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Abstract

The structures and dissociation channels of metal dications solvated by one or two acetonitrile ligat@s:KN), (» = 1, 2 for M = Be,
andn = 1 for M = Mg, Ca, Fe, Cu, and Zn), were studied by density functional theory at the B3LYP/6&(, p) level. The dissociation
processes studied include the loss of a neutral ligand, the dissociative electron transfer, and the cleavage of neutral and charged methyl (CH
and CH). For the diligated Be complex, the dissociative proton transfer is considered in addition to the processes indicated. The equilibrium
structures of these complexes were found to be linear with the metal atom attached to the N-end gfaNdi@ahds for all metals except
Cu, for which the structure is slightly bent. The calculated dissociation energies indicate that the complexes are thermodynamically stable
with respect to all considered processes foeMBe, Mg, Ca, and Fe, but are thermodynamically unstable with respect to the dissociative
electron transfer process for M Cu and Zn and to the cleavage of €Hor M = Cu. The energy barriers for the processes of dissociative
electron transfer and the cleavage of £Hire determined for all units, which suggests that th& 2i;CN and Cd*CH;CN species are
kinetically metastable with long lifetimes. The loss of neutral;G$lenergetically unfavorable for all species. The loss of a neutral ligand
is energetically unfavorable for all metals except Ca, where the loss of a neutral ligand is competitive with the dissociative electron transfer.
The theoretical results agree well with available experimental observations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Although many of the important solvated metal ions in
chemistry and biochemistry are doubly charged and can ex-
Solvation of metal ions is a subject of strong and contin- ist as stable species in solution, these units have not been ex-
uing interest. This can be largely attributed to the need of perimentally accessible in the gas phase until recently. The
understanding metal ion coordination in various chemical difficulty in generating solvated metal dications experimen-
environments. Particular attention has been paid lately to ap-tally arises from the large difference between the second
plications in the context of biological moleculgs?2]. In re- ionization potential (IR) of a metal and the first IP (L of
cent years, numerous research efforts have concentrated on ligand. The IR of most common organic ligands lies in
the microsolvation in finite systems, since these systems carnthe range of 8-12 eY5], while the IR of almost all metal
be conveniently studied stepwise by various mass spectro-atoms (except alkaline earths) are above 12 eV. Therefore,
metric techniquef3,4] and are tractable by high-level quan- in the absence of any stabilizing interaction, an encounter
tum chemical theory. Thorough understanding of chemical between a bare metal (M) dication and a neutral ligand (L)
processes generally benefits from their microscopic study in leads to immediate electron transfer followed by dissociation
finite systems. driven by Coulomb repulsion (or “Coulomb explosiofié],
namely, MtL,, — M*L,_1 + L. This hinders sequential
ligation of multiply charged metal ions in the manner that
* Corresponding author. Tek:1-601-979-3640; fax:-1-601-968-8623. IS standard for singly charged ones—by passing through the
E-mail address: frank.d.hagelberg@ccaix.jsums.edu (F. Hagelberg). vapor of a desired ligand species. Even the metal dications
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with P2 below the ligand IP that do not undergo elec-
tron transfer can often not be ligated by sequential addition,
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dissociation behavior of ligated dications, and guide further
experimental work.

due to the existence of other competitive charge-separating To the best of our knowledge, ab initio calculations of the

dissociation channels, including dissociative proton transfer
and intra-ligand cleavagg6—8]. Such problems exist in fi-

metal—-acetonitrile complexes were performed only for some
neutral and singly charged species, including MCN and

nite systems but disappear in solution since the CoulombM*TCH3CN (M = Al and alkaline metals)37-40] and

interaction in the latter is shielded by the dielectric environ-
ment. This raises the question for the minimum number of
solvent molecules required to stabilize thé\1,, complex
and for the nature of the stabilization mechanism.

Cu™(CH3CN), (n = 1-5) [41]. For the doubly charged
species, Mt(CH3CN),, only a simple electrostatic model
was applied to determine thmg,in, (the minimum number of
ligands necessary to stabilize the metal dication) gk

Several experimental techniques have been developedat which the given MtL, complex is found with highest

to successfully generate metal dicatid@s11]. Most ex-

abundance) for M= Mg, Cu, Ag, and Au22,23,29]

perimental work has concentrated on aqueous metal ions In this contribution, the equilibrium structures of2¥

[8,9,12—-17] Except for hydrated ions, attention was mostly
devoted to metal ions solvated by acetonitrile ¢CH)
[18—24] and dimethyl sulfoxide (DMSQJ}9,18,25] Com-
plexes involving a variety of other solvents were also suc-

CHsCN (M = Be, Mg, Ca, Fe, Cu, and Zn) and Be
(CH3CN),, various dissociation products, the transition
states that define the energy barriers for the charge-
separating processes, and the energetic properties involved

cessfully generated, such as ammonia, benzene, alcoholsin all processes under consideration are systematically stud-

acetone, ketones, ethers, and pyridihe, 19,26-31]
The generation and dissociation chemistry of doubly

ied by a hybrid density functional theory procedure. The
selected metals represent three types: alkaline earth metals

charged metal-acetonitrile complexes have been reportedBe, Mg, Ca), magnetic (Fe), and nonmagnetic (Cu, Zn)

by several experimental groujik8—24] Kohler and Leary
[19,20] first investigated the low-energy fragmentation
pathways of M*(CHsCN),, wheren = 1, 2 and M =
Ca, Sr, Mn, and Co. Later, Seto and Stdad] studied
the dissociation of Cif (CH3CN), with n = 2—4, while
Stace and coworkef2,23] observed the fragmentation of
M2+ (CH3CN), with M = Mg, Cu, Ag, and Au for some

transition metals. The considered dissociation pathways
include dissociative electron transfer, loss of a neutral lig-
and, heterolytic cleavage of GH, and dissociative proton
transfer [for B&T(CH3CN),]. In addition, the cleavage
of neutral CH is considered for comparison with that of
CHz™. We aim to arrive at a systematic theoretical under-
standing of related experimental observations in order to

sizes. Very recently, a comprehensive mass spectrometriccomplement and guide experimental work.

study of metal dications solvated by acetonitrile was re-
ported by Shvartsburg et g24], where the dissociation
of M2+(CH3CN), with M = Be, Mg, Ca, Sr, Ba, Fe, Co,
Ni, Cu, Zn, and Cd was systematically examined. The ob-

served dissociation pathways include dissociative electron

The article is arranged as follows: the computational de-
tails are described iBection 2 the results are presented and
discussed irBection 3 and our final conclusions are given
in Section 4

and proton transfer processes, loss of neutral ligands, and

heterolytic cleavage of C¥.

Similar to the experimental studies, most theoretical in-
vestigations have been carried out for metal dications sol-
vated by watef7,32—34] Some theoretical efforts have also
been made to analyze metal dications ligated with ammao-
nia, formaldehyde, acetone, and DM$82,35,36] These
studies indicated that the interaction betweefMind L
is mainly electrostatic and that, for most of the studied
monosolvated metal dications®IL, although the products
M+ 4+ LT are lower in energy than & + L, an avoided
crossing of the M™ — L and Mt — L potential energy sur-
faces gives rise to a local minimum, corresponding to a siz-

able energy barrier in the adiabatic potential energy surface.

2. Computational details

The equilibrium geometries of & CHsCN (M = Be,
Mg, Ca, Fe, Cu, and Zn) and BCH3CN)y, various dis-
sociation products and related transition states, as well as
the neutral and the cationic ligands, gEN and CHCNT,
were fully optimized without symmetry constraints using
the B3LYP hybrid density functional method in conjunction
with the 6-3131-G(d, p) basis set implemented in Gaussian
98 program42]. The B3LYP density functional consists of
a combination of Becke’s three-parameter exchange func-
tional (B3) [43] with Lee, Yang, and Parr's (LYP) corre-
lation functional[44]. This method with similar or smaller

These findings lead to the prediction that these species are kibasis sets has been applied successfully to study the struc-
netically metastable and thus experimentally detectable with tures and dissociation processes for the complexes of alka-

sufficiently long lifetimes. Especially, the prediction of the
existence of the Gt H,O monomer has stimulated a lively
discussion between thedj32] and experimentl5-17} and
was finally confirmed by most recent experimefit§,17]
Therefore, high-level theory can provide valuable informa-

line earth and transition metal dications ligated with(H
NHj3, acetone, and DMS(32-36]

For complexes of all metals we considered, with the ex-
ception of Fe, the lowest possible spin multiplicity is as-
sumed. For the Fe species and its dissociated products, all

tion to understand experimental observations related to thepossible spins up to a septet state were considered and the
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most stable structures found to correspond to a spin quintetplete geometrical data and natural charges are documented

state. To examine this prediction which involves a compari-

son between different electronic states of a transition metal
atom containing species for possible sensitivity on the ap-

plied method, we subjected the unittF€HsCN to an addi-

tional analysis, employing the Coupled Cluster method with
single, double, and triple excitations [CCSD(T)]. Total ener-
gies were computed for FeCH3CN with all possible spin

multiplicities up to the spin septet state and at the equilib-
rium structures obtained by optimization using the B3LYP
method. In this comparison, the B3LYP and CCSD(T) pro-

cedures lead to very similar conclusions regarding the stabil-

ity of the F&+tCH3CN species. Both methods yield the same

in Table 1

CH3CN has trigonal symmetry with an N dra C atom
attached to a methyl unit (G}l in a linear configuration.
The optimized N-C, C—C, and C—H bond lengths in neutral
CH3CN are 1.153, 1.456, and 1.092 A, respectively, and the
C—C-H bond angle is 110t the B3LYP/6-31%G(d, p)
level. These geometric parameters compare well with those
obtained by Imura et a[37] at the MP2/6-31%++G(d, p)
level and by Vitale et a[41] at the B3LYP/6-31Glevel. For
CH3CNT, the N-C and C-C bond lengths are elongated and
shortened, respectively, by about 0.05 A, while the C—H bond
length and C—C—-H angle are nearly unchanged. The calcu-

order of stabilities within the considered sequence of spin lated ionization potential and dipole moment for N
multiplicities and thus single out the spin quintet state as the are 12.08 eV and 4.05 Debye, respectively, which agrees sat-
most stable one. The energy differences between adjacenisfactorily with the experimental datf@4] of 12.2eV and

spin states as obtained from B3LYP calculation, however,

deviate within a range of 10-30% from the corresponding
CCSD(T) values.
All structures reported have been verified to be local

3.9 Debye. Natural population analysis for §EN indicates
that the N atom and the C atom of the methyl group are
negatively charged—<0.34 and—0.69¢e) while the C atom
bonded to the N atom and the three H atoms adopt positive

minima (no imaginary frequencies) or transition states (one charges (0.29 and 0.25e).

imaginary frequency) on their respective potential energy

surfaces by frequency analysis at the B3LYP/6-8&Ld, p)
level.

In the theoretical investigation by Vitale et 4#11] on
Cut(CH3CN), (n = 1-5), the zero-point energy (ZPE) and

In several recent calculationf37—41] on MCH3;CN
(M = Al and alkaline earth metals) and €{CH3CN),,
the metal atoms were found to be bound preferentially to
the N-end of the CBCN ligands. Therefore, we have at-
tached the metal dications (M Be, Mg, Ca, Fe, Cu, Zn)

basis set superposition error (BSSE) corrections were esti-to the N-end of CHCN and the optimized structures are
mated to be 0.5-1.0 and 0.1-0.7 kcal/mol, respectively, at thepresented irrig. 1. Except for Cu, the resulting GEN-M

B3LYP/6-31H-G(2d, 2p) level. Similarly, in a recent study
[45] on SETDMSO at the B3LYP/6-31+G(d, p) level, we

complex adopts a linear shape. FoPEGH3CN, the linear
conformation is a transition state and the relaxation leads to

found that the ZPE and BSSE corrections were only 0.14 a slightly bent structure, with the bending angle Cu-N-C

and 0.43%, respectively, of the metal-ligand dissociation en-

being 170.3. The energy gain of the relaxation is as small

ergy. Therefore, the ZPE and BSSE corrections are ignoredas 0.8 kcal/mol. For P& CH3CN, optimizations were per-

in the present work.

formed in different spin conditions, ranging from singlet to

The atomic charges were calculated with the Natural Bond septet. The most stable structure corresponds to a quintet,

Orbital (NBO) prograni46] as included in the Gaussian 98
package using the B3LYP/6-3%15(d, p) densities.

3. Results and discussion
In the following, we will first describe the structures

of M2*CHsCN (M = Be, Mg, Ca, Fe, Cu, and Zn) and
Be*t (CH3CN),, their products in various dissociation pro-

which is of the same spin multiplicity as free4te and the
spin polarization is localized on the Fe ion. Thus, the spin
of FE* ion is maintained in the P& CH3CN complex. For
Be2+(CH30N)2, both linear and bent structures were con-
sidered and the two G4€N ligands were attached to Be with
the same or opposite orientations of the $tibgroup. The
bent structure was found to relax to the linear one after opti-
mization and the conformation with opposite orientations of
the Hg subgroups is lower than that with equal orientations

cesses as well as the transition states associated with chargenly by 0.02kcal/mol. Therefore, different orientations
separation, and then analyze the respective dissociation proof the ligands have little influence on the energy of the

cesses in terms of energetic properties.
3.1. Sructures

The optimized geometries of CH3CN (M = Be, Mg,
Ca, Fe, Cu, and Zn) and B&(CH3sCN),, their products in

complex.

For all metal dications we considered, the N-C and
C-C bond lengths of C4£CN are slightly elongated and
shortened, respectively, while the C—H bond length and the
C—C-H angle are nearly unchanged upon attachment of the
metal dication. The influence on the N-C and C-C bond

various dissociation processes, and the transition states fotengths is smaller in B& (CH3CN), than in B&TCHzCN.

dissociative electron transfer (TS1) and cleavage o CH
(TS2) are shown irFig. 1, where the most significant geo-

As stated above, similar modifications in geometry are
observed in CHCN™, implying that some charge transfer

metric parameters are attached to the structures. More com:might take place from CECN to the metal in M*CH3CN
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Fig. 1. Optimized structures (in A and degree) ofNCH3CN (M = Be, Mg, Ca, Fe, Cu, Zn) and B&(CHzCN),, their products in various dissociation
processes, and the transition states for dissociative electron transfer (TS1) as well as the cleavage (@S2} obtained at the B3LYP/6-3315(d,
p) level. For F&+CN, bond lengths for spin sextet and quartet states are presented in brackets.
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and BéT(CH3CN),. From Table 1 we see that there is negative charge on the N atom and of the positive charge
charge transfer from C4#CN to the metal ion in all species on the C atom next to N, while the charges on the atoms
which proceeds more strongly in €UCHsCN than in of the methyl unit are nearly unchanged. This indicates that
other systems. As compared with pure 4CHN, the sol- the acetonitrile molecule is polarized at the N-end through
vation is accompanied by a considerable increase of themetal dication attachment.
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Once the equilibrium structures of MCH3CN (M = Charge separation is involved in processes (a—c), while
Be, Mg, Ca, Fe, Cu, and Zn) and B4CH3CN), are de- processes (d) and (e) correspond to the loss of neutral ligands
termined, their stabilities can be examined by subjecting or ligand constituents. Since two ligands are involved in
these species to various dissociation reactions. For anythe dissociative proton transfer, this process can be studied
M2+(CHsCN), complex, the observed dissociation pro- only for B (CHsCN), within the scope of the systems

cesses of M (CHsCN), include[24]: considered here.
) o " The structures for the products of all dissociation pro-
(a) Dissociative electron transfer (loss of &EN™) cesses and the transition states for the charge-separating pro-
M2+ (CH3CN), — M™(CHsCN),_1 + CHsCN* cesses (a) and (c) of MCH3CN and B&*(CHzCN), were
determined (seBig. 1andTable J). For C&tCHsCN, only
(b) Dissociative proton transfer (loss of i @H3CN) TS2 was identified while TS1 does not exist. We will discuss
24 this observation irBection 3.2from the energetic point of
M7 (CH3CN), view. For the cleavage of Gt or CHz in Fe¢tCH3CN, a
— MTCHCN(CH3CN),,_» + H"CH3CN spin quintet was determined to be the ground state 6

) for the former process, while a sextet and a quartet were

(c) Heterolytic cleavage of charged methyl (loss of €l found to be the most competitive candidates GHRaN unit
M2+ (CHACN M+CN(CHACN)._1 + CHat for the latter. AIth'oughthg quartetis 'Iower than the segtet by
(CHCN)n =~ (CHCN)n—1 + CHs 11.9 kcal/mol, this state is substantially spin contaminated,

(d) Loss of neutral ligand with S(S+ 1) = 4.75, and its Fe—N and N-C bond lengths
2y 2y are very close to those of the sextet. It appears likely that
M= (CHCN), — M7 (CH3CN),,—1 + CH3CN the sextet would emerge as lower in energy than the quartet

if spin contamination could be eliminated from the latter.
It should be noted that the qualitative conclusions drawn in
the following subsectionSection 3.2 with respect to en-
ergetic properties are unaffected by the spin state used in
the description of the dissociation behavior of£€HsCN,

M2+ (CH3CN),, — M?TCN(CH3CN),,_1 + CHs quartet or sextet.

We have studied all of these processes. In addition, the
following process was taken into account for a compar-
ison with the cleavage of CGi¥:

(e) Heterolytic cleavage of neutral methyl (loss of £JH
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Table 1

Geometric parameters (in A and degree) and natural cha@efof M2+CHzCN (M = Be, Mg, Ca, Fe, Cu, Zn) and B&(CHsCN),, their products
in various dissociation processes, and the transition states for dissociative electron transfer (TS1) as well as cleavsigg TS Hobtained at the
B3LYP/6-311-G(d, p) level

M-N& N-C c-C M-N-C N-C-C Cc-C-H Qm QN Qct
Be?TCH3CN 1.502 1.170 1.411 180.0 180.0 109.4 1.88 -1.01 0.83,—0.76
Be"CN 1.447 1.199 1.83 -1.39 —0.56
Be?*CN 1.561 1.154 1.90 —1.05 1.15
Be*tCH3CN, TS1 4.036 1.183 1.415 166.9 176.7 109.4 1.33 —0.17 0.50,—0.71
Be?TCH3CN, TS2 1.470 1.189 3.621 180.0 180.0 90.4 1.85 —1.29 0.47, 0.33
Be?t (CH3CN), 1.557 1.159 1.426 180.0 180.0 109.3 1.71 -0.84 0.74,—0.74
BetCHsCN 1.616 1.153 1.436 180.0 180.0 109.3 0.95 -0.81 0.67,—0.73
BetCH,CN 1.410 1.224 1.295 180.0 180.0 120.4 1.76 —1.32 0.52,—0.53
HTCH3CN 1.011 1.141 1.435 180.0 180.0 109.1 0.50 -0.40 0.70,—0.73
Be™CN(CH:CN) 1.589 1.152 1.435 180.0 180.0 109.3 1.69 -0.75 0.68,—0.73

1.483 1.189 —1.25 0.44
Be?t CN(CHsCN) 1.543 1.162 1.423 180.0 180.0 109.3 1.72 -0.87 0.77,-0.75

1.610 1.149 —0.90 1.02
Be?t (CH3CN)y, TS1 1.533 1.163 1.420 180.0 180.0 109.3 159 -0.95 0.78,—0.75

6.232 1.168 1.439 180.0 180.0 109.3 —0.26 0.42,—0.71
Be?t (CH3CN)y, TS2 1.579 1.155 1.432 180.0 180.0 109.3 1.70 -0.78 0.70,—0.73

1.5086' 1.181 4.558 180.0 180.0 90.2 —1.17 0.38, 0.33
Mg?t CHsCN 1.944 1.160 1.431 180.0 180.0 109.5 1.94 -0.85 0.69,—0.74
MgtCN 1.871 1.185 1.79 ~1.19 0.40
Mg?tCN 2.011 1.152 1.95 —0.92 0.96
Mg+ CHsCN, TS1 5.037 1.173 1.430 175.2 179.4 109.5 156 —0.24 0.46,—0.71
Mg?tCHsCN, TS2 1.889 1.180 4.422 180.0 180.0 90.1 1.86 -1.15 0.32. 0.33
Ca?"CH3CN 2.245 1.160 1.436 180.0 180.0 109.6 1.94 -0.78 0.63,—0.73
CatCN 2.085 1.181 1.87 ~1.19 0.32
Ca&"CN 2.344 1.155 1.97 —0.84 0.89
CatCH3CN, TS2 2.135 1.181 4.859 180.0 180.0 90.2 1.90 -1.12 0.30, 0.29
Fe#tCH3CN 1.928 1.167 1.422 180.0 180.0 109.5 1.80 -0.78 0.72,—0.75
Fe"CN 1.799 1.200 1.54 -1.02 0.48
FETCN 2.002 1.159 1.88 —0.88 1.00

1.965 1.155 1.84 —0.86 1.02
Fe#tCH3CN, TS1 4.907 1.175 1.429 180.0 180.0 110.2 155 —0.24 0.48,—0.72
Fe#TCHsCN, TS2 1.856 1.191 3.966 180.0 180.0 90.3 1.66 —1.02 0.39, 0.33
CUWtCH3CN 1.864 1.174 1.409 170.3 176.1 109.9 149 -0.56 0.70,—0.73
CuCN 1.874 1.159 1.08 —0.79 0.71
CUW?*CN 1.897 1.169 1.52 —0.61 1.09
CUW+CHsCN, TS1 3.039 1.194 1.397 177.8 179.9 109.7 111 -0.12 0.57,—0.72
CUWTCH3CN, TS2 1.851 1.167 3.117 180.0 180.0 90.7 1.37 -0.79 0.48, 0.28
Zn?*CHsCN 1.842 1.160 1.426 180.0 180.0 109.3 1.84 -0.83 0.73,-0.75
Zn*tCN 1.814 1.185 1.56 -1.07 0.52
Zn?tCN 1.897 1.150 1.88 -0.91 1.03
Zn?*CHsCN, TS1 4.089 1.183 1.415 166.6 176.6 109.3 1.34 -0.17 0.50,—0.71
Zn?*CHaCN, TS2 1.821 1.181 3.812 180.0 180.0 90.3 169 -1.05 0.39, 0.33
CH3CN 1.153 1.456 180.0 110.2 -0.34 0.29,—0.69
CHsCN* 1.208 1.402 180.0 110.1 0.09 0.590.75

2M is the metal or H atom attached to the N-end of {Cl.

b C—C-H is the angle related to the top H atom of the ligand. FdrB&8HsCN),, the second C—C-H angle is associated with the bottom H atom of
the second ligand (sefeig. 1).

¢Charges for C atoms connected to N and H atoms, respectively.

d Geometric parameters and natural charges for atoms of the second ligand (the leftFogeln

€ Spin sextet.

f Spin quartet, with strong spin contamination.

As seen inFig. 1, the transition state TS1 for the cleav- other monoligated species¥ICHsCN (M = Be, Mg, Cu,
age of CH* of all species adopts a linear structure. For the and Zn), with the M—N—-C bending angle ranging from 166.6
transition state TS2 of the dissociative electron transfer pro-to 177.8. To elucidate the chemical reason for the bending
cess, the linear structure is identified only foPFE€H;CN of these structures, we plot the highest occupied molecular
and Bé*(CHsCN),, while a bent structure is found for all  orbital (HOMO) for the representative specieBEHzCN
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Fig. 2. The highest occupied molecular orbitals (HOMO) fo? BeH3CN
and its transition state for the dissociative electron transfer process (TS1).

and its transition state TS1 ig. 2 Obviously, the N atom
has a p component in both structures while the Be ion con-
tributes little to the HOMO of the former but a large atomic
s population to the HOMO of the latter. To maximize the
Be—N interaction, the Be ion in TS1 moves towards the lower
lobe of the p orbital of the N atom, resulting in a bent struc-
ture for TS1. Note that the effective charge on the Be ion in
Be2T CH3CN and in the TS1 configuration is 1.88 and 1.33e,
respectively (se@able ). Therefore, the Be ion exhibits a
nearly closed shell in the former, but has 0.67 unpaired elec-
trons in TS1 due to the charge transfer from the ligand to
Be?. A similar analysis can be applied to other systems.
Frequency calculations indicated that the only imaginary fre-
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CHs™ were observed, while the loss of neutral £i¥as

not, in agreement with our findings. FrorRig. 1, it is evi-
dent that the M—N and N-C bond lengths of TS2 are very
similar to the corresponding bond lengths in the cleaved
products M"CN or Be*CN(CH3CN), confirming that TS2
corresponds to the cleavage of €Hfor each species. The
energetic features of these four dissociation processes will
be further discussed in the following subsection. Finally, we
point out that all transition states exhibit a long distance
(3.04-6.23 A) between the two separated parts. Therefore,
these transition state structures are all product-like, bearing
the trace of the dissociation process.

3.2. Energetics

In this subsection, we will discuss the energetic prop-
erties of various dissociation processes and compare our
respective conclusions with available experimental obser-
vations. The dissociation energies for various processes and
the energy barriers defined by the transition states for the
charge separation processes (a) and (c) f@HsCN and
Be?t(CHCN), are displayed irFig. 3. For all processes
(a—e), the dissociation energRd) is defined as the differ-
ence between the energy of the reactant complex (set to zero
in Fig. 3 and the total energy of the dissociated products.
Namely, De = E(product$ — E(reactantcomplex

Although Be, Mg, and Ca belong to the alkaline earth
group, their second ionization potentials {JRand hence
dissociation behaviors differ markedly from each other. The
calculated IR of Be, Mg, and Ca are 18.60, 15.46, and
12.08 eV, respectively, which compare well with the experi-
mental values of 18.2, 15.0, and 11.9eV. The #PBe and
Mg are larger than the first IP (1P of CH3CN (12.08 eV)
while the calculated Iof Ca matches the latter. It can be

quency for all of these transition states corresponds to theexpected that the charge-transfer effect will be stronger in
stretching mode between the two separated parts, confirm-the Be than in the Mg-based species, and not appear in the Ca
ing that the transition states with respect to the consideredcontaining complex. Experimentally, both the electron and

dissociation processes have been correctly identified.
It is worth while mentioning that in the transition state
calculations a total charget@e) is imposed on the whole

proton transfer processes were observed &t (@H3CN),
(M = Be, Mg) withn > 1 (electron transfer) or 2 (proton
transfer) and the loss of neutral GEIN is not competitive

system. Therefore, the transition state TS1 can be underfor n = 4 (Be) or 3 (Mg)[24]. For C&*(CH3sCN),,, how-

stood to correspond either to the loss of {CHNT or neutral
CHsCN, and similarly, TS2 can be understood to correspond
either to the loss of Cgt™ or neutral CH, depending on
the effective charge on the separatedsCN or CH; frag-
ments. According to natural population analysis, the effec-
tive charge on the separated EN unit of TS1 ranges from
+0.44 to+0.67e for the monoligated # CHzCN species,
and it reduces quickly from 0.67 to 0.32e as one goes from
Be?TCH3CN to BE+(CHsCN),, implying that separation

is possible for both CECN and CHCNT and that the loss

of a neutral ligand becomes more competitive with the in-
crease of the number of ligands. In contrast, the effective
charge on the separated €Hnit of TS2 is around-0.96e

for all species. Therefore, no loss of neutral £Mill oc-

cur. Experimentally24], the loss of CHCN, CH;CN™T, and

ever, the loss of a neutral ligand is the primary fragmentation
pathway, and neither the electron nor the proton transfer was
observed for any sizf4]. As for the heterolytic cleavage,
the loss of CH* was observed for all of the three alkaline
earth metals withh > 1, but no loss of neutral CHwas
detected24]. The calculated, values and energy barriers
for M2 CH3CN and B&t(CHsCN), in these processes are
presented irFig. 3. First of all, the calculate®, values are
positive for MM+ CH3CN and B&+(CH3CN), in all of the
processes mentioned above. Therefore, all of these species
are thermodynamically stable with respect to all the pro-
cesses considered and the minimum number of ligands nec-
essary to stabilize the alkaline earth metal dicationgjs =

1. The existence of energy barriers for charge separation
processes, which have lower valuedgfthan the processes



C. Xiao et al./International Journal of Mass Spectrometry 233 (2004) 87-98

337.2

|
| 1717

Be"+2CH,CN

Loss of CH,

196.7 1,055 of CH,CN
! 1862 y 45 of CH, Il
I ”f& Loss of CH,CN
/ I 1193 .
| 117.0 gt I : TS for loss of CH,CN
TS for loss of CH,CN 108.1 ‘
Il \ 3 ‘%/ 8L 1.oss of CH,CN
Il 81.8 ,
Il 627\ TS for loss of CH3+ I TS for;(;s: of CH,
+ . A5 S +
I/ \\ 463 Loss of CH,CN g/// 508 Loss of CH;
Il \ o, L, Loss of H'CH,CN
[l 20.1  [ossof CH, I/ ’
0.0 | ’ o0 v
Be’'CH,CN Be’'(CH,CN),
168.8 .
——— Loss of CH
| 3 1& Loss of CH,
| I
I |
;I& Loss of CH,CN |
| 91.5 +
Il 81.2 TS for loss of CH_,+ 1182.8 or 82.6 TS for loss of CH, .
II_752 ‘\ TS for loss of CH.CN * ||~ \ Loss of CH,CN or CH,CN
g \ : 1 \__ 643 Loss of CH,"
3
””!/” \ L 488 Loss of C H; ]!,//l
'} U - Loss of CH,CN * I
0.0 {, 0.0 /
Mg 'CH,CN Ca”CH,CN
M Loss of CH,(sextet, quartet)
I 2159 | of CH
] {7 0SS 0 s
I 1205 .
H— Loss of CH,CN ][’ 166.9 Loss of CH,CN
Il Il
Il Il
Il 2.8 TS for loss of CH," I
M 678 | IS for loss of CH,CN * ‘;f 71 .
\ = TS for loss of CH,
I Y [/ 206 .
I \ Loss of CHLCN * \' TS for loss of CH,CN
[ \ 18.8 or 18.0 Loss of CH, 0.0 \\ 0.9 N
or CHL* 4‘2+ — Loss of CH,
0.0 | 3 Cu’’CH,CN \ ass
Fe''CH,CN =932 s of CH,CN *
’li Loss of CH,
| 1471 Loss of CH,CN

I
67.7 0r 68.0 1g for lass of CH,CN “or CH;"

0.0 |

Zn**CH,CN

Fig. 3. Dissociation energies and energy barriers for various dissociation pathways”@HYCN (M = Be, Mg, Ca, Fe, Cu, Zn) and B&(CH3CN),,
calculated at the B3LYP/6-341G(d, p) level. For the cleavage of GHn Fe#CH3CN, results for the spin sextet and quartet states are both shown.

\
\ 279
\

Loss of CH3+

L7 possof CH,CN "

95



96 C. Xiao et al./International Journal of Mass Spectrometry 233 (2004) 87-98

without charge reduction, further enhances the thermody- containing complex. Experimentally, the dissociative elec-
namical stability of these species. Secondly, the dissociationtron and proton transfer processes and the heterolytic cleav-
energy with respect to the loss of neutral LHN is highest age of CH™ were observed for all the three TM species
in Be?FCH3CN; in BET(CH3CN), and Mg CHsCN, it with n > 1 (electron transfer and cleavage) or 2 (proton
drops lower than the value @, for the loss of CH but transfer), and bare TRt was observed only for TM= Fe
still exceeds that for the loss of GAN™T and the related  [24]. In analogy to the alkaline earth metal species, the loss
energy barrier. In Ca CH3CN, it adopts a value essentially  of neutral CH was not observed in any TM-acetonitrile
equal to that for the loss of GJENT (82.8 kcal/mol versus  complexes[24]. The calculated dissociation energies and
82.6 kcal/mol). This means that the loss of neutralsCN energy barriers for TKt"CH3CN in various dissociation
is energetically unfavorable in BeCHzCN, Mg?t CH3CN, processes are shown liig. 3. For all TM species, the loss
and B&t(CH3CN),, but competitive with the dissociative of neutral CH is associated with the highest value D§
electron transfer in Ga CH3CN. It is worth mentioning that ~ among all processes, consistent with the absence of this pro-
the identical dissociation energy for €aCH3CN with re- cess in experiment. ThBe for the loss of a neutral ligand
spect to neutral ligand loss and dissociative electron transferis lower than that for the loss of neutral @Hout lies still
processes results from the identity of thg ¥ the ligand much higher than those for the charge separation processes
with the IR, of Ca, calculated at the B3LYP/6-31+5(d, p) (loss of CHCN* and CH™). Therefore, the neutral ligand
level. Experimentally, since the {Pf the ligand (12.2 eV) loss is not competitive with the charge separation processes
is slightly larger than the IPPof Ca (11.9 eV), the dissocia- unless a substantial critical size is reachegi(= 4 for Fe,
tive electron transfer does not actually take place and theand 3 for Cu and Zn in Ref24]). Furthermore, the bare
neutral ligand loss becomes the primary pathway. In fact, TM2+ was observed for TM= Fe, but not for TM= Cu,
our efforts to determine the transition state (TS1) for the and Zn[24], which may be correlated with the fact that the
dissociative electron transfer of €CH3CN failed consis- value of D for the neutral ligand loss of TRt CH3CN is
tently. Our results agree with the experimental observationsthe lowest for Fe in the TM= Fe, Cu, Zn series. The value
that bare B&" was not observed, bare ¥itywas observed  of De for the charge-separating processes of°TRIHzCN
in only small amounts, and the loss of neutral{CH\ is the decreases from TM: Fe to Zn and to Cu. The B&ECH3CN
primary fragmentation pathway for the Ca-based complex. species is thermodynamically very stable with respect to
It should be noted that bare Beand M¢?* are the products  all dissociation processes considered here since the disso-
of monoligated Be and Mg species in the process of neutral ciation energies for the loss of GAN't and CH™* are
ligand loss. The anomalously high critical numbgg; = 4 both positive (18.8 and 18.0kcal/mol, respectively), and
(above which the loss of neutral ligand will become pre- the energy barriers for these two processes are very high
dominant) observed for the Be species in experiment can(67.8 and 72.8 kcal/mol). For 2iCH3CN, the cleavage of
be attributed to the exceptionally high dissociation energy CHs™ is endothermic with a considerably larfg value of
(196.7 kcal/mol) of B&"CHzCN for the loss of neutral lig-  27.9 kcal/mol, while theDe value for the electron transfer
and. Thirdly, for all of the three alkaline earth metals, the process is positive but very small (1.71 kcal/mol), indicating
value ofDe for the loss of neutral Cklis much higher than that Zrf+CH3CN is prone to dissociative electron transfer
that for the loss of Chi". As a result, the cleavage of neu- if no energy barrier exists. The energy barriers for these two
tral CHz was observed for none of the alkaline earth metals charge separation processes were found to be nearly equal,
in experiment. Finally, since the energy barrier for the loss amounting to 68.0 and 67.7 kcal/mol, respectively. There-
of CH3* is lower than that for the loss of GENT in fore, the ZRTCH3CN species is expected to be kinetically
Be?t(CH3CN), (n = 1, 2), but the barriers associated with stable with respect to the electron transfer process, with
these two processes reverse their order if M@H3CN and a long lifetime. For C&TCHsCN, the cleavage of Ckf
Ca&+tCHsCN, the CH* cleavage process is expected to be exhibits a positive but smalDe (0.88 kcal/mol) while the
more pronounced than the dissociation by electron trans-electron transfer process is strongly exothermic with a neg-
fer for the Be-based species but less so for the complexesative De of —35.5kcal/mol. Therefore, the EuCHsCN
containing Mg or Ca. species is thermodynamically unstable with respect to both
The remaining three metal atoms considered in the con-the CH;™ cleavage and the electron transfer processes.
text of the work presented here, i.e., Fe, Cu, and Zn, belongConfirmation of the C&"CH3CN complex depends on the
to the 3d transition metal (TM) group. The calculated ¢ existence and height of the energy barriers for these two
Fe, Cu, and Zn are 16.48, 20.85, and 18.38 eV, respectively,processes, which has proved to be the most challenging
which agree within about 2% with the experimental data of task involved in the work presented here. The transition
16.2, 20.3, and 18.0eV. Thesefalues are higher than the states for these two processes were eventually obtained
corresponding values of Mg and Ca and comparable to (for and the activation barriers were calculated to be 57.1 and
Fe, Zn) or even higher than (for Cu) that of Be. It follows 20.6 kcal/mol, respectively. These barriers are high enough
that the charge-transfer effect will be much stronger in the to prevent C&tCHsCN from spontaneous charge separa-
TM-acetonitrile complexes than in the alkaline earth metal tion. FromFig. 3 it is realized that the energy barriers for
species, being strongest in the Cu and weakest in the FeCu?tCH3CN are lowest among all complexes compared,
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