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The C3H70+ ions of nominal structures 1, 2, 3, and 4, produced by protonation of acetone,
propanal, propylene oxide, and oxetan, respectively, have been studied by a variety of col
lisional techniques. The nominal isomers 2 and 3 give, within experimental error, identical
high-energy collision-induced dissociation (Cm) mass spectra. In addition, the breakdown
graphs for the two isomers obtained from low, variable energy crn are identical, as are
the neutrahzation-reionization mass spectra. The results are consistent with a facile isomer
ization of 3 to 2. By contrast, the ions of nominal structures 1 and 4 are shown by each
technique to be distinct stable species in the gas phase. While the differences in the high
energy CID mass spectrum of 4 compared to 2 and 3 are relatively small, these differences
are more pronounced in the low-energy cm mass spectra and become very large in the
neutralization-reicnization mass spectra. (J Am Soc Mass Spectrom 1990, 1, 301-307)

The [CnH2n+10] + species are major fragment ions
in the electron ionization (EI) mass spectra of
many aliphatic alcohols and ethers. As a con

sequence, the chemistry of many of these species has
seen extensive study (for a review, see Levsen [1]).
Among the species that have been studied in detail are
the [C3H70]+ isomers 1 and 2 (Scheme I) [2-12], pro
duced mainly by electron impact. It has been clearly es
tablished, from both unimolecular fragmentation stud
ies [7-9] and collision-induced dissociation (CIO) stud
ies [5, 12], that 1 and 2 are stable, noninterconverting
species in the gas phase. By contrast, the chemistry of
isomers 3 and 4, which cannot be prepared directly by
EI, has been studied much less. McLafferty and Sakai
[5] reported that ions of nominal structures 3 and 4,
prepared by protonation (C~ chemical ionization) of
propylene oxide and oxetan, respectively, gave high
energy CID mass spectra similar to the CIO mass spec
trum of 2, prepared by EI, implying isomerization of all
three to a common structure or mixture of structures.
A detailed CID study by Harrison et al. [12] showed
that 2 and 3 gave very similar OD spectra, suggest
ing isomerization to a common structure or mixture of
structures. However, the CIO mass spectrum of the ion
of nominal structure 4 showed some differences, espe
cially when prepared by a protonation reaction gentler
than protonation in CH4 CI, suggesting that 4 might
be a stable noninterconverting structure. In contrast
with these results, Bowers et al. [13] reported that the
ions of nominal structures 1-4, when prepared by seIf
protonation, give distinct crn mass spectra [I4l.

The present work reports a reinvestigation of the
collisional mass spectra of the ions of nominal struc
tures 1-4. In addition to studying the high-energy
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CID mass spectra, we examined the low-energy col
lisional activation of these ions as a function of colli
sion energy, the so-called energy-resolved mass spec
tral (ERMS) technique [15-17]. In addition, the tech
nique of neutralization-reionization mass spectrome
try (NRMS) [18-20] was used to explore the integrity
of structures 1 to 4. All the results show that 2 and
3 form a common structure or mixture of structures,
most likely 2, whereas 1 and 4 are distinct stable struc
tures in the gas phase. This conclusion is most dra
matically supported by the neutralization-reionization
(NR) studies.

Experimental

All experimental work was carried out with a VG
Analytical ZAB-2FQ mass spectrometer (VG Analyti
cal Ltd., Manchester, England), which has been de
scribed in detail previously [21]. Briefly, the instrument
is a reverse-geometry (BE) double-focusing mass spec
trometer with a third stage consisting of a deceleration
lens system, an rf-only quadrupole collision cell, and
a quadrupole mass analyzer. This assembly permits
collisional studies to be carried out in the low-energy
regime. In addition, the instrument is equipped with
dual collision cells and an intermediate deflector elec
trode in the field-free region between the magnetic (B)
and electric (E) sectors, which provides the capability
of studying collision processes in the kiloelectronvolt
energy (laboratory-scale) range as well as studying NR
processes.

For the high-energy CID experiments, the ions of in
terest were mass-selected by the magnetic sector and
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underwent collision, at 8 keY ion energy, with he
lium in the collision cell (CC2) located at the focal
point between the magnetic and electric sectors. The
ionic products were analyzed according to their kinetic
energy by scanning the voltage applied to the elec
tric sector, the so-called mass-analyzed ion kinetic en
ergy spectroscopy (MIKES) technique [22]. The helium
pressure was adjusted to give approximately 30% re
duction of the main beam.

For the low-energy CIO experiments, the ions of in
terest were mass-selected by the double-focusing BE
mass spectrometer at 6 kV accelerating potential, de
celerated to the required kinetic energy, and intro
duced into the rf-only quadrupole collision cell, where
they underwent collision with N 2 • The ionic dissocia
tion products were detected by the final quadrupole
mass analyzer. The N2 pressure was adjusted to give
approximately 30% reduction of the main beam at 50
eV (laboratory scale) collision energy. The cm mass
spectra were determined as a function of collision en
ergy over the range 5-150 eV (laboratory scale). The
results are presented in the following as breakdown
graphs, that is, plots of the percent fragment ion abun
dances as a function of collision energy. The uncer
tainty in the data is of the order of ±3%.

In the NR experiments the ions of interest were
mass-selected by the magnetic sector at 8 keV kinetic
energy and underwent neutralization in collision cell 1
(CC1) by collision with either NO or NH3; the fast neu
tral species were transmitted to CC2, with a voltage of
5 kV applied to the deflector electrode, and reionized
by collision with O 2 • The ionic species produced were
analyzed according to their kinetic energy by scanning
the electric sector voltage. The pressure of each gas
was adjusted to give, for each, approximately 40% re
duction of the main beam.

A significant problem in using collisional mass spec
tra to distinguish isomeric ion structures is the criterion
one uses to decide that two spectra differ significantly
and that therefore the two ion structures are likely dif
ferent. Lay et al. [23] proposed that CID spectra be
compared on the basis of similarity indices, where the
similarity index (51) for two spectra is given by

In eq 1, i - i o is the difference in fractional ion intensi
ties for a given ion signal, with i0 the smaller intensity,
and N is the total number of masses used in the com
parison. As pointed out earlier [12], the problem still
arises as to the value of the 51 that one selects as in
dicating significantly different CID mass spectra. Lay
et al. [23] proposed that if SI ~ RSO max the spectra
are nonidentical; R50m•x is the maximum value of the
relative standard deviation of the fractional ion inten
sity measurements, considering all ions in the spec
trum. In the present work we calculated 51 values for
repeat determinations, on different days, of the CID

spectrum of the same ionic species and used as a crite
rion for nonidentity of spectra an 51 value that is twice
the SImean obtairted in these repeat rneaaurements. The
5l me•n value reflects the variation of CID mass spectra
arising from instrumental and other experimental vari
ables from day to day.

The C3H70+ ions of nominal structures 1-4 were
prepared by protonation of the appropriate C3~O

compound in the Cl source. A variety of protona
tion reactions were used. In some experiments, self
protonation was used to produce the C3H70+ ions by
introducing a high pressure of the C3Hti0 compound
through the heated inlet system. In other experiments,
CH30H CI was used by introducing a high pressure
of methanol through the heated inlet system. Finally,
a mixture of approximately 10% CH30H in CI-4, ad
mitted through the normal CI reagent gas inlet, was
used to effect protonation of the C3 f!t; 0 compounds
by reaction with CH30Hi. The latter method proved
to provide the most reproducible collisional mass spec
tra, particularly for the NRMS spectra, which ap
peared to be most sensitive to experimental condi
tions; this sensitivity to experimental conditions pre
sumably reflects an effect of internal energy on the
neutralization-reionization mass spectra. In all exper·
iments the ionizing electron energy was 50 eV and
the source temperature was 250°C. All C3Ht;O iso
mers and reagent gases were commercially available
and were used as received.

Results and Discussion

High-Energy Collision-Induced Dissociation Studies

The mass spectra obtained from the high-energy (8
keY) cm of the C3H70+ ions of nominal structures
1-4 are presented in Table 1, and the relevant similar
ity indices are recorded in Table 2. The results in Table
1 represent the mean of four determinations on differ
ent days with the standard deviations indicated. The
C3H70+ ions were prepared by CH30H CI.

From comparison of the results for repeat determi
nations of the CID spectrum of the same species, we
obtain Slme• n = 22 ± 14. Clearly, from the 51 values
of Table 2, both 1 and 4 represent distinct structures
or mixtures of structures, while 2 and 3 give indistin
guishable cm mass spectra, suggesting isomerization
to a common structure or mixture of structures for
these two species. This latter conclusion is in agree
ment with the conclusions of earlier studies [12] indi
cating that ions of nominal structures 2 and 3 cannot
be distinguished by means of their high-energy CID
mass spectra. These conclusions also are in agreement
with the low barrier estimated for isomerization of 3 to
2 [9, 10, 14]. However, the present CID results are in
quantitative disagreement with respect to fractional ion
intensities with the CIO results reported earlier [12]. It
should be noted that the present results were obtained
under essentially single-collision conditions (30% beam
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Table 1. 8-keV aD mass spectra of C3H70 + ions (intensities as percent of total fragment ions)

Nominal ion structure

mlz

57
56
55
53

44
43
42
40
39
38
37

30
29
28
27
26

5.4 ± 0.3

1.9 ± 0.3
0 .8 ± 0 .1

6 .3 ± 1.3
47.0± 1.9
13.2 ± 1.0

2 .6 ± 0 .2
12.0 ± 0 .9
3.4 ± 0 .2
2.0 ± 0 .2

3.1 ± 0 .2

1.7 of: 0 .3
0 .7 ± 0.1

2

37.8 ± 1.3
1.5 ± 0.2
5.2 ± 0.3
1.2 ± 0.2

3.8 ± 0 .5
9.6 ± 0 .7
5.2 ± 0 .2
2.5 ± 0.1
9 .7 ± 0 .5
2.6 ± 0 .2
1.5 ± 0.2

2.8 ± 0.3
8.7 ± 0 .8
2.8 ± 0.3
3.8 ± 0.5
1.3 ± 0 .2

3

37.5±1.1
1.3 ± 0.1
4 .7 ± 0.5
1.3 ± 0.1

3.7 ± 0 .7
11.9 ± 0 .5

5.4 ± 0.2
2.8 ± 0.3
9.9 of: 0 .8
2.8 ± 0.2
1.6 of: 0.1

2.6 ± 0.4
8.1 ± 0.9
2.9 ± 0.4
3.7 ± 0.4
1 .4 ± 0.2

4

52.5 ± 2.0

4 .2 ± 0.3
0 .7 ± 0 .1

1.3:: 0 .6
5.1 ± 0 .4
2.6 ± 0.2
4 .0 ± 0 .2
8.5 ± 0.4

3.3 ± 0.2
8.4 ± 0.9
4.5 ± 0.5
3.7 ± 0 .3
1.6 ± 0.5

attenuation), whereas the earlier results [12] were ob
tained under multiple-collision conditions (60% beam
attenuation), where sequential activating collisions are
more likely, thus emphasizing the formation of lower
ma ss products. In the earlier study [12] the distinction.
of 4 from 2 and 3 was marginal at best; the present
results show that the distinction is much more readily
made when the CID mass spectra are recorded under
single-collision conditions.

It has been reported [13] that ions of nominal struc
tures 2 and 3 can be distinguished from each other
when the ions are produced by self-protonation using
the appropriate C3H,;0 isomer. In our hands, produc
tion of the C3H70+ ions by self-protonation, followed
by 8-keV collisional activation, gave on mass spectra
identical, within experimental error, to those reported
in Table 1. Specifically, the nominal isomers 2 and 3
gave spectra that were indistinguishable on the basis
of the similarity index.

Low-Energy Collision-Induced Dissociation

The low-energy cm mass spectra of the ions of nom
inal structures 1-4 are presented in Figures 1-4 in
the form of breakdown graphs expressing the per
cent fragment ion abundance as a function of the colli
sion energy (laboratory scale) . The C3H70 + ions were
prepared by CH30HICH4 CI and showed negligible
unimolecular metastable ion fragmentation; thus, the

breakdown graphs include the m iz 31 (CHzOH+) and
miz 41 (C3H;) ion signals . As expected, these two
products dominate the breakdown graphs at low col
lision energies; however, a number of other fragment
ions are observed at higher collision energies that are
useful in distinguishing ion structures. The breakdown
graph for 1 is clearly distinctive in that substantial
yield s of mtz 43 (C2H30+) and m]z 15 (CHtl frag 
ments are observed at higher collision energies; thus,
the m[z 43 signal is approximately 25% of the total
fragment ion signal at 40 eV collision energy for I,
whereas it never rises above 5% for the other ions.
In the same vein, the yield of CHj as a fragment ion
is much greater for 1 than for any of the other nominal
ion structures. Isomer 4 is clearly distinguishable from
nominal structures 2 and 3 by the much greater abun
dance of mIz 31 (CH20H+) and much lower yields
of m lz 44 and m lz 43 above 40 eV collision energy.
The high yield of CH 2 0 H + at higher collision energies
is consistent with the H 2 Cl mass spectral data [14],
which also show an enhanced abundance of CH20H+

compared to the other isomers. The breakdown graphs
for the ions of nominal structures 2 and :; are identi
cal within experimental error, indicating isomerization
to the same structure or mixture of structures prior to
fragmentation. The low-energy CID results are there
fore in agreement with the high-energy CID results.

Neuiralization-Reionization Studies

Table 2. Similarity indices for 8-keV GD mass spectra"

1
2
3

• SI ~_ = 22 '" 14.

2

220

3

204
9.6

4

408
73.5
77.8

The NR mass spectra of the ions of nominal structures
1-4 determined with NO as neutralization gas and O2

as reionization gas are presented in Table 3, and those
obtained with NH3 as neutralization gas and O2 as
reionization gas are presented in Table 4. In each case
the spectra are the mean of four determinations (on dif
ferent days) with the standard deviations shown. The
C3H70+ ions were prepared by CH30HIC~ Cl of the
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appropriate C3I-lti0 compound. The spectra obtained
for each species with the two neutralization gases are
very similar; in our experience the use of NH3 gives
stronger ion signals in the NR experiment.

The similarity indices for the NR experiments are
given in Tables 5 and 6. The SImeon for repeat determi-

nations in the NH3102 NR experiments was 20.4 ± 8.3;
for the NOI02 NR experiments it was 17.0 ± 4.3.
Clearly, on the basis of this criterion, as well as by
visual inspection, the NR mass spectra of the ions of
nominal structures 2 and 3 are indistinguishable. In
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Table 3. NOI02 NR mass spectra of C3H70+ ions (intensities as percent of total fragment ions)

Nominal structure

m/z

59
58
57
56
55
53

44
43
42
41
40
39
38
37

31
30
29
28
27
26
25

28.2 ± 1.3
6.4 :!: 0.3
1.5 ± 0.2

0.6 :!: 0.1

2.7 ± 0.3
22.6 ± 1.0

8.9 ± 0.6
4.0 ± 0.2

5.4 ± 0.1
2.7 ± 0.2
2.3 ± 0.3

2.1 ± 0.4

2.4 ± 0.1
4.7 ± 0.8
2.1 ± 0.3
2.5 ± 0.4
0.9 ± 0.1

2

16.3 ± 1.7
3.1 :!: 0.3
9.2 ± 0.3
0.6 ± 0.1
1.7 ± 0.3
0.5±0.1

4.6 ± 0.2
4.9 ± 0.4
3.8 ± 0.3
4.3 ± 0.3
1.3 ± 0.1
4.1±0.2
1.9±0.1
1.7 ± 0.1

5.9 ± 0.5
2.0 ± 0.1
8.9 ± 0.3

10.9 ± 1.0
6.4 ± 0.6
5.9 ± 0.7
1.8 ± 0.2

3

13.3 ± 0.7
3.1 ± 0.2
7.0 ± 0.7
0.5 ± 0.1
1.5 ± 0.2
0.5 ± 0.1

5.4 ± 0.5
7.1 ± 1.2
4.7 ± 0.1
4.2 ± 0.1

4.3 ± 0.4
2.2 ± 0.2
1.9 ± 0.1

4.7 ± 0.2
1.8 ± 0.2
8.3 ± 0.2

13.2 ± 0.9
7.2 ± 0.4
6.9 ± 0.3
1.9 ± 0.1

4

4.0 ± 0.7
1.5 ± 0.5
3.7 ± 0.4

1.1 ± 0.2

2.3 ± 0.3
2.3 ± 0.4
1.6 ± 0.3
2.1 ± 0.2
1.1 ± 0.1
4.1 ± 0.1
2.2 ± 0.3
1.8 ± 0.2

2.6 ± 0.3
3.5 ± 0.4
8.6 ± 0.1

30.3 ± 1.5
12.4 ± 0.9
11.8 ± 0.6

2.7 ± 0.4

ilarity arises because of isomerization of the two ions
to a common structure, most likely 2, prior to neu
tralization. Both from inspection of the data and from
the similarity indices, it is clear that the ions of nominal
structures 1 and 4 give distinct spectra. For 1 the major
signals are the reionized parent C3H70 + and the frag-

ment ion C2H30 + (mlz 43). For 4 the major ion signals
are observed to be those of C2H.i'" (mlz 28), C2~+ (mlz
27), and C2H;+- (mlz 26). The origin of the large C2Ht
ion Signal in the NR mass spectrum of 4 is not clear.
It is likely that, on neutralization of 4, an open-chain
radical 5 (Scheme II) is formed, and we considered the

Table 4. ~]H3/02 !'--JR mass spectra of C3H70+ ions (intensities as percent of total fragment ions)

Nominal structure

m/z 2 3 4

59 32.8 ± 1.2 19.8 ± 1.7 16.2 ± 1.8 4.1 ± 0.6
58 9.6 ± 0.6 4.6 ± 0.6 4.5 ± 0.5 2.2 ± 0.5
57 1.9 ± 0.3 12.7 ± 0.7 10.5 ± 1.1 5.3 ± 0.8
56 0.9 :!: 0.1 0.8 ± 0.2 0.5 ± 0.3
55 0.5 ± 0.3 2.4 ± 0.1 2.3 ± 0.2 1.6 ± 0.3
53 0.7 ± 0.1 0.6 ± 0.3

44 2.8 ± 0.2 7.3 ± 1.0 7.8 ± 0.7 2.6 ± 0.4
43 23.3 ± 1.2 6.9 ± 0.4 9,2 ± 0.7 2.6 ± 0.1
42 8.5 ± 0.3 4.6 ± 0.1 5.4 ± 0.2 1.9 ± 0.2
41 3.6 ± 0.1 4.0 ± 0.3 4.1 ± 0.2 2.3 ± 0.2
40 1.4 ± 0.1 1.5 ± 0.1 1.6 ± 0.3
39 5.1 ± 0.2 4.5 ± 0.3 5.0 ± 0.3 6.2 ± 0.6
38 2.6 ± 0.3 2.3 ± 0.3 2.4 ± 0.2 2.9 ± 0.3
37 1.9 ± 0.2 1.8 ± 0.3 1.8 :!: 0.2 2.3 :!: 0.1

31 1.2 ± 0.2 3.4 ± 0.2 2.8 ± 0.2 1.7 ± 0.2
30 1.4 :!: 0.1 1.5 ± 0.1 2.6 ± 0.4
29 1.6 ± 0.9 5.4 ± 1.5 5.1 ± 0.4 5.6 ± 0.2
28 1.8 ± 0.9 7.8 ± 0.8 10.0 ± 0.9 32.4 ± 2.2
27 1.1 ± 0.2 4.0 ± 0.6 4.6 ± 0.4 11.8 ± 1.0

26 0.6 ± 0.3 3.4 ± 0.6 4.1 ± 0.3 9.4 ± 0.9
25 0.8 ± 0.3 0,9 ± 0,1 1.5 ± 0,3
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(2)

Conclusions

The low-energy and high-energy CID stud ies, as we ll
as the NR stud ies, are in agree ment that C3H70+ ions

4

684
154
135

3

265
16.0

2

2571
2
3

• Sl ~.~ = 20.4 ± 8 .3 .
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spec tra"

of nominal structures 1 and 4 are stable neutral species
in the gas phase but that ions of nominal structu res 2
and 3 isomerize to a common structure or mixture of
structures . These results are in agreement wi th the po
tential energy surface for the C,lH70+ system /9, 10,
14], from which it has been conclu de d that th e ba rr ier
for isomerization of 3 to 2 is only about 20 kj /mol. with
2 being more stable. By contrast, the barrier for iso mer
ization of 4 to 2 is of the order of 90 kj/mol, and it is
clear that if 4 is prepared with low internal energy it
represe n ts a stable species with an energy higher th an
that of 2. This is most clearly shown by the NR study
where the differences in the spectra of 4 co mp ared to
2 are particularly striking. McLafferty and co-workers
[24, 25] previously noted the utility of NR stu d ies in
distinguishing isomeri c ion structures through neutral
ization to neutral species of differing structu re that ei
ther fragment by different ro u tes or fragment differ
ently on re ionizat io n. In the present case the d iffer ing
behavior of 4 appears to result from isomerization of
the neutral species to a structure that shows a distinct
spectrum on reionization.
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