig. 1). Thus, the reactivity
of molecular ion from trioxane can not be discussed in
comparison with that from ethylene oxide. On the
other hand, it is of interest to examine the reactivity
of the CHO" ions from both molecules. The CHO*
from ethylene oxide participates preferentially for
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proton transfer reaction as compared with that from
trioxane in the mixture system. No contribution of
CHO* for protonated trioxane has been observed in the
ion-molecule reactions of trioxane.) A proton transfer
reaction involving CHO* seems to be affected by its
energy state. It was demonstrated that the energy of
CHO* from trioxane is considerably higher than that
of ethylene oxide in the measurement of the translational
enrgies of the CHO* ions from oxygen-containing
organic compounds.'® It is suggested that CHO* from
ethylene oxide is a thermal reactive ion as compared
with that from trioxane.

Proton Affinity. The proton affinity of ethylene
oxide has been reported to be 183 kcal mol~2.1%:18) The
proton affinity of trioxane is not known but the basicities
for trioxane and ethylene oxide which correlate with
their proton affinities have been found to be 10 and 7.3
respectively.!® In this mixture system, the reactant,
ions in Reactions 2 and 9 are CHO* from ethylene
oxide, the rate constant ratio (k,/k,) being 17.3. This
indicates that the proton affinity of ethylene oxide is
larger than that of trioxane. The proton affinity of
a molecule is defined as the enthalpy change for proton
transfer reactions. A number of determinations of
absolute proton affinity have been undertaken by the
appearance potential method and an empirical correla-
tion of excess energies in ion-molecule reactions.’® The
relative proton affinity was also studied from observation
of ion-molecule reactions.20-22) It is found that the
order of relative proton affinity can be estimated using
rate constant in proton transfer reaction involving
CHO*. The general scheme is as follows:

MH* + M, — MH* + M,
MH* + M, —> M,H* + M,

(11)
(12)

where the order of proton affinity (PA) for neutral
molecule (M;, M,) is PA(M,) >PA(M,), when the rate
constant in both reactions is £y, >k;,. A proton donor
ion such as CHO* which is a thermal energy ion is
desirable for reactant ion (MH).

Isotope Effects. The difference of the rate con-
stant in the proton and deuteron transfer reactions was
observed (Table 1). The ratios k,/ks, kolk,, and kyfkg
were 1.12, 1.15, and 1.20, respectively. The values of
ks and kg were almost equal. Gupta et al.?®) studied the
isotope effects in the ion-molecule reactions of water
and methane. They reported that the ratio of the rate
constant for proton (from OH*) and deuteron transfer
(from ODt) is 2.10, and the ratio of the rate constant
for the formation of CH;+ and CD;* 1.49. Chong and
Franklin?® observed that the rate constants for the
transfer of an H or a D atom are the same, but the rate
constant of the transfer of D+ is only ca. 0.62 times as
great as that for an H* in ion-molecule reactions of
methane-methane-d, mixtures. The isotope effect we
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observed is smaller than theirs.
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