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Abstract: We present first MD simulation results of Cqy adsorption inside a single-walled carbon nanohorn. The
assumed carbon nanohorn model and the values of the force field parameters lead to relatively good agreement between
simulation and experiment. We show that the confinement of water and ethanol inside a carbon nanohorn strongly
changes the properties of confined liquids leading to a decrease in the number of hydrogen bonds, and diffusion
coefficients in comparison to bulk. The appearance of Cg, inside the nanohorn leads to further decrease in diffusion

coefficients of confined solvents.
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I. INTRODUCTION

Several years ago, Ajima et al. [1] studied the
mechanism of materials storage in inner space of nano-
carbons. They tried to visualize this process by adsorption
of Cg in a single-walled carbon nanohorn (SWCNH).
Studying the SWCNH filled with Cg with the High
Resolution Transmission Electron Microscopy (HRTEM),
the authors concluded that the mechanism of storage is
not regular and fullerene molecules are heterogencously
distributed and mainly localised near the nanohorn tips.
Therefore, fullerene molecules behave in a different way
than it was observed for carbon nanotubes, where they
were packed regularly. The authors also reported experi-
mentally determined distribution of Cgy inside a carbon
nanohorn by plotting the graph showing the frequency of
fullerene molecules with respect to the local curvature of
graphite walls defined by the local diameter of a nano-
horn.

The results reported by Ajima et al. [1] are important
not only for fundamental studies of the storage mechanism.

Recent results published by Miyako et al. [2] demonstrated
that Cg molecules encapsulated in SWCNH can be
released by NIR laser irradiation, suggesting that SWCNHs
are potentially useful for a photocontrolled release of
drugs. Therefore, the knowledge of the influence of
confinement (as well as solvent type) on the structure of
adsorbed Cg seems to be very important.

The major purpose of this study is, by using Molecular
Dynamics (MD) simulation, to identify the mechanism of
Cso adsorption inside SWCNH. Moreover, we tried to
identify the structure of solvent inside a nanohorn, as well
as the influence of adsorbed Cg, on the structure of solvent.
We expect to obtain a similarity between determined from
simulation, and experimentally observed distribution
curves (see Fig. 4 in [1]) of fullerenes inside SWCNH.
However, in this case one should remember that since we
use in our simulation only a single nanohorn as the
representation of the whole dahlia-flower structure, it is
practically impossible to obtain perfect agreement between
simulation and experiment. Moreover, careful observation
of HRTEM npictures revealed that real carbon nanohorns
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possess distributed diameters and have different lengths
[1]. Also the shape of a nanohorn is not perfect in some
cases, and one can observe some highly deformed cones
even having ink-bottled structures.

In our simulation by replacing ethanol with water we
also study the influence of solvent on the distribution of
fullerenes inside a nanohorn, since Ajima et al. [1] adsor-
bed Cgp only from ethanol solution.

II. MOLECULAR DYNAMICS SIMULATION

To study the configuration of Cg in a nanohorn at
298 K we applied the GROMACS simulation package [3],
and the OPLSAA force field described in detail previously
[4-11]. The topology of a water molecule can be repre-
sented in this package as the TIP4P model, applied in the
current study. We used the TIP4P model because simple
empirical three-point-charge water models such as TIP3P,
SPC/E, and TIP4P are quite successful in describing the
properties of water [12]. It is only in the solid phase where
we find that the performance of these models is different in
a significant way, but the solidification of water has not
been expected in the current study. The simplicity of the
TIP4P functions is also attractive from a computational
standpoint [13]. We also used the TIP4P model since it is
most popular in simulations of water/nanotube systems
[14].

The force field parameters for an ethanol molecule were
exactly the same as studied by Taylor and Shields — see
Table 1 in [15]. The force field parameters for Cg, fullerene
simulation were taken from the study of Malaspina et al.
[16] who simulated the behaviour of Cg, in ethanol
solution.

In our simulation we studied 4, 8, 12 and 16 fullerene
molecules inside an idealized carbon nanohorn model. This
nanohorn was generated by cutting wedge (the disclination
angle 300°) from the graphene sheet and stitching its edges
(see Fig. 2 in [17]). The final structure contains 3002
carbon atoms. The opening angle was assumed as equal to
19.2° — this angle is very close to 20° the most often
experimentally observed for SWCNH [17, 18]. To speed up
the simulation we applied the following procedure. We
introduced a fixed number (4, 8, 12 and 16) of Cg
molecules inside the empty carbon nanohorn and next, the
energy of this system was minimized using the Monte
Carlo (MC) simulation in the Canonical Ensemble. During
the MC we assumed the same values of carbon — carbon
potential parameters as during the MD simulation. Next,
after equilibration the solvent was introduced (ca. 24 000 of
water and 8000 of ethanol molecules) and the MD

simulation was performed using the Berendsen barostat
(1 atm) and thermostat (298 K). The equilibration time of
MD simulation was at least 5 ns.

III. RESULTS AND DISCUSSION

First of all, to check our fullerene model we tried to
recover the results published by Malaspina et al. [16]. The
comparative results of diameter oscillation for isolated and
solvated in ethanol fullerene Cg molecule during MD
simulations, and the comparison of the Radial Distribution
Functions (RDFs) calculated in [16] and during our simu-
lation shows very good agreement between results. Figure 1
shows applied notation, the details of simulation boxes, and
the snapshots from equilibrated systems (note that some
figures were created using the VMD program [19, 20]).

CGU (Ih)

8x Cq

12x Cq

16 x Cqy

ethanol

water

Fig. 1. The schematic representation of simulation box, applied
methodology and the equilibrium configurations of fullerene
molecules in water and in ethanol solutions
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The comparison between simulation and experimental
data published by Ajima et al. [1] is shown in Fig. 2a for
both studied solvents as well as for a different number of
Cgo molecules. As one can see, for a relatively small
number of fullerene molecules introduced into simulation
box we observe quite good agreement between distri-
butions obtained from the experiment and determined from
simulations. There is no remarkable difference between
distribution of Cg, in water and in ethanol. Therefore,
simulation results show that due to large energy of
intermolecular interactions between fullerenes and walls
we do not expect that the replacement of ethanol with water
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will change the structure of fullerenes deposited inside
SWCNH.

In Fig. 2b we show the density profiles. During the
calculations it was assumed that the centre of a water
molecule is located on an oxygen atom, and the centre of
ethanol is at the centre of mass of this molecule. One can
observe that in fact Cgy molecules are located at the tip ends
and at the vicinity of the nanohorn walls. Moreover, we
also observe high density of both solvents at the walls, as
well as the layered structure, especially pronounced for the
case of water.
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Fig. 2. (a) Frequency of adsorbed Cg molecules vs. nanohorn curvature radius — the comparison between simulation (lines) and
experimental data published by Ajima et al. [1] (bars). (b) The density (in molecules/nm®) profiles (see Fig. 1) — one can observe the
layered structure of solvent and the location of Cgj at the vicinity of carbon nanohorn walls
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Fig. 3. (a) The profile of Lennard-Jones solid-fluid (sf) (reduced by &) potential energy of interaction between Cg, and nanohorn (2r-H
plane). The points represent the fullerene centre shifted in the axis plane. Bottom figure shows the potential after adsorption of the first
fullerene (at the tip). (b) The profile of Lennard-Jones solid-fluid (sf) (reduced by &) potential energy of interaction for O atom in the

2r-H plane

The data shown in Fig. 3a provide the justification of
the Cg location at the nanohorn walls (for a larger number
of adsorbed fullerenes), and explains the experimental
conclusion about the preferred localisation of fullerene near
the nanohorn tips (for a small number of fullerenes inside
nanohorns). This figure shows the potential energy inside
SWCNH. This reduced potential energy was calculated
introducing Cg, inside our nanohorn model. As one can
observe, the location of only one C4y molecule (located at
the tip) is influenced by the enhancement of potential
energy caused by overlapping interaction energy from the
surrounding carbon atoms of the nanohorn wall (to show
this effect more clearly we plotted on the bottom figure the
potential profile calculated after adsorption of the first
fullerene at the tip).

A similar potential energy profile plot is shown in
Fig. 3b but for an oxygen atom of water (it should be noted
that negligibly small qualitative differences were recorded
between the profiles obtained for a carbon atom of the
ethanol molecule and the oxygen atom mentioned above).

The data collected in this figure show that at the tip end
molecules are in an overlapping potential field. Thus this
field causes the creation of a unique phase in a conical
potential confinement.

Figure 4 shows the average number of molecules in
slices (thickness ca. 0.3 nm) as well as the average number
of created hydrogen bonds calculated using the procedure
proposed by Gordillo and Marti [21]. As one can see, with
a rise in the number of adsorbed fullerenes inside the
carbon nanohorn the number of water molecules, and
subsequently the number of formed hydrogen bonds
decreases. The number of hydrogen bonds calculated per
a single water molecule in the bulk at 298 K is equal to 3.4.
Saiz et al.,, who used the OPLSAA force field and MD
simulations of the bulk ethanol molecules, concluded that
the average number of ethanol hydrogen bonds per single
molecule is (at 7 = 298 K) equal to 1.88 [22]. One can
observe that those values are obtained for bulky solvents,
i.e. at large distances from the nanohorn tip (see Fig. 4).

Very interesting is the structure of water and ethanol at
the tip end. For molecules closed in the potential field
shown in Fig. 3 — between a Cg fullerene and the tip — we
observe strong reduction in the number of hydrogen bonds
formed per single molecule in comparison to the bulk. In
this nanoconfinement we observe the creation of conical
water and ethanol structures and, as it can be seen from
Fig. 4, the presence of fullerene has a larger influence on
the number of hydrogen bonds created between ethanol
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Fig. 4. The number of solvent molecules and hydrogen bonds created between them (marked in yellow) in a empty nanohorn filled with
16 x C4y molecules (up to H = 2.555 nm (see red arrows and Fig. 3))

Table 1. Self diffusion coefficients of solvents caluclated for bulk
and under confinement

System Water (D 10° cm?/s) Ethanol (D 10°cm?/s)

bulk 2.1504 (+/-0.0037)
0x Cgpo 2.2234 (+/-0.0943) 1.8006 (+/-0.0342)
4 % Cqgp 2.1632 (+/-0.0217) 1.1804 (+/-0.0142)
8 % Cq 2.0361 (+/-0.0634) 0.8058 (+/-0.0573)
12X Cq | 2.0067 (+/-0.0275) 0.6797 (+/-0.0250)
16 X Cg 1.9312 (+/-0.0916) 0.6117 (+/-0.0910)

molecules than between water ones (ethanol molecule has
a larger collision diameter). The structure of conical water

and ethanol is shown in Fig. 4. Table 1 summarizes the self
diffusion coefficients obtained in this analysis. They were
calculated from the period of 500 ps for molecules inside
nanohorn. It can be seen that the presence of fullerenes in
a small amount changes the diffusion coefficient of water.
Contrary for ethanol the drastic changes are observed. In
both cases we observe a progressive decrease in the
diffusion coefficient value with the rise in the number of
fullerenes inside.

IV. CONCLUSIONS

The major conclusions of our study are as follows. The
assumed carbon nanohorn model and the values of the
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force filed parameters lead to relatively good agreement
between simulation and experiment. The distribution of
Cso inside SWCNH is similar to observed experimentally;
moreover, this distribution is almost the same in water as
in ethanol. The calculation of the enhancement of potential
energy due to conical symmetry shows that it is exerted
only on the first C¢y molecule. This is in agreement with
experiment and simulation showing that the molecules are
mainly adsorbed at the tip ends. However, all solvent
molecules closed in the space between tip and first
adsorbed fullerene are in this potential field. This causes
the creation of a unique phase with a reduced (water) or
slightly larger (ethanol) number of hydrogen bonds,
comparing to the bulk. The number of hydrogen bonds
formed by water varies between 1 and 3 (for bulk water we
observe 3.4) and for ethanol it changes in the range 1-2
(i.e. at the vicinity of Cg it is slightly larger than in the
bulk). This suggests that conical hydrogen bonded liquids
reveal different and interesting properties in comparison to
the bulk, for example the number of hydrogen bonds
and/or self diffusion coefficients. Additional properties of
confined solvents will be studied in the future.
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