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We have studied the formation of a “host-guest” type carcerand with a double-layer silicene (DL-S)
as a host and an unstable antiaromatic cyclobutadiene as a guest.

By employing the methods of MM+, PM3 and Monte-Carlo, there has been studied the positioning of
molecules of cyclobutadiene in a DL-S depending on intercalate concentration and intercalation
temperature. At that the deformation vibrations of the DL-S crystal grate do not exceed 0.017 nm, and the
vibrations of the intercalate molecules do not exceed 0.025 nm which provides for configuration and
conformation stability of the system. The silicene planes do not move relatively each other and the order
of the silicon atoms between the planes remains the same — AB... (similar to the silicene single crystal).
When initially heated from 0 to ~273 K, the systems energy grows gradually, then rises sharply between
273-300 K and 350—400 K, then, with the temperature growth, it reaches a plateau which proves its high
stability up to ~420 K.

In the temperature range 0-273 K there appears physical sorption while chemisorption is observed at
higher temperature (~300K) which is peculiar of m-m interactions of classical aromatic and
quasiaromatic cyclic and heterocyclic systems.

There have been calculated the UV-spectra of the DL-S depending on the intercalate concentration in
terms of the modified Benes-Hilderbrand method. There has been shown that the association constant of
the system studied is 380 I'mol”’, with computation accuracy >0.977.
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INTRODUCTION nanotubes, multi-layer graphene or silicene
structures. Unique physical properties of multi-
walled nanosystems (especially of silicene-based
ones) have been the subject of keen interest
lately [4-9].

Silicene is a newly discovered material
which is monoatomic layer thin. It is a two-
dimensional (2D) nanomaterial classified as a
nanosheet which has large lateral dimensions up
to micrometers, but thickness of several
nanometers or less [4]. The unique properties
and morphology of such material make it ideal
for a variety of applications, including electronic
devices, batteries and sensors. A 2D silicene
nanosheet can be considered an analogue of
graphene. The specific surface area of
nanomaterials can play one of the key roles in
their application [4,5, 10-12]. Anomalous
transportation and field effects open a wide
prospect of their applying in nanoelectronics

Carcerands are relatively young and
extremely interesting compounds. The first
carcerands were synthesized in 1985 by a group
of scientists headed by Donald J. Cram [1]. The
authors suggested as a “host” various large
organic molecules that grasped a “guest” thus
implementing in a future complex new and
interesting physical and chemical properties.
Among carcerands, as inclusion compounds the
most deeply studied and most widely spread are
carcerands based on various derivatives of
calix[n]arenes, cyclodextrins, efc. [2—4]. They
are known under the general name — “host-
guest” complexes. “Guests” in such complexes
can be metal ions, organic molecules (including
biologically active molecules), coordination
compounds or metal chelates, with aromatic or
heteroaromatic ligands. On the other hand,
“hosts” can be single/multi-walled carbon
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[2, 6, 13—15]. Such nanostructures are assumed
to be promising spintronics materials due to the
long electron free path, weak spin-orbital
interaction and long spin scattering [16, 17].

What is more, chemical and physical
modification of multi-walled nanosystems
enables to reveal their new extraordinary
features. Thus, intercalation with atoms
(molecules) allows us to change the Fermi level
position,  relative electron and  hole

concentration, without considerable changes in
energy-band structure of source nanomaterials
[7, 18].

On the other hand, unique optical, electrical
and magnetic [19], and also biological properties
of complexes [8] stimulate creation of
intercalates on their base with multi-layer
silicene, since the capability of these complexes
to coordinate with multi-layer silicene [9] allows
us to obtain new materials as effective elements
for photo- and magnetosensitive devices, drug
delivery, imaging and therapy, as well as to use
these materials as an antidetonant in motor and
aviation fuels.

As identification of structure-to-property
relations is an important task of chemistry and
materials physics, the aim of this work was to
study theoretically the structure of double-layer
silicene (DL-S) intercalated with cyclobutadiene
molecules when heated by the methods of MM+,
PM3 and Monte-Carlo. In this work our goal was
also to calculate the UV-spectra of a DL-S
depending on intercalate concentration as well as
to determine the association constant of the “DL-
S intercalate” system.

MODEL AND METHODS

Our main object of interest — a DL-S [4] —
was modelled with 32 silicon (Si) atoms in each
plane. The distance between the planes was
chosen to be 0.3855 nm (we selected the AB...
order of Si atoms between the planes). DL-S
intercalation is produced via introduction of the
intercalate molecules into the inter-layer space.
As stated above, our goal was to study the
system of two silicene planes, with
cyclobutadiene molecules intercalated between
them. Of particular interest are the positions of
the cyclobutadiene relatively each other and the
Si atoms, mutual positioning of the silicene
planes in the presence of the cyclobutadiene
intercalates (with or without keeping the AB...
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order of Si atoms between the planes), as well as
the stability of the system under heat treatment.
In the model considered the interaction
potential (Leonard-Jones potential) between Si
atoms (see Eq.(1)) and carbon (C) atoms
directly mated the pair potential of high energy
of atomic excitation [20]. It was described by the
Born-Mayer equation within 0-0.91 nm of
effective interaction radius (see Eq. (2)):

vors(5] (5]

where r — distance between particle centres, & —
depth of potential pit, o — distance at which the
interaction energy is equal to zero (parameters &
and o characterise atoms of corresponding
substances);

U(r)= Aexp(-r/b),

(M

2

where 4, b — constant, for every pair of colliding
particles.

To describe the interatomic interaction at a
distance smaller than 0.2 nm, we have used the
Tersoff-Brenner potential [21]. Total potential
energy of system U is expressed as a sum of
bonding energies for all pairs of atoms forming
this system

U= 3-8 ).

i j>i

€)

where r;; — distance between i and j atoms; Vi(r)
— exponential function included into the Morse
type potential which corresponds to the energies
of attraction and repulsion between the atoms;
B;* — the function expressing the dependence of
binding energy of the i and j atoms on the angles
0;ix between the bond i-j and close bonds i-k and
J-k.

To describe the interatomic interaction at a
distance greater than 0.21 nm we have employed
the Tersoff-Brenner potential [21] along with the
Ziegler-Biersack-Litmark pair potential [20]. The
length of Si-—Si bonds in a silicene was 0.222 nm
(Si-Si-Si angle is 109.5% Si sp’-hybridization), the
C-Si interaction was described by the Lennard-
Jones pair potential [22] with potential interaction
energy 0.11eV. The modelled period of one
excitation cascade was 2ps, and the energy
conservation law in every calculation cycle was
correlated within 0.15 %. The initial coordinates of
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the intercalate were selected in conformity with the
law of random numbers.

To perform the task above the following
numerical modelling scheme was used:

1) the first calculation stage was based on the
MM+ molecular mechanics method;

2) the second stage was based on the semi-
empirical PM3 method. It should be noted that
the main distinction of this method from the
others is their different parameterisation. In our
case the PM3 method was parameterised to the
best match of calculated and experimental
molecule formation heats;

3) the third stage was based on the Monte-
Carlo method.

To calculate the association constant of the
“DL-S intercalate” complex formed, there was
employed the modified Benes-Hilderbrand
method that accounts the data on maximum DL-
S absorption values at various intercalate
concentrations in the UV-spectra.

RESULTS AND DISCUSSION

The studied system (see Fig. 1) proved to be
rather heat-resistant in a wide temperature range
(up to ~400K). At that the deformation
vibrations of the DL-S crystal grate do not
exceed 0.017 nm, and the vibrations of the

Fig. 1.
side view
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intercalate molecules do not exceed 0.025 nm
that provides for configuration and conformation
stability of the system. The silicene planes do not
move relatively each other and the order of the
Si atoms between the planes remains the same —
AB... (similar to the silicene single crystal).
Temperature dependence of the model system
energy is shown in Fig. 2. As it is seen, when
initially heated from 0 to ~273 K the energy of
the systems grows gradually, then rises sharply
between 273-300 K and 350400 K, then, with
the temperature growth, it reaches a plateau
which proves its high stability up to ~420 K. At
the temperature over 420 K all cyclobutadiene
molecules are extruded from the field of active
interaction with silicene planes which results in
cyclobutadiene further impossible free state
existence.

It should be noted that this variant of the model
suggested allows us to demonstrate thermodynamic
selectivity of physical and chemical sorption-
desorption. In the temperature range 0—273 K there
appears physical sorption while chemisorption is
observed at higher temperature value (~300 K)
which is peculiar of 7-7 interactions of classical
aromatic and quasiaromatic cyclic and heterocyclic
systems.

s
s

A starting geometric model of the “DL-Silicene-intercalate” system: (a), (b) —orthogonal projections; (¢) —
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Finally,  theoretical  calculations  of
UV-absorption spectra (Fig.3) of the DL-S
depending on the intercalate concentration in
terms of the modified Benes-Hilderbrand method
(Eq. (4)) show that the association constant (K )
of the system studied is 380 1'mol’ with
computation accuracy > 0.977,
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Cque.vt (AO - A) =
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where Cyuer and G, — “quest” and “host”
concentration, respectively; A, silicene
absorption and A4 silicene-cyclobutadiene
absorption, respectively; Ae — change of molar
extinction coefficient.

50

Fig. 2. Temperature dependence
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Fig. 3. Theoretical UV-absorption spectrum of the DL-Silicene system

CONCLUSION

There has been found the type of
cyclobutadiene molecules arrangement in the
interlayer space of the DL-S. The calculations
allow us to prove that the “DL-S intercalate”
system 1is rather stable at the temperature up to
~273 K which provides reliability and stability of
the process of intercalate synthesis under
conditions regular for this procedure. However,
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under further heating there is observed gradual
intercalate extrusion outside the inter-layer
space. At 350-400 K silicene is left without the
intercalate. The association constant of the “DL-
S intercalate” system has been theoretically
calculated and it is equal to 380 I-mol ', that means
possible existence of an antiaromatic molecule
under room conditions.
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Kapuepanau Ha 0CHOBI 1BOIIAPOBOr0 CUJIiIeHY: MOJIEKYJISAPHI KOHTelHHepH 1S
HeCTA0IbHUX CIOJIYK

0.B. Muxaiisenko, 10.1. Ilpnaynskuii, I.B. Komapos, A.B. Ctpynrap, O.0. Muxaiijenko

Kuiscoruii nayionanvnuti ynieepcumem imeni Tapaca [llesuenka
8yn. Bornooumupcora, 64, Kuis, 01601, Ykpaina, alexm-@ukr.net
Hayionanvna 6ioniomexa Yxpainu imeni B.1. Bepnaocekoco
Tonociiscoxuti np., 3, Kuis, 03039, Yxpaina

Bukopucmosyrouu memoou monexyaapuoi mexauiku MM+, uanisemnipuuno2o KeanmoBOXiMiuHO20
PM3 i Monte-Carlo, docnidsiceno xapakmep po3miujeHHs MONAEKYT YUKI0OYMAOdieHy ¥ 080ulaposomy
CcuniyeHi 3anexcHo 6i0 KoHyenmpayii inmepraismy ma memnepamypu iHmepkanayii. 3i 30i1bueHHsIAM
memnepamypu  (suwe ~273-300 K) 6iobysacmvcs nOCHIO08He pPYUHY8AHHS YMBOPEHUX 36 S3Ki6 3
excmpysieio  migcniowunHozo inmepkanamy. Ilodanvwe 30inbwenns memnepamypu 0o 350K
Xapakmepuzyemscsi  0ecopoyicio iHmepkanama ma cmaodinizye 00CHONCYBAHY CUCEM) 3A2allOM,
30epiearoyu npu YboMy auuie OOHY MoONeKyny inmepkaiama. 3a memnepamypu 400 K yuxnobymadien
HOBHICTIO eKCMPYOYE CUNiYyeH, PYUHYIoUucs npu yvomy. Pospaxoeano Y ®-cnexmp cuniyerny 3anedxicro 6io
KOHYyenmpayii iHmepkaiama ma 3HAtOeHo KOHCmauwmy acoyiayii 00caioxcyeanol cucmemu, sKa
cmanoeums 380 1-monw .

Knrouoei cnosa: osowaposuii cuniyer, yukioOymaoicH, iHMepKaito8anHs, MOOeI08AHHs, KOHCMAHMA
acoyiayii

Kapuepanabl Ha 0CHOBe IBYXCJI0HHOI0 CHJIUIIEHA: MOJIEKYJISIPHbIEe KOHTeHHEePbI sl
HEeCTAOMJILHBIX COeIMHEHUI

A.B. Muxaiisenko, 10.U. llpuayuxuii, U.B. Komapos, A.B. Ctpynrap, E.A. MuxaiijieHko

Kuesckuii nayuonansnwiii ynusepcumem umenu Tapaca Lllegyenxo
yi. Braoumupcras, 64, Kues, 01601, Yxkpauna, alexm-@ukr.net
Hayuonanvuas oubnuomexa Yepaunot umenu B.1. Bepuaockoeo

Tonoceescxuti np., 3, Kues, 03039, Vxkpauna

Hcnonvzys memoosi monexyiapHou mexanuku MM+, nomysamnupuyecko2o K8aHmMOB0-XUMUUECKO20
PM3 u Monte-Carlo, uccrnedosan xapaxmep pasmewieHus MOAEKYl YUK100ymaoueHa 6 O08YXCIOUHOM
cunuyene 6 3aBUCUMOCHU OM KOHYEHMpAayuu UHMEPKAIAMA U MeMNnepamypsl UHMEPKATUPOBAHU.
THokazano, umo c¢ yeenuueHuem memnepamypul (8viue ~273—-300 K) npoucxooum nociedogameinvbHoe
paspyuienue 006pA308aHHbIX C6A3€U C IKCMPY3Uel MeNCHI0CKOCmHo20 unmepkaiama. I[locredyouee
yeenuyenue memnepamypel 00 350 K xapaxmepusyemcs oecopbyueii UHmMepraiama u cCmaduiusupyem
uccnedyemyo cucmemy 6 yeioMm, COXPAHsASL HpU SMOM MOAbKO OOHY MOAeKyny unmepkarama. Illpu
memnepamype 400 K yuxiobymaouer ROIHOCMbIO IKCMPYOUpyem CUIUYEH, pAa3pyuascs Npu 3MOM.
Paccyuman Y®D-cnekmp cunuyena 6 3asucumocmu om KOHYEHMPpAyuu UHMEPKAIAma u HauoeHa
KOHCIMAHMa accoyuayui ucciedyemoii cucmemul, komopas cocmasnsem 380 i-monw .

Kniouegvle cnoea: 08yxcnoumwviti cunuyeH, yuxkiooOymaoueH, UHMEePKAIUposauue, MoO0eruposatue,
KOHCMAHMa accoyuayuu
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