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Two-center three-electron bonds involving selenium
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Abstract

We report the first known experimental gas-phase study of two-center three-electron bonding involving selenium. Ions
studied include: [(CH3)2Se.

.
. Se(CH3)2]+, [(CH3)2Se.

.
. Se(CH3)2]+ and [(CH3)2Se.

.
. ICH3]+. We investigated these ions

using metastable and collision-induced dissociation MS/MS methods. The metastable spectra of [(CH3)2Se.
.
. Se(CH3)2]+,

[(CH3)2Se.
.
. S(CH3)2]+ and [(CH3)2Se.

.
. ICH3]+ show direct cleavage of the Se.

.
. Se, Se.

.
. S and Se.

.
. I bonds. In addition,

the metastable spectrum of [(CH3)2Se.
.
. ICH3]+ shows fragmentation via a rearrangement path with ejection of the iodine

atom. These metastable and collision-induced dissociation spectra are all consistent with Se.
.
. Se, Se.

.
. S and Se.

.
. I hyperva-

lent interactions. Spectra of [(CH3)2Se.
.
. (CH3)2]+ were also compared with spectra of [CH3Se–SeCH3]•+, these comparisons

also very strongly support the two-center three-electron Se.
.
. Se interaction in [(CH3)2Se.

.
. Se(CH3)2]+. Experimental equi-

librium studies of(CH3)2Se•+ + Se(CH3)2�[(CH3)2Se.
.
. Se(CH3)2]+ resulted in�H◦

rxn = −95± 3 kJ/mol and�S◦
rxn =

−76± 6 J/mol K. Since in this reaction,�H◦
rxn = −�H◦

bond, the experiment yields a bond enthalpy of 95 kJ/mol at 511 K.
We believe that these are the first gas-phase experiments on 2c-3e bonding involving selenium and thus, this may be the first
experimental determination of a Se.

.
. Se bond enthalpy.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Much research has been devoted to studies of
two-center three-electron (2c-3e) bonds in both the gas
phase and solution. These hypervalent interactions,
first described by Linus Pauling in 1931 relate to both
reactive intermediates and stable products[1]. Our in-
terest in 2c-3e interactions stems mostly from a desire
to understand the fundamentals of these interactions.
We have published gas-phase reports on S.

.
. S, X .

.
. X,
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X .
.
. Y and S.

.
. X, where X and Y represent the halo-

gens F, Cl, Br and I[2–10]. Other groups, namely Nib-
bering and coworkers’[11] and Baer and coworkers’
[12] groups, have also published experimental
gas-phase results on 2c-3e bonds. Asmus[13] has been
the main player in studies of these bonds in solution.

Though much research has been devoted to studies
on 2c-3e bonding interactions, reports on gas-phase
interactions involve just a few atoms. In this article,
we report what we believe are the first gas-phase stud-
ies on 2c-3e bonding involving selenium atoms. As-
mus[13] has reported UV-Vis absorptions, which he
has attributed to Se... Se interactions in solution. A
Se.

.
. Se interaction has also been reported in an ESR
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solid-state study[14] while such interactions have also
been computationally explored[15].

Selenium is an essential element for life as a mi-
cronutrient[16]. Selenium is found as a selenocys-
teine residue and as a component of a cofactor. As
selenocysteine, selenium has been shown to be essen-
tial for catalytic activity in mammalian thioredoxin
reductase. Selenium also is present in our atmo-
sphere; however, its lifetime there is not very long
[17]. We hope that this research will lead to a better
understanding of 2c-3e bonding in general and to a
more complete understanding of how selenium may
interact in this manner.

2. Experimental

Experiments were carried out using two mass spec-
trometers. MS/MS experiments were carried out on
a modified ZAB-1F. This instrument was modified
by addition of a collision cell in the second field-free
region, by placing the electron multiplier on-axis to
reduce discrimination in the MIKES scan and by
a home-built ion source. These modifications have
been described[3]; however, a brief description of
the ion source is warranted. The ion source, built
from a large oxygen-free copper block, is optimized
for high-pressure and variable-temperature operation.
The source has co-axial electron beam and ion-exit
geometry and utilizes an ion extraction potential be-
tween the front plate and the rear plate. The inside
source cross-section is large, resulting in a uniform
ion extraction electric field drop within the source.
Ions generated at the electron entrance drift through
the 1-cm drift length to the ion exit slit; hence,
they undergo numerous reactive collisions. The ex-
periments described here were carried out around
315 K; we estimate that the ion source pressures were
approximately 0.3–0.5 Torr. Kinetic energy release
distributions (KERDs), were obtained by standard
methods from metastable peak shape analysis[18].
CID spectra were recorded using helium as the sta-
tionary gas at pressures needed to reduce the main
beam intensity by 40%.

Thermodynamic measurements were carried out us-
ing a DuPont 491 fitted with a high-pressure, variable-
temperature ion source that resembles a miniature
drift tube [3,4,19]. This source also has a co-axial
electron entrance/ion exit geometry and contains
four internal drift guard rings, which shape the
electric drift field. Experiments on the equilibrium
forming [(CH3)2Se.

.
. Se(CH3)2]+ were carried out

with 0.010–0.032 Torr Se(CH3)2 in research grade
CO2. The total source pressure ranged from 0.5
to 0.8 Torr; higher ion source pressures resulted in
collision-induced dissociation in the ion acceleration
region and hence incorrect measurements of adduct
ion intensities, while at lower ion source pressures
equilibrium was not established. The ion source pres-
sures in this instrument were directly measured with a
MKS type 270B capacitance manometer. The source
temperature ranged from 462 to 560 K and was mea-
sured with a platinum resistance element imbedded in
the ion source copper wall. This ion source was de-
signed and built with special attention for a uniform
temperature, especially at the ion source exit. Towards
this end, the ion exit slit is placed inside the massive
copper block; this provides excellent heat transfer and
eliminates a temperature gradient at the exit slit. Both
continuous and pulsed experiments were conducted.

In all experiments, the association adducts were
formed by introducing gas samples into the ion source
and forming the ions of interest by ion–molecule reac-
tions. In every case, spectra of only the80Se isotopes
were examined. In the metastable and CID experi-
ments, some artifact peaks from other isotopes were
observed; however, these artifact peaks were easily
identified. In the thermodynamic experiments, quan-
titative measurements of only the80Se isotope were
made, however, those measurements were corrected
by the natural abundances of all the isotopes to reflect
the entire ion intensity.

All chemicals were used as purchased. CO2 was
purchased from MG Industries, Se2(CH3)2 from Strem
and CH3I, S(CH3)2 and Se(CH3)2 from Aldrich. Due
to the toxicity of selenium compounds, great care was
taken to properly vent all vacuum pumps used into
hoods.
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All chemicals used were commercially available.
Sample preparation was accomplished by simple out-
gassing through several freeze-pump-thaw cycles with
a Pyrex vacuum line with a base pressure of approxi-
mately 5× 10−3 Torr.

3. Results and discussion

3.1. MS/MS experiments

3.1.1. [(CH3)2Se .
.
. Se(CH3)2]+

Metastable and CID experiment were carried out
on all three ions listed in the abstract. The metastable
fragmentation of [(CH3)2Se.

.
. Se(CH3)2]+ (shown in

Fig. 1) results in a single fragmentation path. The
larger peak atm/z 110 corresponds to fragmentation of
[(CH3)2

80Se.
.
. 80Se(CH3)2]+ while the smaller peaks

at m/z 108 and 112 correspond to fragmentation of
[(CH3)2

78Se.
.
. 82Se(CH3)2]+. For this fragmentation,

the charge is retained equally on either isotopic moi-
ety, resulting in the two satellite peaks. The kinetic
energy release distribution (KERD) for this process
was measured and yielded an average kinetic energy
release (aKER) of 27 meV. Small aKERs are indica-
tive of reactions with very small or no reverse acti-
vation barriers. Direct cleavage of bonds is a class
of reactions which falls into this category. The ob-
served aKER of 27 meV is consistent with many we
have observed for direct cleavage on other studies of

Fig. 1. The metastable spectrum of [(CH3)2Se.
.
. Se(CH3)2]+ showing direct cleavage of the 2c-3e bond yieldingm/z 110 (CH3)2Se+.

The smaller peaks are due to the same chemical cleavage from ions containing78Se82Se.

2c-3e bonded systems. We suggest that the observed
aKER implies direct cleavage of a bond involving the
Se on the (CH3)2Se•+ fragment.

The metastable spectrum for [CH3Se–SeCH3]•+

from direct ionization of CH3Se–SeCH3 is shown in
Fig. 2 for comparison purposes. This spectrum is very
different from that for [(CH3)2Se.

.
. Se(CH3)2]+. The

main peak in the spectrum is atm/z 109. This ion
at m/z 109 cannot come from simple direct cleavage
of a bond; rather it must arise from a rearrange-
ment mechanism resulting in C2H5Se+ and neutral
SeH•. The aKER for this fragmentation is 61 meV.
Although this is not large, it is about double that for
the direct fragmentation above. Larger KERs are usu-
ally observed for reactions involving rearrangements
and reverse activation barriers. Thus, this average
61 meV release supports a rearrangement relative to
the 27 meV release observed for direct fragmentation
of [(CH3)2Se.

.
. Se(CH3)2]+. The metastable spectra

of [(CH3)2Se.
.
. Se(CH3)2]+ and [CH3Se–SeCH3]•+

each only have one major product peak; however, the
mechanisms giving rise to the products are very dif-
ferent. The mechanism for the former involves direct
cleavage of a bond while the mechanism for the latter
involves rearrangement followed by bond cleavage.

The CID spectrum of [(CH3)2Se.
.
. Se(CH3)2]+

is shown in Fig. 3. The most intense peak for
[(CH3)2Se.

.
. Se(CH3)2]+ is the direct cleavage of the

Se.
.
. Se bond yielding (CH3)2Se•+. This fragmen-

tation reaction is the same as that in the metastable
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Fig. 2. The metastable spectrum of [CH3Se–SeCH3]•+. The larger peak atm/z 109 is that for a rearrangement reaction yielding C2H5Se+.
The smaller peaks are due to CID that could not be reduced due to the very weak metastable product intensity.

spectrum. It is interesting to note that peaks for loss of
one, two, three and four methyl groups corresponding
to (CH3)3Se2+, (CH3)2Se2•+, CH3Se2+, Se2•+ are
observed. In addition, a peak corresponding to one
methyl loss from (CH3)2Se•+ is observed. Hence,
the CID spectrum contains peaks for almost every
possible methyl loss. This suggests a relatively large
cross-section for Se–C bond cleavage by CID. The
strong peak atm/z 110 for (CH3)2Se•+ and the peak
at m/z 160 for Se2•+ support our hypothesis that the
parent ion contains a Se... Se connectivity.

The CID spectrum for [CH3Se–SeCH3]•+ is shown
in Fig. 4. This spectrum differs from that inFig. 3
in that the product ion CH3Se+ resulting from di-
rect Se–Se cleavage is not very intense; rather the
most intense peak in the spectrum is that for loss

Fig. 3. The CID spectrum of [(CH3)2Se.
.
. Se(CH3)2]+. The most intense peak atm/z 110 (CH3)2Se•+ is due to cleaving the Se.

.
. Se

bond. Note that all possible ions due to methyl loss appear.

of methyl from the parent ion. The fact that direct
cleavage of the Se–Se bond is much less intense in
[CH3Se–SeCH3]•+ relative to that for direct cleavage
of the Se... Se bond in [(CH3)2Se.

.
. Se(CH3)2]+ in-

dicates that the 2c-2e bond is much stronger than the
proposed 2c-3e bond in [(CH3)2Se.

.
. Se(CH3)2]+.

We note that the only peak observed in the metastable
spectrum, that requiring a rearrangement yielding
C2H5Se+ and SeH• (Fig. 2), is much weaker in this
CID spectrum. This is consistent with CID occur-
ring on a shorter time frame where direct processes
dominate.

The main findings from these metastable and CID
spectra for [(CH3)2Se.

.
. Se(CH3)2]+ and [CH3Se–

SeCH3]•+ parallel the main findings of earlier pub-
lished results[3,4,6,10] on the metastable spectra
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Fig. 4. CID spectrum of [CH3Se–SeCH3]•+. This spectrum shows a very weak peak form/z 95 that results from cleaving the Se.
.
. Se

bond. All possible methyl losses appear.

for [(CH3)2S.
.
. S(CH3)2]+ and [CH3S–SCH3]•+ and

very strongly suggest an entirely different bond-
ing scheme for the two ions. These data support
a 2c-2e bond in [CH3Se–SeCH3]•+ and a 2c-3e
bond in [(CH3)2Se.

.
. Se(CH3)2]+. This is especially

true of the large peak for (CH3)2Se•+ along with
a weak peak for Se2•+ in the CID spectrum of
[(CH3)2Se.

.
. Se(CH3)2]+. We note the propensity for

CH3
• loss when the methyl group is directly bonded

to Se is observed in these spectra.

3.1.2. [(CH3)2Se .
.
. S(CH3)2]+

The metastable and CID spectra of [(CH3)2Se.
.
.

S(CH3)2]+ are straightforward and are not shown.
The metastable spectrum shows one peak atm/z 110
(CH3)2Se•+ with a relatively small aKER around

Fig. 5. The metastable spectrum of [(CH3)2Se.
.
. ICH3]+. The spectrum shows the two competing fragmentation paths, direct fragmentation

and rearrangement followed by fragmentation.

23 meV. Surprisingly, the CID spectrum has only one
intense peak also corresponding to (CH3)2Se•+. The
spectrum however has weak peaks corresponding to
most possible methyl losses. These metastable and
CID results indicate a straightforward structure with
Se.

.
. S connectivity.

3.1.3. [(CH3)2Se .
.
. ICH3)]+

The metastable spectrum of [(CH3)2Se.
.
. ICH3]+

shown inFig. 5has two peaks, (CH3)2Se•+ atm/z 110
from direct cleavage of the Se... I bond and a second
peak atm/z = 125 which corresponds to (CH3)3Se+.
The first peak atm/z 110 results from a direct fragmen-
tation of the parent ion with the charge residing on the
fragment moiety with the lowest ionization potential
and results in a relatively small aKER of 10 meV. The
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Fig. 6. The CID spectrum of [(CH3)2Se.
.
. ICH3]+. The strongest product peak ism/z 110 (CH3)2Se•+. Again, this spectrum demonstrates

product peaks for every possible methyl loss.

second peak, (CH3)3Se+, corresponds to ejection of
an iodine atom from the parent [(CH3)2Se.

.
. ICH3]+

ion. This fragmentation requires a skeletal rearrange-
ment and results in a larger aKER. This iodine ejection
is similar to that observed in the metastable spectrum
of [(CH3)2S.

.
. ICH3]+.

The CID spectrum of [(CH3)2Se.
.
. ICH3]+ is very

rich in detail and is shown inFig. 6. The largest peak
is that for (CH3)2Se•+; however, all possible com-
binations of methyl loss from [(CH3)2Se.

.
. ICH3]+

are observed. The peak for the rearrangement path
yielding (CH3)3Se+ at m/z 125 is also observed. This
spectrum is in clear support of the proposed bond-
ing. The very strong peak atm/z 110 for (CH3)2Se•+,
the much weaker peak atm/z 142 for CH3I•+ and
the very weak peak at 207 for SeI+ all implicate the
[(CH3)2Se.

.
. ICH3]+ connectivity.

3.2. Summary of the metastable and CID results

The metastable and CID spectra of [(CH3)2Se.
.
.

Se(CH3)2]+, [(CH3)2Se.
.
. S(CH3)2]+ and [(CH3)2-

Se.
.
. ICH3]+ all support the proposed structures. The

spectra of [(CH3)2Se.
.
. Se(CH3)2]+ are compared to

those of [CH3Se–SeCH3]•+. These comparisons are
in very strong support of the 2c-3e bond in the for-
mer and a 2c-2e bond in the latter. The CID spectra
of all three 2c-3e bonded adducts show peaks for al-
most every possible combination of methyl loss. The
peaks corresponding to all methyl losses in the CID

spectrum of [(CH3)2Se.
.
. S(CH3)2]+ (not shown) are

much weaker relative to the methyl loss peaks in
[(CH3)2Se.

.
. Se(CH3)2]+ and [(CH3)2Se.

.
. ICH3]+.

We do not have a firm explanation for this, however,
we note that the less intense peaks are observed for the
sulfur-containing cation. Sulfur, being in the third row
of the periodic table is the smallest and “hardest” of
the heteroatoms involved in our study. This may imply
that loss of methyl groups attached to large soft atoms
is much more facile than methyl loss from the smaller
heteroatoms. However, the entire answer is probably
more complex since [(CH3)2Se.

.
. S(CH3)2]+ should

have two methyl groups attached to selenium and
losses of those peaks does not appear to be intense.

3.3. Thermochemical equilibrium experiments

This study provided us the opportunity to attempt
the first quantitative measurements of gas phase
selenium–selenium 2c-3e bonding interactions. Equi-
librium experiments on the reaction

(CH3)2Se•+ + Se(CH3)2

� [(CH3)2Se.
.
. Se(CH3)2]+ (1)

carried out as a function of temperature in CO2 bath
gas yield�H◦

rxn and�S◦
rxn from the van’t Hoff equa-

tion

ln Krxn = −�H◦
rxn

RT
+ �S◦

rxn

R
.
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In order to collect meaningful equilibrium data, it is
necessary to prove that the experiments measure true
equilibrium constants. We routinely carry out four tests
to demonstrate that equilibrium has been achieved:
(1) We measure the equilibrium quotient as a func-
tion of the ion source extraction potential. These mea-
surements are made with extraction potentials as low
as feasible. (2) At a given temperature we measure
the equilibrium quotient as a function of the neutral
reagent gas pressure, in this case the Se(CH3)2 pres-
sure. (3) We measure the equilibrium quotient as a
function of the total ion source pressure by varying the
bath gas pressure. (4) We measure the ion source res-
idence time distributions to demonstrate constant ion
current–time profiles. These measurements, the result-
ing van’t Hoff plot and the bonding thermochemistry
are presented here.

Measurements of the reaction quotient as a func-
tion of the ion extraction voltage were found to be
constant at low voltages and to curve downwards at
higher voltages. This downward curvature at higher
voltages indicates that, in the region where the cur-
vature takes place, equilibrium is not established, and
the reactant ion intensity which appears in the de-
nominator is larger than the equilibrium value. Thus,
equilibrium has not yet been achieved at the higher
extraction voltages which result in shorter ion res-
idence times. We therefore averaged our measured

Fig. 7. Residence time distributions of [(CH3)2Se]•+ (dots) and [(CH3)2Se.
.
. Se(CH3)2]+ (connected points). The identical distributions

show attainment of equilibrium in reaction (1).

equilibrium values at the low ion extraction voltages
in the region with constant equilibrium quotient.

Naturally, the reaction quotient will be constant as
the composition is changed. In these experiments, we
were able to achieve equilibrium from 0.01 to 0.03 Torr
of (CH3)2Se. Larger (CH3)2Se pressures shifted the
equilibrium too far to the right and made measure-
ments of the (CH3)2Se•+ intensity very difficult.. The
total ion source pressure was also varied up to about
0.65 Torr. At higher pressures, collision-induced dis-
sociation outside the ion source in the ion accelera-
tion region resulted in a reduction of the association
product ion intensity, [(CH3)2Se.

.
. Se(CH3)2]+.

The final test for equilibrium comes in the form
of residence time distributions. When equilibrium is
attained, residence times for both the product and
reactant ions become identical. This is demonstrated
in Fig. 7. This figure shows two superimposed RTDs;
that for (CH3)2Se•+ is given by the dots while that
for [(CH3)2Se.

.
. S(CH3)2]+ is given by the solid con-

nected points. The figure clearly demonstrates that
these two distributions are superimposable. In addi-
tion, the mathematical averages of these distributions
are the same. We have found that identical RTDs
represent a rigorous test of equilibrium.

With demonstrated equilibrium, data for a van’t
Hoff plot were collected. These data covered a range
of conditions at each temperature. The results of
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Fig. 8. The van’t Hoff plot resulting from the equilibrium experiments on reaction (1).

the temperature studies are shown inFig. 8. These
data cover the entire measurable temperature range
from 462 to 560 K[20]. The slope of this plot yields
�H◦

rxn = −95 ± 3 kJ/mol while the intercept yields
�S◦

rxn = −76 ± 6 J/mol K. These results are in ex-
cellent accord with similar reactions and chemical
intuition. The bonding enthalpy is given by:

�H◦
bond = −�H◦

rxn = 95 kJ/mol

This value is about 50% of the mean diselenide
RSe–SeR bond energy which has a reported bond
energy of 192 kJ/mol[15,21]. The measured bond en-
thalpy is in excellent agreement with a 2c-3e bonded
interaction and also in accord with other experi-
mental and computed 2c-3e sulfur–sulfur bonding
interactions. The Se... Se bond enthalpy and entropy
of reaction are both lower than previously published
S.

.
. S interactions. The Se... Se bond is approxi-

mately 15 kJ/mol weaker than S... S interactions that
average around 110 kJ/mol. This might be attributed
to the larger atomic size of selenium relative to sulfur,
resulting in a weaker bond. The entropy of reaction
is about 30 J/mol K less negative than those found
for the S.

.
. S systems. A smaller entropy of reaction

is expected for a more weakly bonded system be-
cause the more weakly bonded the products are, the
more “reactant like” they may be. Hence, we expect
a smaller entropy of reaction for more weakly bound

association products. This argument however cannot
lead to a quantitative result.

Experiments on the equilibrium reaction

(CH3)2Se•+ + S(CH3)2 � [(CH3)2Se.
.
. S(CH3)2]+

(2)

were attempted. However, we were unable to es-
tablish conditions which resulted in residence time
distributions which were superimposable. Therefore,
we were not able to establish thermodynamic equilib-
rium in our ion source. Equilibrium experiments on
[(CH3)2Se.

.
. ICH3]+ were not carried out since CH3I

gas reacts with Se(CH3)2 gas forming a trimethylse-
lenononium iodide salt[22].

4. Conclusions

We believe the results presented here are the
first gas-phase experiments on 2c-3e bonded sys-
tems involving selenium atoms. Our data support the
structures: [(CH3)2Se.

.
. Se(CH3)2]+, [(CH3)2Se.

.
.

S(CH3)2]+ and [(CH3)2Se.
.
. ICH3]+. The metastable

spectra of [(CH3)2Se.
.
. Se(CH3)2]+ and [(CH3)2Se.

.
.

S(CH3)2]+ show only direct cleavage of the 2c-3e
bond. However, [(CH3)2Se.

.
. ICH3]+ shows direct

cleavage and ejection of the iodine atom. The later
path must involve a rearrangement and is not a
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simple direct fragmentation reaction. The spectra of
[(CH3)2Se.

.
. Se(CH3)2]+ were compared to those of

[CH3Se–SeCH3]•+. Both the metastable and CID
spectra of these two ions are different and very
strongly support the conclusion that the former con-
tains a 2c-3e Se... Se bond while the latter contains
a 2c-2e Se–Se bond. The CID spectra of all the
Se-containing cations studied here show a remarkable
propensity for CH3• loss; this is true of all methyl
groups in the molecule whether bonded to Se, S or I.
The propensity for CH3• loss may be due to the large
“soft” nature of the selenium atom.

The thermodynamic equilibrium experiments re-
sulted in what we believe is the first experimental
2c-3e bond enthalpy for a Se... Se interaction. The
value of �H◦

bond = 95 kJ/mol is in intuitive agree-
ment when compared to 2c-2e Se–Se bond energies
as well as when compared to reported 2c-3e S.

.
. S

bond energies and enthalpies.
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