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Summary. The proton transfer process in the water dimer complex catalyzed by
three divalent metal ions has been studied through ab initio methods using
different basis sets. Calculations with a dipositive charge placed at different
distances from one of the oxygens of the water dimer have been also performed.
A catalysis found in this process owing to both electrostatic and charge-transfer
effects. Morokuma analyses show that the electrostatic effect is the most impor-
tant for this proton transfer. The effect of the ligands in the coordination sphere
of Zn*? is also discussed by studying the same proton transfer process in a Zn*+2
complex with three NH; ligands.
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1. Introduction

The importance of the proton transfer in many biochemical and catalytic
processes is well established [1]. One of the most elementary proton transfers
that can be considered takes place in the water dimer yielding the hydroxyl and
the hydronium ions. This process in the gas phase is very unfavoured; on the
contrary, it is known that this process occurs easily in many biochemical systems
where dications are present in the active site of the metalloenzyme [2]. Therefore,
one might conclude that dications should catalyze the proton transfer in the
water dimer.

A general scheme for the proton transfer between the AH and B species can
be written according to:
A-H+B—-»A—-H---B>AHB—>A~---H*—B—->A~+HB* (D
R RC TS PC P

where R, RC, TS, RP and P stand for reactants, reactant complex, transition
state, product complex and products, respectively.

* A contribution from the “Grup de Quimica Quantica de I’Institut d’Estudis Catalans”
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For the isolated water dimer, scheme (1) presents an RC, although neither a
TS nor a PC are found. In this case, the energy increases continuously from the
initial RC to the final separated ions. When a Li* ion is incorporated to this
system, it has been shown that even though the energy profile is stabilized
everywhere, no PC appears at all [3]. If the Li* ion is substituted by a proton,
the H(H,O); system is formed. In this species, the proton transfer has been
shown theoretically to have a U-shaped symmetric energy profile [4]. Here, only
one symmetric complex where the proton is halfway transferred between the two
oxygens is found.

To our knowledge no one has studied the influence of a dication on the water
dimer, although some studies have appeared dealing with the influence of
dications on the proton transfer in other dimers. In particular, Basch et al. [5]
studied the proton transfer in the imidazole dimer under the influence of a Zn*2
cation. These authors found that in the isolated imidazole dimer the RC was
more stabilized than the PC, whereas in the presence of a Zn*?, the PC became
more stabilized than the RC, leading to a substantial decrease in the energy
barrier.

The purpose of the present work is to carry out a comparative study of the
role played by different dications on the proton transfer in the water dimer. In
particular, we will focus on the Zn*? cation, which has been shown to play a
catalytic role in some similar processes. In addition, from an experimental point
of view this cation plays an important role in many biochemical processes. For
instance, the Zn*?—(OH") species generated from a Zn*?-bound water has been
suggested to be the active species in several enzymatic reactions [2]. The results
for Zn** will be compared with those of Be*?, Mg+2 and the more general case
of a dipositive charge, which will allow one to get a deeper insight into the
specificity of zinc in this kind of processes. Experimentally, Zn*2 never acts as a
naked dication in enzymes. On the contrary, it is found usually coordinated to
four ligands. For instance, in the carbonic anhydrase enzyme the Zn*? ion is
coordinated to three imidazole groups and one water molecule forming a slightly
distorted tetrahedrical geometry [2a, 2b, 2d]. Thus, to get a more realistic de-
scription of the proton transfer in the water dimer, the effect of ligands has been
also considered by coordinating a Zn*? cation to three NH, ligands.

2. Method

Ab initio SCF calculations were carried out using the Hartree— Fock—Roothaan
method [6]. Full geometry optimizations of minima were performed by means of
the Schlegel [7] and Broyden—Fletcher—Goldfarb—Shanno [8] algorithms. Tran-
sition state structures were directly located using Schlegel’s method [7]. Minima
and transition states were characterized by the correct number of negative
eigenvalues of their Hessian matrices.

It is well known that the quantitative description of proton transfers in
charged systems requires the use of large basis sets which include polarization
and diffuse functions; furthermore, correlation energy and zero-point corrections
must be accounted for [1b, 4, 9]. If the size of the chemical system being studied
prevents use of such high level of theory, it has been shown that the minimum
level of theory for which semiquantitative results can be obtained involves a
double-{ plus polarization basis set. Moreover, for anions diffuse functions must
be added [10]. In the present study on cationic systems, one of the chemical
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species involves Zn. Thus, to accomplish the aforementioned minimum level of
theory we have used a (33321/3321/21/1) basis set for Zn, which means a
double-{ set for the highest s, p and d orbitals, together with a polarization f
function. This basis set has been built starting from the 3-21G basis set [11],
which has been recently extended to third-row atoms. This set has been supple-
mented by an f function with an exponent of 1.3375 [12]. This same level has
been represented for the other atoms (Be, Mg, O) by means of the 3-21G basis
set supplemented with d functions (o, = 0.4000 [13], o, = 0.1750, 2o = 0.8000
and o =0.8000 [13]). For identification purposes, we label this basis set
3-21G(d, f). To discuss the importance of including polarization functions and
splitting the valence functions, calculations with smaller basis set have been
carried out as well. First, we have employed the MINI-3 minimum basis set [ 14],
which has no valence p basis functions for Be, Mg and Zn; second, we have
made use of the split-valence 3-21G basis set; and finally, we have performed
valence-only calculations. In this case, the effective-core-potentials (ECP) given
by Hay and Wadt [15] for Zn and Mg, the valence basis set [3s, 2p, 5d/1s, 1p, 2d]
for Zn, [3s, 3p/ls, 1p] for Mg, and the 4-31G basis set [16] for hydrogen and
oxygen.

When three ammonia ligands have been inciuded in the calculations, the
optimizations have been performed using the 3-21G basis set for all atoms.
However, the hydrogens of the ammonia groups have been represented through
the STO-3G basis set. We will label this mixed basis set as 3-21G’. In these
calculations, the N—H distance has been kept frozen to 1.050 A and the NHN
angle to 109.407°. Furthermore, we have recalculated the energies for these
3-21G optimized structures using the 3-21G(d, f) basis set. We have labelled this
level of calculation as 3-21G(d, f)//3-21G.

All calculations presented in this paper were carried out with the help of the
GAUSSIAN 86 [17] and MONSTERGAUSS [18] programs.

3. Results and discussion

As mentioned in the Introduction, the goal of this paper is to study the proton
transfer in the M *2(H,0), system (M = Zn, Be and Mg). The results obtained
are split into four sections: first, the results for the proton transfer in the
M*2*(H,0), system are presented; second, the catalytic role of the cation is
analyzed; third, a methodological discussion is performed; and finally, the effects
of the ligands are considered.

3.1. Proton transfer in the M **(H,0), systems

This section presents the study of the proton transfer reaction. For each metal
cation we have located an intermediate and a transition state. Therefore, the
structures of these species are presented first, and later the energy profiles are
discussed. All results are obtained through use of the 3-21G(d, f) basis set.

Intermediates. For the intermediates, Table 1 collects the distance from the metal
to the oxygen, distances from the oxygens to the transferring proton, Pauling
bond orders for these O—-H bonds, and charges on the metal and the H;O
fragment. Values obtained for H(H,0)3 and the isolated water dimer systems
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Table 1. Distances from O, to the metal, distances from oxygens to the transferring hydrogen and
their corresponding Pauling bond orders (B), and charges on the metal (g,,) and H;O fragment
(9qus0)) for the M+?(H,0), species obtained through use of the 3-21G(d, f) basis set. The values
corresponding to the H(H,0)3 and water dimer intermediates are also given. Distances are given in
A, and charges in atomic units

Ion HMO,) (O H;) r(OH,) B*O,H;) B*(O,H,) M 9(1i30)
Znt? 1.732 1.447 1.060 0.199 0.784 1.568 0.869
Bet? 1.404 1.942 0.995 0.001 0.975 1.275 0.939
Mg+? 1.803 1.346 1.108 0.279 0.668 1.556 0.834
H* 0.969 1.194 1.194 0.463 0.5022 0.523 0.800
— — 0.967 1.894 0.987 0.049 — —

2 Pauling bond orders were calculated through the expression B = exp{[R(1) — R(B)]/0.3}. The bond
order for O,~H, is referred to the O—H distance in water (R(1) =0.964 A) and the O,-H, is
referred to the O—H distance in the hydronium ion (R(1) = 0.987 A)

are also included for comparison purposes. Finally, the geometries of the
M**(H,0), (M =Zn, Be, and Mg) species are depicted in Fig. 1.

The optimal 3-21G(d, f) geometry of the H(H,0O)7 species exhibits a linear
symmetric hydrogen bond where the proton is located midway between the two
oxygen atoms. This structure belongs to the D,, symmetry point group, with the
planes of the two water molecules staggered by 90 degrees with respect to one
another. The structure of this species is strongly dependent on the basis set and
the level of calculation employed. Previous very good calculations yielded a
symmetrically hydrogen-bonded proton [4d, b]. When the hydrogen is substi-
tuted by dications, the geometry of the minimum changes and symmetry is
destroyed, as one can see from the values of the distances between the two
oxygens and the transferring hydrogen in Table 1. The intermediates found for
the H(H,0); system and for the M +?(H,0), systems exhibit a different nature.
Whereas in the first case the proton is halfway transferred, in the M *%(H,0),
systems the proton transfer is already done and the H;O" species has been
formed. Starting from the O, —H, distances and the bond orders, one can see
that for Zn*? and Mg*2 some amount of bonding character is left between the
O, and H, atoms. On the contrary, for the Be*? complex this bond is broken.
This aspect is related to the fact that the distance between Be and O, is the
shortest one among these intermediates.

In order to relate the studied proton transfer to scheme (1) it is necessary to
split the M **(H,0), system into M ™?H,0 and H,0. Keeping in mind this

Fig. 1. Optimized structures of
the hydrogen bond complexes
computed with the 3-21G(d, f)
basis set: (a) Zn*2(H,0),; (b)
Bet2(H,0),; () Mg**(H,0),
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scheme, the intermediate should correspond to the PC species. Further, neither
a RC nor a TS should exist in the proton transfer in M *2(H,0), species. By
looking at the charge on the H;O group in Table 1, it can be seen that the
proton transfer in the M **(H,0), systems is more advanced for the Be*?
complex. The values of the charge on the metal show some amount of correla-
tion between the electron-withdrawing capacity of the metal and the degree of
advance in the proton transfer reaction.

Transition states. For all systems studied, a transition state is found because
products are stabilized, in contrast to the H(H,O)JS system. Transition state
geometries and transition vectors are depicted in Fig. 2. Energy barriers,
geometries, charges on the metal and on the H;O fragment are shown in
Table 2.

When one compares the geometries of the transition states with those found
for the intermediates it can be seen that the H;O* ion formed is placed far away
from the MOH™ species. The most striking fact is that the shorter the distance
in the transition state is, the longer it is in the intermediate. The bond orders in
the forming and breaking bonds, together with the charges on the H;O frag-
ment, bring about similar conclusions.

Another appealing aspect is that the M—O, distances have shortened when
going from the intermediate to the transition state, in connection with the fact
that a more important charge transfer takes place in the transition state, as
confirmed by the values of the charge on the metal in Tables 1 and 2.

The eigenvectors associated to the only negative eigenvalue of the Hessian
matrices (depicted in Fig. 2) indicate that these transition states do not really
correspond to the proton transfer process, but rather to the separation between
two charged species (MOH™* and H;O™).

Table 2. Energy barriers of the proton transfer referred to intermediates, distance from
metal to O,, distances to the oxygens from the transferring hydrogen, and charges on
the metal and the H;O fragment for the tramsition states, computed with the 3-
21G(d, f) basis set. Energies are given in kcal/mol, distances in A, and charges in
atomic units

Ion 4E r(MOy) (O H,) r(O,H,) M d1:0)
Zn*? 9.5 1.704 2.846 0.988 1.433 0.993
Be*? 0.1 1.397 2.187 0.990 1.252 0.960

Mg*? 14.0 1.746 3.019 0.988 1.405 0.995
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Energy profiles. The energy profiles for the proton transfer reactions are given in
Fig. 3. The reaction coordinate R, is chosen as the difference between the O, —-H,
and O, —H, distances. As mentioned above, when going from the intermediate to
the transition state, the metal-oxygen distance decreases along the reaction
coordinate, so it is important to optimize it. Otherwise the energy barrier would
increase and the electron transfer would be smaller. In Fig. 3, the energies are
referred to the system M *?H,0O + H,O, for which the reaction coordinate (R,)
has a value of — oo, whereas for the final products MOH™ and H;O% R, = 0.
If the energy were referred to the metal dications and the water dimer, the
energies for the intermediate would be —160.0, —235.1, and —137.7 kcal/mol,
for Zn*2, Be*?, and Mg*2, respectively.

From Fig. 3 it emerges clearly that the symmetric shape of the H(H,O);
system disappears for the metal systems. The curves for Mg*? and Zn*? follow
a similar trend to the H(H,O0)J curve from reactants until the transition state.
In contrast, the curve is fairly different for Be*?. The values of R, in the
intermediate, which is 0.000 for the H(H,O) 7 system, are 0.387, 0.947 and 0.238
for Zn, Be, and Mg, respectively. As pointed out in the preceding section, the
transition state for Mg*? is more advanced than that found for Zn*?, and this
one is in turn more advanced than that obtained for Be™2 This can be explained
by looking at Fig. 3, where it is shown that the transition states are more
advanced in the reaction coordinate the less exothermic the reaction is, in
complete agreement with Hammond’s principle. Several differences arise when
one compares the energy profiles obtained for the three dications with the more
general double-well profile of the proton transfer processes represented by
scheme (1). First, as mentioned previously, neither RC nor TS for the proton
transfer appear. Second, the overall process is highly exothermic, with a TS
which corresponds to the separation between two charged species (H;O* and
MOH).

The similarity between the Mg*? and Zn*? profiles suggests that the 34'°
filled orbitals of the Zn*™? do not intervene in the proton transfer process. In
addition, the 3d Mulliken population values at different points along the reaction
coordinate remain almost constant during the reaction. Nevertheless, small
changes are observed for the d2 Mulliken population. It has been previously
observed [19] that the 3d electrons of Zn belong really to the core and have
minimal interactions with the other orbitals. This point will be discussed later on.
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The charge transfer to the metal during the reaction goes to the empty s and p
orbitals of the zinc. The same trend is observed for beryllium and magnesium.

3.2. Catalytic role of the cation

The proton transfer in the isolated water dimer is very difficult due to two main
reasons: first, the formation of the OH~ and H;O" ions; second, their separa-
tion. For instance, 3-21G(d, f) calculations yield 284 kcal/mol as the difference
between the infinitely-separated ions and the water dimer. In contrast, the proton
transfer process is favoured if a monovalent ion catalyzes the reaction [3, 20]. In
this case, there is no longer a charge separation, but rather a migration of the
positive charge, which is not so unfavoured energetically. The separation be-
tween the created dipole and a positive charge is not so difficult as the separation
in the non-catalyzed processes, where two opposite charges must be pulled apart.
In particular, if the monovalent ion is a proton, the difference between the
infinitely-separated products (H,O and H;O0") and the intermediate is 41 kcal/
mol. If the proton transfer is catalyzed by a dication, the process is further
favoured, which can be attributed to two main reasons. First, the positive charge
is spread over two fragments, and second, the appearance of a positive charge in
each fragment helps the separation towards the final products. This fact trans-
lates into the exothermicity of the proton transfer catalyzed by the three cations
considered in the present work.

The catalytic effect of divalent metal ions on the proton transfer in the water
dimer can be seen to be caused by two main reasons: an electrostatic effect and
a charge transfer effect. In order to separate these two factors, we have simulated
the cations by a dipositive charge placed at different distances from the oxygen
atom (1.9, 1.6 and 1.4A). In this way, it is possible to study the purely
electrostatic effect. The presence of the dipositive charge causes an important
polarization of the electronic cloud of the water dimer. In Fig. 4, the difference
in electron density between the water dimer and the same structure with a
dipositive charge placed at 1.4 A from the O, atom is presented. One can observe
an increase in electron density around the O, and a decrease in the adjacent
hydrogens. In the fragment that will be the final hydroxyl group, the charge has
been changed by effect of polarization from —0.479 to —0.693 when a dipositive

Fig. 4. Plot of electron density differences
for the 3-21G(d, f) basis set, between the
optimized water dimer and the same
structure when a dipositive charge has been
placed at 1.4 A. Negative values are
represented through dashed lines and
positive values through continuous lines.

+ indicates the site of the dipositive charge
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Table 3. Forces acting on the two O-H bonds and their Mulliken
indexes in the dipositive charge-water dimer complex computed with the
3-21G(d, f) basis set. The charge is placed at a distance d from oxygen.
Distances are given in A, and forces and Mulliken indexes in atomic

units

d F(OH,)  F(O,H)  POH)  POH,)
) 0.0000 0.0000 0.2459 0.0506
1.9 0.0199 -0.0141 0.1999 0.0877
1.6 0.0313 —0.0197 0.1749 0.0967
14 0.0437 —0.0249 0.1484 0.1045

charge has been located at 1.4 A. Therefore, as a first consequence of polariza-
tion, separation into a positive and a negative charge is more advanced. As a
second consequence, a weakening of the O; —~H, bond and a strengthening of the
hydrogen bond (O,—H,;) is produced, as can be seen from the values of the
Mulliken populations in Table 3. The changes in bond strength are larger the
closer to the oxygen atom the charge is placed. In Table 3 we have also collected
the gradients acting on the two considered O—H distances. For the optimized
isolated water dimer, gradients are indeed zero. In contrast, when the positive
charge is placed close to oxygen, forces appear trying to lengthen the O,-H,
bond and to shorten the hydrogen bond. The origin of such forces can be found
in the attraction between the negative oxygens and the positive charge, and the
repulsion between the positive charge and the transferring proton. These forces
are larger the shorter the charge-oxygen distance is, and help the water dimer to
relax, so the optimized geometries of the charge-water dimer complex are
modified. For the aforementioned three values of the charge-oxygen distance, the
energy profiles for the proton transfer process were obtained, and minima and
transition states were located in the full potential energy surface. The results
obtained are collected in Table 4, and depicted in Fig. 5.

Table 4. Stabilization energies of minima referred to separated reactants (H,O+2
and H,0), and energy barriers of transition states referred to intermediates,
distances from the oxygens to the transferring hydrogen, and charges on the H;O
fragment, for the systems where dipositive charges are placed at different distances
from the (H,0), dimer, computed with the 3-21G(d, f) basis set. Relative energies
are given in kcal/mol, distances in A, and charges in atomic units

Distance Species AE r(O,H,) r(O,H,;) q1:0)
1.9 Minimum —38.9 1.032 1.481 0.677
TS 56.0 3.743 0.982 1.000
1.6 Minimum —50.0 1.178 1.230 0.788
TS 28.3 3.323 0.982 0.998
1.4 Minimum —68.1 1.473 1.047 0.886

TS 14.0 3.007 0.982 0.995
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Looking at this figure, one can see that the energy profiles are qualitatively
similar to those for the systems with the metal dications, although the transition
states for the dipositive charge are found later along the reaction coordinate. The
difference in behaviour between Zn, Be, and Mg can already be explained by
inspection of the metal-oxygen distances for the intermediate in Table 1, which
are initially 1.732, 1.404 and 1.803 A respectively. This qualitative agreement is
not at all quantitative. For instance, a dipositive charge must be placed at 1.4 A
so that the energy profile is similar to that of the Mg*2-catalyzed profile, where
the initial Mg—O distance in the intermediate is ca. 0.4 A longer. This fact can
also be observed from the charges on the H;O fragment and the geometries of
the intermediates and the transition states, showing clearly that to interpret the
proton transfer process the electrostatic effect is not the only cause to be
considered, so the charge transfer effect must also be taken into account. The
divalent metal does not only act like a dipositive charge, but like a Lewis acid as
well. This behaviour is produced by accepting electronic charge into the empty
orbitals of the metal. As mentioned above, in Zn d orbitals make almost no
intervention, so in all three metals only s and p orbitals are ready to accept
charge. The proton transfer reaction will proceed more easily when the s and p
orbitals of the metal are closer to the donor orbitals of the (H,O), complex.
Thus, the observed difference between the three metals can also be related to the
energies of the s and p metal dication orbitals, which are collected in Table 5.

Table 5. Energies of the s, p, and d

valence orbitals for the metal dica- Ion Orbital Energy
tions (in eV) computed with the 3-

21G(d, f) basis set Zn*? 4p —10.63

4s —15.74

3d —37.19

Bet? 2p -14.02

2s —17.95

Mg+? 3p —10.40

3s —14.61
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For Zn*? the energies of these orbitals are found to lie between those of the Bet?
and Mg*? orbitals, yet closer to the Mg*2 energies. Thus, the different behaviour
as Lewis acids helps to explain the different results found in the present study for
the three metals. Their behaviour is originated both by an electrostatic effect and
by their Lewis acid character.

In order to have a more quantitative idea of the weights of electrostatic and
charge transfer contributions, a decomposition of the interaction energy of the
intermediates by means of a Morokuma energy decomposition analysis [21] has
been performed. The two fragments considered have been the naked dication
and the water dimer. In Table 6 the results obtained through this analysis are
reported. The stabilization energy (4E) is decomposed into two terms. The first
one is the geometrical deformation of the water dimer in the intermediates
(AE4;), and the second one corresponds to the interaction between the de-
formed water dimer and the dication (AE;y;). The latter has been decomposed
into five terms, namely, electrostatic (ES), polarization (PL), exchange (EX),
charge transfer (CT), and mix (MIX) terms. In Table 6 the interaction energy
when a dication has been substituted by a dipositive charge (4FEy.) is also
reported.

Although the electrostatic plus polarization (ES + PL) and the charge trans-
fer (CT) terms order the dications in the same way, it is worth noting that the
ES +PL term is much more important than the CT term, both from the
absolite energy value of these terms for each cation, and from the relative
energy differences between the values corresponding to each cation within a
given term.

The EX term decreases when going from Be™? to Mg™2 due to the increase
in the metal-oxygen distance, as one can expect. On the contrary, this term
increases for Zn*? remarkedly even though the Zn—O and Mg-O distances are
of the same order. This fact must be attributed to the electron repulsion created
by the filled 3d'° orbitals of Zn. Another special behaviour presented by Zn*2
can be seen when one compares the ES + PL term with the 4Ey, for the three
studied dications. The difference between these two terms should give a first
approximation to the polarization made by the charge distribution of the water
dimer on the electronic cloud of the dication. Whereas for Be*? and Mg™ this
difference leads to an additional stabilization of ca. 6 kcal/mol, for Zn*? this
difference is ca. 30 kcal/mol, so a more remarkable effect is found for Zn*?
owing to the easier polarization of the d shell. These results indicate that the
simulation of a dication by a dipositive charge is acceptable in the case of Be*?2
and Mg*2, where the polarization of the dication by the water dimer is
negligible, although it is a more rough approximation for the Zn*? dication.

From the results presented in Table 6 one can compare the effects of the
studied dications. The Be™? ion is the most different according to either the ES

Table 6. Morokuma energy decomposition analysis including correction of the BSSE, for the intermediates.
The two fragments considered are the naked ion and the water dimer. Energies are given in kcal/mol

AE AE.; AEny; ES PL EX CT  MIX ES+PL 4E4

Zn*%OH,), —1600 67.1 —227.8 —18L3 —602 654 —333 —17.8 —2415 —211.8
Be*’(OH,), —235.1 1123 —347.4 —2495 —1182 580 —550 173 —367.7 —361.3
Mg*2(OB,), —137.7 552 —1928 —1483 —444 204 —289 —07 —192.7 —1867
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or CT terms. Furthermore, it has been pointed out in the preceding section that
Mg*? and Zn*? have a more similar behaviour. From the values of Table 6 it
arises clearly that this similarity is accomplished through compensation by the
different terms implied. In fact, the filled 34" shell gives some particularities to
the zinc dication. On one hand, these 3d'° orbitals place the empty 4s and 4p
orbitals in the adequate level for the optimal catalysis of the proton transfer. On
the other hand, the 3d'° shell increases the EX term noticeably. Finally, in spite
of its fixed occupation, there is an important polarization effect which must be
taken into account.

3.3. Methodological considerations

The results discussed above were obtained with the 3-21G(d, f) basis set. Among
the basis sets used, this is the only one that incorporates polarization functions,
which has been shown to be essential in the semiquantitative description of
similar proton transfer processes [1a, 4, 10]. To test the different basis sets used
the proton transfer in the H(H,O)J systems, for which experimental values are
available, has been studied. In Table 7 we report the values of the stabilization
energy of the H(H,O)5 system relative to isolated H;O* and H,O obtained with
different basis sets together with the experimental value. It can be seen that the
3-21G(d, f) value is the closest one to the experimental result among the basis
sets used, showing the reliability of this basis set. In addition, among the basis
sets used, it is the only one that reproduces the pyramidal geometry of the H,O*
species predicted theoretically with larger basis sets [22]. As can be seen in Table
7 the MP2/6-311 + G(2d, 2p) basis set gives the best energy result [9], although
the use of such basis sets in systems which incorporate transition metals is
impractical due to computational limitations.

Table 8 reports the geometry of the intermediates, the stabilization energies
from M **0H, and H,O and the energy barrier referred to intermediates with
each dication and for all basis sets used. The first remarkable fact is the strong
sensitivity of the results with respect to the basis set used. Further, one can see
that in all the studied cases, the proton is already transferred in the intermediates
with the 3-21G(d, ) basis set. In the same way, whenever pseudopotentials are
used (Zn and Mg dications) the proton is also transferred. With the 3-21G basis
set the proton transfer is finished for the Zn and Be dications, although it has not
been carried out yet for the Mg dication. Finally, MINI-3 basis set results show
in all cases that the proton is not yet transferred.

Table 7. Stabilization energies for the

H(H,0); system from H,0* and H,O in Basis set 4E

kcal/mol
3-21G(d, f) 40.1
3-21G 52.6
Pseudop. 43.9
MINI-3 51.5
MP2/6-311 + G(2p, 2d) 34.0°
Exp. 31.6-36°

2 From Ref. [9]
® From Ref, [23]
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Table 8. Stabilization energies of minima (4E,) referred to separated reactants,
and energy barriers of transition states (4E*Y) referred to intermediates, and
distances from the oxygens to the transferring hydrogen at the geometry of the
intermediates computed with the different basis set used. Relative energies are
given in kcal/mol and distances in A

ITon Basis set AE, O H,) r(O,H,) AE*
Zn+? 3-21G(d, f) —-533 1.447 1.060 9.5
321G —59.4 1.275 1.137 16.6
Pscudop. —47.3 1.369 1.037 11.8
MINI-3 —434 1.112 1.329 35.0
Bet2 321G(d,f)  —828 1942 0.995 0.1
321G —84.3 1.708 1.006 0.8
MINI-3 —53.5 1.183 1.232 22.1
Mg*2 3-21G(d, f) —47.1 1.346 1.108 14.0
321G —51.4 1.151 1.255 21.8
Pseudop. —42.8 1.381 1.065 19.6
MINI-3 —37.9 1.080 1.394 51.4

Regarding pseudopotential results, and by comparison with those obtained
with all electron 3-21G(d, f) calculations, one can see that they reproduce well
the energy profiles and are qualitatively good for geometries. The small differ-
ences may arise from the fact that in the pseudopotential basis sets only d
orbitals are split and no polarization functions are included. In any event, the
qualitative conclusions issued from the 3-21G(d, f) basis set results could equally
be made from the pseudopotential results.

Another remarkable point is that the MINI-3 results are quite different from
those obtained by the other two basis sets. That difference is even larger in the
case of Be*?. The MINI-3 basis set has no 2p (Be), 3p (Mg), or 4p (Zn)
functions, so it cannot account correctly for the Lewis acid character. It fails thus
to describe the proton transfer reaction, due to the importance of empty p
orbitals along the reaction coordinate. Such failure is more important in Be than
in Zn or Mg, because the 3-21G(d, f) basis set shows that Be*? p orbitals are
very low in energy. It is worth noting that since the MINI-3 basis set does not
allow for charge transfer to the metal p orbitals, the results obtained are very
similar to the dipositive charge results. The aforementioned results show that the
MINI-3 basis set must be disregarded for this kind of study, whereas pseudo-
potentials and 3-21G calculations can be used with some caution. If results from
MINI-3 basis set are not considered, the values in Table 8 show that geometries
are more sensitive than energetics to the different basis set used.

3.4. Effects of the ligands

So far we have considered only the effect of a naked ion on the proton transfer
in the water dimer. Really, the ion will be surrounded by either a first shell of
solvation, or (in the carbonic anhydrase) three imidazole groups. To examine the
effect of the ligands in this proton transfer we have studied the
(NH,;);Zn(H,0)5? system. A related complex for which calculations have been



Proton transfer in the water dimer catalyzed by doubly charged cations 315

Fig. 6. Optimized structures of (a) the
hydrogen bond complex and (b) the
transition state both computed with the
3-21G basis set for the
(NH,);Zn*2(H,0), system

carried out previously in (NH;);Zn(OH) *. Using pseudopotentials, Kitchen and
Allen [24] found 167 kcal/mol for the proton affinity of this complex. Our best
value at the 3-21G(d, f)//3-21G level is 176 kcal/mol, which does not differ much
from their result.

The intermediate and the transition state found in this study of the proton
transfer in the (NH;);Zn(H,0)7? complex are depicted in Fig. 6. In Table 9 the
most important geometrical parameters, charges on the zinc atom and the H;O
group, and relatives energies referred to reactants for the different intervening
species are reported.

Comparing the values for the most important geometrical parameters of the
(NH;);Zn(H,0)3;? and the Zn(H,0) ;2 intermediates in Tables 1 and 9, one can
see that the Zn—O, bond length has increased when the ligands have been taken
into account. This larger Zn—-O; distance should reduce the electrostatic effect
noticeably. Further, from the values of the O, -H, and O,-H, bond lengths, and
from the values of their Pauling bond orders in the (NH;);Zn(H,0);? interme-
diate (B(O,—H,) =0.774 and B(O,-H,) =0.228), it can be shown that H, is
not transferred yet in (NH;);Zn(H,0)52. Further, the intermediate can be seen
as (NH;);Zn(H,0) *? interacting with a water molecule. The TS is now found
later along the reaction coordinate, R, being 2.832 A for the coordinated zinc,
and 1.850 A for the naked ion. This notwithstanding, the nature of the transition
state is similar in both cases, i.e., the H;O* group has been already formed and

Table 9. Distances from O; to the metal, distances from oxygens to the transferring hydrogen,
charges on the metal (g,,) and H;0 fragment (9¢1;09)> and relatives energies referred to reactants
computed with the 3-21G (4E) and 3-21G(d, f)//3-21G (4E,) for the (NH;),Zn*2(H,0), species.
Distances are given in A, charges in atomic units, and energies in kcal/mol

Species r(Zn0,) r(O,H,) r(O,H,) Gar 91109 AE 4E,
Reactants 1.927 0.949 0 1.314 — 0. 0.
Intermediate 1.899 1.040 1.431 1.293 0.674 -39.0 —31.8
Transition state 1.804 3.812 0.980 1.167 0.999 17.6 23.2

Products 1.751 © 0.974 1.193 1.000 —155 —6.0
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is moving away from the other fragment. This can be also seen from the values
of the eigenvector associated to the only negative eigenvalue of the Hessian
matrix. The main component of this vector, which corresponds to the R(O,-H,)
distance has a value of 0.9925, showing that the separation of the H;O" and the
(NH;),Zn(OH) * fragments is the most important component in the transition
state.

When ligands are considered, the intermediates are less stabilized referred to
reactants, and the energy barrier referred to intermediates increases substantially,
now being 55.0 kcal/mol at the 3-21G(d, f)//3-21G level. Further, the reaction
becomes less exothermic. Thus, according with the Hammond principle, the
intermediate appears earlier and the transition state later along the reaction
coordinate. All in all, the presence of the ligands unfavours this proton transfer.
These facts will be explained in the following paragraph considering the decrease
of both the electrostatic and charge transfer effects due to the presence of the
ligands.

From the charges on the metal in Table 9 it can be seen that the ligands
transfer an important amount of charge to the central ion. For instance, in the
(NH,),Zn(H,0) ™2 reactant the charge transfer from the three ammonia ligands
computed with the 3-21G basis set is 0.494 clectrons. The charge transfer from
the ligands to zinc reduces the positive charge about the central ion. Moreover,
the s and p metal orbitals receiving the charge transfer from the water dimer are
destabilized by the ligands. The s and p orbitals are now mixed with the ligand
orbitals. The bonding combination corresponds to the previous orbitals of the
ligand staying almost unchanged, whereas the antibonding combination corre-
sponds to the initial s and p metal orbitals which have been destabilized in the
process. Thus, both aspects contribute to the decrease of the electrostatic and
charge transfer effects. This point is also stressed from a Morokuma decomposi-
tion analysis of the (NH;),Zn(H,0)5? intermediate performed at the 3-21G
level. In this case, considering the (NH;);Zn*? and (H,0), fragments, the
ES +PL and CT terms are —111.9 and —15.8 kcal/mol, respectively, as com-
pared to —241.5 and —33.3 kcal/mol obtained for the Zn(H,0)5? intermediate
at the 3-21G(d, £)//3-21G level. Both contributions to the interaction energy are
reduced by ca. one half.

It is worth noting the large similarity, from both geometrical and energetic
points of view, between the results obtained for the (NH;);Zn(H,0);? system
and the case of a dipositive charge placed at 1.9 A from the water dimer (Table
4). This similarity emerges through compensation of the different terms implied.
Nevertheless, this result indicates that results which are qualitatively acceptable
are obtained if the (NH,;);Zn*2 complex is modelled by substitution of the zinc
atom by a dipositive charge located in the same position.

Finally, our results show that the energy barrier for the proton transfer in the
water dimer catalyzed by a triply coordinated Zn*? is very high (55.0 kcal/mol).
The (NH;);Zn(H,0) *2 complex has been used as a model for the active site of
Carbonic Anhydrase (CA) enzyme in other theoretical calculations [25]. How-
ever, the large value of 55.0 kcal/mol obtained cannot be directly related to the
intermolecular proton transfer in CA. In the enzyme the proton transfer neces-
sary to generate the Zn*>-(OH™) active species takes place through a bridge of
two water molecules to the His-64 group, and from this intermediate acceptor to
the buffer [2g]. In this case, it is believed that the driving force necessary for this
proton transfer is given by the His-64 group, which is a much more basic group
than water.
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4. Conclusions

We have shown in this paper that dications can catalyze the proton transfer
process in the water dimer, giving rise to the MOH™ species, which is necessary
in many biochemical catalytic processes.

The presence of an M*? (M = Zn, Be, Mg) cation changes the U-shaped
profile of the proton transfer in the H(H,0)7 species, so an unsymmetrical
profile appears. It has been shown that the overall process is highly exothermic.
A transition state is found corresponding to the separation between the two
charged species. The catalytic effect of the metal ions turns out to be the sum of
the two effects: electrostatic plus polarization and charge transfer. A Morokuma
analysis has shown that among these two effects, the electrostatic plus polariza-
tion is the most important one. It is found that the mere presence of a dipositive
charge catalyzes the proton transfer, but the charge transfer to the metal is also
very important, so dications act also as Lewis acids. It is found that the
metal-oxygen distances and the energy differences between the s and p orbitals of
the three studied cations correlate well with the obtained results.

It is shown that Zn*? exhibits intermediate characteristics between Be*? and
Mg*2, yet closer to Mg+2. The same order for the metal radical monocations has
been previously reported in another catalyzed process [26]. Our results suggest
that the catalytic efficiency and specificity of Zn*? arises from an intermediate
behaviour, rather than an extreme behaviour. The filled d shell of Zn*?, which
does not participate directly into bonding, places the empty 4s and 4p orbitals in
the adequate level for an efficient catalysis. It has been shown that d orbitals are
remarkedly polarizable and cause an important EX term. These two factors have
values of the same order resulting in opposite contributions to the interaction
energy.

Finally, it has been shown that the charge transfer from the ligands to the
zinc dication reduces both the electrostatic and charge transfer effects, thus
leading to an increase of the energy barrier and a decrease of the exothermicity
of the reaction.
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