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In this work, H/D isotopic substitution neutron diffraction was combined with empirical potential structure
refinement (EPSR) and DFT-based quantum calculations to study the interactions between B(OH)z boric
acid molecules, B(OH),~ metaborate ions, water molecules, and potassium cations in borate solutions.
The results show that the solute ions and molecules have a marked effect on the second coordination
shell of the water molecules, causing a greater deviation from a tetrahedral structure than is observed for
pure water. Potassium ions and trans-B(OH)s tend to form a monodentate contact ion pair (MCIP) with a
K-B distance ~3.8 A, which remains constant upon changing the solution concentration. Potassium ions
and cis-B(OH)z form both a MCIP at K-B ~3.8 A and a bidentate contact ion pair (BCIP) at K-B ~3.4 A.
As the solution concentration increases, there is a BCIP to MCIP transformation. Boric acid molecules can
undergo hydration in one of three ways: direct hydration, interstitial hydration, and axial hydration. The
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energetic hydration preference is direct hydration — interstitial hydration — axial hydration. Nine water
molecules are required when all water molecules directly interact with the —OH groups of B(OH),~, and a
tenth water molecule is located at an interstitial position. The hydrogen bonding between boric acid
molecule/metaborate ion and water molecules is stronger than that between water molecules in the
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Introduction

Boron-containing compounds have important applications
in medical treatment, agriculture, and chemical products," ™
and they also have significant academic research value. The
electron-deficient B atom has two structural units, BO; and BO,
in borate anions, which can transform between themselves
upon changing the atomic and molecular stoichiometry of
the solution, or the species of cation within the mixture. Wright
et al.>® defined five basic structural units of BO; and BO,
according to the bonding between the oxygen atoms and the
boron atom. They also defined superstructural units for boron-
containing cyclic species. This diversity of borate structures
leads to a variety of interesting properties of borate materials.

A unique property of borate solutions is that a variety of
boron-containing species can coexist in water. A significant
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amount of research has been performed using various techni-
ques, including Raman spectroscopy,””® nuclear magnetic reso-
nance (NMR),”*° X-ray diffraction,"”'* and near-edge X-ray
absorption fine structure (NEXAFS)."® There are at least six
boron-containing species in borate solutions: B(OH);, B(OH), ",
B;05(OH), ", B;03(OH);>", B,05(OH),*>", and B;O4(OH), .'*"°
New borate species have also been discovered in recent studies.
For example, diborate [B,O(OH)s|” was shown to exist in solution
using Raman spectroscopy and quantitative calculations,'®"” and
the pentaborate ion [BsOs(OH),|~ was also shown to exist. The
hexaborate [BcO,(OH)oJ>~ ion has also been found in magnesium
borate solutions.'® Researchers have suggested that the cation
greatly influences the structure of ion clusters in highly-
concentrated solutions.'>*° For example, a complex ion cluster
is composed of two potassium ions and one metaborate ion,
B(OH),, in potassium metaborate solutions, while complex ion
clusters dissociate into a sodium ion and two metaborate ions in
sodium metaborate solutions. X-ray diffraction has recently been
used to study the structure of borate solutions, the hydration
number, and the distance between borate ions and water.'*%*!
Although X-ray diffraction can provide direct structural informa-
tion, it has certain limitations when used to study the hydration
structure of borate solutions because of the weaker scattering
power of lightweight atoms such as H and B.

Recently, Pye et al.?* studied the structure and vibrational
frequencies of boron-containing species and proposed the most
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stable structures of their isomers, and a variety of boric acid
isomers were proposed. It was pointed out that the most stable
boric acid molecules had Cjj, and Cg symmetries (¢trans-B(OH);
and cis-B(OH);), with similar energies. The species distribution
map also showed that polyborate ions hydrolyzed to B(OH),™
and B(OH); in dilute solutions.* This hints that the two B(OH),
isomers may coexist in borate solutions, but few experiments
have reported these two structures. For this reason, we used
quantitative calculation methods to study the hydrolysis mecha-
nism of polyborate ions***® and found that BsOg(OH),” has two
hydrolysis pathways: water-poor and water-rich. During water-poor
hydrolysis, the products are B(OH); and [B;O3(OH),] . [Bs05(OH),]~
further hydrolyzes to B(OH),~ and B(OH); in a water-rich process,
and all boric acid molecules are cis-B(OH)s. [B;O5(OH),>"] finally
hydrolyzes to cis-B(OH); and trans-B(OH); in a 1:1 molar ratio. This
was the first time that these two isomers were found in borate
solutions.

Researchers®®° have studied the structures of boric acid
molecules and B(OH), ™~ using quantitative calculations. The bond
length, bond angle, Raman spectra, and water number of boric
acids that formed Lewis bases were given, but few studies have
shown whether trans-B(OH); and cis-B(OH); molecules coexist in
solution, and their structure details remain unclear. The hydra-
tion structure of boric acid molecules and metaborate ions was
studied using NEXAFS™ and it was found that the hydrated
structure of borates had little effect on their spectra. The K-edge
NEXAFS spectrum of B was not very sensitive to hydrogen bonds,
solution environment, or interactions between solute and water
molecules; therefore, the interaction between solute and water
molecules should be further studied using other techniques.

Here, neutron diffraction measurements with hydrogen/
deuterium (H/D) isotopic substitution®**" (NDIS) were analysed
using empirical potential structure refinement (EPSR) simula-
tions to obtain atomic-scale information on aqueous borate
solutions. The effects of solution concentration, type, and
structure of boron species on the hydration structure are
discussed. H/D substitution is used to change the scattering
ability of hydrogen atoms and hence to obtain more structural
information related to the hydrogen atoms in the borate solu-
tions. Replacing natural boron with B eliminates the strong
neutron absorption of '°B, which otherwise would be a great
experimental handicap. The ''B neutron scattering length
is 6.06 fm, which is comparable to the O scattering length of
5.80 fm.*" This study provides a method to accurately analyze
the hydration structure of borate species. DFT-based quantum
calculations are also used to reveal the structural details of
hydration of borate species.

Neutron diffraction experiment and
data analysis
Sample preparation

The first stage of the sample preparation was to make hydrous
K"'BO,-1.33H,0 and K,"'B,0,4H,0 crystals by evaporation
from solution, using information from the B,0;-K,O-H,O
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ternary phase diagram,®” and full details of the sample pre-
paration are given in the ESI.{ The crystals were then dehy-
drated, yielding anhydrous powders of K*'BO, and K,''B,O,
respectively. The solutions were made from these crystals with
the aim of ensuring that the K:B ratio and the concentrations
of potassium and boron in the solutions were as intended.

Hydrogen-deuterium isotopic substitution was used to
obtain the structural information about hydrogen bonding.*?
Potassium borate solutions were prepared by dissolving the
above anhydrous crystals in H,O (double-distilled water), D,O
(Sigma-Aldrich 99.9 atom %D), and a 1:1 mixture of H,O and
D,0. Solution densities were measured using a digital display
instrument (Anton Paar) (Table 1) calibrated using pure water.
The concentrations of the samples are specified by their water-
salt molar ratio (WSR). The relationship between WSR and
concentration (mol L") is shown in Fig. S4 (ESIt). The detailed
composition information is shown in Table 1.

Neutron diffraction experiments

For neutron diffraction measurements, samples of volume
~1.4 cm?® were transferred to a Tig g;7Zo 323 Null alloy container
with internal dimensions of 1 mm thickness x 35 mm width x
40 mm height. The composition of the alloy was chosen so that
ideally coherent scattering from the container is eliminated,
because the average coherent scattering length of the alloy is zero
(bri = —3.438 fm and b, = 7.16 fm>"). Filled cells were loaded onto
an automatic sample changer on the small-angle neutron dif-
fractometer for amorphous and liquid samples (SANDALS) at the
ISIS pulsed neutron source of the Rutherford Appleton Labora-
tory, UK.** The temperature of each sample was controlled to 25 +
0.1 °C. The experimental data were corrected for background
scattering, absorption, and multiple scattering using the Gudrun
routines.®® Finally, the diffraction data were normalized with
reference to the measured scattering from a V-Nb null alloy plate.
The corrected interference differential scattering cross-sections,
F(Q), and pair distribution functions, G(r), are shown in Fig. 1.

Data analysis

The total differential scattering cross-section of a sample con-
tains structural information about pair correlations between

Table 1 Compositions of aqueous potassium borates solutions

K''BO, K,"B,0, D,O H,0 Densitgy/
System WSR  (g) (2) (8) (2) gem~
K[B(OH),].20 20 0.8494 0 4.1554 0 1.2993
20 0.8488 0 2.1876 1.9758 1.2396
20  0.9282 0 0 4.0791 1.1957
K[B(OH),]_.60 60 0.3192 0 4.6980 0 1.1751
60 0.3206 0O 2.4660 2.2179 1.1186
60 03532 0 0 4.6550 1.0695
K,B,0,_60 60 0 0.8156 42124 0 1.2624
60 0 0.8164 2.2091 1.9901 1.2028
60 0 0.8918 0 41139 1.1582
K,B,0, 100 100 0 0.5239 4.4770 0 1.2038
100 0 0.5231 2.3570 2.1280 1.1466
100 0 0.5756 0 4.4317 1.0988

WSR: the molar ratio of water to salt.
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Fig. 1 Experimentally-determined (blue points) and EPSR simulated (red solid line) F(Q) and Gl(r) for borate solutions. WSR 100 (a) and 60 (b) for KB40

solutions; WSR 60 (c) and 20 (d) for K[B(OH)4] solutions.

the constituent atoms of the sample, and is expressed as the
total structure factor, F(Q), defined by eqn (1), in which Q is the
magnitude of the momentum transfer vector of the scattering
process:

F(Q) = Z (2 = 0up) cucpbabp [ Sup(Q) — 1] 1)

a<p

where S,5(Q) is the partial structure factor for correlations
between atom types « and f, and 6, is the Kronecker delta
to prevent double-counting interactions between the same type
of atoms. ¢, and b, are the atomic concentration and the
Q-independent coherent neutron scattering length of each
atom type.

The partial structure factors are related to the partial pair
distribution functions, g,(r), via a Fourier transform weighted
by the atomic density of the system, p, defined by eqn (2):

Ne1=— [Taro _q8ingr
elr) =1 = s | 4n0[50(0) ~ 115240 (@)

The relationship between the total pair distribution function
G(r) and the partial pair distribution functions is expressed by

This journal is © the Owner Societies 2023

eqn (3):

G(r) = (2= Sup) cacpbubp[gup(r) — 1] (3)

a<p

The EPSR program is a tool for extracting structural infor-
mation from the measured F(Q).>***” EPSR first performs a
standard Monte Carlo simulation of a system using the intra-
molecular structure, the bulk atomic density, and a set of
Lennard-Jones atomic reference potentials. It is predicted from
the equilibrium constants that the metaborate ion B(OH),  is
the dominant ion for metaborate solutions,*® and these pre-
dictions are supported by experimental results from Raman
spectroscopy and X-ray diffraction.>® Therefore the only borate
anions in the EPSR models of metaborate solutions were
B(OH), . Equal numbers of B(OH),  and B(OH); anions were
used in the EPSR modelling of K,B,0; solutions because DFT
calculations®* show that the tetraborate anion [B;O5(OH),*"]
finally hydrolyses to equal numbers of B(OH),” and B(OH);,.
The relative numbers of ¢trans-B(OH); and cis-B(OH); are not
known, and thus they were assumed to be equal in the EPSR
modelling of these solutions. The details of the structural
models and simulation box are shown in Table S3 (ESI})
and Table 2. EPSR modelling was performed using the three

Phys. Chem. Chem. Phys., 2023, 25,12207-12219 | 12209
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Cubic box details, Lennard-Jones parameters and effective atomic charges of EPSR refinements

Number Number Number Number of Number of Length Number density
WSR of K of [B(OH), | trans-[B(OH)3] cis-[B(OH)3] water molecules of box (A) (atoms A™?)
20 150 150 0 0 3000 47.2 0.099853
60 50 50 0 0 3000 45.6 0.10019
60“ 112 112 56 56 2968 47.6 0.10021
100“ 64 64 32 32 2976 46.4 0.10026
Atom e (K mol’l) o (A] q (e) Mass [amu]
K* 0.5000 3.000 1.0000 39.0981
B 0.3970 3.5180 0.71101 10.810
oM 0.7200 3.1200 —0.6594 15.9990
H* 0.000 0.000 2.000 0.2316
Birans 0.7113 3.5000 0.8505 10.810
Osrans 0.8803 3.1000 —0.5706 15.9990
Hyrans 0 0 0.2871 2.0
Beis 0.8000 3.2000 0.7500 10.810
Ovis 0.6500 3.100 —0.5000 15.9990
Hejs 0 0 0.2500 2.0
Oywater > 0.6500 3.160 —0.8476 16.0
Huater > 0 0 0.4238 2.0

Ouater and Hyeer refer to oxygen and hydrogen sites in water molecules, and the subscripts 4, trans and cis refer respectively to atom sites in
B(OH), ™, trans-[B(OH);], and cis-[B(OH);]; the charge parameters are the Mulliken charge from DFT calculation at m062x/6-311++g(2df,2pd); WSR:

molar ratio of water to salt. “ Aqueous K,B,0, solution.

experimental structure factor measurements for each composi-
tion up to a maximum momentum transfer of 30 A™*, and the
minimum momentum transfer of the structure factor measure-
ments was 0.125 A~'. Fig. 1 shows the experimentally-
determined and EPSR-simulated F(Q) and G(r) functions for
potassium borate solutions. There is good agreement between
the experimental and simulated data, which indicates that the
simulated structures are close to the real structures.

Computational methods for hydrated clusters

Density functional theory (DFT) is an effective method for
studying boron-containing systems.'’'>19:202425 The M06-2X
method**™** and 6-311++G(2df,2pd) Pople-style basis set*® were
used to optimize hydrated structures in the gas phase, with as
many initial structures as possible. Then, the optimized equili-
brium structures were further optimized in the liquid phase to
obtain the final equilibrium structure. Single-point energy
calculations and frequency calculations were conducted on
these structures using the same basis set to determine the
zero-point energy (ZPE) values and to confirm that the opti-
mized structures had reached a local minimum (zero imaginary
frequency). Furthermore, self-consistent field (SCF) energy,
zero-point vibrational energy (ZPE) and energy correction terms
associated with the basis set superposition error (BSSE) were
also involved in the definition of the calculated total energies of
the hydrated clusters. After this, the optimized isomers were
ranked in order of energy, and the low energy structures were
chosen for discussion. The hydration shape of the chosen
structures is similar to the spatial density functions and their
hydration distance B-O(W) is close to the NDIS result.
The optimized structures and their energy data are shown in
Fig. S5 and Table S4 (ESIt). The Raman spectrum of the boric
acid molecule was also calculated under the same conditions.
The calculated Raman spectrum was compared with the Raman

12210 | Phys. Chem. Chem. Phys., 2023, 25,12207-12219

spectrum of boric acid solution, as shown in Fig. S6 (ESIf),
showing that the calculated frequency of the stretching vibra-
tion of the boric acid molecule is close to the experimental
value. Therefore, although the acidity medium was not con-
sidered during the DFT calculation, the results can support our
experimental conclusion. All calculations were carried out
using the Gaussian16 package.’” The electrostatic potentials
and average reduced density gradient analysis were performed
using Multiwfn 3.6 (dev).*

Results and discussion
Structure around water molecules

Fig. 2 shows the intermolecular pair distribution functions for
Owater' : 'Owater [gO O, ) (a); Hwater' . 'Owater (gHwater< -0,

(b), and Hysater - H:t:er (g:v;:w . .mer) (c) between pairs of atoms
in pure water and different water molecules in the solutions.
Fig. 2 and Table 3 show that the Oyater - -Owater distances
(ro,,..--o,,.,) are in the range 2.2-3.3 A. The peak position of

~2.71 A remains constant, and the coordination number (4.1-

-

3.6) has an inverse relationship with the concentration. The
peak ro .. o,,. distance 2.71 A is slightly shorter than the
distance 2.73 A obtained by Soper for pure water.*® Using X-ray
diffraction, Zhou et al.'"'? reported that ro__ ..o is in the
range 2.76-2.82 A in sodium/potassium metaborate solution,
which is larger than the hydration distance observed in this
study. This difference probably arises from the superior ability
of neutron diffraction with H/D substitution to locate the atoms
in an aqueous solution. Skinner et al.®® reported that the
coordination number of the first hydration layer is 4.3 + 0.1
in pure water when the cutoff value of the Oyater - ‘Owater P2Ir
distribution function is 3.3 A, which is close to the value of
4.1 + 1.1 found in this work. Zhou et al.**** reported that the

This journal is © the Owner Societies 2023
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Fig. 2 Intermolecular pair distribution functions at various concentrations, obtained by EPSR modeling: Owater—Owater (@), Hwater * *Owater (b), and

Hwater' . 'Hwater (c).

Table 3 Positions and the average coordination number of the atom pairs in aqueous borate solutions. r/A denotes the peak position and its range,
whilst CN denotes the average coordination number of the first shell. The notation used for the systems is defined in Table 1

K,B,0,_100 K,B,0,_60 K[B(OH),]_60 K[B(OH),]_20

rpeak Tmin~"max CN rpeak Tmin~7"max CN rpeak Tmin~7max CN rpeak Tmin~"max CN
Owater—Owater 271 2.2-3.3 41+12 271 2.2-3.25 3.6 £12 271 2.2-3.3 41+11 271 2.2-3.3 3.6 £ 1.2
HyaterOwater 1.77  1-2.3 11407 177 1-2.3 1.0+07 177 1-2.4 114+07 177 1-2.4 1.0 £ 0.7
Oprans—Owater ~ 3.12  2.3-4.2 6.1+25 3.12 2.3-4.1 46 +2.2

is—Ouwater 3.2 2.3-4.1 6.1+23 3.12 2.3-4.1 5.0 + 2.1

Op—Owater 2.79 2.3-3.6 3.7+12 279 2.3-3.6 3.5+14 279 2.3-3.75 4.5+ 13 279 2.2-3.75 4.3 +1.4
Birans—Owater ~ 3.98  2.6-5.2 13.6 £4.4 4.02 2.6-5.2 12.2 + 3.7
BLis—Owater 3.85 2.6-5.2 12.9 £ 3.5 3.85 2.6-5.2 15.1 + 4.6
B-Oyater 3.56 2.6-4.8 11.6 £ 2.7 3.56 2.6-4.8 10.9 + 2.3 3.56 2.7-4.55 151 £ 2.5 3.56 2.7-4.75 12.1 £ 1.9
K-Birans 3.93  2.6-4.6 0.14+0.2 395 2.6-4.6 0.1+ 0.4
K-Bs 3.42  2.6-4.6 0.2+04 393 2.6-4.6 0.2 +04
K-B 3.32  2.6-4.6 0.8+09 331 2.6-4.6 09 +08 330 2.6-4.6 04 £06 331 2.6-4.6 1.2 £ 0.8
K-Oprans 2.82 2-3.5 0.23+06 279 2-3.5 0.17 + 0.4
K-Ogs 2.80 2-3.4 0.05 £ 0.2 2.80 2-34 0.1 £04
K-O 2.68 2-34 1.1+15 270 2-34 1.3+14 270 2-3.5 0.5+09 268 22-3.5 1.8 £ 1.6
K-Oyater 2.63 2-3.45 5.6 1.8 263 2-34 52+15 263 2-3.5 6.2 +12 263 2-3.45 51+1.4

Oyater * *Owater cOOrdination numbers were 4.9 + 1.1 and 4.7 +
1.4 in pure water and dilute sodium/potassium metaborate
solutions, respectively, which are higher than the values in
pure water and in this work. Again this difference may be due to
the advantageous use of NDIS. The second hydration distance
(Owater * ‘Owater) in the solutions is about 3.8 A (Fig. 2), shorter
than the distance of 4.5 A for pure water,”* and there is greater

This journal is © the Owner Societies 2023

shortening of the distance as the potassium borate concen-
tration increases.

The EPSR simulations show that the ratio of the second
to first oxygen-oxygen distances in the borate solutions are 1.52
and 1.48 (in K,B,0; solution with WSR = 100 and 60), and 1.52
and 1.43 (in KBO, solution with WSR = 60 and 20), compared to
avalue of 1.66 for pure water.' The higher the concentration of
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the solutions, the more deviation from the ratio of pure water.
This indicates that the dissolved ions distort the tetrahedral
structure of water. The second coordination shell of water
molecules is disrupted by the metal ion as the solution concen-
tration increases, which causes water molecules in this outer
shell to move to the first (inner) coordination shell. Soper and
Ricci reported that external pressure caused the second hydra-
tion shell to move to smaller r in pure water.”" This implies the
second shell is collapsing into some of the free space in a non-
bonded fashion. Recently Woutersen et al.’* investigated three-
dimensional structural density plots of the H-bond acceptor
atoms (water O, TFA O, and hydrazinium N) in the first and
second coordination shells of a water molecule in neat water at
1 bar, in neat water at 6 kbar, and in N,H; TFA solution at 1 bar.
The three-dimensional structural density surface of pure water
at normal pressure is different from that under 600 MPa
pressure and the N,Hs TFA solution under normal pressure.
This is similar to that in pure water and in salt solutions reported
by Soper et al*** These phenomena again demonstrate that
environmental pressure and added ions have the same effect on
the second hydration shell of a water molecule. gy _ ..o, and
8H,, - -H,,,, ar€ shown in Fig. 2(b and c). Their first peak positions
are at 1.77 A and 2.33 A, and their coordination numbers are
1.0 and 1.1.

Fig. 3 shows the spatial density function (SDF) of water
molecules in aqueous K,B,0, solutions for WSR = 100. The
SDFs for other samples are shown in Fig. S7 (ESIT). The figure
shows that the inner hydration layer has a tetrahedral structure
and is less affected by concentration, which is consistent with
TOer --O remaining constant at various concentrations.
There is a slight difference in the SDF surfaces of the outer
sphere (Fig. 3) because the dissolved ions in the solutions
damage the second hydration layer. The B(OH); and B(OH), ™
species have -OH groups and prefer to form a tetrahedral
structure. Therefore, this may reduce the disruption of the second
hydration layer to some extent. Moreover, the Hyuter - -Owater and
Hyater - ‘Huwater distances of the second hydration layer remained
nearly unchanged. These phenomena also confirm that the dis-
ruption of the second hydration layer is small, and this shell is
resilient to change.

water

a b
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Ion pair structures. Fig. S8 (ESIf) displays the first layer
hydration distance rx_ow) of potassium ions. The distance
k-0, femained at 2.63 A, regardless of solution concentration.
The hydration number ranged from 6.2 to 5.1 as the concen-
tration decreased, indicating that a small number of borate ions
enters the first hydration layer of potassium ions to form contact
ions. Our results are similar to previous work.'>**>°

Fig. 4(a) shows the pair distribution function g o, between
potassium ions and oxygen atoms in various boron-containing
species, whilst Fig. 4(b) shows the gi_g between potassium ions and
boron atoms in various boron-containing species. The intensity of
Zko, for BIOH),™ is greater than B(OH); due to strong electrostatic
interactions between ions. rg_p(on),-] is shorter than rx_gomn),),
which is also caused by the strong electrostatic attraction between
anions and cations. In Fig. 4(b), there is a strong peak at 3.3 A with
a shoulder at 3.85 A in gi_g for BIOH), . The main peak at 3.3 A in
gis of cis-B(OH); gradually weakened, and the shoulder at 3.85 A
increased with the potassium borate concentration. For trans-
B(OH);, only a peak at 3.85 A was observed. We have previously
studied the structure of potassium metaborate solutions and found
that the peak at 3.85 A is caused by the K-B distance of a
monodentate ion pair (MCIP), while the peak at 3.3 A is caused
by a bidentate ion pair (BCIP)."> Fig. 4(b) shows that the K-B
distance (rg_g) is ~3.8 A in K-B(trans-B(OH);), and the distance
does not change with potassium borate concentration. When a
contact ion pair is formed between the potassium ion and cis-
B(OH);, the peak at ~3.4 A is the dominant peak in dilute
solutions, and the peak at ~3.8 A becomes the dominant one in
concentrated solutions.

The DFT-based ab initio calculations were used to verify
the above ion—pair structure. The structure and energy of the
contact ion pair between a potassium ion and a boric acid
molecule is shown in Fig. S9 and Table S5 (ESIt). Many initial
models containing MCIPs and BCIPs were built to optimize
their structures, but the BCIPs for trans-B(OH); transformed to
MCIPs during the optimization process. Thus, a BCIP between
K" and trans-B(OH); cannot be found in Fig. S9 (ESIT). The lack
of BCIPs for trans-B(OH); provides an explanation of the results
from EPSR modelling of the NDIS data shown in Fig. 4b; in this
figure the K-B functions for ¢rans-B(OH); have a single peak at

c d

Fig. 3 Spatial density functions of neighbouring water molecules with respect to the central water molecule of aqueous K,B4O; solutions for WSR =
100. The dark blue lobes represent the first coordination sphere, and the light green and semitransparent lobes/green lobes represent the second sphere.
The red and white balls in the centre represent the O and H atoms of H,O, respectively. (a) side view; (b) top view; (c) side view of the second hydration
sphere of water; (d) top view of the second hydration sphere of water.
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Fig. 4 Pair distribution functions for various K—Og pairs (a) and K—B pairs (b) at various concentrations obtained using EPSR modeling.
B(OH)4~ in K,B405 solution with WSR = 100;

K>B40O7 solution with WSR = 100;

r/A

cis-B(OH)s in
trans-B(OH)z in K;B4O- solution with WSR = 100; == cis-

B(OH)s in K;B407 solution with WSR = 60; == B(OH),; " in KB40 solution with WSR = 60; == trans-B(OH)z in K,B405 solution with WSR = 60; =——
B(OH)4~ in KBO, solution with WSR = 60; === B(OH),~ in KBO, solution with WSR = 20.

~4.0 A, which is explained as arising solely from MCIPs (in the
DFT calculations, the K-B distance for ¢rans-B(OH); MCIPs is
predicted to be ~3.8 A, see Table S5, ESIf). For cis-B(OH)s,
BCIPs also transformed to a MCIP during the optimization
process, except for n = 1. As shown in Table S5 (ESIt), for cis-
B(OH); and n = 1 the enthalpy for a BCIP (—21.0 k] mol™") is
lower than that of a MCIP (—17.1 kJ mol '), which shows that
the BCIP is more stable than the MCIP. The Gibbs energy for a
BCIP (7.1 kJ mol ') is lower than that of a MCIP (22.6 k] mol %),
which also shows that the BCIP is relatively more stable.
Nevertheless, a BCIP may transform to a MCIP with the addi-
tion of water molecules. For cis-B(OH)s, the K-B functions from
EPSR modelling of the NDIS diffraction data shown in Fig. 4b
have two peaks at ~3.5 A and ~4.0 A, and meanwhile the DFT
calculations (Table S5, ESIt) predict that cis-B(OH); has K-B
distances of ~3.3 A and ~3.85 A for a BCIP and a MCIP
respectively. This shows that K" and cis-B(OH); tend to form
both monodentate and bidentate pairs in the solution. The DFT
calculated K-O(B) distance ri_o is 2.8 A, which is consistent
with the EPSR result, but longer than rgx_ow. The weaker
interactions between K' and boric acid molecules and stronger
interactions between K' and water cause this phenomenon.
The small coordination numbers (see the CN values for K-Oyqs
and K-O; in Table 3) for K-O(B) and K-B also confirm the
weaker interactions between K" and boric acid. Duffin et al. ™ also
reported that increasing the concentration of cations (Na', K') did
not significantly affect the NEXAFS spectra of boric acid aqueous
solutions.

Hydration of borate anions

The hydration of trans-B(OH); and cis-B(OH);. Hydrogen
bonds are formed between boric acid molecules and water
molecules. There is a broad peak in the B-Oyer pair distribu-
tion function of boric acid molecules (gg_o__, see Fig. 5), and
the intensity of this peak is weaker than that of the hydrated
metaborate ion, B(OH), , indicating that hydrated boric acid
molecules are more disordered than hydrated metaborate ions.

This journal is © the Owner Societies 2023

The metaborate ion has an explicit negative charge excess that
enhances the interactions with the solvating water molecules,
compared to the electrically neutral boric acid molecular unit.
The first peak in gg o for B(OH); ions ranges from 2.6 to 5.2 A
(Fig. 5(a)), and the peak value is at ~3.9 A, which coincides
roughly with the shoulder on the long distance side of the first
peak of gg_ow) of the hydrated metaborate ion, indicating more
weakly hydrated boric acid molecules. The hydration number of
boric acid is larger than for the metaborate ion (see the CN
values in Table 3 for Byyus—Owaters Beis~Owater a1d B-Oyacer), Which
is mainly caused by its broader gg ¢ peak width. Tachikawa
et al.*® and Stefani et al.*” studied the hydration of cis- and trans-
B(OH)3, but they did not provide the hydrated distance in their
articles. Duffin et al.*® reported that the broadened B-O,q¢e; peak
of the boric acid molecule was located at ~4.1 A, which is
consistent with the conclusion of this study, but no specific
structural details of the hydration of B(OH); were given.

Fig. 5(b and c) shows the pair distribution functions Og: - ‘Oysater
(%o, - 0,,.) and Og' - ‘Hyaeer (g0 H,,.) Detween borate units and
water. For boric acid molecules, go....u  is weaker than that
between metaborate ions and water, and the O- - -Hyue, distance
of 2.1 A is 0.2 A longer than that of metaborate ions (Fig. 5(c)).
Duffin et al.™? also reported that the interaction between boric acid
and water molecules is weak. The peak of go_ ..o, for boric acid
molecules is at 3.1 A (Fig. 5(b)), which is weaker than that of
metaborate ions, and the Ogp: - -Hyaer peak (Fig. 5(c)) is especially
weak, further demonstrating the weak interactions between boric
acid and water molecules.

Fig. 6(a-d) shows the SDF of the first hydration layer of
boric acid isomers in solution, and different views of the SDFs
are shown in Fig. S10 (ESIt). The blue area represents the SDF
surfaces where the hydration distance between boric acid
molecules and water molecules ranges from 2.6-4.5 A. The
hydration within this distance range is referred to as direct
hydration. The green part represents interstitial hydration, and
the hydration distance between boric acid molecules and water
molecules ranges from 4.6-5.2 A. The difference between the

Phys. Chem. Chem. Phys., 2023, 25,12207-12219 | 12213
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Fig. 5 Pair distribution functions for various atom pairs: B—Oater (@), Og- - ‘Owater () and Og- - -Hyater (C) for various borate species in various solutions

obtained using EPSR modeling.

cis-B(OH)z in K»B405 solution with WSR = 100;

B(OH)4~ in K;B4O- solution with WSR = 100; trans-B(OH)s

in K;B40O7 solution with WSR = 100; == cis-B(OH)z in K;B4O- solution with WSR = 60; —— B(OH)4~ in K,B40; solution with WSR = 60; —— trans-
B(OH)s in K;B407 solution with WSR = 60; == B(OH),~ in KBO, solution with WSR = 60; == B(OH),~ in KBO, solution with WSR = 20.

SDF surfaces of these two hydrated boric acid isomers is mainly
in the direct hydration layer due to their different symmetries.
There is a clear separation between the axial and equatorial
hydrated SDF surfaces in dilute solutions, and the two SDF
surfaces merge together as the solution concentration increases.
This situation is similar to the SDF surfaces between water
molecules when an external pressure is applied to a pure water
system.”® Both boric acid molecules have axial hydration, and the
axially-hydrated SDF area decreases as the solution concentration
increases. Axial hydration is mainly caused by water molecules in
the empty 2p, orbital, which is perpendicular to the plane of the
boric acid molecule. This is the first time that axial and interstitial
hydration water molecules have been observed in hydrated boric
acid molecules. Researchers have also observed axial hydration of
the Pd(u) aqua ion in solution.***’

The hydration of [B(OH), ]. We have previously studied
alkali (Na', K, Rb", Cs') metaborate solutions using X-ray
diffraction and found that rg_ow) is ~3.6 A, and 12 water
molecules are located in the hydration layer of metaborate
ions.!"!*21°8 Rig 5(a) shows that the hydration distance of
B(OH), ™ ranges from 2.6 to 4.8 A, with a peak at 3.56 A, which is
consistent with the X-ray diffraction experiment. The gz o
functions for B(OH), at different concentrations are similar,

12214 | Phys. Chem. Chem. Phys., 2023, 25, 12207-12219

and indicate that the solution concentration has a small effect
on the hydration structure in the studied concentration range.
Fig. 5(b and c) shows the functions go ..o, and go,...u, ., for
B(OH),, and the positions and full width at half maximum of
the first peaks in these functions at different concentrations are
similar. This indicates that the concentration and metal ions
have little effect on the structure of the first hydration layer of
borate ions. The first peaks of go, ..o . and go, . .nu, are at
2.79 and 1.82 A (Fig. 5(b) and (c)), respectively, whilst the
corresponding distances between water molecules are 2.71
and 1.77 A (Table 3), respectively. This shows that the hydrogen
bond strength between water molecules is stronger than
between B(OH),  and water molecules. In general, the B-Oyaer
distance is shorter for B(OH),  than for B(OH), therefore, the
hydration ability of B(OH), is stronger than that of boric acid
molecules, which is consistent with the conclusion of Duffin
et al.® The Og: - -Oyarer coordination numbers are 4.5 and 4.3
for potassium metaborate solutions, while these values are 3.7
and 3.4 in dilute K,B,0 solutions. This shows that some of the
water molecules in the mixed solution were hydrated to form
boric acid, which reduced the hydration number in the
B(OH), layer. A broad shoulder peak and hydration peak
at 3.85 A have also been observed through X-ray diffraction

This journal is © the Owner Societies 2023
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Fig. 6 SDF surfaces showing the probability density for correlations of hydration water molecules with respect to the central [B(OH)s] and [B(OH)4 "]
moieties. The blue and semitransparent lobes represent water molecules in the first (direct) hydration shell, whilst the green lobes represent water
molecules in the second (indirect) hydration shell. For the first and second hydration shells, the isosurfaces have been selected to show the distribution of
neighbours with the threshold selected to show the most probable 30% and 20% of neighbour locations respectively. (a and b) The cis-B(OH)s in aqueous
K>B407 solutions with WSR = 100 and 60; (c and d) the trans-B(OH)s in aqueous K,B40- solutions with WSR = 100 and 60; (e and f) the B(OH),~ anion in
aqueous K,B405 solutions with WSR= 100 and 60; (g and h) the B(OH),~ anion in agueous KBO, solutions with WSR = 60 and 20; the pink, red, and white
balls in the center respectively represent B, O, and H atoms of B(OH)s or B(OH),™. The first (direct) hydration shell of B(OH)s™ is in the range 2.6 to 4.5 A,
and the second shell is in the range 4.6 to 5.2 A. The first (direct) hydration shell of B(OH), ™ is in the range 2.6 to 3.9 A, and the second shellis in the range

37to 48 A

experiments, but the details of the hydration structure of
metaborate ions were not further studied.'?

Fig. 6(e-h) shows the SDF of hydration water molecules with
respect to a central boric acid molecule and [B(OH), ], and
the SDFs with a different view are shown in Fig. S10 (ESIY).
The blue block represents the SDF map with a B-Oyacer distance
of cis/trans-B(OH); in the range 2.6-4.5 A, and the green block
represents the SDF map with a hydration distance range 4.6-
5.2 A. The blue block of the B(OH),~ SDF map (Fig. 6(e-h)) is in
the range of 2.6-3.9 A, and the green block is in the range of
3.7-4.8 A. Therefore, there are two types of hydration in the
hydration sphere of B(OH), : direct and interstitial hydration
layers. The details of these hydration clusters were further
studied using DFT calculation.

DFT study of hydration structure

Hydration structure of B(OH);. The structural details of
hydrated boric acid molecules and hydrated metaborate ions
were further studied using DFT calculations. The DFT results
show when the hydration number n < 6 of trans-B(OH); (Fig. 7
and Fig. S6, ESIt), the water directly interacts with boric acid in
the in-plane direction. These water molecules were marked as
direct hydration water molecules. When the hydration number
is in the range 7 < n < 9, there is a water molecule between
these direct hydration water molecules, but this water does not
directly interact with the boric acid molecule, and it is referred
to as an “interstitial hydrated water molecule”. Two typical
isomers of hydrated trans-B(OH)z, (ny0), are obtained when

This journal is © the Owner Societies 2023

n = 10. One isomer is hydrated at an equatorial position (1404),
and the other isomer is hydrated at an axial position of the boric
acid molecule (72505). The energy of 7,05 is 30.2 k] mol " higher
than that of nya. As shown in Table 4, the distance rg o
between boron and the direct hydration water molecule remains
at ~3.6 A before and after axial hydration, while the distance
B0, PETWEEN Water molecule and the indirect water rnole-
cule shortens from 4.44 A to 4.17 A. The distance TB-O, g |
within the distance range of the direct hydration layer of the
SDF diagram (2.6-4.5 A). The distance Tso,,.., Detween boron
and the axial water molecule is ~2.7 A. Although the distance
TB-0,,..... 1S Within the distance range of the axial hydration layer
of the SDF diagram (2.6-4.5 A), this distance is too short com-
pared with that of 4.4 A for cis-B(OH);(H,0),. Different models of
trans-B(OH);(H,0),, with B-O(1) distance ~4.2 A were built and
optimized using DFT calculation, but these values finally
decreased to ~2.72 A. We think this phenomenon is caused by
the hydrogen bonding from the central water molecule to its
surrounding water molecules. As an example, consider the model
shown in Fig. S11 and Table S7 (ESIt): the initial B-O(1) distance
is 4.24 A, and the initial hydrogen bond lengths for O(4)- - -H(2),
O(5)- - -H(3), and O(1)- - -H(6) are 2.38, 2.36, and 2.0 A. These values
decreased during the optimization, and B-O(1) finally decreased
to 2.73 A. The final angles 1-2-4, 1-3-5, and 1-6-7 were larger than
160°, and the hydrogen bond lengths for O(4)- - -H(2), O(5)- - -H(3),
and O(1)-- -H(6) decreased to 1.88, 1.86, and 1.77 A in the final
optimization step. The central water molecule prefers to form
a strong hydrogen bond in the energy minimum configuration.

Phys. Chem. Chem. Phys., 2023, 25,12207-12219 | 12215
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Fig. 7 Hydration structure diagram and RDG diagram of trans-B(OH)s. The value of sign(4,) x p in surface is represented by the filling colour according
to the colour bar below the figures. sign is the symbol (+) of the eigenvalue; 4, is the second eigenvalue of three eigenvalues. sign(4,) is the sign of the
second largest eigenvalue of the electron density Hessian matrix at position r. p(r) is the electron density at position r, which reflects the interaction

intensity.

Table 4 Interatomic distances (A) in hydrated boric acid molecules and tetrahydroxyborate ions from DFT calculations

SpeCieS n B-O B_Owater-dir B_Owater-indir B_Owater-axial OB_Owater Owater_owater

trans-B(OH);(H,0),, 6 1.367 3.653 2.721 2.715
9 1.367 3.625 4.446 2.753 2.786
10A 1.367 3.619 4.167 2.729 2.755 2.782
10B 1.367 3.628 4.576 2.757 2.824

cis-B(OH);(H,0),, 5 1.367 3.630 2.798 2.791
8 1.369 3.489 3.884 2.755 2.782
9A 1.368 3.521 4.191 4.401 2.795 2.802
9B 1.368 3.478 4.21

B(OH), (H,0), 9 1.473 3.488 2.810 2.841
10 1.473 3.482 4.595 2.812 2.839

On the other hand, if the B-O(1) distance is ~4.2 A, the structure
cannot reach a minimum energy configuration. Therefore, hydro-
gen bonding between axial water and interstitial hydration waters
is a reason for such short axial hydration distance for trans-
B(OH);. The other reason may be there is a local energy minimum
structure, but we cannot find such a structure.

As shown in Fig. 8 and Fig. S6 (ESIt), the hydrated structure
of cis-B(OH); is similar to that of trans-B(OH);. Five water
molecules directly interact with cis-B(OH);. The hydration
number of cis-B(OH); is one less than trans-B(OH); because
the two hydrogen atoms in cis-B(OH); simultaneously provide
protons to water molecules. The similarity of the two isomers is
that they have all three kinds of hydration modes in their first
layers (direct hydration, interstitial hydration, and axial hydra-
tion). When the hydration number is in the range 6 < n < 8,

12216 | Phys. Chem. Chem. Phys., 2023, 25,12207-12219

the interstitial hydration layer appears. A ninth water molecule
is found to hydrate the axial position of the trans-B(OH)z
molecule according to the energy difference of ngy and nop
(Table S5, ESIT). The B(OH); molecule is a planar structure, so it
has an axial position both below and above the plane. The
interstitial hydration occludes the axial position from one side,
breaking the molecular symmetry. Therefore, only one of these
sites is occupied. Table 4 shows that the distances rg o, and
TB-0, iy AT€ TOUghly constant at ~3.5 A and ~4.2 A, respec-
tively. rs o, 18 within the distance range of the direct
hydration layer of the SDF diagram (2.6-4.5 A), whilst TBO, e
is close to the range of the interstitial hydration layer of the SDF
diagram (4.6-4.2 A).

The rg o, distance for various borate ions in solution
is ~3.6 A7 a5 measured using X-ray diffraction.

This journal is © the Owner Societies 2023
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Fig. 8 Hydration structure diagram and RDG diagram of cis-B(OH)s. The value of sign(4,) x p in surface is represented by the filling colour according to
the colour bar below the figures. sign is the symbol (+) of the eigenvalue; 4, is the second eigenvalue of three eigenvalues. sign(4,) is the sign of the
second largest eigenvalue of the electron density Hessian matrix at position r. p(r) is the electron density at position r, which reflects the interaction

intensity.

This shows that only direct interaction information can be
obtained using X-ray diffraction, whereas more hydration
information can be extracted using NDIS. The NDIS and DFT
results show that the energetic hydration preference of water
molecules around boric acid is: direct hydration > interstitial
hydration > axial hydration. As shown in Table 4, the DFT
calculations show that the Og: - ‘Oyacer distance between boric
acid and water molecules is shorter than the Oyater - -Owater
distance between water molecules of the hydration layer. This

indicates that the hydrogen bonding between boric acid and
water is stronger than that between water molecules in the
hydration layer. This iswhy rg o . 1s less affected by solution
concentration. Neutron diffraction experiments (Table 3) show
that the peak for Oyater—Owater distances between free water
molecules is at 2.71 A, which is shorter than Og-: - -Oyater- This
shows that the hydrogen bonding between free water molecules
is the strongest, then the hydrogen bonding between boric acid

molecules and water is second strongest, whilst the hydrogen

nio

J L J

Strong attraction:
hydrogen bond, strong
halogen bond, etc

Van der Waals
Interaction

I I

Strong mutual exclusion:

steric hindrance effect in
ring and cage

Fig. 9 Hydration structure diagram and RDG diagram of boric acid molecules and metaborate ions. The value of sign(4,) x p in surface is represented by
the filling colour according to the colour bar below the figures. sign is the symbol (+) of the eigenvalue; 1, is the second eigenvalue of three eigenvalues.
sign(4,) is the sign of the second largest eigenvalue of the electron density Hessian matrix at position r. p(r) is the electron density at position r, which
reflects the interaction intensity.
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bonding between water molecules in the hydration layer is
relatively the weakest.

The reduced density gradient (RDG)* diagram in Fig. 7
shows the distribution and size of various weak interactions
in hydrated clusters. The definition of RDG is shown in the
ESI.T Since there is no axial hydration in 7 and ny, the effect of
steric hindrance is small, while the situation in n;,s is the
opposite. The interaction between the boron atom and the axial
water molecules are van der Waals interactions, which are
weaker than hydrogen bonds. The hydrogen bond between
boric acid and water molecules is the strongest in 1494 and
Nga, both appearing (dark blue circles) in the RDG diagrams,
while the hydrogen bonds between interstitial hydrated water
molecules are weaker (light blue circles).

Hydration structure of B(OH), . As shown in Fig. 9, each
—-OH of B(OH),,~ forms hydrogen bonds with 3 water molecules;
therefore, 12 water molecules interact with the first shell of
B(OH), . The direct interaction between water molecules and
metaborate ions reaches saturation when 9 water molecules
hydrate B(OH), , and the tenth water molecule hydrates at the
interstitial position. The NDIS data show that the hydration
number of B(OH), ranged from 11 to 15 upon changing the
concentration. This shows that water molecules occur in inter-
stitial positions, as well as interacting directly with B(OH), .
The DFT calculations show that 5. . for B(OH),  ions is
about 3.5 A, which is close to our neutron diffraction result of
3.56 A (Table 3) and previous X-ray diffraction results.****>47
The distance rg o, . for metaborate ions, 4.6 A, is also
within the distance range of the interstitial hydration layer of
the SDF diagram (3.7-4.8 A). As seen in the RDG diagram, more
steric hindrance exists between the water and B(OH),, which
weakens the hydration bonds that mainly exist as weak hydro-
gen bonds or van der Waals interactions. Table 4 shows that the
Op—Oyater distance is shorter than the Ogygater—Owater distance,
which indicates that the hydrogen bonding between B(OH), /
B(OH); and water is slightly stronger than the hydrogen bond-
ing between hydration water molecules in the hydration sphere.
There is a delicate balance between various types of water
molecules in solution. When this balance is affected by chan-
ging the concentration, B(OH),  and boric acid molecules will
polymerize to polyborate ions.**

Conclusions

In this work, neutron diffraction experiments were combined
with quantum calculations to study interactions between boric
acid molecules, metaborate ions, water molecules, and cations
in borate solutions. The boric acid molecule has three hydra-
tion modes: direct hydration, interstitial hydration, and axial
hydration. The distance r5 o . was in the range 2.6-3.9 A for
direct hydration, and the main hydration peak was at ~3.6 A,
while it is in the range 4.0-4.8 A for interstitial hydration with
the main peak at ~4.4 A. The distance between boron and the
axial hydration water molecules is 2.73 A for trans-B(OH); and
4.4 A for cis-B(OH),. Hydrogen bonding between axial water and
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interstitial hydration waters is a reason for such a short axial
hydration distance for ¢rans-B(OH);. The energetic hydration
preference of water molecules around boric acid is: direct
hydration > interstitial hydration > axial hydration. DFT-
based calculations indicated that the hydrogen bonds between
boric acid and water molecules were stronger than those
between interstitial hydration water molecules. Axial hydration
water and B atoms mainly underwent van der Waals interac-
tions. The hydrated B(OH),  has spherical symmetry, and 9
water molecules directly interacted with -OH of B(OH), , in
which each -OH group form a four-coordinate hydration struc-
ture that is similar to water molecules. A tenth water molecule
is located at the interstitial position. The hydrogen bond
between B(OH),  and water is stronger than the hydrogen
bond between water molecules in the hydration layer.
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