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Abstract—A technique for constructing force fields based on the use of genetic algorithms is proposed, which
is aimed at parameterization of potentials intended for computer simulation of polyatomic nanosystems. To
illustrate the proposed approach, a force field has been developed for modeling layered modifications of WS,,
including multi-walled nanotubes, the dimensions of which are beyond the capabilities of ab initio methods.
When determining the potential parameters, layered polytypes of bulk crystals, monolayers, bilayers, and
nanotubes of small diameters were used as calibration systems. The parameterization found was successfully
tested on double-walled nanotubes, the structure of which was determined using density functional calcula-
tions. The obtained force field was used for the first time to model the structure and stability of achiral multi-
walled nanotubes based on WS,. The interwall distances obtained from the simulation are in good agreement
with the results of recent measurements of these parameters for existing nanotubes.
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INTRODUCTION

In the last twenty years, the studies of low dimen-
sional materials, namely 2-D and 1-D structures, have
given rise to new scientific and engineering fields of
knowledge. This is due to the fact that 2-D nanolayers
(mono- and multilayers, misfit compounds), as well
as 1-D materials (nanotubes (NTs), nanorods) have
properties that differ essentially from the properties of
the 3-D materials [1]. Thus, nanotubes obtained from
tungsten disulfide, because of their 1D structure,
demonstrate unique thermoelectric properties [2],
enlargement of the bulk photovoltaic effect [3], resis-
tance to high pressure [4], enhancement of the light-
matter interactions [5]. These and other characteristics
allow WS, nanotubes to find application in a wide range
of engineering solutions. In particular, WS,-based
nanotubes are used for designing sensors [6], field
effect transistors [7—9], optoelectronic [10, 11] and
thermoelectric [2] devices and also for developing
high frequency torsional nanoelectromechanical reso-
nators [12]. Besides that, WS, NTs are used to reduce
friction (as solid-state lubricant) [13], and due to their
excellent mechanical properties and high impact resis-
tance, WS, NTs are a promising nanomaterial that
improves the characteristics of various nanocomposite
polymers [14—16].

It was shown experimentally [17] that WS, nano-
tubes are multi-walled, have from 20 to 40 walls, an
outer diameter of 40—150 nm, and a length of 1—10 um.
In recent years, efficient methods for the synthesis of
high quality WS, nanotubes have been developed [18—
20]. The WS, NTs obtained using these methods have a
relatively high degree of crystallinity; their diameters are
distributed in a narrow interval from 30 to 120 nm with
a mean value of 70 nm and an aspect ratio >100 [20].
The high degree of crystallinity permits very accurate
measurements of the WS, NT interwall distance
(6.242 A) [20]. Special synthesis methods make it pos-
sible to obtain “thin” WS, NTs with a diameter of
20 £ 2.3 nm and a number of walls of 9 = 2 [18]. In
Ref. [21] a high-resolution transmission electron
microscopy (HRTEM) image of a triple-walled nano-
tube is presented. The nanotubes with four [22] and
five [23, 24] walls are also investigated. Both achiral
armchair and zigzag nanotubes [22, 25] and chiral
samples [23, 24] have been described.

It has been shown that the electronic structure and
optical properties of WS, NTs depend on such struc-
tural characteristics as the diameter and number of
walls [5, 26, 27]. In the process of studying WS, NTs

[22, 27], various methods of structure modeling were
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used. At the same time, the most powerful modeling
tool, quantum-chemical calculations, is applicable
only to very thin and maximally triple-walled nano-
tubes based on metal chalcogenides [28—33]. To sim-
ulate multi-walled nanotubes (MWNTSs) containing
thousands of atoms in a primitive cell, force fields are
employed (see, for example, articles [31, 34] of the
authors of this work and references therein).

In this paper, we present a method for calibrating
the force field using multi-objective optimization via
genetic algorithms and obtain a new force field that
describes the interactions of atoms in crystalline sys-
tems, nanolayers, and nanotubes based on WS,. To
calibrate the atomic potentials both experimental data
and the results of quantum-chemical calculations have
been used. The principles of the force field design are
described in the next section.

The Results and Discussion section describes the
process of testing the force field on single-wall
(SWNT) and double-walled (DWNT) nanotubes by
comparing the results of molecular-mechanical
(MM) modeling and quantum-chemical (QC) calcu-
lations. In the same section, the results of using the
obtained force field for modeling WS, NTs with the
number of walls from 1 to 5 and the outer diameter
from 12 to 191 A are described.

COMPUTATIONAL DETAILS
Quantum-Chemical Calculations

The QC calculations were performed within the
framework of the density functional theory (DFT)
according to the procedure adopted in our previous
works [29, 30]. For calculations we used the licensed
computer program CRYSTALI17 [35, 36], in which
Gaussian atomic orbitals are used to construct the
basis of the Bloch functions. For purpose to take into
account the interactions between the core and valence
electrons of the S atom, as well as core, valence and
sub-valence electrons of the W atom, the relativistic
pseudopotentials CRENBL [37, 38] were used.

The hybrid exchange-correlation functional
HSEO06 [39] was chosen for calculations. The Brillouin
zone sampling was performed using Monkhorst Pack
meshes [40] comprising of 18 x 18 x 10, 18 x 18, and
18 k-points for bulk, monolayer and nanotubes based
on WS,, accordingly. One-electron equations were
solved iteratively to self-consistency in energy within a
threshold of 3 x 1077 eV.

To reproduce van der Waals interactions between
layers in a bulk crystal, as well as between walls in
multi-walled nanotubes, the dispersion correction was
included in the calculation using the DFT-D2 approx-
imation [41].

A more detailed description of the applied method-
ology is published in the articles [29, 30].
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Choice of Force Field Interatomic Potentials

The choice of the functional dependence of the
contributions to the potential energy is most import-
ant stage of the force field designing. In this work, we
adopted the potential model [31] proposed by us ear-
lier for modeling multi-walled nanotubes based on
MoS,. This model consists of four types of potentials:
1) the Coulomb potential expressed through the effec-
tive charges on atoms; 2) two-body Morse potential
referred to short-range interactions W-S and W-W;
3) the Buckingham potential representing pair inter-
actions between sulfur atoms; 4) three-body Stillinger-
Weber potential, which provides contribution of
three-body interactions concerned with valence angles
WSW. All the mentioned potentials are realized in the
freely distributed GULP program [42] intended both
for molecular-mechanics and molecular-dynamics
simulations and also for calibration of potential
parameters. The particular form of the potentials
employed is indicated in the Ref. [31] and also pre-
sented in electronic form in the Supplementary Mate-
rials. The found values of the empirical parameters are
given in Table S1. Also in Supplementary Materials, the
results of molecular-mechanical calculations of the
properties of the calibration systems are compared with
their reference values (Tables S2 and S3). This potential
model has proven itself well [31] in modeling the struc-
ture and properties of bulk phases, monolayers, single-
wall and multi-walled nanotubes based on MoS,.

However, when testing the above potential model,
it turned out that it incorrectly conveys the relative
energy of the 2H and 17T bulk phases of MoS,, signifi-
cantly overestimating the stability of the latter. This
circumstance leads to incorrect results of molecular-
dynamics modeling of multi-walled nanotubes at ele-
vated temperatures. To ecliminate the mentioned
shortcoming an additional three-body potential was
introduced into this potential model. This additional
term reduces the relative advantage of the octahedral
coordination of the metal atom with respect to the
trigonal-pyramidal coordination actually realized in
WS, layers. This potential is taken from the ESFF
force field [43] and reflects the angular dependence of
the energy on valence angles close to 0°, 90°, or 180°.
Inthe GULP program [42] this potential is designated
as Linear-three-body (LTB). In the present work the
following form was used:

V™ = k[1+ cos (46)], (1)

where 0 is the SWS valence angle and & is an empirical
constant.

Force Field Calibration Method

In this study, the EZFF library [44] was employed
to refine the force field parameters. This library is
designed for multicriteria optimization of force fields
and, notably, it is not bound to a particular molecular

No. 11 2023



1584

BANDURA et al.

Training data

Initialization

Constrains for force-field
parameters

A

/

Force-field template

Generation of
force-field population

Parameters of GA

Y

Force-field calculation
and estimation
of fitness function

Y

MmuTaiyst 3BOJIOLUMOH
HOTO IIpoliecca:
oTOOp/CKpeliMBaHue,/
MyTaLusI

Is termination
criteria satisfied?

Termination of GA and
results analysis
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mechanical program,; it can interface with various pro-
grams such as GULP [42], RXMD [45], among oth-
ers. An additional key advantage of this library is its
open distribution and accessibility through open-
source code, which allows users to modify it in accor-
dance with the provided license. Notably, the EZFF
library is developed in the Python3 programming lan-
guage. To facilitate its functionality, the EZFF library
leverages the genetic algorithms implementation pro-
vided by the Platypus package [46].

The seaborn [47] and matplotlib [48] libraries were
employed for visualizing the results. Processing and
analysis of the acquired force fields were conducted
using the Pandas [49] and scikit-learn [50] libraries.

To initiate the functionality of EZFF, several
parameters of the genetic algorithm must be defined.
These include the number and size of generations, as
well as the magnitude of mutations. Additionally, the
specification of a force field template file and a file
detailing acceptable parameter range are essential.
Furthermore, the setting of objective functions for
optimization is imperative. To achieve this, model
structures and their corresponding physical properties

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 68

should be explicitly defined. The overarching opera-
tion scheme of EZFF is depicted in Fig. 1.

Rather than minimizing the error of each charac-
teristic of the considered structures individually, the
approach was taken to categorize them into distinct
groups. The following five groups were identified:
1) lengths of lattice translation vectors, 2) angles
between lattice translation vectors, 3) elasticity char-
acteristics (including Young’s modulus and elements
of the elasticity tensor), 4) phonon frequencies, and 5)
relative values of total energy. For each of these
groups, error calculations were conducted utilizing the
Mean Absolute Percentage Error (MAPE) function,
which is computed according to the following formula:

I M
MAPE(y,J’) - n;max (E, y,-|)’

()

where y; represents the calculated value of the i-th param-
eter, y;, denotes its true value acquired experimentally
or theoretically, a € is a chosen small, strictly positive
value employed to prevent singularity when y, = 0.
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The MAPE function exhibits sensitivity to relative
errors, a characteristic particularly advantageous for
identifying errors in oscillation frequencies. This is
noteworthy because as the frequency decreases, its
impact on the overall error becomes more noticeable.

In this study, the process of optimizing the force
field was undertaken in several stages:

— initial scanning of the parameter space to
broadly identify regions where potential parameters
exhibit optimality;

— evaluation of the obtained results, identification
of optimal force fields, and their categorization into
groups based on the principle of highest similarity;

— subsequent refinement of force field parameters
within each group, incorporating a more extensive
range of model systems.

Out of all the fields acquired during the optimiza-
tion process, the top 1% of fields with the most favor-
able objective function values were chosen. These
selected fields then underwent the final stage of opti-
mization using the gradient descent method within the
GULP program [42].

Although the EZFF algorithm does not directly
address the primary issue of generating sets of pre-
established force fields, this approach aids in identify-
ing favorable initial approximations. The existence of
these approximations significantly streamlines the
process of developing a field suitable for modeling
nanosystems.

Calibration Systems

The set of calibration (training) systems is deter-
mined by the objects of the supposed simulation —
multi-walled nanotubes based on WS,. Apparently,
most of the physical properties of nanotubes are
potentially contained in the properties of the original
layered crystals, since nanotubes, in fact, reproduce
the same structure, but in a different “folded” supra-
molecular geometry. Therefore, two stable phases (2H
and 3R) of tungsten disulfide, as well as its isolated
monolayers, were included in the list of the reference
systems. Furthermore, for the above reasons, the
hypothetical 17 phase, in which the metal atom has
octahedral coordination, was added to the real phases.
The set of reference properties included lattice con-
stants, atomic coordinates, elastic constants, W—S
chemical bond lengths, SWS, WSW valence angles, and
(limited) sets of phonon frequencies at various points of
the Brillouin zone. For most of the indicated quantities,
experimental values were used. In cases where experi-
mental data were not available, the results of quantum
chemical calculations were used (see below).

To reproduce in a most correct manner the depen-
dence of the interwall interaction energy on the inter-
wall distance in multi-walled nanotubes, six pairs of
monolayers were added to the calibration systems.
These monolayers were positioned one with respect to
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another at different distances and with different dis-
placements and orientations corresponding to differ-
ent stacking of monolayers in the 2H and 3R phases
[51]. Besides of this, two nanotubes with minor diam-
eters were included: one nanotube of the “armchair”
chirality (6, 6) and the other of the “zigzag” chirality
(12, 0). For the mentioned systems the reference
quantities were the lattice constants and the atomic
positions which have been found by the DFT method.
For nanotubes, the first six frequencies at the center of
the Brillouin zone were additionally calculated and
included in the training set to ensure the absence of
imaginary frequencies and the correct reproduction of
the lowest frequencies.

For all of the aforementioned calibration systems,
the quantum-chemically calculated (potential) energy
of formation from the bulk 2 H phase was included as a
reference property.

The final values of the empirical parameters are
given in the Supplementary Materials. The average
deviations from the reference values corresponding to
the obtained parameterization of the considered force
field are also indicated there.

RESULTS AND DISCUSSION
Testing the Proposed Force Field

The developed force field was tested on single-wall
and double-walled nanotubes calculated in advance
using the quantum—chemical method described in the
preceding section.

The energy stability of nanotubes is traditionally
estimated from the strain energy (E,) calculated rela-
tive to the monolayer’s energy:

Estr = ENT/NNT - Emono/Nmono ’ (3)

where Eyr and E,,,, are the total energies of the NT
and the monolayer calculated per unit cell. The values
Nyrand N, (=1) are the corresponding numbers of
formula units.

The dependences of the strain energies on the aver-
age diameters of nanotubes calculated through a force
field are compared with the same dependences
obtained by the quantum-chemical method in Fig. 2.
In this case, achiral nanotubes of the “armchair” and
“zigzag” types with a diameter in the range of 10—40 A
are considered. The average diameter Dyt of nano-
tubes was calculated as the sum of (average) radii of
cylinders corresponding to the positions of sulfur atom
centers on the inner and outer shells. As can be seen
from Fig. 2, the agreement between the molecular-
mechanical and quantum-chemical quantities is quite
good: the absolute error is 3—5 kJ/mole.

To confirm the applicability of a force field in
modeling multi-wall nanotubes, double-walled achi-
ral nanotubes with an outer diameter in the range of
30—40 A were calculated both quantum-chemically
and within the framework of a force field. The geom-
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Fig. 2. Dependences of the strain energy of single-wall nanotubes WS, on the average diameter: (a) “armchair” tubes; (b)—“zigzag”
tubes. Designations: MM —results of calculations with the help of a force field; QC—results of quantum chemical calculations.

etry of double-walled tubes of the “armchair”
(ny, n)@(ny, ny) and “zigzag” (n,, 0)@(n,, 0) types
was optimized. The initial structures of the tubes were
created by combining two single-wall nanotubes with
the same chirality type and different average diameters

D,, and D, under the constraints that the initial inter-

wall spacing ARyt = (D,, — D, )/2 was from 5 to 7 A.
Simultaneously, the chirality indexes n, and n, were
selected in such a way that, at a fixed interwall dis-
tance, they had the greatest common devisor #. Such a
choice provides greatest symmetry of the double-
walled tube and, as a consequence, reduces computa-
tional costs.

As is known [29], single-wall achiral nanotubes
rolled up from tungsten disulfides belong to the 4th
(“armchair” type) or 8th (“zigzag” type) family of
one-periodic groups, and they lack a second-order
rotation axis perpendicular to tube axis In fact, this
corresponds to the possibility of two different orienta-
tions in the monolayers’ stacking in WS, bulk phases.
Therefore, calculations of double-walled tubes were
performed in two variants: 2H—stacking and 3R—
stacking, which correspond to either the same or
opposite orientation of two single-wall components
rolled up from the same monolayer.

For comparison of the stability of tubes with differ-
ent interwall distances the binding energy Ei;,q was
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calculated. The binding energy indicates the energy
gain (per formula unit) achieved by combining two
SWNTs into one DWNT. This quantity reflects the
contribution of interwall interactions to the energy of
a double-walled tube and is defined by the following
manner:

Eping = (EDWNT - ESWNT, - ESWNTZ)/NDWNT N C))

where Enwnts Eswnr» Eswnr, are the energies of the
DWNT and single-wall components, respectively,
referred to one translational unit, while Npwyr is the
number of formula units in the DWNT unit cell. The
calculated criteria for the stability of double-walled
nanotubes also include the energies of formation of a
DWNT from a bulk crystal (£;,,,,) and from a mono-
layer (E,). The formation energy relative to the energy
of a bulk crystal,

bulk
Etorm = Eform = EDWNT/NDWNT - bulk/Nbulk S

is perhaps the most practically significant criterion for
the stability of nanotubes. In formula (5) £, is the
calculated energy of one unit cell of the most stable
WS, crystalline 2 H—phase containing N, (= 2) for-
mula units. The strain energy,

__ pmono __
Eslr = Eform - EDWNT/NDWNT

- Emono/Nmono ’ (6)
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Table 1. Binding energy (£i;,4), formation energy from monolayer (E,), formation energy from bulk crystal (Eg,,,,), and
interwall distance (ARy) in double-walled nanotubes with “armchair” (n, n) and “zigzag” (n, 0) chirality. Quantum chem-

ical (QC) and molecular mechanical (MM) results

Chirality An Eying> kJ/mol E., kJ/mol Etorm»> kJ/mol ARy, A
(n, n) — QC MM QC MM QC MM QC MM
(12, 12)@(18, 18) 6 —2.7 -5.7 24.6 255 47.2 49.7 6.0 59
(14, 14)@(21, 21) 7 —8.1 —10.4 12.0 13.2 34.5 374 6.3 6.1
(12, 12)@(20, 20) 8 —8.2 -9.6 16.5 18.5 39.1 42.8 6.6 6.3
(12, 12)@(21, 21) 9 —4.2 =71 19.0 19.8 41.5 44.1 7.3 7.4
(n,0) — QC MM QC MM QC MM QC MM
(11, 0)@(22, 0) 11 —2.8 —8.0 63.9 59.0 86.5 83.2 5.8 5.8
(12, 0)@(24, 0) 12 —8.0 —11.2 49.1 46.5 71.7 70.7 6.0 59
(13, 0)@(26, 0) 13 -9.0 —10.8 40.4 39.4 63.0 63.6 6.3 6.1
(14, 0)@(28, 0) 14 -7.5 —8.4 35.5 35.7 58.0 60.0 6.6 6.4

can be directly compared with the strain energy for
single-wall nanotubes of close diameter.

Table 1 presents the numerical values of the prop-
erties listed above, obtained as a result of quantum-
chemical and molecular-mechanical calculations.
Quantum-chemical calculations have shown that the
dependence of the total energy of double-walled
nanotubes on the wall stacking is negligibly small
(does not exceed 0.1 kJ/mole). Therefore, Table 1
presents the values obtained for tubes, both compo-
nents of which are rolled up from the monolayer in the
same orientation. The agreement between quantum-
chemical and molecular-mechanical calculations can
be considered satisfactory. For the formation energies
the difference between the values obtained using both
approaches comprises on average 2 kJ/mole and does
not exceed 5 kJ/mole. For the binding energies the
average error in molecular-mechanical values is some-
what larger (~3 kJ/mole).

The dependence of the binding energy on the inter-
wall distance is shown in Fig. 3. As it was noted earlier
[28], the initial interwall distance (the distance
between the midpoints of the walls) ARyr is directly
proportional to n, — n,. The differences in the chirality
indices Anyr for the considered double-walled nano-
tubes were selected in such a way as to convey a pre-
sumable minimum in the mentioned dependence.
Comparison of molecular-mechanical and quantum-
chemical results shows their qualitative agreement. It
should be noted that at a large interwall distances both
approaches lead to a distorted (oblate) form of the
outer nanotube with a decrease in the interwall dis-
tance in some parts of the touching surfaces and with
an increase in the others. According to the data of
quantum-chemical calculations, the optimal distance
between the walls in double-walled armchair tubes is
6.4 A, which corresponds to Anyy = 7, 8, while the
same distance in zigzag tubes is 6.2 A, which approxi-
mately corresponds to Anyr = 13. Molecular-mechan-
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ical calculations give the following values: 6.2 A
(Annt = 7) for armchair DWNTs and 6.0 A (Anyy =
12, 13) for zigzag DWNTs.

Calculations of Multi-walled Nanotubes

In the Ref. [25] the HRTEM image of a 14-walled
WS, nanotube with a “zigzag” chirality and an outer
diameter of 30 nm is presented. Zigzag nanotubes with
chiralities near (300, 0) have close diameters. A series of
nanotubes with an outmost wall of chirality (298, 0) and
a chirality step Anyt = 12 was chosen as the pattern for
constructing possible simulation models. The specified
parameters determine the following 14-walled nano-
tube (142, 0)@(154, 0)@(166, 0)@(178, 0)@(190,
0)@..@(286, 0)@(298, 0). At the present stage of the
work, modeling of the internal part of a 14-walled
NT formed by five SWNTs from (142, 0) to (190, 0)
has been performed. Eventually, the sequence of
MWNTs was considered from double-walled (142,
0)@(154, 0) to quintuple-walled (142, 0)@(154,
0)@(166, 0)@(178, 0)@(190, 0). The largest quintu-
ple-walled zigzag N'T contains 4980 atoms per unit cell
(Fig. S1). To compare the properties of nanotubes
with different types of chirality, we calculated a quin-
tuple-walled armchair NT with a close outer diameter
and Anyr = 7: (82, 82)@(89, 89)@(96, 96)@(103,
103)@(110, 110). The unit cell of such nanotube con-
tains 2890 atoms (Fig. S2). As in the case of the quintu-
ple-walled zigzag NT, we considered the corresponding
series of single-wall and multi-walled armchair NTs
coupled to the quintuple-walled “armchair” type
nanotube. The diameters of the considered armchair
nanotubes are close to the diameters of the corre-
sponding zigzag nanotubes.

Figure 4 demonstrates cross-sections of optimized
structures of triple-walled nanotubes of both types of
chirality. It can be seen that the zigzag NT has a circu-
lar shape in cross section, while the armchair NT
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Fig. 3. Dependences of the binding energy of double-walled nanotubes WS, on the interwall distance: (a) “armchair” tubes;

(b)—*“zigzag” tubes. Designations: MM —results of calculations with the help of a force field; QC—results of quantum chem-
ical calculations.

Fig. 4. Cross section of triple-walled nanotubes: (a)—chirality “armchair” (82, 82)@(89, 89)@(96, 96), (b)—chirality “zigzag”
(142, 0)@(154, 0)@(166, 0). The structure is optimized by molecular mechanics. Light spheres are S atoms; dark spheres are
W atoms.

acquires a faceted shape. All walls of MWNTs of the molecular-mechanically using various force fields.
“armchair” type, starting from double-walled ones, The faceted shape of double-walled and triple-walled
have a similar faceted shape. This behavior of multi- armchair nanotubes based on chalcogenides of various
walled nanotubes was observed earlier for a number of metals (for example, In,STe [28] and SnS, [52]) was
objects that we studied both quantum-chemically and found by means of quantum-chemical calculations.
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“armchair” and “zigzag” nanotubes are presented.

Simulations using force fields of multi-walled nano-
tubes based on MoS, [31], GaS, GaTe and Ga,STe [34]
revealed the same result.

The dependences of the binding energies (Eq. (4)),
strain energies (Eq. (6)) and formation energies (Eq. (5))
on the number of walls of the considered nanotubes
are shown in Fig. 5. The graphs presented indicate that
already double-walled nanotubes are stable with
respect to the monolayer. This result agrees with the
conclusion obtained earlier by Seifert et al. [53] and
confirms it. At the same time, WS, zigzag multi-
walled nanotubes are more stable than armchair nano-
tubes, and the relative advantage of zigzag nanotubes
increases with the number of walls. The energy of for-
mation of multi-walled nanotubes from the bulk phase
is positive and, obviously, tends to zero with increasing
number of walls.

The important structural parameter of the multi-
walled nanotubes is the interwall spacing. This param-
eter is experimentally measured and can serve as one
of the criteria for the efficiency of the force field sim-
ulation quality. Table 2 shows the interwall distances

Table 2. Interwall distances (ARyt) in quintuple-walled
nanotubes of chirality “armchair” (82, 82)@(89, 89)@(96,
96)@(103, 103)@(110, 110) and “zigzag” (142, 0)@(154,
0)@(166, 0)@(178, 0)@(190, 0)

‘Wall numbers AR, A
for spacing armchair zigzag
1-2 6.26 6.21
2-3 6.24 6.20
3-4 6.24 6.19
4-5 6.24 6.20
Average values: 6.25 6.20
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for the studied multi-walled nanotubes. According to
our simulation data, the interwall distances turn out to
be maximal for the thinnest inner SWNT constituents,
decreasing as their diameters increase, but increase
again in the outer parts of multi-walled nanotubes. At
the same time, the interwall distances in all MWNTs
are greater than the distance between the layers of a
bulk crystal, which is 6.162 A [51]. Krause et al. [25]
experimentally observed a change in the interwall dis-
tance in a multi-walled nanotube (30 walls, outer
diameter 500 A) depending on the location of the walls
in the middle, on the inner or outer edges of the nano-
tube. However the indicated values [25] of the inter-
wall spacing are quite large: from 6.84 to 6.41 A.
According to our data, the average interwall distances
in zigzag nanotubes are 6.20 A, and in armchair nano-
tubes, 6.25 A. Our values almost coincide with the
results of measurements in the study [20], where
depending on the method of nanotube synthesis, the
averaged interwall distances are 6.214 A (method I)
and 6.242 A (method I1).

The diameter of a single-wall NT changes when it
becomes one of the walls of a multi-walled NT. Table 3
lists the diameters of free single-wall nanotubes and
their diameters in the case when they are part of multi-
walled nanotubes. According to our calculations, sin-
gle-wall nanotubes shrink when entering the inner-
most part of the multi-walled nanotube. In the middle
of a multi-walled nanotube, the changes in diameters
are small, but as the outer surface is approached, the
wall diameters begin to exceed the diameters of “free”
NTs. It should be noted that these changes in diame-
ters are very small and amount to tenths of a percent:
0.4—0.6%. Nevertheless, modern experimental meth-
ods make it possible to measure the diameter of nano-
tubes down to tenths of an angstrom (see Refs. [22, 24]),
and, therefore, the diameter changes discussed can
indeed be detected.
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Table 3. Diameter (Dyr) of single-wall nanotubes in the free state and inside quintuple-walled nanotubes

Armchair Zigzag
Wall number Dyt, A Dy, A
chirality chirality
free NT inside MWNT free NT inside MWNT

1 (82, 82) 142.9 142.1 (142, 0) 143.0 142.2

2 (89, 89) 155.1 154.6 (154, 0) 155.0 154.7

3 (96, 96) 167.2 167.1 (166, 0) 167.1 167.1

4 (103, 103) 179.4 179.6 (178, 0) 179.1 179.4

5 (110, 110) 191.6 192.1 (190, 0) 191.1 191.8
CONCLUSIONS Supporting information includes:

A technique for creating a force field for modeling
nanosystems has been proposed, which has been suc-
cessfully applied to calibrate atomic potentials
describing interactions in bulk phases, nanolayers,
and nanotubes based on WS,

Using a developed force field, the structure and
stability of nanotubes with “armchair” and “zigzag”
chiralities in series from single-wall to quintuple-
walled were calculated for the first time. Quintuple-
walled nanotubes of both chirality types have close
inner (142 A) and outer (192 A) diameters. The inter-
wall distances of multi-walled nanotubes obtained
during the simulation agree well with the results of
recent measurements of these parameters. Zigzag
nanotubes have lower binding, strain, and formation
energies than the corresponding energies of armchair
nanotubes and are therefore more stable. Perhaps this
is due to the fact that the interwall interaction in zigzag
tubes is greater than the interwall interaction in arm-
chair tubes. For the same reason, “zigzag” type nano-
tubes have a circular cylindrical structure with dense
wall packing, while “armchair” type nanotubes have a
faceted cylinder structure with looser packing.
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Table S2. Comparison of the properties of WS, 2H and
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Fig. S1. Cross-sectional view of the force-field opti-
mized structure of a WS, 5-walled NT (82, 82)@(89, 89)@(96,
96)@(103, 103)@(110, 110) with armchair chirality.

Fig. S2. Cross-sectional view of the force-field opti-
mized structure of a WS, 5-walled NT (142, 0)@(154,

0)@(166, 0)@(178, 0)@(190, 0) with zigzag chirality.
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