
A

t
w
a
a
c
(
n
C
m
a
f
f
c
t
o
l
t
a
t
©

K

1

p
p
v
i

1
d

International Journal of Mass Spectrometry 255–256 (2006) 251–264

Fragmentation of doubly charged metal–acetamide complexes:
Second ionization energies and dissociation chemistries

Tujin Shi, K.W. Michael Siu ∗, Alan C. Hopkinson
Department of Chemistry and Centre for Research in Mass Spectrometry, York University, 4700 Keele Street, Toronto, Ont., Canada M3J 1P3

Received 13 December 2005; received in revised form 2 February 2006; accepted 6 February 2006
Available online 13 March 2006

In honor of Diethard Kurt Bohme, in recognition of his major contributions in the areas of mass spectrometry,
gas-phase ion chemistry and thermochemistry.

bstract

The dissociation chemistries of [M(L)n]2+ (M = Mg, Ca, Mn, Fe, Co, Ni, Cu, Zn; L = acetamide; n = 2–6) have been examined experimen-
ally by tandem mass spectrometry and theoretically by density functional theory (DFT). At low collision energies, three primary reactions
ere observed: loss of acetamide to produce [M(L)n−m]2+; inter-ligand proton transfer followed by dissociation to form [M(L − H)(L)n−2]+

nd protonated acetamide, [L + H]+; and amide-bond cleavage, producing [M(NH2)(L)n−1]+ and [CH3CO]+. Dissociative electron transfer from
cetamide to the metal forming [M(L)n−1]+ and [L]

•+ was only observed for [Cu(L)2,3]
•2+ complexes. At higher collision energies, complexes

ontaining deprotonated acetamide [M(L − H)(L)n−2]+ (except for [Cu(L − H)(L)n−2]
•+) further fragmented by eliminating small molecules

H2O, CH3CN, H2C C O, HNCO) or by acetamide loss to produce [M(L − H)]+; product ions [M(NH2)(L)n−1]+ either eliminated ammo-
ia to produce [M(L − H)(L)n−2]+ by inter-ligand proton transfer from one NH2 group to another one, or lost acetamides to form [M(NH2)]+.
ollision-induced dissociations of [M(L − H)]+ yielded three common product ions, [M(CH3)]+, [M(OH)]+, and M+ by elimination of neutral
olecules, HNCO, CH3CN, and a neutral radical, (L − H)

•
, respectively. Elimination of methane from [M(L − H)]+ was only observed for M = Ca,

nd elimination of the methyl group occurred for M = Co, Ni, and Zn. Copper complexes exhibited different chemistries; [Cu(L − H)(L)]
•+

ragmented to either produce [Cu(L)]+ by elimination of (L − H)
•
, or [Cu(HNCO)(L)]+ by elimination of CH3

•
; [Cu(HNCO)(L)]+ further

ragmented to produce [Cu(L)]+ by elimination of HNCO. DFT calculations show that the gas-phase reactivities of [M(L)n]2+ complexes are
losely related to the second ionization energies (IE2) of the metals. For the doubly charged [M(L)n]2+ species, as IE2 increases, fragmenta-
ions involving charge separation become more competitive: inter-ligand proton transfer becomes energetically more favorable than dissociation
f a neutral ligand, and amide-bond cleavage occurs more readily. For singly charged ions [M(L − H)L]+, for metals with low IE2 values,

• •

oss of L has a considerably lower enthalpy than loss of (L − H) ; however, for metals with higher IE2 values, loss of (L − H) , which effec-
ively reduces the oxidation state of the metal, becomes energetically competitive with the loss of L. The enthalpies for eliminating methane
nd the methyl radical from [M(L − H)]+ (M = Ca, Mg, and Zn) have been calculated and correlate well with the experimental observa-
ions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

One of the major differences between solution-phase and gas-
hase chemistries is that the solvent stabilizes ions and hence

romotes ionic reactions [1]. Investigation of gas-phase ion sol-
ation provides a wealth of information on ion–solvent and
on–ligand interactions [2,3]. This knowledge is of importance
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E-mail address: kwmsiu@yorku.ca (K.W.M. Siu).
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ot only to gas-phase ion chemistry, but also to the condensed
hase, as ions solvated by a small number of solvent molecules
onstitute a bridge between the gas phase and solution [4–6].
ith the development of ionization methods that can introduce

olvated ions into a mass spectrometer and the application of
igh-level quantum chemical theory, ion–solvent binding can
ow be studied systematically [7–21].
Initial studies on metal–ligand complexes concentrated on
ingly charged metal ions, M+ [2,3]. Work on doubly charged
etal ions was limited to those that have low second ioniza-

ion energies (IE2) [22] because of inherent charge reduction

mailto:kwmsiu@yorku.ca
dx.doi.org/10.1016/j.ijms.2006.02.004
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ssociated with sequential ligation of M2+ by solvent molecules
6,23–25]. The IE of most common solvents are in the range of
–13 eV (e.g., acetone, 9.7 eV; methanol, 10.8 eV; acetonitrile,
2.2 eV; and water, 12.6 eV), while the IE2 of most metals (with
he exception of some alkaline-earth metals, Ba, 10.0 eV; Sr,
1.0 eV; and Ca, 11.9 eV) are above 13 eV [26]. Thus, electron
ransfer from a neutral ligand, L, to a doubly charged metal ion,

2+ is typically energetically favorable and should occur spon-
aneously, followed by the dissociation driven by Coulombic
epulsion1:

M(L)n]2+ → [M(L)n−1]+ + L+ (1)

f the ligand is a protic solvent, inter-ligand proton trans-
er can also take place readily, leading to formation of
M(L − H)(L)n−2]+, and the protonated ligand, [L + H]+:

M(L)n]2+ → [M(L − H)(L)n−2]+ + [L + H]+ (2)

hese two channels are the only effective competitors to a third
hannel, ligand elimination for small n, when L is a simple lig-
nd, e.g., H2O [2,6,22,23,27–29].

M(L)n]2+ → [M(L)n−1]2+ + L (3)

or ligands that are more complicated than water, other channels
nvolving dissociative charge reduction, e.g., formation of the
ethyl cation, CH3

+, have also been observed [30–33].

M(CH3CN)n]2+ → [M(CN)(CH3CN)n−1]+ + CH3
+

nd

M(CH3SOCH3)n]2+

→ [M(SOCH3)(CH3SOCH3)n−1]+ + CH3
+

Metal–ligand complexes can be generated by electrospray
onization (ESI) and examined by mass spectrometry (MS).
ince the early 1990s, ESI-MS has become the most frequently
pplied technique for the examination of gas-phase complexes of
ivalent metal cations with a variety of protic and aprotic ligands
7–13,29–47], including water [7–13,29,36–39,42–44], alco-
ols [39,40,45], acetone [8,39], other ketones [46], acetonitrile
30,39–41], pyridine [35,40], and dimethylsulfoxide (DMSO)
36,37,39,47]. Fragmentations of M2+–ligand complexes, where
he ligand is an aprotic solvent (CH3CN, CH3COCH3 and
MSO), have been studied extensively. Complexes [M(L)n]2+

L = CH3CN, DMSO) where n is large, dissociate by loss of
eutral ligands. As the number of ligands is decreased, there
s competition between the electron transfer channel, form-
ng [M(L)n−1]+ and L+ (reaction (1)), and inter-ligand pro-
on transfer, forming [M(L − H)(L)n−2]+ and ([L + H]+ (reac-
ion (2)). Heterolytic cleavage of the C C bond yielding

M(L − CH3)]+ and CH3

+ is also observed in lower abun-
ance [30]. For [M(ROH)n]2+ (R = CH3, H), dissociative proton
ransfer is favored over dissociative electron transfer, leading

1 In some of the complexes [M(L)n]2+, there are unpaired electrons while other
omplexes are closed shell ions. In order to generalize, we simply omit spins.
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o [M(RO)(ROH)n−2]+ in high abundance. Collisionally acti-
ated [M(RO)(ROH)n−2]+ further fragments to produce small
ons, involving neutral loss and bond cleavage. For example,
t low collision energies, complexes [M(OH)(H2O)]+ (M = Co,
n, Ni) fragment either to give [M(OH)]+ by loss of water,

r to produce [M(H2O)]+ by loss of a neutral radical, OH
•

48].
In this study, we investigate the fragmentations of dou-

ly charged metal–acetamide complexes in the gas phase.
cetamide (CH3CONH2) is a typical protic solvent; the first

onization energy is 9.65 ± 0.03 eV [26], lower than IE2 of all
etals. It is an amide and is a good model for examining the inter-

ctions of metal ions with peptides, which simpler protic sol-
ents, e.g., H2O [7–13,29,36–39,42–44] and CH3OH [39,40,45]
annot. Metal dication interaction with a ligand results in a dras-
ic reorganization of the charge density; withdrawal of electron
ensity from the ligand to the formally doubly charged metal
on results in weakening and activation of specific bonds of
he ligand [49]. Thus, facile fragmentation of multiply charged

etal–ligand complexes is often observed, and the dissociative
rocesses that occur are frequently characteristic of a specific
igand or functional group [49].

Here, we report the fragmentation chemistries of [M(L)n]2+

M = Mg, Ca, Mn, Fe, Co, Ni, Cu, Zn; L = acetamide), both
n terms of tandem MS results and DFT calculations. In order
o rationalize the reactivity, we systemically examine how the
E2 of metals affect the fragmentation pathways of [M(L)n]2+

nd [M(L − H)(L)n−2]+. These results will provide a more
etailed picture of reactivity patterns. Collision-induced dis-
ociation (CID) of [M(L)n]2+ produces high abundances of
M(L − H)]+ by inter-ligand proton transfer, followed by loss
f protonated acetamide, [L + H]+. The [M(L − H)]+ ions can
urther fragment by eliminating small molecules. We also
nvestigate the potential energy hypersurfaces (PESs) of com-
eting fragmentation pathways, involving the elimination of
methane molecule or a methyl radical from [M(L − H)]+,

sing density functional theory (DFT) calculations. The PESs
esults are compared and contrasted with our experimental
bservations.

. Experimental section

Experiments were performed on MDS SCIEX (Concord,
N) API III and API 3000 prototype triple-quadrupole mass

pectrometers. Samples were typically 1 mM acetamide and
.1 mM divalent metal salts in 50/50 H2O/CH3OH. Con-
rmatory experiments were performed with solutions in
ropanamide. When needed, H/D exchange experiments were
arried out in deuterium oxide (99.9 at.% in D, Aldrich) and
H3OD (99.5 at.% in D, Aldrich) instead of H2O and CH3OH.
he sample solution was introduced into the ion source by elec-

rospraying at a flow rate of 3 �L/min. The orifice and lens
oltages were optimized to produce abundant [M(L)n]2+ ions.

ll chemicals and solvents were available from Sigma/Aldrich

St. Louis, MO). MS/MS experiments were performed by mass-
electing the precursor ions using the first quadrupole mass
nalyzer (Q1), colliding them with argon (API III) and nitrogen
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Table 1
Calculated ionization energies (IE, eV) of metals and acetamide at the B3LYP/6-
311+G(d,p), compared with experiment results

Species Calculation Experiment [26] Difference

IE(Mg) 7.73 7.65 +0.08
IE(Mg+) 15.46 15.04 +0.42
IE(Ca) 6.15 6.11 +0.04
IE(Ca+) 12.08 11.87 +0.21
IE(Cu) 8.04 7.72 +0.32
IE(Cu+) 20.85 20.29 +0.56
IE(Zn) 9.43 9.39 +0.04
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results in the fragmentation of doubly charged ions to produce
abundant [M(L − H)(L)n−2]+ in the lens region. Fig. 1b gives
the CID spectrum of [Ca(L − H)]+ from the API III at a labo-
ratory collision energy of 20 eV. Formation of both [Ca(CH3)]+

2 At B3LYP/6-311+G** level, the amide bond dissociation enthalpy (�H◦
0 )

for acetamide is 91.1 kcal/mol, 12.3 kcal/mol higher in energy than that of the
H3C C bond (78.8 kcal/mol). By contrast, the dissociation enthalpy of the
amide bond in [Ca(L)]2+, giving [Ca(NH2)]+ and [CH3CO]+, is 6.3 kcal/mol,
25.2 kcal/mol lower in energy than that of the H3C C bond, giving [Ca(CH3)]+

and [NH2CO]+ (31.5 kcal/mol). Thus, the DFT calculations show that in
E(Zn+) 18.38 17.96 +0.42
E(CH3CONH2) 9.87 9.65 ± 0.03 +0.22 ± 0.03

API 3000) in the second quadrupole (q2), and mass-analyzing
ith the third quadrupole (Q3). The laboratory collision energy

Elab) was typically 10–50 eV.

. Computational section

Geometry optimizations and energy calculations were per-
ormed with Gaussian’98 [50], using the B3LYP exchange-
orrelation functional [51–53] with the 6-311+G** triply split-
alence basis set [54–57]. All stationary points were char-
cterized by harmonic vibrational frequency calculations. All
onnections between transition states and corresponding min-
ma were verified using the intrinsic reaction coordinate (IRC)

ethod [58–59]. Relative enthalpies at 0 K (�H◦
0 ) and relative

ree energies (�G◦
298) at 298 K are reported.

To test the reliability of the B3LYP functional and the basis
et, the ionization energies were calculated and compared to the
vailable experimental data. Table 1 gives the first and second
onization energies of the metals, and the ionization energies
f acetamide. All calculated energies are in reasonable agree-
ent with measured energies. This indicates that the chosen

evel of theory is adequate for calculating the doubly charged
2+–acetamide system.

. Experimental results

.1. Ion source condition

Electrospraying solutions of M(NO3)2 or MCl2 with
cetamide, L, produces abundant clusters of the types, [M(L)n]2+

nd [M(NO3, Cl)(L)m]+. The values of n and m depend on
hether the ion sampling condition, the potential drop in the

ens region, is “gentle” or “harsh”. Under gentle source con-
itions (where the potential drop is small) typically n is 4–6,
nd m is 1–4. As the sampling conditions become harsher (the
otential drop is larger), ligand elimination reduces the maxi-
um value of n; charge reduction via inter-ligand proton trans-

er takes place in the source, leading to high abundances of
+ +
M(L − H)(L)n−p] and [(L)p + H] . When exploring the dis-

ociation of the [M(L)n]2+, it was expedient to fragment the
mallest precursor ion that was present with a reasonably high
bundance. For this reason, harsh conditions were sometimes
dopted for tandem MS experiments.

[
o
T
s
c
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.2. Collision-induced dissociation (CID) of [M(L)n]2+

omplexes

In addition to ligand elimination (reaction (3)), the [M(L)n]2+

omplexes exhibited charge reduction by inter-ligand proton
ransfer (reaction (2)), and heterolytic cleavage of the amide
ond (CO NH2):

M(L)n]2+ → [M(NH2)(L)n−1]+ + [CH3CO]+ (4)

M(NH2)(L)n−1]+ can further dissociate to produce [M(NH2)]+

y losses of neutral ligands, or it can undergo inter-ligand proton
ransfer from an acetamide to the amino group to produce com-
lexes [M(L − H)(L)n−2]+ with concomitant loss of ammonia.
he [M(L − H)(L)n−2]+ complexes are also produced in reac-

ion (2). The fragmentation of [M(L − H)(L)n−2]+ complexes
rovides us with the most useful insights into the factors influ-
ncing the dissociation of ions [M(L)n]2+.

.3. Alkaline-earth metals: Ca, Mg

Of the metals examined, the alkaline-earth metals, Ca and
g, have lower second ionization energies (IE2) than the tran-

ition metals. Complexes [Ca(L)n]2+ (n ≥ 3) lose only neu-
ral acetamide; no proton transfer or electron transfer was
bserved. In the CID of [Ca(L)2]2+, dissociative proton transfer
reaction (2)), giving [Ca(L − H)]+ (m/z = 98) and protonated
cetamide (m/z = 60) closely competes with acetamide elimi-
ation (reaction (3)), giving [Ca(L)]2+ (m/z = 49.5) (Fig. 1a).
s the collision energy increased, the products of amide-bond

leavage (reaction (4)), [Ca(NH2)]+ (m/z = 56) and [CH3CO]+

m/z = 43), increased in abundance.2 Another unusual feature,
ot observed for any other divalent metal ion–acetamide com-
lex, was the loss of both acetamide molecules from [Ca(L)]2+

o give bare Ca2+ (m/z = 20). The unusually abundant mono-
igated Ca2+ complex, [Ca(L)]+, signifies that the complex is
inetically stable. In comparison, the CID of [Ca(H2O)3]3+

roduced very low abundance [Ca(H2O)]2+ and no Ca2+ [37].
t first glance, this may be puzzling in view of the facts

hat IE(H2O) = 12.6 eV > IE2(Ca) = 11.87 eV > IE(acetamide) =
.65 eV [26] (vide infra).

As discussed in Section 4.1, increasing the orifice voltage
Ca(L)]2+, the amide-bond cleavage is energetically more favorable than that
f the H3C C bond, which is consistent with our experimental observation.
hese results are in accordance with the interpretation that the dication, Ca2+,
electively activates the amide bond in [Ca(L)]2+, resulting in the amide-bond
leavage.



254 T. Shi et al. / International Journal of Mass S

F
E
b

(
a
o
e
p
C
e
b

i
i

t
a
C
[
h
p
t
d
[
g
[
l
a
o
t
o
n
f
S

e
t
h
i
A
[
o
t
t
[

f
f
i
i
n
o

a
t
F
[
e
t
D
3
i
w
o
t
hydroxylimine coordinated to the Mg2+ through the oxygen. The
complex in which the hydroxylimine is coordinated through the
imine nitrogen has a lower energy (by 19.3 kcal/mol) and rear-
ig. 1. CID spectra of (a) [Ca(L)2]2+ at Elab = 40 eV, (b) [Ca(L − H)]+ at

lab = 20 eV on the API III under single-collision conditions with Ar, and (c)
reakdown curves for [Ca(L − H)]+ and product ions.

m/z = 55) and [Ca(NCO)]+ (m/z = 82) requires C C bond cleav-
ge and these two products are most easily explained in terms
f an intermediate [(CH3)Ca(HNCO)]+ complex, which may
ither lose HNCO, yielding [Ca(CH3)]+, or undergo a 1,3-
roton shift to give [Ca(NCO)]+ and CH4. Energy-dependent
ID data (Fig. 1c) show the latter process is favored at lower
nergies. These same two fragmentation pathways have also

een observed in the fragmentation of [Ca(urea − H)]+ [60].

At much higher collision energies, ion [Ca(OH)]+ (m/z = 57)
s formed. A possible mechanism for the formation of this ion
nvolves a 1,3-proton shift from the NH of [Ca(L − H)]+ to 1
pectrometry 255–256 (2006) 251–264

he oxygen, followed by cleavage of the C O bond to give
n intermediate complex, [(HO)Ca(NCCH3)]+, that eliminates
H3CN; proton transfer between the incipient products3 gives

CH3CNH]+ (m/z = 42), an ion that is in low abundance at
igh collision energies. It is noteworthy that the abundance of
roduct ion [CH3CNH]+ from [Ca(L)2]2+ is much higher than
hat from [Ca(L − H)]+, and that fragmentation of [Ca(L)]2+

oes not produce the combination of [Ca(OH)]+ (m/z = 57) and
CH3CNH]+ (m/z = 42) by intra-ligand proton transfer. This sug-
ests that, in the CID of [Ca(L)2]2+, the observed product ion,
CH3CNH]+, is formed directly from the precursor ion: Intra-
igand proton transfer from the amide nitrogen to the oxygen
tom induces C O bond cleavage and leads to the combination
f [CH3CNH]+ (m/z = 42) and [Ca(OH)(L)]+ (m/z = 116). Unfor-
unately, [Ca(OH)(L)]+ was not observed in the CID spectrum
f [Ca(L)2]2+, possibly due to its instability and/or the inter-
al energy acquired from the charge separation reaction. The
ragmentation pathways observed for [Ca(L)3]2+ are outlined in
cheme 1.

Dications of magnesium and calcium have the same outer
lectronic configurations as inert gases and might be expected
o behave similarly. However, the IE2 of Mg (15.04 eV) is much
igher than that of Ca (11.87 eV) [26], and generally, in collision-
nduced dissociations a higher IE2 favors charge reduction.
ccordingly, the stability of [Mg(L)3]2+ is lower than that of

Ca(L)3]2+; the major dissociation channel of [Ca(L)3]2+ is loss
f a ligand to form [Ca(L)2]2+, while for [Mg(L)3]2+, in addition
o ligand loss, inter-ligand proton transfer results in dissocia-
ive proton transfer yielding [Mg(L − H)(L)]+ (m/z = 141) and
L + H]+ (m/z = 60) (Fig. 2a).

In a further illustration of the effect of a higher IE2, the
ragmentation pattern of [Mg(L)2]2+ is substantially different
rom that of [Ca(L)2]2+. For [Mg(L)2]2+, amide-bond cleavage
s the only operative reaction channel, producing singly charged
ons [Mg(NH2)(L)]+ (m/z = 99) and [CH3CO]+ (m/z = 43);
o inter-ligand proton transfer or ligand elimination was
bserved.

The CID spectrum of [Mg(L − H)(L)]+ is shown in Fig. 2b
t a laboratory collision energy of 20 eV. Loss of acetamide
o give [Mg(L − H)]+ (m/z = 82) is the dominant channel.
ormation of ions [Mg(CH3CN)(L − H)]+ (m/z = 123) and
Mg(H2O)(L − H)]+ (m/z = 100) in low abundance are most
asily rationalized by proton shifts from the NH2 of the neu-
ral ligand to the carbonyl oxygen, as outlined in Scheme 2.
ensity functional theory calculations (Scheme 3) at B3LYP/6-
11+G(d,p) showed (L − H), essentially an acetylamino anion,
s di-coordinated through both the oxygen and nitrogen to Mg2+,
hile the acetamide ligand, L, is mono-coordinated through the
xygen. Intra-ligand migration of one amide hydrogen in L to
he carbonyl oxygen has a barrier of 54.1 kcal/mol and creates a
3 Proton affinity (PA) of CaO = 284.6 kcal/mol > PA of CH3CN =
86.2 kcal/mol [61].
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angement of this ion via a transition state in which a proton
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ond cleavage results in 4-coordinated Mg2+ in which water

nd acetonitrile are both ligands. This latter structure lies only
.7 kcal/mol above [Mg(L − H)(L)]+ and the barrier against its
ormation is 76.9 kcal/mol. Loss of H2O or CH3CN from this
-coordinate complex has a comparatively low barrier (33.3 or

ig. 2. CID of (a) [Mg(L)3]2+ at Elab = 40 eV, and (b) [Mg(L − H)(L)]+ at

lab = 20 eV on the API III under single-collision conditions with Ar.
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5.3 kcal/mol) than that against the formation of the complex,
nd should, therefore, occur spontaneously.

Elimination of HNCO from [Mg(L − H)]+ results in forma-
ion of [Mg(CH3)]+ (m/z = 39), an analogous reaction to that
bserved for [Ca(L − H)]+; however, in contrast to the calcium
omplex, the formation of [Mg(NCO)]+ was not observed. In the
ID of [Mg(L − H)]+, C O bond cleavage produced abundant

CH3CNH]+ (m/z = 42) with concomitant loss of MgO4. Forma-
ion of [MgOH]+ (m/z = 41) requires a 1,3-proton transfer from
he incipient [CH3CNH]+ to the incipient MgO. The overall frag-

entation pathways exhibited by [Mg(L)3]2+ are summarized in
cheme 3.

.4. Transition metals: Mn, Fe, Co, Ni and Zn

CID spectra of [M(L)3]2+ (M = Mn, Fe, Co, Ni, Zn) as
ecorded on the API III at laboratory collision energies of
0 eV were all very similar; by way of illustration, the spec-
rum for [Co(L)3]2+ is shown in Fig. 3. The relative abundances
f the product ions for all the [M(L)3]2+ complexes are given in
able 2. CID of these complexes (Scheme 4) displays again two
ajor fragmentation pathways, loss of a neutral ligand to form

M(L)2]2+ and inter-ligand proton transfer accompanied by dis-
ociation to produce two singly charged ions, [M(L − H)(L)]+

nd [L + H]+. As discussed earlier, the second pathway involves
harge reduction and is expected to be favored for complexes of
etals that have high IE2 values. Again, ions [M(L − H)(L)]+

ose ligand L, to give [M(L − H)]+, and these ions have the
ighest abundance in half the spectral results reported in
able 2.

+ +
Three low abundance ions [M(CH3)] , [M(NH2)] and
M(OH)]+ were observed in the CID of [M(L)3]2+. Ions
M(NH2)]+, where M is Mn, Fe and Co, most likely origi-
ate from loss of L from [M(NH2)L]+; however, when M is

4 As alluded to earlier, the equivalent reaction is not favored in the CID
f [Ca(L − H)]+; the difference may lie in the relatively low PA of MgO
236 kcal/mol) [61].



256 T. Shi et al. / International Journal of Mass Spectrometry 255–256 (2006) 251–264

Scheme 2.

Scheme 3.
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ig. 3. CID spectrum of [Co(L)3]2+ at Elab = 40 eV on the API III under single-
ollision conditions with Ar.

i and Zn, an additional source may be from [M(L − H)]+ by
oss of H2C C O, involving intra-ligand proton transfer from
he methyl group to the imino group accompanied by cleavage
f the C N bond.

As in [Mg(L)2]2+, loss of a ligand from [M(L)2]2+ to
ive [M(L)]2+ was not observed. Instead, ions [M(L)2]2+

ndergo charge separation reactions to yield two singly charged
ons, [CH3CO]+ and [M(NH2)(L)]+. Elimination of ammonia
rom the latter ion gives [M(L − H)]+; and loss of the neu-
ral ligand from [M(NH2)(L)]+ produces the [M(NH2)]+ ion.
FT calculations show that [Mg(NH3)(L − H)]+ is lower than

Mg(NH2)(L)]+ in terms of enthalpy at 0 K by 20.7 kcal/mol, and
onversion from the latter to the former has a very low barrier
�H0

‡) of 7.7 kcal/mol.
The primary dissociation channel of [M(L − H)L]+ is

gain the elimination of acetamide to yield [M(L − H)]+.
t low collision energies, several other dissociation chan-
els were observed: elimination of H2O from [M(L − H)L]+

ields [M(CH3CN)(L − H)]+, involving two sequential hydro-
en transfers and probably following similar pathways as shown
or [Mg(L − H)(L)]+ in Scheme 3; elimination of HNCO,

2C C O and CH3CN from [M(L − H)L]+ resulting in the for-

ation of [M(CH3)L]+, [M(NH2)L]+, and [M(OH)L]+, respec-

ively. These minor products can further fragment to give
M(L − H)]+, with concomitant losses of the complementary
eutral parts, or to produce small product ions, [M(CH3)]+,

p
Z
t
[

able 2
ons in the CID spectra of [M(L)3]2+ (L = acetamide) at Elab = 40 eV, under single-co

[M(L)3]2+ [M(L − H)(L)]+ [M(NH2)(L)]+

g 34 17 47
a 16 0.5 2
n 19 10 40

e 18 14 46
oa 60 41 52
i 41 32 48
ub 41 12 25
n 42 50 82

a [Co(CH3)]+, 16%; [Co(CH3CN)(L − H)]+, 16%.
b [Cu(L)]+, 100%; [L]

•+, 26%.
Scheme 4.

M(NH2)]+ and [M(OH)]+, respectively. The [M(X)L]+ and
M(X + H)(L − H)]+ ions (X = CH3, NH2 and OH) are simi-
ar in energies and are separated by relatively small barriers.
or M = Mg and Zn, the �H◦

0 of [M(X + H)(L − H)]+ ions
nd the conversion barrier from [M(X)L]+ ions are, respec-
ively: X = NH2, M = Mg, −20.7 and 7.7 kcal/mol (see above),

= Zn, −9.9 and 17.7 kcal/mol; X = OH, M = Mg, −0.3 and
7.9 kcal/mol, M = Zn, 7.2 and 28.1 kcal/mol; and X = CH3,

= Mg, 0.8 and 37.6 kcal/mol, M = Zn, 28.6 and 60.6 kcal/mol.
M(CH3CN)]+ ions were only observed in the CID spectra of
ons with M = Ni and Zn.

Details of the CID spectra of the [M(L − H)]+ ions (M = Mn,
e, Co, Ni, Zn) at Elab = 20 eV are shown in Table 3 and one
epresentative spectrum, that of [Co(L − H)]+, is given in Fig. 4.
hree common products, [M]+, [M(CH3)]+ and [M(OH)]+ were
bserved, corresponding to eliminations of [L − H]

•
, HNCO and

H3CN, respectively. Loss of HNCO requires breaking the C C
ond, as does loss of CH3

•
; retention of HNCO as the ligand

nd loss of CH3
•

was observed in the CID of [M(L − H)]+ com-

lexes of metals that have the higher IE2 values (Co, 17.06 eV;
n 17.96 eV; and Ni, 18.17 eV). Furthermore, there appears

o be correlation with IE2, as the abundance was highest for
Ni(HNCO)]+.

llision conditions

[M(L − H)]+ [M(L)2]2+ [L + H]+ [CH3CO]+

100 100 17 65
54 100 13 19
100 48 25 50
100 25 65 69
100 28 69 63
88 41 100 37
n/a 20 28 40
94 11 68 100
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Table 3
Ions in the CID spectra of [M(L − H)]+ (L = acetamide) at Elab = 20 eV, under single-collision conditions

M [M(L − H)]+ [M(HNCO)]+ [M(OH)]+ [M(NH2)]+ [M(CH3)]+ [M]+ [CH3CNH]+ Other

Mg 100 n/a n/a n/a 27 1 3
Ca 100 n/a 5 n/a 48 4 n/a [Ca(NCO)]+, 22
Mn 100 n/a 60 n/a 20 15 11
Fe 100 n/a 58 n/a 33 8 16
Co 100 3 30 n/a 35 12 21
N 13 30 1
C n/a n/a n/a
Z 12 28 n/a [Zn(CH3CN)]+, 4
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identifications of all copper-containing ions. A summary of the
overall fragmentation pathways observed for [Cu(L)3]

•2+ and
i 100 49 4 16
u n/a n/a n/a n/a
n 100 32 21 6

As discussed earlier for the Ca complex, formation of
M(OH)]+ from [M(L − H)]+ involves hydrogen migration from
he imino group to the oxygen atom, followed by C O bond
leavage and loss of CH3CN. Mechanistically, this occurs most
asily if the (L − H) is mono-coordinated through the oxygen
tom. For [Mn(L − H)]+, the complex containing the transition
etal with the lowest IE2, and one in which mono-coordination

s therefore probably most easily achieved, this is the dominant
athway. Interestingly, as IE2 of the metal increases, cleavage of
he C C bond leading to loss of CH3

•
or HNCO, a reaction that

an occur from the di-coordinated complex, becomes the pre-
erred pathway. Here, it should be noted that the final products
f this latter type of cleavage are both mono-coordinate.

Energy-dependent data for the dissociation of [Zn(L − H)]+

re given in Fig. 5. Formation of [Zn(HNCO)]+, [Zn(CH3)]+

nd [Zn(OH)]+ all start at similar energies, while formation
f [Zn(NH2)]+ and Zn+ requires higher energies. Formation of
M(NH2)]+, observed only in the CID of complexes of the met-
ls with the highest IE2 values (Ni and Zn), requires hydrogen
igration from the methyl group of [M(L − H)]+ to the imino

roup, followed by elimination of CH2 C O.

.5. Copper
Copper has the highest IE2 (20.3 eV) of all transition met-
ls; CID of its [Cu(L)n]

•2+ complexes display different types
f fragmentation pathways from the complexes of the dications

ig. 4. CID spectrum of [Co(L − H)]+ at Elab = 20 eV on the API III under
ingle-collision conditions with Ar.

i

Fig. 5. Breakdown curves for [Zn(L − H)]+ and product ions.

f other transition metals. In particular, charge-reduction path-
ays are more prevalent. Fig. 6a and b show the CID spectra of

65Cu(L)4]2+ and [65Cu(L)3]2+ at laboratory collision energies
f 40 eV, respectively. The MS/MS spectra for the analogous ions
f the copper isotope, 63Cu, were used as aids to make definitive
ts product ions is shown in Scheme 5.

Scheme 5.
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Fig. 6. CID spectra of (a) [65Cu(L)4]
•2+ (Elab = 40 eV), (b) [65Cu(L)3]

•2+ (Elab = 40 eV), (c) [65Cu(L − H)L]+ (Elab = 20 eV), and (d) [65Cu(L)]+ (Elab = 30eV) on the
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PI III under single-collision conditions with Ar.

Collision-induced dissociation of [65Cu(L)4]
•2+ (m/z =

50.5) results in either loss of acetamide to give [65Cu(L)3]
•2+

m/z = 121.0), or charge reduction by inter-ligand proton trans-
er accompanied by dissociation to give [65Cu(L − H)(L)2]

•2+

m/z = 241.0) and [L + H]+. At all collision energies,
oss of the neutral ligand was the dominant channel.
o [Cu(L)3]+ (m/z = 242.0) was observed, indicating

hat charge reduction by electron transfer from a ligand
olecule to the metal ion, followed by dissociation did not

ccur.
In the CID of [65Cu(L)3]

•2+, loss of a neutral ligand
o produce [65Cu(L)2]

•2+ (m/z = 91.5) is a minor channel
Fig. 6b) and charge-reduction pathways predominate. The
roducts of dissociative proton transfer ([65Cu (L − H)(L)]

•+

m/z = 182.0) and [L + H]+) are in slightly higher abun-
ance than those of the electron transfer reaction ([Cu(L)2]+

m/z = 183.0) and [L]
•+ (m/z = 59.0). Ions [M(L)2]+, the prod-

ct of this last pathway, were not detected in the CID
pectra of any of the other [M(L)3]2+ complexes exam-
ned here. However, this type of reaction is common in

he complexes of doubly/triply charged metal ions contain-
ng aprotic solvents, such as DMSO [33,47], and acetoni-
rile [30], but is less prominent for protic solvent complexes
29,40].

t
[
f
f

At higher orifice voltages, charge reduction reactions (proton
ransfer and electron transfer) produce singly charged species
n the lens region. The CID spectrum of [65Cu(L − H)(L)]

•+

m/z = 182) at laboratory collision energy of 20 eV is shown
n Fig. 6c. Similar to the CID of [58Ni(L − H)]+, two pri-
ary dissociation channels were observed: loss of the methyl

adical, yielding [65Cu(HNCO)(L)]+ (m/z = 167); and elimina-
ion of the neutral (L − H)

•
, resulting in formation of abundant

65Cu(L)]+ (m/z = 124). No acetamide elimination was observed
rom [65Cu(L − H)(L)]+. As the collision energy increased,
he product ion [Cu(HNCO)(L)]+ further eliminated either
NCO to produce [65Cu(L)]+ (m/z = 124) or acetamide to give

65Cu(HNCO)]+ (m/z = 108).
In the CID of [65Cu(L)2]+ (m/z = 183), the dominant chan-

el is the loss of acetamide, yielding [65Cu(L)]+ (m/z = 124).
he CID spectrum of [65Cu(L)]+ (Fig. 6d) shows several
roducts resulting from different dissociation pathways. The
ajor channel corresponds to elimination of the neutral lig-

nd to produce 65Cu+. Ions of low abundance, [Cu(CH3CN)]+

m/z = 106) and [Cu(NH3)]+ (m/z = 82), are formed via elimina-

ions of H2O and H2C C O, respectively. The minor product
CH3CO]+ (m/z = 43) probably comes from either proton trans-
er from [Cu(NH3)]+ to ketene, or elimination of 65Cu(NH2)
rom [65Cu(L)]+.
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the energy differences, ��H◦

0 and ��G◦
298, become larger,

which means that inter-ligand proton transfer is increasingly
more favorable relative to the loss of acetamide.
ig. 7. Potential energy hypersurfaces for inter-ligand proton transfer and eli
umbers are �H◦

0 and italicized lower number are �G◦
298; both values are in k

. Systemic theoretical studies

.1. Charge reduction versus the second ionization
nergies (IE2)

.1.1. Inter-ligand proton transfer
Collision-induced dissociations of [M(L)n]2+ complexes

esult in loss of a neutral ligand, when n is large (reaction
3)). However, when n ≤ 3, charge reduction becomes impor-
ant, inter-ligand proton transfer accompanied by dissociation
reaction (2)) to produce [M(L − H)(L)]+ and [L + H]+ competes
ith ligand elimination. In the special case of [Cu(L)3]

•2+, a
econd charge-reduction channel, dissociative electron transfer
iving [Cu(L)2]+ and L

•+ (reaction (1)), occurs. These phenom-
na parallel those observed in [Cu(H2O)n]2+ [6,29,37]. In order
o compare the energetics of the ligand loss and dissociative
roton transfer channels, we have chosen to examine reaction
rofiles for the fragmentation of [M(L)2]2+, where M = Ca, Mg
nd Zn (Fig. 7).

In the [M(L)2]2+ complexes, both acetamides are singly coor-
inated to the metal through oxygen atoms. In the transition
tates for proton transfer, one ligand is essentially detached from
he metal, a proton is migrating from the amide group of the other

cetamide, forming an amide anion, and this anionic nitrogen
s becoming coordinated to the metal. The dissociative proton-
ransfer barriers (�H0

‡) for [M(L)2]2+ are Ca, 52.3 kcal/mol;
g, 63.6 kcal/mol; and Zn, 61.9 kcal/mol. These are 22.3, 40.9

F
e
[

ion of acetamide from [M(L)2]2+ complexes, where M = Ca, Mg, Zn: upper
l.

nd 54.9 kcal/mol lower than the corresponding dissociation
nergies for neutral ligand loss. From this limited set of data,
e note that the energy difference between the proton transfer
arrier and the dissociation energy for neutral loss correlates
ith the IE2 (see Fig. 8). As the ionization energy increases,
ig. 8. Energy differences (��H◦
0 , ��H◦

298) between the activation barri-
rs against proton transfer and the dissociation energies of acetamide loss for
M(L)2]2+, M = Ca, Mg and Zn; both values are kcal/mol.
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5.2. Dissociation of [M(L − H)(L)]+ versus IE2

As alluded to earlier, increasing the orifice voltage promotes
dissociation of the doubly charged [M(L)n]2+ complexes to give
T. Shi et al. / International Journal of M

The dissociative proton-transfer barrier of 52.3 kcal/mol for
Ca(L)2]2+ is considerably higher than that of 33.3 kcal/mol for
Ca(H2O)]2+ [62]. The higher barrier is probably due to a rel-
tively lower acidity of the amide hydrogen in the acetamide
omplex versus the hydroxide hydrogen in the water complex.
n the lowest energy structure of [Ca(L)2]2+, the amide hydrogen
s attached to an atom that is � to Ca2+, whereas in [Ca(H2O)]2+,
he hydroxide hydrogen is attached to an atom that is � to Ca2+.
ndeed, proton transfer in [Ca(L)2]2+ is concurrent with coor-
ination of Ca2+ by the amide nitrogen, which increases the
cidity of the amide hydrogens due to polarization by the dou-
ly charged calcium ion.

.1.2. Amide-bond cleavage
A second charge reduction reaction in the CID of

M(L)n]2+, involving amide-bond cleavage, produces ions
M(NH2)(L)n−1]+ and [CH3CO]+. Our experimental results
how that as IE2 increases, the amide-bond cleavage chan-
el becomes more prominent. For example, the IE2 of Ca
s 11.67 eV, 3.17 eV lower than that of Mg at 15.04 eV [26];
Ca(L)2]2+ dissociates to produce [Ca(L)]2+ by loss of a neu-
ral ligand, and no amide-bond cleavage was observed; by
omparison, [Mg(L)2]2+ fragments to yield the singly charged
Mg(NH2)L]+ by amide-bond cleavage.

To model the dissociation of the C N bond, we have chosen
o examine ions [M(L)]2+, where M = Ca, Mg, Zn, Ni, and Cu:

M(L)]2+ → [M(NH2)]+ + [CH3CO]+

ig. 9 shows the potential energy hypersurface of [Zn(L)]2+

s a general illustration. Migration of Zn2+ towards the nitro-
en results in IM1, in which the metal ion is di-coordinated
y the oxygen and nitrogen atoms. Cleavage of the Zn O
ond and elongation of the C N bond results in [Zn(NH2)]+

nd [CH3CO]+. The forward barrier of the dissociation reac-
ion, �H0

‡, is represented by TS2, which sits at 19.2 kcal/mol.
he products [Zn(NH2)]+ and [CH3CO]+ are 53.8 kcal/mol

ower in enthalpy than [Zn(L)]2+. The reverse barrier, �Hr0
‡,

t 73.0 kcal/mol is large and partially reflects the Coulombic
epulsion encountered in bringing the product ions from infin-

ty to re-form the doubly charged precursor ion. Details of the
ther PESs are summarized in Table 4. It is evident that the reac-
ion enthalpy exhibits a negative correlation with IE2 (Fig. 10),
hile the reverse barrier (�Hr0

‡, TS2-products) exhibits a pos-

able 4
nthalpies (in kcal/mol at 0 K) of structures on the potential energy profile for
leaving the amide bond (CO NH2) of ions [M(L)]2+, where M is Ca, Mg, Zn,
i, Cua

tructure Ca Mg Zn Ni Cu

roducts, [M(NH2)]+ +
[CH3CO]+

6.3 −16.9 −53.8 −65.4 −75.9

ntermediate IM1 (M
attached to N and O)

22.2 12.7 6.1 6.1 10.9

ransition state, TS1 22.5 19.8 14.4 16.9 16.1
ransition state, TS2 55.8 39.0 19.2 28.4 30.3

a Structure numbers are taken from Fig. 9 and all enthalpies are relative to
M(L)]2+.

F
e
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ig. 9. Potential energy hypersurface for amide-bond cleavage in [Zn(L)]2+:
pper numbers are �H◦

0 and italicized lower number are �G◦
298; both values

re in kcal/mol.

tive correlation (not plotted). All these results show that the
igher the value of IE2, the easier it is to cleave the amide bond
o give [M(NH2)]+ and [CH3CO]+.
ig. 10. Reaction enthalpy for amide-bond cleavage in [M(L)]2+, energy differ-
nce (��H◦

0 ) between losing acetamide and (L − H)
•

from [M(L − H)(L)]+,
nd reaction enthalpy for eliminating the methyl radical from [M(L − H)]+ vs.
E2 for M = Ca, Mg, Zn, Ni, and Cu; all values are in kcal/mol.



262 T. Shi et al. / International Journal of Mass Spectrometry 255–256 (2006) 251–264

F mber

[
p
w
e
h
[

[

[

E
[
t
t
b
o

t
d
o
e
[
[
t
p
o
w
n
t

5
f

p
c
o
[
b
t
i
a
[
d
p
Z
F
s
[

t
a
t
t
s

ig. 11. Potential energy hypersurfaces for [Mg(L − H)]+ dissociation: upper nu

M(L − H)(L)]+ and [L + H]+ in the lens region by inter-ligand
roton transfer. The [M(L − H)(L)]+ ions dissociate by two path-
ays, elimination of acetamide to produce [M(L − H)]+ and

limination of a neutral radical (L − H)
•

to form [M(L)]+. We
ave calculated the dissociation energies (�H◦

0 and �G◦
298) for

M(L − H)L]+ (M = Mg, Ca, Ni, Cu, Zn):

M(L − H)(L)]+ → [M(L − H)]+ + L (5)

M(L − H)(L)]+ → [M(L)]+ + (L − H)
•

(6)

xcept for M = Cu, the dissociation energies for formation of
M(L − H)]+ are lower than those for formation of [M(L)]+. In
he complex [M(L − H)L]+, the ligand L is coordinated only
hrough the oxygen, while (L − H) is di-coordinated through
oth the oxygen and nitrogen atoms. Hence, dissociation of L
ccurs at lower energies.

To evaluate the extent of IE2 of the metal affects the dis-
ribution of product ions, [M(L − H)]+ and [M(L)]+, the energy
ifferences (��H◦

0 ) were calculated and are plotted against IE2
f the metals (also in Fig. 10). Interestingly, the energy differ-
nce decreases as the IE2 of the metals increases. In the complex
M(L − H)(L)]+, the metal is formally M(II) and formation of
M(L − H)]+ does not involve reduction of M; decomposition
o [M(L)]+ requires reduction from M(II) to M(I). The latter
rocess will be energetically favored for metals with a high sec-

nd ionization energy. Thus, complexes [M(L − H)L]+ (except
hen M = Cu) fragment to produce [M(L − H)]+ by loss of the
eutral ligand; the copper complex is the exception because of
he high IE2 of the copper.

h
e
o
c

s are �H◦
0 and italicized lower number are �G◦

298; both values are in kcal/mol.

.3. Elimination of a methyl group or a methane molecule
rom [M(L − H)]+ (M = Ca, Mg, Zn)

Collision-induced dissociations of the [M(L − H)]+ com-
lexes lead to cleavage of the C O or the C C bond. For
omplexes containing transition metal ions, the abundances
f ions formed by cleaving the C C bond ([M(CH3)]+ and
M(HNCO)]+), relative to those formed by cleaving the C O
ond ([M(OH)]+ and [CH3CNH]+) increase dramatically with
he IE2 of the metal. Only for M = Ni is there evidence of cleav-
ng the C N bond. The calcium complex, [Ca(L − H)]+ displays
different reactivity, elimination of a methane molecule to form

Ca(NCO)]+. To illustrate the reaction mechanisms for the two
issociation channels involving breaking the C C bond, the
otential energy hypersurfaces of [M(L − H)]+ (M = Ca, Mg,
n) have been investigated. The PES for M = Mg is shown in
ig. 11; the enthalpies of the products and highest-energy tran-
ition states for ions containing Ca, Mg and Zn (relative to
M(L − H)]+ at 0 K) are given in Table 5.

In the initial complex, structure I, the metal binds to both
he nitrogen and to the oxygen. Rotation of the carbonyl group
way from the metal ion, via TS(I → II), results in isomerization
o structure II. Stretching the C C bond of structure II, leads
o C C bond cleavage and formation of M C bond, producing
tructure III, [M(CH3)(HNCO)]+. When M is Zn, structure III

as the lowest energy on the reaction profile. Structure III may
liminate a methyl radical to yield [M(HNCO)]

•+ (products V)
r lose neutral HNCO to yield [MCH3]+ (products VI). A third
ompetitive pathway involves a 1,3-proton transfer from NH to
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Table 5
Enthalpies (in kcal/mol at 0 K) of structures at critical points on the potential
energy profile for cleaving the C C bond of ions [M(L − H)]+, where M is Ca,
Mg or Zna

Structure Ca Mg Zn

Product VI, [M(CH3)]+ + HNCO 69.1 49.3 18.8
Product VII, [M(NCO)]+ + CH4 24.8 37.8 33.8
Product V, [M(HNCO)]

•+ + CH3
•

95.8 70.6 48.9
Product X, [M(OCNH)]

•+ + CH3
•

88.7 65.2 49.8
Intermediate VIII (M attached to O) 34.2 46.9 38.7
Intermediate II (M attached to N) 40.5 42.8 26.5
Intermediate III 48.2 18.2 −16.6
Intermediate IX 42.4 12.6 −15.6
TS(II → III) 56.0 52.2 47.0
TS(VIII → IX) 64.3 67.1 69.2
TS(III → IV) 52.4 50.3 44.6
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a Structure numbers are taken from Fig. 11 and all enthalpies are relative to
M(L − H]+.

he methyl group in structure III making a H3C H bond, and is
ccompanied by a significant elongation of the M C bond, to
ive structure IV. Cleavage of the weak M C bond in structure
V yields the final product VII, [M(NCO)]+, with concomi-
ant loss of CH4. Alternatively, it could be the C N bond of
tructure I that breaks resulting in structure VIII. Elongation of
he C C bond of structure VIII, via TS(VIII → IX), produces
tructure IX. This ion may eliminate a methyl radical to yield
M(OCNH)]

•+ (products X) or lose HNCO to yield [MCH3]+

products VI).
On every potential energy hypersurface, the barriers to

ormation of structure III are lower than those to struc-
ure IX. The activation barriers (�H0

‡) via TS(VIII → IX)
re, for M = Ca, 64.3 kcal/mol; Mg, 67.1 kcal/mol; and Zn,
9.2 kcal/mol. By comparison, the barriers via TS(II → III) are
6.0, 52.2, and 47.0 kcal/mol, respectively. Hence, fragmenta-
ion most probably follows the pathway on the right via structure
II.

Starting at structure III, the activation barriers (�H0
‡)

gainst eliminating methane are, for M = Ca, 4.2 kcal/mol;
g, 32.1 kcal/mol; and Zn, 61.2 kcal/mol. This indicates that

nce structure III is formed, the likelihood of eliminating
ethane from structure III is Ca » Mg > Zn; experimentally,

Ca(L − H)]+ is the only complex that eliminates methane. One
roblem with this analysis is that TS(II → III) is slightly higher
n energy than TS(III → IV) (by between 2 and 4 kcal/mol) and
ormation of CH4 might be expected to occur for each complex.
he largest difference is when M is Ca, again the only complex

hat loses CH4.
For elimination of a methyl radical, there are three possible

issociation pathways. Structure I may directly lose the methyl
adical to produce [(M)(HNCO)]

•+; or, in two-step processes,
tructure I may isomerize to either structure III or IX, and
hen fragment to give [(M)(HNCO)]

•+ or [(M)(OCNH)]
•+. The

nergies of the products, CH3
•

and [M(HNCO)]+ are higher

han those of the transition states involved in their forma-
ion, i.e., the barriers against formation of these products are
etermined by the overall endothermicities of the reactions.
n the [M(L − H)]+ surfaces, when M is Ca and Mg, the

(
a
w
o

pectrometry 255–256 (2006) 251–264 263

roducts, V, are 39.8 and 18.4 kcal/mol above TS(II → III)
nd experimentally no [M(HNCO)]

•+ was observed; how-
ver, when M is Zn the difference is only 1.9 kcal/mol and
Zn(HNCO)]

•+ was observed. In the formation of [M(HNCO)]
•+

nd CH3
•

from [M(L − H)]+, the metal is formally reduced
rom M(II) to M(I); consequently, the calculated enthalpies for
hese endothermic reactions are inversely related to IE2, that is
a > Mg > Zn > Ni > Cu (Fig. 10).

. Conclusions

Doubly charged [M(L)n]2+ complexes, when collision-
lly activated, lose neutral ligands without loss of charge.
s the number of ligands becomes small, charge reduc-

ion occurs either by dissociative inter-ligand proton trans-
er, producing [M(L − H)(L)n−2]+ accompanied by loss of
rotonated acetamide, [L + H]+, or by amide-bond cleav-
ge resulting in [M(NH2)(L)n−1]+ and [CH3CO]+. Electron
ransfer from the ligand to the metal, resulting in forma-
ion of [M(L)n−1]+ and [L]

•+ was only observed in the
Cu(L)2,3]2+ complexes. At higher collision energies, com-
lexes [M(L − H)(L)n−2]+ (except when M is Cu) frag-
ent to produce [M(L − H)]+ by eliminating neutral lig-

nds, or by eliminating small molecules (H2O, CH3CN,
2C C O, HNCO) to yield [M(CH3CN)(L − H)(L)n−3]+,

M(OH)(L)n−2]+, [M(NH2)(L)n−2]+, and [M(CH3)(L)n−2]+,
espectively. These product ions further fragment to give
M(L − H)]+. [M(NH2)(L)n−1]+ either loses ammonia to pro-
uce [M(L − H)(L)n−2]+ by inter-ligand proton transfer, or
oses acetamide to give [M(NH2)]+. Collision-induced dis-
ociation of [M(L − H)]+ yields two common product ions,
M(CH3)]+ and [M(OH)]+ by elimination of neutral molecules,
NCO and CH3CN, respectively. Elimination of methane from

M(L − H)]+ was only observed for M = Ca, and elimination of a
ethyl group occurs for M = Co, Ni, and Zn. [Cu(L − H)(L)]

•+

ragments either to produce [Cu(L)]+ by eliminating the neu-
ral radical (L − H)

•
, or by eliminating the methyl radical to

orm [Cu(HNCO)(L)]+, which dissociates into [Cu(L)]+ and
NCO.
The value of IE2, an indicator of the affinity of M2+ for elec-

rons within a complex, influences the type and correlates with
he extent of fragmentation chemistries that occur. Density func-
ional theory calculations show that as IE2 of the metal increases,
nter-ligand proton transfer becomes energetically more favor-
ble than ligand loss in the CID of [M(L)n]2+ for small n, in
ccordance with experimental observations. In addition, in a
econd charge reduction reaction that involves cleavage of the
mide bond, the dissociation enthalpy again correlates with the
E2 of the metal. The higher the IE2, the more exothermic the
eaction and the lower the activation energy becomes.

For [M(L − H)L]+, as IE2 increases, the difference in disso-
iation energies for the formation of [M(L − H)]+ and [M(L)]+

ecomes smaller; this means producing [M(L)]+ by eliminating

L − H) becomes viable. Cu has the highest IE2 of these metals
nd fragmentation of [Cu(L − H)(L)]

•+ results in only [Cu(L)]+

ith concomitant elimination of (L − H)
•
; no [Cu(L − H)]

•+ was
bserved.
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In the CID of [M(L − H)]+, [Ca(L − H)]+ is unique in that
t eliminates methane to form [Ca(NCO)]+; other complexes
here M is Co, Ni or Zn eliminate the methyl radical to
roduce [M(HNCO)]+. Calculated activation barriers in the
otential energy hypersurfaces for eliminating methane and the
ethyl radical from [M(L − H)]+ (M = Ca, Mg, Zn) are consis-

ent with experimental observations. The endothermicity of the
ethyl radical loss channel, giving the charge reduced species

M(HNCO)]+, correlates well with the IE2 of the metal in the
omplex [M(L − H)]+.
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23] D. Schröder, H. Schwarz, J. Phys. Chem. A 103 (1999) 7385.
24] A. Dreuw, L.S. Cederbaum, Chem. Rev. 102 (2002) 181.

25] A.J. Stace, Phys. Chem. Chem. Phys. 3 (2001) 1935.
26] D.R. Lide, CRC Handbook of Chemistry and Physics, 84th ed., CRC Press,

Boca Baton, FL, 2003, p. 10.
27] V.E. Bondybey, M.K. Beyer, Int. Rev. Phys. Chem. 21 (2002) 277.
28] I.A. Papayannopoulos, Mass Spectrom. Rev. 14 (1995) 49.

[

[
[

pectrometry 255–256 (2006) 251–264

29] A.A. Shvartsburg, K.W.M. Siu, J. Am. Chem. Soc. 123 (2001) 10071.
30] A.A. Shvartsburg, J.G. Wilkes, J.O. Lay, K.W.M. Siu, Chem. Phys. Lett.

350 (2001) 216.
31] T.J. Shi, G. Orlova, J.Z. Guo, D.K. Bohme, A.C. Hopkinson, K.W.M. Siu,

J. Am. Chem. Soc. 126 (2004) 7975.
32] J.A. Stone, T. Su, D. Vukumanovic, Int. J. Mass Spectrom. 216 (2002) 219.
33] A.A. Shvartsburg, J.G. Wilkes, J. Phys. Chem. A 106 (2002) 4543.
34] A.T. Blades, P. Jayaweera, M.G. Ikonomou, P. Kebarle, Int. J. Mass Spec-

trom. Ion Process. 101 (1990) 325.
35] A.T. Blades, P. Jayaweera, M.G. Ikonomou, P. Kebarle, Int. J. Mass Spec-

trom. Ion Process. 102 (1990) 251.
36] P. Jayaweera, A.T. Blades, M.G. Ikonomou, P. Kebarle, J. Am. Chem. Soc.

112 (1990) 2452.
37] A.T. Blades, P. Jayaweera, M.G. Ikonomou, P. Kebarle, J. Chem. Phys. 92

(1990) 5900.
38] Z.L. Cheng, K.W.M. Siu, R. Guevremont, S.S. Berman, J. Am. Soc. Mass

Spectrom. 3 (1992) 281.
39] Z.L. Cheng, K.W.M. Siu, R. Guevremont, S.S. Berman, Org. Mass Spec-

trom. 27 (1992) 1370.
40] M. Kohler, J.A. Leary, J. Am. Soc. Mass Spectrom. 8 (1997) 1124.
41] M. Kohler, J.A. Leary, Int. J. Mass Spectrom. Ion Process. 162 (1997) 17.
42] C. Seto, J.A. Stone, Int. J. Mass Spectrom. Ion Process. 175 (1998) 263.
43] J.A. Stone, D. Vukomanovic, Int. J. Mass Spectrom. 185/186/187 (1999)

227.
44] J.A. Stone, D. Vukomanovic, Chem. Phys. Lett. 346 (2001) 419.
45] U.N. Andersen, G. Bojesen, Int. J. Mass Spectrom. Ion Process. 153 (1996)

1.
46] B.J. Hall, J.S. Brodbelt, J. Am. Soc. Mass Spectrom. 10 (1999) 402.
47] A.A. Shvartsburg, J. Am. Chem. Soc. 124 (2002) 12343.
48] D. Vukomanovic, J.A. Stone, Int. J. Mass Spectrom. 202 (2000) 251.
49] B.S. Freiser, Organometallic Ion Chemistry, Kluwer Academic Publisher,

Dordrecht, 1995.
50] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R.

Cheeseman, V.G. Zakrzewski, J.A. Montgomery Jr., R.E. Stratmann, J.C.
Burant, S. Dapprich, J.M. Millam, A.D. Daniels, K.N. Kudin, M.C. Strain,
O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C.
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala,
Q. Cui, K. Morokuma, P. Salvador, J.J. Dannenberg, D.K. Malick, A.D.
Rabuck, K. Raghavachari, J.B. Foresman, J. Cioslowski, J.V. Ortiz, A.G.
Baboul, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.
Gomperts, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A.
Nanayakkara, M. Challacombe, P.M.W. Gill, B. Johnson, W. Chen, M.W.
Wong, J.L. Andres, C. Gonzalez, M. Head-Gordon, E.S. Replogle, J.A.
Pople, Gaussian’98, Gaussian, Inc., Pittsburgh, PA, 2001, Rev. A. 11.

51] A.D. Becke, Phys. Rev. A 38 (1988) 3098.
52] A.D. Becke, J. Chem. Phys. 98 (1993) 5648.
53] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785.
54] W.J. Hehre, R. Ditchfield, J.A. Pople, J. Chem. Phys. 56 (1972) 2257.
55] P.C. Hariharan, J.A. Pople, Chem. Phys. Lett. 16 (1972) 217.
56] J. Chandrasekhar, J.G. Andrade, P.v.R. Schleyer, J. Am. Chem. Soc. 103

(1981) 5609.
57] T. Clark, J. Chandrasekhar, G.W. Spitznagel, P.v.R. Schleyer, J. Comput.

Chem. 4 (1983) 294.
58] C. Gonzalez, H.B. Schlegel, J. Chem. Phys. 90 (1989) 2154.
59] C. Gonzalez, H.B. Schlegel, J. Phys. Chem. 94 (1990) 5523.
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