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The functionalization (adsorption) of graphene and carbon nanotubes (CNT) is investigated in the case of
charge transfer between a functionalizing molecule (adatom) and a substrate (graphenes or CNT), and the first
principles charge transfer calculations are briefly reviewed. It is shown that electrostatic dipoles caused by
charge transfer describe the interaction between the adsorbed atoms or islands (clusters) at low concentration,
that is, at the initial and intermediate stages of functionalization. It is shown that intercalated atoms in graphite,
bi-, and tri-graphene can be described by the electrostatic quadrupoles, their magnitudes are found. The
quadrupoles’ axes are perpendicular to the layers. On the surface of the CNT, the adsorbed nanocrystals (clus-
ters) are described as electrostatic quadrupoles, their magnitudes are found. The quadrupoles’ axes are directed
along the CNT. At long distances, the interaction energies and repulsion forces are calculated for the clusters.
The results explain the experimentally found homogeneous distribution of the adsorbed particles and clusters.
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1. Introduction

Graphene is a single layer material consisting of carbon
atoms. Since its discovery [1], graphene has attracted great
interest due to its excellent electric field effect transport
properties and massless Dirac fermions like charge carriers.
The carbon nanotube (CNT) is graphene rolled into a cyl-
inder and can be considered as quantum wire [2]. Function-
alization is a powerful method for tuning Fermi level and
quantum energy levels of 1D (CNT) and 2D (graphene,
bigraphene) nanomaterials what modifies their physical
properties. Review of organic and inorganic functionaliza-
tion can be found in [3] for graphene and in [4] for CNT.

Homogeneouse, sometimes periodic, distribution of me-
tallic, metal-organic [5] and conducting polymers [6] parti-
cles at CNT surface was found by TEM. The charge transfer
[5] leads to electron and hole pairs appearing, which are
spatially separated in neighboring substrate (CNT and a
molecule or atom). Usually, the contributions from disper-
sion and valence forces [7] are the most important part of the
interaction energy at short-range distances. The electrostatic
components of the intermolecular interaction were consid-
ered in [7] for general case and in [8] for the adsorption
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case. In this treatment the classical multipole expansion
[9,10] is used. In the work [11] and references therein, an
electric dipole is considered as a generalization of the famil-
iar phenomenon of the atomic collapse of single charged
impurity to the case where electron-hole pairs are sponta-
neously created from vacuum in bound states with charge
impurities thus partially screening them.

The first-principle calculations of the interaction between
Li and graphene [12] considered the configurations and the
concentration of Li adsorption. At low concentration, the
2s state of Li is filly unoccupied due to the charge transfer.
With the increase of Li concentration, the 2s state is broad-
ened and occupied partly by electrons.

The zero and finite temperature behavior of Li on
graphene was studied by DFT and Monte Carlo techniques
[13]. The calculations reveal two distinct types of orderings
of Li on graphene, Li-gas (dispersed Li-ion) and Li-cluster,
island, stripe phases. At the zero-temperature calculations
show that the Li-graphene interaction is mainly electrostatic
and phase separation to pristine graphene and bulk Li is
energetically more favorable. However, at nonzero tempera-
tures, the lesser-ordered Li-gas and Li-cluster states are
more favorable at sufficiently low concentrations. In the



Graphenes and CNTs: adatoms, islands, nanocrystals and intercalants as interacting multipoles

case of Li adatom, the electrons transferred to graphene are
localized on the hexagon at the Li atom is adsorbed, creat-
ing a net dipole.

Ab initio study of potassium (K) adsorption on graphene
and carbon nanotubes [14] reveals the large dipole moment
normal to the surface and a significant charge transfer. It
implies that the long-range K-graphene interaction appears
to be predominantly ionic or electrostatic in nature. The es-
timations indicate that the effective amount of the electronic
charge transferred from the K atom to the graphene surface
increases with increasing the size of the supercell from
0.14 e to 0.70 e. A simple classical model allowed explain-
ing the disagreement between the experimental and calculat-
ed interaction energies by long-range electrostatic interac-
tions between potassium and graphene. In contrast, the
energy of potassium adsorption on carbon nanotubes de-
pends on the nanotube surface curvature and chirality [14].

The adsorption of 12 different metal adatoms from
groups I-11II of the Periodic Table on graphene was studied
using first-principles density-functional theory [15]. From
the density of states (DOS) and from charge-density inte-
gration, the charge transfer was found 0.14-0.9 e.

The ferric chloride FeClz was used to intercalate graphite
flakes consisting of 2—4 graphene layers and to dope graphene
monolayers. The intercalant, staging, stability, and doping
was characterized by Raman scattering [16]. They estimated
a Fermi-level shift of >~ 0.9 eV, corresponding to a charge
transfer 0.152 holes per carbon atom.

It was reported [17], that the features of the Raman peak
of few-layer graphene intercalation compounds (FLGIC)
with FeCl3 are in good agreement with the full intercalation
structures. The first principle calculations further reveal that
its band structure is similar to single-layer graphene but
with a strong doping effect due to the charge transfer from
graphene to FeCl3. The successful fabrication of FLGIC
opens a new way to modify properties of graphenes for fun-
damental studies and future applications. Chan et al. [18]
reported the effect of (i) charge transfer, (ii) change of in-
plane lattice constant and (iii) intercalate-coupling effect on
the Raman-mode frequencies in graphite. In the charge
transfer-induced doping effect [19] the graphene layer can be
considered to be hole-doped since FeCl3 is one of the accep-
tor-acceptor-type graphite bi-intercalation compounds [20].

In [19] Raman spectroscopy was used to investigate the
interplay between surface adsorption and intercalation in
few layer graphenes exposed to Bry and I vapors at room
temperature. Molecular intercalation into bulk graphite
typically creates stable stoichiometric “stage” compounds
(graphite intercalation compounds GICs). Bromine creates
a stage bulk GIC in which graphene bilayers (2L) are sepa-
rated by intercalated Bry layers. Such intercalated Bry layers
are thought to be structurally commensurate with neighbor-
ing graphene. In contrast to Bry, I> does not form a bulk
GIC, possibly because the longer I bond length does not
allow an intercalation structure. Bry and I, are more electro-
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negative than graphite and should dope graphene positively
when adsorbed. I adsorbs on and dopes carbon nanotubes
and fullerenes. Charge transfer from the carbon substrate
creates iodide anions that react with excess neutral I to
form adsorbed I3, and I5; these species are directly detect-
ed as resonantly enhanced Raman bands.

The model for the calculation of the polarization prop-
erties of sp2 carbon materials and, in particular, fullerenes
and carbon nanotubes was developed, see [21] and refer-
ences within. This model describes the self-consistent inter-
actions by both a net electric charge and a dipole originated
from each carbon atom. The theory of the polarons in the
functionalized semiconducting CNT was developed [22].
The theory is based on research of energy spectra tuning as
result of functionalization of CNT and nanowires by layers
of polar molecules with (i) radial degree of freedom [23],
(i1) conformational transition in the molecules [24] and (iii)
incommensurate periodic structures [25].

The aim of this work is theoretical consideration of initial
stages of functionalization with the charge transfer between
a molecule and substrate (graphenes or CNT). It is shown
that the electron-hole pairs can be presented as the dipole
and quadrupole moments with long-range interaction. We
consider situation of enough small molecules (atoms) with
relatively large distance between ones. This approach allows
describing the long-range electrostatic interaction of the
adsorbed or functionalizing molecules (atoms), their clusters
[13,19] and nanobeads [5] at the graphene or CNT surface,
and inside intercalated bigraphene and graphite. It is shown
that the long-range electrostatic multipole potential leads to
repulsion and homogeneous distribution of the functional-
izing and intercalating molecules (atoms).

The considered multipoles’ configurations and calcula-
tions are shown in the upper row and the left column of Ta-
ble 1. The table has a structure of matrix where a cross-section
of a column and a row represent number of the section that
considers corresponding interaction or the multipole calcula-
tion in one of Appendixes A, B, C or D. Dash in matrix
means absence of corresponding interaction or consideration.

At long-range distances, the proposed method describes
the intermolecular interaction adequately. At short-range
distances, compared with the molecules size, the proposed
method would be applied with higher error because of the
destroy of multipole approximation. Note that the dispersion

Table 1. The multipoles (upper row and left column) d, Qpead,
and Qi (dipole, quadrupoles of nanobead and of intercalated
atom) considered in the present paper (numbers mean section,
“calc” means calculation of the multipole)

Multipole Obead Ointc calc
d 2 3.2 3.3 A
Obead 3.2 3.1 - C
Qintc 33 — 3.3 D
calc A C D —
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and valence forces have higher powers k in the dependence
on distance (~ 1/ R* ), therefore, they begin to play the main
role at short-range distances.

2. Dipoles at graphene and CNT

The charge transfer is an example of a general contact
interaction of atoms or molecules with different electro-
negativity. Thus, in comparison with CNT and graphene as
a molecule we have electronegative molecules FeCl3 [17],
Bry, I [19] and their complexes, adatoms F, Cl, O, N, P, S
and electropositive metals or metal-organic complexes [5].
In further consideration we suppose the molecules (atoms)
to be electropositive and the electronic clouds of the trans-
ferred charge to be negative. These situations are shown in
Fig. 1. A dipole vector d =gr is shown as arrow between
centers of negative and positive charges in Fig. 1 (see Ap-
pendix A). Following to [7,9] we write dipole—dipole inter-
action as:

dZ
U, =F[(m1-0)2)—3(m1-n)(0)2-n)], (1)

where R =Ry, is the radius-vector between centers of the
dipoles 1 and 2, R=|R|, the unit vectors ®;, ®, and
n=n;, are directed along dj, d; and R. Relations like
(0;-n) =@ ||-]|n][cos® mean the dot product between
two vectors, where 0 is the angle between them. Analogues
relations describe interaction between dipoles di, d3.
Force of interaction between two particles is
dU;(R) &
Fy === =2 Uy (R). 6)
Here we use dependence of the potential of type
Uj(R) ~ 1/R*. For example, in (1) the power £ =3 and
Ujj = Uy Below in next formulae for U;; =Ugp, and Ugg
the powers are k=4;5 correspondingly. The positive
force F means repulsion of the interacting particles.
Therefore in Fig. 1, the configuration of the dipoles
gives Fj, >0 (repulsion) and Fj5, >3 <0 (attraction) ac-
cording to (1), (2). The cause is the mutual orientation of
the unit vectors in relation (1): perpendicular (®; -n) =0,

Fig. 1. (Color online) The functionalizing molecules or atoms
(pink spheres, sign “+”) at substrate (semiconducting CNT or
bigraphene) with transferred electrons (blue ellipsoids, sign “—")
create the dipoles dy, d,, d3. According to (1), (2), for long range
dipole interaction, the parallel dipoles dj || d, repel each other,
and opposite ones d;, d3 attract.

parallel cos6;, = (®;-®,) >0, and antiparallel cos0;5 =
= (0 -®3) <0, cosBy3 = (®, -®3) <0. These orientations
give the maximum value of the interaction. At CNT surface
a turn of the dipole around the axis of the nanotube is possi-
ble. In the last case, the product of vectors can vary continu-
ously between maximal and minimal values, and change its
sign also.

For more general orientation of the dipole 2 between ori-
entation 2 and 3 in Fig. 1 and in (1), (2), the boundary be-
tween attractive and repulsive orientation is defined by the
equation

Fdd =0. (3)

Increasing the functionalizing molecules concentration
leads to the formation of different clusters or islands
[5,6,13,19] which can’t be described in the present model.
Only the small clusters which contain N of the molecules or
adatoms can be described by Eq. (1) applying d — d)y = Nd
transformation. A renormalization of the charge transfer can
depend strongly on the cluster size. Thus, DFT and Monte
Carlo techniques [13] give the dipole moment 0.802 eA for
Li adatom and 0.247, 0.077, 0.125, 0.119, and 0.096 eA for
2,3,4,5, and 6 Li clusters, respectively.

3. Electric quadrupoles in the functionalized and
intercalated carbon systems

3.1. Nanobeads at CNT as the quadrupoles

The nanobeads, nanospheres, and nanocrystals are
formed at the CNT or nanowire surface [5,6] at higher
concentration of the functionalizing molecules. These
structures have almost periodic or periodic fragments with
period ~ 10-50 nm, see straight line segments of CNT in
[5, Figs. 15, 16, 18], [26, Figs.5 b, c], [27, Figs. 3 ¢, f, 4 c].
Sometimes the nanobeads are so narrow (see [5, Fig. 18]
that rather can be named as a nanoring or a fasten nanobelt.
The chemical treatment provides a stronger interaction
CNT-RuO; and a more uniform dispersion along the side
(see [5, Fig. 18]. The minimal size nanobeads (nanorings)
are schematically depicted in Fig. 2.

We propose to describe the nanobeads with charge trans-
fer between a molecule and substrate as electric quadrupole,
see Appendix B. Following to [7], quadrupole-quadrupole
interaction U gy is:

Fig. 2. The quadrupoles Q;, O, are formed by the nanobeads of
the adsorbed metal atoms or metal-organic molecules at the CNT
surface. The quadrupoles repel each other according to (4), (5).
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Yoo =

_30°
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[1—5((»1 )% —5(0, n)? +2(0; - ©,)* +

Here Q is the nanobead’s quadrupole moment (see Ap-
pendix C and Fig. 6), R is the distance between centers of
both quadrupoles in Fig. 2, n, ®;, ®, are unit vectors:
n || R and directions of ®;, @, are along the corresponding
quadrupole axes.

In Fig. 2 and relation (4), the unit vectors o;, ®, are di-
rected along the quadrupoles’ axes and are collinear to n.
Then in the case of two nanobeads, we have the interaction
energy Upgp = 6Q2 / R® >0 and force
3002

R6
according to relation (2). It means two nanobeads repul-
sion due to interaction between the created electrostatic
quadrupoles. In combination with a boundary condition at
the CNT ends, this quadrupole-quadrupole repulsion corre-
sponds to the experimentally observed uniform (periodic or
almost periodic) distribution of the nanobeads, nanospheres,
and nanocrystals [5].

Foop = >0, (%)

3.2. Nanobeads and adsorbed atoms (quadrupoles
and dipoles) at CNT

Dipole-quadrupole interaction energy is [7]:

30d
Upg = —— (o -m)+
ot

+2(; - ®, )(®; ‘1)~ 5(®; -n)(o, -n)*]. (6)

Here R is distance between centers of the dipole d (@ || d)
and the quadrupole Q(®; L ®,) in Fig. 3, n, o, o, are
unit vectors. At large distances, the mutual orientations are
following: @, ||n || R.

For the dipole and quadrupole in Fig. 3, the unit vectors
are perpendicular ®; L @,. Then the dipole—quadrupole
force is:

60d 240d
Foa = —%(ml 1= 5(e, -m)*] = +R—€(w1 n),

[(@) 1) [gs. Ry, = 05 (7)

[(@2 1) [R5y = 1

O A N R 0,
‘¢, D
— >

Fig. 4. The quadrupoles formed by the intercalating molecules
(atoms) repel each other inside bigraphene. The unit vectors
1, ™, show the quadrupoles’ axes.

where Ry is the nanowire (CNT) radius, see Fig. 6. Ac-
cording to (2), (6), and (7) at large distances, an indifferent
equilibrium of the dipole between two nanobeads Fyg — 0
exists, see Egs. (6), (7). If orientations of the unit vectors,
see Fig.3 and Eq. (7), give (®;-n)<0 and |(®;-n) K1
then very weak dipole—nanobead attraction (unstable equilib-
rium) is possible. At the middle-range distances R ~ Ry,
the quadrupole approximation for the nanobeads is not valid.
It seems that we must consider an interaction between an
individual dipole of an adatom and individual dipoles of the
nanobead. We have the dipole—dipole repulsion. At the short
distances R ~ R,; we have the main interatomic attraction
by short-range forces: valence, dispersive, etc. The periodic
arrangement of the nanobeads [5] is experimentally ob-
served. It indicates that the thermal motion of the adatoms
easily overcomes the potential barriers near the nanobeads.

3.3. Quadrupoles for intercalated bigraphene and graphite

Another case of quadrupoles formation is intercalation
into bigraphene or graphite, see Fig. 4, Appendix D, and
Fig. 6. It seems, to provide the charge transfer into two
planes it would be better to have higher valence of interca-
lating atoms (molecules). The axes of symmetry of these
quadrupoles are perpendicular to the graphitic layers and are
mutually parallel. Therefore, the following relations are sat-
isfied (o, ~0)2)2 =1 and (®; -n) = (®, -n) = 0 where a unit
vector n is shown in Fig. 4. Therefore, from relations (2), (4)
we obtain

2
_B0 ®)
4R®
It means repulsion of two intercalated particles.

In the case of the semiconducting bigraphene, an adsorbed
atom (molecule) is possible at external surface, see Fig. 1,
and an intercalated atom between the layers, see Fig. 4.
Then the dipole and quadrupole can interact, see Fig. 5. In
the case of metallic bigraphene or graphite such electrostatic

001

Fig. 3. Interacting of the dipole d of a metal adatom and the
quadrupole Q formed by a metallic nanobead are shown at the
CNT surface according to (6).

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 3

Fig. 5. Interaction of the adatom’s dipole and quadrupole formed
by the intercalating atom in semiconducting bigraphene according
to (9).

331



V.A. Lykah and E.S. Syrkin

Fig. 6. To an explanation of the quadrupole moments calculation:
the functionalizing atoms in the nanobead (left) and the
intercalated atom in bigraphene (right) are shown. The unit vector
o shows direction of the quadrupole moment axis.

interaction is screened by the conducting graphitic layer. For
the comparison in Fig. 2, the carbon nanotube has known
type of conductivity which depends on the chirality.

In Figs. 2—4, orientations of the quadrupoles are different.
We try to keep the notation in formulas and Fig. 5. The unit
vectors are collinear @, || @, Then the dipole—quadrupole
force is:

FQdintc - _%(ml Il)[3 _5((02 _n)2] ~
180d
B RQS (0 n); [(@)-n)[p_e—>0. ©)

Therefore, at large distances, the interaction disappears. At
very small distances, the multipole approximation is not
valid. At intermediate distances, the dispersion and valence
forces [7] are compared with electrostatic ones (9). An addi-
tional analysis is necessary.

4. Discussion and conclusion

In this article we have used the model proposed in the
experimental works [5]: the charge transfer between the
substrate and the adsorbed (functionalizing) atoms exists.
The model of the charge transfer is based on spectroscopy
(see [5] and references therein), Raman spectroscopy
[16,17,19], and the first principle calculations [12—17]. It is
naturally, that formation, growth, and rearrangement of the
arising charged clusters in an adatoms gas require some
exposition time. We considered the middle and low-tem-
perature limit when the electron is localized near an ad-
sorbed particle that is a source of the transferred charge.
The space distribution of the charges, transferred to the
substrate and rested near the adsorbed ion, is described in
approximation of the electrostatic multipoles. In this case,
the geometry and local concentration of the adsorbed parti-
cles play an important role.

It seems, that the dipole description of the adsorbed at-
oms is applied too widely [8,11]. The dipole moment is the
first term in the multipole expansion [9,10]. Here we have
shown that at one plane (metallic or semiconductor) the ad-
sorbed particles are repulsed. Meanwhile, at different sides
of thing semiconductor plane (bigraphene) the adsorbed
particles are attracted.
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At the semiconductor nanowire surface, in the case of the
charge transfer, the interaction between the adsorbed parti-
cles depends on the mutual dipoles orientation: attraction
(antiparallel) and repulsion (parallel) in the far distance. The
intermediate orientations and distances need more detail
analysis, general description is written in relation (1). For the
limit cases of small and large distances, the results are given
by relations (3). The metal nanowire surface screens electric
field and needs more complicated analysis at general dipole
orientations.

For the CNT or nanowire with adsorbed atoms and the
charge transfer, it is shown that the nanobeads formation
leads to the electrostatic quadrupole formation, see Fig. 2.
It is shown that the axial symmetry of the nanobead’s
quadrupoles allows to describe their interaction in the terms
of the unit vectors, see Fig. 2 and Eq. (4). In the terms of the
long-range interaction (4) of the electrostatic quadrupoles,
the coaxial nanobeads repel each other always what corre-
lates with the experimentally observed almost periodic ar-
rangement of the nanobeads [5]. In the real systems the
nanobead are too massive objects which are product of the
aggregation of the adsorbed atom (molecules). In our model
we consider the minimal nanobeads with one atomic (mo-
lecular) row. These model nanobeads are unstable but, they
correctly describe the interaction between the nanobeads.
Transition to description of the real massive nanobeads can
be reduced to the renormalization of O and R, values in
the Ex. (4).

At the CNT surface, another interesting result is ob-
tained for the interaction nanobead-adsorbed atom, i.e.,
quadrupole—dipole (6). At large distances this interaction
comes to zero (7) due to the mutual orientation and ar-
rangement of the quadrupole (nanobead) and dipole (atom)
axes; the unit vectors are perpendicular. At the middle dis-
tances the perpendicularity is slightly broken and shallow
barrier or attraction can arise. At atomic distances, attraction
and atomic condensation at the nanobead surface becomes.
It seems that even the potential barrier can be overcome
easily by atomic thermal motion or the dipoles’ repulsion.
The experimental photos (see [5] and references therein)
show the massive nanobeads and free nanowire surface be-
tween them.

Another type of quadrupole moments arises at intercala-
tion of atoms (molecules) into bigraphene, threegraphene,
and graphite. A metallic atom is electropositive in the pair
metal-carbon, so the intercalating atom easy transfer it’s
electron or electrons to a graphitic layers, see Fig. 4. At in-
tercalation, these quadrupole moments have different geom-
etry and sign in comparison with the nanobeads at CNT.
Repulsion between the quadrupoles exists in both cases (the
nanobeads and the intercalated atoms). These quadrupole
interactions are described by the same formula (4), but ge-
ometry is essential. Under intercalation, experimental obser-
vation of atomic periodic or almost periodic structures in a
layer [5,28] is easily explained by repulsion.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 3
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Appendix A. The electric dipole

According to definition [9], the electrostatic dipole is
vector:

d=gr. (A1)

Here g is a point charge of positive and negative parts. In the
considered system, ¢ is the charge transferred from the metal-
lic atom (metalorganic molecule) to the substrate (nanowire
or plane). Vector r is directed from the negative to positive
charge, i.e., goes from the surface to the metallic atom, see
geometry in Fig. 1. If the metallic atom is at distance / from
the surface, then Eq. (A1) takes the following scalar view
d = gh. Estimates can be made for the following parame-
ter values: g ~e,2¢; h~a~ 0.3 nm. Then for the ad-
sorbed atom, the dipole value can reach d ~ gh ~ea ~
~(4.8-9.6)- 102° C-m which corresponds to experi-
mental evaluation [13].

Appendix B. The electric quadrupole

Following [7,9,10], an interaction with a complicated
charge distribution in space is described by a multipoles. A
multipole expansion is a mathematical series representing a
function that depends on angles on a sphere combined with
an expansion in radius. The first (the zeroth-order) term in
the multipole expansion is called the monopole moment or
charge ¢, the second (the first-order) term is called the di-
pole moment d, the third (the second-order) is called the
quadrupole moment (tensor Ql-j), the fourth (third-order)
term is called the octupole moment [9,10], and the fifth
(fourth-order) term is called the hexadecapole moment.
Given the limitation of Greek numeral prefixes, terms of
higher-order are conventionally named by adding “-pole” to
the number of poles — e.g., 32-pole (rarely dotriacontapole
or triacontadipole) and 64-pole (rarely tetrahexacontapole
or hexacontatetrapole).

So, definition of tensor of the electric quadrupole mo-
ment is [7,9,10]:

1 >
Qab_ZQ(xaxb -3 aaij

where g is electric charge in point with coordinates x,,x;,.
In the main axes and after normalization TrQ,, = 0 in the
axially symmetric case, the quadrupole moment tensor is
described by only one parameter Q called the quadrupole
moment [7,9]. Namely, the axially symmetric direction
shows the vector of the quadrupole moment in the interac-
tions formulae and figures [7]. The quadrupole moment
vector is included in even powers into the interactions;
therefore, the vector direction is indifferent along the axially
symmetric direction. In Fig. 2 and left Fig. 6 external ar-

(BI)
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rangement of the positive ions gives Q > 0, i.e., the positive
quadrupole moment. According to definition (B1), the more
is distance of the charge from the axes the more is contribu-
tion into the quadrupole moment Q. The positive metal ions
are at larger radii than the negative transferred charges in-
side or at the CNT surface. In the case of the electronegative
molecules adsorption, the nanobeads are negative and give
the negative quadrupole moment.

Appendix C. The quadrupole moment of the nanobead

Let us find the quadrupole moment of the nanobead
which is formed by positive metal ions adsorbed at a nan-
owire surface, see Figs. 2 and 6. In the main axes, the axially
symmetric contribution consists of two terms:

O... =gNRyy +1)?*; Q.. =~qNRYy.  (C1)

according to definition (B1), namely, the first term. Here g is
positive charge of the adsorbed atom, Ry, is the nanowire
radius, and /% is the distance between the adsorbed atom and
the nanowire surface. Here we suppose set of the N adsorbed
atoms as point charges at the nanobead—nanowire surface.

For another main axes, components of the quadrupole
moment tensor are

_ _1 2 2
Qxx+_ny+ lqu|:6(RNW+h) +H }’ (Cz)

:—in[6R]2VW +H2]

Qo= =0 =713

Here we have used results for moment of inertia of the
thing hollow cylinder with height H [29]. In our case, H is
the nanobead length along the nanowire. It is possible be-
cause of general construction of the quadrupole moment
Q. in (B1) without normalization is similar to the mo-
ment of inertia formula J ;, = mx,x;,.

Let us write the second term in (B1) for the negative
components:

(1/3)TrQ;_ =—(2/3)gNRyy —H? /18.

For the positive terms, the contribution has to be written in
the same way with replacement Ry — Ry + h. Finally,
for the nanobead, the quadrupole moment tensor compo-
nents are

Ou=09) =
1
quN[_(RNW +h)2 +R]2\/W:| =
1
:—gqN(2RNWh+h2), (C3)
QZZ =
1 1
ZEqN[(RNW +h)? —R}VW} =§qN(2RNWh+h2).

Contribution of H, the nanobead length along the nan-
owire, does not manifest because the same size for positive
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and negative charges. In the case of some charge delocali-
zation in the nanowire, dependence on H will appear.
Finally, for the nanobead the quadrupole moment equals

1
Obea = Qzz = aNh(2Ryyy +7)> 0. (C4)

Appendix D. The quadrupole moment
of the intercalated atom

Let us find the quadrupole moment of the intercalated
positive metal ions in bigraphene or graphite, see Figs. 4
and 6. In the main axes, the axially symmetric contribution
consists of two terms:

=g<R>>>0,
0. =¢ (D1)
0. =-q<R>"—0.

according to definition (B1), namely, the first term. Here ¢
is positive charge of the adsorbed atom, < R > is the aver-
age charge distribution radius. Here we suppose the atoms
to be close to point charges that is < R >< A.

For another main axes, components of the quadrupole
moment tensor are

2
Qxx+=ny+=q<R> -0,

(D2)
Oux- = ny— = _qh2,

where /4 is the distance between the intercalated atom and
the graphene layer.

Let us write the second term in (B1) for the limit case
of small charge sizes: TrQ;;,_ = —gh?. Finally, for the inter-
calated atom, the components of the quadrupole moment
tensor are

1.2
O = ny = gqh > 03)

)
Qintc = sz = _th <0.

And in all previous formulae, the quadrupole moment for
the intercalated atom equals Q..
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Graphenes and CNTs: adatoms, islands, nanocrystals and intercalants as interacting multipoles

"padpenn Ta BHT: agaTtomun, ocTpiBLi, HaHOKpUCTanu
Ta iHTEpKansaHTK K MynbTUMNONI, WO B3aEMOLI0Tb

B.O. Nukax, €.C. CupkiH

OynkuioHamizauito (agcopbuio) rpadeHy Ta ByIJeLeBUX Ha-
HOTpyOOK (BHT) nociimkeHo y BUMagKy NepeHeceHHs 3apsity Mixk
MoJIeKyJI0i0 (amaTroMoM), sika (yHKLIOHAN3ye, Ta CyOCTpaToM
(rpadenamu abo BHT). Po3riisiHyTo po3paxyHKH IepeHocy 3apsi-
Iy 3 nepimux npuHuunie. ITokaszaHo, M0 €NIEKTPOCTATHYHI JUIIO-
J1i, sIKi 00YMOBJICHI IEPCHECCHHSM 3apsy, OMUCYIOTh B3aEMO/III0
MK ancopOoBaHMMH aTtoMaMu abo OCTpiBLsAMH (KJacTepamu)
IIpY HU3BKIH KOHIEHTpAIlil, TOOTO Ha ITOYAaTKOBIl Ta MPOMDKHIN
crazii ¢pynkuionanizauii. ITokasano, mo y rpadiri, 6i- Ta Tpu-
rpadeHax iHTEpKalIbOBaHi aTOMH MOXKHA OIHMCATH EJICKTPOCTATHY-
HHUMU KBapynossiMi. OOYHCIICHO BEJIMYMHY [IUX KBAaAPYIOJiB Ta
TI0Ka3aHo, IO iX Oci CHpsIMOBaHI HOpPMAJIBHO 110 mrapis. Ha mosepx-
Hi BHT ancop6oBani HaHOKpUcTanu (KJIACTEPH) OMUCYIOTHCS SIK
eNIEeKTPOCTATHYHI KBajpymoi. Bemmuny 1ux KBaapymomiB o04u-
CIICHO Ta MOKa3aHo, 110 iX oci crpsiMoBani y3nosx BHT. Ha Benu-
KHX BIJICTAaHSX PO3paxOBaHO €Heprii B3aeMofii Ta CHJIM BiJIITOB-
XyBaHHS ~ KiIacTepiB. Pe3yibTaTH MOSCHIOIOTH  OJHOPIIHMIT
pO3MOJLT agcopOOBaHUX YACTHHOK Ta KIIACTEPIB, IO BHUSBICHO

CKCIIEPUMEHTAJIBHO.

Kimouosi cnoBa: rpadenn, rpadit, ByriieneBi HaHOTPYOKH, CTPYK-
Typa aacopbaris.
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padbeHbl n YHT: agaToMbl, OCTPOBKM, HAHOKpUCTanN b
N MHTEpKansHTbl Kak B3anmoaencTayoLLmne
MynbTUNONM

B.A. Jlbikax, E.C. CbIpkuH

OyHxumoHanu3anus (axcopouusi) rpadeHa M yriepoJHbIX Ha-
HOTpyOOK (YHT) uccnenyercst B citydae mepeHoca 3apsiia MexXay
(dyHKIHONM3UpYIOmell MONEKyJIol (agaToMoM) M cyOcTpaToM
(rpadenamu mnu YHT). PaccMoTpeHs! pacueTsl mepeHoca 3apsaga
W3 MEepBBIX NPUHIMNOB. [Ioka3aHo, YTO 2NIEKTPOCTATUUECKUE IH-
MO, 0OYCIIOBICHHBIE TIEPEHOCOM 3aps/a, ONHCHIBAIOT B3aHMO-
JeHCTBUE MEXKY afncopOMpOBaHHBIMU aTOMaMH WM OCTPOBKAMH
(kmactepaMu) MU HU3KOH KOHICHTPALUH, T.€. HAa HayadbHOH U
MIPOMEKYTOUHOH cTanusax QyHkiuonanmm3anun. [lokazano, 94To B
rpadurte, 6u- U TpurpadeHax HHTEPKATMPOBAHHBIE aTOMBI MOYKHO
OIICATh EKTPOCTATUIECKIMH KBaIpYHOSIMI. Brrauciena Benu-
YMHA 3TUX KBaJPYyNojed M MOKa3aHO, YTO MX OCH HAIpaBIICHBI
HOpManbHO K crnossM. Ha moBepxnoctn YHT amcopOGupoBanHHBIE
HAHOKPUCTAIBI (KJIACTEPHI) OMUCHIBAIOTCS KaK 3JIEKTPOCTaTHUE-
CKHMe KBaJpynonu. BerumcieHa BenW4nHa 3THUX KBajgpymoieil n
MIOKa3aHO, 4TO WX ocu HampasieHsl Baoiap YHT. Ha Gomprmx
PACCTOSIHHSIX PAcCUMTAHBI SHEPTHU B3aHMOJCHCTBHS M CHJIBI OT-
TaJKUBaHHUA KJIacTepoB. Pe3ynbraTsl 0OBIACHAIOT 00HapyKEeHHOE
SKCHEPUMEHTAJIFHO OJHOPOIHOE pacIpesiesieHHe ancopOupoBaH-
HBIX JaCTHUII U KJIaCTEPOB.

Kirouessle croBa: rpadensl, rpadur, yriaepoaHsle HAHOTPYOKH,
CTPYKTYypa ancopbaToB.
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