MOLECULAR SIMULATION
2023, VOL. 49, NO. 17, 1575-1581
https://doi.org/10.1080/08927022.2023.2254393

Taylor & Francis
Taylor &Francis Group

W) Check for updates

Effect of endohedral nickel atoms on the hydrophilicity of carbon nanotubes
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ABSTRACT

Carbon nanotubes (CNTs) have been successfully used in biomedicine, including cancer therapy, due to
their unique physico-chemical properties. Because pristine CNTs exhibit hydrophobic behaviour, they can
have a cytotoxic effect on cells, which limits their practical use in biomedicine. The toxicity of CNTs can be
reduced by adding water-soluble functional radicals to their surface, i.e. by increasing their hydrophilicity.
Another possibility for increasing the hydrophilicity of CNTs is probably filling them with endohedral
metal atoms, which has not yet been studied. Thus, in this study, we use computer simulations to
investigate the combined effect of endohedral nickel atoms and functional groups on the
hydrophilicity of CNTs. Our simulation results show that the introduction of endohedral nickel atoms
into CNTs increases their binding energy with functional groups. We also find that the addition of
functional groups to the surface of CNT, along with filling it with endohedral nickel atoms, leads to an
increase in the dipole moment of the CNT as well as its interaction energy with water, thereby
increasing the hydrophilicity of the CNT and, consequently, its solubility in water. This, in turn, can
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lead to a decrease in CNT toxicity.

1. Introduction

Carbon nanostructures possess distinctive physical, chemical,
and biological properties, making them highly promising
materials employed across various fields [1]. Among them, car-
bon nanotubes (CNTs) are increasingly utilized due to their
extraordinary electrical and mechanical characteristics [2]. In
the field of biomedicine, CNTs have found applications in
the efficient transport and delivery of biological drugs, as well
as in biosensing technologies [3-7]. These nanotubes serve as
membrane channels within cells, demonstrating remarkable
capabilities for transporting DNA and facilitating drug delivery
across cell membranes [8-11]. Particularly in cancer treatment,
CNTs have emerged as promising carriers [12]. Their utiliz-
ation helps mitigate the adverse effects of therapy, such as
drug toxicity [12-15], while simultaneously enabling targeted
drug delivery to tumor sites [16]. Consequently, this approach
minimizes damage to healthy tissues in patients.

CNTs exhibit hydrophobic characteristics attributed to their
sp>-hybridized carbon structure. Consequently, they tend to
aggregate when placed in aqueous solutions [17] due to their
insolubility in water [18,19]. The hydrophobic nature of the
surface of these aggregated CNTs leads to a specific chemical
binding of essential nutrients crucial for cell growth, resulting
in an indirect cytotoxic effect on cells characterized by cellular
damage and death [20]. Notably, experiments conducted on
animal models have demonstrated an increase in cases of
CNT-induced lung toxicity [21,22]. These observations pose
limitations on the practical application of CNTs in biomedi-
cine, necessitating the reduction of their toxicity through the
enhancement of their solubility in aqueous environments [23].

One effective approach to mitigate the toxicity of CNTs
involves their surface modification with biocompatible organic
materials, specifically water-soluble functional radicals.
Remarkably, experimental investigations utilizing CNTs func-
tionalized with carboxyl (-COOH) radicals have demonstrated
non-cytotoxic effect of these functionalized CNTs (fCNTs)
[24]. Additionally, numerous studies have highlighted a sub-
stantial improvement in the solubility of CNTs following their
modification with functionalized groups [23,25-30]. Quantum
mechanical calculations have specifically indicated that an
increase in the number of functional groups on the surface of
carboxylated single-walled CNTs (SWNTs) leads to elevated
Gibbs free energy of solvation and dipole moments of SWNTs
[23], resulting in increased solubility of SWNT's in water [23].

In addition to functional groups, the incorporation of endo-
hedral transition metal atoms into the nanotube structure
[31,32] has the potential to alter its surface properties, such
as hydrophilicity, leading to consequential effects on its solubi-
lity. However, to the best of our knowledge, no previous
research has investigated the specific influence of endohedral
transition metal atoms, as well as their combined effect with
functional groups, on the hydrophilicity of CNTs. Therefore,
to address this research gap comprehensively, we conduct mol-
ecular dynamics (MD) simulations to examine the impact of
endohedral nickel (Ni) atoms on the hydrophilic properties
of SWNTs. In this context, the aim of this study is to gain valu-
able insight into the synergistic effect between endohedral
transition metal atoms and functional groups, with a particular
focus on how they collectively affect the hydrophilicity of
SWNTs.
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2. Simulation details

Atomic-scale reactive MD simulations were performed to
investigate the interaction mechanisms of pristine SWNT
(pSWNT) and functionalized SWNT (fSWNT) (with and
without endohedral Ni atoms) with water by applying the
ReaxFF force field [33]. This force field has been used to
study the properties of various model systems, including
water [34] and CNT [35]. In this study, we used the par-
ameter set of ReaxFF developed by Zou et al. [36]. This set
of parameters has been shown by Khalilov et al. to describe
the CNT very well (i.e. accurately and reliably) [35]. To ver-
ify whether it can describe the water environment well
enough, we carried out additional MD simulations. For this
purpose, a model system consisting of 500 water molecules
placed in the simulation box with dimensions of 25 x 25 x
23.93 A® and periodic boundary conditions were applied in
all Cartesian directions (i.e. x, y and z). It was determined
that under this condition, water obtained a density of 1 g/
cm’. The energy of the model system was minimized using
the conjugate gradient method. Then, the system was heated
to a temperature of 300 K for 300 ps using the Berendsen
thermostat [37] with dumping constants of 0.1 ps by apply-
ing the NVT ensemble. Using the thermalized water system,
several quantities representing its properties (e.g. O-H bond
and HOH angle in water) were determined (see below), thus
confirming the reliability of the ReaxFF parameter set used in
this work.

To study the properties of CNTs, we first created a
pSWNT (Figure la) with chirality (5.5), a length of 22 A
and a diameter of 6.8 A using Nanotube Modeler software.
The average length of carbon-carbon (C-C) bonds in this
nanotube was 1.43 A, which is consistent with the SWNT
parameters obtained in the literature [35]. To form
fSWNT model systems, one, two and three carboxyl
(-COOH) radicals were covalently bonded to the surface of
PSWNT (see Figure 1b-d). These functional groups were
connected to the middle areas of SWNT in the direction
of the z-axis.

Figure 1. Top view of pSWNT with (5,5) chirality (a) and its functionalized forms
with one (b), two (c) and three (d) carboxyl (-COOH) radicals. The same structures
filled with endohedral Ni atoms (e-h). Carbon, oxygen, hydrogen, and nickel
atoms are shown in black, red, white, and green, respectively.

To create SWNT model systems with endohedral Ni
atoms, we introduced 18 Ni atoms into the above mentioned
nanotubes (Figure le-h). Note that this number of Ni atoms
corresponded to approximately 97% of the inner volume of
the SWNT, which was calculated using the concept of the
effective diameter [38], i.e. doy = dgeo — Tc_ni> Where deg is
the effective diameter of the SWNT, d,, is the geometric
diameter of the SWNT (ie. 6.93 A), and oc_p; is the
sigma bond length of C-Ni (i.e. 2.5 A). These 8 model sys-
tems were then placed in a simulation box with a size of
22 x 22 x22.2 A%, Periodic boundary conditions were applied
along the three directions of the simulation box, which
allowed the SWNTs to be considered long enough to
mimic the experimental studies. Initially, the energy of the
model systems was minimized using the conjugate gradient
method. Then, the temperature of the systems was gradually
increased to 300 K (with a heating rate of 1 K/ps) using the
NpT ensemble under a pressure of 1 atm for 300 ps. To con-
trol the temperature and pressure of the systems, the Berend-
sen thermostat and barostat were applied with corresponding
dumping constants of 0.1 and 5 ps, respectively [37]. Sub-
sequently, the temperature of the model systems was kept
for 300 ps using the Berendsen thermo-barostat in the
NpT ensemble. A time step of 0.25 fs was chosen in all
MD simulations.

To study the interaction of water with SWNTs, these eight
model systems were surrounded by water molecules and
placed in the same simulation box as mentioned above
(i.e. 22 x22x22.2 A%). Subsequently, all the above steps (i.e.
minimization and thermalization) were performed to create
well-equilibrated model systems in a water environment. To
calculate the average dipole moments of all eight model sys-
tems, we used 600 MD frames extracted from the last 150 ps
of the simulations.

The investigation of binding energy barriers associated
with functional radicals is interesting [39], as it provides
insights into the influence of endohedral Ni atoms on
these barriers. Consequently, to evaluate the binding energy
barriers of functional radicals on the surface of SWNTs, we
employed the nudged elastic band (NEB) method [40]. For
this purpose, we extracted 10 frames from MD simulations
of SWNT structures over the final 150 ps (at 15 ps intervals).
These MD frames included SWNTs with one, two, and three
functional radicals, resulting in a total of 30 configurations.
These chosen configurations were then adopted as the final
(i.e. bound) states in the NEB calculations. To create
configurations with initial (i.e. unbound) states, we placed
each functional radical approximately 11 A from the surface
of the selected SWNTs. Consequently, a total of 60 struc-
tures were employed for NEB calculations: 10 configurations
with one functional radical, 20 with two, and 30 with
three functional radicals, respectively. The determined bind-
ing energy barriers were subsequently averaged to obtain the
final binding energy barrier for each configuration (i.e.
SWNTs with one, two and three functional radicals). The
same procedure was applied to SWNT structures with endo-
hedral Ni atoms, again using 60 configurations (see above).
Thus, in total, 120 NEB calculations were conducted to
determine the average binding energy barriers.
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Figure 2. RDF of distances between O-H and O-O atoms of water molecules.

2.1. Results and discussion

2.1.1. Force field validation

To validate the accuracy of the ReaxFF force field (namely, its
parameter set developed by Zou et al. [36]) for the water model
system, a number of parameters related to water, i.e. the aver-
age O-0O and O-H distances in water molecules and their radial
distribution functions (RDFs), the average HOH angle of
water and OH-O angle formed due to hydrogen bonds, partial
charges of O and H atoms (dp and dy), and the average dipole
moment of water molecules (p), were calculated. Figure 2 illus-
trates the RDFs of O-O and O-H distances.

As can be seen from the figure, two peaks for O-H are found
at distances of 0.96 and 1.83 A (shown in red). These distances
correspond to the lengths of the O-H bonds in the water mol-
ecule and the O-H hydrogen bonds formed between water
molecules, respectively. For the O-O distance (shown in
blue), only one peak is observed at 2.78 A, which corresponds
to the distance between the O atoms of the two nearest water
molecules. The results of these RDFs are consistent with other
findings in the literature [41]. In Table 1, the parameters of the
water molecule calculated in this study are compared with
those reported in the literature.

As seen from the table, the O-H and O-O distances deter-
mined in this study agree with the distances calculated earlier
by Fogarty et al. [41] (column 3) and are very close to the SPC
(column 4), ab initio (column 5) and experimental (column 6)
results. A similar conclusion can be drawn about the HOH
angle, except for SPC; this angle is slightly larger than that
of the others. The calculated OH-O angle is somewhat smaller
than the previous one and calculated from first principles and

ine the influence of Ni atoms on these lengths, as illustrated in
Figure 3. In Figure 3a, three distinct C-C distances, labelled as
d;, d,, and ds, are evident within a radius of 3.25 A. The cor-
responding RDF of them is depicted in Figure 3b. For SWNTs
without endohedral Ni atoms, the peaks for these C-C dis-
tances appear at 1.42, 2.45, and 2.83 A (cyan colour). In the
case of SWNTs with endohedral Ni atoms, these peaks
undergo slight shifts to approximately 1.43, 2.46, and 2.85 A
(blue colour). The observed shifts are likely attributed to Cou-
lomb interactions between the Ni and C atoms, which induce a
subtle elongation in the SWNT C-C bonds, resulting in a slight
overall increase in the above-mentioned C-C distances.

2.1.1.1. Binding of functional groups (-COOH) with SWNT.
To evaluate the interaction of hydrophilic functional groups
with nanotubes, the binding energy E, of these groups to
the surface of SWNT was calculated, which is determined as
follows:

Ey = Eswnr—(coon), — (Eswnt + E(coon),) (1)

where n is the number of functional groups (n=
1-3), Eswnr—(coom), is the potential energy (eV) of the system
consisting of SWNT and functional group(s), and Eswyr and
E(coom, are the potential energies (eV) of SWNT and func-
tional group(s), respectively. Thus, using formula (1), we cal-
culated the binding energy of the ~-COOH radical(s) with the
SWNT surface under vacuum conditions (see Figure 4). As is
clear from Figure 4, in SWNTs without endohedral Ni atoms,
the average binding energy corresponding to one radical
practically does not change with an increase in the number
of radicals. Specifically, the binding energy corresponding
to one radical is equal to —4.63, —4.63 and —4.60 eV for
SWNTs with one, two and three functional groups,
respectively.

Table 1. Comparison of water parameters calculated in this study with those available in the literature.

parameters ReaxFF-Zou (this study) ReaxFF-van Duin? SPC/E® ab initio BLYP® experiments
0-H distance (A) 0.98 £0.05 0.98 + 0.04 1.00 0.97 0.967
0-0 distance (A) 2.88+0.20 2.88+£0.20 2.95 2.98°
HOH angle (°) 104.50 £ 0.01 104.00 £ 4.00 109.47 104.40 104.50"
OH-0 angle (°) 164.00 = 1.29 168.00 + 6.00 173.00 174.007
6o (€) —0.73+£0.00 —-0.73+0.03 -0.85

6y (e) 0.37 £0.00 0.36 £0.03 0.42

u (D) 2.12£0.01 2.10+£0.20 235 1.81 2.90"

Th_[41-48]
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Previous quantum mechanical calculation results showed
that the increase in the number of radicals on the surface of
SWNT leads to a decrease in their binding energy to SWNT
(i.e. weakening of the bond) [23]. The difference between the
results of this work and the results of quantum mechanical cal-
culations can be explained by the size of the SWNT and the
hydrogen termination of its edges. In other words, in the quan-
tum mechanical study, a model SWNT structure with a finite
length of 8.65 A was chosen, and the edges of the nanotube
were completely terminated by hydrogen atoms [23]. The
interaction of these hydrogen atoms with the functional
groups in SWNT through nonbonding (i.e. van der Waals
and Coulomb) forces can affect the binding energy of these
groups with SWNT. In our research, the absence of hydrogen
atoms in the structure of SWNT eliminates the possibility of
their interaction with functional groups, and therefore, the
binding energy does not change (see Figure 4, green curve).
In addition, the sufficiently long length (~22 A) of SWNT pre-
vents them from interacting with functional groups even if
there are hydrogen atoms on its edges (i.e. hydrogen atoms
and functional groups are outside the cutoff radius of inter-
actions, i.e. 10 A). Indeed, our test simulations with sufficiently
long (~22 A) SWNT structures terminated with hydrogen
atoms fully confirmed our above hypothesis. Namely, the
binding energy corresponding to a single radical in a vacuum
environment was equal to —4.61, —4.62 and —4.59 eV for ter-
minated SWNTs with one, two and three functional groups,
respectively. In the case of SWNTs with endohedral Ni
atoms (Figure 4, orange curve), the binding energy corre-
sponding to one radical decreases slightly with an increase in
the number of radicals. In particular, the binding energy cor-
responding to one radical is equal to —5.15, —5.05 and
—5.00 eV for SWNTs with one, two and three functional
groups, respectively. However, taking into account the stan-
dard deviations, one can conclude that these values are still
very close (see Figure 4, orange curve). It is also clear that
these energy values are slightly (~1.1 times) higher than
those of SWNTs without endohedral Ni atoms, which

a b

g(r)

indicates a stronger binding of functional groups to the
SWNT surface upon introduction of endohedral Ni atoms.
This can be explained by the fact that endohedral Ni atoms
lead to a change in the partial charges of SWNT C atoms
due to the Coulomb interactions between Ni and C atoms.

To assess the influence of endohedral Ni atoms on the bind-
ing energy barrier (AE,) between hydrophilic functional
groups and nanotubes, we calculated these binding energy bar-
riers using the NEB method. Figure 5 shows the average bind-
ing energy barrier of a single functional radical on SWNTs
with and without endohedral Ni atoms.

It is evident from figure that for SWNTs without endohe-
dral Ni atoms, the binding energy barrier corresponding to
one radical practically does not change with an increase in
the number of radicals (i.e. about 1.46 eV), especially when
standard deviations are taken into account (see Figure 5, yel-
low bars). In the case of SWNTSs with endohedral Ni atoms,
for all three structures, somewhat higher energy barriers are
observed, which increase with an increase in the number of
radicals. Specifically, the binding energy barrier corresponding
to one radical is equal to —1.52, —1.61 and —1.88 eV for
SWNTs with one, two and three functional groups, respect-
ively (see Figure 5, blue bars). Thus, the introduction of endo-
hedral Ni atoms into SWNTs results in a slight increase in the
average energy barrier for binding the functional radical to the
SWNT surface. Nevertheless, considering the associated stan-
dard deviations, we can conclude that all these energy barriers
are still relatively close to each other (see Figure 5).

2.1.1.2. Dipole moment of SWNT. By examining the dipole
moment of pristine/functionalized nanotubes with and with-
out endohedral Ni atoms, one can estimate the change in
their solubility in a solvent. Thus, we calculated the dipole
moments of all eight SWNTs (see Figure 1) in a water environ-
ment. Figure 6 shows the average dipole moments of all
SWNTs as a function of the number of functional groups
(i.e. -COOH radicals).
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Figure 3. (a) Three different C-C distances, denoted as d;, d, and ds, within a radius of 3.25 A from the central carbon atom and (b) their respective RDFs for SWNTs with

and without endohedral Ni atoms.
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Figure 4. Average binding energy of the -COOH radical to the SWNT surface with
(orange) and without (green) endohedral Ni atoms as a function of the number of
functional groups (i.e. -COOH radicals). Associated standard deviations are shown
as error bars.

As is obvious, functionalization of pSWNT with ~-COOH
radicals significantly increases its average dipole moment. In
particular, the average dipole moments of pSWNT and
fSWNT without endohedral Ni atoms containing one, two
and three-COOH radicals are 0.001, 3.793, 1.946 and 1.541
D, respectively (see green bars in Figure 6). It is clear that the
average dipole moment of pSWNT is almost 0 D, indicating
that pPSWNT is insoluble in polar solvents such as water [23].
The main reason for this is that the calculated partial charges
of the C atoms of pSWNT are almost zero. A decrease in the
average dipole moment with an increase in the number of func-
tional groups can probably be explained by the fact that the
dipole moments of the functional groups remain in opposite
directions, thereby attenuating each other. In the case of
SWNT filled with endohedral Ni atoms and functionalized
with -COOH radicals, the average dipole moment increases sig-
nificantly compared to that of pPSWNT (see orange bars in

{ [[] SWNT without endohedral Ni atoms
] SWNT with endohedral Ni atoms

2.0 -
' T T T T
2 3

T
1

AE, (eV)

number of radicals (#)

Figure 5. Average energy barrier of ~COOH radical binding to the surface of
SWNTs with and without endohedral Ni atoms, depending on the number of
functional groups (i.e. —COOH radicals). Associated standard deviations are
shown as error bars.
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Figure 6. Average dipole moments of pristine/functionalized SWNTs with and
without endohedral Ni atoms as a function of the number of functional groups
(i.e. —COOH radicals). Associated standard deviations are shown as error bars.

Figure 6). Specifically, the average dipole moments of SWNT
with endohedral Ni atoms and its structures functionalized
with one, two and three ~-COOH radicals are 1.513, 1.433,
2.681 and 4.046 D, respectively. As is clear, an increase in the
number of functional groups leads to an increase in the dipole
moment of SWNT with endohedral Ni atoms, thereby increas-
ing its hydrophilicity. Note that, as mentioned in the Simulation
details section, we obtained each dipole moment by averaging
their values over 600 MD frames, and thus, it is difficult to elu-
cidate the reason for increased dipole moments by increasing
the number of functional groups due to the dynamic evolution
of the system (i.e. the positions of atoms change in each MD
frame). Nevertheless, we can summarize that filling an SWNT
with endohedral Ni atoms and functionalizing it with -
COOH radicals increases its dipole moment, thereby increasing
its hydrophilicity and thus its solubility in water.

2.1.1.3. Interaction of SWNT with surrounding water. A
change in the dipole moment of an SWNT changes its inter-
action with a polar solvent, such as water. Thus, we evaluated
the interaction energies of pSWNT and fSWNT (with and
without endohedral Ni atoms) with surrounding water mol-
ecules (see Table 2). Note that these energies are calculated
in the same way as the binding energy given in formula (1).
In other words, the interaction energy between SWNT and
water was determined by subtracting the sum of the separately
calculated potential energies of SWNT and water from the
total potential energy of the system (SWNT + water).

Table 2. Average interaction energies (E) of pSWNT and fSWNT with water
molecules.

Number of ~COOH radicals Ei+ AE; (eV)

SWNT without nickel SWNT with nickel
0 -5.29+0.19 —-5.81+0.26
1 —5.99+0.30 —6.72+0.34
2 —-6.95+0.90 —12.99+0.40
3 —-8.76 £ 1.71 —13.79+£0.55
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As seen from the table, the interaction energy between
pSWNT and water molecules is —5.29 eV, and this energy
increases with an increase in the number of functional groups
in fSWNT without endohedral Ni atoms. In particular, this
energy is found to be —5.99 eV, —6.95 eV and —8.76 eV for
fSWNT with one, two and three radicals, respectively. The
table also shows that the introduction of Ni atoms into the
above nanotubes leads to a further increase in the interaction
energy of SWNT with water. In particular, the interaction
energies of SWNTs with endohedral Ni atoms containing
zero, one, two and three radicals are —5.81, —6.72, —12.99,
and —13.79, respectively. Thus, we can conclude that the func-
tionalization of the nanotube increases its interaction with the
surrounding aqueous medium, which is further enhanced by
the introduction of endohedral Ni atoms into the nanotube.
In general, the functionalization of SWNT along with filling
it with endohedral Ni atoms enhances its interaction with
water, which leads to an increase in its solubility, ultimately
reducing its toxicity. It is essential to note that studying the
impact of SWNT size (or curvature) and/or the influence of
adjacent SWNTs (i.e. SWNT bundles) on the hydrophilicity
of both pSWNT and fSWNT (with and without endohedral
Ni atoms) is also of significant importance. We intend to con-
sider these aspects in our future investigations.

3. Conclusions

In this research, reactive MD simulations were performed to
study the synergistic effect of endohedral Ni atoms and surface
functional groups on SWNT hydrophilicity. The ReaxFF force
field parameter set used in this study was validated to ade-
quately describe the water environment. The simulation results
showed that the binding energy corresponding to a single func-
tional group in SWNT without endohedral Ni atoms remains
practically unchanged with an increase in the number of func-
tional groups, whereas it slightly decreases in the case of
SWNT with endohedral Ni atoms. Nevertheless, the binding
energies of SWNT with endohedral nickel atoms are about
10% higher than the binding energies of SWNT without endo-
hedral nickel atoms, which indicates a stronger binding of
functional groups to the surface of SWNT containing encapsu-
lated nickel atoms. The findings also indicated that the intro-
duction of endohedral nickel atoms and the functionalization
of SWNT with ~-COOH radicals lead to an increase in its dipole
moments, consequently enhancing the hydrophilicity and sub-
sequent water solubility of SWNT. The interaction energies
between SWNT and the surrounding aqueous medium indi-
cated that functionalizing SWNT enhances these energies,
and this effect is further amplified when SWNT is filled with
endohedral nickel atoms. In general, the combined effect of
functionalizing SWNTs and filling them with endohedral
nickel atoms improves their interaction with water, resulting
in heightened solubility and, ultimately, reduced toxicity.
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