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Abstract:

Hexagonal boron nitride is a promising material for a variety of electronic, optical, and material
science applications. Both the synthesis of the material through exfoliation, and its various
applications almost inevitably require its solvation. Deep eutectic solvents (DES) are extremely
useful solvents for these types of applications due to their non-volatility, inflammability,
biocompatibility, and reasonable cost. There are many different deep eutectic solvents available,
and their suitability for any given application is particularly dependent on the specific of their
structure. DES have been examined computationally for use with boron nitride, but these
calculations use idealized, perfect boron nitride sheets instead of the more realistic, defect-
containing systems. In this report, we investigated four DESs with two experimentally observed
defective boron nitride, one with a single boron vacancy, the other with a single nitrogen vacancy.
All DESs bound with higher affinity to the defective boron nitride than to the pristine surface.
Charge transfer was minimal in all cases although the surfaces tended to donate electron density
to the solvents. The interactions between the solvents and the surfaces are primarily non-covalent
although in several cases natural bond order analysis indicates a partial covalent interaction that
helps explain the higher-than-expected affinity for particular DES. The DESs have little effect on
the predicted optical behaviour of the pristine boron nitride but do significantly change the
adsorption spectrum of the defective boron nitride nanoflakes; the effect on bulk material might
be limited. Together these results suggest that the choice of DES can either be made to limit any
effect on the properties of the material (urea-choline chloride) or to affect the optical and electronic

nature of the material (benzoic acid-choline chloride).

Keywords: Hexagonal boron-nitride, Structural defects, Deep eutectic solvents, Noncovalent
interaction, DFT
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1. Introduction

Non-traditional solvents, such as ionic liquids and deep eutectic solvents are being
increasingly used as the fluid component of new devices assembled at the nanoscale, including
electronics, and hydrogen storage. This is because they have outstanding operating temperature
range and are non-volatile.! Deep eutectic solvents, mixtures of materials that are not, in
themselves, liquids, but when mixed together in precise ratios become admittedly viscous liquids
at near room temperatures, are particularly promising due to their safety profile.2 The archetype is
the 2:1 mixture of urea (melting point of 133 °C) and choline chloride (m.p. of 302 °C), forms a
new mixture with a melting point of 12 °C. This remarkable drop in crystallinity results from the
remarkably strong, normally hydrogen bond, interactions between the chloride anion of one
partner and the hydrogen bond donor of the other; this prevents phase separation of the
components, inhibiting the crystallization of either one separately. Furthermore, as these are
normally highly flexible in the orientation of the interaction, no repeating crystalline structure
generally arises, helping to further lower the melting point.

A particular application of DES is for providing the medium for the synthesis of functional
materials like graphene nanosheets.® To help determine ideal conditions, DES have been studied
using a variety of different computational methods, either alone to understand the liquid phase,* or
in the presence of idealized defect-free nanosheet surfaces.® In the latter example, the perfection
of the surface limits entropic considerations and the second solvation layer of Reline (the trade
name of this 2:1 mixture of urea and choline chloride) can adopt the conformation of bulk solvent.
This is clearly a wonderful combination of material and solvent. The limitation of this approach is
that it considers the 2-D nanosheet to be perfect; however, defects are nearly universal. We recently
discussed how defects in graphene sheets disrupt deep eutectic solvent interactions with the
surface.® In general, we found that the presence of defects increases the adsorption energy of the
DES; simply put, the imperfections provide asymmetrical “anchor points” that disrupt the
regularity of the electron density surface of the material. Exploiting this allows the DES to form
stronger interactions than with the surface than it can with the pristine version of the material.
These defects also affect the preferred binding mode, and even orientation in some cases, of the
DES-nanosheet interaction.

Along with graphene, boron nitride has emerged as an extremely promising nanomaterial.”

It shows far better potential, natively, for hydrogen storage than pure carbon-based materials;



native boron nitride nanotubes can store 2.6 wt % hydrogen at room temperature,® far higher than
the 0.1-0.5% observed for native carbon nanotubes.® This can be increased far further through
doping the material with metals.” Our recent work in computationally examining doped boron-
nitride as a hydrogen-storage material looked at the different topologies available in boron nitride
nanotubes and their potential for changing hydrogen capacity as a function of aluminum doping.°
However we did not consider the defects, nor has any other computational study into boron nitride
doping for hydrogen storage. However, before examining that challenge, we wanted to investigate
the interaction of DES with the defects that occur in boron nitride during preparation. In this study,
we examine the effects of two defects introduced into hexagonal boron nitride nanoflakes (h-
BNNF): a single boron vacancy (Bvac-h-BNNF) and a single nitrogen vacancy (Nvac-h-BNNF).
We recognize that these are not necessarily the only point-imperfections in the sheets: Stone-Wales
defects (as observed in graphene) should be possible, although they have not yet been
experimentally observed, as should unusual insertion or sheet-interstitial binding depending on the
synthetic strategy.’® Unlike these, at this time, theoretical defects, point vacancy defects have been
clearly observed—the single boron vacancy Bvac-h-BNNF is relatively appears 110,000 times per
square micrometer, while Nvac-h-BNNF defects are far rarer 4,700 times over the same area.!!
These defects have been predicted to have significant effects on the electronics of the system.*?
Other common defects are also certainly possible and have been observed, including substitutions
within the 2-D structure itself (as distinct from chemoabsorbed dopant metals added after
synthesis) due to impurities during synthesis,*® and larger geometric vacancies where entire groups
of atoms are missing from the sheet, although curiously the geometry of the missing component is
highly temperature dependent.}* Although important, these two types of defects are far more
variable and the possible models to be examined rapidly exceeds the number viable for any
preliminary study. Consequently, we have restricted our examination to the two single point
vacancies Bvac-h-BNNF and Nvac-h-BNNF and the comparison of their interactions with DES to
idealized h-BNNF.

This study, like our previous graphene analysis, is restricted to four common but
functionally diverse DES (Figure 1). All use choline chloride (ChCI) as the hydrogen bond
acceptor (HBA); choline chloride’s safety, cost, functionality, and availability make it difficult for
any other salt to compete and it is by far the most common HBA used in DES. We examine four

different hydrogen bond donors to generate the molecular complexity: urea (U), glycerol (Gly),



ethylene glycol (EG), and benzoic acid (BA). Each offers a unique challenge: urea is the standard
system with the four potentially strong H-bonds generatable from the nitrogenous protons. The
comparably acidic benzoic acid makes for a very strong hydrogen bond donor, and the aromatic
nature of the phenyl ring can favour n-interactions with the sheet. Ethylene glycol and glycerol
differ by the number of hydrogen bond donors per molecule. Together these four materials allow
us to sample the chemical space.

In this study, we examine these systems using the M06-2X functional and cc-pVDZ basis
set have already been used in the literature to investigate the interaction of graphene,® defective
graphene,*® nitrogen-doped graphene,*” hexagonal boron nitride,'® and defective hexagonal boron
nitride *° surfaces with ionic liquids, and graphene and defective graphene surfaces with deep
eutectic solvents.® This level of theory has been useful for compensating for the longer range non-
covalent interactions present in these systems; the lack of heavier atoms in the systems does

certainly simplify the calculations, allowing us to use the smaller basis set.?°
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Figure 1. The most stable geometries of the h-BNNF, Bvac-h-BNNF and Nvac-h-BNNF surfaces
(both top down and along the plane); HBA (Choline chloride (ChCI)); HBDs (Benzoic acid (BA),
Glycerol (Gly), Ethylene glycol (EG), and Urea (U)); and DESs ([ChCI][BA], [ChCI][Gly],
[ChCI][EG], [ChCI][U]).

2. Computational details
Density functional theory (DFT) calculations were carried out using the MO06-2X
functional,?! with D3 dispersion corrections according Grimme’s scheme?? employing Dunning's

correlation consistent polarized valence double zeta basis set (cc-pVDZ).
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The full geometry optimization, optical properties, and electronic properties on the
adsorption process of deep eutectic solvents (DESs) on the hexagonal boron-nitride nanoflake
(B27N27H1s (h-BNNF)) and h-BNNF containing boron and nitrogen vacancies (B2sN27H1g (Bvac-
h-BNNF) and B27N2sH1s (Nvac-h-BNNF), respectively) were studied using the Gaussian 09 D.01
suite of programs.? To characterize the stationary points and calculation of zero-point vibrational
energy (ZPVE) as well as thermochemical quantities, vibrational frequencies were calculated at
the M06-2X/cc-pVDZ level of theory. Vibrational frequency analysis indicated that all the DESs,
DESNsurface complexes, and their individual constituent components correspond to energetic
minima and not imaginary frequencies. The h-BNNF model was used as the pristine structure for
generating the Bvac-h-BNNF and Nvac-h-BNNF models. The Bvac-h-BNNF and Nvac-h-BNNF
models were built by removing boron (B) and nitrogen (N) atoms from the pristine h-BNNF
model, respectively. These models were previously used in literature to investigate the interaction
of defective boron nitride with ionic liquids.t8*°

The adsorption energy (Eadas) values of the [ChCI][U], [ChCI][Gly], [ChCI][EG], and
[ChCI][BA] deep eutectic solvents on the h-BNNF, Bvac-h-BNNF, and Nvac-h-BNNF surfaces
were calculated using the following equation:

Eads = EESnsurface) — [E(DES) + Esurface)] + BSSE (1)

where EmDesnsurface), E(DES) @Nd Esurface) stand for the total energy of the DESNsurface complexes,
DESs, and the surfaces (h-BNNF, Bvac-h-BNNF or Nvac-h-BNNF), respectively. The BSSE term
stands for the basis set superposition error (BSSE), which was taken into account using the Boys-
Bernardi counterpoise method.?* In addition to adsorption energy, enthalpy of adsorption (AHads)
and free energy of adsorption (AGads) for adsorption of DESs on the surfaces were calculated at
298.15 K according to the following equations:

AHads = Hpesnsurface) — [H(DES) + H(surface)] (2

AGads = GDESNsurface) — [G(DES) + G(surface)] 3)
In these equations, H/GEesnsurface), H/G(pES), and H/Gsurface) are the enthalpy/free energy of the
DESNsurface complexes, DESs, and the surfaces, respectively.

The charge transfer values between the DESs and the surfaces were calculated using the

ChelpG charge analysis.?® The electrostatic potential (ESP) maps were calculated at the M06-

2X/cc-pVDZ level of theory. Topological properties of electron charge density including electron



density, p(r), Laplacian of electron density, Vp(r), kinetic energy density, G(r), potential energy
density, V(r), and total energy density, H(r) (H(r) = G(r) + \V/(r)),?® were also calculated at the same
level of theory using the AIM2000 program package.?” The Multiwfn 3.7 program was used to
analyze the noncovalent interactions (NCIs) responsible for adsorption of DESs on the surfaces.?
Then, the reduced density gradient (RDG) isosurface versus the sign(A2)p was plotted for the
DESNsurface complexes using the VMD 1.9.3 program.?® Global molecular descriptors such as
HOMO-LUMO energy gap (Eg = ELumo - EHomo) and chemical hardness (n = (ELumo — Enomo)/2)
of the surfaces and DESNsurface complexes were obtained from the energies of the highest
occupied molecule orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).*°
Time dependent DFT (TDDFT) calculations at the M06-2X/cc-pVDZ level of theory have
been used to simulate UV/Vis absorption spectra of the surfaces and DESNsurface complexes. In
the TDDFT calculations, ten excited states were considered for each surface and DESNsurface
complex. In order to realize the nature of electron excitation in the surfaces and DESNsurface
complexes, the excited-state properties and the fragment transition density matrix (FTDM) maps

were calculated at the same level of theory.

3. Results and discussion
3.1. Electrostatic potential (ESP) maps and the most stable geometry of ChCI, DESs and
DESNsurface complexes

The electrostatic potential (ESP) map is a local physical property related to electron density
at various points in three-dimensional space allowing us to visualize local negative and positive
electrostatic potential in a system and to understand the intermolecular interactions between polar
species. It is a very useful descriptor in identifying the most reactive sites in molecules and in
suggesting electrophilic and nucleophilic loci for chemical reactions.®! In the ESP maps, the
negative electrostatic potentials (electron-rich regions) and positive electrostatic potentials
(electron-deficient regions) are shown in red and blue respectively. Regions with zero electrostatic
potential are shown in green. The most stable geometries of the DESs formed by mixing HBA
ChCI with the four separate HBDs (Benzoic acid (BA), Glycerol (Gly), Ethylene glycol (EG),
and Urea (U)) were calculated at the M06-2X/cc-pVDZ level of theory. The ESP maps of [Ch]*
cation, [CI]  anion, ChCl and the HBDs and provided as Figure S1.



As seen from the ESP of the [Ch]* cation, all regions around the [Ch]* cation have the
expected positive electrostatic potential (blue). The ESP of [Ch]* cation shows that the positive
charge density is localized at the N atom, O-H bond and C-H bonds of the cation. A uniform
distribution of negative charge is seen over the [CI] anion. This standard electrostatic ion-pair
attraction holds the salt together. Then, multiple starting configurations with various relative
positionings of the ion pair were optimized at the M06-2X/cc-pVDZ level of theory and sorted
according to their energy from the lowest energy to the highest energy. The geometry with the
lowest energy was identified as the most stable geometry of ChCl and shown in Figure 1, this is
consistent with the same geometry previously found by us.® In this optimized geometry, the [Ch]*
cation interacts with [CI]" anion through O-H-[C1] (2.106 A) and C-H--[CI] (2.387 A) hydrogen
bond (H-bond) interactions.

With this substructure obtained, the most stable geometry of the complete DESs for
adsorption was calculated. The ESP maps of ChCl with the HBDs were calculated at the same
level of theory (Figure S1). The chloride anion and the O atom in ChCl along with the O atoms in
the HBDs have a negative electrostatic potential, while the N atom and the C-H bonds in the [Ch]*
cation as well as the C-H, N-H, and O-H bonds in the HBDs have a positive electrostatic potential
(blue). Again, the complexes were optimized from various starting conformations at the MO06-
2X/cc-pVDZ level of theory to identify the geometries with the lowest energy value for each of
[ChCI][BA], [ChCI][Gly], [ChCI][EG], and [ChCI][U] (Figure 1).

As seen from Figure 1, the geometry of ChCIl remains generally unchanged upon
interaction with the HBD molecules and new favorable H-bond interactions are formed between
the [CI] anion in the ChCl and the O-H and N-H bonds in the HBD components. This is consistent
with the results observed in the literature.®?

In order to identify all relevant interacting modes of the DESs with the h-BNNF, Bvac-h-
BNNF and Nvac-h-BNNF surfaces, many different starting configurations were considered based
on the ESP maps of the DESs and the surfaces. As seen from Figure S1, the ESPs of the surfaces
are different at the Boron (B)-vacancy and Nitrogen (N)-vacancy sites created in the Bvac-h-BNNF
and Nvac-h-BNNF surfaces, respectively; a more negative electrostatic potential is seen at the B-
vacancy site than N-vacancy site. This renders Bvac-h-BNNF more attractive than the Nvac-h-
BNNF surface for the positive electrostatic potential components of the DES. The starting

configurations were built by putting the DES at an average vertical distance of 2.7 A from the



center of the h-BNNF surface and likewise the same distance directly above the B-vacancy and
N-vacancy sites in the Bvac-h-BNNF and Nvac-h-BNNF surfaces, respectively. Then, the starting
configurations for interaction of each of the DESs with the surfaces were optimized at the MO6-
2X/cc-pVDZ level and sorted according to their energy from the lowest energy to the highest
energy, notably many of the starting configurations all converged towards the same lowest energy
conformation. Finally, the DESNsurface optimized configurations with the lowest energy were
identified as the most stable geometry for interaction of each DES with the surfaces (Figure 2,
Figure S2).

3.1. Adsorption of DESs on the h-BNNF, Bvac-h-BNNF, and Nvac-h-BNNF surfaces

The pristine boron nitride surface is, of course, symmetric. Interactions between the DES
and the surface is mediated by induced dipoles on the surface, but these are, of course, of limited
magnitude. It is consequently unsurprising that the pattern-breaking induced by the defective
surfaces increases interactions. In all cases, the adsorption strength follows the pattern: DESNBvac-
h-BNNF>> DESNNvac-h-BNNF> DESNh-BNNF. The defects increase binding by 29.1 to 33.3
kcal/mol for the boron vacancy with the exception of benzoic acid which sees a far more modest
improvement of only 12.8 kcal/mol; and 0.3 to 1.8 kcal/mol for the nitrogen vacancy with the
exception of the ethylene glycol DES that improves affinity to 10.8 kcal/mol (Table 1).

Table 1. The calculated adsorption energy (Eadgs in
kcal/mol), enthalpy of adsorption (AHags in kcal/mol), free
energy of adsorption (AGags in kcal/mol) and charge
transfer (Qcr in e) of the DESNsurface complexes.

Structure Eads  AHags AGags  *Qcr
[ChCI][U]nh-BNNF 153 -152 -1.0 0.053
[ChCI][Gly]nh-BNNF ~ -17.1 -19.0 -5.8 0.026
[ChCI][EG]Nh-BNNF 141 -17.1 -2.6 0.0042
[ChCI][BA]nh-BNNF ~ -19.9 -23.2 -83 -0.034

[ChCIJ[U]NB.ac-h-BNNF ~ -48.6 -52.0 -36.2 -0.068
[ChCI][Gly]NBuacch-BNNF  -46.2 -46.8 -31.4 0.063
[ChCIJ[EG]NBuac-h-BNNF  -44.0 -45.7 -30.5 0.085
[ChCI][BA]NBucch-BNNF  -32.7 -36.7 -25.1 -0.029
[ChCIJ[U]NNwac-h-BNNF ~ -17.1  -19.8 -7.8  0.077
[ChCI][Gly]NNvac-h-BNNF  -17.4  -19.5 -6.2  0.032
[ChCIJ[EG]NNyac-h-BNNF  -24.8 -28.7 -13.0 -0.24
[ChCII[BA]NNwc-h-BNNF ~ -21.5 -24.7 -10.4 0.027
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8Qcr is obtained by calculation of the ChelpG charge on
the surfaces in the DESNsurface complexes.

[ChCI][U]nh-BNNF -15.3 kcal/mol [ChCI][U]NB,,.-h-BNNF -48.6 kcal/mol  [ChCI][U]NN,,.-h-BNNF -17.1 kcal/mol

,
r~<
T T ST

crany

[ChCI][Gly]nh-BNNF -17.1 kcal/mol [Chl][Gly]NB,,.-h-BNNF -46.2 kcal/mol  [ChCI][Gly]nN,,.-h-BNNF -17.4 kcal/mol

[ChCIJ[EG]Nh-BNNF -14.1 kcal/mol  [ChCI][EG]NB,,.-h-BNNF -44.0 kcal/mol  [ChCI][EG]NN,,.-h-BNNF -24.8 kcal/mol

B et

[ChCI][BA]nh-BNNF -19.9 kcal/mol  [ChCI][BA]NB,,.-h-BNNF -32.7 kcal/mol  [ChCI][BA]NN,,.-h-BNNF -21.5 kcal/mol

Figure 2. Optimized structures of the DES interacting with the boron nitride surfaces with both a
top-down and side-on view. Non-bonding interaction analyses are provided as Figure S2. The
numerical values represent the energy of adsorption.

11



All energies of absorption are strongly negative indicating all interactions are favourable. The
structures provide some insight into why the exceptions occur. In the case of the weakly binding
[ChCI][BA]NBvac-h-BNNF, the surface barely distorts towards the DES. In all other cases, the
nanoflake seeks to bend towards the solvent increasing the binding surface. This isn’t the case
here, and it decreases the interaction surface, so of course this also decreases the energy of
adsorption. The other outlier is the [ChCI][EG]NNvac-h-BNNF. This is the only case of all
examined where the DES adopts a perpendicular form: one of the hydroxyls of ethylene glycol
points directly towards the hole of the vacancy, and interaction missing from all of the other DES.
This could explain the improved affinity. The enthalpy of adsorption (AHags) and free energy of
adsorption (AGads) Values for the formation of DESNsurface complexes were also calculated at the
MO06-2X/cc-pVDZ level of theory. The negative sign of AHadgs and AGags Values suggests that the
formation of DESNsurface complexes is an exothermic-spontaneous reaction, and these values
follow the same order observed for AEags values, DESNBvac-h-BNNF>> DESNNvac-h-BNNF>
DESNh-BNNF.

To determine the nature of the interaction, we calculated the charge transfer using ChelpG
analysis, expressing it as the Qcr, or the value of the charge transfer from the DES to the surfaces
as the values are mostly positive suggesting that the surfaces are primarily donating electron
density to the solvent rather than vice versa (Table 1).2°> However, the values are low suggesting
minimal transfer is occurring. These low values are in line with the limited transfer we observed
in our previous study on graphene defects.® Binding does however significantly affect the
electronics of the surface as can be seen in changes in the HOMO-LUMO gap (Table 2). For the
defect free system, the gap falls between 16% and 4%. This follows as the energy of the HOMO
falls slightly, and by about the same amount, regardless of the DES. However the energy of the
LUMO drops significantly, especially in the case of benzoic acid DES. This leads inevitably and
directly to a similar decrease in chemical hardness. For Bvac-h-BNNF the energy gap increases in
all cases, again with benzoic acid DES system adopting the lowest LUMO energy (except it is still
higher than the nanoflake without the DES). Similarly, chemical hardness rises. Again for Nvac-h-
BNNF, the gap falls, but moderately this time, as does, of course chemical hardness. Once again,

benzoic acid sees the most significant drop in the LUMO energy.
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Table 2. The energy of HOMO (Enomo) and LUMO
(ELumo) orbitals (in eV), HOMO-LUMO energy gap (Eg in
eV) and chemical hardness (n = (ELumo — EHomo)/2 in eV)
of the surfaces and DESNsurface complexes.

Structure Evomo  Ewmo Eg n
h-BNNF -8.10 0.88 8.98 4.49
[ChCI][U]Nnh-BNNF -7.53 0.67 8.20 4.10
[ChCI][Gly]nh-BNNF ~ -7.53 078 831 4.16
[ChCI][EG]nh-BNNF -7.76 0.87 8.63 4.32
[ChCI][BA]nh-BNNF ~ -7.65 -0.16 7.49  3.75
Bvac-h-BNNF -8.15 -2.05 6.10 3.05

[ChCI][U]NBwac-h-BNNF ~ -7.44  0.70 8.14  4.07
[ChCI][Gly]NBucch-BNNF ~ -7.43 028 7.71  3.86
[ChCI][EG]NBwch-BNNF ~ -7.29  0.70  7.99  4.00
[ChCI][BA]NB..c-h-BNNF ~ -7.58  -0.75 6.83  3.42

Nyac-h-BNNF 531 059 590 2.95

[ChCI][U]NNvac-h-BNNF ~ -5.37 035 572  2.86
[ChCI][Gly]NNvac-h-BNNF ~ -5.25  0.58 5.83  2.92
[ChCI][EG]NNvac-h-BNNF ~ -4.46 078 524  2.62
[ChCI[BA]NNyacch-BNNF 531 -0.18 532  2.57

To identify the most important intermolecular interactions, the bond critical points (BCPs) formed
between the components of the DESs and the surface were calculated; these results and the QTAIM
analysis (in a.u.) at the BCPs are provided as Figure S3 and Table S1, respectively. The magnitude
of the electron density p(r) values at the BCPs formed between the DESs and the surfaces can be
applied to evaluate the strength of the intramolecular interactions in the DESNsurface complexes.
The greater the p(r) values, the stronger is the intramolecular interactions in the DESNsurface
complexes. Our results show that the p(r) values at the BCPs of these interactions change from
0.0023 a.u. to 0.1130 a.u. As seen from Table S1, the highest p(r) values are seen for the
interactions of [CI] anion, hydroxyl groups in the [Ch]* cation, EG, Gly, and the oxygen atom
and N-H bonds in the U with the B and N atoms in the surfaces. On the other hand, the interaction
of BA with the surfaces mainly occurs through n-n interactions.

The positive values of Laplacian of electron density, V2p(r), and total energy density, H(r), indicate
that the nature of interaction between the surfaces and DESs is primarily noncovalent as expected.
However, in some rare cases, the interaction between the nitrogen and boron atoms in the surfaces

and oxygen atoms in the DESs are partially covalent and partially electrostatic in nature (V2p(r)>
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0 and H(r) < 0). They occur between the oxygen of the choline for [ChCI][U]NNvac-h-BNNF, and
the boron adjacent to the vacancy. In this case, the hydroxyl proton is participating in a hydrogen
bond with the chloride, increasing the local electron density on the oxygen allowing for the
interaction. For [ChCI][U]NBvac-h-BNNF, the interaction is between the urea oxygen and a boron
adjacent to a nitrogen adjacent to the vacancy. The unusual perpendicularity of the hydroxyl group
of [ChCI][EG]NNvac-h-BNNF was noted for providing a stronger than expected interaction. The
partial covalent nature of the bond (our QTAIM visualization actually indicates it as a covalent
interaction) would certainly help explain the exceptional affinity of this DES. The interaction is
with a boron adjacent to the vacancy, and the boron is clearly pulled out of the plane of the
nanoflake towards the oxygen (Figure S3, and Figure 1); the induced distortion penalty appears to
be easily paid by the benefit of the exceptionally strong interaction. The final semi-covalent
interaction is observed for [ChCI][Gly]NNvac-h-BNNF where one of the terminal alcohols of the
glycerol donates its hydrogen to the chloride, liberating the required electron density to generate a
strong interaction with a nitrogen, distal from the vacancy. Furthermore, our results show that the
interactions mentioned above, which are partially covalent and partially electrostatic in the nature
have a higher p(r) value and thus are stronger than other interactions in the DESNsurface
complexes.

In order to evaluate the type and strength of the interactions responsible for adsorption of DESs on
the surfaces, the noncovalent interactions (NClIs) of the DESNsurface complexes were determined
by plotting the reduced density gradient (RDG) isosurfaces and the RDG isosurfaces versus the
sign(A2)p values (Figure S2). In the NCI plots, the sign(A2)Xp(r) values are negative for the strong
attractive interactions such as electrostatic interactions, while they are positive for the steric
repulsions. These values are near zero for the van der Waals (vdW) interactions. In addition, the
strong attractive interactions such as electrostatic interactions are shown by blue color. The weak
interactions such as vdW interactions and strong repulsion interactions such as steric repulsions
are specified by green and red colors, respectively. As seen from Figure S2, the negative
sign(A2)xp(r) values in the NCI plots, which show the blue colors are associated with the
interaction of hydroxyl group in the [Ch]* cation with the [CI] anion. Hence, these interactions
are strong and electrostatic in nature. On the other hand, the green color observed in the NCI plots
is associated with the interactions between the DESs and the surfaces, indicates that the adsorption
of DESs on the surfaces occurs through weak interactions with the nature of vdW.
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3.4. UV-Vis absorption spectra

The final component of our analysis involved applying time dependent DFT (TDDFT) calculations
to investigate the effect of DES adsorption on the UV-Vis absorption spectra of the h-BNNF, Bvac-
h-BNNF, and Nvac-h-BNNF surfaces. These are not only potentially optically active materials, but
the changes in the optical behaviour reflect underlying shifts in electronics. The absorption spectra
of the surfaces and their complexes with the DESs were calculated at the TD-MO06-2X/cc-pVDZ
level of theory (Figure 3) and characterized by analyzing the optical properties, including main
transition configurations, excitation states (n), excitation coefficients, excitation wavelengths (1),
excitation energies (E), and oscillator strengths (f) (Table S2).

The UV-Vis absorption spectrum of the h-BNNF surface shows one strong absorption peak
at A = 186 nm, which corresponds to the HOMO—LUMO electronic transition. This observation
is in agreement with the results reported by Vovusha et al.>® They also computationally predicted
that h-BNNF (B27N27H1s) surface has a strong absorption peak at A = 192 nm and a weak shoulder
at A = 184 nm. Furthermore, they also revealed that the absorption peaks are related tothe 1 —
electronic transitions (from & orbital of N atom to n~ orbital of B atom). This result is consistent
with the calculated absorption energy value of 200 nm found for different sized h-BNNF surface.3*
This is also consistent with experimental data that suggests a maximum at approximately 205 nm
for extended macro sheets of BN. The longer wavelength would be expected based on the greater
conjugation present in larger systems.®® Other syntheses have prepared material with broad
adsorption between 190 and 205.%¢

The creation of B-vacancy and N-vacancy in the h-BNNF surface leads to a red-shift of
the A = 186 nm in the h-BNNF surface to A = 304 nm (HOMO-1(B)—LUMO(B)) and A =296 nm
(HOMO(0)—»LUMO+7(a)) in the Bvac-h-BNNF and Nvac-h-BNNF surfaces, respectively. Of
course, this effect would be averaged out in larger sheets, but in the immediate vicinity of the
vacancy, this is likely a reasonable estimation of the drastic effects. In addition, a new peak in the
absorption spectrum of Nvac-h-BNNF surface appears at A = 421 nm, which corresponds to
HOMO(0)—»LUMO(a) electronic transition. The presence of B-vacancy in the h-BN surfaces has

also been experimentally shown by an absorption peak at 295 nm (4.20 eV).%®
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Figure 3. The UV-Vis absorption spectra of h-BNNF, Bvac-h-BNNF, Nvac-h-BNNF surfaces and
their complexes with DESs computed at the TD-MO06-2X/cc-pVDZ level of theory.

The TDDFT calculations were also carried out on the DESNsurface complexes to
investigate the effect of DES adsorption on the optical properties and absorption spectrum of the
surfaces. As seen in Table S2, the absorption spectra of [ChCI][U]Nh-BNNF, [ChCI][Gly]Nh-
BNNF, and [ChCII[EG]Nh-BNNF are identical to those of h-BNNF, they completely
superimpose on the curve of the base nanoflake in Figure 3. Thus, despite the changes noted for
this system upon DES binding has no effect on the optical properties of the h-BNNF surface.
However, a red-shift from L = 186 nm (HOMO—LUMO) to A =214 nm (HOMO-8—LUMO) is
observed with adsorption of [ChCI][BA] on the h-BNNF surface. This DES does adsorb stronger
than any of the others, but binding is still weak; the effect may be more due to the negative charge

transfer observed for this system due to 7 interactions with the surface.
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Upon adsorption of [ChCI][U], [ChCI][Gly] and [ChCI][EG] onto the Bvac-h-BNNF
surface, the main absorption peak of this surface at A = 304 nm (HOMO-1(B)—LUMO(p)) is blue-
shifted and new weak absorption peaks appear. In opposition, [ChCI][BA] binding to the Bvac-h-
BNNF surface leads to a red-shift of the absorption peak from A = 304 nm (HOMO-
1(B)—LUMO(B)) to A = 326 nm (HOMO-2(p)—LUMO(p)) but retains the monophasic shape
without the appearance of meaningful additional peaks.

Our results revealed that the first absorption peak in the absorption spectrum of Nvac-h-
BNNF at A = 296 nm (HOMO(a)—»LUMO+7(a)) shows a weak red shift upon adsorption of
[ChCI][U], [ChCI][Gly] and [ChCI][EG], whereas it shows a weak blue shift with adsorption of
[ChCI][BA]. The second absorption peak at A = 421 nm (HOMO(a)—LUMO(a)) has a lower
intensity than the first absorption peak and also undergoes the same red and blue-shifts with
adsorption of DESs to the Nvac-h-BNNF surface. The greatest shift in the absorption spectra is
observed for the adsorption of DESs onto the Bvac-h-BNNF surface, with the weakest effects on
DESNh-BNNF. This is completely consistent with all other calculations that suggest DES binding
is strongest to the boron vacant boron nitride.

To determine where the excited electrons involved are moving, the transition density
matrix (TDM) heat maps based on the self-defined fragments are used and interpreted based on a
self-defined fragment index of electron transfer. In this study, the DESNsurface complexes are
divided into three fragments, fragment 1 (h-BNNF, Bvac-h-BNNF or Nvac-h-BNNF), fragment 2
(ChCl), and fragment 3 (HBDs). The fragment TDM heat maps between the ground state and the
main excitation states in the complexes are provided as Figure S4 with representative examples
included here as Figure 4. The electron density transferred between the surfaces and components
of the DESs (ChCl and HBDs) in each excitation state are calculated and summarized in Table
S3. Furthermore, the iso-surfaces of Rich Martin's natural transition orbital (NTO) pairs®’ for the
excitation states in the DESNsurface complexes were calculated and shown in Figure S5.
According to the NTO pair theory, electronic transitions occur from the excited particle (occupied)
orbital to the empty hole (unoccupied) orbital. It should be mentioned that the use of NTO is much
more convenient than employing molecular orbitals for the qualitative description of excitations
because the NTO approach produces many fewer orbitals while still providing reliable estimates

of the nature of the transition.*’
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Figure 4. Select transition density matrix maps of the DESNsurface complexes. In these maps, 1,
2 and 3 terms are the surfaces (h-BNNF, Bvac-h-BNNF and Nvac-h-BNNF), ChCl and the HBDs,
respectively. All other TDMs are provided as Figure S4. The y axis is the originating fragment,
and the x axis is the receiving fragment for the excited electron.

According to the TDM heat maps, the magnitude of the off-diagonal elements (the blue
boxes) in the heat maps of the DESNh-BNNF complexes are not significant with respect to their
diagonal elements (the red); indicating that there is no meaningful inter fragment electron transfer.
Figure 4a is typical of this pattern: all transitions occur within fragment 1. This is to be expected
as we see no meaningful change in the optical behaviour of the materials; significant transfer would
change the optical spectra.

The electrons and holes are mainly localized on the h-BNNF surface (fragment 1) in the
[ChCI[U]Nh-BNNF, [ChCI][Gly]Nh-BNNF, and [ChCIJ[EG]Nh-BNNF complexes. This
means that charge transfer following photon absorption for these complexes occurs mainly within
the h-BNNF surface. However, our results indicate that in these complexes the contribution of
charge transfer for the excitation states between the h-BNNF surface and ChCl is higher than that
between the h-BNNF surface and HBDs of U, Gly and EG (Table S3). This is indicated in the
visual representation by the brighter colour in the (1—2) box than in the 1—3 box. In the case of
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[ChCI][BA]Nh-BNNF complex, the NTO pairs indicate that the excited particle (occupied) orbital
is distributed on both h-BNNF surface (fragment 1) and benzoic acid (BA) (fragment 3), while the
empty hole (unoccupied) orbital is only located at the BA fragment (Figure S4). According to this
result, the TDM heat map of the [ChCI][BA]Nh-BNNF complex reveals that the electronic
excitation from SO to S3 in this complex is related to the m—m" transitions in the benzene aromatic
ring in the BA molecule (Figure 4b). Additionally, in this complex, the contribution of charge
transfer for the excitation state (n = 3) between the h-BNNF surface and BA molecule is higher
than that between the h-BNNF surface and ChCI. This is all consistent with the other findings
above the benzoic acid DES behave differently with the h-BNNF than the other systems, and this
explains how the presence of the aromatic system affects this interaction.

The values of the off-diagonal elements in the TDM heat maps of the [ChCI][U]NBvac-h-
BNNF, [ChCI|[Gly]NBvac-h-BNNF, and [ChCIJ[EG]NBvac-h-BNNF complexes are not
significant with respect to their diagonal elements, therefore inter-fragment electron transfer
should also not be dominant (Figure 4c). The main feature of the TDM heat maps of these
complexes is again related to the local excitation on fragment 1 (Bvac-h-BNNF), which
corresponds to the =—7" transitions. This observation also is confirmed by the NTO pairs shown
in In the case of [ChCI][BA]NBvac-h-BNNF complex, again the outlier of DES, we can
see that the fragment 2 (ChCl) has transferred certain amount of electrons to the fragment 1 (Bvac-
h-BNNF) because the (1—2) element is large (the red color), and the excited particle orbital and
empty hole orbital also simultaneously appear on fragment 1 to some extent (Figure 4d). The NTO
pair for the [ChCI][BA]NBvac-h-BNNF complex shows that the electronic excitation from SO to
S6 (S0—S6) is mainly related to the electronic transition from lone pairs of [CI]- anion to 7"
orbitals of the Bvac-h-BNNF surface and to some extent m—" transitions in the Bvac-hBNNF
surface. This is unanticipated as it is certainly the case that the chloride anion is well positioned to
do so, but it is also more or less equidistant in many of the other complexes already discussed and
where this interaction is not observed. In addition, Table S3 indicates that in the DESNBvac-h-
BNNF complexes the charge transfer for the excitation states between the Bvac-h-BNNF surface
and ChCl is higher than that between the Bvac-h-BNNF surface and HBDs.

In the DESNNvac-h-BNNF complexes, the values of the off-diagonal elements in the TDM
maps are not significant with respect to their diagonal elements (Figure 4e). Therefore, electron

excitation does not cause a significant charge transfer between the various fragments. The TDM
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heat maps in agreement with the NTO pairs reveal that the main feature of electron excitation in
these complexes is local excitation on fragment 1 (Nvac-h-BNNF). Again, the [ChCI][BA]NNvac-
h-BNNF system stands out with some transfer from the benzoic acid to the surface (Figure 4f).

4. Conclusions

This study demonstrates that there are substantial differences between the expected
adsorption of DES onto defective boron nitride compared with pristine nanoflakes. The predicted
binding affinity differences are the biggest changes, and the nature of the defective surface
breaking symmetry provides an anchor for the DES to interact. This implies that nanoflakes with
a greater proportion of defects should be more “wettable” with DES than purer surfaces. The
implications of defects for practical applications remains open as boron nitride science is still in
its early stages due to the difficulty of producing this material on scale. However, the presence of
defects is not necessarily problematic. In all cases except two, the nature of the surface is more
important than the nature of the DES. The two exceptions are benzoic acid DES with the boron
vacancy where it doesn’t force distortion of the surface leading to its weaker interaction; and
ethylene glycol DES with the nitrogen vacancy where the hydroxyl group forms a partially
covalent bond with the surface. However, these effects have minimal impact on the charge transfer
indicating that any of these solvents might be functionally applicable. The presence of the DES
have almost no effect on the optical behaviour of pristine nanoflakes, and although they do shift
the Amax OF the defective surfaces, these effects are unlikely to be truly meaningful for any practical
application with low levels of defects present. Finally, the transitions observed upon photon
adsorption for all systems, with only a couple of exceptions, largely occur within the surface. This
is desirable as any photoelectric activity or application will want to be focused on the material
rather than losing energy to the solvent. In all, this study indicates the DESs are extremely suitable
solvents for solvating boron nitride regardless of the defect status, and have little effect on the

behaviour of the material.
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