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Electrospray ionization can generate microsolvated multiply charged metal ions for various metals and ligands,
allowing exploration of chemistry within such clusters. The finite size of these systems permits comparing
experimental results with accurate calculations, creating a natural laboratory to research ion solvation. Mass
spectrometry has provided much insight into the stability and dissociation of ligated metal cations. While
solvated singly charged ions tend to shrink by ligand evaporation, solvated polycations below a certain size
exhibit charge reduction and/or ligand fragmentation due to organometallic reactions. Here we investigate
the acetone complexes of representative divalent metals (Ca, Mn, Co, Ni, and Cu), comparing the results of
collision-induced dissociation with the predictions of density functional theory. As for other solvated dications,
channels involving proton or electron transfer compete with ligand loss and become dominant for smaller
complexes. The heterolytic-&C bond cleavage is common, like in DMSO and acetonitrile complexes. Of
primary interest is the unanticipated neutral ethylene loss, found for all metals studied except Cu and particularly
intense for Ca and Mn. We focus on understanding that process in the context of competing dissociation
pathways, as a function of metal identity and number of ligands. According to first-principles modeling,
ethylene elimination proceeds along a complex path involving two intermediates. These results suggest that

chemistry in microsolvated multiply charged ions may still hold major surprises.

1. Introduction and solutiond*15 For smaller complexes, first-principles

. ) . . . calculation$®~18 are crucial to interpret and guide experimental
Complexes of metal ions with organic and biological mol- work

ecules are a topic that combines problems central to many areas The field of mi vated metal i has started f inal
of science. Of interest to physical chemistry is the formation of € held of microsolvated metal 10ns has started irom singly
charged species, which remain the subject of most studies to

solvation shells and order in solutidnsnd the structural and date. Th | il duced b
phase transitions in finite systerg:or inorganic chemistry, date. Those complexes are readily produced by many means,
the issues are metal coordination in solid-state compiéhaesl including _sequentlal adsprphon of vapor m_olecu_les on a ba_re
fundamental organometallic reactivity including the metal mec:al car?oT. (Eondensatl[on of netgtrlials on ions 'Sd exotr:j(_ermm,
catalysis of bond cleavagé$.For biochemistry, ligated metal ;n suc tC us erst grow do essen 'aLY a?y sze, |$p|en hlng O(;‘
ions are useful models to understand biological and toxicological € vapor temperaiure and pressure. Ligation ot mulliply charge
processes that involve metal bindifig, for example with metal ions in that manner is prevented by charge reduction. The
respect to hemes and metalloproteﬁnlérom the analytical second and higher ionization energies (IE) of nearly all "?eta's
viewpoint, peptides and other organic molecules cationized by excee.d 12 leV I(Table 1. Whget tqez f'(7t9|E7 (I\Iﬂ) of tytplcal
metals tend to fragment differently from protonated anal8gs. organic molecules rangéfrom 8 to 12 eV (9.7 eV for ace one
This often provides more specific or complementary mass- considered here). Hence the transfer of electron from a ligand
(L) to metal ion (M) is normally exothermic and occurs on

spectrometric identifications, in particular aiding isomer separa- contact, followed by immediate dissociation driven by Goulomb
tions!? and proteomic sequencing stratediet The variable o
b d 9 g | repulsion. Even when the IE1 of L exceeds the second IE (IE2)

yet finite size of microsolvated metal ions makes them an idea M. ch ducti udi lex f " il
laboratory to develop and validate theoretical methods, such as®! 'V C1arge reduction preciuding complex tormation may st
proceed by other routes. For example, an attempt to add water

the geometry optimization algorithms and model potentials - o . i .
needed to describe larger complexes, mesoscopic "d“’p'etS”’Siiﬁji;g%c?ga%\&tgn%akgroef_uns in an interligand Htransfer

*To whom correspondence should be addressed. E-mail;  HOwever, polyvalent metal ions are stable in bulk solutions
frank.d.hagelberg@ccaix.jsums.edu. due to charge stabilization by many solvent molecules. Hence
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TABLE 1: Summary of Dissociation Properties Measured for M?"L,, (L = Acetone) Complexes

metal IE2, eV Nmin Nerit® C:Hg los$® C—C cleavage
Ca 11.9 0 2(p) 1 (strong) 1 (low)

Mn 15.6 1 3(p) 2 (strong) 2 (strong)
Co 17.1 1 3 (e, p) 2 (strong) 3 (strong)

Ni 18.2 2 3(e, p) 2 (low) 2 (significant)
Cu 20.3 3 4 (p) none none

a Critical size with the pertinent process: (e) electron transfer; (p}reinsfer.® The n for which the reaction occurs, with intensity relative to
dominant channel: the dominant channel or same order of magnitude (strahgyder of magnitude less (significanty2 orders of magnitude
less (low).c May be happening fon = 2 in a minute yield¢ Same as footnote, except only the highest for which the reaction occurs is given.
The listed intensity is an estimate for allwhere the process was seen and not just for the highest

it should be possible to generate microsolvated polycations by exothermic at higher IE2 and a closer distance between ligands
desolvation of macroscopic droplets. That process occurs inat highern facilitates H transfer needed for (3). For basic
electrospray ionization (ESI) sources, the advent of which in H-containing ligands such as pyridifeanother possible process
1990s had opened such ions to experimental res@aféhose is interligand hydride transfer, again followed by charge
species could also be made by raising the charge state of neutraseparation:

or singly charged metal centers in complexes large enough to

avoid immediate charge transfer between the metal and ligand T+ -1+ _Hyt

shell. That could be achieved using laser or electron impact M7 Ly = (MH) Loyt (L7H) @

ionization, known respectively as pick-§2324and charge- _ L i i
stripping>28 techniques. These methods may allow metal ion/ The hallmarks o_f the dissociation of mlcrosolvatec_i metal ions
with z > 1 are ligand breakup channels that, unlike<{@),

ligand pairs not amenable to ESI because the ion is unstable ) . L '
are obviously ligand-specific. Ligands containing N such as

even in solutiof (such as Ag@"), the ligand is not a liquid at e ! :
atmospheric pressure (3% or its boiling point is too low acetonitrile or pyridine are heterolytically cleaved by mogt M
elding bare or solvated metal cyanides (MON?23°Hetero-

(e.g., NO or Ar)?"?8 Also, some complexes not produced by yie
ESI directly could be obtained by ligand exchange in the gas Yli¢ cleavage may also occur for double bonds such=a®S

phase6.29 in DMSO2 with the metal attaching to either S to form
As is obvious from the macroscopic limit, sufficiently large  Methylsulfides (MSCH) or O to form (solvated) oxides (VD)

microsolvated ions of any charge state dissociate only by simple©" hydroxides (MOH). Ligands may be cleaved effectively
ligand loss without charge reduction, as shown by sequential elimin&tion

of CHs radicals from M*(DMSO),. Such homolytic cleavages
MZL =MZL. . +L (1) often involve the leaving group abstracting a hydrogen:
" n-t M2t(DMSO), may los&3 CH,; and M (pyridine), lose®s NHo,
NHs, or CHs. The competition between cleavages and reactions
(1)—(3) is also largely controlled by the metal IE2. For example,
the IE2 of Cu (20.3 eV) is highest of all metals witi*Vistable
in aqueous media, and &ucomplexes rarely fragment by
ligand cleavage because (2) or (3) has a lower activation
barrier32:33.35 Another apparent factor is the ion size, making
Be?™ (the smallest M) unusually good at ligand bond
zH @D + scissiont® Chemical properties of the metal may matter as well.
MTL, =M Lot (L) ) For example, the SO cleavage in MY(DMSO), is far more
This process (wittk = 1) is common for M+ complexes with prevalent fqr transition metals with open d-elgctror\ ;hell (Fe,
aprotic solvents such as acetonitdfe3? dimethyl sulfoxide Co, ang Ni) than for others (Zn and Cd) with similar IE2
(DMS0) 3 and pyridine®35k > 1 is possible in theory but values? Th.a.t is consistent with the broad e>.(pectat|on for open-
has not been observed. (A regérof k = 2 and 3 for shell transition metals. to bg more reactive toward organic
Mn2*(pyridine), has subsequently been correct&® Ligands rnplecules. Such _chem|cal _dlfferences are more promlnent for
with O—H bonds such as water, alcohols, and aldols give off a triply charged cations that induce a greater diversity of cleav-
proton easier than an electron (hence the name “protic sol- 29€S*
vents”). Instead of (2), their complexes dissociate by interligand [N summary, dissociation of ligated metal polycations involves

While in some cases that “evaporation” proceeds all the way
to bare M*, for z> 1 other channels normally begin appearing
at a certain critical sizeni)). Most of those involve charge
reduction, and the universal path is the dissociative electron
transfer (2) that (in principle) could occur for any ligand and
complex size:

H* transfer, also followed by Coulomb explosion: rich organometallic chemistry. For any ligand, the partition
between channels depends on the IE2, size, and chemistry

MZ+Ln:[M(L_H)](Z_l)-'—l-nfkfl—i_H+Lk (3) of the metal in ways that could often be rationalized
qualitatively as exemplified above. Even when the strongest

This has been observed f&r= 2 or 3 as well ask = 1 channels were not intuitive, the overall set of possibilities

(depending on L7338 which is not surprising considering that ~Was predictable, consisting mostly of the severance of any single
proton-bound clusters of protic molecules are quite stable andintraligand bond (with or without Htransfer). Some reactions
ubiquitous in mass spectrometry (MS). This process is also mirrored those known in solution, such as the retro-aldol reaction
common for complexes with all hydrogen-containing aprotic and dehydration in complexes ofMwith diacetone alcohd®
solventsi®—35 where it competes with (2). The competition is A key property of microsolvated metal ions is the minimum
close overall: the outcome depends on the metal ranwlith size fimin)—the smallesh for which M#*L,, could be produced.
both (2) and (3) seen in many cases. In a series G\ (2) Typical nmin values forz = 2 rang&233:35from 0 (when ML,

is generally favored by increasing IE2 of the metal and could be desolvated to bare?h) to 2 or 3, though values as
decreasing. Both trends make sense: e-transfer becomes morehigh as 16-17 were reportetd for z = 3.
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For M2" complexes!323436.37typically ngiy < 9, a size acetone. Metal cations have a high affinity to DAA, which may
regime accessible to guantum chemical modeling. For instance result in preferential formation of R(DAA), complexes?
ab initio computations at high levels of correlation had predicted Since M (DAA), and MEtL,, are isomers, they are not
the stability of Cd" ligated by a single kD or NH; molecule?! separable in MS using isotopic substitutions. However, CID of
which stimulated a lively discussion and was eventually verified M2F(DAA), using the same instrument under identical condi-
by experiment83742Modeling of M¢+ complexes with DMSO,  tions has been characterized for all metals studied ¥eand
formaldehyde, or acetonitrité& *> has demonstrated that stabili- new pathways must originate from2¥L . Also, lack of known
ties, geometries, and dissociation channels produced by densityfragments of M*(DAA), in a CID spectrum demonstrates that
functional theory (DFT) are also realistic. M2+(DAA), is not among the parent ions, meaning that all
Here we use tandem MS and DFT calculations to investigate products observed must come fron?Ma.
the dissociation of ML, where L is acetone, for representative
metals. Such species and their homologs for other ketones were3- Computational Methods

produced using ESf (for Ca, Mg, Zn, and Cu) and the pick- The geometries for various ML, complexes, observed CID
up technique (for Cu, Pb, Mg, Zn, and Ag)?"474° but the products, and likely intermediates were optimized using hybrid
dissociation chemistry has not been explored in either experi- pET50 with the B3LYP exchange-correlation functional and
ment or theory. We identify the critical and minimum sizes and 6-311+G** triply split valence basis set. For a number of
focus on the fragmentation of MLy with Nmin < N < Nerie. I reactions, transition states (TS) were identified and confirmed
addition to the standard proton and electron transfer, thosepy harmonic vibration frequency analysis. To verify that a TS
complexes exhibit two intense ligand cleavage processes. Ongjnks the reactants and the products of a process, the geometry
is a mundane €C bond scission similar to that in DMSO  \as deformed along the unstable coordinate in both directions
complexes® The other is the elimination of neutral ethylene gnd the resulting structures were relaxed.

(CzHaz)—an unforeseen reaction that must involve multiple steps.  The methodology was tested using DFT with a plane wave
Understanding this unprecedented behavior is the central pointpagis, as implemented in the Vienna ab initio simulation package

of this work. (VASP) 5153 Generalized KohrSham equatioiéwere solved
. . employing a residual minimization scheme, the direct inversion
2. Experimental Techniques in the iterative subspace (RMM-DIIS) technigt® The

Measurements were performed using a TSQ 7000 MS/MS interaction of valence electrons and core ions was described by
instrument (Thermo, San Jose, CA) with ESI source. Samplesthe projector-augmented wave (PAW) metkoavithin the
were pumped to a steel emitter (a4 kV) at a flow rate of generalized gradient approximati8ifior the exchange-correla-
severaluL/min. We sprayed millimolar solutions of M(N§ tion functional. Periodic boundary conditions were imposed on
for Ca, Mn, Co, Ni, or Cu in pure acetone. This is similar to a cubic 20 A cell. In the final structures, the smallest distance
the method of Cheng et 4.and differs from that of Peschke  between atoms in adjacent cells exceeded 10 A, making the
et al.” who infused methanol solutions and produced mutual influence of cells negligible. The two procedures
M2*(acetong)by postionization ligand exchange. lons produced produced very close geometries and spin multiplicities in all
by ESI were desolvated in a capillary/skimmer cone MS cases tried.
interface. The capillary temperature was varied from 70 to 375
°C to maximize the yield of specific ions, with the optimum 4. Experimental Findings

depending on the metal and desinedor the precursor. The lons of M?*L, composition were abundant for all metals.
voltage drop at the skimmer was minimized, creating “mild” Typical distributions comprised = 5—8, often peaking at =
ESI conditions conducive to the formation of ligated polyca- ¢ (Figure 1a). For Ca, RfLg is a “magic” cluster that nearly
tions#2:46 always dominates the mass spectrum (Figure 1b). Choosing
Mass-selected precursors were fragmented by collision- smaller precursors simplifies the CID spectra and allows deeper
induced dissociation (CID) with Ar across the energy range of fragmentation at loweE, so the data were collected for=5
Eiap = 20—120 eV (laboratory frame) and the pressupg ¢f and/or 6. Asngiy < 4 for all metals studied (below), starting
1.3 mTorr. This pressure corresponds to multicollisional CID, from M2*Ls or M2*Lg permits full elucidation of the dissociation
necessary to induce deep sequential decay of large parent iongf M2tL,. We will first describe the most diverse chemistry
on the experimental time scale at reasondble A similar encountered for complexes of metals with intermediate 1E2
fragmentation by single collision requirdSa, > ~150 eV, (~15-18 eV) and then move to cases of higher and lower IE2
which degrades the mass resolution enough to potentially affectthat exhibit subsets of those processes. The key results are
MS assignments. However, some data were verified by mea- symmarized in Table 1.
surements aP = 0.3 mTorr, which is closer to the single- 4.1. Overall Picture of M2*L, Dissociation: Case of Mn.
collision regime. For Mr?t complexes, the smallest¥L, obtained from CID
Interpretation of MS data for ligated metal dications is often (Figure 2) is not bare Rt but M2*L (Figure 2b,c) andmin =
complicated by isobaric overlaps. Disentangling these requires1. The largest product other than R, is [Mn(L, — H)]*
isotopic substitutions to the ligand and/or metal. That is a derived from H transfer (3) and the complementary fragment
particular challenge for Kt (acetone), because of mass coin-  is H*L; hence, the precursor was i3 andngi = 3 (Figure
cidences betweetNi and L (58 Da) and between Co and HL  2a). Substantial peaks fofMn*L; L*} and {(MnHL)*;
(59 Da) that produce equalz for likely ions containing Coor (L — H)*} pairs (Figure 2b,c) indicate the electron (2) and H
Ni and L in different combinations. To resolve this issue and (4) transfers appearing in MhL,. It likely also dissociates by
verify the integrity of assignments in general, whenever possible (3) yielding [Mn(L — H)]*: while that ion could arise from
experiments were repeated with acetagend more than one  [Mn(L, — H)]* losing L, high yield of the product relative to
metal isotope. the putative parent makes that improbable as a sole pathway.
Another difficulty is created by the covalently bound acetone The Mn" and MnH" species (Figure 2b,c) could come from
dimer (diacetone alcohol, DAAjJa common impurity in several sources including NMh and (MnHL)" evaporating L;
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Figure 1. ESI MS spectra for Cd (a) and C&" (b) solutions. A L_DL M
Underlinedn values stand for BfL, complexes; L is for acetone. A /}MA
54 56 58 60 62 64 66 73 74 75 176
hence, MA™L may undergo either or both processes (2) and ML X2
(4). These are known behaviors forMcomplexes with aprotic &P vipL
ligands, including the H transfer becoming more competitive M ML
to e-transfer at highem (as discussed in the Introduction). J\A 3
However, M#*L, primarily fragments not by reactions (1) 2 MCD,L A il
(4) but by two ligand breakup channels. One is the heterolytic CD,0 l L ] J‘ l | 116 118 120 122 124
C—C cleavage with the metal attaching to methyl: wobld B h B B
0 50 100 150 200 250
mlz

ML, =MT¥CH,L,_, + CH,CO" (5)
This channel appears for= 2 (no Mn*CHsL,, were found for
n > 1), dominating the dissociation at all sampledIt may
also open for MA'L, but a low signal for this ion prevents
clarification whether any of the MiCHj; fragments come from
it rather than MACHzL. Reaction (5) resembles the heterolytic
C—C cleavage ubiquitous in small¥(CHzCN),, though there
the metal attached to cyanide and not me#RyThe spectra for
1H-acetone complexes (Figure S1) reveal small MOHL
MOHT*, and CHCHCH," (allyl) features hidden under isobaric
peaks in Figure 2. Those are standard productseDCleavage
in M2*/alcohol complexes, includifgM2t(DAA) .. Here, they
may come from above-mentionec?DAA) , impurity or may
reflect enolization of acetone induced by"MFull clarification
of this issue is left to future research.

The other cleavage is a hitherto unknown reaction

MZ L, =M* CHOL), oy T CHAL  (6)

resulting in an intense MACH,OL peak (Figure 2b). This was
not found for DAA complexe® and must come from RfL,.
A neutral leaving group precludes a rigorous determination of
n in the parent ion, but the absence ofNCH,OL,, for n > 1
strongly suggests MriL, ejecting GH4, presumably ethylene.
The intensity of MATCH,OL is somewhat lower than that of

Figure 2. CID spectra for MA*(acetoneds)s at B, = 40 eV (a, top),

60 eV (b, middle), and 80 eV (c, bottom). The notation is M for metal,
L for acetone, D for deuteriunm for M2*L,,, and x for fragmen€§ of
M2T(DAA), that could not reasonably come fron?NL,; dications are
underlined. Bold font and bold arrows mark the products of (6).
Fragments of specific interest are expanded in insets. Assignments are
confirmed by spectra for MiiLs (Figure S1).

Mn2*CH,OL relative to Mr#*L decreases fromr 20 atEja, =
40 eV (Figure 2a) to-5 at 60 eV (Figure 2b) te<1 at 80 eV
(Figure 2c). This shows that the barrier to (6) is substantially
lower than that to (1), but (1) is kinetically preferred at high
energy.

4.2. Complexes of Other Metals with Intermediate IE2:
Co and Ni. The pattern for C&L, (Figure 3) broadly resembles
that for Mr*"L,,. Determination ofmin is a challenge because
59Co is the sole stable isotope and?Clo (m/z = 58.5) nearly
overlaps with I (58) and C& or H'L (59). A notable shoulder
on a major peak atwz = 59 (Figure S2c,d) emerging at
appropriateE suggests the presence ofZb, and acetonel
complexes provide the confirmation (Figure 3c). Theé®H,L »
and ML, features (Figure 3a) indicate the cleavage (5) and
e-transfer (2) starting at = 3, in consistency with IE2 of Co
exceeding that of Mn (Table 1). The loss oftG from M2tL,
is comparable to that for Mn: here (5) is always competitive
but clearly preferred at lovi (Figure 3a), and (2) has a similar
intensity at allE. The H" transfer may also be competitive,

M*CHsL at all E sampled, suggesting that the barrier to process which we could not ascertain because [M{LH)]" may also

(6) is slightly higher than that to (5). However, the yield of

come from [M(L, — H)]™".
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Figure 3. Same as Figure 2 for Co(acetoneds)s. Assignments are

confirmed by spectra for CoLs (Figure S2).

The dissociation of Ni- complexes (Figure 4) reflects a
higher IE2 of Ni compared to Co. Efforts to produce?Ni
(using acetonels because of mass coincidences betwssit L
and L and betweef®Ni2"L and H'L for normal acetone) were
unsuccessful, semin = 2. The e-transfer is now strongly favored
over H" transfer for bottn = 2 and 3, and H transfer is not
seen at all. The cleavage (5) is greatly subduedchfer 1 and
2 and absent fon = 3, and the ethylene loss fromL; is

Wu et al.
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Figure 4. Same as Figure 2 fé®Ni?*(acetoneds)s at 40 eV (a, top)
and 60 eV (b, bottom). Assignments are confirmed by spectra for
58Ni2Le and ©°Ni?*Le.

Ca*tCH,0. In any event, (6) has a lower barrier than (1) because
the ratio of C&" and C&*CH,0 intensities increases at higher
E. Dissociation of C&L, is dominated by (1), with unconfirmed
traces of C&"CH,OL hinting at (6) proceeding in a minute yield.

At the other extreme, Cu has the highest IE2 of all normally
divalent metals. As for other ligand%23this results in totally
different dissociation properties (Figure 6). The trfansfer starts
at ngit = 4 (Figure 6a), but e-transfer is the dominant or only
channel fom = 3, as the small Ci(L, — H) peak could come
from Cu(Ls — H). In any case, ClfL, could not be found
andnmin = 3. Neither cleavage (5) nor ethylene loss were found
for anyn, hardly surprising given that both processes appear to
occur forn < 2 only (save for a tiny yield of (5) in the case of
Co).

4.4. Summary of Experimental ResultsThe minimum and
critical sizes for M*/acetone combination are respectivelyd
and 2-4, increasing as the metal IE2 shifts from 12 to 20 eV.
Below ngir, the dissociation involves various charge-reducing
pathways: the electron transfer; interligand &hd H- transfers;

reduced to a trace, the weakest of observed dissociationC—C cleavage. The competition between those channels is

pathways (Figure 4b).

4.3. Ca and Cu: Metals with Extreme IE2 Values.The

largely governed by the metal IE2. Those patterns follow the
trends found for M ligated by other aprotic solvents such as

lowest IE2 of metals studied is that of Ca. Though it exceeds acetonitrile and DMSG?33 New and distinct here is the
the IE1 of L by>2 eV, all charge-reducing processes are minor, elimination of neutral gH, from M2 (acetong)with n= 1 or

with H transfer found fom = 2 and e-transfer, Htransfer,
and cleavage (5) fon = 1 (Figure 5). The weakness of (5)
follows the trend of low propensity of alkaline-earth?Mfor
ligand cleavagé?33 Surprisingly, ethylene loss (6) rather than
evaporation (1) is the major dissociation pathway ¢f*Mat
all E and may even be the only one as®Caould come from

2, which must involve a complete ligand rearrangement with
severance of two covalent (€C and G=0) and two C-H
bonds. The observed intensity of this process for complexes of
most metals, competitive with or winning over the breaking of
a van der Waals Kfr—acetone interaction for ligand evapora-
tion, one C-H bond for H" or H™ transfer, or a single €C
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bond, is highly surprising. We will now try to understand this mlz
behavior using first-principles calculations. Figure 6. CID spectra for*Cl?*Ls at Ezap = 20 eV (top), 40 eV

(middle), and 60 eV (bottom). Assignments are confirmed by spectra

5. Computational Results for 3Cu#*(acetoneds)s and *“Ci#*L.

We have modeled the structures and dissociation pathwaysbothn. In C&*Ly, dcao = 2.08 iy = 1), 2.16 (2), 2.21 (3),
for complexes of all five metals studied in present experiments. 2.26 (4), and 2.32 A (5).
The choice of processes to investigate was informed by 5.2. Charge-Conserving Dissociation Pathways.
measurements, but some other plausible channels were also 5.2.1. Acetone Eaporation (1).Since the reverse process
considered. Thorough fragmentation modeling was limited to (ligand condensation on ions) has no energy barfgr) should
M2*L and MP*L, precursors for computational constraints and equalD(1). As is known for metal ion complexes with acetone
because most chemistry of interest occursrfas 2 (section or other ligand$6 and indicated here by MO bond lengthen-
4). However, ligand evaporation was consideredrfer 3—5. ing, D(1) rapidly increases for decreasingfrom ~1.7 eV for
Both dissociation energie®} and activation barrierd) were n=4to~4.0-8.5 eV forn = 1 (Table 2). Fom = 1, D(1)
calculated in most cases, with all quantities expressed in eV strongly depends on the metal IE2, rising frem.0 eV for Ca
and summarized in Table 2. We first describe the mechanismsto ~8.5 eV for Cu. This trend greatly weakens for= 2 and
and energies of specific pathways and then synoptically comparedisappears fon > 2: all D(1) values are~2.4 eV forn = 3
them with experiment. and (except for M= Ca) ~4.0-4.3 eV forn = 2 (Table 2).

5.1. Geometries of M (acetone) Complexes.To gauge the This will be of crucial significance for the dissociation pattern.
geometries of M'L, precursors to the reactions studied here,  5.2.2. Ethylene Elimination (6A highly nonintuitive finding
we have optimized CG4L, and Mr#*L,, for n= 1-5. All ligands of present experiments is the effective elimination gfi¢Cfrom
are in the first solvation shell, with O atoms coordinated to the some M*L, (Mn?*L,, Cc?'L,, and C&'L). Calculations show
metal. As usual, ligands seek maximum separation from eachthat to be a complex process involving two TS and two

other (Figure 7), and the length of the-MD bond €v-o) intermediates, for eithen = 2 or 1.

increases witm because the metaligand interaction weakens For M2*L, precursors, the ©M—0 angle is 180and ligand

as the number of ligands grows. For example, a tetrahedronplanes are mutually perpendicular (Figure 8). In step |, one
(&) for n = 4 and deformed bipyramidDg,) for n = 5 are acetone turns into propanal with a hydrogen atom H(6)

stable while planar structures have an imaginary frequency for transferring from C(5) to C(3). This rearrangement is driven
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000

085
3 + R
Mn*"L, (0.0) = TS1 (2.35) — Locl (0.60) — TS2(2.17) > - Loc2(1.92) > Mn*LOCH, + GH; (2.65
Figure 8. Ethylene elimination from M#L,: stationary point geometries and their energies.
TABLE 2: Calculated Energy Barriers to Processes (3, 5, 6) for M2"L, Species Studied in This Work
element (IE2, eV)
channel n Ca (11.9) Mn (15.6) Co (17.1) Ni (18.2) Cu (20.3)
1 1 3.99 5.56 6.65 7.15 8.48
2 2.97 4.02 4.28 4.34 4.05
3 2.36 2.47 2.48 2.45 2.34
4 1.76 1.68 1.71 1.68 1.73
2 1 2.86 1.76 1.11 0.76 0.07
2 >2.69 2.55 2.17 1.73 1.08
3 2 3.27 3.21 2.86 2.68 2.39
5 2 3.75 2.86 2.55 2.45 2.27
6 1 2.68 3.05 3.21 3.33 3.55
2 2.65 2.65 2.77 2.72 2.72

aThe branching of dissociation pathways with energies for relevant secondary reactions is exemplified for Mn complexes (Fijline 5.
has not been identified) = 2.69 eV provides the lower limit foE.

by a structural resonance involving the linear segment -©(8) The path of ethylene elimination from4VL, for other metals
Mn(1)—0(2)—C(3). One of the resonance structures contains a is similar. As seen in Figure 8, the other ligand is just a spectator
radical-like C(3) with O(2)-C(3) bond elongated from 1.267 and, hence, the same mechanism works f&flMsuch as C& L
A in the reactant to 1.355 A in TS1. In that geometry, H(6) (Figure 9). Here TS1 is also higher than TS2 but somewhat
transfers from C(5) to C(3) via the C3C(5)—H(6) ring. For lower than the dissociation asymptote d@her D. The energies
Mn, the barrier to that reaction is 2.35 eV. This strengthens of species involved in the process (6) for®Cla, Mn2*L,, and
and shortens the O(2)C(3) bond, and the adjacent methyl Co?*'L; are placed in the context of competing channels in
C(4)Hs moves from C(3) to C(5) forming intermediate 1. Figure 10a-c. Importantly E(6) for bisligand precursors is2.7

In step I, there is a similar hydrogen transfer between two €V With all five metals (Table 2). ,
carbon centers (Figure 8). The O{Z}(3) bond elongates and 5.2.3. Methyl Radical Los§:or M?*(DMSO), complexes of
weakens again in TS2, and H(7) transfers from C(4) to C(3) most divalent metals including Ca, Mn, and é‘;’fcellmlnanon_
via the C(3)-C(5)—C(4)—H(7) ring. For Mn, the barrier to that ~ ©f CHs upon C-S bond cleavage is a dominant or major
reaction is 1.57 eV. This barrier is lower than that in step | Pathway, especially fon = 2. The acetone molecule differs
because the four-member ring is less strained than the (oM DMSO only by C replacing S, and one might expect the
three-member ring in step I. The severance of E@(5) reaction 7 to be common for #/acetone complexes:
bond leads to intermediate—2 noncovalent complex of

M2+ (acetone)(formaldehyde) with ethylene. The final dissocia- M?"L, = M?*"CH,COL,_, + CH, (7)
tion involves no TS: the energy rises upon removal efiC
until the dissociation asymptote is reached. For Eo; D, However, no MTCH3;COL,—; product was detected for any

and the reaction kinetics is controlled by TS1. MZ2*L,, precursor. For all five metals, calculatBg7) forn= 1
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1 (a)

, S 2+
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P Ca"CH,CO+CH, 390
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Figure 9. Same as Figure 8 for C4._. J Mn*LeL
: 3.20°
and 2 exceeds-3.9 eV (Figure 10ac). That is higher thait 286 i
for (6) and other channels (below) byl.0 eV. This explains 25 AL Lo
why (7) is not seen in present experiments, and we will not JlIfEE Tsr./ Eﬁ.msz ML
consider it further. In contrast, modeling of 3(DMSO), e
dissociation using similar methodshas found the Cklloss to ﬂ '
be competitive, in agreement with measuremé&hiEhis dif- M
ference mainly reflects that a€C bond is much stronger than
a C—S bond. R AR Ll
5_.3. Charge-Reducing_ PathwaysAs Iiggted pqucations Mn+CHSL_,(c—H;CO). Mn"L, [Mn(L-H)I"+H'L
shrink, Coulomb repulsion of charges increasingly favors
charge-reducing fragmentation pathways. The most elementary
of those is the ligand-to-metal e-transfer followed by loss (©
(2) and interligand H transfer with subsequent separation of AsE __Ef,
[M(L —H)]"Ln—2 and HfL (3). Both were observed in present o ity il
Co™'CH,COL+CH,

experiments, along with elimination of GAO" consequent
upon C-C bond cleavage (5). We now consider these pathways
in detail.

5.3.1. Electron Transfer (2)The energy gained by (2) is
[(metal IE2) — (ligand IE1)]; thus, a higher IE2 increases the
gain and favors this reaction. This trend is general to ligated
metal polycationd®175%and acetone complexes are no excep-
tion: E(2) is strongly anticorrelated with the metal IE2, :
decreasing on the way from Ca to Cu fron2.69 to 1.08 eV ] —01.—
forn=2 and from 2.86 to 0.07 eV far= 1 (Table 2). Because 062 ok
of stronger electronic screening of the metal ion by a greater co‘cH,LﬂF,cor
number of ligandsk(2) for any metal increases with higher ; —_— o ; ;

5.3.2. H" Transfer (3).This reaction may start from the metal '(:;?,u,:,?ré?_'z lzﬂbil{oar‘:éscs:%iﬁn?cr;.channels and their energies fof'Ca
binding to a methyl C of one acetone (forming the-K—

C—C ring), which brings an adjacent H atom sufficiently close P
@

: ! co (@ (b)
to the O of another acetone for'Ho jump between the ligands. P /
This is a one-step process for eitler= 2 (Figure 11a) on = ® ¢ - =
3 (Figure 11b): instead of relaxing into [M(L- H)(L + =
H)]2"Ln—» intermediate, the TS leads directly to products. In > H ; i

2.67
Far
. Co"CH,OLCH,

0.52 _15:5E i

Co'L+L™ 1YY
i . -0.30

[Co(L-H)]'+H'L

the [M(L — H)]"Ln—2 fragment, (L— H) is bound to M at both

C of the Ch and O (Figure 12). As expected for charge-
reducing processes, the value€(8) decrease with increasing
metal IE2 (Table 2). However, the drop is less rapid than that
for (2), e.g., by 0.9 vs-1.6 eV from C&"L, to CW?"L,. Thus,

a higher IE2 progressively favors e-transfer over transfer, Figure 11. Transition states for interligand*Hransfer in Cé'L, (a)
with [E(3) — E(2)] increasing from<0.6 eV for C&*L,to >1.3 and Cé*Ls (b).
eV for CPL,. 5.3.3. CHCO" Elimination (5).This reaction belongs to the

The computedE(3) for C?tLs (Figure 11b) is 2.42 eV class of heterolytic €C cleavages that are common to
below that for C8"L, by ~0.4 eV, confirming the expectation  dissociation of M* complexes with organic ligands. Unlike
for E(3) to decrease with increasing(section 1). This trend  acetamide complexes where two TS are involR&Here (5)
makes (3) more competitive with (2) for largar e.g., E(3) may proceed via a single TS. The first step is the same as that
essentially equalg(2) for C**Ls. for H* transfer (eq 3): the metal binds to a methyl C of one
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(for all M) by extrapolation fromn = 1 and 2. This is
comparable t&e = 2.34-2.48 eV for acetone evaporation (1)
from M2tL3 (Table 2), but considering the complexity of (6)
compared to (1) and the nature of transition states involved
[presumably a tight TS for (6) vs a loose/orbiting TS for (&)],
(1) should be greatly favored over (6) at equalby the
preexponential factor. One could also estima(®) forn = 3
using the values fon = 1 and 2 and considering that the
difference betweek(2) for n = 3 and 2 must be less than that
055 betweenn = 2 and 1. This yield€(2) < 2.1 eV for C@'L,
Figure 12. Possible isomers for the [Mn(l= H)]* product of which then should dissociate via (2) rather than (1) or (6).
interligand H- transfer in Mi&*L, and their relative energies. The ring  EXactly that is observed in experiment, within = 3 for Cu
structure (a) is more stable than the open alternative (b). (Table 1). The H transfer (3) may also win over (6) for =
3: while E(3) for Cc?"L3 (section 5.3.2) is close to the estimated
E(6), the pathway (3) involving just one TS is perhaps favored
over (6) by kinetics. Refinement of these comparisons using
actual rather than estimaté&2) andE(6) for n = 3 is left to
future work. Decrease df(1) to ~1.7 eV forn = 4 excludes
any possibility of (6) fom > 3. In the other limit, the lack of
(6) for Mn2"L and C&'L is due toE(2) being lower thark(6)
by ~1.3 and 2.1 eV (Table 2), while KL is not even produced.
The agreement between modeling and measurements is worse
for Ca complexes. Fan = 2, the channel (6) is lower than (1)
by 0.3 eV, yet in experiment (1) dominates (Figure 5). This
may be due to kinetics favoring (1) over (6) as stated above.
Forn = 1, calculations show (6) to be the lowest pathway by
0.2 eV, and (6) is the major channel in experiment.

The modeling overall meshes well with the observation of

MI“I2+L g z prominent ethylene elimination (6) from #Wacetone com-
2 MNnNCHL +(CH CO) plexes, though not every detail is reproduced. The process is
® 2 weaker than calculations suggest for some precursors, including
Figure 13. Pathway for the elimination of C}€O" from Mn?*L,. Ca&*L, mentioned above and ML, where (6) appears weaker

than (5) (section 4.1) despite compute(b) exceedinge(6)
acetone making the MO—C—C ring (Figure 13). In this case, by 0.2 eV. Quantitative assessment of experimental yields
no other ligands get involved. In the TS, the Of&)(3) bond requires incorporating kinetic factors that depend on the nature
contracts while Mr-O(2) and C(3)-C(4) bonds elongate from  of transition state(s). These considerations likely favor any of
1.89 to 2.72 A and from 1.48 to 2.35 A, respectively, forming the reactions (1}(5) that involve (at most) one TS over a two-
a weakly interacting MhCHsL—1*CH3CO"™ complex. Thenthe TS process (6). It is all the more notable that ethylene loss is
two weakened bonds are severed and "EIHsL,-1 and such a competitive dissociation channel.
CHsCO" separateE(5) decreases at higher IE2 (Table 2), again 6.2, Ligand Evaporation vs Other ReactionsCalculations
as is common for charge-reducing processes. Interestingly, thisgjve further insight into other dissociation properties ¥

pathway yields lowest energy products for boti¥*l4, and acetone complexes. One is the usual increasggBndngi at

M2*L (Figure 10). higher metal IE2 (Table 1). Unfortunately, these parameters are
) ) ) not directly related td values. By definitionnmin is the largest

6. Comparison between Modeling and Experiment n for which the ligand evaporation (1) is weak enough to be

6.1. Ethylene Elimination. Again, our most remarkable absentin the recorded spectra. Setting kinetic factors aside, that

experimental finding is abundant ethylene loss (6) from many happens whek(1) is much higher thak for at least one other
M2*L,.. Modeling supports a nonintuitive fact that the barriers channel. However, the needed gap is hard to quantify because
to (6) may be very competitive with those for the expected the branching ratio between any two channels depends on the
simple processes. For ML, with highest yield of (6) among  Precursor energy that is not defined in multicollisional dissocia-
all M2*L, studied, computedE(6) is virtually equal toE for tion. Even in the single-collision regime, this “weak enough”
e-transfer (2) and lower than those for other pathways (Table criterion depends on instrumental sensitivity and dynamic range
2). As the metal IE2 increaseE(6) does not change but (6) that vary between different MS systems by orders of magnitude

becomes less favored becalE@) decreases: for RtL; in and on the chemical noise level that is controlled by sample
the Mn—Co—Ni sequence,§(6) — E(2)] equals 0.1, 0.6, and  and source conditions. The situation is similar fef—the
1.0 eV, respectively. The pathway (6) also loses to;CBI smallestn for which any process besides (1) is weak enough to

elimination (5), with [E(6) — E(5)] equal to—0.21, 0.22, and not be seen in experiment, such tiafor all other channels is
0.27 eV, respectively. The measurements reflect these trendsfmuch higher thar(1). Hence one should view measurggl,
(6) reduces from a major channel for ¥ Mn and Co to a  and ngit as respectively higher and lower limits of the true
trace for Ni (Figures 24, 6). Both computed trends extend to values. Successive measurements using better instrumentation
CW?*Lo, though this is irrelevant as that species is not produced of methods have often decreasegln and raisednc, as
(below) and the issue of its dissociation is moot. evidenced by the wofk®%-20n hydrated C# and other M.
Simulations also tell why (6) does not occur for> 2. A Hence relating the measureg, or ngit to theory quantita-
value of ~2.2—2.6 eV could be projected fdE(6) atn = 3 tively requires single-collision experiments as a function of ion
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(Table 1). Again, possible secondary fragmentations should be
considered carefully. For example, a prominent ;CB"
product suggests an intense process (5) fot"Cpi(Figure 6),
H3 but the absence of complementary "@QiHsL,—1 for any n

3.0

251

%ﬁ 201 disproves that. Instead, GEIO™ likely comes from [ produced
B = by dominant channel (2), which by calculations requires just
g1 2§ 1.1 eV (Figure S3).
S Lol “ In this context, a fundamental methodological problem of
S| U measuring charge-reduction processes for multiply charged ions
0.5 is large kinetic energy release resulting from Coulomb repulsion
of separating ionic products. Even in true threshold dissociation,
oor e _ _ _ _qe this could readily cause further CID of one or both fragments
12 14 16 13 20 potentially preventing their observation and identification. For

B2, eV example, H transfer (3) fom = 2 .and CHCO" I.oss.(5) forn
’ = 1 and 2 produce 2:93.2 eV (Figure 10) of kinetic energy,
Figure_ 14_. Relative_barrier_ to acetone evaporation_ (;) iﬁ_*Mz (line, or >1.4 eV for the lighter fragment that carries most of the
I:(Itm?))l(lesgég (‘]iicl’l':é’2;'/?@0"’;'2%""1?1’?}Lgeedm%r;3r:;:§g§|t'scf§f?s %}‘\tﬂ energy release. This exceeds the barrier to dissociation of some
axis). e et fragments such as'Lgiven above, substantiating the feasibility
of their strong attenuation in CID spectra.

energy (such as performed in guided-ion beam tandem MS .

systems at low gas pressiepnd detailed calculations of /- Conclusions

energy-dependent branching ratios between different pathways The dissociation pathways of metal dicatiescetone com-
that account for kinetics. However, a qualitative comparison plexes of the form MfL,, with n < 6 and M= Ca, Mn, Co,
could be made on the basi§ of the present data, using the quantity; and cu, have been investigated by tandem MS. Like other
[E(1) — Bow] (Where Eow is the lowestE) that conveys the  myltiply charged ligated metal cations, these species shrink by
energetic propensity of a particular complex to dissociate by |igand evaporation until a critical size is reached, rising from 2
pathways other than ligand evaporation. The trends of higth to 4 as the metal second ionization energy (IE2) increases in

andnr for all five metals track the calculated values &{1) the above sequence. Below that size, there are three types of
— Eiow] for n = 2 (Figure 14), which broadly demonstrates the pehavior. For M= Ca with low IE2 (12 eV), fragmentation is
merits of present modeling. dominated by elimination of neutral ethylene. For=vNi and

6.3. Charge-Reducing Processe€.alculations provide cor-  Cu with high IE2 ¢ 18 eV), prevailing pathways involve charge
rect trends for competition between e-transfer (2) and H reduction and the major is the loss of Lpon electron transfer
transfer (3) in M*L, as a function of both M and. As stated  to the metal. For M= Mn and Co with intermediate IE2 (15
in section 5.3.2, B(3) — E(2)] for n = 2 increases in the 17 eV), complex fragmentation patterns reflect charge-conserv-
sequence CaMn—Co—Ni—Cu from <0.6 to 0.66 to 0.69 to  ing ethylene elimination coexisting with charge-reducing chan-
1.0 to 1.3 eV. This trend is in agreement with the measured nels that include e-transfer, loss of H upon interligand H
fragmentation of M*L,, where the yield of (2) relative to (3)  transfer, loss of (L— H)* upon H- transfer, and ejection of
shifts from 0 for Ca (Figure 5) te-1 for Mn and Co (Figures  CH;CO" severed from acetone. While these and other channels
2, 3) to>2 for Ni (Figure 4) to>10 for Cu (Figure 6). The involving simple bond cleavages and/or electron jumps were
apparently high yield of (3) for M= Co and Mn despit&(2) seen in M+ and M+ complexes with various ligands, nothing
lying by ~0.7 eV lower seems like a discrepancy between theory Jike ethylene elimination that requires a complete ligand
and experiment, especially as the intensity of (3) relative to (2) rearrangement has previously been found for miscrosolvated

increases at lowekE, (Figures 2-4) implying E(3) < E(2). ions.
However, some [M(L— H)]* fr+agm_ents, particularly at lower Activation barriers to the observed and some other conceiv-
Eian, likely result not from M*L, via (3) but from [M(L — able pathways have been modeled using DFT at the B3LYP/

H)I"L [produced via (3) fon = 3] losing L. This removes the  §.3114+G** level. Though not all details are reproduced, the
disagreement between calculations and measurements for compyerall agreement between computed and measured behaviors
petition between (2) and (3) for = 2. is quite good. In particular, theory adequately describes the
The major decrease of calculateg(3) — E(2)] betweenn trends of minimum and critical complex sizes, the competition
= 2 and 3 (section 5.3.2) matches the observed shift of between proton and electron transfer as a function of metal and
branching between H and e-transfers toward the first for all  number of ligands, and the propensity for—C cleavage
M where either occurs at = 3 (Figures 2-4, 6). At the low depending on the metal. Most importantly, calculations identify
end of the IE2 range where (3) is already effectiverior 2, the likely mechanism of ethylene loss involving a complicated
the shift is complete with no (2) found for MhL3 (Figure 2). path with two transition states and show that it indeed is a
The effect of metal IE2 on the competition between (2) and (3) thermochemically competitive dissociation pathway for com-
described above fon = 2 also applies fon = 3, where the plexes of metals with low-to-intermediate IE2. This process has
branching ratio between (2) and (3) rises with increasing IE2 not been considered prior to experimental observation. A
from O for Mn to >10 for Cu. continued exploration of chemistry in microsolvated ions may
Finally, our modeling matches the trend of propensity for well reveal further surprises of this nature.
C—C cleavage (5) depending on the metal. The calculated values
of [E(5) — Ejow] for n= 2 in the Ca-Mn—Co—Ni—Cu sequence Acknowledgment. This work was supported by NSF Grants
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