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Abstract

A combination of experiment and theory indicate that when®eundergoes vertical Franck—Condon one-electron reduction, it does not
produce a stable M@ species, but decomposes to give MeOMe andl.Nlbeoretical calculations at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-
311G(d) level of theory indicate that the symmetrical radicak®teis not a stable species. However, there is a stable doublet neutral
corresponding to a van der Waals complex MeOMéVle, a species which requires only 4.5 kJ madf excess energy to cause decomposition
to MeOMe and Me.
© 2003 Elsevier B.V. All rights reserved.
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1. Prologue across many scientific disciplines backed up by a knowledge

of the fundamental chemistry and physics of ion processes.
The first time | met John Beynon was when | spent a pe- The second matter was that | needed to obtain funds to pur-

riod of sabbatical leave with him in 1979. Apart from John’s chase a VG ZAB 2HF mass spectrometer. Our much mod-

excellence as a host and a scientist, and the presentation oified VG ZAB 2HF is still functioning in 2003, maintained

both a Swansea Mass Spectrometry Research Unit tie and dy my friend and colleague Tom Blumenthal. This following

Swansea Rugby Football Club pullover (my daughter wore report follows on from some work reported by the Beynon

the pullover throughout her teens), this stay raised two ma- group in 1987: it involves an experimental approach using

jor matters, both of which have had a lasting influence on the ZAB 2HF instrument together with theoretical potential

my career. The first was that there was more to ion chem- surface calculations.

istry than the ‘organic’ mass spectrometry that | had been in-

volved with exclusively in the previous decade. There were

senior scientists both part of the Mass Spectrometry Re-2. Introduction

search Unit and also visiting, who had backgrounds ranging

from medical and biological chemistry on the one hand right  Following a first year lecture (in mid-2002) on acids and

through the discipline spectrum to pure physics, and the in- bases, a lecture which involved a discussion of the struc-

terplay between those people and their various experiencesture of the hydronium cation, a student asked me whether

showed the direction in which mass spectrometry was to the hydronium radical was stable, because she had difficulty

move i.e., development of new types of ionisation methods, in using the valence bond theory to rationalise the structure

together with the applied application of mass spectrometry of this molecule. First year lectures often present interest-
ing ideas which initiate research projects, and | immediately
thought of John Beynon’s work in 1987 where he and his

* Corresponding author. Tek:61-8-8303-5767; fax:61-8-8303-4358.  Colleagues had used neutralisation/reionisation gdHto
E-mail address: john.bowie@adelaide.edu.au (J.H. Bowie). report the detection of $0° with a lifetime of at least a
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H30* + e — H0 + H (branching ratio, 0.33) of theory], and (iii) HO® is formed from KO with suf-
— HO-+ H + H (0.48) ficient excess energy to effect dissociation to giveOHand
H (barrier 22.3kJmol! [22]; more recent reportf23,24]
- HO- +Hx  (0.18) predict this barrier to be as low as 0.2 kJ m¥l In addition,
— O+ Hz +H (0.01) Ketvirtis and Simong22] suggest that the products of this

reaction may recombine to give an intermediate which is the
precursor of the HOradical (see sequences 2Sgheme 1
A weakly bound complex between and M@nd H may
also have a bearing on the last observafizhi.
microsecondl]. It was subsequently claimed that the inter- ~ The H;O® story is clearly not complete. Although exten-
pretation of the results of this experiment was in error, and sive potential surface calculations have already been done
the neutral species formed in such low yield correspond- for this system, the structure(s), stabilities and lifetimes of
ing to vz 19 was, in fact, the natural isotope HOD rather H30°® (and D;O°) will need to be determined by further ex-
than HO*® [2]. My response to the student was that the hy- perimentation.
dronium radical is, at best, a transient species which could Similar deuterium isotope effects (to those reported for
decompose to yield $O and H. | left the lecture with the H30* and D;0°) are observed for analogous hyperva-
intention of finding out what the current knowledge is con- |ent radicals derived from methanol and dimethyl ether
cerning the hydronium radical and associated systems. [26,27] For example, the deuterated forms of the methyl
Water is a molecule widely distributed amongst interstel- and dimethyl oxonium radicals (MeQDand MeOD) are
lar dust clouds, circumstellar envelopes and interstellar ice readily detectable i NR™ experiments, whereas MeQH
(including comets). It is intimately involved in the rate with  and MeOH are not[26,27] Holmes and Siroi§27] and
which interstellar clouds compact to form star systdgjs Turecek and Reid28] (published after the submission of
One of the ways in which water may be formed in inter- this paper) propose that the observation of the deuterated
stellar clouds has long been considered to involve the reac-radical (at least in the case of M@D) in preference to the
tion between HO™ and an electrof4,5]. This reaction has  H analogue, is a function of the occupancy of excited states
recently been identified as one of four which occur in dis- of the metastable and hypervalent radical.
sociation recombination of $0* [6,7]. The reactions are In this paper, we report the results of an investigation, both
shown above irBcheme 1 experimental and theoretical, to determine whethes®és
The Franck—Condon vertical one-electron reduction of a detectable entity under similar neutralisation/reionisation
H3O™ initially gives a neutral HO® with precisely the  conditions as those used initially fors8° by Beynon and
same geometry as the cation, but is a species correspondeo-workers[1]. We have chosen this species because, (i)
ing to H3O* a reactive intermediate in the reactions shown it is the carbon analogue of the system studied by Beynon
in Scheme 2 For example, in the reactionsB* + e — and co-workers, and (ii) it does not have the problem of
H30®* — H0 + H. The stability of the hydronium radical  the primary deuterium isotope effects associated with analo-
has engendered controversy for more than 30 years, withgous systems containing OH bonds (e.ggOHMeOH, and
early work reported from the 1960s to the 19§8s14] Me,OH).
There have been many experimenfa)2,9-11,13,15-19]
and theoretical studief20-24] devoted to this system.
There is still debate as to whether (i) a specie®Hhas 3. Experimental
been observed experimentally, and (ii) if it is stable, what
is its structurd1,2,9,10,15,16]Following the report of the ~ 3.1. Mass spectrometric experiments
experimental detection of 4©° by Beynon and co-workers
[1] (a result questioned by March and YoufR)), it was All experiments were performed with a VG ZAB 2HF
reported that BO® cannot be detected when a fast beam two-sector mass spectrometer of BE configuration (B stands
of H3O™ ions is neutralised by charge transfer with Na, for magnetic and E for electric sector), which has been de-
but the isotopic speciesdD* is detectable under the same scribed previoush29]. In summary, MeO+ was formed
experimental conditionfl6-18] This means that the life-  from [(MeO)(MeOH)C]" in the chemical ionisation (CI)
time of D3O*® is at least several microseconds. Further, a source of the mass spectrometer by a known method
“solvated” species BO*(D,0) (structure not determined [30-33] The ions were accelerated to 7 keV translational
unequivocally) was also detected, whereas the lighter iso-energy and mass selected by means of the magnet. For col-
topic species BO*(H20) was not detected under the same lisional activation experiment84], the ions were collided

Scheme 1.

experimental conditiongl9]. in the field-free regions between B and E with helium at
In a theoretical study, Ketvirtis and Simof#2] propose, 80% transmission (T) of the incident beam; these conditions

(i) H3O® is an intermediate in the process® 4+ e — approximate single-collision conditioi35].

H>O+H, (ii) H3zO* is a species of & geometry with an HO In neutralisation—reionisation experimentsNR™) [36],

bond length of 1.018 A [at the MP2(full)/6-311G(d,p) level the radical cations were neutralised by high-energy colli-
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sions with a mixture of benzene and molecular oxygen (ca. _Me Me.

+ M
1:1; 80% transmission of the ion beam) in the first of the 9+ 9/ ¢ — +  Me.O' + CO
two collision cells located in the field-free region between Me—0"" Oéc‘o—Me ? 2
B and E. Unreacted ions were deflected away from the Me
beam of neutral species by applying a voltage of 300V on a <o )

cheme 2.

deflector electrode located between the two collision cham-
bers. Reionisation of the neutrals to cations occurred in the
second cell by collision with benzene/oxygen (1:1; 80%
transmission of main beam). The resulting mass spectra were . :
recorded by scanning E. All spectra were recorded a mini- 4-1- The experimental evidence
mum of three times in order to establish their reproducibility.

4. Results and discussion

The first problem was to find a suitable synthesis of the ion
MezO**+. The most obvious way to make this species is by
allowing dimethyl ether to react with the methyl cation. This
, has been achieved in an ion cyclotron resonance instrument

Tetramethoxy methane was a commercial sample 49) byt this procedure is not appropriate to form abundant
(Aldrich). (CDs0)4C was made by a reported procedure ,ocrsor species MO in the CI source of the VG ZAB
[37]. instrument. The MgO*+ cation is a well studied species

[30-33,48]which can also be formed by an interesting re-
3.3. Theoretical methods arrangement process following dissociation of the Midn
of tetramethoxy methan80,32], as shown below. Interest-

Geometry optimisations were carried out with the Becke ingly, the corresponding species (E4Q) formed from the
3LYP method[38,39] using the 6-311G(d) basis set within MH™ ion of tetraethoxy methane yields (H§)" by three
the GAUSSIAN 98 suite of progranid0]. Stationary points  successive §H,4 eliminations: no B0 is formed[50].
were characterised as minima (no imaginary frequencies)
by calculation of the frequencies using analytical gradient [(MeO)4C]HT — (MeO)sC™ + MeOH, then
procedures. The calculated frequencies were also used t + 1
determine zero-point vibrational energies which were thenO(Meo)3C = MesO™ +CO,
used as a zero-point correction for the electronic energies The CID mass spectrum of (Megl)™ is shown inFig. 1
calculated at this and higher levels of theory. More accurate This spectrum is different in detail from that reported previ-
energies for the B3LYP geometries were determined using ously [32]. Although MgO™ (m/z 61) is a major fragment
the CCSD(T) method41-46] together with the Dunning  ion, other ions are also formed. These are identifie€lgn 1
aug-cc-pVDZ basis sq#7,48] All calculations were car-  The mechanism proposed for the formation of J@¢ is
ried out on the Alpha server at the APAC National Facility shown inScheme 2 This reaction sequence has been in-

3.2. Precursor molecules

(Canberra). vestigated by reaction coordinate calculatif3®]. The first
59 (MeOCO)+ 105
(MeO)3C+
MS/MS
61 (Me30+)

74 [(MeO)2C]+-

45
15 29 34 [\ ’
—_—N

Fig. 1. Collision-induced mass spectrum (MS/MS) of (MgO). VG ZAB 2HF instrument. For experimental details s®ection 3
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Fig. 2. (A) Collision-induced mass spectrum (MS/MS) of 4@¢". (B)
TNR™T spectrum of MgO™. VG ZAB 2HF instrument. For experimental
conditions seeSection 3

step has the larger barrier (213 kJ mbl with the overall
process being endothermic by 109 kJ mo(at the modest
AM1 level of theory).

The CID mass spectrum (MS/MS) and th&lR* spec-
trum of MesO™ are shown inFig. 2A and B The loss
of methane is the major decomposition in the CID mass
spectrum Fig. 2A). This four centre reaction has been
studied previously{30,31] The reaction occurs to form
CH3—tO=CH, without hydrogen scrambling to give the
broad dish-shaped peak afz 45. The "NR* spectrum
(Fig. 2B) is different from the CID mass spectrum. The
TNR* spectrum of MgO™ is a composite spectrum re-
sulting from ionisation of all neutrals (formed following
vertical one-electron reduction of M@* in the first col-
lision cell) that have proceeded to, and are ionised in the
second collision cell, together with any product cations re-
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Table 1
CID mass spectra of (GJD);0™ and (Cx)30™ and the*NR™ spectrum
of (CD3)30+

CID (CD30)30" [from (CD30)40°*]: fragment ions; fivz (loss or
formation) relative abundance]; 80 (gD*) 15; 70 (CQ) 100; 62
(CD30CD3) 86; 50 (CQy-O"=CDy) 8; 34 (C»="0D) 1, 30
(CDOY) 2; 18 (CyH) 2.

CID (CD3)30" [from (CD30)30%]: fragment ions; vz (loss or
formation) relative abundance]; 50 (GP100; 30 (CDO) 6; 18
(CDst) 3.

TNR*T (CD3)30" (weak spectrum, abundances correctif%): [m/z
(formation) abundance]; 70 (no peak); 52 (§BCDs**+) 15; 50
(CD301t=CD,) 100; 30 (CDO) 45; 18 (Cy+) 20.

corresponding to ionised M©* in this "NR* spectrum.
Since the spectrum is noisy, we scanned manually through
the m/z 61 region on a number of occasions but were un-
able to detect any peak. We conclude (i) thatsi®is not
stable under NR conditions, and (ii) if M@* is “stable”,
then it has a lifetime of less than a microsecond.

It is likely that the peaks at/z 46 and 15 in the”’NR™
spectrum are due to ionisation of the products of the decom-
position MgO®* — MeOMe+ Me*. The major peak atvz
45 (CHsTO=CHy) is almost certainly formed by loss of H
from [MeOMeJ** [51], andm/z 29 (CHO") is likely to be
formed by decomposition afvz 45 1. We propose that the
peaks observed in tHeNR™* spectrum are best explained by
ionisation of the neutrals formed following decomposition
of Me3O°* to MeOMe and Me.

We have also measured the CID ahblR™ spectra of
the deuterated species (gRO0" (formed by loss of CQ
from (CD30)3C* (cf. Scheme P. The spectra are listed
in Table 1 and are directly analogous to those of @&

(Fig. 2. The TNR™ spectrum is again noisy, but there is
no recovery signal. Thus, there is no significant secondary
deuterium isotope effect operating during the vertical one-
electron reductiofCD3)301 + e — CD3OCD3 + CDs".

4.2. The theoretical evidence

Calculations at the B3LYP/6-311G(d) level of energy in-
dicate that symmetrical M®* does not occupy a minimum
on the doublet radical potential surface. However, there is a
neutral species of this atomic composition which occupies
a minimum on the surface; this corresponds to H bontled
(Scheme B where the O. - H distance is 2.44 A at this level
of theory. Details of the geometry [B3LYP/6-311G(d)] and
energy [CCSD(T)/aug-cc-pVDZ//B3LYP/6-311G(d)] of this
species are listed ifiable 2

The situation concerning the cation potential surface is
more complex because there are stable singlet and triplet

sulting from the decomposition of these ionised species. We * The CID mass spectrum of M&=CH (a source formed ion from

had some difficulty obtaining this spectrum and found the

best collision gas system was benzene/oxygen (1:1). Even

Me3O™) was measured with the ZAB 2HF instrument using the same
experimental conditions as those used fos&€. The CID mass spectrum
(MS/MS) for Me"O=CH; is as follows:—/z (relative abundance)—45

so, the spectrum is unusually weak and the baseline noisy(parent, 100%), 44 (75), 43 (18), 42 (5), 41 (1), 40 (0.1), 30 (15), 29

as a consequence. There is no observable peakzafl

(97, CHO"), 15 (5), 14 (1), 13 (0.2).
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Table 2
Selected properties of optimised B3LYP/6-311G(d) geométfies

81

"\

L\ H H H H
,C2 " 5 H H—
H" o, il \éfz‘H Wl /c{H
1 H o . _H
'{(‘\H qu(” K?s‘” H ET_ \fg
H H H H

neutral A, 0.0 kJ mot? cation B, 583 kJ mot?!

cation C, 933kJ mot?

Neutral (G) Singlet cation (GV) Triplet cation (G)

C:0, GO (A) 1.411 GO, GO, GO (A) 1.483 GO (A) 1.409
OH 2.436 GOG,, C,0C; (°) 1145 GO 1.404
HC3 1.082 GOC,C3 (°) —135.2 GH 1.116
C10C; (°) 112.7 HG 2.466
C,0H 113.9 GOG (9) 121.9
OHG3 177.2 OGH 104.7
C10CH —137.7 GHC3 172.9
C10HG3 65.6 GOCH —115.9

aFull geometries are given in the form of standard orientationappendix

A

b Relative energies (in kJ mot) calculated at CCSD(T)/aug-cc-pVDZ//B3LYP/6-311G(d) level of theory and include zero-point correction. A reviewer
has indicated that this basis set is not satisfactory for hypervalent radicals of this type as it does not include diffuse funcfZsis. (&fe have,
therefore, reoptimised M®*® and neutral compleXA at the B3LYP/6-31%4+G(d) level of theory and find no significant differences when comparing
the results of the two levels of theory. M@® is not stable at either level of theory, while the only difference in the structu#e af the two levels (of
theory) involves the relative orientation of Méowards MgO. NeutralA [B3LYP/6-3114++G(d) level of theory]: GO, GO 1.412A; OH 2.436; eH

1.082; GOC, 112.9; C;0H 123.3; OHG 179.5; GOCH —172.4; GOHG3

forms of the even-electron cation. The singlet ground state
corresponds to symmetricBI (Scheme B while the triplet
formis a hydrogen bonded compl&uwith a C - - H distance

of 2.46 A. Details of the geometries and energies of these
species are given ifiable 2

Our interpretation of the"NR™ spectrum is that one-
electron reduction of MgO* results in the formation of
MeOMe and M@&. Calculations indicate that the reaction
A — MeOMe and M& is endothermic by only 4.5 kJ not
at the level of theory used in this study. These data ex-
plain why a recovery signal is not observed in theR™
experiment.

Let us now consider the vertical Franck—Condon reduc-
tions of the singlet and triplet catiomsandC. The data are
summarised ifrig. 3a and blf the energy of neutral doublet
A is set as 0kJmot, the relative energies of the singlet
cationB and triplet catiorC are+582 and+933 kJ mot?,
respectively. The energies of the neutrals with the geome-
tries B and C on the doublet neutral surface afr€62 and
+44.5kJ mot?, respectively. Therefore, we can construct
the diagrams shown ifig. 3. The synthetic procedure by
which MezO™ is made is likely to form the singlet cation
and the one-electron reduction of that singlet cation will re-

H
C
' H;C. . CH N
: o H,C O/C\H\
E é \‘\._F /H
0. CHs wf
H;C” " "CH,4 H
(A) (B) (©)

Scheme 3.

85.8.

sult in decomposition. The likelihood of the formation of
any triplet cations is small, but even in such a case, the ex-
cess Franck—Condon energy of the neutia#4.5 kJ mot 1)

is sufficient to effect dissociation to MeOMe and Me.

We conclude that even though there is a neuralhich
occupies a minimum on the doublet neutral surface, the
excess energy produced as a consequence of the vertical
reduction in the NR experiment is sufficient to cause de-
composition of this species. Experiment and theory are in
accord. No neutral species M@* are detected following
vertical one-electron reduction of @™ .

(@) (b)

(933) \¢/ (MeOCH,-H""Me)
(582) Me;0"
(262),
N (44.5)
|
i\o)’— (4.5) ——— (4.5)
Ve AN /
;0---Me' MeOMe + Me’
Me

Fig. 3. Pictorial representation of Franck—Condon vertical reduction of
(a) singlet MgO™, and (b) triplet MeOMe- - *Me. Relative energies in
kJ mol1.
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Appendix A. Full details of structures A, B and C

Standard orientations of B3LYP/6-311G(d) stationary

points. Energies are calculated at the CCSD(T)/aug-cc-

pVDZ//B3LYP/6-311G(d) level of theory and include
(scaled) zero-point correction.

(CH3)20—-CHs neutral

State N

Symmetry G

Energy —194.261601

Atomic no. X y z

6 1.603543 —2.467369 0.000000
8 0.000000 0.663034 0.000000
6 —0.739824 0.917857 1.174436
6 —0.739824 0.917857 —1.174436

1 2.680775 —2.564393 0.000000
1 0.992570 —3.360090 0.000000
1 1.143270 —1.488246 0.000000
1 —0.092737 0.687797 —2.020856

1 —1.046848 1.971888 —1.235070

1 —1.640405 0.289506 —1.231199

1 —0.092737 0.687797 2.020856
1 —1.046848 1.971888 1.235070
1 —1.640405 0.289506 1.231199
(CH3),0™ singlet cation

State 1a;

Symmetry GV

Energy —194.039678

Atomic no. X y z

8 0.000000 0.000000 —0.288138

6 0.000000 1.440207 0.064657
6 —1.247256 —0.720104 0.064657
6 1.247256 —0.720104 0.064657
1 0.000000 1.539676 1.149599
1 0.893346 1.862996 —0.384587

1 —0.893346 1.862996 —0.384587

1 —1.333399 —0.769838 1.149599
1 —2.060075 —0.157838 —0.384587

1 —1.166729 —1.705158 —0.384587

1 1.333399 —0.769838 1.149599
1 1.166729 —1.705158 —0.384587

1 2.060075 —0.157838 —0.384587

G

—193.906078
Atomic no. X y z
8 0.964393 0.024527 —0.480456
6 0.222171 1.042641 0.138412
6 1.992685 —0.662602 0.195591
6 —3.047013 —0.402841 0.027406
1 2.903268 —0.488981 —0.403837
1 2.101476 —0.349487 1.231173
1 1.769287 —1.733000 0.073065
1 —3.527073 0.557960 0.165662
1 —2.963794 —0.806932 —0.973592
1 —2.965616 —1.073006 0.873871
1 —0.821118 0.648342 0.176960
1 0.606935 1.316664 1.118070
1 0.174439 1.869036 —0.586175
CH3OCH;
State A1
Symmetry G
Energy —154.565017
Atomic no. X y z
6 0.000000 1.172040 —0.194918
8 0.000000 0.000000 0.588213
6 0.000000 —1.172040 —0.194918
1 0.000000 —2.020019 0.490538
1 0.891548 —1.232353 —0.836940
1 —0.891548 —1.232353 —0.836940
1 0.000000 2.020019 0.490538
1 —0.891548 1.232353 —0.836940
1 0.891548 1.232353 —0.836940
CHs
State 2N
Symmetry QH
Energy —39.694842
Atomic no. X y z
6 0.000000 0.000011 0.000000
1 0.936000 0.540400 0.000000
1 0.000000 —1.080800 0.000000
1 —0.936000 0.540400 0.000000
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