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Abstract

Variable-time neutralization–reionization mass spectrometry was used to generate and detect the hypervalent radical
dimethylsulfonium, (CH3)2SHz (1Hz), and its isotopomers (CH3)2SDz (1HDz), (CD3)2SHz (1DHz), and (CD3)2SDz (1DDz). The
successful detection of1Hz –1DDz was achieved in spite of severe interferences due to isobaric overlaps by the13C, 33S, and
34S isotope satellites of residual dimethylsulfide cation radicals. Radicals1Hz –1DDz dissociated by cleavages of the S–(H,D)
and S–C bonds in a;3:1 branching ratio. Ab initio calculations with large basis sets failed to find a local energy minimum
for the (X)2A9 ground electronic state of1Hz, which dissociated without barrier to (CH3)2S and Hz. Several excited states of
1Hz were found by configuration interaction singles CIS/6-31111G(3df,2p) calculations that were within 2 eV of the
repulsive ground state potential energy surface. The microsecond metastability and dissociations of1Hz–1DDz were ascribed
to the properties of excited electronic states. (Int J Mass Spectrom 185/186/187 (1999) 639–649) © 1999 Elsevier Science
B.V.
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1. Introduction

We have been interested in the gas-phase chemis-
try of hypervalent radicals of the onium type, e.g.
ammonium, R4N

z, oxonium, R3O
z, and sulfonium,

R3S
z [1–13]. Hypervalent radicals represent a group of

transient species that have been considered as inter-
mediates of radical substitution reactions [14], one-
electron reduction of onium cations [15,16], electrical
discharge in gases [17], and dissociative electron-ion

recombination [18,19]. A common feature of onium
radicals is that they have extremely short lifetimes
that prevent their detection in the condensed phase. In
contrast, several hypervalent radicals have been gen-
erated by femtosecond collisional electron transfer in
the gas phase [20–31] and studied by neutralization–
reionization mass spectrometry (NRMS) [32] and ab
initio calculations [33]. Precursor cations for hyper-
valent radicals are prepared conveniently by gas-
phase protonation (chemical ionization) or fast-atom
bombardment [31].

The previous studies showed that some hyperval-
ent ammonium radicals existed in shallow potential
energy minima and survived for several microseconds
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of flight time in the mass spectrometer. Such hyper-
valent radicals can be denoted asmetastables[12],
because their stabilities are due to potential energy
barriers to exothermic dissociations by simple bond
cleavages [2,9,35]. The kinetic stabilities of hyperva-
lent radicals in their ground electronic states were
found to decrease with increasing electron densities at
the central heteroatom, e.g. in the series NH4

z .

CH3NH3
z . (CH3)2NH2

z . (CH3)3NHz [2,9,35]. Hy-
pervalent oxonium and sulfonium radicals, e.g.
(CH3)2OHz and H3S

z, were calculated to be unbound
in their ground electronic states [4,7]. However, in
spite of theoretical predictions, metastable hyperval-
ent oxonium and sulfonium radicals of microsecond
lifetimes have been observed experimentally in the
gas phase [4,7,23,26–30]. The existence of these
metastable radicals has been attributed to long-lived
excited electronic states produced by collisional elec-
tron transfer [4,7,13]. The excited states in metastable
hypervalent radicals have been probed by laser pho-
toionization and photoexcitation for ND4 [5]
(CH3)2ODz [7] and (CH3)2ND2

z [9].
Amongst hypervalent onium radicals, sulfonium

radicals represent a particular challenge to experimen-
tal and theoretical studies. The presence of stable
sulfur isotopes introduces the possibility of isobaric
overlaps between32S–1H or 32S–2H species from the
sulfonium ions and33S and34S species, respectively,
from the residual thiol or sulfide cation radicals. The
latter ions usually have substantially greater cross
sections for collisional electron transfer than do the
sulfonium ions and therefore can become unwanted
contaminants in NR mass spectra. In addition, com-
putational studies of H3S

z [36] and other sulfur-
centered radicals [37,38] revealed substantial basis set
effects that made predictions of radical stabilities very
difficult.

In the present work we address the question of
metastability in the dimethylsulfonium radical,
(CH3)2SHz (1Hz) (Scheme 1). Variable-time NR mass
spectra are used to investigate the formation and
dissociations of radical1Hz and its deuterium-labeled
derivatives 1HDz, 1DHz, and 1DDz. Configuration-
interaction singles (CIS) ab initio calculations [39]

with large basis sets are used to probe the electronic
states of1Hz.

2. Experimental

2.1. Materials

Dimethylsulfide was purchased from Aldrich
Chemical Co. (Milwaukee, WI) and purified by sev-
eral freeze–pump–thaw cycles before use. Di-(meth-
yl-d3)sulfide was prepared by reduction of dimethyl-
sulfoxide-d6 (Cambridge Laboratories, Andover, MA,
99.9% D) using a literature procedure [40]. The
product was purified by distillation and degassed by
several freeze–pump–thaw cycles before use. The
other materials were isobutane (Matheson, 99.5%),
methane (Matheson, 99.9%), acetone and methanol
(HPLC grade, Fisher), acetone-d6 and methanol-d4

(Cambridge Laboratories, Andover, MA, 99.9% D).

2.2. Methods

Measurements were made on a tandem quadrupole
acceleration–deceleration mass spectrometer de-
scribed previously [41]. Chemical ionization with
CH5

1 /CH4, CH3OH2
1/CH3OH, t-C4H9

1/i -C4H10, and
(CH3)2C-OH1/acetone was used to generate dimeth-
ylsulfonium ions (1H1) and di-(methyl-d3)sulfonium
ions 1DH1. CD3OD2

1/CD3OD and (CD3)2C–OD1/
(CD3)2CAO were used for deuteronation to prepare
ions1HD1 and1DD1. Chemical ionization (CI) was
performed in a tight ion source of our design and care

Scheme 1
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was taken to achieve high conversion to protonated or
deuteronated ions in order to minimize formation of
dimethylsulfide cation radicals. The collisional condi-
tions were as follows. The ion kinetic energy was
adjusted to 8200–8230 eV; trimethylamine and oxy-
gen were used as neutralization and reionization
gases, respectively, at pressures allowing 70% trans-
mittance (T) of the precursor ion beam.

Variable-time measurements were performed in a
60-cm-long drift region between the neutralization
and reionization cells using a system of floated
cylindrical lenses as described previously [42,43].
Briefly, a combination of fixed (1250 V) and scanned
(from 0 to 28230 V) voltages was applied to the
lenses to create an observation window for ions
formed by collisional reionization. Only ions with a
correct combination of mass, potential, and kinetic
energy were able to pass through an energy filter and
the quadrupole mass analyzer and be detected. The
total flight time through the drift region was kept
constant (t), while the lengths of the observation
windows were varied stepwise to achieve flight times
for the neutral species (tN) and reionized ions (ti)
such thatt 5 tN 1 ti. The observation times for1Hz

dissociations were 0.35, 1.05, 1.76, 2.47, and 3.78ms.
The observation times for1H1 dissociations were
3.44, 2.73, 2.02, and 1.31ms. The observation times
for the labeled radicals and ions (X) were longer
proportionately to [(m/z 5 X)/(m/z 5 63)]1/ 2, e.g.
0.37, 1.11, 1.86, 2.60, and 3.98ms for 1DDz of m/z 5
70, and likewise for the others.

2.3. Calculations

Standard ab initio calculations were carried out
with the GAUSSIAN 94 set of programs [44]. Ion and
neutral geometries were optimized with perturbational
Moller–Plesset calculations, MP2(FULL), using the
6-3111G(2d,p) basis set furnished with a split set of
polarization functions andsp shells of diffuse func-
tions on heavy atoms and hydrogens. Zero-point
energies and thermal corrections were taken from
previously published data [45]. Single-point energies
were calculated with MP2(frozen core) using the
larger 6-31111G(3df,2p) basis set. Geometry opti-

mizations of1Hz were also carried out with density
functional theory calculations that used Becke’s three
parameter hybrid functional (B3LYP) [46], which
includes a local correction functional by Vosko et al.
[47] and a nonlocal correction by Lee et al. [48].
These calculations used the 6-31111G(2df,2p) ba-
sis set. Excited state energies were calculated with the
CIS method [39]. Geometry optimizations of excited
states were conducted with CIS/6-3111G(2d,p).
Single-point energies for several excited electronic
states were calculated with CIS/6-31111G(3df,2p).

3. Results and discussion

3.1. Neutral dissociations

Precursor ions for the formation of1Hz were
prepared by protonation of dimethylsulfide(1) with
gas-phase acids having a wide range of acidities
(Table 1). Based on the revised proton affinity of1
(831 kJ mol21 [49,50]) protonations with CH5

1

through self-CI with CH3SCH3
1z ranged from 287 kJ

mol21 exothermic to 47 kJ mol21 endothermic.
Self-CI of 1 produced mostly the dimer, (CH3)2S z z

1z

S(CH3)2 (100% relative abundance), whereas proto-
nation was much less efficient (10%). The formation
of 1H1 under self-CI conditions must be due to the
presence of high-energy11z from 100 eV electron-
impact ionization or it may be caused by ion frag-
ments of PA smaller than that of1. Neutralization of

Table 1
Proton affinities and protonation exothermicities for the
formation of1H1

Reagent gas/acid
PAa

(kJ mol21) DPAb

CH4/CH5
1 544 287

H2O/H3O
1 691 140

CH3OH/CH3OH2
1 754 77

2-methylpropene/t-C4H9
1 802 29

2-propanone/(CH3)2C–OH1 812 19
dimethylsulfide/CH3SCH3

1z 831 247c

aIn kJ mol21.
bProtonation exothermicity for the formation of (CH3)2S–H1.
cFor the reaction: CH3SCH3

1z 1 (CH3)2S 3 CH3SCH2
z 1

(CH3)2S–H1.
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1H1 with trimethylamine followed by reionization
with oxygen gave the spectra shown in Fig. 1. The
intermediate radicals1Hz dissociated by loss of Hz to
give 1, which was detected after ionization atm/z 5
62. Likewise, loss of methyl gave rise to CH3SH
which gave a peak atm/z 5 48 following reioniza-
tion. These dissociations correspond to S–H and S–C
bond cleavages at the hypervalent sulfur atom. The
neutral products, CH3SH and1, are stable molecules
which are not expected to dissociate. For example, the
S–C bond dissociation energies in1 and CH3SH are
307–308 kJ mol21, and the S–H bond dissociation
energy in the latter molecule is 364 kJ mol21 [51].

The branching ratios for [1Hz–H]/[1Hz–CH3] were
estimated from [12]

@1Hz–H]/[1Hz–CH3# 5 $I~m/z5 62!/I~m/z5 48!%

3 @I rel(1)s~CH3SH!#/I rel(CH3SH)s(1)] (1)

¥INR(CH3SH) 5 F~CH3SH)3 Nls~CH3SH! (2)

Irel(CH3SH)1z 5 INR(CH3SH)1z/¥INR(CH3SH) (3)

where I (m/z 5 62) and I (m/z 5 48) are the
integrated intensities (areas) of the corresponding
signature peaks in the NR spectrum of1H1, I rel are
the relative intensities of the corresponding ions in the
reference NR spectra of [11z] and [CH3SH1z], respec-
tively, and s are the corresponding ionization cross
sections. Eq. (1) relies on Eqs. (2) and (3) (shown for
CH3SH only), which relate the neutral flux F of each
species to its total NR ion current(INR, ionization
cross sections, number density of the reionization
gas N, path lengthl , and relative intensity of the
signature ion I rel in the reference spectrum. The
ionization cross sections were estimated from the
additive scheme of Fitch and Sauter [52] ass 5 7.5
and 9.73 10216 cm2 for CH3SH and1, respectively.
Note, that only the relative value,s(CH3SH)/s(1), is
needed in Eq. (1).

The branching ratios showed no clear trends de-
pending on the internal energy of the precursor ion or
observation time for neutral dissociations. For exam-
ple, precursor ions1H1 were prepared by protonation
with CH5

1, CH3OH2
1, t-C4H9

1, and (CH3)2C–OH1 of
decreasing exothermicity. The respective [1Hz–H]/
[1Hz–CH3] branching ratios for the radical dissocia-
tions were 66/34, 74/26, 69/31, and 73/27. For the
least exothermic ionization with (CH3)2C–OH1, the
[1Hz–H]/[1Hz–CH3] branching ratios were 76/24, 77/
23, 70/30, and 73/27 (all63%) for radicals dissoci-
ating within 0.35, 1.05, 1.76, and 2.47ms, respec-
tively. Clearly, cleavages of both the S–H and S–CH3

bonds took place in hypervalent radicals1Hz but were
insensitive to the radicals’ internal energy or lifetime.

Dissociations of deuterium-labeled radicals1DHz,
1HDz, and1DDz also showed cleavages of S–H, S–D,
S–CH3, and S–CD3 bonds [Figs. 2(a)–(c)]. The
branching ratios for the various combinations of
nonlabeled and labeled products, CD3SH, CH3SD,
(CH3)2S, and (CD3)2S, were not established because
of lack of suitable reference spectra. Note that theI rel

values in Eq. (3) may be affected by isotope effects on
dissociations of labeled reionized products. Deute-

Fig. 1. NR mass spectra [(CH3)3N, 70% transmittance/O2, 70%
transmittance] of1H1 prepared by protonation with (a) CH5

1, (b)
CH3OH2

1, (c) t-C4H9
1, (d) (CH3)2C–OH1. Insets show them/z 5

60–67groups for1H1 from chemical ionization.
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rium isotope effects in NR spectra have been noted
previously [9,28,30]. However, the NR spectra indi-
cated preferential cleavages of S–(H,D) bonds in
hypervalent radicals1DHz, 1HDz, and1DDz.

3.2. Metastable radicals

The NR spectra of dimethylsulfonium ions showed
peaks at mass-to-charge ratio values corresponding to
survivor ions for1Hz [Fig. 1(a)–(d)]1HDz [Fig. 2(a)],
1DHz [Fig. 2(b)], and1DDz [Fig. 2(c)]. However, the
identity of these ions may be compromised by iso-
baric overlaps of, for example,1H1 with the13C and
33S isotopomers of11z, or 1D1 with the 34S isoto-
pomer of 11z. How severe this problem can be is
shown in Fig. 3. Them/z 5 60–65 iongroup from
protonation with CH5

1 showed a 12/100 ratio of

Fig. 2. NR mass spectra [(CH3)3N, 70% transmittance/O2, 70%
transmittance] of (a, top)1HD1 from deuteronation of1 with
(CD3)2C–OD1, (b, middle) 1DH1 from protonation of1D with
(CH3)2C–OH1, and (c, bottom)1DD1 from deuteronation of1D
with (CD3)2C–OD1.

Fig. 3. CI mass spectrum (a, top) and survivor-ion NR mass
spectrum [(CH3)3N, 70% transmittance/O2, 70% transmittance] (b,
bottom) of them/z 5 58–67 group from protonation of1 with
CH5

1.
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[11z]/[1H1] [Fig. 3(a)], corresponding to only 0.4%
of combined13C and 33S isotopomers overlapping
with 1H1 at m/z 5 63. However, the survivor-ion
spectrum [53] of this ion group showed mostly11z at
m/z 5 62 and its isotope satellites atm/z 5 63 and
64. The contribution of survivor1H1 at m/z 5 63
was only 3% of the survivor11z when corrected for
the (13C 1 33S) isotope satellites of the latter [Fig.
3(b)]. This implied that the NR efficiency for produc-
ing survivor 1H1 relative to that of 11z, frel 5
(12/100)/(100/3)5 0.0036, was very small, and the
NR formation of 11z was 278 times more efficient
than 1H1. Hence, the presence of low-level isotope
satellites of residual11z is expected to cause large
variations in the relative intensity of survivor ions in
standard NR spectra.

Fortunately, this large background effect can
largely be removed by exploiting the different time
dependence of the11z and 1H1 ion intensities in
variable-time NR spectra. The variable-time spectra
of 11z showed that the relative intensities of survivor
ions [11z] slightly decreased when the time window
for ion dissociations was increased while the time
window for neutral dissociations was decreased. For
example, [11z] was 47 and 44%¥INR (both61%) at
neutral lifetimes of 3.75ms and 0.35, respectively.
The effect of neutral and ion lifetimes practically
disappeared for11z prepared by charge–exchange
ionization with C6D6

1z, which is exoergic by mere
DIE 5 0.56 eV and inwhich ions11z can be further
thermalized in the ion source by collisions with
excessive C6D6 molecules. The [11z] from the vari-
able-time NR spectra were 506 1% for 0.35 and 3.75
ms neutral dissociation windows. Effects of neutral
and ion lifetimes were also observed for dissociations
of 1D1z which gave 33% and 42% of surviving1D1z

at neutral lifetimes of 0.37 and 3.93ms. It can be
concluded from these variable-time measurements
that neutralization of11z and its isotopomers did not
result in neutral dissociations. The fragments ob-
served in the NR spectra originated from ion dissoci-
ations induced by collisional reionization.

Variable-time spectra were obtained for hyperval-
ent radicals1Hz (Fig. 4),1HDz, 1DHz, and1DDz (Fig.
5). The spectra of1Hz showed decreasing relative

abundances of survivor1H1 upon increasing the
observation time for neutral dissociations. For exam-
ple, for 1H1 prepared by mildly exothermic protona-
tion with (CH3)2C–OH1, the [1H1]/[11z] ratio de-
creased from 0.36 at 0.35ms neutral lifetime to 0.15
at 1.76ms [Fig. 4(a)]. This effect pointed clearly to a
fraction of metastable1Hz dissociating on the micro-
second time scale. Note that isobaric contaminants
due to 13C and 33S isotopomers of11z would have
shown aweak and oppositetrend, similar to that
observed for11z. The existence of metastable1Hz was
thus proven free of interferences. In contrast, neutral-
ization of 1H1 from protonation with CH3OH2

1

showed variable fractions of survivor1Hz that de-
pended on the reagent gas pressure in the ion source.
For low pressures of methanol, the variable-time NR
spectra indicated the presence of survivor1Hz in spite
of contamination with (13C, 33S)11z. For high pres-

Fig. 4. Variable-time NR mass spectra of1H1 from (a, top)
protonation with (CH3)2C–OH1, (b, bottom) protonation with
CH3OH2

1. NR conditions as in Fig. 1.
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sures of methanol, the survivor ion practically disap-
peared [Fig. 4(b)]. In addition, the weak dependence
on the neutral lifetime of the survivor ion intensity
indicated that the ion was mostly composed of resid-
ual (13C, 33S)11z. Similar effects of source pressure on
hypervalent radical stabilities have been observed
previously for oxonium radicals [28–30]. A detailed
analysis for H3S

z [4] indicated that the pressure effect
may be due to hyperthermal vibrational energies of
precursor onium ions prepared by highly exothermic
protonation at low pressures. Collisional neutraliza-
tion of vibrationally excited ions forms fractions of
hypervalent radicals in bound excited electronic
states. It is not clear at present whether the vibrational
excitation in the precursor ion increases the Franck–
Condon overlaps for electron transfer into the excited
state, or whether vibrational excitation in the bound

radical excited state decreases the transition moment
for radiative transition to the weakly bound or un-
bound ground electronic state. Studies towards this
end are underway [54].

The deuterium-labeled radicals also showed sub-
stantial fractions of survivor ions that were distin-
guished from isobaric interferences by variable-time
NR spectra. Effects of neutral lifetimes were observed
for 1HDz generated by neutralization of1HD1; the
latter was prepared by exothermic deuteronation with
CD3OD2

1 at low ion source pressure. The variable
time spectra [Fig. 5(a)] showed that the relative
abundance of survivor1HD1 decreased with increas-
ing observation time for neutral dissociations. The
corresponding [1HD1]/[11z] abundance ratios were
0.22, 0.14, and 0.13 for neutral lifetimes of 0.35, 1.05,
and 1.76ms, respectively.1DHz from protonation of
1D with (CH3)2C–OH1 gave variable-time spectra
that showed fractions of survivor ions atm/z 5 69
that decreased with increasing the observation time
for neutral dissociations from 0.38 to 1.84ms [Fig.
5(b)]. The changes were substantial, e.g. the [1DH1]/
[1D1z] 5 1.13, 0.71, and 0.62 at neutral lifetimes of
0.38, 1.10, and 1.84ms, respectively. Conspicuous
changes in the relative abundance of1DD1 were also
observed in the variable time spectra shown in Fig.
4(c). The survivor ion relative abundance was mea-
sured as [1DD1]/[1D1z] 5 1.37, 0.83, and 0.63 at
neutral lifetimes of 0.38, 1.11, and 1.86ms, respec-
tively.

3.3. Neutral structures and energies

The variable-time measurements clearly indicated
that metastable hypervalent radicals1Hz, 1HDz, 1DHz,
and 1DDz of microsecond lifetimes were formed by
collisional electron transfer. However, these measure-
ments did not provide data on the structure and
energetics of the species under study. Structures and
energies were therefore obtained by ab initio calcula-
tions. Geometry optimizations of radical1Hz started
from the optimized geometry of ion1H1 (Fig. 6) and
several other initial geometries of different S–H
bonds. In each case, the calculations showed large
initial negative gradients along the S–H coordinate

Fig. 5. Variable-time NR mass spectra of (a, top)1HD1 from
deuteronation of1 with (CD3)2C–OD1; (b, middle) 1DH1 from
protonation of1D with (CH3)2C–OH1; (c, bottom)1DD1 from
deuteronation of1D with (CD3)2C–OD1. NR conditions as in Fig.
1.
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and resulted in dissociation to1 and hydrogen atom.
Additional geometry optimizations were attempted by
using density functional theory (DFT) and the larger
6-31111G(2df,2p) basis set. This basis set was
deemed to be sufficiently flexible to handle even
weak, long bonds in hypervalent radicals [4,7]. DFT
methods, e.g. those using Becke’s hybrid functional
(B3LYP) tend to slightly overstabilize radicals [55],
which was thought to be helpful in finding a potential
energy minimum for ground-state1Hz. A geometry
optimization with B3LYP/6-31111G(2df,2p) re-
sulted in an exothermic dissociation of the S–H bond.
A shallow local energy minimum was found which
showed a long S–H bond (2.173 Å, Fig. 6) in a loose
complex of1 and a hydrogen atom which was bound
by mere 4 kJ mol21 at 0 K, which increased to 7 kJ
mol21 at 298 K. However, a single point calculation
with spin projected MP2/6-31111G(3df,2p) placed
the respective 0 and 298 K energies of the1 . . . Hz

complex at 13 and 10 kJ mol21 abovethe products.
Hence, the existence of a weak complex of1 and a
hydrogen atom was not established unambiguously
even at the present high level of theory.

By comparison, (X)2A*1Hz formed by vertical
neutralization of ion1H1 was calculated by B3LYP/

6-31111G(2df,2p) and UMP2/6-31111G(3df,2p), re-
spectively, to be 78–137 kJ/mol21 above the energy
of the dissociation products,1 1 Hz. This means that
regardless of the possible existence of a loosely bound
complex along the dissociation path, the (X)2A9 state
of 1Hz when formed by vertical electron transfer had
a sufficient internal energy to dissociate by hydrogen
atom loss. The instability of1Hz was in line with
previous calculations of H3S

z that also failed to find a
bound structure at several levels of theory [4,36]. A
qualitative rationalization of the weak S–H bond
followed from the lobal properties of the 12a9 SOMO
in vertically formed1Hz (Fig. 6). The SOMO was
antibonding along the S–H bond and showed an
unusually large spin density (11.15) and a negative
charge (20.95) on the hydrogen atom. This accumu-
lation of electron density on the hydrogen atom
apparently contributed to the disruption of the S–Hs

bond and increased the potential energy of1Hz high
above the dissociation limit.

Vertical neutralization of1H1 to the repulsive part
of the (X)2A9 ground-state potential energy surface of
1Hz was accompanied with a recombination energy
that was calculated by MP2/6-31111G(3df,2p) as
REv 5 3.70 eV. Vertically formed radical1Hz was
calculated to dissociate exothermically to1 1 Hz (DHr

5 2137 kJ mol21) and/or CH3SH 1 CH3
z (DHr 5

2174 kJ mol21) (Fig. 7). The MP2-calculated differ-
ence in the product enthalpies (37 kJ mol21 in favor
of CH3SH1 CH3

z at 298 K) was somewhat lower than
the value from standard thermochemical data (58 kJ
mol21) [51]. The thermochemical data thus preferred
the formation of CH3SH 1 CH3 as the more exother-
mic channel. However, since vertically formed1H z

was unbound with respect to S–H bond cleavage, the
latter dissociation must have occurred in a time
shorter than the vibrational period for the S–H stretch.
From the corresponding wave number in1H1,
n(S–H) 5 2558 cm21, the vibrational period was
estimated ast 5 1.303 10214 s. This short lifetime
was not only incompatible with the existence of
metastable1Hz, but also did not allow a competing
S–CH3 bond cleavage to occur provided the radical
was bound along the S–C coordinate. The observed
loss of methyl from1Hz was therefore difficult to

Fig. 6. The 12a9 singly occupied molecular orbital (SOMO) in
vertically formed1Hz from UHF/6-31111G(2d,p) orbital analysis
and the B3LYP/6-31111G(2df,2p) optimized structure of the
(1 1 H)z complex.
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explain based on the properties of the ground-elec-
tronic state of1Hz alone.

In the absence of a bound structure for ground-
state1Hz, its metastability and dissociation by loss of
methyl must be due to the population of excited
electronic states. Electronic states in1Hz were probed
with CIS/6-31111G(3df,2p) single-point calcula-
tions for a nonequilibrium geometry corresponding to
vertical electron capture,1H1 3 1Hz. The use of
single excitations in the configuration interaction
calculations was justified by the ordering of the
molecular orbital energies in1Hz. The SOMO energy
(12a9, 2eSOMO 5 3.30 eV), which confines the
energy span of the unoccupied orbitals, was substan-
tially smaller than the excitation energy from the
highest doubly occupied molecular orbital,E(11a93
12a9) 5 9.85 eV. Excitations in the CI procedure
thus involved almost exclusively the 12a9 electron

and the manifold of unoccupied orbitals of appropri-
ate symmetry.

Several excited states were identified by CIS/6-
31111G(3df,2p) calculations, e.g. (A)2A0, (B)2A9,
(C)2A9, D(2A9), andE(2A9), which were within 2.0
eV of the point of vertical landing on the repulsive
(X) state. TheA, B, C, andE states showed moder-
ately low oscillator strengths for radiative transition to
the repulsive ground state,f # 0.05, which could
possibly further decrease at geometries corresponding
to local energy minima on the excited state potential
energy surfaces. However, attempts to fully optimize
with CIS/6-3111G(2df,p) the geometries for the
( A) and (B) states were unsuccessful. The problem
with the CIS gradient optimizations was that they
produced unpredictable errors in virtual orbital selec-
tion to construct the CIS matrix. Although progress
towards (possible) local minima at the (A) and (B)
state potential energy surfaces had been made, the
calculations became too expensive to be practical and
had to be abandoned. Nevertheless, the not fully
optimized structures showed slow convergence to-
wards standard C–S and S–H bond lengths, e.g. 1.816
and 1.336 Å, respectively, for the (A) state, and 1.907
and 1.317 Å, respectively, for the (B) state, that
indicated that local energy minima may exist on these
potential energy surfaces. Simultaneously, the oscil-
lator strengths for radiative transitions to the (X) state
decreased below 0.02 for the (A) and (B) states.
Although these partial optimizations are not conclu-
sive, they may indicate the existence of long-lived,
bound excited states in1Hz.

4. Conclusions

Variable-time neutralization–reionization mea-
surements allowed us to distinguish long-lived hyper-
valent dimethylsulfonium radicals and their deuterium
isotopomers even in the presence of substantial back-
ground due to isobaric overlaps. This added dimen-
sion in NRMS showed promise for the detection of
extremely labile species and distinction of neutral and
ionic dissociations even if they formed chemically
identical products. Ab initio calculations indicated

Fig. 7. Potential energy diagram for neutralization of1H1 and
dissociations of 1Hz. Energies in kJ mol21 from MP2/6-
31111G(3df,2p) calculations. (a) B3LYP/6-31111G(2df,2p)
energies. (b) CIS/6-31111G(3df,2p) excitation energies in elec-
tron volts.
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that vertical neutralization of1H1 landed on a repul-
sive part of the (X)2A9 potential energy surface of1Hz

so that the latter should dissociate within 10214 s by
cleavage of the S–H bond. The existence of metasta-
ble 1Hz and dissociations by S–C bond cleavage are
tentatively ascribed to long-lived, bound excited elec-
tronic states that are populated by femtosecond colli-
sional electron transfer. Ab initio calculations of
excited electronic states in hypervalent sulfonium
radicals are difficult and yet not fully conclusive.
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