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Abstract

DMSO complexes of Mg, [Mg(DMSO),]%t, have been created in the gas phase by electrospray ionization and have
been interrogated by collisional activation. For> 4, ions shed DMSO ligands only, but the low energy reactions for
n = 2 are loss of first one and then a second methyl group with no loss of charge, giving [Mg(DMSSJf and
[Mg(CH3SOX]%*. [Mg(DMSO)s]4* loses DMSO preferentially but also competitively loses one methyl. [Mg(DMBO)
shows only a trace of methyl loss. Structures computed at the B3LYP/6-@¥@ show that the metal-ligand bonding in
[Mg(DMSO0),]4* is mainly electrostatic with the geometry of the ligand only changed slightly by complexation. However,
in [Mg(DMSO)(CHsSO)F* all atoms except the hydrogens are coplanar. Natural population analysis (NPA) shows that the
DMSO sulfur has a significantly lower associated positive charge than it has in any other complex. [MgO(DMSSD{EH
ions may be observed in the electrospray spectrum at high cone potential. These ions show a unique breakdown patt
involving first the loss of S@and then competitive formation of MgGH and [Mg (DMSO)]*. (Int J Mass Spectrom 216
(2002) 219-238) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction lution. For example ions [M(k0),]?" have been
produced from solutions of alkaline earth and doubly
Electrospray ionization (ESI) is now the way of charged transition metal ions [1,14]. The addition
introducing multiply-charged metal ions into the gas to the solution of potential ligands such as dimethyl
phase from solution for mass spectrometric inter- sulfoxide, pyridine and dimethylformamide leads to
rogation [1-13]. The metal ions are produced from the incorporation of these molecules into the solva-
salts in aqueous solution or in mixed water/organic tion shell. Such organic ligands generally form more
solvent systems. The multiply-charged metal ions stable first solvation shells for multiply charged metal
enter the gas phase associated with ligands from thecations than does water since they are in general
solvent or from other molecules added to the so- less susceptible than is water to charge reduction via
electron transfer from ligand to metal, followed by
* Corresponding author. E-mail: stonej@chem.queensu.ca inter-ligand proton transfer and loss of the protonated
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ligand (Eq. (1)). tions containing MgS® (1 x 10~3M) and DMSO

(1 x 10-2 M) were infused using a syringe pump at a

flow rate of 5uL min~1. The metal capillary, counter
For example, although no triply-charged hydrated €lectrode and cone potentials were varied for each so-

ions, [M(H20),]3+ have been prepared by ESI, ions lutioninorder to obtain spectra containing the required

such as [M(DMSQ)]3* (M = La, Ce, Nd, Sm) types of ions. The capillary potential was+2.5kV
are stable and readily formed from salt solutions and the counter electrode potential wa$100 V. The
containing 163-10"2M DMSO [4]. Its significant intensities of the ions of interest in either normal mass
polarizability, high dipole moment and lack of acidic spectra or CAD spectra were optimized by adjust-
hydrogens renders DMSO an ideal ligand for charge ing the electric field in the intermediate pressure re-
stabilization and hence for the formation by ESI of gion of the source between the cone and the grounded
ligated, multiply charged metal cations. skimmer. The temperature of the desolvation chamber,
The ease with which multiply-charged metal ions through which dry nitrogen flowed, was 80.
solvated by DMSO are produced by ESl is not consis- ~ CAD spectra were obtained using argon as the target
tent with the observation by Stace and coworkers that 9as at pressures in the collision cell of 20~ Torr.
they could not produce [Mg(DMSQ)?* using their The energy of the ions entering the collision cell was
pick-up technique which has in the past been suc- determined by any residual energy in the jet expansion
cessful in producing many solvated multiply-charged from the cone to the skimmer plus that gained due to
metal cations [15-20]. The method involves electron the difference in potential between the grounded skim-
impact ionization of a beam of argon/DMSO clusters mer and the collision cell. The latter was electrically
containing metal atoms. As the authors state, there floated in the range 0 te40V with respect to ground.
may be a flaw in their technique for the formation lon retardation studies, for which a positive potential
of the ions which prevents their observation since Was applied to the collision cell, showed that the nom-
all the characteristics of the ligand are favorable for inal laboratory ion energy of OeV corresponds to an
complex formation [19]. In this paper we report that actual average energy in the range 1-2eV for a dou-
[Mg(DMSO),]%* ions are indeed stable gas-phase bly charged ion. This small correction will be ignored
complexes which are readily produced by ESI. We and the translational energies of the ions entering the
have used the technique to study the formation of collision cell, quoted a&, ap, Will be those calculated
[Mg(DMSO0),]%t and other doubly and singly charged ~ from the collision cell potential.
magnesium Comp|exes obtained by Spraying agueous All calculations were carried out USing the Gaus-
solutions of DMSO and magnesium ions. Collision- sian 98 suite of programs [23]. The density-functional
ally activated dissociation (CAD) experiments have method was used at the B3LYP/6-31Cevel for
been used to investigate the ready loss of methyl radi- 9eometry optimization. To evaluate the electronic
cals from the lower complexes. Ab initio calculations €nergies, single point calculations were performed
have been used to determine the structures of someat QCISD(T)/6-311G(d,p) on the B3LYP/6-31G

of the ions and their decomposition products. geometries. Binding energies of metal ion—ligand
complexes were obtained from the differences be-

tween QCISD(T)/6-311G(d,p) electronic energies and
2. Experimental B3LYP/6-31G zero-point vibrational energies. This
method has been used by Stener and Calligaris to
Electrospray spectra were obtained using a triple study DMSO binding in Ru(ll) complexes who found
sector mass spectrometer (quadrupole/hexapole/quadthat the computed internal coordinates and dipole
rupole, Quattro, FISONS, UK) in the manner that has moment of DMSO were in good agreement with
been described previously [11,21,22]. Aqueous solu- experimental results [24].

M (H20),]%" — [MOH(H20), 5] " + Hs0" (1)
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3. Results and discussion The range extended to higher valuesiat lower cone
potentials. The tetracoordinated ion is a very stable
3.1. The formation of DMSO/Mg?t complexes species, as discussed later. At higher cone potentials,

the most intense peaks of formula [Mg(DMS@H"

Doubly charged complexes containing magnesium shift to lower values oh. In Fig. 1(b), for a cone po-
and DMSO, [Mg(DMSO)]?*, are readily formed by  tential of+35 V the only significant magnesium peaks
ESI using aqueous solutions 1M in a MgSQ; and are those of [Mg(DMSQ)%*, [Mg(DMSO)]%*+ and
1072M in DMSO. The range of the value af ob- their hydrates. Stace and coworkers’ failure to observe
served in the spectra depends on the cone potential. Atany complexes of Mg and DMSO must therefore,
the low cone potential of-10V, as seen in Fig. 1(a), be due to a failure of their pick-up technique, although
nranges from 4 to 8, with greatest intensity foe= 4. it is not immediately apparent why they could observe
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Fig. 1. The electrospray mass spectrum of an aqueous solution containinj01*M MgSO; and 10 x 10-2M DMSO: (a) cone
potential +10V; (b) cone potentiak-35V. The peaks marked M in (b) arise from the loss of a single methyl group from the adjacent
[Mg(DMSO0),1%* of higherm/z
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Mg?t complexes containing dimethylformamide, ace- increases by 7.5 units tovz 129. m/z 130.5 also in-
tone, etc. when none was observed for the equally creases by 7.5units tovz 138. Since the ions are
strong ligand, DMSO [19]. doubly chargednvz 82.5 must contain three methyl

With a cone potential of-35V, protonated DMSO  groups andm/z 121.5 and 130.5 must each con-
atm/z 79 is the base peak in the spectrum, but doubly tain five methyl groupsm/z 82.5 is 7.5 units lower
charged magnesium-containing ions still constitute the thanm/z 90, i.e., it is equivalent in mass to/z 90,
major part of the total ion current. Some singly charged [Mg(DMSO),]4t, minus a methyl group and simi-
magnesium-containing ions are formed that are read- larly m/z121.5 is equivalent to an ion with one methyl
ily recognized by the isotopic patterns due to the com- group less than [Mg(DMSQ)?*, mVz 129.mvz 130.5,
binations of the natural abundances of the isotopes of 9 units higher tham/z 121.5 but containing the same
magnesium{*Mg, 79%;2°Mg, 11%; and?®Mg, 10%) number of methyl groups has a mass equivalent to
and sulfur £2S, 95.0%:33S, 0.76% and*S, 4.22%).  that ofnvz 121.5 plus one molecule of water. If these
Singly charged ions are seen in Fig. 1(ayaz 235 methyl losses occurred by CAD of [Mg(DMSQ¥*
and 337 and in Fig. 1(b) at/z181 and 241. The iden-  in the cone-skimmer region then such dissociations
tities of most of these ions were not investigated but could be most readily studied using the collision cell,
m/z 181 was of particular interest as discussed later. as described in the next section.

The presence of singly charged metal complexes is not

unexpected since it is well known that increasing the 3.2. Collisionally activated dissociation of
ion translational energy in the cone-skimmer region [Mg(DMS0),]%*

leads to collisionally activated charge reduction.

In Fig. 1(b), [Mg(DMS0),]?* maximizes ah = 3, The CAD spectra of [Mg(DMSQ)?* with large
[Mg(DMSO0)4]%t is absent, and the only other promi- n (n > 5) and laboratory ion energies of 40eV con-
nent ion of this type is [Mg(DMSQ)?+. The hydrates  tained only peaks due to ions which had lost one or
of both [Mg(DMSO}]?* and [Mg(DMSO0)]%t are more DMSO ligands. Desolvation is the only reaction.
prominent in the spectrum, [Mg(DMSgJf* being This is consistent with studies of many doubly charged
accompanied by [Mg(DMSQJH,0)]** and [Mg metal ion complexes which are found to have a critical
(DMSO)]%* by both [Mg(DMSO}(H.0))?*t and value ofn above which desolvation is the only colli-
[Mg(DMSO),(H20),]%t.  [Mg(DMSO)3(H20)3]%, sion induced reaction [14,19]. Even the triply charged
m/z 117, has a very small intensity, less than 1% [La(DMSO)]3" desolvates rather than entering into
base peak intensity, but there is not evidence for charge transfer reactions [4]. At 80 eV for= 4, other
[Mg(DMSO)3(H20),]%t atmiz 147. This pattern, to-  types of ions appeared in the spectra, as illustrated
gether with the spectrum of Fig. 1(a), emphasizes the in Fig. 2 for [Mg(DMSO)]4t, [Mg(DMSO)]%* and
particular stability in the gas phase of Kfgwhen [Mg(DMSO0),]%t. The spectra were obtained by using
tetracoordinated. The preference for four ligands is the relevant ions containirifMg and32S. lon identi-
also found for magnesium ions in the solid state and is ties were confirmed by collisionally dissociating other
not indicative of electronic saturation but is attribut- isotopomers, including those containing DMS@-d
able to steric hindrance [25]. Doubly charged magne- It is to be noted that at the fixe#l| 5, = 80 eV the
sium- containing ions other than [Mg(DMSQ§* center of mass energies associated with the collisions
appear at the higher cone potentials when only the decrease in the order [Mg(DMS&§+ (14.5eV) >
lower membersi{ < 4) of that series are prominent. [Mg(DMSO)3]2" (10.7eV) > [Mg(DMSO0)4]%+
Examples, marked M, can be seen in Fig. 1(b) at (8.51eV). This order is the reverse of the percentage
m/z 82.5, 121.5 and 130.5. When DMSQ-dather decompositions as judged by the relative intensities
than DMSO is present in the electrosprayed solution, of the parent ion to the sum of product ions in each of
m/z 82.5 increases by 4.5units to/'z 87 and 121.5  the three spectra of Fig. 2. The smaller the number of
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Fig. 2. The CAD spectra of (a) [Mg(DMS@*; (b) [Mg(DMSO)]?t; and (c) [Mg(DMSO}]%t. E s = 80eV; argon collision gas
pressure I 10~4Torr. The peaks marked Mand M, are due to ions formed, respectively, by the loss of one and two methyl groups
from the adjacent [Mg(DMSQ)%*. The parent ions are in bold and contain oAfjvg and 32S.
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ligands, the more stable is the complex towards acti- both present in good yield at the higher collision
vated dissociation. This is not unexpected consi- energies.
dering that in general the binding energy of a ligand  The dependences on ion kinetic energy of the
in a complex decreases as the total number of ligandsrelative yields of major products at constant argon
increases. pressure in the CAD spectra of [Mg(DMS£}* and
The major product ions in the CAD spectrum of [Mg(DMSO),]?* are shown, respectively in Figs. 3
[Mg(DMSO0)4]%* are due to the loss of one and two li-  and 4. Peaks with intensities too low to be of signif-
gands giving [Mg(DMSQ3]2* and [Mg(DMSO»]%*. icance were observed at high energies in the spectra
At ELap = 80eV, Mg(DMSO}]%t gives [Mg of [Mg(DMSO0),]?*+ at: m/iz 39 (MgCHs™); mvz 51
(DMSO),]%* as the major product but [Mg(DMSG)] ([Mg(DMS0)]?); m/z 61 (possibly HCOS); m/z 63
is only a minor product in the spectrum of [Mg (CH3SO"); m/z 102 [Mg(DMSO)}"; m/z 114 [Mg
(DMSOY]%*. In the spectrum of [Mg(DMSQ)3* (CH3SO)R(DMSO)J?*; andmvz 180 [Mg(DMSOY] *.
there is an exceedingly small peaknalz 160.5 which Extremely minor products from [Mg(DMS@)?+ not
corresponds to an ion formed by loss of one methyl shown in Fig. 4 were atwz 15 (CH™); m/z 39
group from the parent ion. Each of [Mg(DMS§}* (MgCHs1); miz 42.5 [Mg(CHSO)F+: mvz 47 and
and [Mg(DMSO}»]%* shows a much more prominent 117. The latter two ions were not identified.
peak due to loss of one methyl and [Mg(DMSE) Fig. 3 shows that loss of first one and then a sec-
shows a peak at/z 72.5 corresponding to the loss ond DMSO ligand from [Mg(DMSQ)J2t occurs as
of two methyl groups. There is a trace of a peak at the parent ion kinetic energy is increased. The sim-
m/z 114 in the CAD spectrum of [Mg(DMSQ)>* ple loss of DMSO from product [Mg(DMSQ)>*
which is evidence for the loss of two methyl groups. to give [Mg(DMSO)]%* is in competition with loss
Charge reduction by transfer of an electron from of methyl giving [Mg(DMSOY(CHsSO)E, both ap-
ligand to metal is demonstrated in the spectrum of pearing at the same threshold energy of approximately
[Mg(DMSO0),]%* by the presence of: [Mg(DMSO}] 10eV. The pathway for the further decomposition of
(m/z 102); a small peak due to DMSOat m/z 78; Mg(DMSO),]?t is delineated in the CAD spectrum of
m/z 63 attributable to CHSO", the base peak in  Fig. 4, loss of first one and then a second methyl group.
the electron impact mass spectrum of DMSO; and  The loss of two methyl groups from the di-ligated
Mg*. The identifications ofrVz 78 and 63 were con-  [Mg(DMSO),]?>* was examined by studying the acti-
firmed by shifts tom/z 84 and 66 when DMSOg vated decomposition of [Mg(DMSO)(DMSQs)J%™,
was used.m/z 63, [C,H;,S,01", has nine isomers  myz93. This ion, in losing a methyl group, could form
whose structures have been investigated both the-one or both of [Mg(DMSO)(CBSO)F+ or [Mg(CH3
oretically and experimentally [26-31]. Whem/z SO)(DMSO-@)]%t. Fig. 5 shows that both products
63 is formed from the decomposition of ionized are formed, the former appearing to be slightly favo-
DMSO just above threshold, it has the structure red. Loss of a second methyl group results in a sing-
CH,=SOH' whereas a few electron volts above the le ion of m/z 76.5. This means that GHs lost from
threshold, the structure is GBO" [26,27]. Elec- [Mg(DMSO)(CDsSO)E* and CLy is lost from [Mg
tron transfer from DMSO (IE= 9.10eV) to a bare ~ (CH3SO)(DMSO-@)]%>* giving the common product
Mg?* (recombination energy= 15.03eV) is highly [Mg(CH3SO)(CD:SO)F.
exothermic and the same should be true of elec-
tron transfer in the Mg/DMSO complexesvz 63 if
formed via DMSO  is, therefore, probably C}$O*. [Mg(DMSO) (gl;/lso-dﬁ)]”
However, it is possible that/z 63 arises by loss " 24
of [CH3SOI" in an electron transfer reaction from — [Mg(DMSO)(CDsSOJ™ +CDs  (m/284)
[Mg(DMSO)(CHsSO)F+ or from [Mg (CHsSOY]?%*, (2
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Fig. 5. The CAD spectrum of [Mg(DMSO)(DMSOstft at a laboratory ion energy of 30eV: argon collision gas pressuel@* Torr.
The parent ion is in bold and contains orf§Mg and 32S.

[Mg(DMSO)(DMSO-ck)]>* all the above ions with water ligands, loss of®locc-
m/293 urred preferentially over loss of GHat low collision
— [Mg(CH3SO)(DMSO-tk)]?* +CHs  (m/z 85.5) energies. The “isotope effect” seen in Fig. 5 is there-
©) fore due to the presence of two isobaric ioneé&93.
[Mg(DMSO)(CD3SO)** -
[Mg(CH;SO)(CD;SO)J*" + C(Hs,D3) (m/z 76.5)
[Mg(CH;SO)(DMSO-dg)]"*  —7 (4)

The slightly greater yield of [Mg(DMSO)(CP Two other features of Fig. 6 are notable. The dou-
SO)F* than the product from the competing prod- bly charged ion [Mg(DMSO)(HO)]?" is present, al-
uct channel, [Mg(CHSO)(DMSO-@)]%", indicates beit in low yield. A stripping reaction leading to loss
a slight preference for the loss of G@ver loss of of CH3SO and retention of the much more weakly
CHs. This preference was accentuated at low collision bound water ligand is possible at the higher energies.
energies. It was surmised that this apparent isotope Also, [Mg(DMSO)(CHSO)(H0)]?t shows only a
effect might be due to the presencenalz 93 of an slight propensity for collisionally activated charge re-
ion, [Mg(DMSO)(CD;SO)(H0)]?t that is isobaric duction at 40 eV collision energy. However, the pres-
with [Mg(DMSO)(DMSO-a;)]%*. Loss of HO from ence of water leads to the formation of two singly
[Mg(DMSO0)(CDsSO)(H0)]>* would also lead to  charged ionsyVz64 and 119, not previously observed.
m/z 84. Support for this idea was obtained from the m/z 64 is probably protonated GG30O sincem/z 119
CAD spectrum of [Mg(DMSO)(CHSO)(H0)]?, would then be the complementary [MgOH(DMS®)]
m/z 91.5, obtained in the absence of DMS@-Hig. 6 One water and one G330 in the same magnesium
shows that afF| 5, = 80 eV, loss of HO is preferred ion complex appear to participate in inter-ligand pro-
over loss of either CEBO or DMSO. At very low ton transfer (Eq. (5)), analogous to that described by
collision energy only loss of water was observed. Pref- Eq. (1).
erential loss of HO over loss of any other ligand or o
group was also observed in the CAD of [Mg(DMSQ) [Mg(DMSO)(CHsSO)(H20)]

(H20)]%+ and [Mg(DMSO)(H0),]2*. In the case of — [MgOH(DMSO)]* + CH3SOH" (5)
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Fig. 6. The CAD spectrum of [Mg(DMSO)(G$0)(H:0)]?* at a laboratory ion energy of 80 eV; argon collision gas pressurgQt* Torr.

The parent ion is in bold and contains orf§Mg and 32S.

Turecek [30] has calculated at the MP2(FULL)/
6-31+ G(d) level the enthalpy of formation—33.9
kcalmol1), the O—H bond energy (68.7 kcal md)
and the adiabatic ionization energy (8.71eV) of
methanesulfenic acid. The derived proton affinity of
CH3SO is then 234 kcalmot. This is substantially
greater than the proton affinity of DMSO (211 kcal
mol~! [32]) and production of ionized methanesul-
fenic acid rather than protonated DMSO is the prefer-
red CAD reaction product of [Mg(DMSO)(GI$0)
(H,0)]?t brought about by inter-ligand proton
transfer.

At very low ion energy, [Mg(DMSQy]?* adds one
or two molecules of water in traversing the collision
cell (Fig. 4). The addition of water is maximal at a

nominal ion energy of 0 eV, as is expected for an asso-

molecules is more prevalent than the addition of one
water molecule by a factor of 1.5 at all energies. There
was no evidence for the addition of a water molecule
under similar conditions to [Mg(DMSQ)**. It
was noted above that there was evidence in the
ESI spectra at high cone potential for complexes of
[Mg(DMSO0),]?t containing three water molecules
but no evidence for more than one water molecule
attaching to [Mg(DMSQ3]%*. This observation is
consistent with Mg* favoring tetracoordination. The
presence of two water molecules in an inner shell will
allow association with a third water molecule in an
outer shell via two hydrogen bonds to the different wa-
ter molecules. Association of a second water molecule
in the outer solvation shell with the water molecule in
[Mg(DMSO)3(H20)]%+ presumably leads to a weaker

ciation reaction occurring at low pressure, and is not interaction and the non-appearance of this ion.
observable at energies above 12 eV. The water is from  Since, as proved by the above CAD results, water
the background of the instrument and from any present is less strongly associated with ¥gthan is DMSO,

in the argon collision gas. The addition will be to ions
with very low translational energies, both longitudinal

it is surprising to find more [Mg(DMSQ)H20),,]%*
ions in the ESI spectra obtained using an intermediate

and radial. We have shown previously that such ions cone potential than when using a low cone potential
are constrained by collision to travel along the axis of (Fig. 1). The reason must be that the spectra are not
the hexapole collision cell where thermal association representative of the states of the ions in the liquid
reactions can occur [33]. The addition of two water phase, but are the result of gas-phase ion chemistry in
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the low-pressure cone-skimmer region. With a “high”
electric field in this region, collisional desolvation is

extensive and only the lower solvates predominate.

Also, the time an ion spends in this region is relatively
short and the opportunity for ligand exchange is rela-
tively small. Water, being the major component of the
infused solution, will feature strongly in the nascent
ions and will remain so in the ions entering the spec-
trometer. At low cone potential, the ions are moving
more slowly and have the opportunity of exchang-
ing all their solvating water molecules for gas-phase
DMSO molecules and also of retaining a larger sol-

J.AA. Sone et al./International Journal of Mass Spectrometry 216 (2002) 219-238

OeV. The normalized yield is also almost invariant
with temperature. No explanation for this observation
is immediately apparent.

The paucity of charge reduction reactions in the
CAD spectrum of [Mg(CHSO)]?t is consistent
with observations made regarding the collisionally ac-
tivated decomposition reactions of the doubly charged
alkaline earth metal cations complexes of another
aprotic ligand, acetonitrile [10]. Ligand loss rather
than charge reduction was observed.

3.3. Ab initio calculations of doubly charged

vation shell. The mass spectra at low cone potential DMSO/Mg?+ complexes

are, therefore, dominated by [Mg(DMS@3* ions,
mixed solvent shells being absent.

Fig. 4 shows that loss of methyl from [Mg
(DMSO),]?* is the preferred decomposition path at all

energies, accounting for more than 90% of the prod-

The computed minimum energy structures of
DMSO, [Mg(DMSO)E+ and [Mg(DMSOY]%t are
shown in Fig. 7 and those of G80, [Mg(CHSO)E*
and [Mg(CHSO)(DMSO)f* are in Fig. 8. The

ucts at an ion energy of around 15 eV. Subsequent de-geometry of DMSO is almost identical with that

composition afforded by a higher energy input result-
ing from more energetic collisions leads to the loss of
a second methyl group.

[Mg(DMS0),]%*

— [Mg(DMSO)(CH3SO)]>" + CHs (6)
[Mg(DMSO)(CH3SO)%*

— [Mg(CH3SO)2]*" + CHs @)

The only other doubly charged product ion in
the CAD spectrum of [Mg(DMSQ)J%" is [Mg
(DMSO)?+ which appears only at the higher energ-

obtained by Stener and Calligaris [24] and slightly
overestimates the bond lengths compared with those
from experiment [34,35]. The calculated dipole mo-
ment of 3.67 D is in good agreement with the ex-
perimental value of 3.9 D. Attachment of Kig in
both [Mg(DMSO)F+ and [Mg(DMSO}]?* is at
oxygen, the favored site for hard Lewis acids such
as Mg [23,36]. The association of one DMSO
with Mg?* leads to an increase in the S—-O bond
length of 0.114 A and an accompanying decrease in
the C-S bond lengths of 0.027 A. This effect of po-
larization is decreased in the individual ligands of
[Mg(DMSO0),]%t where the increase in the S—O bond

ies, and then increases in yield with increasing energy. length is 0.085A and the decrease of the C—S bond

Accompanying this ion are [Mg(DMSO}Y] Mg™ and
CH3SO", formed by electron transfer from ligand to
metal.

[Mg(CH3S0)2]%" — [Mg(CH3SO)]* + CH3SO"

(8)
)

One unexpected feature of the yield of the singly
charged ions is that the yield of [Mg(DMSQ)](m/z
102) is small but not insignificant even &t ap =

[Mg(CH3zSO]™ — Mg™ + CH3SO

length is 0.026 A. These changes from the mono- to
the di-ligated ions are accompanied by the increase in
Mg-O bond length, from 1.806 A in [Mg(DMSG}

to 1.841 A in [Mg(DMSO}]2+. Accompanying these
changes in the geometry of DMSO upon association
with Mg2t are: increases in the CSC bond angles,
6° in [Mg(DMSO)J?+ and slightly less than 5°1in
[Mg(DMS0),]2t: and significant decreases in the
OSC angles, the arrangement of bonds around S in
[Mg(DMSO0)]?t being almost trigonally symmetric
and those in [Mg(DMSQ)2* being slightly less so.
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(I)

1511 949
1489 9657
1.485

D(MgOSC)= 127.6

D(OMgOS) = 180

(ID)

(1D)

Fig. 7. The computed minimum energy structures of (I) DMSO; (Il) [Mg(DMS®)Jand (I1l) [Mg(DMSO),]4*. Distances are inand
angles are in degrees. The data for | are, top to bottom: this work; [24]; experimental results, [34,35].

Although it is not immediately obvious from Fig. 7, MgOSC dihedral angle is 180There is a remarkable

[Mg(DMSO0),]%t has Gp symmetry, the atoms SOM-  change in the structure of the DMSO ligand to #ig

gOS being coplanar and the MgOSC dihedral angles when the other ligand is G4$0 rather than a second

are 127.6. The bonding around sulfur is, therefore, DMSO. [Mg(DMSO)(CHSO)F* has G symmetry,

sp? in character. all atoms except the hydrogens being coplanar. The
Fig. 8 shows that the free radical @8O has a Mg—OS(CH),» bond length of 1.810A is now only

longer, 0.023 A, S—O bond than DMSO but the S-C 0.004 A longer than that in [Mg(DMSG3t and hence

length and OSC angles are very similar. The changes inmuch shorter than the 1.841 A in [Mg(DMS£j*.

these parameters when €50 associates with Mg The DMSO ligand in [Mg(DMSO)(CHSO)E* has

are similar to those noted above for DMSO. The S—-O assumed planarity with the CSC angle slightly larger

bond length increases by 0.057 A and the S—C bond de-than the CSO angles. The character of the bonding of

creases by 0.051 A. The Mg—O bond length of 1.840 A sulfur in the DMSO is now close to $pather than

is larger than the 1.806 A in [Mg(DMS@)} and the  the sp in [Mg(DMSO),]%>* and [Mg(DMSO){*.
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(Iv)

D(MgOSC) = 180
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1.880
D(MgOSC) =0, 180
1.810
175.8
(VD)
D(M2OSC) = 180 1292 1173
.\ 116.9 1.830

(V)

Fig. 8. The computed minimum energy structures of (IV)3S8; (V) [Mg(CHsSO)E; and (VI) [Mg(DMSO)(CHSO)E*. Distances are
in 83 and angles are in degrees.

A natural population analysis (NPA) was performed plexes but does increase with the number of ligands.
on all the structures in Figs. 7 and 8. This analysis The metal-ligand binding is, therefore, mainly elec-
gives a more realistic partitioning of the electrons to trostatic in nature, influenced by the large dipole mo-
the constituent atoms than does a Mulliken popula- ments of DMSO and CgEO, computed, respectively,
tion analysis and hence a better picture of the charge as 3.67 and 2.96 D, and the large energy difference be-
that can be associated with each atom [37,38]. The tween the filled 2s and the vacant 3s and 3p levels of
results, in Table 1, show that the amount of charge Mg?*.

transfer from ligand to metal is small for all com- Table 1 shows that the negative charge on oxygen
increases substantially when one DMSO molecule as-
Table 1 sociates with M&" but the positive charge on sulfur
Natural population analysis increases to a much lesser extent. There is a much
Mg O s c greater polarization of the O-S bond when {30
CHaSO ~ 0702 0833 —0.89% associates W!th Mg . The _Iarge increase of_ne_gatlve
DMSO _ _0.958 1261 -0.897 charge on O is accompanied by a substantial increase
[l\/lg(CHaso)l2+ 191 -116 1202 -0091 of positive charge on S. In [Mg(DMSO)(G$O)F"
[Mg(DMSO)*” i I the positive charge on the S atom of the DMSO ligand
[Mg(DMSO),]%* 1.83 -123 130 -0.87 ) . .
[Mg(DMSO)(CHsSO)R+ 1.84 —12B 108 —0.76 is lower than in any other complex or in the neutral
-1.10 1168 —0.9P molecule. This reflects the $gharacter of the bind-

aAtoms in DMSO ligand. ing at this atom and the presence of a lone pair of
bAtoms in CHSO ligand. electrons in the 3porbital.
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Enthalpy changes were computed for the associ-
ation of the first and second DMSO molecule with
Mg?t, Egs. (10) and (11).

Mg?t + DMSO — [Mg(DMSO)]>*

AH® = —146 kcal moft (10)

[Mg(DMS0Q)]?" + DMSO — [Mg(DMSO0),]?*

AH® = —115kcal moft (11)

The enthalpy change o146 kcal mot 2 for the ad-
dition of one molecule is significantly more negative
than the—81.5 kcal mot* [39] and—81.8 kcal mot?!

[38] calculated at B3LYP/6-31% +G(d,p) for the
addition of one molecule of water to M. It is
also larger than the 121.2 kcal mélcalculated at the
same level for the association of one molecule of ace-
tone with M¢?™ [38]. Although the present compu-
tations were carried out at a lower level of geom-

231
to [MgCHsSOFR™ is 77 kcal mot! exothermic.

CH3SO+ [Mg(DMS0)]%*
— [Mg(DMSO)(CH3SO)>*
AH® = —54kcalmol?! (13)
DMSO + [Mg(CH3S0)]%*
— [Mg(DMSO)(CH3SO)>*

AH® = —77kcalmof?! (14)

Elimination of methyl from [Mg(DMSQ0)]%* is cal-
culated to be endothermic by 110 kcal mbil

[Mg(DMSO0),]%*
— [Mg(DMSOQ)(CH3S0)]?* + CH3

AH° = +110 kcal mot™? (15)

Loss of a second methyl leads to [Mg(€50)]%,

etry optimization, a larger value for the association thatis Mg+ associated with two radicals. This birad-
of Mgt with DMSO is to be expected because of ical product can be in either a singlet or a triplet state,
the larger dipole moment and polarizability of DMSO  the latter being lower in energy by 29 kcal mél

(3.96 D, 7.93 R) compared with those of both wa-
ter (1.85D, 1.48 &) and acetone (2.86D, 6.3%A
There are no other data available for comparing the

enthalpy change for the association of a bare, doubly A g° — 25kcal mot?!

charged metal cation with DMSO. The bond energy in
the association of DMSO with Ru(Ng}s>t was com-
puted as 200 kcalmot, a higher value than found
for Mg?*+ because of the opportunity for back bond-
ing into the emptyr*(S—0) orbital by R&" [23], a
stabilizing effect that is not available to M. The
addition of DMSO to [Mg(DMSO){* is exothermic
by 115 kcal mot?, consistent with the accompanying
increase in the length of the metal-oxygen bond.

The computed enthalpy change for the association
of Mg?* with CHzSO is 23 kcal mot? less than for
association with DMSO.

Mg?* + CH3SO — [MgCH;SOF*

AH® = —123kcal mot™* (12)

The addition of CHSO to [Mg(DMSO)ft is
54 kcal mot ! exothermic while the addition of DMSO

[Mg(DMSO)(CH3SO)]%*
— [Mg(CH3S0),]?* (triplet) + CHz
(16)

The above data allow an understanding of the depen-
dence on collision energy of the product yields in
the CAD spectrum of [Mg(DMSQJ?*. Elimination

of methyl is in competition with loss of a complete
DMSO. The former is slightly less endothermic,
110kcal mot? vs. 115kcalmot! and takes prece-
dence. The possible decomposition reactions of the
product, [Mg(DMSO)(CHSO)E* are: loss of a
methyl; loss of CHSO; and loss of DMSO. The
respective reaction endothermicities are: 25, 54,
and 77kcalmot!. Fig. 4 shows that the product
yields are consistent with the calculated endother-
micities, [Mg(CHSO)]?* is the major product, [Mg
(DMSO)?* is about half as intense and [Mg
(CH3SO)E* is not observed. The barrier for methyl
loss must be less than the enthalpy change for loss of a
whole ligand, a process whose only barrier will be its
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endothermicity. It can be surmised, although no cal- the uncomplexed water molecules may be associated
culations were performed, that asncreases and the  with the hydronium ion.

enthalpy of association of each succeeding DMSO
in [Mg(DMSO0),]?t becomes less negative, methyl
loss becomes energetically less competitive than
loss of a whole ligand. Hence loss of DMSO and [M (H,0),]%" — [MOH (H20),_,]*

not loss of methyl is the predominant reaction of 1H3O" 4 (x — 2)H,0 (19)
[Mg(DMSO)3]*.

As a check on the confidence to be placed in the Mixed ligand complexes such as [Mg(DMSO)
computed reaction enthalpies, Egs. (11), (13) and (15) (H20)]?* and [Mg(DMSOY(H,0),]>t were ob-
may be used to obtain Eq. (17). served in abundance in spectra from aqueous solutions
containing both M&t and DMSO at cone potentials
of +25 to+40 V. At lower potentials, doubly charged
AH® = +49kcal mor* 7) ions containing only DMSO predominated. When the

This value for the enthalpy of dissociation of DMSO C€one potential was raised %60V and above, the
to the sulfinyl and methyl radicals is in good agree- SPeCtrum contained both singly and doubly charged
ment with the range of 53-56 kcal mdlestimated by ions in roughly equal proportions. This is illustrated
Benson [40] and Thorson [41]. in Fig. 9(a) and (b) for solutions containing DMSO
If tetracoordination is the preferred state of fig ~ and DMSO-@, respectively. Only the major singly
then methyl loss occurs significantly only when there charged ions are identified in the spectra. The base
is a vacant site on the metal. (There was an extremely Peak in Fig. 9(a) iswz 64, which shifts tom/z 67
small methyl loss from [Mg(DMSQJ2+.) This sug- in Fig. 9(b). These ions, G430OH" and CQ3SOH",
gests that metal insertion into the S—C bond followed result from the decomposition of protonated DMSO
directly by loss of methyl occurs. However, such a and DMSO-g, respectively. CHS™ (mz 47) and
process would lead to a metal—sulfur bond while cal- CD3S* (m/z 50) arise from the same source.
culation shows that the bond is to the O of §30. m/z 117 and 181 are the major Mg-containing,
It may be just the case that at= 3 methyl loss be-  Singly charged ions in Fig. 9(a) and these shiftrirg
comes energetically competitive with loss of a whole 126 and 190 when DMSQegds used. Thereforay/z
ligand since, as previously mentioned, with few ex- 117 contains nine hydrogens, as deogg 181. The

ceptions the binding energy of a ligand increases as Same mass difference of 64 u for both pairs of peaks
the total number of ligands decreases. was intriguing and their identities were, therefore,

investigated by CAD.
The CAD spectrum oftVz 117 atE| ap = 20eV is

4. Singly charged DM SO/magnesium complexes shown in Fig. 10(a) while the CAD spectrum of its

perdeuterated analogu®jz 126, is in Fig. 10(b). The

The types of ions present in the ESI spectrum of two major products frommyz 117 result from losses

the aqueous solution of any doubly charged metal ion of 15 and 78 u, givingr/z 102 and 39, respectively.
are dependent on the value of the cone potential. If no The analogous products from'z 126 arem/z 108 and
other potential ligands are present in solution then the 42 i.e., losses of 18 and 84 u. In both spectra there
[M(H20),]%" ions present at low cone potential are is a small Mg peak atmVz 24, which increases in
subjected to dehydration (Eg. (18)) and charge reduc- intensity when the collision energy increases but is
tion by collisional activation at higher cone potentials. always negligibly small. AtE| 5, = 40eV another
The general charge reduction reaction is inter-ligand new product appears at'z 87 for the protiated and
proton transfer Eq. (19). In Eq. (19) one or more of atnvz 90 for the perdeuterated DMSO systems. The

[M(H20),]%" — [M(H20),_,]?" + xH,0  (18)

DMSO — CH3SC + *CH3
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Fig. 9. ESI spectra obtained from (a) aqueous Mgl BMSO solutions; and (b) aqueous MggFDOMSO-g; solutions. Cone potentiat60 V.

above observations are consistent wiitz 117 being by the use of a solution equimolar in DMSO and
[MgCH3(DMSO)TT which decomposes according to DMSO-ds. The ESI spectrum contained not only

the following scheme to give two major products. m/z 117 and 126, but alsev/z 120 and 123. The
. N CAD spectrum ofm/z 120 had major ions aiwz
MgCHS(OMSOI™ — IMgOMSOIT+CHs - (20) 42, mgcDs*, and 102, [Mg(DMSO), identify-

ing it as [MgCDy(DMSO)[*. Similarly, the CAD
[MgCH3(DMSO)]* — MgCHz* + DMSO  (21)  spectrum ofmz 123 had major ions atwz 39,
m/2 1L m/239 MgCHs*t, and 108, [Mg(DMSO-g)]*, identifying
mvz 102 could be the isobaric [MgGH{ICH3SO)]* it as [MgCH;(DMSO-ds)]*. In each spectrum there
rather than [Mg(DMSO)} but this was ruled out  was a small peak corresponding to the loss of a methyl
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Fig. 10. The CAD spectra of (ajnz 117 from agueous MgSIDMSO solutions; and (b) the analogomyz 126 from aqueous

MgSQs/DMSO-ds solutions.Eap = 40 eV; argon collision gas

group originating from the DMSO ligand. The

pressurex110~* Torr. Parent ions, in bold, contain onf/Mg and 32S.

re- is shown in Fig. 11. Loss of methyl is favored at the

fore, in addition to the decompositions described by lowest energy, suggesting, since the entropy of acti-
Egs. (20) and (21), a further decomposition, Eg. (22), vation should be roughly the same for direct ligand

OCcCurs.

[MgCH3(DMSO)]* — [MgCH3(CH3SO)]™ + CH3
m/z 117 m/z102

(22)

losses, that methyl is more weakly bound than DMSO.
Demethylation of the DMSO ligand, although never
accounting for more than 15% of total product yield is
more pronounced at low than at high energy reminis-
cent of methyl loss in the doubly charged magnesium

The competition between the three reaction channels complexes. One significant difference is, however, that

of activated [MgCR(DMSO)]" as a function o gy

computation shows that the metal-ligand linkage in
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Fig. 11. The relative yields of product ions in the CAD spectrum of [Mg@MSO)J?+ as functions of laboratory ion energy.

[Mg(CH3SO)Jt is via sulfur and not through oxygen and 190 (69%), 191 (13%), 192 (16%), 193 (2%) in
as in [Mg(CHSO)F+. Mgt, being softer than Mg, the DMSO-@ spectrum are consistent with the pat-
prefers association with the soft S rather than the hard tern 181 (68%), 182 (12%), 183 (17%), 184 (2%)
O site. computed from isotope natural abundances for the ion
At 20 eV collision energy, the major product in the [MgC3zHgOS]™. The pattern is not consistent with
CAD spectrum ofn/z 181, shown in Fig. 12(a), isvz an ion containing only one sulfur atom and the neu-
117 i.e., loss of 64 u. When DMSQs@vas substituted  tral product of mass 64 u must, therefore, be,SO
for DMSO, the major product fromv/z 190 wasnvz and m/z 181 must be [MgO(CKSO)(DMSO)I™ or
126, again a loss of 64u. The same neutral loss in [MgCH3(SG,)DMSO)]*. The former seems the more
both cases confirms what was surmised from the ESI probable, being consistent with both the propensity of
spectra, that no hydrogen was present in the neutralthe alkaline earth metal cations to form oxides and the

product, which can then be only r S&. The CAD
spectrum ofm/z 183, the isotopomer ofiVz 181, in
Fig. 12(b) has two major productsyz 117 and 119,
in the ratio 1:3.7. In the DMSOgdsystem, the prod-

readiness of a DMSO ligand to lose a methyl group.
The O atom in [MgO(CHSO)(DMSO)J" could

arise from either DMSO or water. A water ori-

gin was investigated in separate experiments with

uctsm/z 126 and 128 from the analogous parent ion aqueous solutions of magnesium salts containing
m/z 192 were in the ratio 1:3.4. The loss of both 64 no DMSO. The singly charged Mg-containing ions
and 66 u, as opposed to the single loss of 64 u from were of the series [MgOH®FD),]*T with no evi-
m/z 181 or 190, is due to the ions/z 183 and 192  dence for a [MgO(HO),]* series. Mg" with both
containing eithef®Mg and3?S or?Mg and3*S. The  water and DMSO ligands also failed to show ox-
ratios of products are consistent with the value of 1:3.4 ide formation in CAD experiments (vide supra). In
expected for the ratio oPfMgCHz(32S-DMSO)]* to nature, the reduction of DMSO by dimethyl sul-
[2*MgCHz(3*S-DMSO)]". The observed isotopic pat-  foxide reductase involves the oxidation of the en-
terns of the groups of peaks 181 (69%), 182 (12%), zyme at its molybdenum site and the release of
183 (17%), 184 (2%) in the DMSO ESI spectrum dimethylsulfide [42] and, by a stretched analogy,
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Fig. 12. The CAD spectra of (ajyz 180, and (b) 183, obtained from aqueous solutions containing Mg®@d DMSO. The parent ions,
in bold, are isotopomersyz 180 containing?Mg and 32S only andm/z 183 containing?*Mg and 34S or 28Mg and 32S. E o, = 40 eV.

[MgO(DMSO)(CH;SO)I™ might be formed in the
present system by the loss of (@HS™ from, for
example, [Mg(DMSO)(CHsSO)F*. However, the
CAD spectrum of this ion at low energy showed
loss of CHSO giving [Mg(DMSO)]%t which dis-

from —20 to —80V but the only parent ions observed
were of the series [MgO(C450)(DMS0),]™ with

n = 2, 3. The origin of these singly charged com-
plexes is therefore not determined at this time. It is
to be noted, however, that the formation of oxide

sociated at higher energy in the manner describedin a charge reduction reaction in aqueous DMSO

earlier.

solutions is not peculiar to Mg. We have, un-

Parent ion spectra were obtained by scanning Q1 der suitable ion source conditions, found the series

with Q2 focused on [MgO(CEBO)(DMSO)}". The

[LaO(CHsSO)(DMSO)]%* (n = 1-8) in the ESI

hexapole collision cell was operated at potentials spectra of aqueous DMSO solutions containing*La
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[43]. The lowest two members of this series are found
to lose 64 u in CAD studies with no loss of charge. In
addition, loss of methyl with no loss of charge is preva-
lent both from these ions and from [La(DMSQ3t.

Kebarle and coworkers in their pioneering study
of gas-phase triply charged metal complexes did
not note the series [LaO(G30)(DMSO)]%t but
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5. Conclusions

DMSO readily forms doubly charged complexes,
[Mg(DMS0),]%*, when dilute aqueous solutions of
DMSO containing magnesium salts are subject to elec-
trospray ionization. lons witlk = 4 or larger, react
upon collisional activation by loss of whole ligands

instead described the presence of the two seriesi.e., desolvation. [Mg(DMSQ@)?+ loses DMSO only

[LaOCH3(DMS0),]%t and [LaOH(DMSO)]%* [4].
The CHO ligand of the first series originated from

at low collision energies but loss of a methyl radi-
cal to give [Mg(DMSO}(CH3sSO)E* becomes almost

the methanol used as solvent and the OH of the secondequally probable at the highest energies. The dominant
series from either trace or added water. We may have CAD process for [Mg(DMSQy 2" is loss of a methyl

observed members of the series [LaOH(DMSI®Y
but all were present in very low concentrations.

Loss of 15u, a methyl group, fromn/z 181 giv-
ing m/z 166 leads to the second most abundant CAD
product. The loss of methyl was confirmed by the
increase of threewz units in the product ion when
DMSO-¢; was used. The product is presumed to
be, by analogy with the ubiquitous methyl loss from
the doubly charged ions, [MgO(GSO)]*. Loss
of 78u fromm/z 181 gives a small peak at/z 103
and loss of 79u givegvz 102. The loss of 78u be-
comes a loss of 84 u with DMSQsd.e., n/z 103 is
[MgO(CH3SO)J". Similarly, m/z 102 becomesn/z
108. m/iz 102 is, therefore, [Mg(DMSO}]. When
the isotopic peak am/z 183 in the MgSQ/DMSO
ESI spectrum is examined by CAD, four peaks are
observed,m/z 102, 103, 104 and 105 (Fig. 12(b)).
These are consistent with the above ion identifica-
tions, viz.:m/'z 102, P*Mg(®*?S-DMSO)]+; m/z 103,
[2*MgO(CHs32S0O)I+; miz104, B*MgO(CHz34SO)T
+[*®MgO(CHs32S0O)Jt; and m/z 105, PSMg(3?S-
DMSO)]* + [**Mg(®*S-DMSO)]*.

m/z181, [MgO(CHSO)(DMS0),] T, in losing SQ
to give m/z 117, must transfer a methyl group from
either one of its ligands to the metal. Sincéz 117
is [MgCH3(DMSO)]*, the methyl comes from the
sulfinyl group.

[(DMSO)MgO(CH3SO)]*
— [(DMSO)MGCH3(SOx)]*

— [(DMSO)MgCHg]* + SO (23)

radical, desolvation to give [Mg(DMSGHt is a minor
reaction, and only occurs at high energy. The compet-
itive reaction at high energy is loss of a second methyl
to give [Mg(CHsSO)]%*. Charge reduction reactions
do not predominate at any collision energy for any
n. The dissociation of [Mg(DMSO$}" was not ex-
amined. The calculated structures show that both the
DMSO and CHSO ligands associate with the metal
ion via oxygen through a mainly electrostatic bond.

The structures of several of the doubly charged
mono- and di-ligated M§F complexes have been
computed and the observed CAD dissociations are
consistent with their being determined by the reaction
enthalpies. The reaction pathway for methyl loss was
not investigated.

A singly charged ion that predominates at high cone
potentials is [MgO(DMSO)(CKSO)[™ which has a
unigue CAD dissociation. The transfer of methyl from
the sulfinyl ligand to the metal allows the release of
SO, as a neutral. The resulting [MgGHDMSO)[*
competitively loses methyl and DMSO. The origin of
the oxide was not determined and could be from either
water or DMSO.
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