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Abstract
Under considerations in the current study are reactions of the type ½Mn LOHð Þ2�2þ !
Mn LOð Þ½ �þ þ LOH2

þ, where the ligand LOH represents water or/and methanol. Preferential
proton transfer reactions and loss of any ligand fragments are discussed in the light of ligand
polarizability, dipole moment, dissociation energy, proton affinity, differences in ligand-ion
ionization energy, and ion radii. The results indicate the proton affinity and dissociation energy
of the O–H bond are more important for the overall proton transfer reaction than differences in
the first ionization energy of the ligand and the second ionization energy of the metal ion.
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Introduction

Studies of metal atoms and ions and their chemical
reactivity in the gas phase are very similar to, and in

many ways mimic, the coordination to ligands in human and
plant cells, due to the limited amount of surrounding water or
other ligand molecules. Since in vivo experiments are difficult
to carry out, gas phase experiments of metal ions together with
theoretical investigations can reveal a lot of information about
the subtle interplay between a metal ion and different types of
coordinating species. Manganese, an element with a wide range
of oxidation states from –III to+VII, is found to a large extent in
biological systems [1] in which it has been suggested it can act
as a Lewis acid in enzymes as well as an oxidation catalyst. [2]
Hence, computational studies in this area are extremely useful in
order to reveal physical and chemical information about the role
of different metal atoms in human or plant cells. Several
research groups have shown a large interest in the stability of

metal ion-ligand complexes. Stability of complexes can be
evaluated and interpreted via physical properties of ligands,
metal ions, and by the minimum number of ligands that are
required to stabilize the complex. In one experimental study
made by Stace and co-workers [3] based on mass-spectrometry,
the aim was to investigate the different physical properties of
oxygen- and nitrogen-coordinating ligands with the Mg2+-ion.
In this study, Stace performed studies for the gas phase stability
of [Mg(L)N]

2+ complexes using the pick-up technique. Similar
studies were performed by Shvartsburg and Siu, [4] in which
the number of water molecules required to stabilize various
metal dications was explored. The goal was to see if there is a
minimum size nmin belowwhichmetal ion complex dissociation
occurs spontaneously through charge transfer or through proton
transfer. In another experimental study by Stace et al., [5]
different fragmentation pathways for [Mg(CH3OH)N]

+ and [Mg
(CH3OH)N]

2+ complexes were investigated. These fragmenta-
tion pathways included numerous reactions of charge-transfer,
proton transfer, and neutral ligand loss. One important
conclusion from these studies was that the stable complexes
can be divided into three different categories. In the first group
belong ligands with high first ionization energy (IE)912 eV,
which makes any charge transfer reaction unfavorable. The
critical nmin in this group is 1 or 2. Water, carbon dioxide, and
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acetonitrile belong to this group. In the second group
come ligands with a quite small IE, but with sufficiently
large polarizability. The minimum value for stabilization
of a complex is 2. Members of this group are pyridine,
diethyl ether, and butylamine. Finally, the last group
contains ligands that display a combination of the differ-
ent physical properties which, taken together, can stabilize
the complex, and the minimum size in this group is 3. It
is a well known fact that the difference between the
ionization energy of a metal ion and a ligand is a crucial
factor in the stabilization of a complex against charge
transfer, and Marcus [6] has given a detailed analysis of
charge transfer processes in solution. Possible charge
transfer processes that can occur in the gas phase by a
single molecule and a doubly charged metal ion have
been suggested in later work, [7]. The difference between
the second ionization energy of the metal ion, M2+, and
the first ionization energy of the ligand, has been given as
a reason for proton transfer reactions to occur. The
magnitude of this difference determines if a charge
transfer reaction will be energetically favorable or not. If
the difference is large, it will occur spontaneously at
contact between a doubly charged metal ion and a neutral
ligand.

Using the technique of electrospray ionization, Kebarle
and co-workers, [8] investigated the ions of Mg, Ca, Sr, Ba,
and many ions of the first row transition metals. Only
hydroxide species were detected for Be and Cu, whereas for
Mg, Ca, and Sr hydroxide species as well as [M(H2O)N]

2+

indicating stable complexes were found. No hydroxide
species could be found for Ba.

Two specific reaction pathways were observed; proton
transfer, Reaction 1, and neutral ligand loss, Reaction 2.

M H2Oð ÞN
� �2þ ! MOH H2Oð ÞN�k�2

� �þ þ H3O
þ H2Oð Þk

ð1Þ

M H2Oð ÞN
� �2þ ! M H2Oð ÞN�1

� �2þ þ H2O
ð2Þ

This group also observed a decreasing maximum number
of coordinated water molecules along with a decreasing
second ionization energy of the metal. It was suggested that
the two important factors for the proton transfer to occur
were the second ionization energy of the metal and the bond
dissociation energy, ED, between the metal ion and the
hydroxyl group, ED(M

+-OH). This analysis of Kebarle et al.
was later revised in a computational study by Beyer et al. [9]
In this study, proton transfer reactions of [M(H2O)2]

2+-system,
where M=Be, Mg, Ca, Sr, and Ba, were investigated. Beyer
discussed the concept and the implications of an ionic bond
between the metal ion and the hydroxyl group, rather than a
covalent bond considered in earlier studies. The bond
dissociation energy between the metal-ion and the hydroxyl

group ED(M
2+-OH– ) was expressed as a result of three

different energetic contributions:

EðM2þ �OH�Þ ¼ IEðMþÞ þ EDðMþ �OHÞ þ EA OHð Þ
ð3Þ

where IE(M+) is the second ionization energy of the metal
ion, ED(M

+-OH) defined as previously and EA(OH) is the
electron affinity of the -OH group. Accordingly, the total
energy for the proton transfer reaction ETot for a metal ion-
complex can be expressed as:

ETot ¼ Eave½MðH2OÞN�2þ � EðM2þ �OH�Þ
� Eave½MðOHðH2OÞN�2�þ þ EPT ð4Þ

where Eave[M(H2O)N]
2+ and Eave[M(OH(H2O)N-2]

+ represents
the average binding energy of N water molecules to the metal
ion before and after the proton reaction respectively, and EPT

consists of two terms, one of them that includes the energy for
performing the reaction:

2H2O ! H3O
þ þOHþ ð5Þ

and one additional term ECoulomb, which is the energy
released by the Coulomb explosion.

It was found that the proton transfer reaction proceeded via a
second shell intermediate, with one water molecule hydrogen
bonded in the second shell in order to facilitate the proton
transfer. Two transition states were located on the potential
energy surface for all ions except Be. The second transition
state was found to lower the energy barrier for the proton
transfer reaction and thus acted as a loophole for the release of

Figure 1. Proton transfer reaction for a [M(H2O)2]
2+-complex.

These are the different structures during the proton transfer
reaction ½MnðH2OÞ2�2þ ! MnOH½ �þ þ H3O

þ

Figure 2. Proton transfer for a [Mn(CH3OH)2]
2+ -complex
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H3O
+. In similar studies, [10] the doubly charged ions of Sn,

Pb, and Hg were considered for metal ion complexes of type
[M(H2O)2]

2+ and [M(H2O)4]
2+. A second transition state

connected by a second shell intermediate proceeding the
proton transfer, was also found for the [M(H2O)2]

2+-complexes
of the work of Stace [10] and in one study by Metz and co-
workers [11]. Second shell structure preceding a proton transfer
reaction for [Mg(R OH)N]

2+-complexes was also discussed in
another paper by Stace [12].

Computational Details

Based on the work of Beyer et al., only [Mn(H2O)2]
2+,

[Mn(CH3OH)2]
2+, and [Mn(H2O)(CH3OH)]

2+-complexes
are considered. All calculations were done with the
Gaussian 03 [13] package, employing the B3LYP [14]-
functional with the 6–311 basis set equipped with (3df,
3pd)-polarization functions on all atoms, in order to model
the hydrogen bonded system adequately. Frequency
calculations were performed on all structures to ensure
minima of the potential energy surface. Initial starting
geometries for the transition state search with the quasi-
Newton synchronous transit-guided method (QST3) in
Gaussian 03, were found via a relaxed potential energy
scan for the complexes. The scan was performed decreasing the
O-Mn-O angle in 20 steps. Intrinsic reaction coordinate
calculations (IRC) and an additional structure relaxation
confirmed the connection between a minimum and an obtained
transition state on the potential energy surface. All the
calculations were performed on the Swedish computer clusters
Akka and Sarek.

Results and Discussion
As already pointed out, a second transition state could be found
for the [Mn(H2O)2]

2+-complex, but only one transition state that
connects the reactants and the products could be located for the
[Mn(CH3OH)2]

2+ and the [Mn(H2O)(CH3OH)]
2+-complexes.

Despite numerous attempts, no complete proton transfer
reaction could be obtained for the H3O

+-loss from the [Mn
(H2O)(CH3OH)]

2+-complex. Figures 1, 2, and 3 show the
structures in the reaction sequence for proton transfer reactions
and, similarly, Tables 1, 2, and 3 show important bond lengths
for these structures.

Energy reaction profiles for proton transfer reactions have
been calculated for the [Mn(H2O)2]

2+, [Mn(CH3OH)2]
2+,

and the [Mn(H2O)(CH3OH)]
2+-complexes, respectively.

These profiles are shown in Figures 4, 5, and 6. Also shown
are the energy barriers for electron transfer reactions and for
neutral ligand loss. In all reactions, proton transfer reactions
are always lower in energy than neutral ligand loss and
electron transfer and, hence, more likely to be observed in
experiment. Table 4 show different physical properties for
water and methanol molecules in the gas phase, which will
be discussed in context to the shape of the energy profiles.
Figure 4 shows the energy profile for proton transfer of a
[Mn(H2O)2]

2+-complex, which agrees very well with the
corresponding energy profile for a [Mg(H2O)2]

2+-complex
from the study of Beyer et al. [9].

Taking the initial [M(H2O)2]
2+-complex as a zero point,

the first transition point, TS1, lies higher for [Mg(H2O)2]
2+

at 152.9 kJmol–1 than that for the [Mn(H2O)2]
2+-complex at

115.7 kJmol–1. The second shell intermediate structure lie at
131.9 kJmol–1 for [Mg(H2O)2]

2+-complex, whereas the
corresponding point for the [Mn(H2O)2]

2+-complex only
reaches 83.6 kJmol–1. Finally, the last transition structure,
TS2, displays a reversed behavior compared with TS1,
which stays at 165.0 kJmol–1 for [Mg(H2O)2]

2+ and 102.6
kJmol–1 for [Mn(H2O)2]

2+. This is surprising since the
second ionization energy for Mg is slightly lower than that

Figure 3. Proton transfer reaction for a [Mn(CH3OH)
(H2O)]2+-complex. These are the different structures
during the proton transfer reaction ½MnðCH3OHÞ
ðH2OÞ�2þ ! MnOH½ �þ þ CH3OH2

þ

Table 1. Atomic Distances for the Reaction ½MnðH2OÞ2�2þ ! MnOH½ �þþ
H3O

þ. All Values are Given in Å

Bond [Mn(H2O)2]
2+ TS1 2nd Shell TS2 Products

Mn(7)-O(1) 1.984 1.912 1.860 1.811 1.757
Mn(7)-O(2) 1.984 3.063 4.062 5.242 ∞
O(1)-H(3) 0.974 1.035 1.442 2.669 ∞
O(2)-H(3) 4.617 1.517 1.066 0.983 0.979

Table 2. Atomic Distances for the Reaction ½MnðCH3OHÞ2�2þ !
MnOH½ �þ þ CH3OH2

þ

Bond [Mn(CH3OH)2]
2+ (Å) TS (Å) Products (Å)

Mn(13)-O(1) 1.948 1.871 1.746
Mn(13)-O(2) 1.948 3.075 ∞
O(1)-H(5) 0.970 1.082 ∞
O(2)-H(5) 4.498 1.387 0.975

Table 3. Atomic Distances for the Reaction ½MnðCH3OHÞðH2OÞ�2þ !
MnOH½ �þ þ CH3OH2

þ. All Values are Given in Å

Bond Mn(CH3OH)(H2O)]
2+ TS Products

Mn(10)-O(1) 1.989 1.888 1.757
Mn(10)-O(2) 1.940 2.936 ∞
O(1)-H(5) 0.973 1.102 ∞
O(2)-H(5) 4.579 1.354 0.975
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of Mn (15.0 eV for Mg and 15.6 eV for Mn), i.e., the energy
difference for Mg and H2O is larger than that of Mn and
H2O. Previous studies [3] suggested that a large energy
difference between the second ionization energy of the metal
ion and the first ionization energy of the ligand would result
in a spontaneous charge transfer reaction. Hence, a larger
difference should result in lower energy barriers which is not
in accordance with the date presented here, where the
transition states for the [Mg(H2O)2]

2+-complex lies higher
above the zero-point than the [Mn(H2O)2]

2+-complex. One
of the conclusions from the study of Beyer et al. [9] was that
the transition states are correlated to the ionic radius, rather
than to differences in ionization energies between the metal
ion and the ligand. This correlation can also be found in this
study, since the data can be better understood when the ionic
radii for Mg2+ and Mn2+ are taken into account. These radii
are shown in Table 5. Also shown in Figure 4 is the energy
barriers for neutral ligand loss at 300 kJmol–1 and the
electron transfer reaction at approximately 200 kJmol–1.
Similar barrier heights for neutral ligand loss and electron
transfer were also seen in the study of Beyer et al., which
strongly indicates a low accessibility for these two reactions.

Electron transfer was not detected or observed in the studies
of Kebarle et al. [8].

The data presented in Table 4 show that the proton
affinity is higher for the methanol molecule than for the
water molecule, which can explain the higher energy barrier
for the proton transfer reaction of the “methanol only”
complex, shown in Figure 5. On the other hand, the first
ionization energy, IE, is considerably lower for methanol
than for water. This implies a larger difference between the
ionization energy of the ligand and the second ionization
energy of the metal ion, and this energy difference gives a
higher possibility for electron transfer within the complex.
Interestingly, the barrier for electron transfer reaction is only
about 90 kJmol–1, a result from this larger energy difference.

It is also reasonable to suspect that the hydrogen in the
O–H group in the methanol molecule is more acidic than the
hydrogen atoms in the [Mn(H2O)2]

2+-complex. If electron
density is withdrawn from the hydrogen atom on the
hydroxyl group in the [Mn(CH3OH)2]

2+ complex, the proton
transfer reaction can proceed more readily and therefore the
energy barrier is lowered to some extent. The net effect is
shown in Figure 5, where a small increase of the energy
barrier for proton reaction can be seen compared with the
“water-only” complex. An elevated level for the proton
transfer reaction in [Co(CH3OH)N]

2+ complexes was also
confirmed in the work of Metz and coworkers [17].

The energy barrier for neutral ligand loss is raised to an even
higher level, reflecting a higher binding energy for methanol
than for water [18]. Finally, the energy barrier for the mixed

Figure 4. Energy profile for the reaction ½MnðH2OÞ2�2þ !
MnOH½ �þ þH3O

þ

Figure 5. Energy profile for the reaction :½MnðCH3OHÞ2�2þ !
½MnðCH3OÞ�þ þ CH3OH2

þ

Figure 6. Energy profile for the reactions ½MnðCH3OHÞ
ðH2OÞ�2þ ! ½MnðCH3OÞ�þ þ H3O

þ and ½MnðCH3OHÞ
ðH2OÞ�2þ ! Mn OHð Þ½ �þ þ CH3OH2

þ

Table 4. Physical Properties (Polarizability, Dipole Moment, First Ioniza-
tion Energy IE, Proton Affinity PA, and Bond Dissociation Energy) ED for
the H–OH Bond for H2O and R–OH Bond for CH3OH in the Gas Phase.
From reference [15]

Molecule α (Å3 ) μ (D) IE (eV) PA (kJmol–1) ED (kJmol–1)

H2O 1.48 1.85 12.6 691 498
CH3OH 3.23 1.71 10.8 754 437
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ligand complex in Figure 6 follows the same pattern as the other
observations in this study. Two transition states were located
for loss of H3O

+. However, no successful IRC calculation could
connect the products with any of the two transition states found
and, hence, this reaction pathway was ruled out.

The lowest transition state for loss of H3O
+ from the [Mn

(H2O)(CH3OH)]
2+ complex lies approximately 19 kJmol–1

above the transition state for loss of CH3OH2
+, which is

indicated by the dotted line in Figure 6. Furthermore, neutral
ligand loss and electron transfer reactions for methanol or
water from the [Mn(H2O)(CH3OH)]

2+ complex are shown in
Figure 6. Only electron transfer from the H2O molecule
seems to be accessible at 66 kJmol–1 above the zero-point.
Electron transfer reaction and loss of CH3OH

+ and neutral
ligand loss of either methanol or water all shows reactions
barrier above 200 kJmol–1, which makes these reactions
unfavorable. Three transition states could be found for
CH3OH2

+, but only one of them proved to be a true
transition state for the reaction considered. This is a
manifestation of the higher proton affinity in combination
with a higher bond dissociation energy ED(RO-H) of the
methanol molecule, which makes loss of CH3OH2

+ more
favorable than loss of H3O

+. The reaction pathways
discussed above might not be the only possible ones, and
other reaction/fragmentation pathways could be more acces-
sible than the pathways considered in this study. For
example, when investigating fragmentation pathways arising
from [Mn(CH3OH)N]

2+ complexes, Stace et al. [5] found
one of the prominent signals in the MIKES spectra coming
from [Mg(OH)(CH3OH)]

+, which implies loss of CH3
+.

Hence, one possible explanation for the absence of H3O
+

loss from the mixed ligand complex in this study could be an
indication of the presence for other more accessible pathways
not dealt with in the current study.

Natural Population Charges

In order to analyze the importance of charge transfer during
the proton transfer reaction, natural charges on all atoms in
the complexes for the reactions, have been investigated and
are shown in Tables 6, 7, and 8, respectively. Beyer et al.
made a similar investigation and found that the charge on the
metal ion only changed by 0.1 e for Ca and the other metal
ions. The conclusion was that charge transfer was not the
driving force for the proton transfer reaction. The charges on
the atoms in Tables 6, 7, and 8 reveal that the biggest change
in charges occurs for the two oxygen atoms and the
manganese atom. Although a larger change can be observed
in the current study in comparison to the values reported by
Beyer et al. [9], the charge transfer is relatively small and,
hence, the difference in second and first ionization energies
of the metal ion and the ligand play a minor role for the
proton transfer reaction. However, the ionization energies
might have a crucial impact on charge transfer reactions.

As a consequence of the minor change in natural charge
on the atoms, the two most important factors that determine
if a proton transfer reaction will occur are the proton affinity
PA, and the bond dissociation energy ED of the O–H bond.
Furthermore, no conclusion or prediction can be made here
if the factors change their importance or influence with a
changing number of ligands in the complex.

Table 5. Ionic Radii for the Mg2+ and the Mn2+-Ions with Coordination
Numbers 4 and 6. Values Taken from Reference [16]

Ion Radii (pm) Coordination
Number 4

Radii (pm) Coordination
Number 6

Mg2+ 71 86
Mn2+ 80 97

Table 6. Natural Population Charge on the Different Atoms for Reaction 1.
Atom Labels Can Be Found in Figure 1

Atom [Mn(H2O)2]
2+ TS1 2nd Shell TS2 [Mn(OH)]+ +

H3O
+

O(1) −0.49 −0.49 −0.52 −0.49 −0.43
O(2) −0.49 −0.47 −0.39 −0.37 −0.73
H(3) 0.28 0.27 0.27 0.28 0.58
H(4) 0.28 0.29 0.26 0.25 0.25
H(5) 0.28 0.27 0.28 0.29 0.58
H(6) 0.28 0.27 0.28 0.29 0.58
Mn(7) 3.35 3.37 3.32 3.24 3.18

Table 7. Natural Population Charge on the Different Atoms in the [Mn
(CH3OH)2]

2+-Complex. Atom Labels Can Be Found in Figure 2

Atom [Mn(CH3OH)2]
2+ TS [Mn(CH3O)]

+ +
CH3OH2

+

O(1) −0.41 −0.4 −0.32
O(2) −0.41 −0.38 −0.61
C(3) −0.1 −0.1 −0.1
C(4) −0.1 −0.1 −0.18
H(5) 0.27 0.26 0.56
H(6) 0.27 0.26 0.56
H(7),(8) 0.12 0.12 0.1
H(9) 0.1 0.11 0.11
H(10),(11) 0.12 0.11 0.23
H(12) 0.1 0.1 0.22
Mn(13) 3.3 3.3 3.12

Table 8. Natural Population Charge on the Different Atoms in the [Mn
(CH3OH)(H2O)]

2+-Complex. Atom Labels Can Be Found in Figure 3

Atom [Mn(CH3OH)(H2O)]
2+ TS [MnOH]+ +

CH3OH2
+

O(1) −0.49 −0.49 −0.43
O(2) −0.41 −0.38 −0.61
C(3) −0.10 −0.10 −0.18
H(4) 0.28 0.26 0.56
H(5) 0.28 0.26 0.56
H(6) 0.28 0.29 0.25
H(7) 0.10 0.11 0.22
H(8),(9) 0.12 0.10, 0.11 0.23
Mn(13) 3.32 3.34 3.18
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Conclusions
Proton transfer reactions have been investigated for the
smallest possible of ligands size, and the results have been
evaluated in the light of ionization energies of ligand and
metal ion, proton affinity, and ion size. The results show that
proton affinity and dissociation energy of the O–H bond are
believed to be more important for the overall proton transfer
reaction than differences in the first ionization energy of the
ligand and the second ionization energy of the metal ion. For
a “water-only” complex, proton transfer is facilitated by two
reaction barriers via a second shell structure, similar to what has
been found for hydrated [Mg(H2O)2]

2+ complex by Beyer [9].
For a “methanol-only” complex only one reaction barrier could
be located with a slightly higher reaction barrier than water
containing complexes. For a mixed complex, only loss of
CH3OH2

+ could be found, no complete reaction pathway was
found for loss of H3O

+. For all complexes, proton transfer
reaction is found to be lower in energy compared with neutral
ligand loss or electron transfer reaction. With these results,
more complementary information has been shown in con-
junction with the previous studies of proton transfer and mixed
ligand complexes made by Stace and Beyer [9, 18].
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