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Abstract: The advent of electrospray ionization source opened the door to generation of multiply charged
metal ions complexed with organic molecules. A significant amount of work on ligated dications has appeared
over the past decade. In contrast, only several microsolvated tripositive ions have been reported, involving
solely the few rare earths with the lowest third ionization energies (IEs) of all elements (<23 eV). Here
trications of numerous trivalent metals outside of group 3 are shown to coordinate dimethyl sulfoxide (DMSO),
an eminent aprotic solvent. These include both main group elements (Al, Ga, In, Bi) and transition metals
(V, Fe, Cr) with the third IE up to 31 eV, which is 22 eV above the IE of DMSO. Fragmentation of
M3T(DMSO), for these metals (plus La, Yb, and Sc) has been characterized in detail using collision-induced
dissociation (CID). A rich, highly element specific dissociation chemistry is observed, including the homolytic
C—S cleavage in (+3) charge state and various charge-reduction processes, such as dissociative electron
and proton transfer and heterolytic S=O cleavage with and without a concomitant proton transfer.
Characteristic sizes for the charge reduction in M3 (DMSO), and M>7(DMSO), have been measured as a
function of the relevant elemental IE. These reveal no intrinsic gap between the stabilities of dication and
trication complexes, once the IE is adjusted for. This, in particular, suggests that even microsolvated
tetracations may exist.

. Introduction happens because the second ionization energies (IEs) of almost
all metals are above 12 eV, while the first IEs of organic ligands
typically rangé! between 8 and 12 eV. The situation for
trications is yet worse, as the third IEs (IE3) of metals are all
above 19 eV. However, microsolvated polycations are of special
interest, in view of their connection to stable coordination
compounds ubiquitous in inorganic and solid-state chemistry
and metal ion hemes in biomolecules. Multiple charge and high
IEs of metal polycations allow them to induce a plethora of

Ligated metal ions have been a front-line topic in gas-phase
ion chemistry for several decades now. Motivations for this work
include revealing the growth of solvation shells and long-range
order in solutiond,elucidating the structural transitions in finite
systemg, investigating the basic organometallic chemistry,
understanding the metal coordination in condensed-phase
complexe$ and biological molecules,and developing the
computational models of ion solvation using tractable micro-

scopic object§. More recently, differences between the frag- reactions initiated by bond polarization and charge transfer,
mentation pathways of metalated and protonated organic'nCIUd'ng some exotic high-energy processes. To accent this

molecules, including peptides, were found to be of analytical rich chemistry, th? diSSPC_ia“‘?” O,f dimethyl sulfoxidg (I,DMSO)
utility.”~° This research has mostly involved singly charged ions complexes of Ag is exhibited in Figure 1: the only significant

that are easily accessible by ligation of bare metal (M) cations Pathway is the trivial ligand evaporation down to bare metal.
in a molecular vapor. For multiply charged cations, this For monocations, this is typical for other metals and ligands.

procedure generally results, instead of addition, in a charge 1Nhe world of solvated metal polycations has been created by

reduction of the metal on contact with the neutral ligdh@his a new paradigm, in which these result not from the ligand
adsorption on a bare cation, but by ligand elimination from large
* E-mail: ashvartsburg@nctr.fda.gov. species. This happens in the electrospray ionization (ESI) source
(1) Berces, A Nukada, T.; Margl, P Ziegler, I.Phys. Chem. 4999103 \yhere jons in solution are lifted into the gas phase inside solvent
(2) Rodriguez-Cruz, S. E.; Jockusch, R. A.; Williams, E.JRAm. Chem. microdroplets, which are then partly removed by heating?

Soc 1999 121, 1986. . -
(3) Walker, N. R.: Wright, R. R.; Barran, P. E.: Stace, AQlganometallics Alternatively, one can generate a complex containing a metal

1999 18, 3569. in the charge state of (0) or(l) and then raise it (e.g., by
(4) Walker, N. R.; Wright, R. R.; Barran, P. E.; Murrell, J. N.; Stace, Al.J.
Am. Chem. So001, 123 4223.

(5) Peschke, M.; Blades, A. T.; Kebarle, ?Am. Chem. So200Q 122, 10440. (10) Spears, K. G.; Fehsenfeld, F. £.Chem. Phys1972 56, 5698.
(6) Pavlov, M.; Siegbahn, P. E. M.; SandstroM. J. Phys. Chem. A998 (11) Wright, R. R.; Walker, N. R.; Firth, S.; Stace, AJJPhys. Chem. 2001,
102 219. 105 54.
(7) Konig, S.; Leary, J. AJ. Am. Soc. Mass Spectrod99§ 9, 1125. (12) Jayaweera, P.; Blades, A. T.; Ikonomou, M. G.; Kebarlel. Am. Chem.
(8) Chu, I. K.; Guo, X.; Lau, T. C.; Siu, K. W. MAnal. Chem 1999 71, S0c.199Q 112, 2452.
2364. (13) Blades, A. T.; Jayaweera, P.; Ikonomou, M. G.; Kebarldpn®.J. Mass
(9) Satterfield, M.; Brodbelt, J. SAnal. Chem200Q 72, 5898. Spectrom. lon Processd990 101, 325.
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Table 1. Trication and Dication Products of the Dissociation of Triply Charged Metal-DMSO Complexes?
tricationic fragments upon loss of major dicationic product series,*’ M2* coordinated with
M IE3, eV Nl CHj onlye CH, + CHy? La(e);¢ Lo-H(p) L'L, CH3SLy/CH,SL," OHL, OHL'L, oL, both!

La 19.2 2 2,3",3,3,4 a,b,c,deg 64 1-3/1, 2 0-3 b, d

Sc 24.8 3 3,3, 4 deg 1,2 13/3 1-4 1,2

Yb! 25.1 3 3,44 e, f 1-3(e) 0-3 2,3/1,2 3

Bi 25.6 4 3, 4(p) 4 3-5

In 28.0 4 4 g 2—4(p) 3,4 2,3 3,4

Al 28.5 3 4' 4 f,g 2-5(p) 1-3 1-3 2,3 1,2 a,b,c

Vi 29.3 5 3,4

Ga 30.7 4 2-4(p) 3,4 2,3 2,3 b

Fe 30.7 4 2-5(e) 1,2 3,4 3,4

Cr 31.0 4 2-5(e) 2 3 4 24

aSingly charged fragments are listed in the Supporting Information (Table?28himum numbern for which M3*(DMSO), were found among the
fragmentation products.Products of homolytic cleavage (1). The numeral indicates the precurson,sthe number of slanted primes equals that of

sequential Chleliminations. For example, '3stands for M*(CHzSO)(DMSO).

No CH; loss was found for any metal complex with> 4. 4 Products of

rearrangement(s) (2) ejecting methane plus, possibly, one or may&ses (1): M*CH,SO(DMSO) (a), Mt (CH,SO)RCH3SO (b); M+ CH,SO(CHSO)

(c); M3*CH,SOCHSO(DMSO) (d); M*CH,SO(DMSO} (e); M**CH,SOCHSO(DMSO0} (f); M3*CH,SO(DMSO} (g). € In this table, L means the whole
ligand (DMSO); L' stands for CHSO.fOther products specific to few metals are the following:2"RRHCH,SOL for La, Sc, and Al; YB'SO,
Yb?*CH,;SOCHSO, and YB*(CH3zSO); Al2FOHCH,;SOCHSO, APTOHCH,SOL,, and AFFOH(CHsSOYL; Ga2"CHsSOCHSCHL. 9 Products of electron
transfer (3) marked (e) and proton transfer (4) marked (p). Critical sizesqual the largest of these values plug The route to these Gi$-containing
products is unclear, as discussed in the teRtoducts containing both G8 and CHSO groups: MTCH;S(CHSO) (a), M2*CH3;SCHSOL (b),
M2FCHsSCHSOL; (c), and MTCHsSCHSOL (d).! A low signal and/or unknown contamination has prevented the elucidation of all minor fragmentation

channels for YB" and \B* complexes.

L Ag+

Signal

Ag'CH;3S0 Ag'(DMSO0),

Ag'(DMSO)

]

100 120 140 160 180 200 220 240 260 280
m/z

Figure 1. CID spectrum for AG(DMSO);, E = 60 eV. Save for a trace
of C—C cleavage in Ag(DMSO), ligand evaporation to bare Ms the
sole dissociation pathway.

laser or electron ionization). This is implemented in the
“pickup”34 and “charge-stripping*1°techniques. Those meth-

amides, and nitriles). Producing these species becomes more
challenging as the second ionization energy (IE2) of the metal
increases; still, most have been found for alfMons up
tol1:19.20.24C 2+, (The IE2 of Cu is 20.3 eV, the highest for any
dication stable in aqueous media.) In comparison, microsolvated
M3* ions have been reported for just one protic ligand
diacetone alcohol (4-hydroxy-4-methyl-2-pentané®eand four
aprotic ones-dimethyl sulfoxide (DMSO}2-25dimethyl form-
amide (DMF)13 acetoné?>28 and acetonitrilé>28 For any of
those, complexes were observed exclusively for lanthanoids and
yttrium (La, Ce, Nd, Sm, and Y for DMSO). Group 3 metals
have the lowest IE3 of all elements, varying from 19.2 eV for
La to 25.1 eV for Yb. Notably, the values for La and Ce (20.2
eV) are below the IE2 of Cu. The IE3 of other trivalent elements,
whether main group or transition metals, are substantially higher,
usually above 28 eV (Table 1). Thus solvated gas-phase M
had been observed only for metals with IE3 23 eV. In

ods have generated metal dications coordinated with variousparticular, C&* could not be coordinated with DMSE3

ligands!®~2° including both protic (water and alcohols) and

aprotic (aromatic hydrocarbons, ethers, ketones, sulfoxides,

(14) Schidler, D.; Schwarz, HJ. Phys. Chem. A999 103 7385.

(15) Schidler, D.; Schwarz, H.; Wu, J.; Wesdemiotis,&hem. Phys. Let2001,
343 258.

(16) Peschke, M.; Blades, A. T.; Kebarle,IRt. J. Mass Spectroni999 185
186/187, 685.

(17) Kohler, M.; Leary, J. Alnt. J. Mass Spectrom. lon Processk397, 162,
17

(18) Stbne, J. A.; Vukomanovic, Dnt. J. Mass Spectroni999 185186187,
227.

(19) Shvartsburg, A. A.; Siu, K. W. MJ. Am. Chem. So@001, 123 10071.

(20) Shvartsburg, A. A.; Wilkes, J. G.; Lay, J. O.; Siu, K. W. @hem. Phys.
Lett 2001, 350, 216.

(21) Hall, B. J.; Brodbelt, J. S1. Am. Soc. Mass Spectrof999 10, 402.

(22) Andersen, U. N.; Bojesen, Gt. J. Mass Spectrom. lon ProcessE396
153 1.

(23) Rodriguez-Cruz, S. E.; Jockusch, R. A.; Williams, E.JRAm. Chem.
Soc 1999 121, 8898.

(24) Cheng, Z. L.; Siu, K. W. M.; Guevremont, R.; Berman, SJSAm. Soc.
Mass Spectroml992 3, 281.

(25) Cheng, Z. L.; Siu, K. W. M.; Guevremont, R.; Berman, SO8g. Mass
Spectrom1992 27, 1370.

(26) Woodward, C. A.; Dobson, M. P.; Stace, A.JJ Phys. Chem. A997,
101, 2279.

(27) Walker, N. R.; Wright, R. R.; Stace, A. J. Am. Chem. Sod 999 121,
4837

(28) Walker, N. R.; Wright, R. R.; Stace, A. J.; Woodward, C.lAt. J. Mass
Spectrom1999 188, 113.

(29) Faherty, K. P.; Thompson, C. J.; Aguirre, F.; Michne, J.; Metz, R].B.
Phys. Chem. 2001, 105 10054.
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This paper reports the formation of DMSO complexes for a
number of triply charged ions of the metals not belonging to
group 3, including both transition metals (V, Cr, Fe) and those
of the main group (Al, Ga, In, Bi). The IE3 of these elements
range through 31 eV, i.e., 8 eV above those of group 3 for which
M3t(DMSO), had already been encountered. As no complexes
of such trications with any other solvent had been reported
either, this constitutes thérst obsewation of microsodated
trications outside of group.3

The hallmark feature of ligated metal polycations is charge
reduction, which engenders the minimum and critical sizes. As
discussed above, the IE3 of a metal always exceeds the first IE
of any ligand (L) by a huge margin. For DMSO (k9.1 eV),
the gap is over 10 eV even for La with the lowest IE3 of all
nonactinoid elements, and reaches 22 eV for Cr. Hence3iILM
are thermodynamically unstable to separation infd &hd L*.

On the other hand, many ¥ ions are stable in bulk solutions.
Therefore, there may be a minimum siz&,f) at which a

(30) Shvartsburg, A. AJ. Am. Chem. So@002 124, 7910.
(31) Ligation of CG&" protected by the tricyclic hexadentate sepulchrate shell
was reported?
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spontaneous charge reduction can still be resisted. This size may

be one, as even ¥L may be trapped behind an energy barrier Ga2 OHL o .

to electron transfer: B (CH3;CN) species have recently been b 10 68 XlLs

found3? In the other extreme, macroscopic droplets evidently g | Ga™ XLs 1

evaporate neutral ligands only. Thus there must be a critical R Ga2* OHL Ga2*XL,

size (i) above which no dissociative electron or proton transfer 20 - 3 .

occurs. In this contribution, the size range for the existence of L0 Xy o GaXoly

novel ME*(DMSO), species is characterized by collisional [H L, l N Ga Xols]

fragmentation, with th@mi, and gt values determined. Rich L] 12! . | .

fragmentation chemistry of f(DMSO), has been characterized 150 200 250 300 350 400 450

in detail3® Here the dissociation of DMSO-ligated trications, m/z

including the seven above and ¥a Yb®*, and Sé*, is Figure 2. Q1 ESI/MS spectrum of Ga(NOs)s solution in anhydrous

extensively probed. DMSO. Symbols X and L stand for the NO counteranion and DMSO
ligand, respectively. Peaks labeled by underlined numbers n are
M3+(DMSO),.

Il. Experimental Protocol

_ Experiments were performeq using a Finnigan TSQ 7000 MS/MS monovalent counteranion of the original salt) were observed,
instrument with a heated capillary connecting the APl source and ;

vacuum region. The ESI needle voltage wad kV. A moderate depend!ng. on the metal. .
nebulizing gas pressure~0 psi) was used; the auxiliary gas was 2. Principal Features of M**(DMSO), Fragmentation:
switched off. M7 (DMSO), complexes were produced by spraying The La Complexes Example The lowest IE3 of all stable
millimolar M(NO3); solutions in pure DMSO, at a flow of several elements renders La a starting point for investigations of ligated

microliters per minute. (Since no nitrate was available f&t,\WCls metal trications. The dissociation of #§DMSO), (for n = 6)
was substituted.) Previously, Blades etalised M(NQ); dissolved was probed? but only the DMSO evaporation down o= 3
in methanol doped with DMSO. Good yields of*MDMSO), were was found. This clearly was because of low collision energy

obtained here for all metals tried. CID was performed using argon at {hat could cause desolvation only to¥6DMSO);: this was

the Iaborat_ory collision energyj of 6360 eV gnd pressue=15 reproduced here. At higher energies inducing further desolvation,

mTorr. This pressure corresponds to a multicollisional dissociation, . . - .
other products appear in large yields as presented in Figure

necessary to induce a deep fragmentation of large precursor ions at

reasonable energies. High energies needed to attain similar fragmentaSA'B'

tion upon a single collision substantially degrade the mass resolution ~ Perhaps of greatest interest is the homolytic cleavage-@8 C
and accuracy, which is of particular consequence for multiply charged bonds in DMSO:

ions. Keeping the heated capillary at 140 maximized the trication

yield, but varying the temperature from 100 to 2@had no qualitative M3+(DMSO)h — M3+[(DMSO) — mCH,] + mCH; (1)
effect on the findings. n 3

Dissociation of metatDMSO cluster trications turned out to be . iquitotsi . L
intricate, yielding diverse triply, doubly, and singly charged fragments. This process was ubiquitotfsin the dissociation of DMSO

To ensure the integrity of assignments, all MS/MS experiments were COmMplexes of all common metal dications exceptCThere
repeated with DMSQ¥ and more than one metal isotope whenever it occurred in precursors with = 1—4, though not each for
possible. The vast number of observed products prohibit our presentingevery metal. The greatest number of sequentia lOBses was
them all, and only major ones or those of specific significance are one forn = 4, two forn = 3, three fom = 2, and one fon =
labeled in the figures and/or mentioned in the text. Tables 1 and 2S 1. Here for L& (DMSOQ),, process (1) is likewise registered

list all fragments identified. for n < 4 only3* one step fom = 4, three fom = 3, and one
for n = 2. An abrupt onset and prominence of channel (1) for
IIl. Results n = 4 (Figure 3A) are of note. In comparison, the intensity of

homolytic cleavage for KI"(DMSOY), was at best ming? for n
=4, and increased gradually for= 3 and 2. A related process
found for MA*(DMSO), with n = 1 and 2 was the elimination
of methane, possibly in sequence with £Hkbsses. This

I(;‘tir(])i;er;u:iignlOnihvgir:lcgisrzgn(;ir;izoens g‘;g&"'sa'r?igzl Exc'ﬁ;['ac;ne rearrangement is now observed for¥taomplexes, here for
9 P y 9 precursors with up to four ligands:

reduction. Under these circumstances, the envelope of trications
comprised the species with-82 ligands, maximizing at =
10-11 (an example in Figure 2). Unlike M(DMSO), ex- M*(DMSO), = M*[(DMSO), — CH] + CH, (2)
hibiting sharp distribution maxima at= 5 or 6 depending on

the metaﬁ3 no pronounced “magic numbers” were found for S|m|lar|y, this reaction occurs either alone or in Conjunction
any MEH(DMSO),. Similarly, acetonitrile complex&feature ~ With (1). Products of two sequential rearrangements (2) were
extraordinary “magic numbers” at= 5 or 6 for dications, but ~ also observed (Table 1).

relatively broad distributions including= 7—11 for trications. Other dissociation pathways off{DMSO), reduce the triple

In addition to M (DMSO),, the usual M*XL, M™X,L,, and charge. The generic charge-reduction modes in ligated poly-
hydrolysis products MOHL, and M"OHXL, (where X is the cations are the electron transfer (3) and, for hydrogen-containing

1. Source Mass SpectraAs had been noted widely, the total
intensity of multiply charged ions maximizes under mild source
conditions. This refers to a nominal potential drop (heteV)

(32) Shvartsburg, A. AChem. Phys. Let2002 360, 479. (34) Present data do not reveal whether two methyls from the same ligand may
(33) Shvartsburg, A. A.; Wilkes, J. Q. Phys. Chem. 2002 106, 4543. be eliminated.
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(A)
4
,.  |La”'OHL,
_ L ||, . |
s 3 La" CH,SL,  La CH3OL
& T La'(OH),L
@ N La’'LL,
CH,SCH, )
4 La” OHL,
. La’'CH,SL,
L Ié 6y LaOL
] l 2 7 i 1 e
(B)
La% CH,SL
.
CHjSCH, 3
b [ |LLL
La"QHL La"CH,SL'L |
E H L La'0 La"CH,SOL
Eo 2 3 La"CH,SL,
» I La'OH), Lt
La*'L'L,
4 + LatOL
+ La'CH,SO/ |,
L 30 [ l La*(OH),L
A 4
Z lil Al ) * !
50 100 150 200 250 300
©
4
S
) Yb2*OHL,
7 b2 LL,
Yb2*OHL;
5 \x
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Figure 3. CID spectral windows for M"(DMSO)o: 3%La at lower (A,

90 eV) and higher (B, 180 eV) collision energies, dftYb (C, E = 120

eV). Peaks labeled by numbers n aré'{DMSO),. Features marked by
slanted primes are products of the number of steps of homolytic cleavage
(1) given by the number of slanted primes, e.d’,=3 La3*(DMSO); —

2CH; = La®"(CH3SO)(DMSO). Tripositive ions are underlined; L stands
for the DMSO ligand and Lstands for for CHSO. Products of dissociative
electron or proton transfer (both singly and doubly charged) are inside boxes;
“x” marks unassigned features for ¥b complexes deriving from an
unknown interference at the precursor mass.

ligands, proton transfer (4):

MZL, =MEDL + LT (3)

(4)

Both reactions were commtin the breakdown of MI"(DMSO}),
with n = 1-3. However, neither (3) nor (4) occurs for ¥a
complexes of any size. When a ligated polycation fails to exhibit

MZL, =MEDHL—H)L,_, + H'L

Dicationic fragments belong to several types. The first
encompasses MCH;SO(DMSO), n = 0—4. Equivalent mono-
cations withn = 0, 1 were produced for many WM(DMSO),
precursorss Here they appear over a larger range of sizes and
in a greater yield, dominating the CID spectrum at some
energies. These products might result from a heterolytSC
cleavage:

M* (DMSO), = M**CH,SO(DMSO)_, + CH," (5)

Since, unlike (1), this reaction does not conserve the
ionic charge, only one step is possible. However, a minute
yield of CHs* at the relevant energies indicates a different
major pathway: the electron transfer in products of the cleavage

Q).

M3 CH,SO(DMSO), = M?**CH,SO(DMSO0),_, +
DMSO" (6)

This tracks the behavior of dicatioA% Still, reaction 5 must
operate, at least to generate M H;SO(DMSO), with n = 3

and 4, for which no precursors along scheme (6) are found. No
dication analogues of the products of rearrangement (2) were
observed.

For several MT(DMSO), species, traces of WMCHsS-
(DMSO), and/or MrCH,S(DMSO), (n = 0,1) were identified3
Here, L& CH;S(DMSO), (n = 1-3) and, at higher energies,
La?"CH,S(DMSO), (n = 1, 2) appear in high yield (Figure
3A,B). While these assignments are validated by deuterium
labeling, the underlying chemistry remains obscure as the
complementary products at GBI"(DMSQO), masses are miss-
ing. There also are fragments, e.g.2t@H;SCHSO(DMSO),
that belong to both types described.

The third cleavage type found for < 4 involves a rupture
of the S=O bond in DMSO and concomitant proton transfer
from a methyl group to oxygen:

M3*"(DMSO), = M**OH(DMSO),_, + CH,SCH," (7)

These products further desolvate to?t@H, an exceptionally
stable ion® Process 7 may start from the DMSO “enol” form,
CH3S(OH)CH,, transferring the hydroxyl to metal. An equiva-
lent reaction was observ&dfor some M*(DMSO), (n = 1-3).
Charge-reduced hydroxides normally arise in the dissociation
of ligated metal polycations hydrated in the collision cell by
adventitious water. However, this produces complementary
H*(DMSO), not CHSCH,". Hydroxylated M+ in M2TOH-
(DMSO), can still sever a €S bond in DMSO, e.g.,
La?*OHCH,SO(DMSO) is apparently derived from £aDH-
(DMSO), via a CH;, loss analogous to (2).

At higher collision energies, all dications described above
charge reduce further. Concisely, several series of products were
found. First are LACH3;SO(DMSO), and La CH,SO(DMSO).

The former may arise when E2CH;SO(DMSO),1; eliminates®
DMSO" or La?"CH3S(DMSO),+1 loses (CH)2S'. The latter
apparently come from IZACHz;S(DMSO),4 losing CHSCH ™.

either electron or proton transfer, these processes must bel '€ Species in the second group (not observed in the dis-

uncompetitive with either desolvation to bare metal ion or

intraligand cleavages. The case here is of the second kind: the

minimum size observed is = 2.

12346 J. AM. CHEM. SOC. = VOL. 124, NO. 41, 2002

sociation of M*(DMSO),) contain two hydroxyls, evidently

(35) Schidler, D.; Schwarz, H.; Harvey, J. N. Phys. Chem. 2000 104
11257.
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by consecutive operation of reaction 7:

M?**OH(DMSO), = M (OH),(DMSO),_, + CH,SCH,"
(8)

These ions dehydrate to t@(DMSO),-1, but those must also
arise from L&"OH(DMSO), directly via the proton transfer,
else a strong H(DMSO) feature is hard to explain. The third
group includes ions containing @ and cleaved DMSQO, such
as La OCHsSO(DMSO), and LaOCH;SO(DMSO). The
former may originate via homolytic €S cleavages in
La"O(DMSO)+1 or (CHg),S' loss from L& CH;SO(DMSO)1.
Losses of CH" from L&2*OH(DMSO),+; or of CH;SCH*
from La*"CH3SO(DMSO)4+1 are two plausible routes to
La™OCH,SO(DMSO). The first is more likely: breakdown of

A12+

Signal

[CH,SCH,"

H'L

OHL,

2+
Al" CH;3SL,

A

(9]

(A)

AZ*CH,SOL
CH3SCH,"

|A12+£L-Hii]

APOHLL
2+
APOHL,

DMSO-coordinated M never yielded MOCH;SO(DMSO), AL,
while M2+*CH3SO(DMSO), intermediates were abunda#t.

3. Scandium and Ytterbium: Group 3 Metals with High
Third IE. Whereas the IE3 of La (19.2 eV) is about the lowest
for group 3 elements, those of Sc (24.8 eV) and Yb (25.1 eV)
are nearly the highest. Considering the importance of metal IE |+
to the properties of ligated polycations, it is instructive to look
at the complexes of metals with similar valence electrons but
different IEs. Dissociation of S¢(DMSO), (Figure 8S, part
A) broadly resembles that of BE(DMSO),. One slight differ-
ence isnmin increasing from 2 to 3; hence the products of
cleavage (1) are limited to those derived from?*§DMSO),

(n =3, 4). The lower limits of triple-charge stability naturally
shift up as the IE3 increases. Likewise, the largest precursor in
reaction 7 hashr = 5 for Sc f = 4 for La). A new class of
fragments not found in the La case aré"@HCHSO(DMSO),

n =1, 2. They must result from a homolytic€S cleavage
analogous to (1):

H'L

AIZ*OHLL, |
AP'OHL;  Al'OL,
AI'OCH,SOL

/,
A (L-H)Ly
AI"CH,SOL

180

=TT

160 200

©

Signal

M?**OH(DMSO),,, = M**OHCH,SO(DMSO), + CH, (9)

Singly charged derivatives of 8gDMSO), mostly track
those of L&"(DMSO), though more extensively cleaved
products such as SEH;SCH;SO and SEOH(CH;SO), surface.
There also are fragments of YOH),CH,SO and M (OH),-
CH3SO stoichiometry. While these may derive by £ihd CH
losses from St(OH),(DMSO), their absence for La hints at
their origin from an SO cleavage analogous to (8) in
M2FOHCH;SO(DMSO), an intermediate missing for La.

100 250
Figure 4. CID spectral windows for A" (DMSO) at E = 60 eV (A)

and 150 eV (B), and foAn3*(DMSO) (C, E = 90 eV). Notation is as
in Figure 3.

hydroxide-based dications are encountered only with a whole
Despite essentially identical IE3 of Sc and Yb3Sand Y3+ DMSO. This fits into the picture of large ionic radius discourag-
complexes dissociate differently: unlike those oftand Sé, ing cleavages. Two sequential cleavages (1) iF*{bMSO),
Yb3+ complexes readily reduce via electron transfer (3), Figure are notable: only one was previously registered for any
3C. This happens fat < 4 (nmin = 3 for both Yb and Sc). The  tetraligand di- or trication. Though ¥bh(DMSO), species are
increase of IE3 by 6 eV from La to Yb should favor the electron abundant, no Yi(DMSO), species are found for any > 0:
transfer; what is remarkable is that this does not happen for Sc.charge reduction tof1) proceeds by cleavages instead. This
Physically, S&" is much smaller than 134, which should is caused by a low IE2 of Yb (12.2 eV): MDMSO), exhibited
facilitate ligand cleavages by metal insertion. (DMSO complexes neither electron nor proton transféwhen the IE2 of M was
of Be?*, the smallest MI", exhibit various cleavages but neither 12 eV or less.
electron nor proton transféf) Then, changing from La to Sc, 4. Group 13 Elements.The IE3 of these metals (Al, Ga, In)
a larger IE3 promoting electron transfer and smaller radius exceed even the maximum values for group 3 by53eV.
enhancing cleavages may balance such that the overall frag-Accordingly, small trications become less stable. For Al, though
mentation pattern is affected little. A commensurate increase nmin = 3, the extent of cleavage (1) dwindles sharply (Figure
of IE3 from La to Yb with no reduction of ionic radius would  4A,B). This process is now limited to two steps for= 4, and
favor electron transfer at the expense of cleavages, as observedhere is no CH loss forn = 3. The extent of Chllosses (2)
Other fragmentation pathways of ¥b complexes broadly  decreases proportionately. In a behavior opposite to that &f Yb
follow those for Sé* and L&" ones. Unlike in the Sc case, complexes, Ai"(DMSO), species exhibit proton transfer only
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rather than electron transfencfy = 5). Of all M3* ions v T
investigated here, Af has by far the smallest radius. Not Bi*CD,SL,
surprising, then, Al complexes exhibit an exceptional variety
of cleavage products. For dicationic fragments, all the series
introduced so far are showing together (Table 1). This includes
those based on MOH, M2"OHCH,SO and MTOHCH;SO,
M2+CH,SO and MTCH3SO, MA*CH;3S, and juxtapositions of
the last two such as MCH3;SCH;SO. There are a few products
of more than two cleavages, e.g.,?ACH3;S(CHSO). For
singly charged products, of novelty is the appearance of - 3 6 Bi*OL
AlIT(DMSO), no doubt because of the elemental IE2 increasing 4 J. ] 7 Bt CDASL

to 18.8 eV. No AF(DMSOY), is registered, but this does not | | . v | IO G Ry T - 2 L,
signify neir = 2 for AI2F(DMSO),: these intermediates were 100 200 300 400
not observed, so A{DMSO) must originate elsewhere. Other m/z

monocation fragments are in line with those found for La and Figure 5. CID spectral window for Bit(DMSO-ds)10, E = 60 eV. Notation
Sc cases. follows that in Figure 3.

Small trications become yet less stable for In and Gain
increases to 4, while cleavage (1) fades away to one step for
In3*(DMSQ), and none at all for G& complexes (Figures 8S,
part B, and 4C). Complexes of &ashould be less stable than
AlI3* ones based on a higher IE3 of Ga; the cause fér In
complexes is unclear as IE3 (Im IE3 (Al). The number of

L CD3SCD,"

DL BiZ*CD3SLy

Signal

Bi'L

+
Bi'OL, |

are missing. There likewise are no fragments withi"BiH;SO
nucleus, in view of absent BiCH;SO(DMSO). Instead of all
these, BI"CH3;S(DMSO), (n = 1—4) species arise in huge
abundance (Figure 5). While the assignment is established by
isotopic labeling, the lack of complementary fragments per-

cleavage products (either di- or monocations) for Ga and In plexes. At higher energies, these dications further charge reduce
A i

cases is significantly less than that for Al case, and there areby.electiog trzan:_srfr(]ar )S?kg)lnM{;Bl CH3§(?N;S?)‘*1’ DMS¢}h

essentially no multiple cleavages. In particular, products basedPa!'s =1, )'+ e BI (DMSO), (n > ) ragmgnts mg t

on M2*OH and MO are associated with DMSO only, not its derive from B?,CH3S(DMSO)‘ losing CHS™ (this ion s

fragments. There are almost no fragments based GICM,SO pr esent). Monoxides with one or two DMSO also appear in high

or M2*CH3S0, both common for Al. This likely is due to the yield. . .

low abundance or lack of MCH;SO(DMSO), precursors in _6. First-Row Transition M_etals. Of these (except Sc already

electron transfer (6), which supports the contention that discussed), the normally trivalent elements are Fe, Cr, and V.

M2+ CH,SO(DMSO} result mostly from this process rather than ' Nelr IE3 are high (2931 eV), that of Cr being the highest of
heterolytic cleavage (5§ all metals probed here. The IE3 of Fe (30.7 eV) equals that of

For both Ga and In, singly charged fragments include Ga, and the dissociation patterns of their complexes are broadly

M*(DMSQY), absent for Al. A new development is the emer- similar. In particular, nmin = 4 in both cases. The major
gence of M(DMSO—2H)(DMSO), (n = 0—2) ions, likely distinction is that F&(DMSO), species undergo electron

. .transfer only rather than proton transfer (Figure 6A,B). Since
enerated by a second proton transfer in the products of (4):
g 4 P P @ no dications containing (DMS©H) appear, no M(DMSO—

2H)-based species found for Ga result. However, in addition to
Fe"(DMSO),, Fe"(DMSO—H)(DMSO),-; species are observed
forn=1, 2. These were not encountered among the dissociation
(Note that M*(L—H)Ln+1 precursors were observed fors< products of F&(DMSO), produced by ESI of Fe(ll) salt
2.) An analogous sequence was encountéfed M3*(CH;CN)y. solutions: only electron transfer yielding ROMSO) was
However, no M(DMSO—H)(DMSO), stoichiometry was ob-  gpserved? The structures of Pé(DMSO), generated by ESI
served for either Ga or In. This is because né"{@MSO), and obtained from F&(DMSO), may differ, which could
fragments are available (the original trications do not dissociate engender divergent dissociation pathways. Alternatively, here
by electron transfer), and M(DMSO—-H)(DMSO), products  Fe*(DMSO—H)-based fragments might originate from other
do not exhibit that either. To yield MDMSO),, they must lose precursors, e.g., B&CHsS(DMSO), losing CHS* (found

MZ*(L—H)L, ., =MT(L—2H)L,+H'L  (10)

(DMSO-H)*, which is prominent (Figure 4C,D). ~ among the products). Numerous other monocations (Table 2S)
5. Bismuth. Bi belongs to group 15, but its typical oxidation  mimic the set observed in the dissociation ofFeomplexes.
state is 3). Bi** complexes fragment differently from the The main novelty for Gr* complexes is the emergence of

systems reviewed above, offering a few puzzles (Figure 5). First, \j2+0(DMSO), (n = 2—4) oxide products instead of MOH-
Nmin = 4 and BF*(DMSO), exhibits no cleavage (1). This copies  (DMSO), hydroxides (Figure 6C). Considering the prominence

the situation for G& complexes but the IE3 of Bi is'5 eV of (CHs),S* fragment, this most likely results from a heterolytic
lower, so the instability of small ligated Bi is abnormal. S=0 cleavage:

Second, the intensities of both proton transfer (4) and “enol”

cleavage (7) are negligible. Since ligated'®H species appear M* (DMS0), = M**O(DMSO0),_, + (CH,),S" (11)

but as traces, their BIFOHCH;SO(DMSO),—; derivatives (9)

(36) However, observation of Ge&CH;SO(DMSO), (n = 3, 4) traces in the This reaCtlon resembles, the ePOI cI”eavage (7), except that the
absence of tricationic products of homolytic cleavage (1) does not prove S=O bond is severed in the “keto” tautomer of DMSO. No
that heterolytic cleavage (5) is open even as a minor channel. Products of ~ 2+ i -
(1) might simply be unstable enough to immediately dissociate via the Cr*" complexes h_ave been prepared using ESI. Here’ down
electron transfer (6). stream fragmentation of EDMSOY), (n = 2—5) resulting from
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Figure 6. CID spectral windows for M (DMSO)1: 5%Fe atE = 60 eV
(A) and 180 eV (B)5%Cr (C,E = 90 eV), and®V (D, E = 90 eV). The
Cr2*(DMSO); peak in (C) is scaled by a factor of 1/5. Notation is as in

Figure

electron transfer (3) in Gr(DMSO),+1 allows a glimpse into
the relevant chemistry. The presence of @MSO), for m=

1 only and the absence of GPMSO—H)(DMSO),, at any size
indicate that Ci*(DMSO), species charge reduce by electron
rather than proton transfer, and the associatggdand e for
Cr(Il) equal 2. These values are just rigifor a metal with an

3.
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metal assumes a higher oxidation state in solution, characteristic
sizes can sometimes still be measured by sequentially reducing
a complex of that higher charge state. For monocations, there
are the new dioxide fragments®,(DMSO), (n = 0—2) not
found in the Fe case. They emerge together with the oxide
dications (11), and probably arise from the recurrence of same
process:

M**O(DMSO0),_, = MTO,(DMSO0),_, + (CH,),S" (12)

At higher energies, these become prevailing products.

The tendency for oxide formation in di- and monocations
that emerged for Cr reaches a maximum in the V case. In fact,
V2rO(DMSO), (n = 3, 4) species are the only dications found
starting from \P*(DMSO), (Figure 6D), as neither electron or
proton transfer nor other cleavages take place. A huge yield of
complementary (CkJ,S* ion fits this picture. For singly charged
products, in addition to dioxides (12) with = 0—2, usual
V+O(DMSO), (n = 0, 1) species are observed at high CID
energies. However, lack of DMSOsuggests that these arise
not from an electron transfer in27O(DMSO),. Considering
the absence of precursors based oif®H and M~(OH), and
the high appearance energy ferX) monoxides, they probably
derive from (1) dioxides losing oxygen. Dioxides attached to
DMSO fragments, such as™D,CHsSO, appear as well.

IV. Overview of Dissociation Chemistry and
Comparison with Dications

1. Electron and Proton Transfer. As had been noted, the
relevant IE is the major factor governing the fragmentation of
ligated metal polycations. The minimum sizes fotf NDMSO),
shift from 2 for La (IE3~ 19 eV, about the lowest for any
element) to 4 for metals with the highest IE3 in the-Z1 eV
range. The critical sizes, i.e., the largest'{DMSO), species
for which a dissociative electron (3) or proton (4) transfer
proceeds, also increase from 4 for Yb (IE325 eV) to 5-6
for the elements at the top of IE3 range. Which (if any) of these
two processes occurs depends on the metal, not on the precursor
size or collision energy. Complexes of transition metals (Yb,
Fe, Cr) and main group ones (Al, In, Ga, Bi) exhibit respectively
electron and proton transfer. Microsolvated La and Sc undergo
neither (3) nor (4): presumably relatively low IE3 of these
elements render both processes incompetitive with ligand
cleavages. It is instructive to compare the dissociation of ligated
polycations across charge states:3} here and {2) studied
previously33 Similarly to the cases of La(lll) and Sc(Ill), DMSO
complexes of the divalent metal with lowest IE2 (Ba) exhibited
neither electron nor proton transfer. However, the behavior of
dications in terms of preference for either process differed: this
was a function of the precursor size, withZ2iDMSO),
undergoing an electron transfer only and#'¥DMSO); ex-
periencing electron and/or proton transfer depending on the
metal. The preference for either process was not correlated with
the division between main group and transition metals.

Do the stabilities of ligated dications and trications intrinsi-
cally differ beyond the factor of metal IP? This question is
prompted by the fact that all divalent metals including Cu form
dication complexes with water and all alcohols tried, but no
trication (except diacetone alcohol, a special 83de known

IE2 of 16.5 eV (Table 2S). This demonstrates that, for ligated to do that, although the IE3 of some metals (e.g., 19.2 eV for
polycations that have not been generated by ESI because thd.a) are below the IE2 of Ce 20.3 eV. To begin understanding
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Figure 7. Characteristic sizes for DMSO complexes of metal dicafions

cleaved, although they may exhibit proton or electron transfer
through interactions with inner-shell ligands.) For dications, the
products of CH loss only were always more intense than their
analogues involving Clloss(es)? This is not necessarily the
case for M™ complexes’

3. Charge-Reducing CleavagesThere is a much greater
diversity of charge-reduced cleavage fragments. The first group
comprises dication analogues of the products o @htd CH,
losses. These ions with a severed-& bond, consisting of
M2+CH3SO or M*CH,SO and zero to four DMSO, are generic
to the decay of M"(DMSO),: they show up for all cases except
Bi and V where another cleavage dominates, but are not
selective for any metal. They may arise both frori@H;SO
(M3TCH,S0) based species losing DM$©r H*(DMSO) and
from homolytic G-S cleavage in Mi"(DMSO),, depending on
the availability of these intermediates. Analogous products

(filled symbols) and trications (empty symbols). Circles and squares stand containing M"CH;SO or MTCH,SO were ubiquitous for

respectively for minimum and critical sizes. Lines are first-order regressions

through the data for each charge state: solid for minimum sizes and dashe

for critical sizes.

this, one needs to compare the stabilities of solvatéd &hd
M3+, Characteristic sizes for M(DMSQOY), and M*(DMSO),
are plotted in Figure 7. Separate linear regressions through th
data for (+2) and (+3) charge states essentially overlap, for
both nmin andngit. This shows no gap in the stability of DMSO
complexes for Mt and M*™, once the difference in IEs is
adjusted for.

This conclusion opens a possibility that even metal tetra-

cations may be microsolvated. None was reported with any

ligand besides H& however fourth IE of some commonly

tetravalent heavy elements are lower than IE3 of metals presently

found to coordinate DMSO. For example, the fourth IE of Th
is 28.8 eV, i.e., below the IE3 for V, Fe, Ga, and Cr. If the
intrinsic stability of DMSO complexes does not drop between
(+3) and ¢-4) charge states as it does not betweef)(and
(+3), some MT(DMSO), species should exist and might be
accessible via ESI.

2. Charge-Conserving Cleavagedn addition to electron
and proton transfer, DMSO complexes of Mexhibit cleavages.
For metals with IE3 0f~28 eV or less (except Bi), complexes
with two to four ligands, depending on the metal, homolytically
sever the &S bonds in DMSO losing up to three Gkadicals.
This process is shut for the complexes of metals with higher IE
(for which npin = 4), likely because the ensuing products smaller
than MP*(DMSO), are unstable to charge reduction. Methyl

losses are mirrored by those of methane. This chemistry

resembles that of dicatiod$,including an increasing yield of

rearrangement (2) relative to that of cleavage (1) at each reactio
step (an effect of statistical nature) and the absence of thes
reactions for complexes of metals at the top of IE range. It is

remarkable that these cleavages conserve the triple charge o
the cation. This means that surmounting an activation barrier
to sever a covalent bond can compete with all charge reduction
channels, despite enormous disparities between the IE3 of metal

involved and the IE of DMSO. The largest size permitting:CH
or CH, elimination for either dications or trications is four. This

€,

dl\/IZJr(DMSO)n precursors?

The second group of k(DMSO), products encompasses
MZ2+CH,S and M+CHsS solvated by zero to four DMSO; i.e.,
both C-S and $=O bonds are cut. These are also common for
all metals except V, but are extraordinary for Bi with a close to
100% vyield. The origin of these species is bewildering, as the
complementary ion at C#0™ mass is never observed. Also, if
these are produced via a metal-induced cleavage=dd $
DMSO, why should a €S bond always be cut as well? That
is, one would also expect fragments of?NCHjs),S stoi-
chiometry. The hypothesis of oxygen elimination from
M3+CH3SO- or MMTCH3SO-based intermediates would address
that difficulty, however, explaining this precursor specificity
would be a challenge, and ¥ICH3;S(DMSO), species appear
in huge yields even for the metals where neither was found
(e.g., Bi). Like fragments containing NCH,S or MTCH3;SO
have emergedin the dissociation of MI"(DMSQ),, mostly for
transition metals. For trications, this channel does not appear
more prominent for transition metals in general.

The third group of dipositive fragments are metal hydroxides
associated with zero to four DMSO. These are encountered for
complexes of all trications exceptV, although for Bi and Cr
cases in trace amounts. The underlying chemistry is straight-
forward, with the complementary GBCH," fragment promi-
nent. For small trications, 8t and APF", these ligated
hydroxides undergo a homolytic €5 cleavage yielding
M2+*OHCH;SO(DMSO), n = 1, 2. Cleavage pathways seem
to be favored for cations with smaller radii. Instead of dication
hydroxides, C¥" and \™ complexes yield oxides coordinated
with two to four DMSO plus complementary (GHS". In the

re\/ case, this is the sole mode of fragmentation. Dwelling on

this, one may recall dimethyl sulfoxide reductases, enzymes
atalyzing a variety of redox reactions coupled to oxygen
transfer’®3 These enzymes reduce DMSO to (§4$ by
oxidizing the Mo atom in the active site. While Mo complexes
ith DMSO were not investigated, Cr and V are the two
chemically closest elements to Mo that were. Thus, it is
noteworthy that, of all metal trications studied, only these can

independence of the charge state and IE suggests the control o‘?bStraCt the DMSO oxygen. Monocation fragments comprised

this value by common geometry of complexes, possibly involv-
ing tetracoordination in the first solvation shell. (Assuming that
a cleavage is initiated by proximate activation of ligand bonds

by the metal, molecules in outer solvation shells cannot be
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of MTOH and MO coordinated with up to two DMSO were  group, encountered almost universally, includes metal oxides
observeé in the fragmentation of some M(DMSO), species. and hydroxides, coordinated by up to three DMSO molecules.
The quantityngi; is attached to dissociation via electron/proton These may result from a heterolytic=® cleavage in
transfer. Analogous “critical sizes” may be defined for cleavages M2*(DMSO), or elimination of DMSO or HT(DMSO) from
to designate the largest precursor for which a channel is open.dication oxides and hydroxides. There also are novel fragments
By inspection of Table 1, for trications those sizes for any based on M(OH), dihydroxides. For most metals, there are
channel do not visibly increase with increasing IP. They are, oxides ligated by Cb50, CHSO, or CHSO. Finally, V and
however, always above the corresponding values for dications.Cr complexes exhibit dioxides coordinated by up to two DMSO.

For example, the largest M(DMSO), species undergoing the Concluding, microsolvated tripositive metal ions outside of
“enol cleavage” to produce MOH(DMSO),—; hasn = 6, while group 3 can be readily produced by ESI of the solutions of
the equivalent reaction for M(DMSO), proceeds fon < 3. trivalent metal salts in anhydrous DMSO. This includes both

The corresponding values for oxide formation are 5 for trications main group elements (Al, Ga, In, Bi) and transition metals (V,
but 3 for dications; the largest MCH;S(DMSO), and Cr, Fe), some with the third ionization energies as high as 31

M2TCH3;SO(DMSO), generated from trications hawe = 4, eV. Complexes with up to six DMSO molecules fragment via

whereas analogous singly charged ions deriving from dications channels other than ligand loss. These involve close competition

are associated with one DMSO at most. between two different cleavage reactions conserving the triple
4. Further Reduction to Monocations. A diversity of charge, and charge-reduction processes via dissociative electron

dicationic fragments generated by*MDMSO), provides for transfer, proton transfer, and severance efSCand/or SO
a wide range of consecutive singly charged products, mostbonds. The last may proceed with metal binding to either sulfur
observed in the dissociati®hof M2*(DMSO),. The first group or oxygen, in both versions with or without proton transfer. All

includes those containing MDMSO) and M/(DMSO—H). dications thus produced decay to singly charged species at higher
These products found for Al, In, Ga, Bi, Fe, and Cr generally energies. Interplay of dependences of these processes on the
result from electron and proton transfer i?NDMSQ), or third and second ionization energies of the metal and its

M2*(DMSO—H)(DMSOY), intermediates® For Ga and In, there  electronic structure creates a fascinating multifaceted fragmenta-
also are novel fragments based on"(@MSO—2H), arising tion chemistry.

from the second proton transfer in“{DMSO—H)(DMSO).. Acknowledgment. We thank Professor P. Kebarle for his
However, the same precursors also separate iMtMSO), clarifications and Dr. D. R. Doerge, Dr. J. P. Freeman, and Dr.

and (DMSO-H)". The second group of products, encompassing j G, wilkes for their help with the experimental work and
those containing MCH,SO, MCH3SO, or MFCH,SO with up valuable discussions.

to two DMSO was observed for all metals. Their origins have
been discusse®.The third group, found for all cases except V
and Yb, incorporates products with a severed(s where a
metal is presumably bound to sulfur: M@H,S and M CH;sS.
These likely derive from M*CH;S(DMSO), losing DMSO"

or HY(DMSO), or from M (DMSO), precursors3 The next JA020637D

Supporting Information Available: Table 2S listing all singly
charged dissociation products observed; Figure 8S presenting
CID spectra for St and G&" complexes. This material is
available free of charge via the Internet at http://pubs.acs.org.
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