J Mol Model (2015) 21: 6
DOI 10.1007/s00894-014-2548-2

ORIGINAL PAPER

Theoretical study of the dimerization of aqueous beryllium cations

Xiaoyan Jin - Hai Wu - Hong Wang - Zhengjie Huang -
Hong Zhang

Received: 22 September 2014 / Accepted: 24 November 2014 /Published online: 22 January 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract The dimerization of monomeric beryllium species
was studied via density functional theory (DFT) calculations,
and the influences of deprotonation and substitution with
various halide anions on the polymerization were explored.
The results indicate that the dimerization was accomplished
by aggregation followed by a nucleophilic attack reaction, and
the hydrolysis that provides the nucleophilic hydroxyl group
is a prerequisite for polymerization. An activation energy of
49.7 kJ mol ™" and an aggregation energy of —52.2 kJ mol '
were found for the formation of Be,(OH)(H,0)s" ", indicating
a exothermic reaction. Deprotonation promotes aggregation
and increases the energy barrier to activation. Replacing a
bound water with an F~ anion makes aggregation more ther-
modynamically favorable, but it does not significantly change
the energy barrier. It was concluded that the charge and
electronegativity of the anion are crucial influences on the
energy of the activation barrier, whereas the aggregation en-
ergy is influenced not only by the charge but also by the
symmetry of the bridging structure in the aggregate.

Keywords Dimerization process - Aqueous beryllium
species - Substituting anions - Nucleophilic attack - DFT

Introduction

Beryllium is of great importance due to its widespread use in
industrial applications [1, 2]. However, the high toxicity of its
ions and compounds has become a serious obstacle to inves-
tigating beryllium chemistry [3—6]. Since the toxicity of be-
ryllium is strongly related to equilibria in aqueous solutions
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[1, 7], gaining insights into aqueous beryllium species leads to
a deeper understanding of beryllium chemistry.

As it is the smallest metal ion, the beryllium cation (radius:
35 pm) possesses a high charge density in aqueous solution [4,
8], and it inevitably exhibits a relatively strong tendency to
form a wide variety of aqueous monomeric and polymeric
beryllium species via hydrolysis—polymerization reactions.
Many experiments have shown that the four-coordinate
[Be(H,0),]*" is stable at pH<3 in aqueous solution [9—12].
As the pH rises, the production of a series of deprotonated
species such as [Be(OH)(H,0);]", [Be(OH),(H,0),], and
[Be(OH),]* though the hydrolysis of [Be(H,0)4]*" leads to
precipitation followed by dissolution [4]. Meanwhile, mono-
meric berylliums tend to polymerize, leading to various be-
ryllium polymers with bridging hydroxyl groups, including
the dimer [13], trimer [9], tetramer [14], etc. This behavior is
broadly similar to that observed for the neighboring element
aluminum. However, progress in beryllium solution chemistry
has considerably lagged behind progress in the chemistry of
aqueous aluminum species due to the aforementioned toxicity
of beryllium. Moreover, reports on beryllium chemistry have
mostly focused on theoretical approaches rather than experi-
mental techniques for the same reason [15—17]. In earlier
theoretical studies, the geometries of monomeric and poly-
meric beryllium clusters were optimized at the appropriate
computational level and the NMR shielding of *Be was ob-
tained; all of these calculated parameters were found to agree
with their corresponding experimental values [15, 18].
Considering that the conversion processes that produce these
beryllium species are sensitive to pH, the hydrolysis constants
of monomeric beryllium have been estimated theoretically in
previous studies, and those computational results were found
to be consistent with the corresponding experimental values
[17, 19]. Such results indicate that appropriate theoretical
methods for investigating aqueous beryllium species have
now been established.
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Compared with monomeric beryllium species, polymeric
beryllium has only rarely been reported due to the experimen-
tal difficulties involved in capturing such polymers, as well as
their toxicity. Among beryllium polymers, the dimeric species
is the most important because it is the initial product of the
polymerization of monomeric beryllium and it is a reactant in
subsequent polymerization reactions. Obviously, the forma-
tion of the beryllium dimer is crucial to the overall polymer-
ization process. In this work, the dimerization process was
simulated via density functional theory, and the influences of
deprotonation and substitution with various halide anions on
the dimerization were explored at the molecular level.

Computational details

All calculations were carried out with the GAUSSIAN 03
software package [20]. First, the ground-state equilibrium
geometries of the monomeric and dimeric beryllium species
were optimized at the B3LYP/6-311+G(d,p) level of theory
[21-23]. The transition states of the dimerization reactions
were found using the QST procedure at the same level of
theory. Subsequently, vibrational frequencies of the optimized
structures were computed to confirm the true minima on
potential energy surfaces or transition states. Intrinsic reaction
coordinate (IRC) calculations were performed for the transi-
tion states to confirm the corresponding reactants and products
[24, 25]. Atomic charges were obtained from natural popula-
tion analysis (NPA). Single-point energies were computed by
the polarizable continuum model (PCM) [26, 27] with a
dielectric constant of 78.39 and united atom radii at the
computational level of MP2/6-311+G(d,p) [28].

It is well known that solvation effects should be
taken into account when determining appropriate models
for aqueous species. There are commonly both explicit
and implicit solvation effects. Previous studies suggest
that the implicit solvation effect has no influence on the
structures of aqueous beryllium species, but they lower
the energy of the activation barrier in water exchange
reactions [8, 29]. With respect to the explicit solvation
effect, the number of solvent water molecules added and
the orientations of the hydrogen bonds as well as the
interactions between hydrogen bonds all increase the
uncertainty in the computational results when the whole
solvation sphere is considered [29]. It is reported that
the participation of just one solvent molecule in the
reaction can be used to represent the explicit solvation
effect for an aqueous beryllium cluster [29, 30]. Therefore,
in the present work, single-point energies were computed to
estimate the implicit solvation effect, and the participation of
one solvent molecule in the reaction was used to simulate the
explicit solvation effect.
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Results and discussion
The formation of Be,(OH)(H,0)s> "

The process of polymerizing two monomeric berylliums to
form one dimer is shown in Fig. 1, and the corresponding
structural parameters are listed in Table 1. It can be seen that,
at the beginning of the reaction, the monohydroxy complex
Be(OH)(H,0);" formed by hydrolysis approaches the fully
hydrated Be(H,0),>", prompting the formation of an aggre-
gate which is also the reactant (R). This aggregate is regarded
as an important precursor to the formation of the bridging
structure, as proposed in earlier studies on the polymerization
processes of other metal ions [31-33]. In the aggregate, two of
the bound water molecules in Be(H,0),>" are hydrogen-
bonded to the hydroxyl of Be(OH)(H,O);". Subsequently,
the beryllium center in Be(H,0),>" is attacked by the nucle-
ophilic hydroxyl in Be(OH)(H,0);", leading to the formation
of a transition state (TS). The hydrogen bonds gradually
disappear. Note that the distance between the beryllium center
in Be(H,0),”" and the hydroxyl in Be(OH)(H,0);" varies
from 3.496 to 2.184 A, and the tetrahedral Be(H,0)4*" is
transformed into a five-coordinate trigonal bipyramidal geom-
etry, where the equatorial plane is composed of the three water
molecules originally bound in Be(H,0),>" while the remain-
ing bound water molecule is located axially. For the axial
water molecule, the extremely elongated (relative to that in
the original tetrahedron) Be—-OH, bond is close to the axial
Be—OH distance (Table 1), implying that the trigonal bipyra-
mid is symmetric. In contrast, no appreciable changes in the
Be—OH, distances were found for the three equatorial water
molecules. Afterwards, the dimeric product (P) forms as the
axial water molecule continues to move away from the central
beryllium. In this product, the Be-OH, distance lengthens to
3.422 A in the axial direction and the Be-OH distance
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Fig. 1 Energy profile for the formation of Be,(OH)(H,0)¢*". M
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Table 1  Bond lengths (A) and bond angles (°) during the formation of Be,(OH)(H,0)s>*
Be(H,0),* Be(OH)(H,0);" Be-Be /Be-OH-Be
Be-OH* Be-OH, Be-OH,(L)° Be-OH Be-OH,
R 3.496 1.640 1.659 1.577 1.698 4.958
1.649 1.696
1.656 1.686
TS 2.184 1.643 2.028 1.575 1.700 3.642
1.647 1.708
1.664 1.692
P 1.637 1.662 3422 1.613 1.684 3.105 145.7°
1.690 1.681
1.656 1.675

? Distance between the nucleophilic hydroxyl and the attacked beryllium center

® Distance between the leaving water molecule and the attacked beryllium center

shortens to 1.637 A, indicating that the axial water leaves the
first coordination sphere, which is hydrogen-bonded to the
two bound water molecules. Thus, the five-coordinate transi-
tion state is converted into a tetrahedral product with a single
hydroxyl bridge connecting the two central beryllium atoms
and a bond angle ~Be-OH-Be of 145.7°.

During the course of polymerization, there is almost no
change in the structure of Be(OH)(H,0);" as compared with
that of the fully hydrated Be(H,0),*". As a matter of fact, the
monohydroxy complex acts as the nucleophilic reagent that
provides the attacking hydroxyl. From Table 1, we can see that
the Be—OH distance increases when the terminal hydroxyl is
transformed into a bridging hydroxyl. On the whole, the Be—
OH, bond lengths in Be(OH)(H,0);" are longer than those in
Be(H,0),>", which is thought to be due to the reduced posi-
tive charge on the metal atom in Be(OH)(H,O); . Turning our
attention to the energies, the aggregate is more stable than the
two nonaggregated monomeric berylliums (M) by
—52.2 kJ mol ™', implying a strong tendency to aggregate.
Meanwhile, an energy barrier of 49.7 kJ mol ' was calculated
for the nucleophilic attack reaction, and a reaction energy of
—30.8 kJ mol " relative to the reactant indicates exothermic
character. In addition, a gas-phase single-point energy com-
putation was performed to estimate the implicit solvent effect.
As shown in Table 2, the implicit solvent effect reduces the
energy barrier by 50 %, in agreement with the conclusion

Table 2 Influence of the

implicit solvent effect on Gas-phase Implicit
the energy parameters reaction solvent
during the formation of energy effect
Be,(OH)(H,0)s™* (all
values in kJ mol™") M 281.2 52.2

R 0.0 0.0

TS 100.3 49.7

P -30.8 -1.8

drawn by Eldik et al. [29]. The reaction energy and aggrega-
tion energy both decrease greatly upon solvation.

Influence of deprotonation on the dimerization process

As the polymerization is triggered by elevated pH, the dimer-
ization reaction between two deprotonated beryllium species
was studied in order to roughly estimate the influence of pH
on the polymerization. As shown in Fig. 2, the two monohy-
droxy berylliums initially aggregate by forming two OH-OH,
hydrogen bonds (i.e., an H30, bridge). The aggregation
energy of 104.5 kJ mol ™" indicates a strong tendency to
aggregate relative to the formation of Be;(OH)(H,0)s>". This
may be due to the fact that the reduced apparent charge on the
cluster weakens the electrostatic repulsion between the beryl-
lium species, thereby promoting aggregation. As a conse-
quence, the Be-Be distance in the aggregate is shorter than
that in the abovementioned Be(OH)(H,0); —Be(H,0),>" ag-
gregate by ~0.7 A (Table 3). One H;0, bridge then breaks and
the beryllium center in one Be(OH)(H,0);" is attacked by
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Fig. 2 Energy profile of the formation of Be,(OH),(H,0)s>"
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Table 3  Bond lengths (A) and bond angles (°) during the formation of Be,(OH),(H,0)s>"

Be(OH)(H,0);" Be(OH)(H,0);" Be-Be /Be-OH-Be
Be-OH Be-OH, Be-OH,(L)* Be-OH Be-OH,
R 3.564° 1.614 1.714 1.544 1715 4221
1.543¢ 1.722 1.721
1.613
TS 2.320° 1.644 2227 1.549 1.716 3422
1.514¢ 1.667 1.726
1.612
P 1.616° 1.692 4741 1.624 1.719 2913 128.1°
1.688 1.538 1.728
1.593

* Distance between the leaving water molecule and the attacked beryllium center

® Distance between the nucleophilic hydroxyl and the attacked beryllium center

¢ Distance between the attacked beryllium and its coordinated hydroxyl

the bound hydroxyl in the other Be(OH)(H,0);". For the
attacked Be(OH)(H,0);", two bound waters and one hydroxyl
constitute the equatorial plane of the trigonal bipyramidal
transition state, and the remaining water molecule gradually
leaves the beryllium center. After the transition state, the
nucleophilic hydroxyl continues to approach the central be-
ryllium and is eventually converted into a hydroxyl bridge
connecting two beryllium atoms, which corresponds to the
product (P). Meanwhile, the leaving water molecule enters the
second coordination sphere of the dimeric product with a Be—
OH, distance of 4.741 A.

In contrast to the situation during the formation of
Be,(OH)(H,0)¢", there is always one H;O, bridge present
during the polymerization process, which leads to the shorter
Be—Be distances in the transition state and product. Although
deprotonation increases the tendency to aggregate, the activa-
tion barrier increases by ~15 kJ mol " relative to the formation
of Be,(OH)(H,0)s>". The reduced charge on the beryllium
center caused by the addition of an hydroxyl group is consid-
ered to be responsible for this behavior (Table 6), which
makes nucleophilic attack more difficult. In terms of the
reaction energy, the reaction becomes less exothermic with
deprotonation. If the reaction energy is based on
nonaggregated monomeric beryllium (M), the reaction is
more exothermic due to the high aggregation energy.
Therefore, deprotonation promotes the polymerization of
aqueous beryllium from a thermodynamic point of view,
whereas deprotonation slows the rate of polymerization from
a dynamic point of view. A planar pentameric ring composed
of one hydroxyl bridge and one H30, bridge appears in the
dimeric product, where the two Be—OH bonds of the bridging
structure are both longer than those of the terminal hydroxyl
group, suggesting that the bridging hydroxyl is labile. In
addition, the angle ~Be—OH-Be of 128.1° is much smaller
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than that in the Be,(OH)(H,0)s”" dimer due to the presence
of the H;0, bridge. Interestingly, although the Be—OH,(L)
distance (between beryllium and the leaving water in the
reactant) is much longer than that in the reactant during the
formation of Be,(OH)(H,0)s>", the activation energy barrier
is higher. This indicates that the activation process is con-
trolled by the nucleophilic attack, independent of the reactivity
of'the leaving bound water, which disagrees with the results of
previous studies on aqueous aluminum species [34, 35].

Influence of X (X =F, CI', Br ) on the dimerization
process

Since the bound water in aquo beryllium clusters can be
substituted by a halide ion X~ (X = F, Cl', Br) [8], the
influence of X on the chemical behavior of beryllium species
deserves much attention. The dimerization process when one
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Table 4 Bond lengths (A) and bond angles (°) during the formation of Be,(OH)F(H,0)s>"
BeF(H,0);" Be(OH)(H,0);" Be-Be /Be-OH-Be
Be-OH* Be-OH, Be-F Be-OH,(L)° Be-OH Be-OH,
R 3.542 1.620 1.492 1.693 1.539 1.710 4274
1.698 1.637
1.710
TS 2.205 1.651 1.480 2.076 1.545 1.719 3.358
1.679 1.638
1.707
P 1.659 1.647 1.504 3.700 1.584 1.704 2.899 126.7°
1.709 1.622
1.691

? Distance between the nucleophilic hydroxyl and the attacked beryllium center

® Distance between the leaving water molecule and the attacked beryllium center

of the aquo beryllium clusters contains an F rather than an
OH ionis depicted in Fig. 3, and the corresponding structural
parameters are listed in Table 4. One can see that the dimer-
ization process is similar to that leading to the formation of
Be,(OH),(H,0)s>" as both products have the same charge; the
only difference between them is that an H3;0, bridge in
Be,(OH),(H,0)s*" is replaced with an F—-H,O bridge during
polymerization to the Be,(OH)F(H,0)s>" dimer. For the for-
mation of the latter dimer, the aggregation energy of
75.8 kJ mol " is in-between those of the Be,(OH)(H,0)s>"
and Be,(OH),(H,0)s>" dimers (Table 5). The reduction in
charge caused by the presence of F is responsible for the
increased aggregation energy relative to that found for the
formation of Bez(OH)(H20)63+, whereas the decreased aggre-
gation energy relative to that found for the formation of
Be,(OH),(H,0)s>" is thought to be induced by the asymmet-
ric bridging structure (H;0, bridge and F-H,O bridge) in the
aggregate. It is observed that symmetric structures with strong
hydrogen bonds are favored over asymmetric geometries, as
pointed out in an earlier study [36]. Compared with the
formation of Be,(OH),(H,0)s>", a lower reaction energy
(based on the M species) is observed due to their different
aggregation energies. In contrast to the influence of deproton-
ation, the activation energy barriers do not change significant-
ly when bound water is substituted by F. On the one hand, the
higher electronegativity of fluorine than oxygen causes the
charge on the beryllium in the Be-F bond to be more positive

than in the Be-OH bond (Table 6), thereby making nucleo-
philic attack easier; on the other hand, replacing an H,O with
an anion such as OH decreases the charge on the attacked
beryllium center (Table 6). Ultimately, these two opposing
effects mean that the charge on the target beryllium is almost
unchanged, as shown in Table 6. Therefore, the energy bar-
riers of the present nucleophilic attack are barely influenced
by the presence of F . In addition, the angle /Be-OH-Be in
the Be,(OH)F(H,0)s>" dimer is much less than that in
Be,(OH)(H,0)s>", and is closer to that in Be,(OH),(H,0)s>"
due to the presence of the F-H,O bridge.

In order to elucidate the influences of other halide ions on
dimerization, the dimerization process of the beryllium spe-
cies containing a CI"” or Br~ was simulated. The results show
that the structures of every phase are similar to those found for
the formation of Be,(OH)F(H,0)s>", and the aggregation
energies are also between those of Be,(OH)(H,0)s>" and
Be,(OH),(H,0)s>" due to the asymmetric bridging structures.
It can be seen from Table 6 that the Be—X distance increases in
the order Be—F < Be-CI < Be-Br. From Table 5, we can see
that the activation barrier increases with reduced electronega-
tivity, in agreement with the water-exchange behavior seen in
Eldick’s study [8]. This can largely be ascribed to the decrease
in the positive charge on the attacked beryllium with decreas-
ing electronegativity. The linear relationship between energy
barrier and electronegativity (with a correlation coefficient of
0.992) is presented in Fig. 4, and it indicates that

Table S Energies relative to the

reactant during the course of Bex(OH),(H,0)5™ Be,(OH)F(H,0)s>" Be,(OH)CI(H,0)s>" Be,(OH)Br(H,0)s™"
dimerization (values in kJ mol ')

M 104.5 75.8 67.2 65.1

R 0.0 0.0 0.0 0.0

TS 64.4 54.1 67.6 73.7

P -17.3 —18.7 —22.8 —26.0
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Table 6 Charges on the attacked beryllium and Be—L bond lengths
(L=OH, X") in the reactant

Be species qge (€) Be-L (A)
Be,(OH)(H,0)s>" 1.138 -
Bey(OH),(H,0)s> 1.112 1.543
Be,(OH)F(H,0)s>" 1.136 1.492
Be,(OH)CI(H,0)s>" 0.917 1.953
Be,(OH)Br(H,0)s>" 0.888 2.124

electronegativity is the key influence on the energy barriers for
substituted ions with the same charge.

According to a previous study on the dimerization of other
octahedral aqueous metal ions (such as Al(H,O)¢ "), in the
first step a bound water molecule leaves the first coordination
sphere to form the five-coordinate intermediate, which is then
followed by nucleophilic attack [37]. In other words, the two
steps are not concerted. For the tetrahedral beryllium species,
the nucleophilic attack and the departure of bound water are
concerted due to the lack of an intermediate. In view of their
different dimerization mechanisms, the influences of an anion
ligand on both octahedral and tetrahedral complexes should be
considered. It is well documented that replacing a bound water
molecule with OH and F~ enormously increases the lability
of the remaining bound water for the octahedral aluminum
species [38—41]. Undoubtedly, this substitution influences
the first step in the dimerization of the aluminum species by
promoting the departure of a bound H,O. Although the influ-
ence of the anion on the second step is far from clear, it is
possible that the influence of anions on the dimerization of
aqueous aluminum is similar to the influence on the dimeriza-
tion of aqueous beryllium, considering that the step and the
formation process of beryllium dimer possess a similar nucle-
ophilic attack behavior. If this is the case, this nucleophilic
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attack would become the rate-determining step in the dimer-
ization of octahedral aluminum species, which requires further
study. In addition, the formation of double hydroxyl bridges in
the aluminum dimer differs from the formation of a single
hydroxyl bridge in the beryllium dimer, and the influence of
the anion on the formation of the second hydroxyl bridge
should also be considered.

Conclusions

The dimerization of aqueous beryllium species was simulated
in this study, changes in structure and energy were explored at
the molecular scale, and the factors influencing polymeriza-
tion were revealed. The results show that the polymerization is
in essence a nucleophilic attack reaction, where one mono-
meric beryllium center is attacked by the bound hydroxyl of
another monomeric beryllium complex. We can conclude that
hydrolysis is a prerequisite for polymerization, as it provides
the hydroxyl group that acts as the nucleophilic reagent. The
charge and electronegativity of the ligands that are added to
monomeric beryllium via the substitution of bound water
molecules are key to influencing dimerization. Adding an
anionic ligand leads to a decrease in the charge on the central
beryllium, thereby increasing the energy of the barrier to
nucleophilic attack. In contrast, high anion electronegativity
increases the positive charge on beryllium, thereby decreasing
the barrier height. Therefore, there is no doubt that both of
these factors should be considered in detail when attempting
to enhance or restrain dimerization in practice. In addition, the
aggregation energy is influenced by the imported negative
charge and the symmetry of the bridging structure in the
aggregate, so it exhibits different behavior from that of the
energy barrier.
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