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ABSTRACT: A requirement for exploiting most of the unique properties of boron-nitride
(BN) nanosheets is their isolation from the bulk material. A rational design of task-specific
ionic liquids (ILs) through DFT simulations is reported in this work. Applied computational
protocol allowed the screening of large ILs families, which were carried out bearing in mind
the achievement of strong n-m stacking between the anions and BN nanosheets as well as a
negative charge transfer from the anion to the surface. The selected ionic liquids yielded
strong interaction energies with BN nanosheets and high charge transfer values, while the
main features of the ionic liquid are not affected in presence of the nanosheet. DFT
simulations provided a detailed picture of the interaction mechanism and useful structure-

property relationships in the search of new ionic liquid for BN exfoliation.
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1. INTRODUCTION

Since the isolation of graphene in 2004," the field of nanomaterials based on two-dimensional
(2D) nanosheets has developed a massive interest both in industry and academia.”* Graphene
exhibits many unusual properties, such as zero gap semiconductor character, high thermal
conductivity, high surface area, transparent toward visible light and biocompatibility as well,>
33 which justify the growing interest in the study and design of new graphene-based materials
with potential applications in biotechnology, optoelectronic devices, energy generation,
chemical sensors, etc.” > > Due to the unusual chemical and physical properties of graphene,
other 2D nanosheet analogues such as silicene, germanene, metal chalcogenides or transition
metal oxides, have also attracted much attention in the scientific community.> Among these
materials, hexagonal boron nitride (BN) nanosheets, which possess a similar atomic structure
than graphene with equal number of alternating boron and nitrogen atoms in a honeycomb
structure, also show a unique combination of interesting properties: wide gap semiconductor
(insulator), excellent chemical stability, thermal conductivity and mechanical strength.> ® 7 As
a result, boron nitride nanosheets could offer new and complementary application
perspectives to graphene based devices.

A previous key step for the successful development and application of two dimensional
boron nitride nanosheets (and, in general, for any 2D nanosheets) is the isolation of these 2D
nanosheets from the bulk material.” ®* These solids consist of successive atomic layers held
together by van de Waals forces. Mechanical and liquid-phase exfoliation are the most
common methods to separate individual 2D nanosheets by breaking van der Waals

. . 7-9
interactions between layers.

Mechanical exfoliation provides perfectly crystalline
structures, whereas its yield is very low.” '° Liquid-phase exfoliation, which results in the
dispersion of 2D nanosheets stabilized by interactions with the solvent, is an attractive
approach compatible with industrial applications.” > '' Among the few solvents identified for
a direct exfoliation and dispersion of 2D nanosheets, there is an increasing curiosity in the
application of ionic liquids (IL) for dispersion and exfoliation of 2D atomic layers.” '''° Tonic
liquids show suitable properties as solvents for industrial and technological applications, such
as good thermal and chemical stability, non-flammability, and almost null vapor pressure. '°
Moreover, the promising potential of this type of solvent stands on the ability for designing
task-specific solvents through suitable ion combinations.'*"®

Despite de great potential of the liquid-phase exfoliation assisted by ILs of several 2D
layer materials (graphite, metal chalcogenides or transition metal oxides) the literature dealing

with the exfoliation of boron nitride by ionic liquids is still scarce. To our knowledge, only
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Gamath et al."' have assessed the exfoliation of BN nanosheets with ionic liquids through
molecular dynamics (MD) simulations. Concretely, they studied the free energy of exfoliation
of a single BN nanosheet from a bilayered BN assisted by three ILs based on imidazolium,
pyridinium and pyrrolidinium cations paired with bis(trifluoromethylsulfonyl)imide ([Tf;N])
anion. Likewise, these authors also carried a density functional theory (DFT) study on the key
parameters governing ionic liquid — BN nanosheets interactions at the molecular level.'* Both
studies pointed out that n-stacking between the cation and BN surface and X- n (X=N, F or O
atoms in the anion) interactions are the main driving force on the adsorption of ILs onto BN
surface.

The selection of suitable ionic liquids for BN exfoliation would require a large number
of experimental studies, which would be time consuming and cost intensive considering the
large number of possible ILs. Therefore, theoretical screening studies of possible ILs are
needed. Molecular modeling tools could provide useful information in the search of new ionic
liquids in a bottom-up approach, guiding experimental studies. In this sense, several works
have studied the suitability of exfoliation assisted by ionic liquids through molecular
dynamics simulations.'"* '** '* ! These simulations assess the free energy of exfoliation as
function of the distance between nanosheets, while the interaction mechanism is inferred from
molecular configurations. Nonetheless, most of these studies are limited to a few ionic
liquids, mainly classic ionic liquids based on imidazolium cation. DFT based simulations only
allow the study of small models, where only short range interaction are considered, whereas
the study of systems with large number of atoms would require high computational cost.
However, DFT simulations can provide useful information at the molecular level on the key
parameters related with the IL-nanosheet interfacial region, such as interaction energies,
preferred conformations or charge transfer. From a molecular viewpoint, the exfoliation
capability of ILs would be related with the strength of IL — nanosheet interactions, i.e.,
strengthening interaction energy is needed for stabilizing 2D boron nitride nanosheets.

Therefore, a rational design of ILs for liquid-phase exfoliation and dispersion of BN
nanosheets through DFT simulations is reported in this work. Our group has recently studied
the adsorption of choline benzoate ([CH][BE]) ionic liquid on different nanosheets
(graphene, boron nitride, silicene and germanene) through DFT,”® whereby n-stacking
interactions between phenyl motif and BN surface are the key parameters in the adsorption
process. In addition, twisted carboxyl group (respect to phenyl and surface planes) allows an
approach between COO™ group and the surface, with an increasing charge transfer from

carboxylate group to the nanosheet. Concretely, for [CH][BE]-BN system, computed binding
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energy was 39.65 kcal mol” (at PBE-D2/DZP level), where the largest contribution comes
from 7-stacking interactions between benzoate anion and the BN surface. Gamath et al.'!
computed interactions energies roughly 19.74 kcal mol™ (at PBE-D3/TZP level), where the
main contribution is due to cation-BN interactions.'' BN nanosheets can be defined as
electron-deficient nanomaterials due to vacant p-like orbitals,”' hence charge transfer from the
anion to the nanosheets could also enhance anion-BN interaction strength. In this sense,
charged BN layers could improve the exfoliation process due to electrostatic repulsions
between BN sheets.® * ' Hence, the strategy is based on the search of strong interaction
energies through m-stacking as well as a charge transfer from the anion to the surface. lonic
liquids selected in this work are based on anions (see Scheme 1) such as benzoate (1),
salycilate (2), toluene sulfonate (3), isonicotinate (4) or phenyltrifluoroborate (5), all of them
with aromatic motifs and strong electron donor groups as well. Both factors aim increasing 7-
stacking interactions and charge transfer, respectively. 1,2,3-trizolide anion (6) was also
selected since it has shown a pronounced electron donation character.”> Aimed at improving
n-stacking, selected anions were functionalized with phenyl groups.

Although ILs are frequently refereed as green solvents in the literature, these
compounds do not always fulfill the principles of green chemistry. As a matter of fact, widely
used classic ionic liquids, such as ILs based on imidazolium or pyridinium cations, could
carry problems associated with their toxicity or low biodegradability.” Hence, imidazolium
and pyridinium cations were discarded in this paper. In the search of new generations of ILs,
cation were selected based on features such as low cost, null toxicity, biodegradability or the
interest that ILs based on these cations are achieving due to their promising potential in
technological applications. For instance, piperazine (I), choline (II), alkylamonium (III),
guanidinium (IV) alkylphosphonium (V) and alkylsulfonium (VI) based ILs have proven their
potential as acid gas sorbent, fuel dearomatization or lithium-ion batteries with improved
yields regards to classic ionic liquids.** Moreover, on-going studies in our group on the
interaction between these ILs and different nanostructures point out to the suitability of these
ILs to strongly interact with different nanostructures.*” %

The paper is organized as follows: after a brief description of the theoretical
methodology, section 3.1 exhibits a screening aimed for selecting the most suitable ions. Both
anions and cations were selected bearing in mind to achieve high interaction energies as well
as charge transfer from the anion to the surface. In a second step, the adsorption of ILs formed
through the combination of selected ions onto the BN surface was assessed (section 3.2),

while the key features of the adsorption mechanism are described in section 3.3. Liquid-phase
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exfoliation assisted by ILs could also lead to the functionalization of the individual
nanosheets, and the formation of new hybrid materials.> '* In recent years, ILs have proven
their suitability for CO, capture,'® while some studies have also pointed out to the use of BN
nanomaterials as CO, sorbents.”® Accordingly, the last section briefly assesses the capture of

CO; by using hybrid IL-BN systems.

2. METHODS

The main features of theoretical methodology described in this section (Electronic
Supplementary Information contains a more detailed description). Firstly, all geometry
optimizations were carried out using ®B97XD functional®’ in combination with 6-31G(D)
basis set. Based on optimized geometries, single point calculations were carried out at
®B97XD/cc-pvDZ theoretical level, and molecular properties (such as binding energies,
intermolecular interactions, atomic charge or electronic structure) obtained at this level were
used for the discussion. The Gaussian 09 (Revision D.01) package has been used for all
calculations.” Counterpoise procedure was applied to minimized basis sets superposition
errors on computed binding energies.”’ Intermolecular interactions were featured through the
analysis of the reduced density gradient (RGD) at low densities,”® whose analysis were done
using MultiWEN code.”’ Charge transfer (CT) processes were studied through charge
populations calculated according Mulliken,® ChelpG™ and Hirshfeld** schemes. Total and
Partial Density of States (DOS and PDOS, respectively) were extracted with GaussSum

code.*

3. RESULTS AND DISCUSSION

3.1. Ion-BN systems: Seeking the Most Suitable Ions. The large number of possible
combinations (348 ILs) between selected anions (58) and cations (6) hinders the systematical
studies on the interaction between IL and BN nanosheets with a moderate computational cost.
High yields in liquid-phase exfoliations should be mainly related to the efficient solvent-
nanosheet interactions able to stabilize the nanosheet. The computational strategy applied in
this work relies in the enhancement of n-n stacking between the BN surface and the aromatic
motif of the anion as well as the transferred (negative) charge from the anion to the BN
surface. Therefore, the screening of selected anions based on both parameters was the first
step in this study. Binding energies (4E) can be used as a measurement of the interaction
strength. Binding energies for the interaction between anions (cations) and the BN nanosheets

were estimated as:
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AE nitcay-BN= Eaniccar-aN - (EsntEanitcar) (1)
where Eqniccay, Epv and Egpicay-y stand for the total energy of the isolated anion (cation), the
BN nanosheet and total energy of anion (cation)-BN system, respectively. Fig. 1 shows the
evolution of AE,,;.py. The n-n stacking interactions between the aromatic motif and the BN
surface (as well dispersion interactions, in general) are expected to be the main contribution to
the total binding energy. Hence, dispersion contribution to the total binding energy (4E”) has
been also calculated. The dispersion contribution (AED ani-aN) entails the largest contribution to
the total AE,,; sy, which tends something larger than AE,,; gy for most anions (i.e., other
factors counter dispersion forces). For bare anions 1-6, the order of AE,,; gy is as follows: 3 >
(25.95 keal mol™) >1 (23.87 kcal mol™) > 2 (22.51 kecal mol™) > 5 (22.25 kcal mol™) > 4
(21.23 kcal mol™) > 6 (17.83 kcal mol™), being AE”,,..5v of around 90% and 61% for anions
1-5 and 6, respectively. 1,2,3-Triazolide anion (6) yields the smallest interaction energy,
which should be due to shorter contribution from n-n stacking (owing from its smaller ring
size).

Aimed at improving n-n stacking between selected anions and the surface of the BN
nanosheet, new anion derivatives were obtained through the functionalization with phenyl
(Ph) groups by two different ways. Firstly, phenyl rings were covalent linked to anion at
positions para-, meta- and ortho- (labeled as a, b and c, respectively, see Scheme 1) regarding
to electron donor groups. The functionalization of salycilate anion (2) at meta- position leads
to two different isomers, with Ph ring at meta- position of COO- group, but at para- / ortho-
position regards to hydroxyl group (2b / 2bb). For anions 1-5, due to the presence of Ph ring,
AE4,;.py increases range from 4.50 kcal mol™! (3a) to 27.87 kcal mol™! (6a). The general trends
in AE,,;pv can be rationalized based on optimized geometries. As example, Fig. 1S
(Electronic Supplementary Information) displays the optimized structure of systems 5-BN,
5a-BN, 5b-BN and 5c¢-BN (similar conclusions can be also done for anions 1-4). For
derivatives a-b, the steric hindrance leads to a rotation around the covalent bond between both
phenyl rings. For systems 5a and 5b, n-n stacking between phenyl rings and the BN surface is
able to overcome impediments between both rings, leading to optimized geometries were both
rings are close to be parallel to the BN surface, i.e. stronger interactions through n-w stacking.
The largest twisted configuration is noted for 5¢c-BN system, due to the steric hindrance
between BF; and phenyl group at ortho- position. AEP ,i-5n shows greater increments, which
agrees with the role of dispersion forces (mainly n-m stacking) as driving force along the
adsorption process. The second strategy is based on extending the electronic delocalization

through fused aromatic rings. In this paper, several anions with aromatic motifs based on two
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/ three fused aromatic rings (labeled as d-e / f-j, see Scheme 1) have been assessed. As
expected, the largest growth in AE,,; gy are obtained for anions with aromatic moieties with
three aromatic fused rings. Concretely, the highest interaction energies are obtained for anions
1g (36.86 kcal mol™), 1j (36.85 keal mol™), 2g (37.23 keal mol™), 2i (37.37 kecal mol™) and 3g
(36.98 kcal mol™).

Fig. 1 also draws the evolution of the total charge over BN nanosheet (¢*") computed
according to Mulliken, ChelpG and Hirshfeld schemes from the total charge populations over
different fragments. The BN nanosheet becomes to be negatively charged, in agreement with
a (negative) charge transfer from the anion. In general, the total charge on then BN nanosheet
(¢™™) tends to mimic the profile of the total binding energies. Most of the intrinsic properties
of ILs are due to the ionic nature of both ions, hence an adequate model for properly defining
the electrostatic potential in ionic liquids is needed. Rigby et al studied the effects of
different atomic charge schemes for quantifying charge distribution and related properties
such as dipole moments of charge transfer in ILs.*® Herein, three different schemes based on
wavefunctions (Mulliken), electrostatic potentials (ChelpG) and electronic densities
(Hirshfeld) have been applied. Among them, Mulliken®® charges are widely used, however
they have found to be basis set dependent.3 7 ChelpG33 atomic charges have been proven to be
suitable for studying ionic liquids, where effects derived from charged particles (both ions in
this case) such as polarization effects or charge transfer play a prevailing role.*® Since both
the ionic liquid (defined as the ionic pair as a whole) and the BN nanosheet are not charged
particles, with a molecular electrostatic potential equal to zero, ChelpG model could be not a
suitable model to describe the intermolecular region between both systems, where other
factors not related with charge transfer process are expected to play an important role. Hence,
an additional atomic charge based on the partitioning of the electronic density, Hirshfeld
method,34 was selected. As seen in Fig. 1 (bottom), there is a clear connection between AE,,;.
sy and ¢®" computed according to Hirshfeld scheme, where high binding energies are due to
the large charge transfers and viceversa. On the basis of these results, we have hypothesized
that strong interaction energies (mainly due to m-m stacking between the anion and the BN
surface) could improve charge transfer (according to Hirshfeld method) through an approach
between the electron-donor group and the surface. Meanwhile, electronic delocalization
between both the anion and the BN surface could also help to increase charge transfer
process. In the case of 1,2,3-Trizolide anion (6), despite the absence of electron-donor group

in comparison with anions 1-5, CT = 0.27 ¢, very close to CT values of anions. Nonetheless
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for this family, charge transfer to the nanosheet is not increased due to the functionalization
approach.

According with our strategy of maximizing IL-BN interactions through n-n stacking
interactions as well as high negative charge transferred to the nanosheet, anions 1f, 1g, 1h, 1i,
13, 2g, 2hh, 2i, 2ii, 2j, 3f, 3g, 3h, 3i, 3j, 5f, 5g and 5j were selected as precursor of ionic
liquids assessed in later sections. Although anions based on 1,2,3-triazolide do not yield 4E,,,;.
gy and qBN values located in the high limits, anion 61 was also selected, which also allows the
study of anions with an strong electron-donor character despite the absence of functional
groups such as COO™ or SO3~

In the next step, the adsorption of selected cations onto the surface of boron-nitride was
studied. Binding energies for the interaction between cations and BN nanosheet (4E.,.zy, Eq.
1) are gathered in Fig. 2. 4E,., gy values are of around 24.85 kcal mol. These high values
point to the ability of BN nanosheets to interact with not aromatic systems through other
interactions such as intermolecular hydrogen bonds. In fact, dispersion contributions to the
total energy (4E” ....sn) supply ~ 68.36% of the total interaction energy. The remaining energy
would be due to (positive) charge transfer from the cation the nanosheet. In fact, three atomic
models follow the same trend than interaction energies. Since our main aim is the design of
ionic liquids able to transfer (negative) charge to the nanosheet, selected cations should not
offset this fact. Thus, cations IV and VI were selected based on their smallest values of ¢*".
Since all selected cations yielded similar 4E,,. gy values (mainly due to dispersion forces), no
drawbacks on IL-BN interaction energies can be expected due to the selection of cations IV
and VI instead of remaining ones.

A question raises about the suitability of the selected ionic liquids for BN exfoliation
purposes: are these compounds truly ionic liquids?, that is to say, do they have melting points
reasonably close to ambient temperature to be considered as ionic liquids? For this purpose,
melting points of the selected ionic liquids were calculated according to the method by Preiss

etal.,®

Table S3 (Electronic Supplementary Information). These results confirm that these are
truly ionic liquids; in the case of compounds involving cation IV the melting points (lower
than 80 °C, with most of the compounds in the 60 to 70 °C range) are larger than for those
involving cation VI (lower than 40 °C, with most of them in the 20 to 30 °C range), but for all
the selected compounds melting points are reasonable and these compounds can be obtained
in liquid state at temperature close to ambient ones.

3.2. Ionic Liquid - BN systems: Choosing the best Ionic Liquids. This section

discusses the main features of IL-BN systems, for those ionic liquids (38) obtained through
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the combination of anions (19) and cations (2) selected in the previous screening. Fig. 3
provides a compilation of all computed data related with the exfoliation of BN nanosheets by
ILs based on cations IV and IV paired with anions 1f, 1g, 1h, 1i, 1j, 2g, 2hh, 2i, 2ii, 2j, 3f, 3g,
3h, 31, 3j, 51, 5g, 5] and 64, i.e., interaction energies for the adsorption of ionic liquids on top

BN whose value is related with the

of the BN surface and charge over the nanosheet (g
transferred charged from the ionic liquid. As above, the magnitude of the interaction strength
was assessed by means of binding energies (4E ;. gy) defined as follows:

AEn sv= En-sy - (EgntEn) (2)

where £, and Ej; gy stand for the total energy of the isolated ionic pair and total energy of
IL-BN system, respectively. Computed binding energies change from 31.94 kcal mol™ (IV3f)
to 42.04 kcal mol™ (IV3g) and from 29.86 kcal mol™ (VI5g) to 43.17 kecal mol™ (VI2j) for ILs
based on IV and VI cations, respectively. The literature dealing with the interaction between
BN and ILs using DFT is still scarce, which hinders any systematic comparison with previous
results. Kamath er al. published some values for IL-BN interaction energies (~ 19.74 kcal
mol™) at DFT level (PBE-D3/TZP)."* Kamath ef al. also pointed to the suitability of those ILs
for BN exfoliation.'! Hence, AE;; gy=19.74 kcal mol™! can be considered as a low limit from
which larger 4E; gy could be a good starting point for the search of new ILs with improved
exfoliation features.

In general, changes of the cation keeping the same anion have not important effects of
binding energies. For example, both ionic pairs based on 2hh and 3h anions yield AEj; gy of
around 39.80 kcal mol™ and 39.00 kcal mol, respectively. The largest differences between
both families are noted for 1f and 5g anion, whose ionic pairs with IV cations lead to larger
binding energies for the interaction with the nanosheet, and for 3f anion since VI3f-BN
system offers an stronger interaction energy. A comparison between AE,,, sy and AEj gy
values indicates that anion-BN interactions supply the largest contributions to the interaction
between the ionic pair and the surface. A new dispersion contributions to the total energy
(AE”;_gy) highlight the pivotal role of van der Waals interactions along the adsorption of ILs
onto the BN surface. Though dispersion energies stand for contributions larger than 100%,
both 4E;; gy and AEP 1.-sn Tollow the same energy profile. According to the negative values of
g™ (see Fig. 3), there is a charge transfer from the anion to the BN surface. Although three
charge atomic schemes have been applied, Hirhsfeld model leads to the correlation between
AE;;_gy and charge transfer from the anion to the nanosheet (¢”" values). As previously noted,
the anion based on 1,2,3 triazolide (61) is able to transfer similar quantity of negative charge

to the surface despite de absence of electron donor functional groups. Nonetheless, AE; gy of
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6i-BN system is away of the high limit values. Similarly to anion-BN systems, the largest
values of interaction energies are related to high charge transfer processes. All these factors
prove that once the main factor related with strong IL-BN interactions are known at the
molecular level, large families of ionic liquids can be screened with a moderate computational
cost only through the study of ion-BN systems, which could be considered a useful insight in
the search of task-specific ionic liquids for BN exfoliation.

It is worth discussing the most important changes on ILs upon adsorption on the BN
surface. It is well known that many of the most important properties of ionic liquids are
related with the magnitude and nature of the interaction between both ions. Again, the
magnitude of the interaction was assessed through binding energies (4E;p, see Fig. 3):

AEpp= Ep - (EcartEan) 3)

where Ejp. Studied ILs based on IV / VI cations yield AE;p between 118.24 kcal mol™! (IV1i)
and 94.34 kcal mol™ (IV5f) / 97.32 keal mol™ (VI1i) and 81.95 kcal mol™” (VI5f). As noted
for the high and lower limits, the magnitude of binding energy values for ionic liquids
containing the same anion follow the same trend as a function of the cation, i.e., ILs based on
cation IV yielded the largest binding energies. Those large 4E;p values agree with strong
interactions due to columbic attraction between opposite charges, which is the main
interaction between both ions forming the ionic liquids. Thus, only small contributions (~
3.20 keal mol™) are expected from dispersion interactions such as intermolecular hydrogen
bonds. From ionic liquids geometries on top of the BN surface, interaction energies between
both ions were also computed (Fig. 4). With the exception of some ionic liquids (such as
VI3g, VI5g or VISj), AE;p values are not significantly affected upon the adsorption process.
As seen below, although there small structural rearrangements, the main interactions between
both ions keep its main features.

Figs. 4 and 2S (Electronic Supplementary Information) also gather the total charge in
ions, while Figs. 4 (bottom) and 3S (Electronic Supplementary Information plot the
relationship between AE;» and charge transfer (¢~ and q for cations and anions, respectively).
ChelpG scheme has been widely used for studying ionic liquids. In fact, this model shows a
direct connection between 4E;p and charge transfer for almost ionic liquids in absence of the
BN nanosheet. Hirhsfeld model also showed a clear relation between AE;» and charge
transfer. Both ChelpG and Hirhsfeld models point to the adsorption of ILs causing minor
changes in the cation charge, whereas the anions becomes less negative by a quantity similar
to ¢”". Therefore, the charge transfer between ions is not affected upon the interaction with

the BN surface, while the charge transfer from the anion to the surface causes a diminution of
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the negative charge over the anion. Note that only Hirhsfeld scheme can provide a clear
relationship between charge transfer processes from the anion to the BN as well as between
both ions for isolated and adsorbed ILs. Thus, Hirhsfeld atomic charges could be most
adequate than ChelpG ones to study polarization effects in IL-BN based hybrid systems.
Accordingly, anions with both aromatic motifs and strong electron donor character are
capable to strongly interact with BN nanosheets, while main features of the interaction
between both ions are not affected. Since the main molecular features of selected ILs are not
affected upon the interaction with BN nanosheets, important changes should not be expected
in their bulk behavior.

3.3. Ionic Liquid - BN systems: Key features of the interaction mechanism at the
molecular level. This section aims to shed some light on the main features of the interaction
mechanism at the molecular level. Four ionic liquids (IV2j, IV3g, IV3h and IV5f) were
selected based on both criteria: high binding energies and high charge transfer from the anion
to the nanosheet (according to Hirhsfeld model). Fig. 5 displays the most stable geometries
for adsorption of ILs IV2j, IV3g, IV3h and IV5f on the BN surface, while Table1 gathers the
main parameters related with interaction energies (4E;. pyv) and charge transfer processes
(¢™", ¢" and ¢). It can be seen that aromatic motif of the anions tend to be arranged in parallel
configuration with respect to the BN surface, with distances of around 3.20-3.30 A (in
agreement with -m stacking). It can also noted that guanidinum cation also tends to be planar
respect to the BN surface, in such a way that the distance between N atom of the cation and
BN plane is also ~ 3.30 A, Fig. 5 also plots the RGD surfaces for the interaction between
ionic liquids and the BN surface. As expected, the green region between ILs and BN
nanosheet evidences that the van der Waals interactions are the main force along the
interaction process. As seen in Fig. 5, there is a great RGD isosurface between the anion and
the nanosheet, in agreement with n-m stacking interactions. Note that there is also a small
green region in the intermolecular space between the cation and BN nanosheet. The main
contribution to AEj;, _py comes from the m-m stacking between the anion and the surface,
whereas the size of this green region between the anion and the surface could be qualitatively
related with 4E};, gy values. Thus, IV3g / IV3g provide the lowest / highest AE;;, gy value,
while those IL also shows the smallest / greatest green RGD isosurface between the cation
and BN nanosheet. Fig. 5 also displays intermolecular distances related with the charge
transfer from the anion to the surface, which are 1.623 A, 1.680 A and 1.663 A for COO0,
SO5;” and BF;™ functional groups, respectively. These small differences between different

functional groups have not effects on ¢”" values.
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The main intermolecular interactions between both ions are also drawn in Fig. 5. The
main features related with the interaction between both ions (4E;p and charge transfer) are not
dramatically affected upon interaction with BN nanosheet. The main changes are related with
the relative disposition between both ions, Fig. 5 (bottom). Therefore, the adsorption onto the
BN surface leads to both ions be located at the same plane, but keeping the main features for
the interaction between them.

The main features electronic structure of selected ILs and IL-BN systems are also
briefly analyzed. Fig. 6 plots the total density of States (DOS) for isolated ILs and IL-BN
systems and partial density of states (PDOS) corresponding to the ILs as well as the
contributions from both ions, while DOS for pristine BN nanosheet along to PDOS
corresponding to BN nanosheet atoms of IL-BN systems are drawn in Fig. 4S (Electronic
Supplementary Information). There are several studies dealing with the electronic structure of
pristine BN nanosheets,” and results reported in Fig. 4 are in agreement with the insulator
character (wide gap) of BN nanosheets. Note that interactions with ILs have not dramatic
effect of the electronic structure of BN nanosheet (Fig. 4S, Electronic Supplementary
Information). Although information about cation and anion contributions can be inferred from
PDOS, Fig. 7 also plots the molecular orbital contour for the main orbitals over the ionic
liquid. For the isolated ILs, both HOMO and LUMO orbitals are m-orbitals delocalized over
the whole anion, whose energies are of around -6.69 eV and 0.57 eV respectively, which lead
to a HOMO-LUMO energy gap AEy;, ~ 7.26 eV. HOMO / LUMO energies for ILs are larger /
lower than the energy of the highest / lowest occupied / unoccupied bands of BN nanosheet.
Thus, both orbitals do not show any contribution from the BN surface. AEy; values are only
slightly affected (there is a diminution ~ 0.13 eV).

HOMO-2 energy for isolated ionic liquids IV2j and IV5f are lower than the energy of
the highest occupied band of BN nanosheet, with both orbitals are delocalized over the whole
anion (i.e., over the aromatic motif and the electron donor group). Thus, for both IV2j-BN and
IV5f-BN systems, HOMO-2 orbital also has an important contribution from BN nanosheet.
Hence, the contribution of BN nanosheet to HOMO-2 orbital of the ionic liquid evidences the
charge transfer from the COO™ or BF5™ group to the surface as well as the relationship between
charge transfer and n-m stacking. For ILs IV3g and IV3h (i.e., with SOs™ electron donor
group), similar conclusions could be obtained based on orbital shames and energies of
HOMO-2 and HOMO-3, which are localized over SO;” group and delocalized over the whole
anion, respectively. Both orbitals also show and important contribution from BN nanosheet in

IL-BN systems.
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3.4. Ionic Liquid - BN systems for an improved CO; capture. Liquid-phase
exfoliation assisted by ILs could also supply and adequate media for the functionalization of
the individual nanosheets, and the formation of new hybrid materials.> '> This last section
discusses the possibility of new IL-BN based hybrid materials for an improved CO; capture.
The first step was the selection of the most adequate ionic liquid, for which high CO,
solubility could be expected. As the molecular level, CO, capture is related with the strength
of the interactions between the ionic liquid and the gas molecule. Thus, the binding energy for
the capture of CO; by ionic liquids has been defined as:

AEico2= En-co2 - (EntEcoz) 3)

where Ecp, stands for the total energy of isolated CO, molecule. To find the most stable
geometries of IL-CO, systems, different geometries (built by placing the CO, molecule in
different position around the IL) where optimized for ionic liquids IV2j, IV3g, [V3h and IV5f
different. The most stables geometries of IL-CO, systems along their AEj; co; values are
shown in Table 6S (Electronic Supplementary Information). The highest binding energies
(4E1.co» = 5.00 keal mol™) were obtained for ionic liquid IV3g. As seen in Fig. 7, CO,
capture is mainly carried out by two intermolecular bonds between O (of SO3™ group) and
central carbon of gas molecule. In addition, CO, molecule also sets up two weak hydrogen
bonds with the cation. Total charge over CO, molecule is close to zero, instead of selected
model, pointing out that CO, capture is ruled by van der Waals forces. In fact, the dispersion
contribution to the total energy AEP 1-co2 = 4.18 kcal mol ™. Aimed at establishing a low limit
energy value for an efficient CO, capture, 4Ej;.co2 was computed for [EMIM][TF;N] ionic
liquid, whose CO, capture has been previously reported by our group.”” For this ionic liquid
AE co» = 1.12 keal mol . Hence, an improved CO, capture could be expected for ionic
liquid IV3g. In addition, the strong interaction between both ions avoids any drawbacks in
the interaction between both ions. Thus, computed values for charge transfer between ions
and binding energy (see Fig. 7) of the ionic pair are similar than the corresponding values for
the isolated ionic pair.

Then, CO, capture by IV3g-BN system was analyzed. Once the geometry of (IV3g-
BN)-CO, system was optimized, the binding energy for the capture of CO, was estimated as
(Fig. 7):

AEqr-gN)-co2 = Eqr-sn)-coz - (Ei-sntEcoz) “)
Based on AEq.gy).coz value (7.10 kcal mol'l) a notable improvement on CO, capture by
IV3g-BN hybrid system would be expected respect to IV3g ionic liquid. As seem in Fig. 7,

CO; molecule adopts a parallel configuration to BN nanosheet, with a distance equal to 3.23

13
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A. AE q1-pn)-co2 has been analyzed as a function of both 4Egy.co> and 4Ey;.co» energies. AEpy.
co2 is equal to 2.95 kcal mol”', while the new disposition between CO, molecule and IV3g
ionic pair leads to AE;;.co2 = 1.64 kcal mol™. Despite the decrease in the interaction energy
between CO, molecule and the ionic liquid in presence of BN nanosheet, the interaction
between the IL and BN has a synergic effect on CO; capture. The main features of I[V3g-BN

system (such as 4E; gy, ¢™", ¢ and ¢') are not dramatically affected due to CO, capture.

4. CONCLUSIONS

In this contribution, we have carried out a screening for the rational design of task specific
ionic liquids (IL) for liquid-phase exfoliation of boron-nitride (BN) nanosheets through DFT
simulations. At the molecular level, the stabilization of two-dimensional nanosheets is carried
out through strong solvent-BN interactions. To our knowledge, most of the works devoted to
the study of liquid-phase exfoliation of boron-nitride (or other nanosheets such as graphene,
bismuth telluride, etc) are focused on classic ionic liquids, for example those based on
imidazolium cation, where n-n stacking interactions between the cation and the nanosheet are
the main forces along the exfoliation process. Nonetheless, our strategy is based in the
improvement of n-m stacking interactions between the anion as well as a charge transfer from
the anion to BN nanosheet. Consequently, a set of 348 ionic liquids obtained through the
combination of 58 anions (with aromatic groups and strong electron donor character) and 6
cations (which were selected based on properties such as low cost or biodegradability) was
initially proposed. Firstly, we selected the most adequate anions through a screening, which
was carried out bearing in mind n-n stacking interactions and charge transfer from the anion
to the surface. Next, the adsorption of ILs formed through the combination of selected ions
onto the BN surface was studied, which shed some light about the key features of IL-BN
systems. Finally, CO, capture by IL-BN hybrid materials was also discussed.

One of the most remarkable achievements was the obtainment of high interaction
energies for IL-BN systems, mainly due to strong m-m stacking interactions and charge
transfer from the anion to the surface. Our computational results suggest a synergic effect
between both factors, ie., m-m stacking interactions and charge transfer. Based on the
electronic structure analysis, the key feature is related with the energy and shape of those
occupied molecular orbitals in the ionic liquid (whose main contributions come from the

aromatic and electro donor regions) close to the highest occupied band of BN nanosheet.

14
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In summary, this paper proposes a rational design of task specific ILs for BN exfoliation
based on maximizing interaction strength through n-m stacking and charge transfer processes.
The procedure here described should be considered as a first step, confirming that DFT
simulations are a powerful tool for the bottom-up design of new task-specific ionic liquids,
which could allow quick and efficient screenings of big ILs families and find useful structure-

property relationships that would motivate new experiments.
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A detailed description of the applied theoretical methodology is included. Table 1S (binding
energies for anion-BN interactions); Table 2S (binding energies for cation-BN interactions);
Table 3S (predicted melting points of selected ionic liquids); Table 4S (binding energies for
IL-BN interactions); Table 5S (binding energies for cation-anion interactions); Table 6S
(binding energies related to CO; capture); Fig. 1S (optimized structure of anion-BN systems);
Fig. 2S (binding energies for cation-anion interactions); Fig. 3S (evolution of binding energies
for the interaction between ions as a function of the charge transfer); and Fig. 4S (density of
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Table 1. Main parameters related with the interactions between IL IV2j, IV3g, IV3h and IV5f and BN

nanosheets

Tonic Liquid  A4E;gy/kcalmol’ ¢ /e ¢ /e qle
1V2j 41.67 -0.29 0.62 -0.33
IV3g 42.04 -0.29 0.66 -0.37
IV3h 38.56 -0.29 0.64 -0.37
IVsf 41.36 -0.29 0.62 -0.43

“ AEp are referred to isolated ionic pairs.
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Figure Captions.

Fig. 1. Up: Binding Energies for anion-BN interactions (4E,,;.zy, grey bar) along to dispersion contribution to
the total binding energy (AEDa,,,-,BN , green) and total charge on boron nitride sheet (qBN) according to Mulliken
(black), ChelpG (blue) and Hirhsfeld (red) populations; Bottom: Evolution of binding energies (4E,,;.zy) as a
function of the total charge on boron nitride sheet (¢*") according to Mulliken (black), ChelpG (blue) and
Hirhsfeld (red) populations. Data for this Fig. are in Table 1S (Electronic Supplementary Information)

Fig. 2. Binding Energies for cation-BN interactions (4E...py, grey bar) along to dispersion contribution to the
total binding energy (AEP v green) and total charge on boron nitride sheet V) according to Mulliken
(black), ChelpG (blue) and Hirhsfeld (red) populations. Data for this Fig. are in Table 2S (Electronic

Supplementary Information).

Fig. 3. Up: Binding Energies for IL-BN interactions (4E; gy, grey bar) along to dispersion contribution to the
total binding energy (AEDIL,BN , green) and total charge on boron nitride sheet (qBN) according to Mulliken
(black), ChelpG (blue) and Hirhsfeld (red) populations; Bottom: Evolution of binding energies (4E; py) as a
function of the total charge on boron nitride sheet (¢*") according to Mulliken (black), ChelpG (blue) and
Hirhsfeld (red) populations. Filled / empty circles correspond to IV / VI cation based ionic liquids. Data for this

Fig. are in Table 4S (Electronic Supplementary Information).

Fig. 4. Up: Binding Energies for cation-anion interactions (4Ep, grey bars and grey dotted lines for isolated IL
and IL on the surface of BN, respectively) along to dispersion contribution to the total binding energy (4E”p,
solid and dotted green lines for isolated IL and IL on the surface of BN, respectively) and total charge on the
cation (g", circles) and anion (¢, squares) according to Hirhsfeld (red) populations for isolated ionic liquids
(solid lines) as well as ionic liquids adsorbed onto the surface of BN (dotted lines); Bottom: Evolution of binding
energies (4E;p) as a function of the charge transfer (CT) according Hirhsfeld populations. Circles / triangles
correspond to IV / VI cation based ionic liquids, while filled /empty symbols stand for isolated / adsorbed ionic

pairs. Data for this Fig. are in Table 5S (Electronic Supplementary Information).

Fig. 5. Up: Optimized structures of selected IL-BN systems (IL = IV2j, IV3g, IV3h and IV5f), along main
structural parameters related with intermolecular interactions and RGD isosurfaces, whose green colour points
out to van der Waals interactions; Bottom: comparison between optimized structures of isolated ionic pairs (red)
and ionic pairs on top of BN (green). Intermolecular bond lengths (d) are in A, and dihedral angles (t) are in

Degrees.

Fig. 6. Density of states of isolated ILs (black dotted line, left panels) and IL-BN systems (grey solid line, right
panels) for selected ionic liquids (IL = IV2j, IV3g, IV3h and IV5f). Partial density of states corresponding the
ionic pair (black dotted line), the cation (red solid line), the anion (green solid line) and boron-nitride atoms
(grey dotted line), as well as molecular orbital contours for the most relevant orbitals of the ionic liquids and

their energies are also drawn.
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Fig. 7. Top (up) and side (bottom) views of the optimized structures corresponding to IV3g-CO, (left) and
(IV3g-BN)-CO, (right) systems, along main intermolecular bond lengths related with CO, capture (in A).
Energy parameters associated to CO, capture (4E;;-co2, AE q1-8n)-coz2, AEN-co2), IL-BN (4E ), gy) and cation-anion
(4Ejp) interactions and charge pupulations according Mulliken / ChelpG /Hirhsfeld schemes over the cation (g"),

the anion (g7), CO, and BN nanosheet (¢”") are also shown.
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