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bstract

The structure and stability of Mg2+XH3OH complexes in gas phase (X = C, Si and Ge) have been studied using the B3LYP/6-31 + G(d) and CBS-
B3 levels of theory. Several dissociation pathways for Mg2+XH3OH complexes have been investigated. The complexes are thermodynamically

table with respect to the loss of H+, OH+, XH3, XH4, and XH4
+ but thermodynamically unstable toward the loss of XH3

+, XH3OH+, and XH3O+

ons. The presence of sizable kinetic energy barriers (25–81 kcal/mol) for unimolecular dissociation hinders the exothermic processes. This indicates

hat Mg2+XH3OH complexes can form metastable species and is likely observed under appropriate experimental conditions. On the other hand,
ndothermic channels are unlikely occurred under mild experimental conditions. Binding energies in the investigated complexes parallel charge
ransfer from ligands to the Mg2+ ion. Comparison between B3LYP and CBS-QB3 results is also presented.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Although gas-phase metal–ligand complexes have been stud-
ed for several decades, most work was limited to singly charged
pecies because solvated multiply charged metal ions were not
ccessible until the 1990s [1,2]. Thermodynamically stable lig-
ted metal dication M2+L can exist if the ionization energy (IE)
f M+ is lower than the first IE of the ligand L. In such situation
he electrostatic interaction between M2+ and L gives rise to a
ound M2+L. Even if the IE of M+ is slightly exceeded IE of
, the M2+L may be thermodynamically stable, provided that

he binding energy of M2+L compensates for the difference in
Es. Upon further increase of IE of M+, the M2+L becomes
etastable with respect to the dissociation into M+ and L+.
his kind of dissociation is referred to as charge separation

eaction or “Coulomb explosion” [3]. Despite the thermody-
amically favored separation reaction, the M2+L complex can

xist as a metastable species providing that such dissociation
tep is hindered by an energy barrier. This is called kinetically
table ligated metal dications.
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The existence of multiply charged metal ions with a limited
umber of neutral ligands in the gas phase has attracted attention
ver the past decade [1,2,4–32]. The experimental difficulty in
enerating dictation of metals with a single solvent ligand tends
o increase with increasing difference between the second IE of

etals and the first IE of a solvent. Two parameters have been
ntroduced to characterize the stability of multicharged systems
gainst dissociation [1,2,4–6,11–26]. These are defined as mini-
um (nmin) and critical (ncrit) number of ligands. The minimum

umber of ligands represents those ligands required to stabilize
he action center whereas the critical number stands for num-
er of ligands above which the loss of neutral ligand become
ore favorable than the dissociative electron and proton transfer.
igher values of nmin and ncrit indicate lower complex stability

nd propensity for reduction.
Magnesium, one of the most common elements, plays

n important role in biological systems [33–36]. Magnesium
refers binding to phosphate, carboxylate, hydroxyl and ether
xygens because it is a hard metal [33]. Experimental stud-
es on magnesium dication with alcohols have been performed

or methanol and propanol using pick-up technique [6,26].
he experiments showed that at least two methanol and three
ropanol molecules, respectively, are needed to stabilize the
ication centre. The minimum number of ligands needed to
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dx.doi.org/10.1016/j.ijms.2007.03.002
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tabilize Mg2+ center was 2, 3, and 3 for CH3OH, C2H5OH,
nd n-C3H7OH, respectively [26]. Four ROH molecules are
eeded to form stable Mn2+(ROH)n complex in the gas phase
R = CH3, CH3CH2–, CH3CH2CH2–, and (CH3)2CH–) [5]. On
he other hand, no stable Pb2+(ROH)n complexes could be found
or R = CH3 and CH3CH2– [4]. Nevertheless, Pb2+(ROH)n was
bserved for R = CH3CH2CH2– and CH3CH2CH2CH2– with
≥ 3 [4].

Using the same experimental technique, Wright et al. have
eported that three molecules from methanol, 2-propanol, or
cetone are able to form stable dication complexes with cop-
er dication [13]. Copper has an IE2 of 20.3 eV compared to
5.0 eV for magnesium [37] and is expected to have lower ten-
ency to form stable complexes. Three acetone molecules are
eeded to stabilize the Mg2+ ion, while no complexes could be
etected for DMSO with Mg2+ using pick-up experimental tech-
ique [26]. However, Shvartsburg et al. observed Mg2+DMSO
n the gas phase using electrospray ionization (ESI) technique
16].

Quantum chemical calculations have also contributed to the
rogress of finite solvated multicharged ion chemistry [38–55].
xistence of monoligated metal dications complexes with water,
mmonia, acetone, DMSO have been confirmed by theoretical
alculations for a variety of alkaline-earth and first-row transi-
ion metals [38–55]. The computational predictions have been
onfirmed by a number of experimental works [14,16,31,32].
cetone and DMSO ligands have lower ionization energies (9.7

nd 9.1 eV, respectively) compared to methanol (10.8 eV) [56]
nd even though form stable monoligated complexes with mag-
esium dications [38]. Therefore, methanol is expected to form
table complex when reacts with Mg2+. However, there is still
lack of theoretical investigations on alcohols with magnesium
ication in the gas phase, especially regarding to the issue of
xistence or non-existence of alcohol monoligated Mg2+ ion in
he gas phase. In this respect we believe that quantum chemical
alculations would be a very helpful tool for this topic. There-
ore, an important feature of the present study is to predict the
ossibility of detecting methanol and silanol monoligated mag-
esium dication in the gas phase. Germanol (heavier analogue
f methanol and silanol) has also been included for comparison.

. Computational methods

All electronic structure calculations were performed using the
aussian98W suite of programs [57]. Geometry optimizations

or XH3OH molecules, Mg2+XH3OH complexes (X = C, Si, and
e), and their reaction products have been performed using Den-

ity Functional Theory (DFT) at the B3LYP [58–60] level with
-31 + G(d) basis sets. For each stationary point, we carried out
ibrational frequency calculation to characterize their nature as
inima or transition states and to correct energies for zero-point

nergy and thermal contribution. The transition states for some

nimolecular dissociation channels have been located using
everal techniques, including the synchronous transit-guided
uasi-Newton (QST2 and QST3) and the eigenvalue-following
EF) optimization procedures as implemented in the Gaussian

g
3
w
e
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rograms. The nature of the transition states was confirmed by
he presence of one negative eigenvalue in the Hessian matrix.
he vibrational modes were examined by using the ChemCraft
rogram [61]. Partial charge distributions were calculated using
he natural population analysis (NPA) method [62]. The stability
f the electronic wave functions was confirmed with the stable
ption of Gaussian98W.

With the exception of germanium containing systems, the
nergies of all species were calculated using the complete
asis set method (CBS-QB3) [63,64]. The CBS-QB3 procedures
ombine the results of several electronic structure calculations
nd empirical terms to predict molecular energies to around
kcal mol−1 accuracy [65]. Accuracy in structure and energies

equires convergence in basis set size and in the degree of cor-
elation; the dilemma is that both expansion of the basis set
nd increasing the degree of correlation adds significantly to
he cost of the calculation. The philosophy of implementation
s that instead of using additive corrections to account for the
imitations of the basis set, as in the Gn methods, results for dif-
erent levels of theory are extrapolated to the CBS limit [66]. The
ve-step CBS-QB3 series of calculations starts with a geometry
ptimization at the B3LYP/6-311G(d,p) level followed by a fre-
uency calculation at the same level. The Frequencies are scaled
y a factor of 0.99. The next three computations are single-point
alculations (SPCs) at the CCSD(T), MP4SDQ, and MP2 levels.
he CBS extrapolation then computes the final energies.

The biradical character of the transition states that correspond
o the loss of XH3OH+, XH3

+, XH3O+ has been taken into
ccount for one of them, namely the transition state for the loss
f CH3OH+, from Mg2+CH3OH, using the UBL3/6-311G(d,p)
ethod with the guess = mix option. This choice facilitates a

pin-unrestricted description of systems with a multiplicity of
ne. The results obtained from this reassessment are identical
ith the previous ones. In view of this finding, the remaining

ransition states of biradical character were not subjected to the
uess = mix analysis.

. Results and discussion

.1. Structures

.1.1. XH3OH and XH3OH+

The optimized structures of XH3OH molecules,
g2+XH3OH complexes, and transition states for three

issociation channels are given in Fig. 1. The corresponding
eometrical parameters are collected in Tables 1 and 2. Struc-
ural parameters of different dissociation reaction fragments are
resented in supporting information. NPA atomic charges from
he B3LYP/6-311G(d,p) density for various species are listed
n Tables 3 and 4. Geometry optimization at CBS-QB3 uses
he B3LYP/6-311G(d,p) level and will be used for discussion
nless noted otherwise.

Our computed geometrical parameters for methanol are in

ood agreement with the values calculated [67] at the MP2/6-
11 + G(2d,p) and QCISD/6-31G(d) levels of theory as well as
ith experiment [68]. The only difference between theory and

xperiment was found for the HOC bond angles of 2–3◦. In
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Fig. 1. Optimized structures of XH3OH, Mg2+XH3OH and transition states for dissociation (X = C, Si, and Ge).

Table 1
Geometrical parameters for CH3OH, CH3OH+, Mg2+CH3OH, and transition states at B3LYP/6-311G(d,p)a,b

Parameters CH3OH CH3OH+ Mg2+CH3OH TS1 TS2 TS3

R(1-2) 1.421 1.359 1.542 1.407 3.609 1.341
R(1-5) 1.099 1.087 1.087 1.085 1.092 1.316
R(1-6) 1.099 1.129 1.087 1.114 1.092 1.091
R(1-7) 1.091 1.128 1.087 1.108 1.092 1.095
R(2-3) 0.961 0.985 0.974 0.974 0.964 0.973
R(2-4) 1.892 4.206 1.799 3.006
A(2-1-5) 112.5 116.7 106.4 109.1 87.2 110.6
A(2-1-6) 112.5 106.4 106.3 109.4 96.7 113.4
A(2-1-7) 106.9 106.5 106.3 111.8 87.2 118.9
A(1-2-3) 107.8 114.3 107.1 109.0 87.0 113.6
A(1-2-4) 130.8 132.5 152.1 68.2
A(5-1-6) 108.6 115.2 111.9 110.5 119.9 100.2
A(5-1-7) 108 115.2 111.9 112.4 120.2 95.9
A(6-1-7) 108 94.1 113.5 103.6 119.9 114.6
A(3-2-4) 122.1 112.6 121.0 127.1

a Atom numbering is given in Fig. 1.
b Bond lengths are given in Angstrom and angles in degrees.
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Table 2
Geometrical parameters for SiH3OH, SiH3OH+, Mg2+SiH3OH, and transition states at B3LYP/6-311G(d,p)a,b

Parameters SiH3OH SiH3OH+ Mg2+SiH3OH TS1Si TS2Si TS3Si

R(1-2) 1.653 1.640 1.770 1.682 3.714 1.605
R(1-5) 1.484 1.471 1.573 1.463 1.467 1.810
R(1-6) 1.475 1.627 1.463 1.510 1.467 1.464
R(1-7) 1.484 1.469 1.463 1.508 1.467 1.467
R(2-3) 0.959 0.974 0.974 0.97 0.965 0.968
R(2-4) 1.918 4.238 1.8 3.366
A(2-1-5) 111.9 109.8 86.3 106.3 83.5 93.9
A(2-1-6) 105.7 86.8 111.1 106 92.7 115.5
A(2-1-7) 111.9 116.8 111 109.2 93.8 119.5
A(1-2-3) 119 127.6 123.2 115.7 88.0 129.5
A(1-2-4) 98.0 136.1 152.4 75.8
A(5-1-6) 109.8 102.6 109.2 117.2 120 93.7
A(5-1-7) 107.8 124.7 109.1 114.7 119.9 98.2
A(6-1-7) 109.8 107.9 123.7 103 120.1 122.4
A(3-2-4) 138.8 106 119.7 140

a Atom numbering is given in Fig. 1.
b Bond lengths are given in Angstrom and angles in degrees.

Table 3
NPA atomic charges for CH3OH, CH3OH+, Mg2+CH3OH, and transition states at B3LYP/6-311G(d,p)a

Atom/fragment CH3OH CH3OH+ Mg2+CH3OH TS1 TS2C TS3C

Mg 1.929 1.483 1.806 1.826
C1 −0.185 −0.213 −0.146 −0.193 0.336 −0.003
O2 −0.715 −0.242 −1.005 −0.517 −1.267 −0.646
H3 0.441 0.534 0.559 0.499 0.498 0.533
H5 0.145 0.238 0.200 0.210 0.209 −0.204
H6 0.145 0.342 0.231 0.270 0.209 0.234
H7 0.169 0.342 0.231 0.248 0.209 0.260
CH3OH 1E-05 1 0.071 0.517
MgH 1.622
C
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a Atom numbering is given in Fig. 1.

H3OH+, the ionization leads to slightly decrease in C–O bond
ength by 0.062 Å and OH increases by 0.024 Å. Two C–H bonds
re also elongated by 0.037 and 0.030 Å. Both OCH and HCH

◦ ◦
ond angles increase of by 4.2 and 6.6 , respectively.
For silanol, our calculated Si–O and OH bond lengths (1.653

nd 0.959 Å) are in good agreement with the values obtained at
he CCSD(T)/cc-pVDZ level (1.651 and 0.959 Å) [69]. On the

o
c
h
r

able 4
PA atomic charges for SiH3OH, SiH3OH+, Mg2+SiH3OH, and transition states at B

tom/fragment SiH3OH SiH3OH+ Mg2

g 1.8
i1 1.204 1.235 1.2

2 −1.050 −0.785 −1.2

3 0.487 0.553 0.5

5 −0.221 −0.060 −0.3

6 −0.200 0.149 −0.0

7 −0.221 −0.093 −0.0
iH3OH 0.0 1.0 0.1
gH

iH2OH
iH3

a Atom numbering is given in Fig. 1.
0.378
0.963

ther hand, the SiOH angle is smaller at the latter level (116.9◦)
ompared to the B3LYP/6-311G(d,p) value of 119.0◦. Up ioniz-
ng the SiH3OH molecule, the Si–O shortens by 0.013 Å, while

ne of the out-of-plane Si–H is elongated by 0.152 Å with the
orresponding HSiO angle decreases by 18.9◦. On the other
and, the HOSi and HSiH angles are enlarged by 8.6◦ and 16.9◦,
espectively.

3LYP/6-311G(d,p)a

+SiH3OH TS1Si TS2Si TS3Si

93 1.460 1.800 1.816
66 1.174 1.354 1.516
33 −0.931 −1.282 −1.098
80 0.516 0.497 0.567
68 −0.142 −0.125 −0.584
69 −0.031 −0.122 −0.110
69 −0.047 −0.123 −0.108
07 0.540

1.232

0.985 0.768
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At the B3LYP/6-31 + G(d) level and as given in Table 5S, on
oing from neutral to monopositive GeH3OH, the Ge–O bond
ength is elongated by 0.037 Å and one of the out-of-plane Ge–H
onds is elongated by 0.074 Å with the corresponding OGeH
ngle being contracted by 26.5◦. The HOGe angle is enlarged
y 7.1◦.

.1.2. Interaction of Mg dication with XH3OH molecules
Reaction of Mg2+ ion with a single XH3OH molecules gives

g2+XH3OH dication complexes. Once the dicationic complex
s formed, it can undergo a variety of dissociation channels which
an be summarized as follows:

a) Dissociation back to reactants:

Mg2+XH3OH → Mg2+ + XH3OH

b) Dissociation to monopositive fragments (charge transfer):
(i) Mg2+XH3OH → Mg+ + XH3OH+

(ii) Mg2+XH3OH → MgOH+ + XH3
+

(iii) Mg2+XH3OH → MgH+ + XH3O+

(iv) Mg2+XH3OH → MgOXH3
+ + H+

(v) Mg2+XH3OH → MgXH3
+ + OH+

(vi) Mg2+XH3OH → MgO+ + XH4
+

c) Dissociation to neutral and charged dications:
(i) Mg2+XH3OH → MgO2+ + XH4

(ii) Mg2+XH3OH → MgOH2+ + XH3

Dissociation to monopositive fragments represents charge
eparation (electron transfer), whereas processes (a) and (c)
how a loss of neutral species. Transition states for the exother-
ic channels and slightly endothermic ones (i, ii, and iii) were

ocated.
For XH3OH molecules, their coordination with Mg2+

ncreases the X–O bond lengths by 0.183 and 0.117 Å for X = C
nd Si, respectively. Similarly, the O-H bond distances are
ncreased by 0.011 and 0.015 Å for X = C and Si. However, the
n-plane X–H bond increases by 0.012 and 0.089 Å for X = C and
i. The XOH angle decreases by 0.7◦ for X = C while increases
y 4.2◦ for X = Si. The OXHin-plane angle shows no change for
= C, but significantly decreases for X = Si; by 25.6◦. This

s because of the attraction between negatively charge hydro-
en atom (−0.368e for X = Si) and positively charged Mg atom
+1.893e for X = Si), while H (+0.200e) of CH and Mg (+1.929e)
toms bear positive charges.

For the Mg2+CH3OH complex, the NPA negative charge on
xygen atom increases by 0.290e, while hydrogens gain more
ositive charges. On the other hand, the negative charge over car-
on atom decreases by 0.039e. This indicates that the CH3OH
olecule is polarized by Mg2+ dication. The charge distribution

ver CH3OH in the complex of +0.071e reveals a small but def-
nite transfer of negative charge from CH3OH to Mg2+ dication
hich results in a slight reduction of the dipositive charge on

g atom to +1.929e (see Table 3). The same behavior was also

ound for Mg2+SiH3OH system (Table 4).
In the transition states a total charge of +2e is imposed on

he whole system. Therefore, we could differentiate between

r
d
p
t
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he loss of charged or neutral species from charge distribution
ver fragments. The transition states located for the dissociation
f Mg2+CH3OH dication to Mg+ + CH3OH+, MgOH+ + CH3

+,
nd MgH+ + CH3O+ are designated as TS1C, TS2C, and TS3C,
espectively. Frequency analysis shows that the negative fre-
uencies in the transition states correspond to the relevant
eaction vector namely Mg–O, O–C, and (Mg–O, Mg–H,
nd C–H) bonds, respectively. The Mg–O bond in TS1C is
ignificantly elongated in the transition state compared to
he Mg2+CH3OH dication complex (4.206 Å versus 1.892 Å).

oreover, the C–O bond length in TS1C optimized to a value
ntermediate between that in the neutral and monopositive
H3OH molecules. This indicates that a significant amount of
ositive charge has been transferred from Mg2+ to CH3OH in
he transition state (+0.517 and +1.483e over CH3OH and Mg,
espectively) (Table 3). This should be compared with +0.071
nd +1.929e over CH3OH and Mg in the Mg2+CH3OH. In other
ord, the transition state structure is somehow between reac-

ant and product. In the TS2C, the C–O bond is significantly
longated (3.609 Å versus 1.542 Å) and the charge over CH3 is
0.963e indicating a product-like structure according to Ham-
ond postulate [70]. The transition state for the loss of MgH+

TS3C) shows an elongation of C–H and Mg–O bonds by 0.229
nd 1.114 Å, respectively, while forming Mg–H bond of 1.798 Å
ompared to bond length in the free MgH+ molecule of 1.658 Å.
he NPA charge over the MgH and CH2OH fragments in the
S3C are +1.622 and +0.379e, respectively, which indicates
reactant-like structure. The same geometrical and electronic

hanges have been found on going from Mg2+XH3OH (X = Si,
e) to different transition states as shown in Tables 2 and 4,
ables 3S–6S.

At B3LYP/6-31 + G(d) and CBS-QB3, all products opti-
ized to the desired structures expect XH3O+ ions which

radually transformed to XH2OH+ isomers. From the study
f the CH3O+ species, it is firmly established that the most
table form is that of hydroxymethyl cation, CH2OH+ [71].
imilarly, SiH3O+ and GeH3O+ optimize to SiH2OH+ and
eH2OH+ ions, respectively. The structures of the XH3OMg+

ragments indicate bending at the oxygen atom which decreases
rom C to Ge, 144.0◦, 164.0◦, and 178.1◦, respectively, at
he B3LYP/6-31 + G(d). Moreover, the Mg–O bond lengths
ecrease from X = C to Ge, 1.773, 1.751, and 1.737 Å,
espectively.

.2. Energetics

Relative energies with respect to Mg2+XH3OH complex are
epicted in Figs. 2–4. All energies were corrected for ZPEs.
otal energies of all species are collected in supporting infor-
ation. Binding energies (BEs) were calculated by subtracting

otal energies of Mg2+ and XH3OH from those of Mg2+XH3OH.
The energy difference between the transition state and the

orresponding Mg2+XH3OH complex defines the energy bar-

ier of the respective dissociation process. For all processes, the
issociation energy is defined as the difference between the zero-
oint corrected total energies of the dissociation products and
he magnesium dication complex.
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Fig. 2. Energy profile (zero-point corrected relative energies (kcal/mol)) for the formation and dissociation of Mg2+CH3OH at B2LYP/6-31 + G(d), CBS-QBS-QB3
results are given in parentheses.

Fig. 3. Energy profile (zero-point corrected relative energies (kcal/mol)) for the formation and dissociation of Mg2+SiH3OH at B3LYP/6-31 + G(d), CBS-QB3 results
are given in parentheses.
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Fig. 4. Energy profile (zero-point corrected relative energies (kcal/mol))

The BEs of investigated Mg dication with XH3OH molecules
o not follow the electrostatic bonding which is proportional to
μ/r2 and indicates that the smaller the interatomic distance
etween ligand and Mg2+ ion the larger the BE. In addition,
ipole moments of CH3OH and SiH3OH of 1.714 (exp.: 1.700
37]) and 1.422 Debye, respectively, at the B3LYP/6-311G(d,p)
evel also do not parallel the binding energy order of the two
igands of 92.2 and 95.5 kcal/mol. However, the binding energies
arallel the amount of charge transfer from the ligands to metal
enter (see Tables 3 and 4).

Since CBS-QB3 calculations include correlation energies at
CSD(T)/6-31 + G(d) based of B3LYP/6-311G(d,p) geometry
e can compare binding energies of the species investigated in

his work with other systems calculated at CCSD(T). The bind-
ng energies of Mg2+XH3OH complexes of 90.2 (X = C) and
5.5 (X = Si) kcal/mol are large than that of Mg2+H2O system
f 75.9 kcal/mol at the CCSD(T)/6-311 + G(d,p)//B3LYP/6-
11 + G(d,p) level [42] and Mg2+CH2O of 86.1 kcal/mol at the
CSD(T)/6-311 + G(d,p)//B3LYP/6-31 + G(d) level [38]. This

ndicates that the interaction between the Mg2+ with XH3OH
igands is stronger than that in H2O and CH2O molecules.

The results given in Figs. 2–4 indicate that reactions (a), (b-
v), (b-v), (b-vi), and (c) are all energy demanding processes
highly endothermic) and unlikely occur except when higher
emperature is provided to the reaction system. On the other
and, channels i, ii, and iii are exothermic where the dissocia-
ion products are thermodynamically stable with respect to the

ication complexes. This indicates that unimolecular dissocia-
ion paths i, ii, and iii can occur spontaneously unless sufficient
inetic energy barriers exist to hinder such transformation. The
E2 of Mg was calculated as 14.7 eV, which compares well with

i
M
s

e formation and dissociation of Mg2+GeH3OH at B3LYP/6-31 + G(d).

he experimental value of 15.0 eV [37]. The IE2 of Mg is larger
han the IE1 of XH3OH of 10.9 and 11.0 eV for X = C and Si,
espectively, at the CBS-QB3 level. The value of 10.9 eV for
H3OH is in good agreement with the experimental value of
0.8 eV [56]. Because of this difference in the ionization ener-
ies and in the absence of stabilizing effect, it is expected that
harge transfer should occur spontaneously. Transition states
or pathways i, ii, and iii do exist with sizable energy barriers
hat grant kinetic stability to the Mg2+XH3OH dication com-
lexes and, therefore, they should be observed with appropriate
xperimental conditions.

As shown in Figs. 2 and 3, the Mg2+XH3OH dications
re thermodynamically stable species with respect to loss of
+, XH3, OH+, XH4, and XH4

+, while unstable toward the
oss of XH3

+, XH3OH+, and XH3O+ fragments. Mg2+CH3OH
s thermodynamically unstable with respect to dissociation
o Mg+ + CH3OH+, MgOH+ + CH3

+, and MgH+ + CH3O+.
g2+SiH3OH is slightly thermodynamically unstable with

espect to dissociation to Mg+ + SiH3OH+, and more unstable
oward dissociation to MgOH+ + SiH3

+ and MgH+ + SiH3O+.
ased only on this thermodynamic behavior, one cannot expect
bservation of Mg2+CH3OH and Mg2+SiH3OH experimentally
s they will dissociate spontaneously to monopositive frag-
ents mentioned earlier. Nevertheless, the presence of sizable

nergy barriers hinders such molecular dissociation and the
g2+CH3OH and Mg2+SiH3OH complexes can be observed

xperimentally.

At the B3LYP/6-31 + G(d) level, Mg2+GeH3OH is kinet-

cally and thermodynamically stable toward dissociation to
g+ + GeH3OH+, but thermodynamically unstable toward dis-

ociation to MgOH+ + GeH3
+ and MgH+ + GeH3O+ (Fig. 4).
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ig. 5. Zero-point corrected binding and dissociation energies (kcal/mol) for
MgCH3OH]2+ and [MgSiH3OH]2+ systems.

owever, these latter channels are hindered by kinetic energy
arriers and the Mg2+GeH3OH complex also should exist and,
herefore, can be observed.

An inspection of Figs. 2 and 3 reveals that at the B3LYP/6-
1 + G(d) level, the reaction energies for the loss of CH3

+,
H3OH+, and CH3O+ are −14.6, −17.5, and −36.4 kcal/mol.
n the other hand, these values at the CBS-QB3 level are −11.7,
.6, and −27.0 kcal/mol, respectively. For Mg2+SiH3OH dis-
ociation, both B3LYP and CBS-QB3 predict the same order
or the reaction energies. However, the big difference between
3LYP and CBS-QB3 results was noticed for the reaction ener-
ies related to the loss XH3OH+ of 20 and 15 kcal/mol for X = C
nd Si, respectively. This difference of 20 kcal/mol (0.9 eV)
etween B3LYP and CBS-QB3 for X = C may be attributed to
he difference between the two methods in estimating the IE
or Mg+, 15.5 and 14.7 eV, respectively, compared to the experi-
ental value of 15.0 eV [37]. The differences between the barrier

eights for the loss of XH3OH+ + Mg+ is 25 and 22 kcal/mol for
= C and Si, respectively.
Experimental work on Mg2+ with methanol clusters observed

g2+(CH3OH)n with n ≥ 2 [6,26]. Among the dissociation
roducts of methanol ligated magnesium dication complexes,
g+OCH3, MgOH+, and MgH+ fragment were recorded [6].

his findings agree with our computational results based the
nergy profile given in Fig. 2.

The DFT at the B3LYP level overestimates charge transfer
CT) contribution to binding energies (BEs) as reported pre-
iously [38–42]. CT contribution to BEs is non-negligible in
he dication complexes under investigation as shown from NPA
harges on magnesium and ligands in the dication complexes
Tables 3 and 4, Tables 2S, 4S, and 6S). Compared to CCSD(T),
3LYP underestimate barrier heights by 2–23 kcal/mol [38–42],
hich means that B3LYP energies cannot be used for kinetic

tudies where the exponential part in the rate equation is very
ensitive to change in the value of the energy barrier.

Accuracy of B3LYP in calculating binding and dissociation
nergies of the Mg2+XH3OH dication complexes depend on the
resence or absence of charge transfer between metal ion and
igand. In cases where the charge transfer is negligible, B3LYP
esults are more accurate and vice versa.
Plot of different energies calculated at B3LYP against the
orresponding values at CBS-QB3 is displayed in Fig. 5. The
lot shows an impressive linear correlation. This good linear
elation can be used to estimate accurate reaction energies and

c
s

c
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arrier heights for the germanium containing systems. How-
ver, in most cases B3LYP overestimates exothermicity of the
eactions and underestimates the barrier heights compared to
BS-QB3 values.

Based on the high-level calculations used in this work, we
ould safely predict the possibility of detecting methanol mono-
igated magnesium dication complex and its heavier analogues in
he gas phase using appropriate experimental conditions. Previ-
us experimental studies using pick-up technique reported that at
east two methanol molecules are needed to stabilize the magne-
ium dication center [6,26]. However, the pick-up method failed
o observe water monoligated copper dication in the gas phase
12], while ESI and CS experimental methods detected such
omplex [14,31,32]. These two latter experimental procedures
upport our earlier theoretical work in this respect [39–41]. In
ddition, pick-up method [26] also failed to find a stable complex
etween Mg2+ ion and DMSO although ESI was able to do this
ob [16]. Failure to detect a species experimentally is not an evi-
ence for its absence. Unfortunately, so far there are no ESI and
S investigations for the interaction of Mg2+ with methanol. For

urther understanding of the interaction of methanol with mag-
esium dication, theoretical calculations should be conducted
n methanol di- and triligated Mg2+ ion to study different dis-
ociation channels because intramolecular proton transfer was
bserved experimentally [6]. It is also worthwhile to compare
he results with aproptic solvents where there is no labile proton.
hese will be the subject of future work.

. Conclusion

In this paper we have studied theoretically the structure and
tability of Mg2+XH3OH complexes (X = C, Si and Ge) in gas
hase and their possible dissociation channels to give evidence
or detecting complexes of Mg2+ dication with a single XH3OH
olecule. The calculations have been done at the B3LYP/6-

1 + G(d) and CBS-QB3 levels of theory.
The results obtained can be summarized as follows:
The interaction of the Mg2+ ions with the XH3OH molecules

orms Mg2+XH3OH complexes. Binding energies in the com-
lexes parallel charge transfer from ligands to the Mg2+ ion.
nce the complexes are formed they can undergo a variety of
issociation channels.

Based on the thermodynamic criteria for reactions, the
g2+XH3OH should not be formed due to the existence of three

xothermic channels, which means spontaneous dissociation of
he complexes upon their formation. However, the presence of
izable energy barriers hinders such dissociation channels and
esult in kinetically stable monosolvated magnesium dication
omplexes in the gas phase.

Plot of binding and dissociation energies from B3LYP and
BS-QB3 calculations gives impressive correlation which can
e used for estimating accurate reactions energies and barrier
eights for ligated metal dication complexes when CBS-QB3

alculations are prohibitive for computer resources or other rea-
ons as the case of germanium containing system reported here.

B3LYP method by its own seems to be inappropriate for cal-
ulation of accurate reaction energies and barrier height for the
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ormation and dissociation of ligated metal dications but can be
sed to study the relative importance of different pathways

The experimental work with the pick-up technique indicated
hat at least two methanol molecules are needed to stabilize the

g2+ ion in the gas phase. As found previously for monosol-
ated water dication complex, the conflict between theory and
xperiments can be resolved with using different experimental
echniques such as CS or ESI.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.ijms.2007.03.002.

eferences

[1] A.T. Blades, P. Jayaweera, M.G. Ikonomou, P. Kebarle, J. Chem. Phys. 92
(1990) 5900.

[2] A.T. Blades, P. Jayaweera, M.G. Ikonomu, P. Kebarle, Int. J. Mass Spec-
trom. Ion Proc. 101 (1990) 325.

[3] G. Corongiu, E. Clementi, J. Chem. Phys. 69 (1978) 4885.
[4] G. Akibo-Betts, P.E. Barran, L. Puskar, B. Duncombe, H. Cox, A.J. Stace,

J. Am. Chem. Soc. 124 (2002) 9257.
[5] H. Cox, G. Akibo-Betts, R.R. Wright, N.R. Walker, S. Curtis, B. Duncombe,

A.J. Stace, J. Am. Chem. Soc. 125 (2003) 233.
[6] C.C. Woodword, M.P. Dobson, A.J. Stace, J. Phys. Chem. 101 (1997) 2279.
[7] R.B. Metz, Int. J. Mass Spectrom. 235 (2) (2004) 131.
[8] D. Schroder, H. Schwarz, J. Phys. Chem. A 103 (37) (1999) 7385.
[9] A.J. Stace, Phys. Chem. Phys. Chem. 3 (11) (2001) 1935.
10] S.D. Price, Int. J. Mass Spectrom. 260 (2007) 1.
11] A.J. Stace, N.R. Walker, S. Firth, J. Am. Chem. Soc. 119 (1997) 10239.
12] A.J. Stace, N.R. Walker, R.R. Wright, S. Firth, Chem. Phys. Lett. 329

(2000) 173.
13] R.R. Wright, N.R. Walker, S. Firth, A.J. Stace, J. Phys. Chem. A 105 (2001)

54.
14] A.A. Shvartsburg, K.W.M. Siu, J. Am. Chem. Soc. 123 (2001) 10071.
15] A.A. Shvartsburg, J.G. Wilkes, J.O. Lay, K.W.M. Siu, Chem. Phys. Lett.

350 (2001) 216.
16] A.A. Shvartsburg, J. Phys. Chem. A 106 (2002) 4543.
17] A.A. Shvartsburg, Chem. Phys. Lett. 360 (2002) 479.
18] A.A. Shvartsburg, J. Am. Chem. Soc. 124 (2002) 12343.
19] A.A. Shvartsburg, J. Am. Chem. Soc. 124 (2002) 7910.
20] A.A. Shvartsburg, Chem. Phys. Lett. 376 (2003) 6.
21] A.A. Shvartsburg, J.B. Wilkes, Int. J. Mass Spectrom. 225 (2003) 155.
22] C.C. Woodword, M.P. Dobson, A.J. Stace, J. Phys. Chem. 100 (1996) 5605.
23] M.P. Dobson, A.J. Stace, Chem. Commun. 1533 (1996).
24] N.R. Walker, S. Firth, A.J. Stace, Chem. Phys. Lett. 292 (1998) 125.
25] N.R. Walker, R.R. Wright, A.J. Stace, J. Am. Chem. Soc. 121 (2000) 4837.
26] N.R. Walker, M.P. Dobson, R.R. Wright, P.E. Barran, J.N. Murrell, A.J.

Stace, J. Am. Chem. Soc. 122 (2000) 11138.
27] P.E. Barran, N.R. Walker, A.J. Stace, J. Am. Chem. Soc. 112 (2000) 6173.
28] N.R. Walker, R.R. Wright, P.E. Barran, J.N. Murrell, A.J. Stace, J. Am.

Chem. Soc. 123 (2001) 4223.
29] A.T. Blades, P. Jayaweera, M.G. Ikonomou, P. Kebarle, Int. J. Mass Spec-

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

112 (1990) 2452.
31] J.A. Stone, D. Vukomanoic, Chem. Phys. Lett. 346 (2001) 419.
32] D. Schroeder, H. Schwarz, J. Wu, C. Wesdemiotis, Chem. Phys. Lett. 343

(2001) 258.

33] S.J. Lippard, J.M. Berg, Principles of Bioinorganic Chemistry, vol. l–24,

University Science Books, 1994, p. 194.
34] D.W. Celander, T.R. Cech, Science 251 (1991) 401.
35] H.G. Classen, S. Baier, H.F. Schimatschek, C.U. Classen, Magnes. Bull.

17 (3) (1995) 96.

[
[
[

Mass Spectrometry 263 (2007) 267–275 275

36] J.E. Sojka, C.M. Weaver, Nutr. Rev. 53 (3) (1995) 71.
37] D.R. Lide, CRC Handbook of Chemistry and Physics, 84th ed., CRC press,

Boca Baton, FL, 2003, p. 10.
38] A.M. El-Nahas, Chem. Phys. Lett. 365 (2002) 251.
39] A.M. El-Nahas, N. Tajima, K. Hirao, Chem. Phys. Lett. 318 (2000) 333.
40] A.M. El-Nahas, Chem. Phys. Lett. Lett. 329 (2000) 176.
41] A.M. El-Nahas, Chem. Phys. Lett. 345 (2001) 325.
42] A.M. El-Nahas, Chem. Phys. Lett. 348 (2001) 483.
43] C. Xiao, K. Walker, F. Hagelberg, A.M. El-Nahas, Int. J. Mass Spectrom.

233 (2004) 87.
44] T. Shi, K.W.M. Siu, A.C. Hopkinson, Int. J. Mass Spectrom. 255–256

(2006) 251.
45] H.S.R. Gilson, M. Krauss, J. Phys. Chem. A 102 (1998) 6525.
46] M.K. Beyer, R.B. Metz, J. Phys. Chem. A 107 (2003) 1760.
47] J.A. Stone, T. Su, D. Vukomanovic, Can. J. Chem. 83 (2005) 1921.
48] T. Shi, G. Orlova, J. Guo, D.K. Bohme, A.C. Hopkinson, K.W.M. Siu, J.

Am. Chem. Soc. 126 (2004) 7975.
49] T. Shi, J. Zhao, A.C. Hopkinson, K.W.M. Siu, J. Phys. Chem. B 109 (2005)

10590.
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