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ABSTRACT

Using density functional theory together with dispersion correction, we optimize geometries and calculate encapsulation energies, charge
transfer, and electronic structures of a one-dimensional ThCls chain encapsulated within single-walled carbon nanotubes. The optimized
structures are in agreement with the experimentally observed single chain of ThCls confined within nanotubes. Exoergic encapsulation
energies indicate that the chain is thermodynamically stable inside the nanotubes. The inclusion of dispersion correction enhanced the
encapsulation. The strong nature of encapsulation is further confirmed by the charge transfer between the nanotubes and the chain. The
one-dimensional chain structure exhibits a small increase (0.20 eV) in the bandgap compared to that of bulk ThCly. The metallic (15,0)
tube becomes a narrow gap semiconductor upon encapsulation, while the semiconducting nature of the (17,0) tube is still kept despite the
reduction in the bandgap.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0051200

I. INTRODUCTION

Single-walled nanotubes (SWNTs) are of great interest for
their ability to encapsulate a variety of one-dimensional (1D) inor-
ganic nanocrystals.'® The synthesis of SWNTs filled with inorganic
nanocrystals has been considered as a possible route for studying
the properties of low-dimensional materials and tuning the elec-
tronic properties of nanotubes.” '’ Much experimental work has
been reported on the synthesis and characterization of metal halides
and metal chalcogenides encapsulated within SWNTs.*>711"14 In
general, encapsulation resulted in a change in the encapsulated
material relative to its bulk. A high resolution transmission elec-
tron microscopy (HRTEM) study on the filling of KI resulted in the
formation of 1D 2 x 2 KI crystals in which both K and I form a
4:4 coordination in contrast to the 6:6 coordination observed in the
bulk KI." A similar low-dimensional structure with 4:4 coordination
has also been observed in the experimental study of filling SWNT's
with SnSe."” A unique 1D tubular structure of HgTe inside SWNTs
was characterized by Carter et al.” upon the filling of molten HgTe.

In this tubular structure, both Hg and Te form three-dimensional
coordination in contrast to the tetrahedral coordination observed for
both He and Te in the bulk HgTe zinc blende structure.

In another experimental study, Sloan ef al.’ filled SWNTs
with ThCly and recorded their images using HRTEM. The encap-
sulated structure is observed to be a one-dimensional chain con-
sisting of ThClg polyhedral units along the tube axis and the
diameter of the tube was reported to be 1.1 nm.” Furthermore,
the polyhedral units are eight-coordinate and share their edges as
observed in the bulk ThCly. The encapsulation of ThCly within
SWNTs can be an ideal route to store Th as SWNT walls can
provide protection from the chemical environment and external
interactions.

Computational modeling techniques have been support-
ive in validating the experimentally observed structures within
SWNTs and predicting the structural and electronic properties
of the resultant encapsulated structures.'®"'* Significant effort has
been devoted to study one-dimensional nanocrystals encapsulated
within SWNTs theoretically.””~*' Density functional theory (DFT)
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simulations have been performed to validate the structures of 1D
inorganic crystals, such as KI,'” HgTe,”” Pbl,,”* and SnSe,'” encap-
sulated within SWNTs and study the electronic properties of the
composites formed. In some simulation work, model structures
have been proposed for crystals such as Cul’* and CdTe'® as
lighter atoms are generally challenging to elucidate from HRTEM
experiments.

In this study, we use spin-polarized mode DFT simulations
to validate the experimentally observed 1D ThCls chain confined
within SWNTs and determine the nature of the interaction between
the tube and chain. Furthermore, simulations enabled us to calcu-
late the charge transferred between the guest and the host and elec-
tronic nature of the resultant composite relative to that of pristine
SWNT.

Il. COMPUTATIONAL METHODS

All calculations were performed using spin-polarized mode
of DFT as implemented in the VASP (Vienna Ab initio simula-
tion package) code.”” The exchange-correlation term was modeled
using the generalized gradient approximation (GGA) parameter-
ized by Perdew, Burke, and Ernzerhof (PBE).”® The valence elec-
tronic configurations for C, Th, and Cl were 2s> 2p?, 65 6p° 6d
7s%, and 3s> 3p°, respectively. The standard projected augmented
wave (PAW) potentials’” and a plane-wave basis set with a cutoff of
500 eV were employed. We used an 8 x 8 x 8 Monkhorst-Pack” k-
point mesh for the bulk ThCly structure. For the isolated 1D ThCls
chain structure and its structure encapsulated within SWNTs, a 4
x 1 x 1 Monkhorst-Pack k-point mesh was used. Structure opti-
mizations were carried out using a conjugate gradient algorithm,”’
and the Hellman-Feynman theorem with Pulay corrections was
used to obtain the forces on the atoms. In all relaxed structures,
forces on the atoms were smaller than 0.01 eV/A. We have included
zero damping DFT-D3 dispersion correction as implemented by
Grimme ef al.”"

For calculations on the infinite 1D ThCls chain and
ThCls@SWNTs, periodic boundary conditions were applied to
enforce a minimum lateral separation of 25 A between structures
in adjacent unit cells.

The encapsulation energy of the ThCls chain can be cal-
culated by considering the difference in the total energy of the
ThCls@SWNT and the total energies calculated for an isolated
ThCls chain structure and an isolated SWNT,

Eenc = Ethcle@swNt — EswNT — EThlgs (1)

where Ethci,@swir is the total energy of ThCls encapsulated within
a SWNT and Eswnr and Erncy, are the total energies of a SWNT and
an isolated gas phase ThCls chain, respectively.

Initial configurations, optimized geometries, and charge den-
sity plots were visualized using a 3D visualization program VESTA
(Visualization for Electronic and Structural Analysis).”! Density of
state (DOS) plots were visualized and analyzed using XMGRACE
software.’” Bader charge analysis* enabled us to calculate the charge
transferred between the nanotubes and the 1D ThCls crystal. In
this method, electronic charges on individual atoms in the relaxed
configurations are calculated based on the partitioning method as
implemented by Bader.*
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(b)

DOS (arb.unit)

FIG. 1. (a) Crystal structure of ThCl4 and (b) its total density of states plot.

lll. RESULTS AND DISCUSSION
A. Crystal structure of ThCl,

ThCly crystallizes in the tetragonal I4; /amd space group. Its
experimental lattice parameters measured at room temperature are
reported to be a = b = 8.486, c = 7.465 A, and & = § = y = 90°.**
Figure 1(a) shows its crystal structure in which each Th atom forms
eightfold coordination with adjacent eight Cl atoms. The dodecahe-
dron units formed by each Th are connected by their edges. There
are two sets of Th—Cl bond distances [2.718 (4x) and 2.903 (4x)]
present in each dodecahedron unit. In order to assess the quality
of the pseudopotentials and basis sets used for C, Th, and Cl, we
performed the full geometry optimization calculation on the crystal
structure of ThCly by relaxing positions of both atoms and the simu-
lation box simultaneously. There is excellent agreement between the
calculated and experimental values showing the efficacy of the sim-
ulation parameters in this study (see Table I). The DOS plot shows
that the bulk ThCly is a wide-gap semiconductor with a bandgap of
3.60 eV [see Fig. 1(b)].

B. 1D ThClg chain structure

Next, we considered the optimization of the 1D chain struc-
ture of ThCls with periodic boundary conditions in the absence
of a confining tube. This chain structure consisted of four ThCls
units (Th4Cly4) in the supercell with dimensions of 16.97 x 25
x 25 A’. The relaxed structure is depicted in Fig. 2(a). Table I
reports the calculated bond distances, bond angles, and the bandgap.
The optimized structure resembles the starting configuration. The

TABLE I. Calculated and experimental lattice constants of the ThCl, crystal structure.

AIP Advances 11, 065117 (2021); doi: 10.1063/5.0051200
© Author(s) 2021

Parameter Calculated Experiment™ |A] (%)
a(A) 8.527 8.486 0.48
b (A) 8.524 8.486 0.45
c(A) 7.516 7.465 0.68
a=p=7y(deg) 90.0 90.0 0.00
Th-Cl (A) 2.723/2.925 2.718/2.903 0.18/0.76
vV (A% 546.32 537.57 1.63
11, 065117-2


https://scitation.org/journal/adv

AIP Advances ARTICLE

(a)

L..

scitation.org/journal/adv

(b)

DOS (arb.unit)

4098765432410
Energy (eV)

FIG. 2. (a) Relaxed structure of the 1D chain of ThCls with periodic boundary conditions and (b) its total DOS plot.

TABLE II. Calculated bond distances, bond angles, and bandgap of the 1D ThCly crystal structure. The corresponding values

calculated for the bulk ThCl, are also provided for comparison.

Property Bulk

1d ThClg chain

Th-CI (A)

Th-CI-Th (deg)
Cl-Th-ClI (deg)
Bandgap (eV) 3.60

2.718/2.903
111.05,111.09
66.28, 68.95, 79.92, 92.51/155.82

2.760, 2.788/2.804, 2.818
109.02, 109.08
56.41, 70.95, 85.68, 91.69/147.6
3.80

Th-CI bond distances in the relaxed 1D chain deviate maximum
by 0.1 A. The bond angles slightly deviate from the values calcu-
lated for the bulk ThCly. The deviation in the structural param-
eters can be attributed to the discontinuation of Th-Cl bonds
present in the 1D chain in contrast to those observed in the bulk
ThCly.

As discussed earlier, bulk ThCly is a wide-bandgap semicon-
ductor. The DOS of an infinite ThCls chain outside the tube is
slightly distorted compared to that of bulk ThCly. In particular, the
alpha/beta (spin up/spin down) states are different. This is because
some Cl atoms exhibit single coordination with adjacent Th atoms in
contrast to what observed in bulk ThCly [see Fig. 2(a)]. The bandgap
for the 1D system (3.80 eV) is slightly larger than that calculated for
the bulk (3.60 eV).
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C. Calculations on ThClg@SWNT

Finally, we considered the modeling of 1D ThClg encapsulated
within SWNTs. Three different sizes of SWNTs were selected. They
are (15,0), (16,0), and (17,0) with diameters of 11.85, 12.54, and
13.53 A, respectively. The selection of the (15,0) tube is due to its
diameter close to the value (11.00 A) reported in the experiment.” In
addition, we also considered two other tubes with larger diameters
of 13.53 A to look at the confinement effect of the diameter. A super-
cell comprising four ThClg units (supercell length = 16.97 A) and an
(n,0) SWNT (n = 15, 16, and 17) comprising four unit cells (super-
cell length = 17.01 A) were very close to each other. The number of
carbon atoms in the pristine (15,0), (16,0), and (17,0) SWNTs is 240,
256, and 268, respectively. We applied periodic boundary conditions

FIG. 3. Structure of the infinite ThClg
chain inside an infinite SWNT. The box in
this structure indicates the supercell with
periodic boundary conditions.

AIP Advances 11, 065117 (2021); doi: 10.1063/5.0051200
© Author(s) 2021
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TABLE Il Calculated encapsulation energies, bond lengths, bond angles, and charge transferred between the SWNT and the ThClg chain.

Eenc (eV)/ Charge (|e|)/
ThClg Th-ClI Th-CI-Th Cl-Th-Cl C-Cl ThCle
dt (A) unit (A) (deg) (deg) (deg) unit
Dispersion

ThCls@(15,0) 11.85 -3.01 2.71,2.79/2.85, 2.87 107.29, 107.35 57.08, 71.09, 72.74, 3.25,3.27, -0.93
92.69/141.73, 145.62 3.30,3.48

ThCle@(16,0)  12.54 ~306  2.72,2.78/2.82,2.89  107.30,107.36 58.09, 68.32, 3.26,3.34, -0.95
70.34/142.67, 145.78 3.45, 3.50,

ThCle@(17,0)  13.53 ~313  271,2.79/2.85,2.90  107.29,107.35  56.66, 68.98, 82.27, 3.30,3.37, -0.92
90.5/143.26, 145.59 3.47

Non-dispersion

ThCls@(15,0) 11.85 -1.54 2.74,2.77/2.84,2.90 106.24, 106.39 60.03, 73.14, 75.46, 3.33, 3.45, 3.56 -0.89
80.98/130.98, 143.45

ThCls@(16,0) 12.54 -1.89 2.76,2.78/2.83, 2.87 107.34, 109.59 61.03, 72.14, 74.46, 3.36, 3.43, 3.46 -0.89
81.98/132.98, 145.45

ThCls@(17,0) 13.53 -2.14 2.75,2.79/2.86,2.93 108.23, 109.06 59.65, 60.34, 85.34, 3.39, 3.45, 3.56 -0.90

91.23/146.56, 147.45

to supercells of Th4Cl,4@(n,0) in order to model the entire supercell
(SWNT+ThCls) as an infinite system. Figure 3 shows the modeled
ThCl chain encapsulated within a SWNT.

The values calculated for the bond distances and bond angles
deviate slightly from the values calculated for the gas phase 1d infi-
nite ThCls chain (see Table III), indicating a small distortion in

@EEBL B
oo’”’oo” Qoo

the crystal upon encapsulation. In all cases, encapsulation ener-
gies are negative, meaning that they are thermodynamically stable
inside the tube. For the smaller tube, the encapsulation energy is less
exothermic due to a small distortion. Encapsulation energies were
calculated without dispersion correction to look at the contribu-
tion of short-range van der Waals forces. Calculations clearly show

FIG. 4. (a) Relaxed structure of an infi-
nite ThClg chain inside an infinite (15,0)
tube, (b) its cross-sectional view, (c)
charge density plot showing the interac-
tion between the tube and the chain, and
(d) its cross-sectional view.

AIP Advances 11, 065117 (2021); doi: 10.1063/5.0051200
© Author(s) 2021
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FIG. 5. DOS plots of (a)

pristine

(15,0) tube, (b) pristine (17,0), (c)
ThCls@(15,0), and (d) ThCls@(17,0).

FIG. 6. (a) Relaxed structure of an infinite ThClg chain inside
aninfinite (17,0) tube, (b) its cross-sectional view, (c) charge
density plot showing the interaction between the tube and

the chain, and (d) its cross-sectional view.
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that dispersion correction improves the encapsulation energies. The
bond distances, bond angles, and the amount of charges are not sig-
nificantly affected by the dispersion correction. Figure 4 shows the
relaxed structure of ThClg@(15,0) and charge density of the compos-
ite. The distortion is further confirmed by the charge density plot in
Fig. 4(d). The (15,0) tube is metallic [see Fig. 5(a)]. Upon encapsula-
tion, the tube becomes a narrow gap semiconductor. This can be due
to the charge transfer from the tube to the chain. The semiconduct-
ing nature (17,0) tube is still kept upon encapsulation though there
is a small reduction in the bandgap [see Figs. 5(b) and 5(d)]. The
relaxed structure of ThCls@(17,0) together with its charge density
plot is shown in Fig. 6. A small distortion is observed as evidenced
by the charge density plot [see Fig. 6(d)]. The Bader charge analysis
shows that there is a charge of ~1 |e| transferred from the tube to the
chain, meaning that the ThCls chain prefers to form an anion. The
calculated C-Cl bond distances (3.25-3.48 A) confirm that there is
a non-covalent interaction between the tube and the chain. This is
further confirmed by the charge density plots (see Figs. 4 and 5).

IV. CONCLUSIONS

In conclusion, the encapsulation of the one-dimensional ThCls
chain within different sizes of SWNTs was studied using den-
sity functional theory with dispersion correction. The calculated
structures are in good agreement with the structure observed in
the HRTEM experiment. The encapsulation energies are exoergic,
meaning that the chain structure inside SWNTs is thermodynami-
cally stable. This is evidenced by the charge transfer between SWNTs
and the chain. The inclusion of dispersion correction improved the
encapsulation. There is a small reduction in the bandgap in the
ThCls chain compared to its bulk structure. Encapsulation intro-
duces a gap in the metallic (15,0) tube, whereas the semiconducting
nature of the (17,0) tube is retained though there is a reduction in
the bandgap upon encapsulation.
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