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There has been studied the formation of a ‘Host—Guest’ type carcerand
with a double-walled carbon nanotube (DWCNT) as a ‘host’ and an unsta-
ble anti-aromatic cyclobutadiene as a ‘guest’. By employing the methods
of MM+, PM3 and Monte Carlo, there has been investigated the position-
ing of cyclobutadiene molecules in a DWCNT depending on intercalant
concentration and temperature. At that, the deformation vibrations of the
DWCNT crystal grate do not exceed 0.017 nm, and the vibrations of the
intercalant molecules do not exceed 0.025 nm, that provides for configu-
ration and conformation stability of the studied nanosystem. When ini-
tially heated from 0 to = 283 K, the system energy grows gradually, then
rises sharply between 290-300 K and 380-400 K, then, with the tempera-
ture growth, it reaches the plateau, which proves its high stability up to
=430 K. There have been calculated UV-spectrum of a DWCNT depending
on the intercalant concentration and association constant of the
‘DWCNT-intercalant’ nanosystem.

BuBueHO yTBOPEHHS KapIlepaHay THUIY «TOCIOAap—TiCThb» 3 ABOCTiHHOIO BY-
rieneBoo HaHOTPYOKOIo ([IBHT) sik «rocmomap» i HecTabiIbHUM aHTHAPO-
MATHUYHUM ITUKJI00YTagi€eHOBUM SAK «TiCTh». 3 BUKOpPHUCTaHHAM MeToq MM+,
PM3 ta MouTe-Kapisio gociifKeHO MO3UIIOHYBAaHHA MOJEKYJ ITUKJI00yTamIi-
eny y IABHT, sanexxkno Bix ix KoHmeHTparii Tta Ttemneparypu. Ilpu mbomy
medopmarniiini konuBauua rpatHuni IBHT He mepeBumiyiors 0,017 HM, a
KOJIMBAaHHA iHTepKaaboBaHUX MoJeKya — 0,025 M, mio 3abesmeuye KOHMI-
ryparifiny Ta KoH@OpMAIifiHy CTifiKicTh mOoCHimsKyBamHoi HaHOCHUCTEMHU. 3
HarpiBamuaMm Big 0 mo = 283 K eHepris cucTteMu 3poCTa€ MOCTYIIOBO, ITOTIiM
pisko 3poctae mixk 290-300 K ta 380—-400 K, a gaxai 3i spocTanHAM TeMIie-
paTypu BOHaA HOCATA€E IIJaTO, IO AOBOAUTH ii BUCOKY CTabiJIBHICTH 3a TeM-
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nepatypu y =430 K. PospaxoBano Y®-cunexkrep IBHT, sanexno Big KoH-
meHTpalii iHTepKaJNdAHTa, Ta KOHCTAHTY acoiianili Hanocucremu «I[BHT-
iHTEepKAJIAHT» .

WsyueHo obOpasoBaHme KapliepaHga THIIA «XO03AUH-TOCTb» C IBYXCTEHHOM
yraeponuoit HanoTpy6koi (IYHT) B KauecTBe «X03AMHA» WM HECTAOMIbHBIM
aHTHAPOMATUYECKUM ITMKJIOOYTaANEeHOM B KauecTBe «rocTs». C HCIOJIb30-
BaHueM mertomoB MM+, PM3 u MouTe-Kapiio ucciienoBano mo3uUIIMOHUPOBA-
HUe MoJieKyJs nukjgooyraauena B JIYHT B saBucuMoOCTH OT MX KOHIIEHTpA-
num u TeMmneparypwl. lIpm sTtom gedopmManmoHHBIE KOJe0AHUA DPEUIETKU
OYHT ne mpepwimator 0,017 aEM, a KonebaHUsa MHTEPKAJINPOBAHHBIX MOJIE-
Kya — 0,025 BM, uTO ObecmeumBaeT KOHMPUTYPAIMOHHYIO M KOHMOPMAIIM-
OHHYIO YCTOMUYMBOCTBL Hccienyemoil HamocucteMbl. C marpeBanmem oT 0 1o
~ 283 K sHeprus cucTeMbl PacTET IIOCTEIeHHO, HaJIbIlle Pe3K0 BO3pacTaeT
me:xay 290-300 K u 380-400 K, a 3arem c pocToM TeMmOepaTypbl OHA IO-
CTUTAET IIJIATO, YTO CBUIETEJIHBCTBYET O €€ BBHICOKOH CTAOUJIBHOCTU IIPU TEM-
nepatype = 430 K. Paccuuransl Y®-cuextp JAYHT B 3aBUCHMMOCTH OT KOH-
IIeHTpalluy WHTEPKaJAHTAa W KOHCTAHTA AacCoUanuu HAHOCUCTEMBI
«AYHT-uHTEpKATAHT» .

Key words: double-walled carbon nanotube, cyclobutadiene, intercalation,
modelling, association constant.
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1. INTRODUCTION

Unusual physical and chemical properties of nanocarbon systems
have been the subject of keen interest lately. The electronic band
structure of carbon nanotubes (CNTs), along with their small size
and low dimension, are responsible for their unique electrical, me-
chanical, and thermal properties [1-3]. Semi-conductor CNTs are
the most promising candidates in the field of nanoelectronics, while
metallic CNTs have aroused a lot of research interest for their ap-
plicability due to high thermal stability, high thermal conductivity,
and large current carrying capability. What is more, the chemical
and physical modification of nanocarbon systems enables to reveal
their new extraordinary features. Thus, intercalation with mole-
cules allows to change the Fermi level position, relative electron
and hole concentrations, without considerable changes in energy-
band structure of source CNTs [4-8].
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On the other hand, unique optical, electrical and magnetic behav-
iour of multi-walled CNTs can be enhanced and diversified in case
of synthesizing the complexes with other compounds what will ex-
pand opportunities of obtaining new materials as effective elements
for photo- and magnetosensitive devices [9-13].

The aim of this work is to study the structure of intercalated cy-
clobutadiene double-walled CNT (DWCNT) when heating by the
MM+, PM3 and Monte Carlo, to calculate the UV-spectrum of
DWCNT depending on intercalant concentration, and to determine
the association constant of the ‘DWCNT-intercalant’ nanosystem.

2. THEORETICAL MODEL AND METHODS OF RESEARCH

The initial structure was a (5,5)@(10,10) DWCNT having 270 car-
bon atoms. Intercalation of this DWCNT assumes placing the inter-
calant inside the (5.5) CNT and into the intertubular space [13].

The intercalant is the cyclobutadiene molecules. The subject of
this calculation is their relative positions, their orientation relative-
ly the CNT walls, their behaviour in the intertubular space and the
system as a whole, as well as the quantity characteristics of bonding
with the DWCNT at temperature change (Fig. 1).

In the model considered, the interaction potential (Lennard-Jones
potential) between C—C atoms (see Eq. (1)) directly mated the pair
potential of high energy of atomic excitation [14], and it was de-
scribed by the Born—Mayer equation within the range 0—-0.4 nm of
effective interaction radius (see Eq. (2)):

o5 (5]

a

Fig. 1. Initial structure of the ‘DWCNT-cyclobutadiene’ nanosystem: (a),
(b) orthogonal projections; (c) side view.
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where r—distance between particle centres; e—depth of potential
pit; o—distance, at which the interaction energy is equal to zero
(parameters ¢ and o characterise the atoms of corresponding sub-
stances);

U(r) = Aexp(-r / b), (2)

where A, b—constants, for every pair of colliding particles.

To describe the atom interaction at a distance smaller than 0.2
nm, we have used the Tersoff-Brenner potential of interatomic in-
teraction [15].

Total potential energy of system U is expressed as a sum of bond-
ing energies for all pairs of atoms forming this system:

U=3>[Valr) - BV, |, (3)
i j>i

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

To describe the atom interaction at a distance greater than 0.21
nm, we have applied the Tersoff—Brenner potential of interatomic
interaction [15] along with the Ziegler—Biersack—Litmark pair po-
tential [14]. The length of C—C bonds in a DWCNT was 0.139 nm;
the C—C interaction (‘DWCNT-cyclobutadiene’ interaction) was de-
scribed by the Lennard—Jones pair potential [16] with potential in-
teraction energy of 0.12 eV. The modelled period of one excitation
cascade was 2 ps, and the energy conservation law in every calcula-
tion cycle was correlated within 0.15%. The initial coordinates of
the intercalant were selected in conformity with the law of random
numbers.

To calculate the association constant of the carcerplex formed,
there was applied the modified Benes—Hilderbrand method [17] that
accounts the data on maximum DWCNT absorption values at vari-
ous intercalant concentrations in the UV-spectra. All the calcula-
tions were made within the temperature range 0—-500 K.

3. RESULTS AND DISCUSSIONS

Modelling of the ‘DWCNT-intercalant’ nanosystem resulted in such
statements. First, the two intercalant molecules in the intertubular
space form a system, which is resistant to temperatures up to = 290
K, being completely and quickly extruded at higher temperatures.
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Fig. 2. Temperature dependence of the ‘DWCNT-cyclobutadiene’ model
nanosystem.

Second, two cyclobutadiene molecules being in the inner (5.5) CNT
are stable up to = 380 K.

The studied nanosystem (see Fig. 2) proved to be rather heat-
resistant in a wide temperature range (up to =400 K). At that, the
deformation vibrations of the DWCNT crystal grate do not exceed
0.015 nm, and the vibrations of the intercalant molecules do not
exceed 0.025 nm that provides for configuration and conformation
stability of the nanosystem.

Temperature dependence of the model-nanosystem energy is
shown in Fig. 2. As shown, when initially heated from 0 to = 290 K
and 300-380 K, the system energy grows gradually, then rises
sharply between 290-300 K and 380—-400 K, then, with temperature
growth, it reaches the plateau that proves its high stability.

The modelling performed allows determining the following dy-
namics of the intercalated DWCNT structure when heated: when
being initially heated to = 290 K, the system remains rather stable;
there is no extrusion of the intercalant molecules (Fig. 3). There are
observed vibrational and rotational capabilities of bonds and angles
of a DWCNT and cyclobutadiene molecules.

It should be noted that this variant of the model suggested allows
seeing thermodynamic selectivity of physical and chemical sorption-
desorption. At the temperature range 0—-290 K, there appears phys-
ical sorption while chemisorption is observed at higher temperature
figures (300—380 K) that is peculiar or n—=n interactions of cyclobu-
tadiene aromatic cyclic and quasi-aromatic DWCNT systems.

Moreover, simultaneous presence of donor/acceptor feature of the
DWCNT intertube space as a result of positive and negative Gaussi-
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Fig. 3. Screenshot of configurational change of the ‘DWCNT-intercalant’
nanosystem when heated.

an curvature makes it possible to regulate orientation of intercalant
donor and acceptor edges that allows viewing it as a potential mo-
lecular switch.

Finally, theoretical calculations of UV-absorption spectra of the
(5.5)@(10.10) DWCNT (Fig. 4) depending on the intercalant concen-
tration in terms of the modified Benes—Hilderbrand method shows
that the association constant of the system studied is of 183.5
I'mol™ with the calculation accuracy k., > 0.98,

1 1 1
Cguest (AO - A)

- =, (4)
K, A C, Ae

ost

where Cg,. and C,—°guest’ and ‘host’ concentration, respectively;
A, and A—DWCNT and ‘DWCNT-cyclobutadiene’ absorption, re-
spectively; Ae—change of molar extinction coefficient.

Absorbance, a.u.

400 450 500 550 600 650 700
Wavelenght, nm

Fig. 4. Calculated UV-absorption spectrum of the DWCNT depending on
the intercalant concentration.
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4. CONCLUSION

There has been found out the type of cyclobutadiene molecule ar-
rangement on the inner surface as well as in the intertube space of
the (5,5)@(10,10) DWCNT. The calculations allow proving that the
‘DWCNT-intercalant’ nanosystem is rather stable at temperature
up to 290 K that provides reliability and stability of the process of
intercalant synthesis under conditions regular for this procedure.
However, at further heating (above 300 K), there is observed grad-
ual intercalant extrusion out of the intertube space as well as ther-
modynamic stabilisation of the system containing the intertube in-
tercalant only. There has been theoretically calculated the associa-
tion constant of the ‘DWCNT-cyclobutadiene’ nanosystem, namely,
183.5 I-mol ™.
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