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Abstract

In this study, the interaction of four deep eutectic solvents (DESs): [Choline chloride][Urea]
(IChCI[U]), [Choline chloride][Ethylene glycol] ([ChCI][EG]), [Choline chloride][Glycerol]
([ChCI][Gly]) and [Choline chloride][Benzoic acid] ([ChCI][BA]), with pristine carbon nanotube
(CNT) and its defects: double-vacancy and Stone—Wales structures (CNT-DV and CNT-SW) is
investigated using density functional theory (DFT) calculations. The geometry optimization,
electronic property calculations, noncovalent interaction analysis and optical properties of the
DES@nanotube complexes were carried out at the M06-2X/cc-pVDZ level of theory. The
adsorption energy (Eads) calculations show that the presence of the DV and SW defects on the CNT
increases the adsorption strength of the DESs, DES@CNT-SW > DES@CNT-DV > DES@CNT.
On the other hand, the adsorption energy values increase with an increase in the volume of DESs
due to the increase of noncovalent interactions, following the order [ChCI][BA]> [ChCI][Gly]>
[ChCI][U]> [ChCI][EG]. The calculation of the HOMO-LUMO energy gap (Eg) and chemical
hardness (1) of the DES@nanotube complexes indicates that the DES@CNT-SW complexes have
the largest Eq and # values and thus the lowest chemical reactivity. The analysis of the interactions



between the nanotubes and the DESs using noncovalent interaction (NCI) plots and energy
decomposition analysis (EDA) suggests that the DESs adsorb onto the nanotubes through van der
Waals interactions and that dispersive interactions dominate (dispersion interaction energy (4 Edisp)
> electrostatic interaction energy (4Eeec) > orbital interaction energy (4Eom)). Predicted
ultraviolet-visible absorption spectra of the complexes show that the adsorption of DESs on the
nanotubes has only a very marginal effect on the optical response of the nanotubes. Transition
density matrix heat maps reveal that the electrons and holes localize to the CNT, CNT-DV and
CNT-SW surfaces in the DES@nanotube complexes, indicating that the charge transfer occurs

mostly on the surfaces.

Keywords: Carbon nanotube (CNT), Stone-Wales defects, Double-vacancy defects, Deep eutectic

solvents, Noncovalent interaction, DFT

1. Introduction

Over the last few decades, deep eutectic solvents (DESS) are being increasingly considered as
a viable alternative to traditional volatile solvents due to their easy recyclability, effective thermal
stability, and consequent cost effectiveness [1, 2]. DESs, first reported by Abbott in 2001 [3], are
prepared by combining two or more immiscible solid components at appropriate molar ratios,
which upon mixing liquify with a freezing point lower that any individual component. They are
related to ionic liquids (ILs) but don’t require the preformation of a salt, and may or may not be
ionic. DESs are often biodegradable, show lower toxicity than ILs, and normally require no
synthesis other than physically mixing inexpensive industrial chemicals [4-6]. Generally, DESs
employ the counterions of quaternary ammonium or phosphonium cations as a hydrogen-bond
acceptor (HBA) and amides, carboxylic acids, or polyols as a hydrogen-bond donor (HBD) [7, 8].
This generates a mixture where the hydrogen bond network interrupts the poorly coordinating
ionic species creating an amorphous and dynamic milieu. The strength of the emergent
electrostatic, hydrogen bonding and dispersion interactions determines the properties of the DESs.

Nanostructured materials with extremely high surface areas have opened a new rich world of
possibilities in science and industry [9, 10]. The first reported application of DESs in
nanotechnology was in 2008 for the synthesis of gold nanoparticles [11]. Since then, DESs have

been employed to tune the synthesis and functionality of nanoscale materials [12, 13]; the



combinatorial nature of DES, where the properties can be easily adjusted by simply mixing
different components, makes them promising solvents for fine tuning of the desired properties in
the nanoscale materials.

Carbon nanotubes (CNTSs) are promising nanostructure materials with high porosity, low
density, and extreme tensile strength [14]. The hype around these materials for hydrogen storage
or structural applications is significant, and although the full promise has not been fulfilled, they
are beginning to show utility for a variety of applications. But one of the limitations is that the
theory supposes perfect CNTs. Synthesis is rarely perfect, and most CNTs incorporate a series of
defects such as vacancies, non-hexagonal rings (pentagons or heptagons) and dopants (both
intended and contaminating). However, although these defects are undesirable for mechanical
applications, weakening the ideal infinite periodic sp? hexagon cylindrical sheets, theoretical and
experimental studies have both suggested that imperfections can lead to more interesting electrical
and chemical behavior [15-18]. Other molecules can more easily interact with the surface where
the perfection in the electronic balance is disturbed, creating dipoles and edges that can form
stronger dispersion interactions.

Binding energy measurements can be used to estimate the effects of defects on the interaction
of CNTs with other species. For example, Baldo and co-workers developed back-gated field effect
transistors (FETS) made of carbon nanotubes for gas sensing applications. Their results for NH3
and NO- sensing showed that the sensitivity to each gas depends on the kind of CNTs used for the
device. They showed that the interaction strength of the structural or chemical defects in CNTs
with NH3z and NO2 gas molecules affects the behavior of devices [19]. Nagih and colleagues
introduced an ethylene sensing device based on defective CNTs at low temperatures and very low
gas concentrations. They proposed that their good sensing performance was achieved due to the
presence of structural defects in CNTs [20]. DESs can stabilize CNT solutions especially if they
are used as functionalization agents [21, 22], as they show excellent affinity for the surface.
However, only a few reports have studied the interaction of DESs with CNTs experimentally: Yan
et al. investigated the stability of numerous nanofluids consisting of various DESs and CNTSs in
different concentrations through visual observation and UV spectroscopy [23], and Walvekar and
coauthors studied the potential of DESs as base fluids to prepare CNT nanofluids [24].

Computational chemistry has now become routine for studying interactions at the atomic and

molecular level, offering cost-effective, accurate, and time-saving screening tools to analyze and



predict the behavior of materials [25]. Nevertheless, only a few computational studies have
effectively modeled the interactions of DESs with nanomaterials. For instance, Aparicio and co-
workers studied the adsorption properties of choline chloride-based DESs on graphene and the
behavior of the corresponding nanodroplets using density functional theory (DFT) and classical
molecular dynamics (MD) simulations [26]. They also studied the properties of carbon, boron
nitride, silicon, germanium, and molybdenum disulfide nanotubes in the DES reline ([choline
chloride][urea]) using classical molecular dynamics simulations [27]. Recently, we applied DFT
calculations to investigate the adsorption properties of DESs on the graphene surfaces and its
defective double-vacancy and Stone-Wales forms [28] as well as boron-nitride surface and its
defective forms containing boron and nitrogen vacancies [29]. However cylindrical surfaces could
behave differently.

To the best of our knowledge, this is the first DFT study comprehensively investigating the
adsorption of DESs on carbon nanotubes (CNTs) and their defective structures with the goal of
understanding how defects affect behavior. This work is limited to the study of the adsorption of
four of the more common DESs. All use choline chloride (JChCI]) as the hydrogen bond acceptor
(HBA), and use, in turn, urea ([U]) [30], ethylene glycol ([EG]) [31], glycerol ([Gly]) [32], or
benzoic acid ([BA]) [33] as hydrogen bond donor (HBD). Among all the HBDs, the [BA] is the
only molecule with a six-membered aromatic ring in its structure. The aim of the use of [BA] as
HBD in this study is to understand the effect of the presence of aromatic ring in the HBD and n-n
interactions on the adsorption strength of DESs on the CNTs and their defects.

In this study, the interaction of these four DESs with carbon nanotubes (CNTs) and CNTs
containing two of the most important defects, including double-vacancy and Stone—Wales defects
IS investigated using the M06-2X functional and cc-pVDZ basis set. The nature and strength of
interactions between the surfaces and DESs are considered using technigues such as atoms in

molecules analysis, non-covalent interaction plots and energy decomposition analysis.

2. Computational details

There are two important types of common defects in the CNTs: double-vacancy (5-8-5)
defects and Stone-Wales (55-77) defects. The double-vacancy (5-8-5) defect is formed by the
removal of two carbons, leaving a surface with two pentagonal rings and one octagonal ring [34].

On the other hand, the Stone—Wales (55-77) defect is produced by the rearrangement of the six-



membered rings in the CNTSs into two five (pentagons) and two seven (heptagons) rings. This
rearrangement is a result of 90° rotation of a C—C bond [35]. The geometries of the pristine CNT
(CosH16), CNT containing double vacancy (CNT-DV; CgsHie) and Stone-Wales (CNT-SW;
CosH16) defects, DESs and their complexes (DES@nanotube) were optimized using the M06-2X
functional corrected by Grimme's D3 correction [36] with the cc-pVDZ basis set. This method and
basis set have proven reliable for determining the structures, binding energies and the nature of
noncovalent interactions responsible for adsorption of liquids and DESs on the graphene,
hexagonal boron nitride and their defective forms [37-40], nitrogen-doped graphene [41] and
fluorographene [42] surfaces. The DES are identical to those we analyzed in our previous work
[28], and the calculations of the optimized geometries of these species were drawn from that effort
and not-reperformed. The CNT, CNT-DV and CNT-SW models have an armchair (4,4) symmetry
and a singlet ground state. In these models, the terminal carbon atoms are saturated with hydrogen
atoms to avoid the boundary effects [43]. These models are sufficiently large to adequately model
their interaction with the DESs at their midpoint. All quantum chemical calculations were
performed using the Gaussian 09 D.01 suite of programs [44]. In order to ensure that the stationary
points are real minimum points, the vibrational frequencies were calculated at the same level of
theory. A limitation of the study is that it does focus on a single DES interacting with the surface.
This is an acceptable simplification, but a refined accuracy will be obtained with far larger systems
that will become computationally feasible at this required level of theory in the future.

The adsorption energy (Eags) values for adsorption of DESs on the surfaces were calculated
according to the following equation:

Eads = E(DEs@nanotube) — [E(DES) + E(nanotube)] + E@ssey ~ (Equation 1)
Nanotube: CNT, CNT-DV and CNT-SW
DES: [ChCI][U], [ChCI][EG], [ChCI][Gly], and [ChCI][BA]

In this equation, Epesa@nanotube) term is the energy of the adsorption complex, E(pes) term is the
energy of the non-adsorbed DESS, Eanotune) 1S the energy of the nanotubes. The Egsse) term
represents the basis set superposition errors (BSSES) to correct the adsorption energies. The BSSE
values are calculated based on the Boys-Bernardi counterpoise method [45].

The atomic charge analysis on the optimized geometries was performed using the ChelpG

method [46]. The magnitude of charge transfer in the DES@nanotube complexes was obtained



through the calculation of ChelpG charge [46] on the nanotube in the DES@nanotube complexes.
In order to find the possible initial structures for interaction of DESs with the surfaces, the
electrostatic potential (ESP) maps for the DESs and nanotubes were generated with the “cubegen”
utility of the Gaussian 09 D.01 suite of programs [44]. Global molecular descriptors such as
HOMO-LUMO energy gap (Eq = ELumo — Enomo) and chemical hardness (7 = ELumo — EHomo/2)
were calculated for the DES@nanotube complexes [47]. The molar van der Waals volume (Vm) of
the DESs was calculated by using van der Waals radii for the atoms of DESs and molecular
geometries yielded by the DFT calculations. In order to analyze the role of noncovalent
interactions in the adsorption process, a detailed study was carried out using noncovalent
interaction (NCI) plots [48] and an energy decomposition analysis (EDA) [49, 50]. The NCI plots
were calculated using Multiwfn 3.7 program [51] and plotted using VMD 1.9.3 [52]. The EDA
was carried out at the PBE-D3/TZP level of theory using the Amsterdam Density Functional
(ADF) (2013.01) package [53-55]. The UV-visible absorption spectra of the CNT, CNT-DV,
CNT-SW nanotubes, and their complexes with the DESs were considered for 10 excited states
using the TD-M06-2X/cc-pVDZ level of theory. The excited-state properties and the fragment
transition density matrix (FTDM) maps were calculated and plotted using Multiwfn 3.7 program
[51].

3. Results and discussion
3.1. Structure of DESs

In our previous work on these DES with other surfaces, we had already identified the
preferred geometries of the studied DES [28, 29]. Briefly, in order to find a stable geometry for
the DESs, the interaction sites of the DES components including [CI]  anion, [Ch]" cation, [ChCI]
salt as a hydrogen bond acceptor (HBA), and hydrogen bond donors (HBDs) of [U], [EG], [Gly],
and [BA] were considered by calculating their electrostatic potential (ESP) maps (Figure S1).

As seen from Figure S1, the negative and positive electrostatic potentials are primarily
localized to the [CI] anion and [Ch]" cation, respectively. According to the ESP maps of the [CI]
anion and [Ch]" cation, the possible initial structures for the interaction of [CI]" anion with [Ch]"
cation were determined by initially placing the [CI]™ anion (with negative electrostatic potential)
close to the regions with positive electrostatic potential on the [Ch]* cation at a distance of 2.7 A.

Subsequently, these structures were optimized at the M06-2X/cc-pVDZ level of theory and sorted



according to their energy. The optimized structure with the lowest energy was identified as the
most stable geometry of the [ChCI] salt and is shown in Figure 1. This work was not reperformed
for this study, and further details of these specific calculations can be found in our previous
publications looking at these DESs for other surfaces [28, 29].

i

[ChCI] [ChCI][U]

W’L L"‘*”{

[ChCI][EG] [ChCI][Gly]
A*a)
o4

[ChCI][BA]
Figure 1. The most stable geometries of the CNT, CNT-DV, CNT-SW, [ChCI], [ChCI][U],
[ChCI][EG], [ChCI][Gly], and [ChCI][BA] as calculated using M06-2X/cc-pVDZ. Both the side-

on, and axis-on views are provided for the tubes.

In the optimized geometry of [ChCI] salt (Figure 1), the [CI]" anion interacts with the [Ch]" cation
through ion-ion and hydrogen bond (H-bond) interactions. The distance between the [CI] anion
and [Ch]" cation in the [ChCI] geometry is shown by the H-bond interactions, including the C-
H-[CI] (2.4 A) and O-H:-[CI] (2.1 A) interactions.

A similar approach was used to find the most stable geometries of the [ChCI][U],
[ChCI][EG], [ChCI][Gly], and [ChCI][BA] deep eutectic solvents. In this approach, based on the
ESP maps of the [ChCI] salt and HBDs shown in Figure S1, several initial structures for each DES
were built through the interaction of the regions with the positive and negative electrostatic

potentials in the [ChCI] salt and the HBDs. In these regions, both the co-planar arrangements and
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out-of-plane geometries for the interaction of [ChCI] salt with the HBDs were considered. Next,
the initial structures were optimized at the M06-2X/cc-pVDZ level of theory and sorted according
to their energies from the lowest to the highest. Finally, the geometries with the lowest energy
were determined for each DES (Figure 1). We highlight some of the key structural characteristics
of these complexes here, but again, for further information, please see our previous reports [28,
29]. The geometry of the [ChCI] salt in the DESs stays generally unchanged upon interaction with
the HBDs. In the [ChCI][U] DES, the [U] molecule interacts with the [ChCI] salt through
formation of N-H--[CI]" (2.5 A) H-bonds. In the case of [ChCI][EG] DES, both hydroxyl (-OH)
groups in the [EG] molecule interact with the [CI] anion in the [ChCI] salt through the O-H---[CI]
(2.2 A) H-bonds. The [Gly] molecule interacts with the [CI]" anion through one of its OH groups
and forms the O-H--[CI]" (2.1 A) H-bond. In the [ChCI][BA] DES, the [BA] molecule interacts
with the [CI]- anion through its carboxyl (-COOH) group and forms COOH:-[CI]" (2.0 A) H-bond.

3.2. Geometries and the nature of interaction of the adsorption of DESs on the CNT, CNT-
DV and CNT-SW nanotubes

The adsorption of these DESs on the CNT, CNT-DV, and CNT-SW nanotubes occur from
noncovalent interactions between the surfaces and different moieties of the DESs including the
hydroxyl (OH) group, alkyl groups (methylene and methyl), and [CI]” anion in the [ChCI] salt as
well as the carbonyl (C=0) and amine (NH>) groups in [U], OH groups and C-H bonds in the [EG]
and [Gly], and carboxyl (COOH) and six-membered aromatic ring in the [BA]. The nature of the
DES matters: the interactions are different for each. The electrostatic potential distribution of the
sites in the DESs and the CNT, CNT-DV, and CNT-SW nanotubes are shown in Figure S1. To
determine the initial structures for adsorption of DESs on the nanotubes, the DESs were placed in
various positions and orientations above the native CNT and the defect sites in the CNT-DV and
CNT-SW nanotubes. The constraint on the search was that the nearest atom distance of the DES
to the nanotube was set at 2.7 A. These initial structures were optimized at the M06-2X/cc-pVDZ
level of theory and for each pair of molecules, ranked according to their energy from the lowest to
the highest. Finally, the structures with the lowest energy for each DES@nanotube (DES =
[ChCI][U], [ChCI][EG], [ChCI][Gly], and [ChCI][BA]) complex were determined (Figure 2).
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[ChCI][U]J@CNT

[ChCI][BAJ@CNT
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[ChCI][Gly]@CNT-SW [ChCI][BA]J@CNT-SW

Figure 2. The most stable geometries for adsorption of DESs ([ChCI][U], [ChCI][EG],
[ChCI][Gly], and [ChCI][BA]) on the CNT, CNT-DV, and CNT-SW surfaces, calculated at the
MO06-2X/cc-pVDZ level of theory.

As seen from the optimized geometries of [ChCI][U]@nanotube complexes in Figure 2,
the N-H bond of urea is directed towards the nanotube surface to form a hydrogen bond. On the
other hand, the [ChClI] salt in the DES interacts with the surface at the defect site through the strong
dipoles of the C-H bonds of the ammonium or the [CI]" anion. The arrangement of [ChCI][U] DES
on these nanotube surfaces is similar to that on the graphene nanoflakes (GNFs) and GNFs
containing double-vacancy (DV) and Stone-Wales (SW) defects and as reported in our previous
study [42]. The nearest bond distances of the constituents of DESs, including the [Ch]* cation,
[CI] anion, and [HBD] ([U], [EG], [Gly], and [BA]) from the CNT, CNT-DV, and CNT-SW
surfaces are summarized in Table S1. As seen from the bond distances in the [ChCI][U]@nanotube
complexes, the distance of [U] from the surface is shorter than that of the [Ch]" cation and [CI]
anion, following the order [CI]*--nanotube> ([Ch]")C-H---nanotube> ([U])N-H---nanotube. This

suggests that urea has a stronger interaction with the nanotube surfaces than the [ChCI] salt. For
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the [ChCI][EG]@nanotube and the [ChCI][Gly]@nanotube complexes, the HBDs of [EG] and
[Gly] interact with the surface via the oxygen atoms on the hydroxyl groups, and the [ChCI] salt
interacts through [CI]" and the C-H bonds of the methyl and methylene groups in the [Ch]" cation.
In these complexes, the nearest bond distances between the [ChCI][EG] and [ChCI][Gly] DESs
and the nanotube surfaces follow the order [CI]--nanotube> ([EG]([Gly]))O--nanotube>
([Ch]")C-H--nanotube. This order indicates that the [Ch]* cation has tighter interaction with the
surfaces than the [CI] anion or the HBDs. In the case of [ChCI][BA]@nanotube complexes, the
[ChCI][BA] DES interacts with the nanotube surfaces through the [CI] anion, the C-H bonds of
methyl and methylene groups in the [Ch]* cation, the oxygen (O) atom in the COOH group of the
[BA], and the n-n interactions between the six-membered aromatic ring in [BA] and the surfaces.
In such complexes, the bond distance between the [Ch]* cation and the surfaces is shorter than that
between the [CI]” anion and the [BA] and the surfaces, following the order [CI]--nanotube>
([BA])O---nanotube> ([Ch]*)C-H---nanotube. Again these interactions are similar to those we
observed for graphene nanoflakes. The high degree of curvature of this surface does not greatly

change how the DES interacts with the surface.

3.3. Adsorption energy and electronic properties of DES@nanotube complexes

The adsorption energy (Eadas) of DESs on the CNT, CNT-DV, and CNT-SW surfaces
was used to evaluate the stability of the DES@nanotube complexes. The Eags values for the
complexes were calculated according to Equation 1 and are summarized in Table 1. Our
calculations show that the Eags values for the adsorption of DESs on the surfaces are negative,
indicating that adsorption is favorable. The Eags values for the DES@nanotube complexes are in
the range of -9.48 to -17.48 kcal/mol. Our findings suggest that the presence of DV and SW defects
on the CNT surface increases the adsorption strength of DESs on the CNT surface, following the
order DES@CNT-SW > DES@CNT-DV > DES@CNT. In order to gain more insight into the
DESs adsorption behavior on the nanotube surfaces, their Eads values were compared. As seen
from Table 1, the adsorption of DESs on the surfaces follows the order [ChCI][BA]@nanotube >
[ChCI][Gly]@nanotube > [ChCI][U]@nanotube > [ChCI][EG]@nanotube. It is obvious that the
[ChCI][BA] DES has the highest adsorption strength on the surfaces. The molar van der Waals
volume (Vi) of the DESs was computed at the M06-2X/cc-pVDZ level of theory to determine the
rationale for this observation. As seen from Table 1, the Vi, values for the DESs follow the order
[ChCI[BA] (191.34 cm®/mol)> [ChCI][Gly] (170.44 cm®/mol)> [ChCI][U] (157.22 cm®/mol)>

13



[ChCI][EG] (148.22 cm®mol). [ChCI][Gly]’s higher Vi value over the [ChCI][EG] is likely due
to [Gly] having more atoms, and consequently a larger surface area, than [EG], which leads to a
higher number of van der Waals interactions with the surfaces. The Vi value for the [ChCI][U] is
intermediate between the two as the weak [U] H-bonding interaction leads to greater Vi, value for
this DES with respect to [ChCI][EG]. In the case of [ChCI][BA], the presence of the flat phenyl
ring and the associated substituents increases the size and Vi value of [ChCI][BA] with respect to
other DESs and provides excellent opportunities for maximizing contact as they sit parallel to the
surfaces in all cases, leading to higher van der Waals interactions in comparison with other HBDs.
The order of Vi values for the DESs is in good agreement with the observed order for adsorption
of DESs on the surfaces. Therefore, it can be concluded that the Eags values of DESs on the surfaces
increase with increasing molar van der Waals volume of the DESs. The greater the Vp values, the
greater is the intermolecular noncovalent interactions between the DESs and the nanotube surfaces.

A comparison between the adsorption energies of DESs on these nanotube surfaces
and those on the graphene nanoflake (GNF), hexagonal boron nitride nanoflake (h-BNNF) and
their defective structures reported in our previous studies [28, 29] indicates that the DESs have a
lower tendency to adsorption on the CNT, CNT-DV and CNT-SW nanotube surfaces than other
nanoflakes. This could be due to the cylindrical topology of the CNT, CNT-DV and CNT-SW
nanotubes in comparison to the flat structure of GNF, h-BNNF and their defective nanoflakes. In
order to understand the role of DV and SW defects on the CNTs and GNFs surfaces in the
adsorption of DESs, their Eags values are compared in Figure 3. This comparison demonstrates that
these defects behave differently in the adsorption of DESs on the GNFs and CNTs. As seen from
Figure 3, the DV defects on the GNF surfaces have more tendency than SW defects for the
adsorption of DESs, while the tendency to adsorption on the defective CNTs is reverse; the CNT-
SW surface shows stronger adsorption than the CNT-DV surface. This could arise from significant
differences in how the defects represent themselves on a curved vs. flat surface; the distortions of

the local electronic structure are different.
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Figure 3. A comparison between the adsorption energies (Eads) values for adsorption of DESs on
the CNTs, graphene nanoflakes (GNFs) and their defective structures. The Eags data (presented as
binding energy (Ev)) for the DES@GNF, DES@GNF-DV and DES@GNF-SW complexes has
been taken from our previous study [28].

To evaluate the charge transfer between the DESs and the nanotubes, the ChelpG
charge analysis was performed on the DES@nanotube complexes. The charge transfer (Qcrt)
values in the complexes were obtained by the calculation of ChelpG charge on the nanotube
surfaces in the DES@nanotube complexes and are listed in Table 1. Our results indicate that the
noncovalent adsorption of DESs on the surfaces leads to the change in the sum of atomic charges
of the DESs and the surfaces. The positive sign of Qct values for the DES@nanotube complexes
reveals that the charge transfer occurs from the nanotube surfaces to the DESs. It should be noted
that the charge transfer in these complexes is in the opposite direction to that in the complexes of
GNF, GNF-DV and GNF-SW surfaces with the DESs, reported in our previous study [28]. The

magnitude is small, and the change in curvature is apparently sufficient to invert directionality.
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Furthermore, the magnitude of charge transfer increases with the presence of DV and

SW defects on the CNT and GNF surfaces. The magnitude of charge transfer in the
DES@nanotube complexes follows the order Qct (DES@CNT-SW)> Qct (DES@CNT-DV)>
Qct (DES@CNT), while the magnitude of charge transfer in the complexes of GNF, GNF-DV and
GNF-SW surfaces with the DESs follows the order Qct (DES@GNF-DV)> Qct (DES@GNF-
SW)> Qct (DES@GNF). These orders are consistent with the observed adsorption energy values

for these complexes.

Table 1. The calculated adsorption energy (Eads in kcal/mol), charge transfer (Qcr in €), molar
volume (Vm in cm®/mol), the HOMO and LUMO energies (Exomo and Erumo in eV), HOMO-
LUMO energy gap (Eg in eV) chemical hardness (5 in V) and dipole moment (D in Debye) of the
nanotubes, DESs and DES@nanotube complexes.

Structure Eads aQct Vm Envomo Elumo  PEq n D
CNT -5.25 -2.59 266 1330 0.00
CNT@DV -5.59 -2.80 279 1395 197
CNT@SW -5.37 -2.53 284 1420 215
[ChCI][EG] 148.22  -7.74 1.14 8.88 4.440 10.32
[ChCI][U] 157.22  -7.55 1.16 871 4355 9.78
[ChCI][Gly] 170.44  -750 1.22 872 4360 9.75
[ChCI][BA] 19134 -7.61 -0.04 757 3785 10.33
[ChCI[EG]@CNT -9.48 0.3453 -5.07 -2.4 267 1335 9.76
[ChCI[EG]@CNT-DV -10.09  0.3468 -5.31 -252 279 1395 9.34
[ChCI][EG]@CNT-SW -11.31  0.3897 -5.17 -2.34 283 1415 9.75
[ChCI[UJ@CNT -10.33  0.3562 -5.14 -248 266 1330 853
[ChCI[UJ@CNT-DV  -11.09  0.3880 -5.46 -273 273 1365 8.16
[ChCI[UJ@CNT-SW  -12.35  0.4300 -5.38 -2.5 288 1440 8.03
[ChCI][Gly]@CNT -11.63  0.3717 -5.12 -247 265 1325 7.78
[ChCI[Gly]@CNT-DV -12.98  0.3994 -5.43 -262 281 1405 7.66
[ChCI][Gly]@CNT-SW -14.13  0.4565 -5.24 -2.37 287 1435 7.66
[ChCI][BA]J@CNT -15.34  0.3263 -5.11 -245 266 1330 8.85
[ChCI][BA]J@CNT-DV -16.63  0.3445 -5.45 271 274 1370 8.96
[ChCI][BA]J@CNT-SW  -17.48  0.3940 -5.26 -2.4 286 1430 8.05

Qcr is the charge transfer values in the DES@nanotube complexes,

PEy = ELumo - EHowmo.
n = (ELumo - EHomo)/2.
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resulting from the calculation
of ChelpG charge on the nanotubes in the DES@nanotube complexes. The charge of the nanotubes
is zero before the adsorption of DESs.



The dipole moment (D) of molecules affects their solubility in polar media. The dipole
moments of the DESs, nanotube, and the DES@nanotube complexes were calculated and are
summarized in Table 1. The dipole moment of the CNT surface increases from 0.0 Debye to 1.97
Debye or 2.15 Debye with the presence of DV or SW defects on the CNT surface, respectively.
The dipole moment of the nanotubes increases further with the adsorption of DESs due to charge
transfer between the nanotubes and the DESs and further disruption of symmetry. It should be
noted that the large value of dipole moments for the DES@nanotube complexes suggests these
normally hydrophobic species could be solvated by water (D = 1.9 Debye). The calculation of
dipole moment values for the DES@nanotube complexes shows that the polarity of the complexes
follows the order [ChCI][EG]@nanotube > ChCI][BA]@nanotube > [ChCI][U]@nanotube >
[ChCI][Gly]@nanotube. To reiterate, this predicts that [ChCI][EG]@nanotube complexes would
have the highest solubility in polar media like water.

Frontier orbitals, including the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), are used for the investigation of the effect of molecular
adsorption on the properties of the surfaces. The HOMO-LUMO energy gap (Eg) property for a
molecule is calculated based on the energy difference between the HOMO and LUMO orbitals (Eq
= ELumo — EHomo). To understand the effect of DES adsorption on the Eg property of the surfaces,
the HOMO energy, LUMO energy, and Eg value of the DESs, surfaces and the DES@nanotube
complexes were calculated and listed in Table 1. The Eg value for the DESs is in the range of 7.57
eV — 8.88 eV. The Eq4 value of the CNT surface increases from 2.66 eV to 2.79 eV and 2.84 eV
with the creation of DV and SW defects in the CNT surface, respectively. Our results show that
the adsorption of DESs on the CNT, CNT-DV, and CNT-SW surfaces has a marginal effect on the
Eg values of the surfaces. This is due to the weak van der Waals adsorption of DESs on the
nanotube surfaces. Furthermore, it should be mentioned that the Eq values of the complexes
resulted from adsorption of each DES on the CNT, CNT-DV and CNT-SW surfaces follow the
order Eqg (DES@CNT-SW)> Eq (DES@CNT-DV)> Eq (DES@CNT). For example, these values
for the [ChCI][BA]J@CNT-SW, [ChCI][BA]J@CNT-DV, and [ChCI][BA]@CNT complexes are
2.86 eV, 2.74 eV, and 2.66 eV, respectively. The order observed above for the Eq values of the
DES@nanotube complexes is in good agreement with the observed trend of their Eags values, Eads
(DES@CNT-SW)> Eads (DES@CNT-DV)> Eadgs (DES@CNT).
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The calculated Eg values for the DESs, CNT, CNT-DV, CNT-SW surfaces and the
DES@nanotube complexes are related to their chemical hardness (n = ELumo — EHomo/2) values.
According to the # values summarized in Table 1, the # values of course follow the same trend
observed for the Eg and Eags. The DES@CNT-SW complexes have the highest chemical hardness,

stability, and hence the lowest expected chemical reactivity.

3.4. Noncovalent interaction analysis in the DES@nanotube complexes

The noncovalent interaction (NCI) analysis and energy decomposition analysis (EDA)
were performed on the DES@nanotube complexes to highlight the role of noncovalent interactions
in the adsorption of DESs on surfaces. In the NCI analysis, the 3D graphics of reduced density
gradient (RDG) and the 2D scatter plot of RDG versus sign(i2)p(r) are plotted (Figure S2). The
term sign(22)p(r) represents the electron density (p(r)) into the sign of second Hessian eigenvalues
(42). The 2D scatter plot is visualized to determine the type of noncovalent interactions which are
responsible for the adsorption of DESs on the surfaces. In the 2D scatter plots, the points which
are located in the regions with sign(l2)p(r) < 0 show strong interactions such as electrostatic
interactions and hydrogen bonding interactions. More negative values for the peak position in the
2D scatter plot indicate stronger attractive interactions. The van der Waals (vdW) interactions as
weak interactions are found in the regions with the sign(i2)p(r) = 0. In addition, the repulsion
interactions such as steric effects are observed in the regions with sign(Z2)p(r) > 0 [48]. It should
be mentioned that the strength of the interactions is related to the sign(42)p(r) term. The strength
of interactions is shown by the colors in the 2D scatter plots and the 3D graphics of RDG (Figure
S2). The strong attractive interactions, weak attractive interactions, and repulsive interactions are
shown in blue, green, and red respectively [48]. Although the strength of the interactions is
presented by the colors in the 2D scatter plots, more information about the type of the interacting
atoms associated with the colors can not be visualized from the 2D scatter plots. Therefore, the 3D
graphics of RDG are plotted to show the relationship between the type of interacting atoms and
the strength of their interactions in the molecular systems. In addition, it should be mentioned that
large numbers of dots (large dot densities) in the regions with sign(Z2)p(r) < 0 in the 2D scatter
plots represent the regions of most significant interactions in the studied systems.
As seen from Figure S2, only a blue peak in the regions with sign(12)p(r) < 0 (about -0.03 a.u) is
seen in the 2D scatter plots of [ChCI][U]@nanotube complexes. According to the RDG plots, this
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peak is related to the ([Ch]")O-H---[CI]" H-bond interaction in the [ChCI][U] DES. In addition to
this peak, other new peaks appear in the regions with sign(72)p(r) < 0 in the 2D scatter plots of the
DES@nanotube (DES: [ChCI][EG], [ChCI][Gly] and [ChCI][BA]) complexes. As seen from
Figure S2, a blue peak with sign(12)p(r) values less than -0.03 a.u. is seen in the 2D scatter plots
of the [ChCI][EG]@nanotube and [ChCI][Gly]@nanotube complexes. The RDG plots reveal that
this new peak is associated with the ([EG])O-H---[CI]  and ([Gly])O-H---[CI]" H-bond interactions.
The sign(22)p(r) values less than -0.03 a.u. for these interactions confirm that they are weaker than
the ([Ch]")O-H-[CI]" H-bond interactions. Furthermore, for the [ChCI][BA]@nanotube
complexes, the new blue peak is seen with sign(12)p(r) values more than -0.03 a.u. (about -0.04
a.u.). The RDG plots show that this peak is associated with the ([BA])COOH--[CI]" H-bond
interactions. According to the sign(2)p(r) values for these interactions, we find that the
(IBA])COOH:-[CI] H-bond interactions in the [ChCI][BA]@nanotube complexes are stronger
than ([EG])O-H--[CI] and ([Gly])O-H--[CI]" H-bond interactions in the [ChCI][EG]@nanotube
and [ChCI][Gly]@nanotube complexes.

The weak attractive interactions are primarily associated with the interactions between the
DESs and the surfaces, including [CI]--nanotube, ([U])N-H---nanotube, ([EG] and [Gly])O-
H---nanotube, ([BA])COOH:---nanotube, C-H---nanotube, and n-n stacking interactions. This result
shows that the interaction between the DESs and surfaces is weak and that vdW interactions are
primarily responsible for the adsorption of DESs on the surfaces. A notable interaction is seen
when the [ChCI][BA] is adsorbed on the surfaces. In the [ChCI][BA]@nanotube complexes, the
HBD of [BA] has a parallel arrangement with the surfaces and is stabilized by the interaction of
its aromatic ring with the surfaces through n-n stacking interactions. These interactions enhance
the adsorption strength of [ChCI][BA] DES on the surfaces and result in an increase in the
adsorption energy values of [ChCI][BA]@nanotube complexes with respect to other complexes.

The interaction energy between two fragments can be interpreted by the energy
decomposition analysis (EDA) method, which was developed by Morokuma [49] and by Ziegler
and Rauk [50]. In this method, the interaction energy between two fragments (4Eint) is partitioned
into four meaningful components, including a repulsive term (4Epaui) and three attractive terms
(AEetec, AEorn and A Egisp):

1) the repulsive exchange (Pauli) energy between electrons of the two fragments with the

same spin (4Epauii); 2) the electrostatic interaction energy between the charge densities of the two
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fragments (4Eeiec); 3) the energy related to the orbital mixing of the fragments (4Eor); and 4) the
energy related to the attractive forces between the induced dipoles of interacting species
(dispersion energy (4Edisp)) [49, 50]. The results of EDA for the DES@nanotube complexes,
calculated at the PBE-D3/TZP level of theory, are summarized in Table S2 and shown in Figure
4. The PBE-D3/TZP method was also used in our previous works to find the contribution of
attractive interactions in the adsorption of ionic liquids and DESs on the graphene nanoflakes and
their defects [28,29,36-38,32] as well as ionic liquids on the nitrogen-doped graphene nanoflakes
[41] and hexagonal boron-nitride nanoflakes [39].

The interaction energy (4Eint) values between the DESs and the CNT, CNT-DV, and CNT-
SW surfaces, which are resulted from the sum of the four components track the Eags as expected,
and range from -7.76 to -17.58 kcal/mol. The repulsion term of 4Epaui has a positive sign, while
the attractive terms of AEeiec, 4Eorh, and A Eqisp have a negative sign and favor adsorption. In order
to understand the role of attractive contributions on the adsorption of DESs on the surfaces, the
percent contribution of each attractive term to the interaction energy between the DESs and the
surfaces was calculated according to Equation 2.

AEx(%) = (AEx/(AEelec + AEory + AEdisp)) % 100 (Equation 2)

In this equation, the 4Ex term corresponds to one of the three attractive terms of AEeiec, 4Eorb, and
A Eqisp.
As seen from the percent contribution of attractive terms listed in Table S2, the magnitude of the
percent contributions in the DES@nanotube complexes follows the order 4Edgisp > AEeiec™> AEorb.
This result reveals that the contribution of dispersion interactions in the adsorption of DESs on the
surfaces is greater than that of electrostatic interactions and orbital interactions. For example, the
percent contribution of AEgisp for the CNT-SW@[ChCI][BA] complex is 43.5% and higher than
that of AFeiec (32.0%) and AFEom (24.5%) terms. We also found that the observed trend for the
attractive terms is in good agreement with the previous results for adsorption of ionic liquids and
DESs on the graphene nanoflakes and their defects [28, 38] as well as ionic liquids on the nitrogen-

doped graphene nanoflakes [41] and hexagonal boron-nitride nanoflakes [39].
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Figure 4. The results of energy decomposition analysis (EDA, in kcal/mol) of the DES@nanotube
complexes, calculated at the PBE-D3/TZP level of theory.

3.5. UV-Vis absorption spectra of the DES@nanotube complexes

The UV-visible absorption spectra of the CNT, CNT-DV, CNT-SW surfaces and their
complexes with the DESs were calculated at the TD-M06-2X/cc-pVDZ level of theory and are
shown in Figure 5. The optical properties associated with the main transitions in the absorption
spectra, including wavelengths (1), excitation energies (E), oscillator strength (f), excitation
coefficients, and excitation states (n) are summarized in Table S3. As seen from Figure 5, the CNT,
CNT-DV, and CNT-SW surfaces all show their absorption peaks within the visible region of the
energy spectrum, which means that these materials are suitable candidates for colorimetric and
fluorescent sensors [56-58]. According to our results, the UV-visible absorption spectrum of the
CNT surface shows an intensive absorption peak at A = 559 nm corresponding to the electronic

transition HOMO — LUMO+1, which corresponds to  — m electronic transitions in the benzene
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rings of the CNT surface. This result is in good agreement with the experimental results reported
in the literature [59].

The presence of DV and SW defects in the CNT surface shifts the absorption peak of CNT
and induces the emergence of new peaks. The UV-visible absorption spectrum of the CNT-DV
surface shows two absorption peaks at A = 516 nm and A = 714 nm, which correspond to n—n"
electronic transitions. The most intense absorption peak, which shows a lower wavelength at 1 =
516 nm is attributed to the electronic transition HOMO-3—LUMO. The second peak with a lower
intensity (A = 714 nm) corresponds to the electronic transition HOMO-1—LUMO+1. In the case
of CNT-SW surface, the main absorption peak (4 = 584 nm, HOMO—LUMO+2) is observed
about 25 nm higher than the observed absorption peak in the CNT spectrum (4 = 559 nm,
HOMO—LUMO+1). In addition, a new peak with a lower intensity appears at 1 = 671 nm,
attributed to the electronic transition HOMO—LUMO+2.

To gain insight into the effect of DES adsorption on the spectral properties of the surfaces,
the absorption spectra of the DES@nanotube complexes were computed. Figure 5 shows that the
absorption spectra of DES@nanotube complexes are similar in shape to those of CNT, CNT-DV,
and CNT-SW surfaces, indicating that the DES adsorption has a marginal effect on the main
absorption peaks of the surfaces. In addition, only a small change is seen in the intensity of
absorption peak of CNT-SW surface at A = 671 nm upon adsorption of DESs. The small effect of
DES adsorption on the absorption spectra and optical behavior of the surfaces is further evidence
that the adsorption of DESs onto the surfaces is weak. This is in contrast to adsorption onto the
flat nanosheets of the graphene or the boron nitride where the changes in optical activity were
noticeable [28, 38]. In those cases, the adsorption of DESs and ionic liquids was stronger and

showed more covalent character. In this case the disruption of the curved surface is minimal.
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Figure 5. The UV-visible absorption spectra of CNT, CNT-DV, CNT-SW surfaces and their
complexes with DESs, calculated at the TD-MO06-2X/cc-pVDZ level of theory.

In order to understand how the charge transfer occurs via the excited states, the transition
density matrix (TDM) heat maps are used. TDM heat maps are based on the self-defined fragments
and interpreted based on a self-defined fragment index of electron transfer. For TDM heat maps,
the DES@nanotube complexes were divided into three fragments including fragment 1 (CNT,
CNT-DV, and CNT-SW), fragment 2 ([ChCI]), and fragment 3 (HBDs of [EG], [U], [Gly], and
[BA]). TDM heat maps for the main excited states in all the DES@nanotube complexes are
presented in Figure S3 and shown for the [ChCI][BA]@nanotube complexes in Figure 6.
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Figure 6. The TDM heat maps for the main excited states in the [ChCI][BA]@nanotube complexes.
1, 2 and 3 terms in the x and y axes are the surfaces (CNT, CNT-DV and CNT-SW), [ChCI] and
[BA], respectively. The TDM heat maps for the other species are provided as Figure S3 in the
supporting information. In these maps, the x and y axes are the receiving and originating fragments

for the main excited states, respectively.

The charge transferred between the CNT, CNT-DV, and CNT-SW surfaces and the DESs
for the main excited states is also calculated and listed in Table S4. As seen from Table S4, no
charge transfer for the main excited states is observed between the [ChCI] and the HBDs, while it
occurs between the surfaces and the DESs. As seen from Figure S3 and Figure 6, the magnitude
of diagonal elements (the red boxes) in the TDM heat maps of all the DES@nanotube complexes
is more significant than that of the off-diagonal elements (the blue boxes). This reveals that an
important electron transfer does not occur through inter fragment excited states. The red boxes in
the TDM heat maps show that the electrons and holes are mainly localized on the CNT, CNT-DV
and CNT-SW surfaces (fragment 1) in the DES@nanotube complexes. This means that the charge
transfer related to the main transition states occurs mostly in the CNT, CNT-DV and CNT-SW
surfaces. This finding is consistent with the TDDFT results of DES@nanotube complexes that no
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significant change was observed in the absorption spectra of the surfaces with adsorption of DESS;
significant charge transfer through the excited states would change the absorption spectra. A
similar result was observed in our previous study [29] for adsorption of the same DESs on the
hexagonal boron nitride nanoflake (h-BNNF) and h-BNNF containing nitrogen and boron defects
(Bvac-h-BNNF and Nvac-h-BNNF). In these complexes, the TDM heat maps showed that the
excited states are generally related to the local excitation on the h-BNNF, Byac-h-BNNF and Nyac-

h-BNNF surfaces, which corresponds to the m—n* transitions.

4. Conclusions

In this work, a DFT study was performed to investigate the interaction of deep eutectic
solvents (DESs) with CNT, CNT-DV, and CNT-SW surfaces at the M06-2X/cc-pVDZ level of
theory. These DESs are formed from two components of choline chloride ([ChCI]) as hydrogen
bond acceptor (HBA) and urea ([U]), ethylene glycol ([EG]), glycerol ([Gly]), and benzoic acid
([BA]) as hydrogen bond donor (HBD). Noncovalent interaction (NCI) plots show that the
adsorption of DESs on the surfaces occurs via van der Waals (vdW) interactions. The results of
the NCI plots are further confirmed by the energy decomposition analysis (EDA), which shows
that the percent contribution of dispersion interactions in the adsorption of DESs on the surfaces
is greater than that of electrostatic interactions and orbital interactions.

The adsorption of DESs on the surfaces leads to a small charge transfer from the surfaces
to the DESs. The calculation of adsorption energy (Eads) values for the DES@nanotube complexes
shows that the tendency of the DESs for adsorption on the CNT surface increases in the presence
of DV and SW defects and follows the order Eais(DES@CNT-SW)> Eaas(DES@CNT-DV)>
Eads(DES@CNT). The HOMO-LUMO energy gap (Eg) and chemical hardness () of the
complexes also follow the same order observed for Eags values, indicating that the DES@CNT-
SW complexes have the lowest chemical reactivity. The Eags values are associated with the volume
of DES adsorbed on the surfaces. The greater the volume of DES, the greater both the number of
noncovalent interactions between the DESs and the surfaces, and the Eags Values.

It should be noted that the [ChCI][BA] DES has the maximum adsorption energy due to
the presence of the six-membered aromatic ring in the [BA] and its n-m interaction with the
surfaces. Furthermore, because the main transition states in the DES@nanotube complexes occur
mostly in the CNT, CNT-DV, and CNT-SW surfaces, the UV-visible absorption spectra and the
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transition density matrix (TDM) heat maps show that there is no significant change in the
absorption spectra of the surfaces with DESs adsorption.

A comparison between the adsorption properties of DESs on the nanotubes and the GNF
surfaces and their defective structures indicates that the adsorption of DESs on the nanotubes is
weaker than GNF and GNF-DV and GNF-SW surfaces. This leads to the observation of a marginal
effect on the UV-visible absorption spectra of the CNT, CNT-DV and CNT-SW surfaces with
respect to the GNF, GNF-DV and GNF-SW surfaces. DES binding can certainly occur to these
nanotubes, and this could help solvate them, but it has a minimal effect on the properties of the

tubes themselves.
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