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Abstract

The borate anions [B(OH)4]", [B20(OH)s]", [B3O3(OH)4]", [B303(OH)s]*, [B3O3(OH)e]*
[B40s(OH)4]%, [BsOs(OH)4]", and [B709(OH)s]* (2 isomers) and the neutral orthoboric and
metaboric acids, B(OH)s and B3O3(OH)s, have been structurally optimised in the gas phase
at the B3LYP/6-311++G(d,p) level. Energetic data, combined with analogous data for
‘building blocks’ H.O and [OH], has enabled their relative gas phase stabilities (all
exothermic) to be determined using an isodesmic approach as: [BsOe(OH)4]” > [B3O3(OH)4]
> [B(OH)4]" > [B709(OH)s]* > [B4Os(OH)4]? > [B3O3(OH)s]*. The two isomers of
[B709(OH)s]?* have similar total energies although the ‘ribbon’ isomer is calculated to be
more stable by only 10.0 kJ mol. QTAIM analyses have been undertaken on all computed
structures, and QTAIM charges for H, O and B atoms have been calculated. It is concluded
that H-bond interactions dominate the solid-state energetics of non-metal cation polyborate

salts.
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1. Introduction

Polyborate anions may be classified as ‘condensed’ or ‘isolated’ with condensed anions being
polymeric in structure whereas isolated anions are separated anionic entities [1]. Isolated
anions have been observed in the gas phase in MS studies [2] and have also been
characterized by XRD studies [3,4] as crystalline salts with either metal or non-metal
counterions. Isolated polyborate anions in aqueous solution are less well characterized, in
that dissolution of B(OH)z in basic aqueous solution results in a set of complex equilibria
reactions involving a number of polyborate species which also rapidly undergo solvent
exchange reactions [5]. These equilibrated dynamic mixtures have been studied by a variety
of experimental techniques including !B NMR [6], potentiometric titrations/temperature
jump rate studies [7], X-ray scattering [8], and vibrational [9,10] spectroscopy. The
equilibrium concentrations of the various polyborates are dependent upon the total boron
concentration, pH, and temperature [11], and as such present a anionic Dynamic
Combinatorial Library (DCL) [12] from which, in the presence of suitable cations,
energetically favourable isolated polyborate salts will crystallize. We are interested in
preparing non-metal cation polyborate salts, as possible thermal precursors to porous
materials [13], and have instigated this preliminary computational study to determine the
relative stabilities of these isolated polyborate anions. Zhou et al. have recently performed a
DFT study on a series of isolated polyborate anions in both gas phase and aqueous phase at
the B3LYP/aug-cc-pVDZ level [10]. Since isolated polyborate anions are strongly solvated
in aqueous solution, and are not solvated in the solid-state, we have chosen a gas phase study
(where the isolated anions are truly isolated) to model their intrinsic relative stabilities. In
addition, these gas phase calculations will give insight into the bonding and intermolecular
interactions within these isolated anions. The anions were modelled with a gas phase DFT

study using Gaussian 09 [14] computational software using the B3LYP functional and a 6-



311++G(d,p) basis set. During the modelling, particular care was taken when positioning the
hydrogen atoms. Each rotamer of each borate was computed, the intermolecular interactions
explored, and hence the lowest energy state of the molecule was found. Such interactions
include potential hydrogen bonding, hydrogen-hydrogen bonding [15-17] and oxygen to
oxygen partial bonding which has recently been observed [18]. AIM2000 [19,20] is a
software package based on Quantum Theory of Atoms in Molecules (QTAIM) developed by
Bader [21-23] which can be utilized to characterise these internal interactions. The results
obtained are compared with the calculations of Zhou et al. [10]. Two isomers of
[B7O9(OH)s]*, partnered by metallic and/or non-metal cations, have recently been
synthesised and characterised by X-ray diffraction studies [24-28]. These anions are
illustrated in Figure 1. These isomers are referred to in this manuscript as the as a ‘ribbon’
isomer [24-26] and an ‘O™ isomer [27,28]. We were interested in investigating their relative
energies by a detailed DFT study and the results are reported herein. The DFT calculations
indicate that the two isomers are of approximately equal energy. The ‘O" isomer was of
particular interest as the reported structure [27,28] has three 4-coordinate and formally
negatively charged B centres and one 3-coordinate O atom with a formal positive charge, in
order to maintain the 2- dianion charge. QTAIM charge distributions for this isomer has been
obtained, and these calculations demonstrate that all bridging O atoms bound to tetrahedral B
atoms (including the formally positive O atom), possess similar and substantial negative

charges, with the positive charges located on the more electropositive B and H centres.

2. Experimental methods
2.1 General. The Gaussian 09 software package was employed to perform electronic

structure and geometry optimisation calculations on the polyborate anions [14]. In order to



increase computational efficiency, initial geometry optimisations were performed using the
AM1 semi-empirical Hamiltonian. In order to obtain accurate descriptions of intramolecular
hydrogen bonding, subsequent Density Functional Theory (DFT) calculations employing the
Becke-Lee-Yang-Parr (B3LYP) functional combined with a Pople-type 6-311++G(d,p) basis
set were performed on the aforementioned optimised structures [29-31]. All molecules were
modelled in the gas-phase under vacuum conditions. Energies were converted (1 a.u. =1 Ha
= 2625.5 kJ mol™?) as required. Analysis of the output files were conducted using GaussView
5.0 [32] and AIM2000 [33]. QTAIM charges were obtained using AIM2000 by natural
coordinate integration of the atomic bases. For completeness, the energies of H,O and [OH]
were calculated by the same methods as -76.458531 and -75.827448 a.u., respectively.

2.2 Computational strategy for determining global minima. The molecules/anions to
model were divided into two classes: fundamental building blocks and larger composite
polyborates. The fundamental building blocks were chosen so that the results would provide
valuable information on what should be expected when modelling the larger systems. B(OH)3
(1), [B(OH)4]" (2), B20(OH)s (3), B303(OH)z (5) and [BsOs(OH)4]” (10) were chosen as
‘fundamental building blocks’ as they illustrated particular structural features with more
general applicability. Thus, 1 and 2 were the smallest of the ‘polyborates’ with trigonal and
tetrahedral (charged) B centers, 3 was the simplest molecule to have a ring created by
hydrogen bonding, 5 had O atoms bridging B centers in a boroxole ring, and 10 was the
simplest molecule with a tetrahedral (charged) boron not bonded to a hydroxyl group.
Torsional 1-D scans were performed for each successive hydroxyl groups within the
polyborates, confirming that the minima (see Supplementary Data) were co-planar with B-O
bonds around trigonal B centers. Hydroxyl groups in tetrahedral B centres have previously
been investigated [34], and all rotamers were again examined to determine the global

minimum (see Supplementary Data). The composite polyborates consisted of [B2O(OH)s]



(4), [BsO3(OH) (6), [BsOs(OH)s]*> (7), [B3Os(OH)e]* (8), [B4Os(OH)s]%> (9), and
[B70g(OH)s]* (2 isomers, 11 and 12). The diborate(1-) 4 was approached by dividing the
molecule into two through the bridging oxygen, with each half of the molecule having four
possible orientations. Triborate(1-) (6) was separated into two parts: one contained the
tetrahedral boron, the other contained the trigonal boron. The former had two orientations and
the latter contained three. The triborate(2-) (7) resembled 3 and rotamers were obtained by a
similar procedure. The triborate(3-) (8) and tetraborate(2-) (9) had only one way of arranging
the hydroxyl groups to give minimum rather than transition structures. The ‘ribbon’ isomer of
the heptaborate(2-) (11) was modelled in the same way as the pentaborate(1-) (10) with the
central hydroxyl group kept in the plane of the central ring. The ‘O™ isomer of the
heptaborate(2-) (12) was more complex. All hydroxyl groups on trigonal borons were kept
planar with respect to an adjacent oxygen and pointing in a ring, in a similar fashion to
metaboric acid (5). This remaining hydroxyl group was then rotated using a 1-D torsional
scan to find the most likely location of its hydrogen atom. Full information of all rotamers of

all compounds is given in as Supplementary Data.

3. Results and Discussion

3.1 Global minima and QTAIM analysis. Zhou and co-workers have investigated
polyborates in the gas phase and in aqueous solution by DFT methods [10]. Their results
indicated that the calculations were comparable in relative terms although solvated ions were
always more stable than unsolvated gas phase ions. In our preliminary calculations we have
examined these polyborate anions also in the gas phase using a higher quality basis set, as a
means of further modelling these isolated polyborate anions. The global minimum for all the
polyborate species is shown in Figure 2 and their energies are given in the caption. In general

our calculations are in agreement with those of Zhou and co-workers [10]. As a result of our



detailed rotamer analysis we did observe different global minima for compounds 4, 5, 8, and
10.

QTAIM analysis can be used to give an indication of the relative strength of an
interaction between two nuclei by comparing the electron density at the bond critical point
(BCP), pb. Smaller electron density values, bond and ring critical point (RCP) coalescence or
the lack of a bond critical point between two nuclear critical points generally indicate weak
interactions. The Laplacian of the electron density, Vz(pb), is calculated by summing the
eigenvalues (A1, A2 and A3) of the Hessian matrix [23]. A negative value of the Laplacian
indicates a concentration of electron density i.e. a covalent interaction. A positive value of the
Laplacian indicates a depletion of charge i.e. a closed-shell electrostatic interaction e.g. a
hydrogen bond. The bond ellipticity, €, measures the extent to which density is preferentially
accumulated in a given plane containing the bond path, with zero values for cylindrically
symmetric single and triple bonds, and larger values for double bonds. QTAIM molecular
graphs depicting bond paths and critical points for the polyborate anions/molecules are shown
in Figure 3. In general, hydroxyl groups within polyborate anions were at a minimum energy
when co-planar with other B-O bonds at trigonal B centres. This often resulted in 4
membered rings with short OH O intermolecular contacts. These interactions are present in
1 and QTAIM analysis showed that theses interactions are predominantly electrostatic in
origin since there was no evidence for a formal H-bonding or hydrogen-hydrogen bonding.
Likewise, although non-planar, the 4-membered ring OH O interactions in 2 are electrostatic
in origin.

There are ten unique ways that the co-planar hydroxyl groups can be arranged around
the B-O centre in 3. The global minimum is stabilized by the presence of a 6-membered ring
intramolecular H-bond, which is apparent from QTAIM analysis.

Geometry optimisation of diborate(1-) (4) revealed five unique co-planar rotamers.



The lowest energy rotamer has the largest distance between the BCP of the hydrogen bond
and the RCP, indicating stable ring formation. Harmonic vibrational frequency analysis of the
O-H bonds showed a large red shift of ~400 cm™, which when coupled with an extension of
the O-H bond length by ~0.02 A, clearly indicates the presence of intramolecular hydrogen
bond in 4.

There are two planar conformers of metaboric acid (5) with the one possessing Can
symmetry being the global minimum. QTAIM analysis revealed that a RCP is present in the
middle of the boron-oxygen ring, and that the 4-membered ring OHH interactions were
again electrostatic in origin with no formal H-bonds.

There are six rotamers for the triborate(1-) anion (6) with the global minimum
possessing two interactions to a ring oxygens (one of these is weaker with the b’ interaction
being ~ 0.235A longer). QTAIM analysis indicated that there were no additional interactions
other than the expected RCP of the boroxole ring.

The six rotamers of triborate(2-) (7) form a second 6-membered ring comprising of a
hydrogen bond. The relative energy of these rotamers only vary by <11 kJ mol?, and this
energy difference is comparable to available thermal energy. The minimum energy rotamer
possesses the strongest hydrogen bond with the electron density at its BCP and the distance
between the BCP and RCP being the greatest. There is a small OH vibrational red shift of
~100 cm™ and an extension of the O-H bond length. QTAIM analysis of similar rotamers of
the triborate(3-) (8) did not reveal evidence of hydrogen bonding or changes in bond
lengths/vibrational frequencies.

The optimised structure for tetraborate(2-) (9) can be likened to two molecules of 5
conjoined and sharing a common backbone with the hydroxyls pointing in a ring to create a
mirror plane. Two RCPs are observed and all the 4-membered ring OHO interactions

appear electrostatic in origin.



The pentaborate(1-) (10) anion has six unique rotamers with hydroxyl groups co-
planar. In the global minimum conformation, the presence of RCPs near to, or at the centres
of the boroxole rings, confirm the formation of stable ring systems, but the absence of BCPs
indicate that the 4-membered ring O-H--O interactions are electrostatic in origin.

The ten rotamers of the heptaborate(2-) ‘ribbon’ isomer (11) have an energy range of
46 kJ mol™. The minimum has the hydroxyl groups pointing inwards in a similar fashion to
the minimum of 10. Again, the presence of ring critical points near to, or at the centres of the
boroxole rings, confirming the formation of stable ring systems was demonstrated by QTAIM
analysis, but there was no evidence for any intramolecular hydrogen bonding.

A 1-D torsional scan was performed on the heptaborate(2-) ‘O*’ (12) by rotating the
O-H group relative to the B-O* bond. The minima were located at +50°, pointing towards O
atoms, and the energy difference between the two rotamers is ca. 2 kJ mol™, which is below
the threshold of computational error. Both rotamers possess a very weak, yet stabilising
hydrogen bond, with the stronger of the two giving rise to the global minimum. There was no
noticeable increase in the O-H bond length, but there was a weak red shift of ~15 cm™. The
‘ribbon’ isomer is more stable than the ‘O+’ isomer by 10 kJ mol™ despite the ‘O** isomer
having an additional hydrogen bond (interaction ¢’).

3.2 Relative stability of gas phase polyborate anions. The calculated total energies for the
polyborate anions show a large increase as the number of atoms increase. However, this does
not allow for a direct comparison of their relative gas phase stabilities, per se. One way of
doing do is to compare the calculated energies of an anion with the sum of its calculated
components, as shown in Equations 1-6. In order to do so, the total energies of H.O (-
200,742 kJ mol™?) and [OH] (-199,085 kJ mol™?) were calculated using an identical B3LYP/6-
311++G(d,p) methodology. The lower energy heptaborate (2-) ‘ribbon’ isomer (11) is used in

the calculation in Eqn. 6.



(Eqn1) B(OH)s+ [OH] = [B(OH)4] (2) AE =-200 kJ mol*

(Egqn 2)  3B(OH)3 + [OH] — 3H20 = [B303(OH)4]" (6) AE =-217 kJ mol?

(Eqn3) 3B(OH)3+ 2[OH] — 3H20 =[B303(OH)s]* (7)  AE = -65 kJ mol™

(Eqn4)  4B(OH)s + 2[OH] - 5H20 = [B4Os(OH)4]* (9)  AE = -71 kJ mol*

(Egqn5)  5B(OH)3+ [OH] - 6H,0 = [BsOs(OH)4] (10)  AE = -231 kJ mol*

(Egqn6)  7B(OH)s+ 2[OH] — 9H20 = [B709(OH)s]> (11) AE = -179 kJ mol!

These calculations, which give absolute energies relative to the fundamental building
blocks, indicate that formation of the pentaborate(1-) anion (10), is energetically the most
favoured in the gas phase, and in general, monoanions are favoured over dianions. The
overall energy order is as follows: 10 < 6 < 2 < 11 <9 < 7, indicating that 10 is more stable
than 7. Such an approach however, fails to appreciate the number of B atoms in the
polyborate anion since the pentaborate in absolute terms is only marginally more stable than
the triborate (and monoborate) which contain fewer B atoms. An average relative energy per
B atom, gives a better approximation of relative energies in the gas phase of the polyborates
per B unit and the following ordered is obtained: 2 (-200 kJ mol™?) <6 (-72 kJ mol™?) < 10 (-
46 kJ mol™) < 11 (-25 kI mol™?) < 7 (-21 kJ mol™?) < 9 (-18 kJ mol™).

Pure single polyborate salts, containing isolated anions, often crystallise from the
DCL of anions present in aqueous solution through self-assembly processes [13]. It should be
noted that polyborate ions 2, 6, 7 and 9 are only observed under highly basic conditions in
aqueous solution [7][35]. In agreement with the relatively high stability of 10, non-metal
cation pentaborate salts are most readily obtained from aqueous solution at moderate pH.
However, care must be taken with this gas phase computational approach to the isolated
anions as it ignores intermolecular H-bond interactions (anion-anion, cation-anion and cation-
cation) which probably dominate the energetics in the solid-state. NMC pentaborate salts
often contain supramolecular H-bonded giant lattices, and even in situations when the cation

does not partake in any H-bond interactions e.g. [O(CH2CH2)2NMe2][10] [13], each

pentaborate anions will accept four strong acceptor H bonds (3 at o and 1 at [ sites [36])



from its pentaborate neighbours in a ‘herringbone’ structure, and thus reducing the overall
energy of the salt by say ~100 kJ mol? (at 25 kJ mol? per interaction). There are ten
potential H-bond acceptor sites in 10. [PhCH2NH3][10] has a similar ‘herringbone’
pentaborate [37] lattice to [O(CH2CH2).NMe2][10] but each cation forms 3 additional H-
bond interactions to an anion (at o, B and B/y bifurcated sites) clearly influencing its overall
stability. Similarly, extensive H-bonding interactions can be found in the solid-state structure
of [4-MepyH.4-Mepy][10] and [MesNCH.CH,OH][10] [38]. Such multi-point H-bond
interactions cannot be overemphasised and a simple analysis of the eight single-crystal X-ray
structures presented in reference [13] reveals that all of the potential H-bond donor sites of
the cations are involved in H-bonding in their solid-state structures with the anion on average
having six of its ten potential acceptor sites utilized. The QTAIM charges for pentaborate(1-)
10 have been calculated and the formally negative 4-coordinate B centre has marginally the
largest positive charge, at +2.30e. The a, p and y O atoms have negative charges of -1.55e, -
1.29e and -1.54e respectively, and the 3-coordinate B centres are positive at +2.27e. The
balance of the charges, to make a 1- anion, is made up by H atoms (+0.56e). These atomic
charges are not too dissimilar to the those calculated (QTAIM) for B(OH)s (1) which has O
atoms negatively charged (-1.34e) and the B and H atoms positively charged at +2.28e and
+0.58e, respectively. The a-sites in the pentaborate anions, which carry the largest negative

charge, are the usual preferred H bond interaction sites, but such interactions are enhanced by

reciprocal pair R2%(8) Etter interactions [39], similar to those found in carboxylic acid dimers.

H-bond interactions to y-sites occur less frequently, although the calculated charges on these
O atoms are only slightly less negative.

The heptaborate(2-) anion (both isomers) also have ample opportunity to accept H-
bond interactions with fourteen potential acceptor sites. Again an analysis of reported non-

metal cation heptaborate salts show that 12 out of the 14 (12/14) potential heptaborate



acceptor sites are used in [H2en]2[11].[B4sOs(OH)4].3H20 [26], and 11/14, 10/14 and 10/14
acceptor sites are utilized for [cyclo-CeH11NH3]2[12].3H20.B(OH)s [28] and [cyclo-
C7H13NH3]2[12].2H20.2B(OH); [28] and [H3N(CH2)7NH3][12].3H2.0 [27], respectively.
The QTAIM charges for 12 have been calculated and the charge distribution is very similar to
that obtained for 10. The trigonal B centres carry positive charge of +2.26e, H atom +0.54,
and hydroxyl O atoms -1.28e. The structurally unique 3-coordinate O atom in 12 carries a
large negative charge (-1.53e) and is surrounded by three 4-coordinate B centres with large
positive charges (+2.30e). Interestingly, this 3-coordinate O (bridging 3 Btet centres), with its
formal +ve charge, has a similar negative charge to other bridging O atoms (bridging Bt and
Btrig centres, -1.54e) in the anion.

[H2en]2[11].[9].3H20 [26] is also a rare example of a non-metal cation tetraborate
salt. The tetraborate(2-) (9) has 9/9 H-bond acceptor sites utilized in this solid-sate structure.
The QTAIM charge distribution for the structurally unique O atom, which bridges two Bt
centres, is -1.58e and this charge is similar to charges calculated for bridging O atoms in
other polyborate systems. The B atoms carry positive charges of +2.25e and +2.28e (for 3-
and 4-coordinate respectively) and hydroxyl O atoms on both 3- and 4-coordinate B atoms
are negatively charged at -1.30e. The H atoms are positively charged at +0.52e.

The above study illustrates that it is difficult to consider computational energies of
polyborate ions in isolation (gas phase), and further work is on-going in relation to
computational studies involving solid-state anion-anion H-bonding interactions in extended

polyborate networks.

4. Conclusions
In summary, this study has investigated the lowest energy gas phase conformations of

isolated polyborate anions and all have their hydroxyl groups around trigonal B centres co-



planar with B-O bonds. In addition, the diborate (4) and ‘O+’ isomer of the heptaborate (12)
each possess an intramolecular H-bond, with 6-membered rings. The calculated energies of
the polyborate anions have been used in isodesmic calculations to determine their relative
stabilities. The pentaborate(1-) anion is the most stable polyborate relative to B(OH)3/OH"
/H20 building blocks, but the monoborate(1-) anion has a greater relative stability per boron
atom. Analysis of representative solid-state crystal structures show that H-bond acceptor
interactions are formed by most O atoms of these polyborate anions. These H-bond
interactions are energetically significant and severely limit the use of gas phase calculations

to model these isolated anions in their solid state structures.
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Figure 1. The two isomeric forms of the [B;Og(OH)4]? anion. The structure on the left is referred to in this

article as the ‘O*’ isomer and the one on the right as the ‘ribbon’ isomer.
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Figure 2. Optimised structures of the polyborates at B3LYP/6-311++G(d,p). Energies (au) are as follows:
1 (-252.588496), 2 (-328.492215), 3 (-428.713412), 4 (-504.642425), 5 (-528.362535), 6 (-604.300174),

7 (-680.069710), 8 (-755.695015), 9 (-779.742810), 10 (-880.106381), 11 (-1231.715105), 12 (-1231.711950).
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Figure 3. QTAIM molecular graphs for selected polyborate minima depicting bond paths (red lines), bond (red

dots) and ring (yellow dots) critical points.



