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Abstract

Tandem mass spectrometry combined with ab initio calculations was used to explore the chemistry of the water-solvated
methanol cation and its isomers, including the distonic methanol ion solvated by water,•CH2OH2

+/H2O (I), the methanol
molecular ion associated with water, CH3OH•+/H2O (II), and protonated methanol bound with a hydroxyl radical, CH3OH2

+/
HO• (IV). Another ion, [H2O · · · H–CH2OH•+] (III), where the water molecule is attached to a methyl H of the methanol
cation, proved inaccessible experimentally although it was predicted to be stable in a shallow potential well by theoretical
calculations. The ions were generated by collision-induced loss of a radical or atom from appropriate proton bound molecular
pairs. The heats of formation of ions (I) to (IV) were calculated to be 448, 482, 486 and 538 kJ/mol, respectively. Ions (I),
(II) and (IV) can be identified by their metastable ion and collision-induced dissociation mass spectra. A partial potential
energy surface linking the isomers is used to discuss the experimental data obtained with deuterium-labeled species. (Int J
Mass Spectrom 222 (2003) 41–48)
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Tandem mass spectrometry; Dissociation mass spectra; Metastable ion

1. Introduction

Many significant advances in our understanding
of the gas phase chemistry of small organic ions
have accrued over the past 30 years. Among these
advances has been the development of experimental
methods for the determination of ion structures and
their energetics[1]. The number of stable isomers
for simple organic cations far exceeds those of their
neutral counterparts; e.g., there are only three neutral
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C2H4O molecules, oxirane, acetaldehyde, and under
appropriate conditions, vinyl alcohol. However, at
least 11 C2H4O•+ isomers have been shown by ab
initio calculations to be stable, 7 of which have been
identified by experiments[2,3]. Apart from establish-
ing their stability, in order to understand relationships
between the ions more fully, it is important to know
the energy barriers that separate such isomers.

In many instances the energy barrier separating two
isomers, A•+ and B•+, exceeds that of the lowest en-
ergy dissociation channel of one of them, and therefore
they cannot freely interconvert without decomposition.
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High barriers leave the isomers in independent poten-
tial wells, between which there is no communication,
i.e., stable A•+ cannot convert to stable B•+. In such
a case their metastable ion (MI) mass spectra will be
characteristic of only the more labile structure. Dis-
tinguishing between them will best be achieved by
comparing their collision-induced dissociation (CID)
mass spectra, which sample ions from the bottom of
the wells to their dissociation or isomerization limit.

A good example of this behavior is that of the
CH4O•+ isomers, ionized methanol and its more sta-
ble distonic form,•CH2OH2

+, whose enthalpies of
formation,�f H◦, differ by only 30 kJ/mol. The barrier
for rearrangement of the distonic ion to the conven-
tional isomer is large (137 kJ/mol) and this transition
state lies 43 kJ/mol above the dissociation limit of
CH3OH•+ to CH2OH+ + H• [4]. Interconversion be-
tween these stable isolated ions is thus prevented. The
excess energy in the dissociating distonic methanol
ion makes the metastable peak for H loss broader
than that for the methanol molecular ion. Their
CID mass spectra are even more strikingly structure
characteristic.

In recent years attention has been drawn to the abil-
ity of polar substrate molecules, when electrostatically
bound to an ion, to bring about the isomerization at
a much lower energy, which could be well below the
dissociation limit. Substrate assistance in the isomer-
ization has been termed “proton transport catalysis”
[5], and many catalysts have been studied in both
simple [6,7] and complex systems[8]. The key re-
quirement[5] for this mechanism to work is that the
proton affinity of the catalyst X should lie between
those of the two sites (A and B) in the ions generated
by proton transfer to X, i.e., for an even electron ion:

[H–A–B]+

X
→ [A–B]+

HX+ → [A–B–H]+

X

and for an odd electron ion

[H–A–B]•+

X
→ [A •–B]

HX+ → [A •–B–H+]

X

Note that the latter produces a distonic ion.
For the methanol ions, the first experimental study

of their catalyzed interconversion[9] was performed

by characterizing them/z 32 ion generated in a chem-
ical ionization ion source with 1:10 methanol/water
mixture as the reagent gas. It was found that at the
highest pressures attained, the residualm/z 32 ion had
the distonic structure. This had presumably resulted
from bimolecular interactions of ionized methanol
with water. The reaction was first noticed in an explicit
bimolecular encounter between the methanol ion and
H2O in an FT-ICR study[10]. The potential energy
surface for the catalysis in the CH3OH•+/H2O system
has been investigated in considerable detail by Audier
and coworkers[11a], where three stable CH4O•+/H2O
configurations have been identified. These were
the species•CH2OH2

+/H2O, the global minimum,
CH3OH•+/H2O (II), and H2O/H–CH2OH•+ (III), all
H-bridged ions. Their structures and relative energies
will be described further later in theSection 4.

Water-assisted isomerization of the methanol ions
may follow the proton-transport catalysis mechanism
because the proton affinity of water lies exactly be-
tween that of the•CH2OH radical at C and O. How-
ever, it is found that isomerization of the methanol
ions can also be catalyzed by noble gases[12] and
methanol itself[13a]. The proton affinity of these
molecules is either much lower or higher than that
of the •CH2OH radical (at either C or O), indicating
that the catalysis may involve a 1,2-H atom transfer
mechanism.

In recent studies of solvated distonic ions we[13]
have developed a strategy to generate and investigate
the characteristics of stable and metastable distonic
ion/molecule adducts, which show significant differ-
ence from the bimolecular encounters between the
ion and the catalyst. The ion/molecule adducts were
prepared by collision-induced loss of an appropriate
radical from mass selected proton bound molecule
pairs. For example, collision-induced loss of CH3

•

from (CH3CD2OH)H+(CD3OH) yields •CD2OH2
+/

CD3OH, the distonic methanol ion–methanol pair.
In this work we report on the chemistry of

ions (I), (II) and (III) and that of a new isomer,
CH3OH2

+/•OH (IV), carried out by tandem mass
spectrometry together with high level theoretical cal-
culations.
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2. Experimental

All experiments were carried out on a modified ZAB
3F tandem mass spectrometer[14] with BEE geometry
(VG Analytical, Manchester, UK). Metastable ion and
collision-induced dissociation mass spectra were ac-
quired with the ZABCAT program[15], by averaging
sufficient consecutive scans, at an accelerating voltage
of 8 kV. Helium was used as the target gas for the CID
experiments at a cell pressure of 0.5–1× 10−7 mbar,
which for these ions causes ca. 15% attenuation of the
mass selected ion beam. Proton bound pairs were gen-
erated by introducing the appropriate species through

Table 1
MI and CID mass spectra of the water-solvated methanol ion, its isomers and isotopomers (all values are the average of repeat determinations)

Source ion (m/z) Neutral lost Precursor ion (m/z) Mode Product ions (m/z) (%)

CH3OH2
+/H2O (51) H• •CH2OH2/H2O (50) I MI 19 (∼1)

32 (31)
49 (100)

CID 19 (17)
31 (19) 32 (100) 33 (40)
49 (68)

CH3OD2
+/D2O (55) H• •CH2OD2/D2O (54) I-d4 MI 22 (∼1)

34 (78) 35 (100) 36 (21)
52 (6) 53 (41)

CID 20 (5) 21 (10) 22 (25)
33 (8) 34 (100) 35 (80) 36 (15)
52 (5) 53 (24)

(CH3)2OH+/H2O (65) CH3
• CH3OH•+/H2O (50) II MI 32 (31)

49 (100)
CID 19 (17)

31 (20) 32 (100)
49 (70)

(CH3)2OD+/D2O (68) CH3
• CH3OD•+/D2O (53) II-d3 MI 33 (13) 34 (36) 35 (34)

51 (6) 52 (100)
CID 20 (10) 21 (20) 22 (10)

32 (12) 33 (43) 34 (100) 35 (45)
50 (11) 51 (20) 52 (68)

(CH3OH)2H+ (65) CH3
• CH3OH2

+/HO• (50) IV MI 19 (10)
32 (100)
49 (6)

CID 19 (10)
32 (100) 33 (82)
49 (3)

(CH3OD)2D+ (68) CH3
• CH3OD2

+/DO• (53) IV-d3 MI 20 (3) 21 (10) 22 (3)
33 (72) 34 (100) 35 (22)
52 (10)

CID 20 (1) 21 (4) 22 (1)
32 (2) 33 (28) 34 (40) 35 (100)
52 (5)

the septum inlet to the chemical ionization ion source,
which was maintained at a temperature of 150◦C and
a total pressure of ca. 1×10−4 mbar. The proton bound
pair was selected by the magnet and subjected to colli-
sional activation in the second field-free region (FFR);
the resulting CH4O•+/H2O isomer or isotopomer was
transmitted to the third FFR, where its MI and CID
mass spectra were observed. The compounds were of
research grade and deuterium-labeled molecules, of
99.9% isotope purity, were obtained from CDN iso-
topes (Montreal, Que., Canada).

Ion (I) was prepared in an earlier report[13a] by
collision-induced loss of H• from CH3OH2

+/H2O
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and CH3OD2
+/D2O. In the present study it was also

prepared by collision-induced loss of CH3
• from

CH3CH2OH2
+/H2O and from CH3CH2OD2

+/D2O,
and its behavior was the same as reported before.
Preparation of the other ions is given inTable 1(see
Section 4). Note that ionIII, [H2O · · · H–CH2OH•+],
where the water molecule is attached to a methyl hy-
drogen, exists only in a shallow potential well[11],
and as such could not be characterized by experiments.

The collisionally generated ion/molecule pairs pro-
duced in all these experiments were small signals in
the CID mass spectra of their precursor, proton bound
pairs, being typically 2–5% of the base peak. How-
ever, the signal-averaged third FFR mass spectra of
these transmitted fragment ions were of good quality,
similar to those shown in[13a].

3. Computational procedures

Standard ab initio molecular orbital calculations
[16] were carried out using the GAUSSIAN 98 suite
of programs[17]. The geometry of all species were
optimized at B3-LYP/6-31+G(d) level of theory. Vi-
brational frequencies were also obtained at this level.

Energies for each B3-LYP/6-31+G(d) geometry
were obtained at the G3 theory level. This approx-
imates the energy of a species at the QCISD(T)/G3
large level of theory by a series of additive cor-
rections to a base MP4/6-31+G(d) energy. The G3
large basis set is a modified version of the standard
6-311+G(3df,2p) basis set, in which more polarization
functions are added to first-row elements (3d,2f), fewer
to second-row elements (2df), and core polarization
functions are also incorporated. Details of the proper-
ties of the G3 large basis set can be found in the orig-
inal publication[18]. G3 includes a scaled (by 0.9614
[19]) B3-LYP/6-31+G(d) zero-point vibrational en-
ergy (ZPE), spin orbit corrections for atoms, and the
use of the MP2(full)/G3 large calculation to take into
account core-correlation contributions. Finally, an
empirical higher-level correction (HLC) accounts for
residual basis-set errors. The G3 total energies were
converted to heats of formation using the atomization

method of Nicolaides et al.[20]. Thermal corrections
to 298 K used the scaled B3-LYP/6-31+G(d) frequen-
cies and known thermal corrections for the elements.
Ion binding energies were evaluated from the energy
differences between each ion and those calculated for
the appropriate dissociation products.

4. Results and discussion

The ions (I), (II) and (IV) were made as indicated
in Table 1which lists the MI and CID data for the
various isotopically-labeled species. Data are grouped
in rows for different reaction channels.

Water and hydrogen atom losses and the formation
of protonated water are the three reactions observed
under MI and/or CID conditions. Ions (I) and (II) are
closely similar in their MI mass spectra; both show
the loss of a hydrogen atom as the major dissociation
channel, a process that is minor with ion (IV). H• loss
for (I) is not collision sensitive, indicating that a high
energy rearrangement precedes this reaction. All three
ions display loss of water in the metastable ion time
frame with varied degrees of H/D mixing when they
are partially deuterium labeled. For ion (I), a com-
plete scrambling of all H/D atoms is observed; con-
siderable but incomplete H/D randomization occurs in
labeled ions (II) and (IV). With 18O labeling, ion (II)
[•CH2

18OH2
+/OH2], only shows loss of H2O in its

mass spectra, indicating no positional interchange of
the oxygen atoms. Furthermore, formation of proto-
nated water is observed as a minor reaction for ion (I),
absent for ion (II) and of medium importance for ion
(IV) in the MI mass spectra. Upon collision, however,
the H3O+ ion (or its isotopomers in labeled systems)
increases in intensity for the ions (I) and (II) but re-
mains almost unchanged for ion (IV).

To facilitate our discussion, a partial potential en-
ergy diagram is presented inFig. 1. The relative
energies of all four CH4O•+/H2O ions and their dis-
sociation products calculated at the G3 theory level
are given inTables 2 and 3, whereasFig. 2 shows
the calculated ground state geometry of ions (I) to
(IV). The calculated energies of ionsI, II and IV
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Fig. 1. Potential energy diagram for the CH4O•+/H2O isomers (I) to (IV). The broken arrow is for a collision-induced dissociation. TS1
comes from[11b]; for TS2/3, see text.

Table 2
Calculated�f H◦(G3) values for ions and neutrals (kJ/mol)

Species �f H◦

•CH2OH2
+/OH2 (I) 448

CH3OH•+/OH2 (II) 482 (482)a

H2O/HCH2OH•+ (III) (486)a

CH3OH2
+/OH• (IV) 538 (536)b

H2COH+/H2O 342
CH3OH2

+ 578 (574)c
.CH2OH2

+ 821 (815)c

CH3OH+ 850 (845)c
.CH2OH −17 (−19)c

H3O+ 603 (597)c

H2O −241 (−242)c

OH 36 (39)c

H 218

a From ([11b] and reference therein).
b From [21].
c From [22].

are 448, 482 and 538 kJ/mol, respectively, in good
agreement with those found by Gauld and Radom
[11b]. Ion (III) can rearrange to (I) over only a small
barrier of ca. 9 kJ/mol, while (II) occupies a poten-
tial well of depth 56 kJ/mol using the energy of TS1
given in[11]. The lowest energy dissociation channel,
112 kJ/mol above ion (I), is the loss of a hydrogen

Table 3
Calculated�f H◦(G3) values for dissociation products (kJ/mol)

Species �f H◦

•CH2OH2
+ + H2O 580

CH3OH•+ + H2O 609
CH3OH2

+ + •OH 614
H3O+ + •CH2OH 586
CH2OH+/H2O + H• 560
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Fig. 2. Ground state structures for the isomeric CH4O•+/H2O ions (I), (II), (IV) and (V).

atom to give CH2OH+/OH2 (the proton bound
formaldehyde/water ion), which is accessible to both
ions (I) and (II). The next higher energy process is
water loss to give rise to the distonic methanol ion,
•CH2OH2

+, 132 kJ/mol above (I). Water loss to give
the conventional methanol ion CH3OH•+ would cost
30 kJ/mol more and therefore could not compete with
the distonic ion. For ion (I), the water molecule can
move freely about the•CH2OH2

+ moiety at energies
below rearrangement to (II). Thus, the calculations
[11], indicate that ions (I) and (II) should indeed be
distinguishable by experiment.

The reactions of the three ions (I), (II) and (IV) ob-
served experimentally can now be rationalized. With
the relative positions for ions (I) and (II) and the
transition state between them on the potential energy
hyper-surface located by the theoretical calculations,
a complete loss of positional identity of H/D atoms in
(I) prior to water loss should be expected, and this is
in accord with the experimental observation. As illus-

trated in the MI mass spectrum of•CH2O+D2/D2O,
the (I)-d4 ion, losses of H2O, HDO and D2O were
found in the ratio of 11:50:39 (the randomization ratio
is 7:53:40). As discussed previously[13a], this exper-
imental observation is different from those obtained
from bimolecular reactions of the•CH2OH2

+ ion with
D2O [9,10] where it was found that hydrogens at-
tached to the oxygen of the distonic ion can exchange
with water faster than those attached to carbon. Nev-
ertheless, compared with the isolated methanol ions,
where interconversion is prevented by the high energy
barrier, it is confirmed that water catalyzes the reac-
tion in such a way that the energy barrier is lowered
sufficiently to allow free isomerization.

For ion (II)-d3, CH3OD•+/D2O, the losses of H2O,
HDO and D2O were in the ratio of 41:43:16 (ran-
domization gives 20:60:20), a result which cannot be
fitted to any numbers of randomly participating H and
D atoms. Thus, incomplete H/D mixing occurs prior
to water loss, with a biasagainst loss of H/D attached
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initially to oxygen. Therefore, complete equilibration
with (II) does not precede fragmentation. Note that
these observations are in keeping with those for the
bimolecular reactions between•CH2OH2

+ and a wa-
ter molecule[10], where the –+OH2 hydrogen atoms
were found to exchange with the substrate more
rapidly than those attached to the carbon atom.

In contrast, the (metastable) ion (IV) consistently
showed labeled water loss ratios corresponding most
closely to the non-involvement of one methyl H or D,
e.g., CH3OD2

+/•OD has losses of H2O:HDO:D2O =
11:52:36, and for CD3OH2

+/•OH, the ratios are
34:57:9, in keeping with the involvement of 2H
and 3D, and of 3H and 2D, respectively, and for
which the random losses are in the ratio of 10:60:30
and 30:60:10, respectively. (Similar results were
obtained for CHD2OH2

+/•OH, 53:44:∼3 and for
CHD2OD2

+/•OD, 0:27:73, respectively.)
H• (or D•) loss occurs for metastable (I) ions and it

is biased towards loss of H•, possibly the result of an
isotope effect. We propose that the rearrangement of
ion (I) → (II) provides the reacting configuration for
H• loss, i.e., loss of a methyl H from (II) leads directly
to the proton bound formaldehyde/water product ion.
Note that this is the lowest energy dissociation process
(Fig. 1). The necessity for this rearrangement to pre-
cede the loss of H• explains the collision insensitivity
of this reaction for (I).

For ion (II), H• loss is almost exclusively from the
methyl group in the MI and CID mass spectra, indi-
cating that this reaction is kinetically more favorable
than the isomerization. Ion (IV) is quite unlike (I) and
(II); loss of a hydrogen atom is a minor reaction in
both the MI and CID mass spectra.

It is noteworthy that upon collisional activation,
a few other reactions are observed which are diag-
nostic for the three isomers. Formation of protonated
methanol is a major product ion in the CID mass spec-
trum of ion (IV), of medium intensity in that of ion
(I), and absent with ion (II). In addition, the+CH2OH
ion is observed in the CID mass spectra of ions (I)
and (II).

It seems that ion (IV) must exist in a deep potential
well, because no facile rearrangement to (II) (or fur-

ther to (I)) is found, a process which would lead to a
significant loss of H• from metastable ions. Upon col-
lision activation, ion (IV) loses•OH, a process which
retains the H or D atom attached to oxygen. As dis-
cussed earlier, the H/D mixing preceding water loss
is consistent with the participation of all label atoms
except one attached initially to carbon (see above). A
similar preference is observed for the production of
H3O+ from (IV) for which it is solely a metastable
ion process. This dissociation of the CH3O+D2/•OD
and CD3O+H2/•OH ions yields only three hydronium
ions, D3O+, HD2O+ and H2DO+ (no H3O+) for the
former and H3O+, H2DO+ and HD2O+ (no D3O+)
for the latter, both sets having a 1:3:1 abundance ratio.
Again, one atom attached to C appears to be unable
to participate, but in contrast to the water loss, the ob-
served result is not that for either the randomization
of 3D and 2H, or for 2D and 3H, respectively, 1:3:3
for the former, 3:3:1 for the latter. It is possible that
a kinetic effect is responsible for these observations.
If the barrier to the conversion of (IV) to its isomers
is high enough, with the appropriate transition states
TS2/3 (seeFig. 1) lying above the dissociation limits
for H2O and•CH2OH losses, then complete positional
equilibration of all H atoms prior to dissociation will
be prevented.

Finally, yet another ion (V), represented as an elec-
trostatically bound+•O–O species, CH3O•+(H)OH2,
seeFig. 2, has been found as a minimum at a high en-
ergy on the potential surface[20]. At the G3 level of
theory we find (V) to lie at an energy of 552 kJ/mol.

The complexity of the chemistry of this simple
system was not expected. Clearly, larger polyatomic
ion/molecule pairs will be even more challenging,
as we have found in the CH3CHO•+/H2O system,
which will be reported elsewhere.
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