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A comprehensive theoretical study is performed ofif@MSQO), complexes up tm = 6 at the B3LYP/6-
311+G(d, p) level to understand their structures and stabilities with respect to various dissociation channels,
including the evaporation of neutral DMSO, the dissociative electron and proton transfer, the cleavage of a
methyl radical (CH) and methane (ChHl as well as their combined loss (2gHCH,, and CH + CHy). The

most stable structures of 8¢DMSO), correspond to highly symmetric and quasi-spherical configurations.
The calculated dissociation energies indicate that the(BMSO), species are thermodynamically stable

with respect to all considered dissociation processes without charge separation for any size and to the charge-
separating processes (dissociative electron transfer and lossz0j @in > 4 but are thermodynamically
unstable with respect to these charge-separating processes=far-3. The transition states for the charge-
separating processes of3$(OMSO), with n = 1—-3 are determined, and the calculated energy barriers are
found to be high enough to stabilize the respective complex. Therefore, these small species are kinetically
metastable with long lifetimes and should be observable. The minimum number ¢f DMSO ligands
required to stabilize the Scion against dissociative electron or proton transfer emerges from our calculations
ashmin = 1, and the critical sizengiy), above which the evaporation of a neutral ligand becomes more favorable
than the dissociative electron or proton transfer, is estimated tgpe 5—6.

I. Introduction reduction takes place upon contact with any ligand. This hinders
The study of ion solvation in liquids has been at the heart of sequential ligation of multiply charged metal ions in the manner

physical chemistry since its inception a century agecently, ~ that is standard for singly charged ondsy passing through
attention has moved to ion solvation in finite systems, where the vapor of a desired ligand species. Even the metal dications
the elementary processes can be followed stepwise by massWith IE2 below the ligand Ik that do not undergo electron
spectrometric method8 and a close connection to high-level transfer can often not be ligated by sequential addition, due to
theoretical modeling is possible. These microscopic studies in the existence of other competitive dissociation processes,
finite systems are of great benefit for the thorough understandingincluding proton transfér® and a variety of intraligand cleavage

of chemical processes in solution. processes, with or without charge reduction.

Solvation of metal ions is particularly intriguing in view of A decade ago, ligated multiply charged metal ions were
the critical importance of coordination effects involving organic successfully produced by the electrospray ionization (ESI)
ligands (self-solvation) in many biological molecufesAl- technique'® This technique circumvents the small size range,

though gas-phase metdigand complexes have been studied where the simultaneous dissociative electron or proton transfer
for several decades, most work was limited to singly charged would occur, by transferring the solvated ions already existing
species because solvated multiply charged metal ions were noin liquid solution directly into the gas phase. More recently,
accessible until the 1990s. The difficulty in generating multiply two other alternative techniques, the so-called “pickijpthd
charged metatligand complexes results from the generally huge “charge-stripping*? methods, were developed, which generate

difference between the second ionization energy) @Ea metal the multiply charged metaligand complexes by laser or
and the first IE (Ig) of a ligand. The I of most common electron-impact ionization of the presolvated metal neutrals or
organic ligands lies in the range of-82 eV8 while the IE’s monocations.

of almost all metal atoms (except alkaline earths) are above 12 These methods have generated gas-phase complexes of metal
eV. Hence, electron transfer from a neutral ligand (L) to a bare dications with a variety of ligands, including both protic (water,
metal (M) dication is usually energetically favorable and occurs alcohols) and aprotic (ethers, acetone, acetonitrile, ketones,
spontaneously upon contact followed by dissociation driven by dimethyl sulfoxide (DMSOQ), benzene, and pyridine)
Coulombic repulsiorf,namely, M*L,— M*Ln1 + L*. This solvents?13-19 The production of these species becomes more
tendency is even more pronounced for metal trications since challenging with the increase of the,lBf the metal atoms.
the third IE (I&) of all metals lies above 19 eV, and charge |, comparison, microsolvated metal trications have been

* Corresponding author. E-mail: frank.d.hagelberg@ccaix.jsums.edu. reported qnly for one prOtIC.“gand (dlacetope alcoffond
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group 3 in the periodic table, including yttrium and the (2) What are the structures of various dissociation products,
lanthanides, which have the lowest; & all metals. and what are the related dissociation energies?

Very recently, Shvartsbufgreported the formation of DMSO (3) Are the S&*(DMSO), complexes stable with respect to
complexes for a number of triply charged ions of metals these dig;ociation processes? .If not, vyhat are the structures of
including scandium and those not belonging to group 3, both the transition states for these dissociation processes and are the
main group (Al, Ga, In, Bi) and transition metals (V, Cr, Fe), respective energy barriers sufficiently high to prevent the metal

using the ESI technique. This is the first observation of ligand complexes from spontaneous dissociation?
microsolvated trications for metals beyond group 3. (4) What are the minimum and critical sizes for the*'Sc

Two parameters are introduced to characterize the stability (D_II\_/IhSO)n complexes? d as foll Cth tational detail
of multiply charged complexes against charge reduction in the € paper Is arranged as foflows: thé computational detarls
gas phasé??%24the minimum and the critical size. While a are descrl_bed in Section I, the result_s are presentgd and
bare metal dication or trication may spontaneously transfer discussed in Section lll, and a summary is given in Section IV.
charge (electron or proton) to a neutral ligand in the gas phase”_ Computational Details
as described above, these species are stable in bulk solution.

Therefore, there must be a minimum sizg,) of ligands at The geometries of S¢(DMSO), different dissociation
which the complex is stable with respect to a spontaneous products, and related transition states, as well as DMSO,
electron or proton transfer. In addition, macroscopic droplets DMSO*, and Sé&*(DMSO), were fully optimized without
dissociate only by evaporating neutral ligands. Thus, there existsSymmetry constraints using the B3LYP hybrid density-functional
a critical size Qi) above which the loss of a neutral ligand Method in conjunction with the 6-3%15(d, p) basis set
becomes more favorable than dissociative electron or protonimplemented in the Gaussian 98 progréfrithe B3LYP density
transfer. For complexes Within < N < ngit, the loss of neutral functional consi§ts ofa combination of Becke's three-parameter
ligands and the dissociative electron or proton transfer compete.£xchange function& (B3) with Lee, Yang, and Parr’s (LYP)

For various cleavage processes, individual critical sizes can becorrelation functionat® This method with similar or smaller
defined in an analogous wWay. basis sets has been applied successfully to study the structures

and dissociation processes for the complexes of alkaline and
transition metal dications ligated with,B, NHs, acetone, and
’DMSO.8'26_28*32'33

For each species of 8¢DMSO),, several starting geometries
were selected for optimization in order to determine the
energetically lowest structure. For the monoligated species,
Fptimizations at the B3LYP/6-32G(d) and MP2/6-31+G(d,

On the theoretical side, the existence of a variety of metal
dications solvated by water, ammonia, formaldehyde, acetone
and DMSO has been investigated by ab initio quantum chemical
methods%-28 These studies predicted that, although most of
the studied monosolvated metal dications are thermodynamically

detectable due to the existence of an energy barrier formed byfound to be very close to those obtained at the B3LYP/6-
the avoided crossing of the attractiveé-L potential with the

Isi lombi il of the ch . g 311+G(d, p) level. The search for the transition states (TS)
repulsive Coulombic potential of the charge-separation products ,qsqciated with the charge-separating processes (electron transfer
M* 4 L1226 and the calculated results were supported by

and loss of C roved to be challenging; to identify these
recent experimental findings®3° using charge-stripping and ) P ging o

e . . states, we have used several techniques, including the synchro-
electrospray ionization techniques. However, these theoretical ;5 transit-guided quasi-Newton (QST3) and the eigenvalue-
studies are limited to complexes with one or two ligands and following (EF) optimization procedures.

to the electron-transfer process only. Few calculations have dealt  aj structures reported here have been verified to be local

with competitive proton transféf! and other intraligand cleav-  minima (no imaginary frequencies) or transition states (one
age processed3and no theoretical exploration of; has been imaginary frequency) on their respective potential energy
reported. surfaces by frequency analysis at the B3LYP/6-8GLd, p)
Stimulated by the experimental as well as theoretical progresslevel, with the exception of S&(DMSO) and Sé7(DMSO)s
in the field of multiligated metal cations, we have initiated a whose stability was confirmed only at the B3LYP/3-21G* level,
comprehensive study of the structures, stability, and various as necessitated by the considerable sizes of these systems.
dissociation channels of multiply charged metiégand com- The zero-point energy (ZPE) and basis set superposition error
plexes. In the recent experimental work of Shvartsizamgch (BSSE) corrections were estimated for selected species. The
dissociation chemistry of &(DMSO), was observed. For the = BSSE correction was calculated by the counterpoise method of
St complexes, it was found that they dissociate neither by Boys and Bernardi? with the geometry of the ligands fixed to
electron transfer nor by proton transfer as was observed#or M that in the optimized complex. For the representativé™Sc
(H20),.° Rather, the S¢(DMSO), species dissociate by various DMSO species, the ZPE and BSSE corrections were found to
intraligand cleavage processes, most prominently the loss of aamount only to 0.14% and 0.43%, respectively, of the metal

methyl radical or a methyl cation (Grbr CHz"), the loss of ligand binding energy. Therefore, the reported energies are
methane (Cl), and a combined loss of Gland CH, Motivated neither ZPE nor BSSE corrected.
by these experimental findings, we chose th& @MSO), The atomic charges were calculated with the natural bond

species If = 1—6) in this work and studied their structures, orbital (NBQ) progrart® implemented in thtla. Gaussian 98
stabilities, and energetics in the following selected dissociation package using the B3LYP/6-3115(d, p) densities.
processes: the loss of DMSO (neutral evaporation), the loss of

DMSO" (electron transfer), the loss of IBMSO (proton Ill. Results and Discussion

transfer), the loss of Ckand CH as well as their combinations In the following, we will first describe the structures for3$e
(2CHs, 2CH,, and CH + CHj) and cations (Ckf” and CH). (DMSOY),, various dissociation products, and transition states,
The following problems will be addressed: and then analyze the energetic properties of these dissociation

(1) What are the equilibrium structures of3$(DMSO),? processes.
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Sc'DMSO

[1.688]
Loss of CH3 Loss of CHy
[Loss of CH;'] [Loss of CH,']

TS for Loss of DMSO* TS for Loss of CH;*

Figure 1. Structures (in angstroms and degrees) for DMSGTBIISO, and various dissociated products as well as related transition states (TS),
obtained at the B3LYP/6-3#1G(d, p) level. Unlabeled open circles stand for hydrogen atoms.

IIILA. Structures. The optimized geometries with the main that the detailed orientations of the DMSOs in a given
structural parameters for 8¢DMSO),, various dissociation configuration have negligible impact on the energy. Here we
products, and transition states, as well as DMSO, DMSdd describe the configuration (and symmetry, see below) of a
ST (DMSO), are shown in Figures 4. The Sc atom is complex by idealizing the ligands as simple lines and ignoring
attached to the O atoms in all complexes. More complete their structural details.
geometrical data and natural charges are available in the \ye have calculated the dissociation energigg for the
Supporting Information. following two processes: (1) Sq(DMSO), — S&* + 2DMSO

The O-S and S-C bond lengths in neutral DMSO are 1.514 and (2) Sé"(DMSO), — S&t + (DMSO), [fixed at the
and 1.835 A and the ©5-C and G-S—C bond angles are  geometry adopted in optimized ¢DMSO),] and found that
106.8 and 96.6, respectively. In DMSQ, the ionization leads Eql, Eq2 are 504.4 and 533.0 kcal/mol, respectivél includes
to a slight decrease of the two bond lengths and an increase ofthe Sé+—ligand and the ligandligand interactions, an& 2
the two bond angles. roughly represents the 8c-ligand interaction. The difference

For a single DMSO ligand, the addition of a®Sdrication betweenEyl andEy2 thus reflects the interaction between the
leads to considerable elongation of the-® bond, a slight two DMSO ligands, which is only 28.6 kcal/mol. Therefore,
decrease of the-SC bond, and an increase of the-S—C and the stabilization of the S¢(DMSO), complex is predominantly
C—S—C angles as compared with neutral DMSO. The-8c attributed to the metalligand interaction while the interligand
and O-S bonds include an angle of 168.2 interaction is weak. Such weak interaction between ligands is

Two bent isomers were identified for 8¢DMSO), which also observed in larger 8¢DMSO), species. Natural popula-
differ in the orientation of their second DMSO by £80he tion analysis indicates that the ligands i §OMSO), all carry
O—Sc-0 bending angles are 122.and 124.8, respectively. a net positive charget0.65 forn = 1; +0.39 forn = 2; +0.28
Other bond lengths and angles of these two conformations arefor n = 3; and+0.25 forn = 4). As a result of the Coulombic
also quite similar. The energies of these two isomers are nearlyrepulsion, the DMSO ligands tend to avoid each other and spread
the same, with a slight energy margin of 1.5 kcal/mol, indicating as far as possible in space. Therefore, the most stable structures
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Sc**(DMSO); (a) Sc**(DMSO); (b)
[Sc**(DMSO),]

Loss of CHj Loss of CHy
[Loss of CH3']

Loss of 2CHy4 TS for Loss of DMSO*

TS for Loss of CH;"

Figure 2. Structures (in angstroms) for 8¢DMSO), and various dissociated products as well as related transition states (TS), obtained at the
B3LYP/6-31H-G(d, p) level. Unlabeled open circles stand for hydrogen atoms.

for larger Sé7(DMSO), complexes all correspond to highly in-plane and off-plane orientations, and we found that these
symmetric and quasi-spherical ones, namely, an equilateralconfigurations are different in energy within 1 kcal/mol. For
triangle for ST (DMSQ);, a tetrahedron for S&¢(DMSO),, a ST (DMSO),, the four DMSO ligands were coordinated to the
trigonal bipyramid for S¢"(DMSO), and an octahedron for  central S&" ion in planar square or tetrahedral configurations
ST (DMSO), with various orientations. Similar to the observation ir?'Sc

In our calculations of S¢(DMSO) and SéH(DMSO), many (DMSOY)s, the tetrahedral configurations with various ligand
initial structures were considered in the geometry optimization. orientations differ in energy from each other by negligible
For SE*(DMSOQ), the three DMSO ligands were attached to amounts (within 0.6 kcal/mol), while the planar structures were
the central S€" ion in triangular configurations with various  found to be transition states and to relax to the tetrahedral ones
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$1-C1- 1812
[1.813]

Sc**(DMSO0);
[Sc* (DMSO)s]

52-C3=1.811
$1-C1= 1.812

Loss of 2CH,4 TS for Loss of DMSO* TS for Loss of CH;"

Figure 3. Structures (in angstroms) for 8¢DMSO); and various dissociated products as well as related transition states (TS), obtained at the
B3LYP/6-31H-G(d, p) level. Unlabeled open circles stand for hydrogen atoms.

with an energy gain of 23.0 kcal/mol. As seen in Figure#2 the stability was confirmed by frequency calculation only at
the structure of S¢(DMSO); can be understood to arise from  the lower B3LYP/3-21G* level.
attaching a third DMSO to St(DMSO), (b) while Sé*-

(DMSO), is composed of two perpendicular (DMSQpairs, As seen from Figures-14, with increasil_wg size of S¢-
each of them arranged as in 3(DMSO), (b) and both (DMSO), up ton = 6, the Se-O bond length is elongated from
coordinated by a central Scunit. 1.742t0 2.122 A, the ©S bond length is shortened from 1.830

In analogy to S&(DMSO), both planar pentagonal and to 1.571 A, while the SC distance remains nearly unchanged.

trigonal bipyramidal structures were taken into account fgfsc ~ AS for the bond angles, the SO—S angle decreases from
(DMSO). The planar conformation is higher in energy than 168.2 to 135.9, and the G-S—C and C-S—C angles are

the trigonal bipyramid by 48.0 kcal/mol. In view of the results almost unaltered. From population analysis, we can also find
for S&+(DMSO0), and Sé*(DMSO)s, we no longer considered  that the natural charge on the Sc ion decreases gradually from
the planar structure and assumed an octahedral configuratior2.34 to 1.9Ce, and the charges on the O, S, C, and H atoms are
for SE&*(DMSOQ). For both S&"(DMSO) and Sé*(DMSO)s, nearly unchanged with the increasing size.
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Sc**(DMSO)s

Sc** (DMSO)s

Figure 4. Structures (in angstroms) for 8¢DMSO), (n = 4—6), obtained at the B3LYP/6-33iG(d, p) level. Unlabeled open circles stand for
hydrogen atoms.

On the basis of the above results foBEXOMSO),, we further (f) Loss of a methane cation (GH)
studied the dissociation of these complexes in the following

processes: S (DMS0), — S¢*(CH,SO)(DMSO),_, + CH,"
(a) Loss of charged DMSO (electron transfer)
(g) Double methyl radical loss (2GH

S¢*(DMSO0), — S¢*(DMSO),_, + DMSO*
S (DMSO0), — S (CH,S0),(DMSO0),_, + 2CH,

b) Loss of protonated DMSO (proton transfer
(b) P (P ) (h) Double methane loss (2GH

s¢*(DMS0), —

S¢*(DMS0), — SE¢"(CH,SO),(DMSO0),_, + 2CH,
SE*(CH,CH,S0)(DMSO),_, + H'DMSO

(i) Sequential loss of Ckand CH,
(c) Loss of a methyl radical (CH

Sc¢*(DMSO), —
S¢*(DMSO0), — SE*(CH,SO)(DMSO),_, + CH, S¢*(CH,SO)(CH,SO)(DMSO),_, + CH;+ CH,
(d) Loss of methane (CHf Processes ¢, d, and—g correspond to the loss of neutral

fragments, while charge separation is involved in processes a,
b, e, and f. In the experimental work of Shvartsbefrgroducts

S (DMSO0), — S¢'(CH,S0)(DMSO),_, + CH, with the loss of CH, CH,, CHs*, 2CHs, 2CH,, and CH +
CH, were all observed for selected species, while electron- and
(e) Loss of a methyl radical cation (GH proton-transfer processes were not observed. The loss of a

methane cation (Ci) was not observed either, but it may be

" " + interesting to consider this process for comparison with the loss
S (DMSO0), — SE*(CH,SO)(DMSO0),_, + CH, of CHs*.
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Figure 5. Dissociation energies (in kcal/mol) for various dissociation channels®BB4SO, and energy barriers as determined by the corresponding
transition states (TS), calculated at the B3LYP/6-8GLd, p) level.

First of all, we point out that the geometry optimization for not present or describe in detail the structures of the dissociation
the dissociated product of the proton-transfer process b, products of these larger complexes, but their energetics will be
S (CH3CH,S0)(DMSO)—,, always led to two separated discussed in the following subsection.
fragments StO(DMSO),-> + CHzSCH" (n = 2-5). This The loss of DMSO from S&'(DMSO), yields ligated
finding may explain why the proton-transfer induced products gjcations of diminished size, 8(DMSO),-1. The structures
were not experimentally observed. Therefore, this process isgf S@+(DMSO), up ton = 3 are presented in Figures-3.
not considered in the following discussion. It is worth mention-  £rom these figures, one finds that the?SOMSO), species
ing that both SCO(DMSO}—, (n = 2-4) and CHSCH" take similar structures to the corresponding'@@MSO), units,
fragments were experimentally obser¢@djthough their origins 514 the bond angles and-8 bond lengths of the two species
are unclear. In this context, it should be noted that the emergencey e quite close. The S© and O-S bond lengths, however,
of CH3SCH,* might also be related to a rupture of the=Q are elongated and shortened, respectively.
bond in DMSO combined with a concomitant proton transfer The loss of CH or CH, leads mainly to the elongation of
from a methyl group to oxygen, as described in ref 25. the Sc-O and the contraction of the €8 and S-C bond

The equilibrium structures for products of all other dissocia- anaths of the cleaved DMSO. while the remaining part is onl
tion processes and the transition states for the charge-separatiné”gsij1t|y modified. For the loss é)f CHwe have consi%Sre d both y
processes a and e of 3(OMSO), up ton = 3 were determined : ’
and are presented in Figures-3. Geometric parameters and g]'ceoﬂgap'/ ﬁgrgff?cl:ritgr:;gg:not&%?r:ﬁ de'(\)/luSn?j ?ﬁstt&iifr‘?%/g?e
natural charges are available in the Supporting Information. . .

For S@*(DMSO), all but the two-step processes-{g were process is energetlcally mqre fa\_/orable than_the latter. _
studied since we found from the calculation ofSOMSO), Ill.B. Energetics. The dlss_omatlon energies for various
and Sé*(DMSO); that the dissociation energies of the two- Processes and the energy barriers formed by the transition states
step processes can be estimated by the sum of the dissociatiofor the charge-separating processes a and e ¥f(BMSO),
energies of the relevant one-step processes (see Section Ill.Bare displayed in Figure 5. In addition, the dissociation energies
below). For S&"(DMSO) and S&(DMSOY), only the electron-  in the following two processes are calculated:
transfer process was considered. For the sake of brevity, we do (j) Dissociation into free metal and ligands
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S (DMS0), — SE* + nDMSO sufficiently high energy barrier exists to resist the process. For
the S6*DMSO, species withn > 4, these two dissociation
processes are energetically unfavorable, but the dissociation
energies are lower than those for any processes without charge
separation (c, d, -gk). Therefore, the small SeDMSO,
SCH(DMSO)n - SCH(DMSO)n—l + DMSO complexes indeed have a strong intrinsic tendency for charge
separation.
Process | involves the binding energy related to the bond  For comparison, we have calculated the dissociation energies
between Sc and its ligands, while process k is the only for the electron-transfer process of doubly charged*Sc
dissociation channel in bulk solution. For all processe&,a (DMSO), complexes wittn = 1—3 and found that this process
the dissociation energy is defined as the difference between theis endothermic for all sizes. The calculated dissociation energies
energy of the initial complex (set to zero in Figure 5) and the for this process witm = 1—3 are 42.4, 64.8, and 79.3 kcal/

(k) Loss of neutral DMSO

total energy of the disintegration products. mol, respectively. Therefore, the doubly charge& @@MSO),
From Figure 5, we arrive at the following conclusions: species of all sizes are thermodynamically stable with respect
111.B.1. Binding of S&"(DMSO), The binding energy of S¢- to electron transfer.

(DMSO), is large and is higher than those reported for many  We have determined the transition states fot*®MSQ; in

dicationic complexes RfL (L = H,O, NH;, acetone, formal-  processes a and e upric= 4 (see Figures43, 5). Frequency

dehyde, and DMSO¥ 2832 indicating that the interaction  analysis confirmed that these transition states have only one

between St and the DMSO ligands is strong. imaginary frequency which corresponds to the stretching mode
I11.B.2. Dissociation of St (DMSO), without Charge Sepa-  of the cleaved bond between the separated DM$OCH;"

ration. All dissociation processes of 8¢DMSO), without fragment and the remaining product. The energy difference

charge separation (c, d—§) are endothermic (positive dis- between the transition state and the equilibrium structuf&-Sc
sociation energy). Thus, the 8¢DMSO), species of all sizes  DMSO, then defines an energy barrier of the corresponding
are thermodynamically stable with respect to these dissociationdissociation process, which is calculated to be 73.8, 83.5, 82.4,
channels. and 68.4 kcal/mol for process a and 20.6, 41.4, 54.6, and 63.1
For all complex sizes, the order in the dissociation energies kcal/mol for process e with = 1—4. Because of the existence
(Eq) is Eq(loss of CH) < Eq(loss of 2CH) < Eq(loss of CH) of these sufficiently high energy barriers, the3g®MSO),
< Eq(loss of CH + CH,) < Eg(loss of DMSO) < Eq(loss of species withn = 1—3 are kinetically metastable against the
2CHg). Therefore, for the one-step processes, the cleavage ofcharge-separating processes a and e. In addition, since both the
CHy is energetically more favorable than the loss of;Céthd dissociation energy and the energy barrier for process a are
both are more favorable than the loss of neutral DMSO. As for higher than the corresponding data for process e for all sizes,
the two-step processes, it is interesting to note that their the cleavage of Ckt is more favorable than the electron-transfer
dissociation energies are very close to the sum of the dissociationprocess. This agrees with the fact that the cleavage of CH

energies of the relevant one-step processes. was observed (fon = 3) but the dissociative electron transfer
Since the dissociation energy for the loss of 4¢donly half was not in the experiment of Shvartsbidpg.
or even less than half the value for the loss ofsCtHe loss of We do not attempt a complete description of the dissociation

2CH, is more favorable than the loss of €Hhis finding may  through loss of Chi". For Sé*DMSO, however, we investigated
lead to the expectation to detect more products related to thethis process and found the corresponding dissociation energy
loss of CH, than of CH. Experimentally2® however, products  to be comparable to that for the loss of §HWhether this
originating from the loss of Ciland CH, were observed for  dissociation process can take place depends on the respective
both S&*(DMSO); and Sé"(DMSO),, and products from the  energy barrier. Determination of the transition state for this
loss of CH; + CH, and 2CH were observed for S¢(DMSO). process, however, would be challenging because of the com-
It may appear puzzling that the loss of 2€isi not observed at  plicated double energy barrier as discussed above. The absence
any complex size, although the dissociation energy for this of such products in Shvartsburg’s experinf&inplies a high
process is lower than the loss of &HDne possible reason is  energy barrier for this disintegration pathway.

that the loss of Chlis a one-step dissociation reaction while [11.B.4. Two Possible Channels for the Product§EH;SO)-

the loss of CH can be considered to be a reaction which would (DMSO),. In the experiment of Shvartsbutg,the product
involve two substeps, namely, first the formation and then the S&+(CH;SO)(DMSO), was observed witm = 1 and 2, and

loss of CH, since the CHl unit already exists in DMSO but  two possible dissociation channels were proposed to produce
CH, does not. Therefore, a double energy barrier on a it. The first one is by the loss of GHi from SE&*(DMSO)+1
complicated potential energy surface would have to be overcome(process e) and the second one is by the loss of DMB@n

for the loss of CH, and the loss of 2CHwould involve four SEH(CH3SO)(DMSO)11

substeps with two double-barriers and thus a process of much

greater complexity than the loss of 2€A detailed exploration 0} Sc3+(CH3SO)(DMSO),+1 -

of this mechanism will be very interesting and a topic for further

research. A similar problem was explored by Beyer &t an. S¢"(CH,S0)(DMSO), + DMSO*

the mechanism of the proton-transfer reactiof"(#,0), —

MOH* 4+ H3O™. Since the observed GH yield was minute, process | was
I11.B.3. Dissociation of St/(DMSO), with Charge Separa-  suggested to be the major pathway.

tion. The dissociation processes of the*§OMSO), species To examine which mechanism is more favorable, we have

with charge separation (a, €) are exothermic (negative dissocia-calculated the dissociation energies for these two processes.
tion energy) fom = 1—3 and endothermic far > 4. Therefore, Because St CH3;SO(DMSO)y 1 is itself a product that needs
the SE*DMSQ, complexes witm = 1—3 are thermodynami-  to be derived from the available parent ion, it is not appropriate
cally unstable with respect to these two processes and wouldto directly compare the dissociation energy for process e with
dissociate spontaneously by Coulombic repulsion unless athat for process |. Rather, the total dissociation energy from
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Figure 6. Size dependence of the dissociation energies and energy barriers for various dissociation channels of,ScalM$ided at the
B3LYP/6-311G(d, p) level.

SET(DMSO)+ reactant to S¢CH;SO(DMSO), product should prediction was soon confirmed by Shvartsburg étatd Stone
be compared along two different two-step pathways) 1¢ss et al?® using the ESI, as well as by Scler et alf® using the

of CH3* followed by DMSO evaporation charge-stripping technique, respectively. Since a similar theo-
. retical method is used in our calculation, it appears conceivable
(0-1) S¢ (DMSO),,, — that the S&"(DMSO), complexes withn = 1, 2 could be

S(:2+(CH3SO)(DMSO)‘+1 +CH3+ gletgctgd in future refined charge-stripping or electrospray
ionization measurements, selecting proper pathways to reach

(a-2) S&*(CH,S0)(DMSO),,, — mono- and diligated S¢(DMSO), units.
+ I11.B.6. The Critical SizeFinally, we discuss the critical size
¢ (CH,SO)(DMSO), + DMSO above which the evaporation of neutral ligand will become more
and @) cleavage of Chfollowed by DMSO" loss favorable than dissociative electron or proton transfer.

Figure 6 shows the size dependence of the dissociation

(8-1) S¢*(DMSO), ., — SE*(CH,SO)(DMSO),,, + CH, energies and energy barriers for various dissociation channels
of ST (DMSO),. The dissociation energies for the processes

B-2) 58+(CH350)(DMSO)‘+1_’ without charge separation (c, d, k) all decrease with increasing
+ 4 complex sizes and that for the loss of neutral DMSO drops much

s¢ (CH,SO)(DMSO), + DMSO faster than the other processes. In contrast, the dissociation

We have calculated the total dissociation energies for these twooor91es for the processes with charge separation (a, €) both

S o . L increase with increasing complex sizes. The energy-barrier
processes witm = 02, which is the sum of the dissociation urves of these processes follow a similar rising trend. As a
energies for the two substeps of each process. The calculatecfesult the eva o?ation of neutral DMSO ligand bgeJcomes. more
values are 80:883.1 kcal/mol for process. and 52.4-55.5 ’ P 9

kcal/mol for procesg. Therefore, our calculated result supports favorable Wh'l.e the glectron-transfer process becomes less
the mechanism suggested in ref 25, preferred with increasing size. It can be expected that these two

I1.B.5. The Minimum SizeFrom the above discussion, we ~CU'VES V\.'i” cross at a critical' sizendy) above which the
can conclude that the minimum number of DMSO ligands evaporation of neutral ligand will become more favorable than
required to stabilize the Sttrication against electron transfer the _electrpn-transfer_ process. In the absence of any energy
is Nmin = 1. However, a larger value of,, = 3 was reported barrier, this number is estimated to bg; = 7—8. Howeyer,
in the experimental work of Shvartsbufg. for any process to_ act_ually take place, the energy barrier must
To understand this disagreement, we note that a similar be overcome. _‘I_'hls hlnders the electron-transfer process and
discrepancy occurred recently concerning the stability gfrcu  reduces the critical size Wi = 5—6.
(H20), that led to a lively debate between theory and experi- ~ We want to point out that from our data referring to both the
ment. Earlier experimental attempts using the ESI tech- dissociation energy and the activation energy barrier associated
niquet-3240failed to produce any Ct(H.0), complexes, and with the loss of CH", as displayed in Figure 6, the species
the authors concluded that at least 1&Hnolecules are needed  SE*CH;SO(DMSO), with n = 3 can be expected to be
to stabilize C&". This minimum number was later reduced to experimentally observable while ref 25 only reports products
3 by Stace et &42using the “pick-up” technique. Recently, a  of CHs" loss up ton = 2. Further, it is noteworthy that, from
calculation by El-Nahas et &F:*3 using the BALYP method  Table 1 of ref 25, the loss of GHhas been found for complexes
predicted that C& ligated with a single HO molecule can be  up to SET(DMSO),. This is compatible with the trend of the
kinetically metastable against the dissociative electron transferdissociation energy curve in Figure 6 for the loss of;Qkhich
with an energy barrier of 6.4 kcal/mol and suggested that it might be extrapolated to show a crossover with the respective
could be detectable at refined experimental conditions. This curve for DMSO in the regiom = 4 to 5.
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