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QUANTUM CHEMICAL MODELING

OF THE COMPLEXES OF SQUARAINE
DYES WITH CARBON NANOPARTICLES:
GRAPHENE, NANOTUBE, FULLERENE

The geometry and electronic structure of the complexes of dyes containing various numbers
of electron-donor ozygen atoms and carbon nanostructures with various dimensions (fullerene
Cso, carbon nanotube, graphene) have been studied. It is shown that the charge transfer from
the dyes to the carbon nanostructures leads to changes in the geometry of carbon nanostructures
and the dye chromophores, as well as in the electronic structure of the whole complezes.
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1. Introduction

Carbon nanostructures — such as fullerenes, graphene,
and nanotubes — are promising materials for nu-
merous applications. Their interaction with organic
molecules very often leads to the appearance of new
properties that can be adapted to specific tasks. For
instance, unlike critically important metals — such as
platinum (Pt), gallium (Ga), germanium (Ge), and
others [1] — graphene can be easily produced from
graphite. Graphene becomes potentially important in
various branches of the industry, because the mate-
rials on its basis possess high catalytic activity and
absorption [2]. They are flexible, which is important
for a lot of devices, and light. Their production cost is
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low. They are easy to be treated and can be manufac-
tured in the form of thin films, impurities in the form
of clusters, and so forth. Graphene can be used as
photoanodes, electrodes in dye-sensitized solar cells
(DSSCs) [3-9].

The folding of a graphene plane into a tube pro-
vides the resulting material with a high strength
coefficient and good thermal and electrical conduc-
tivities. The best efficiency (>10%) of DSSCs was
achieved for an oriented cell fabricated on the basis of
carbon nanotubes. Among the carbon materials used
in DSSCs, carbon nanotube/TiO2 electrodes provide
the highest efficiency [10].

Fullerenes Cgg are closed carbon clusters with the
icosahedral symmetry Ih, which gives rise to an ex-
tremely high density of electronic states: the low-
est vacant (unoccupied) molecular orbitals (LUMOs)
are triply degenerate, whereas the highest occupied
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Fig. 1. Molecular structures of model objects: graphene (a),
carbon nanotube (8, 0) (), fullerene Cgo (c), and squaraine
dye CgNoO2Hg (d)

molecular orbital (HOMO) is five-fold degenerate
[11]. Owing to specific peculiarities of their electronic
structure, fullerenes were found useful in a huge num-
ber of practical applications, in particular, as accep-
tors in solar cells in which cyclic or linear conjugated
molecules are used as donors [12-14]. The sensitivity
of a solar cell in various spectral intervals strongly de-
pends on the absorption of a conjugated donor. Signi-
ficant results were obtained with the help of polyme-
thine dyes, in particular, squaraine dyes, which can be
considered as neutral derivatives of ionic polymethine
dyes with identical spectral properties. The efficiency
of solar energy conversion substantially depends on
the nanocomposite architecture and morphology. In
particular, the molecular arrangement of donors and
fullerenes must provide the overlapping of their =-
conjugate electron systems [15-17].

The study of the interaction between carbon
nanoparticles and polymethine dyes invokes a consid-
erable interest, because such molecular systems have
significant prospects for their application in the solar
energy industry, molecular electronics, and as photo-
sensitizers for photodynamic therapy [12]. Such pos-
sibilities are associated with specific features in the
electronic structure of carbon nanoparticles and dyes,
which can be purposefully modified by allowing their
molecules to interact. This restructuring allows the
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narrow and intense bands of light absorption of the
dyes to be shifted into a desired spectral interval [18].

The scope of applications of polymethine dyes
in biomedicine (as probes for clinical analysis) and
chemical biology is also growing. The dyes demon-
strating the intense fluorescence in the near IR in-
terval are effectively used as probes for in vivo im-
ages of, e.g., malignant tumors, because they are
able to deeply penetrate into tissues. Biopolymers —
namely, proteins, antibodies, nucleic acids, and other
biostructures — can also bind to dyes by means of the
covalent interaction. However, more and more inter-
esting becomes the non-covalent interaction, which is
a result of the strong hydrophobic or ionic interac-
tion between such marker dyes and biopolymers, and
leads to the formation of stable complexes [19].

The properties of carbon nanostructures and poly-
methine dyes are successfully combined in nano-
electronics and form a basis for the design of new
promising molecular complexes for various applica-
tions. This work was aimed at a quantum chemical
study of the structure and electronic properties of the
complexes of the squaraine dye CgN,OsHg with car-
bon nanostructures of various dimensions and shapes
in order to establish the mechanisms of interaction
between them.

2. Research Objects
and Quantum Chemical Calculations

In this work, quantum chemical calculations of the
structure of the complexes of the squaraine dye
CgN2O5Hg with the graphene, nanotube, and Cgg
fullerene objects were performed.

A monolayer sheet of graphene was selected as a
two-dimensional object for calculations. It included
204 carbon atoms (Fig. 1, a). A carbon nanotube
was modeled as a folded graphene sheet consisting of
112 carbon atoms with a chirality of (8,0) (the semi-
conductor type) (see Fig. 1, b). In order to correctly
account for the valence bonds of the outermost carbon
atoms in the graphene plane and the nanotube, those
atoms were connected with hydrogen atoms. We also
consider the properties of the complex of the indi-
cated dye with a fullerene molecule Cgy (Fig. 1, ¢),
which possesses the highest symmetry degree and is
the most stable.

In order to study the interaction between dyes
and carbon nanostructures, the model squaraine
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dye CgN2OsHg was chosen. It consists of a poly-
methine chromophore and a built-in square ring
(Fig. 1, d). This dye in the squaraine functional group
contains two oxygen atoms with common electron
pairs. Owing to the latter, the dye is an electron
donor and can transfer those electrons to other struc-
tures, when being excited by light.

Since all considered molecules belong to m-con-
jugate systems, the distance between the compo-
nents before the procedure of complex geometry op-
timization was put equal to 3.4 A, which is typi-
cal of complexes with the stack interaction and con-
taining aromatic cycles. The equilibrium distance be-
tween them was calculated in the course of opti-
mization. The optimized molecular geometry of the
examined systems was obtained using the semiem-
pirical PM6 method and the density functional
method DFT/WB97XD//6-31G(d,p). The parame-
ters of electronic transitions were calculated in the
framework of the semiempirical ZINDO and TD-SCF
approaches using the software package Gaussian-09
[20]. Like it happens for other non- and semiempirical
approximations, no perfect coincidence between cal-
culated and experimental data can be reached. But
that will do for a proper analysis of the nature of
electronic transitions [21, 22].

3. Results and Their Discussion

3.1. Quantum chemical modeling
of the interaction between graphene
and squaraine dye

Graphene is a monolayer of carbon atoms, which
consists of six-membered rings. The carbon atoms
are connected by hybridized sp? bonds into a two-
dimensional (2D) hexagonal lattice. The length of the
bonds between carbon atoms is about 0.142 nm.

For the simulation, we took a finite sheet of
graphene consisting of 204 carbon atoms and with
hydrogen atoms at its boundary, which substan-
tially polarize the bond lengths of the outermost
atoms. The geometric optimization of this graphene
sheet is shown in Fig. 2, a, b. The distance between
the carbon atoms varies from 1.41 A between the out-
ermost atoms to 1.417 A between the atoms in the
central part of the sheet.

The bond lengths directly depend on the charge
distribution over the atoms (squares in Fig. 3). Ow-
ing to the presence of hydrogen atoms, each of the
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Fig. 2. Optimized geometry of graphene plane (a) and gra-
phene-dye complex (b). Charge distribution in the graphene-
dye complex calculated using PM6 (c¢) and DFT (d) methods.
The arrow demonstrates the direction of the dipole moment

neighboring carbon atoms has a substantial negative
charge, and those atoms can be ignored. One can see
that the enumerated atoms have almost zero charge
values, which grow to positive or negative values as
the atoms become located closer to the sheet bound-
ary. The selected graphene sheet is flat, and the corre-
sponding dipole moment equals zero. The energy val-
ues for the HOMO and LUMO levels were obtained
using the density functional method with the indi-
cated basis, and they amount to —5.7 and —1.8 eV,
respectively.

After the complex of the dye with the graphene
sheet has been formed, the optimized equilibrium dis-
tance between the components was determined to
equal 3.5 A. Owing to the interaction, the charge
distribution changes (Fig. 3). The carbon atoms in
graphene acquire alternately negative and positive
charge values (the charge alternation), which becomes
more pronounced, if the optimization is carried out
using the PM6 method (Fig. 4, circles). As a result,
there appears a dipole moment of 0.4 D (calculated
using the DFT method) or 3.6 D (calculated using
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Fig. 3. Charge distributions over the graphene atoms before
(squares) and after the formation of the graphene-dye complex
calculated using the PM6 (circles) and DFT (triangles) meth-
ods. The enumeration of atoms is shown in the lower panel

the PM6 method). The charge alternation obtained
in the framework of the PM6 method is much larger
in comparison with that obtained using the density
functional method, which is typical of those methods.

Such alternating charge distribution, which may
probably be a result of the charge transfer from the
dye to graphene, manifests itself in a change of the
graphene plane geometry in the complex (Figs. 2, b
and ¢), which is confirmed by both calculation meth-
ods. The charge distribution also affects the recon-
struction of electronic levels, when the components
interact (Fig. 4). From the results of calculations per-
formed using the density functional method, one can
see that the dye levels are located at —6.6 eV for the
HOMO and 0.7 eV for the LUMO, whereas the corre-
sponding levels of graphene lie at —1.75 and —5.65 eV,
respectively. In the case of graphene, these orbitals
are localized at carbon atoms in the central part of
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the sheet. The orbitals localized at the outermost hy-
drogen atoms are energetically lower. In comparison
with its separate components, there is an insignificant
shift of the energy gap in the dye—graphene complex:
by —1.7 eV for the HOMO and —1.75 eV for the
LUMO. The forms of these orbitals are localized at
the same atoms as in graphene, but a contribution
to them from the electron density of the dye can be
observed. The HOMO-2 orbital of the complex is lo-
calized at the dye.

The calculations of the excited states of the com-
plex with the help of the ZINDO and TD-SCF meth-
ods showed that it is the orbitals localized at the dye
chromophore that are responsible for the electronic
transition giving the most intense contribution to
the absorption spectrum. The absorption maximum
shifts from 340 nm for the dye to 664 nm for the
complex.

3.2. Quantum chemical
modeling of the nanotube-dye complex

A nanotube characterized by a chirality of (8,0) and
consisting of 112 carbon atoms and 16 hydrogen
atoms is shown in Fig. 5, a. This nanotube is asym-
metric and has polarized bonds at its boundary owing
to the presence of hydrogen atoms. Therefore, it has a
large dipole moment of 8.5 D (according to results of
the DFT method) directed from its center along the
axis. The values of the HOMO and LUMO levels ob-
tained with the help of the density functional method
with the indicated basis are —4.9 and —2.4 €V, re-
spectively. The energy gap for this nanotube is nar-
rower (2.6 €V) in comparison with that for graphene
(3.9 V).

At the formation of the nanotube-dye complex, a
charge redistribution takes place. It results in changes
of both the direction and the magnitude (to 8.9 D) of
the dipole moment. The distance between the com-
plex components amounts to 3.4 A.

The complex gap slightly decreases because the
LUMO energy changes from —2.4 eV in the nanotube
to —2.5 eV in the complex. In both cases, the HOMO
and LUMO orbitals are localized at the C-H bonds
of the nanotube (Fig. 6).

The shape of orbitals in the energy gap region does
not change, whereas the HOMO-3 level of the dye
becomes by 0.1 eV lower in comparison with that
in graphene, which should also manifest itself in the
spectral characteristics. The results of calculations

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 9
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Fig. 4. The distribution of electronic levels and the shapes of molecular orbitals for

CgN202Hg dye (a), graphene (b), and their complex in the energy gap region calculated

using the DFT method (c)

obtained for the excited states of the dye-nanotube
complex show that the latter absorbs light in almost
the whole wavelength interval, which requires a fur-
ther research.

3.3. Quantum chemical modeling
of the Cgg fullerene-dye interaction

The Cgo fullerenes in the condensed state at room
temperature form typical molecular crystals. Their
electronic states are energetically identical to their
counterparts in an isolated molecule. A specific fea-
ture of fullerenes, which is responsible for their elec-
tronic properties and their ability to form the inter-
molecular interaction, is the icosahedral symmetry
Th. As was said in Introduction, the latter provides
an extremely high density of electronic states, so that
the LUMOs are triply degenerate, and the HOMO is
five-fold degenerate. This symmetry prohibits transi-
tions with light absorption or emission between the
ground and the first excited singlet state h, — t1,
(HOMO-LUMO), so that this optical transition can
occur only with the participation of phonons [11].
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Fig. 5. Geometry of model nanotube (8, 0) (a) and dye-
nanotube complex optimized using the DFT method (b). The
arrow demonstrates the direction of the dipole moment

The spherical surface of a Cgy molecule contains
20 regular hexagonal and 12 pentagonal elements and
resembles the surface of a football. The double bonds
between the neighbor hexagons are 1.35 A in length,
and the single bonds between the hexagons and the
pentagons are 1.47 A in length. In such a way, the
hexa- and pentagonal elements are connected into a
conjugated m-electron system. This fact explains the
compact arrangement of carbon atoms, the small size
of the Cgp molecule, and its properties [11].

The Cgq fullerene molecule is an electron acceptor
with respect to polymethine squaraine dyes. The val-
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The distribution of electronic levels and the shapes of molecular orbitals for

CgN2O2Hg dye (a), nanotube (b), and their complex in the energy gap region calculated

using the DFT method (c)

Fig. 6.

atomic number

Fig. 7. Charge distribution over the Cgg fullerene atoms after the formation

of complexes with the dye obtained by the DFT method. The enumeration

of atoms is shown in the right panel
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Fig. 8. The distribution of electronic levels and the shapes of molecular orbitals for
CgN202Hg dye (a), fullerene Cgp (b), and their complex in the energy gap region calculated

using the DFT method (c)

ues of its HOMO and LUMO levels calculated using
the density functional method with the indicated ba-
sis are —7.8 and —1.8 eV, respectively. The results of
calculations testify that the charges of carbon atoms
equal zero and the dipole moment is absent. At the
same time, as the results of a geometry optimiza-
tion show, the dye in the complex is arranged op-
posite a six-membered ring of fullerene at a distance
of 4 A (Fig. 7). As a result, the charge distribution
changes. The carbon atoms of the fullerene molecule
that are located near the dye acquire negative charges
and stimulate the charges of other atoms to alternate,
with most of the carbon atoms becoming negatively
charged, which is confirmed by both methods. As a
result, the complex with the dye acquires a dipole
moment of 0.2 D (according to the DFT method) or
4.6 D (according to the PM6 method).

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 9

Fig. 9. Molecular orbital LUMO + 6, the electron density of
which is localized simultaneously at both components of the
complex

The induced charge distribution initiates changes
in the fullerene geometry, namely, the lengths of the
double and single bonds become different. The charge
redistribution also affects the restructuring of elec-
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Fig. 10. Charge distributions over the dye molecule (squares) and its complexes with
nanotube (solid circles), fullerene (triangles), and graphene (hollow circles) calculated using
the PM6 method. The enumeration of atoms in the due molecule is shown in the left panel

v

Energy, eV

.94
Fig. 11. Energy levels in the energy gap of the squaraine dye
molecule (D), fullerene Cgo, graphene plane (G) and nanotubes
(Nt) and in their complexes with the dye: Cgo + D, G + D, and
Nt 4 D. The level with the localization of electronic density at
the chromophore of the dye is indicated by a light color

tronic levels. As one can see from Fig. 8, the energy
gap for the fullerene-dye complex becomes narrower
in comparison with the gaps for its individual com-
ponents owing to the splitting of the degenerate elec-
tronic levels in Cgg.

The HOMO is localized at the dye, the next or-
bital is the first free one localized at Cgg. The energy
gap shift is maximum in comparison with other car-
bon structures, being of an order of 1 eV. The calcu-
lation of excited states shows that just those orbitals
make the electron transition with charge transfer pos-
sible, which gives the most intense contribution to
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the absorption spectrum. This transition takes place
under the light excitation. As a result, the charge is
transferred from the dye to the fullerene. This effect
is widely used in organic solar cells.

There also appear orbitals the electronic density
of which is simultaneously localized at both complex
components (Fig. 9). The energy of such an orbital
is £ = 0.8 €V, and it can also contribute to the op-
tical absorption spectra. The absorption spectrum of
the complex composed of the squaraine dye and the
fullerene Cgp molecules has a maximum at a wave-
length of 486 nm.

3.4. Quantum chemical modeling
of the dye properties in complexes
with carbon nanoparticles

It should be noted that the geometry of a dye mo-
lecule in the complexes with carbon nanostructu-
res changes at its optimization by both applied me-
thods. In the initial state, i.e. before the interaction,
the molecule of the CgNoO5Hg dye is symmetric, be-
cause its atoms have the same charge distribution
with respect to the molecular center. Therefore, the
dipole moment is zero. According to the results of
DFT calculations, the energy corresponding to the
excited state (the LUMO) equals 0.8 €V, and the en-
ergy of the ground state (the HOMO) is —6.6 eV. The
calculations also allowed us to determine that the
main contribution to the absorption intensity of this
molecule is made by the transitions from the HOMO
onto the LUMO, which belong to the m-type orbitals.

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 9
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As one can see from Fig. 10, the charge transfer
from the dye to carbon nanoparticles occurs almost
identically in the cases of fullerene and graphene,
which is evidenced by the coincidence of the curves
marked by triangles and hollow circles. Before the in-
teraction, nitrogen atom 10 has a negative charge. Af-
ter the interaction, its charge becomes positive in all
cases of carbon nanostructures. This loss of a certain
amount of charge, which probably occurs through the
charge transfer from the dye to the carbon nanostruc-
tures, is reflected on the other atoms, because the
electron system is conjugate.

After the excitation of the dye molecule at the
corresponding wavelength, the electronic transition
HOMO-LUMO is realized. At the relaxation, if there
is the acceptor LUMO from the carbon nanostruc-
ture near the dye, the electron can transit onto this
molecular orbital. As one can see from Fig. 11, it is
energetically advantageous for an electron from the
dye to return onto the level of fullerene, graphene, or
nanotubes.

The formation of complexes results in a certain
shift of the dye levels (Table 1, 2). For instance, for
the free dye, the HOMO energy is —6.6 eV. In the
complex with fullerene, this orbital remains to be the
HOMO, but its energy decreases to —6.8 €V. In the
case of interaction with the nanotube, the energy of
this orbital rises to —6.3 eV, but it becomes built into
the electronic structure of the nanotube and ceases
to be highest occupied orbital, but the HOMO-3 (the
HOMO-2 in the case of graphene), and its energy
also increases to —6.2 V. The calculations of the elec-
tronic transition spectra for the complexes show that
the dye absorption will shift toward the red region. In

Table 1. Energies of the HOMO and LUMO
levels in complexes and their components

Energy D [Cgo| Nt G |[D+Cg|D+Nt|D+G
LUMO, eV | 0.7 |-1.8|-2.4|-1.75 -1.8 -2.5 -1.7
HOMO, eV |-6.6|-7.8|-4.9|-5.65| -6.8 -4.9 -5.7
E, eV 72| 6 |26 3.9 5 2.5 4

Table 2. The HOMO level of the dye
in a separate molecule and its complexes, eV

D D+ Cgo D+ Nt D+G

—6.6 —6.8 -6.3 —6.2

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 9

particular, if, according to calculations, the dye ab-
sorbs at 340 nm, then the absorption will be maxi-
mum at 486 nm for its complex with fullerene and at
644 nm for its complex with graphene. Such consider-
able changes in the energy gap of those complexes in
comparison with the gaps of their individual compo-
nents are associated with differences in the electronic
structure of carbon nanostructures.

4. Conclusions

In all complexes of the squaraine dye with carbon
nanoparticles (fullerene, graphene, nanotube), the
charge transfer from the dye to the carbon nanopar-
ticles takes place. Owing to the charge redistribu-
tion over the nanoparticle surface, the geometry of
nanoparticles changes. For instance, for the fullerene
molecule, this results in a decrease of its symmetry,
the appearance of a dipole moment, and the restruc-
turing of electronic levels.

The electronic levels of carbon nanoparticles in the
complexes become shifted, and the energy gap is redu-
ced (by 0.1 eV for the dye-graphene and dye-nanotube
complexes). In the case of fullerene, the gap reduction
by 1 eV takes place owing to the splitting of the de-
generate Cgg levels and the appearance of molecular
orbitals localized simultaneously at the both compo-
nents of the complexes. Variations in the energy gap
of complexes are associated with the differences in the
electronic structure of carbon nanoparticles.

The HOMO level of the dye, which provides
the main contribution to the absorption spectra of
the complexes, shifts depending on the nanoparticle
shape, and this shift leads to a shift of the absorption
spectrum toward the red side.
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0. Hasaenxo, O. Imumpenro, M. Kyaiw, A. I'anonos,
H. O6eprizina, O. Kaukoscvrut, O. Iavuenxo, JI. Byaasin

KBAHTOBO-XIMIYHE MOJAEJ/IFOBAHHA
KOMIIJIEKCIB CKBAPATHOBUX BAPBHUKIB
3 BYIVIEHEBUMY HAHOYACTUHKAMU:
I'PA®EHOM, HAHOTPYBKOIO, ®YJIEPEHOM

Peszmowme

Hocuimxeno OyLoBy Ta €JIEKTPOHHY CTPYKTYPY KOMILIEKCIB
OapBHUKIB, IO MICTATH Pi3HY KIJIBKICTb €JI€KTPOHOJOHOPHHX
aTOMIB KHCHIO 3 ByIVIEIEBIMY HAHOCTPYKTYPAMH B 3aJI€2KHOCTI
Bix Ix poamipuocri (dynepen Cgo, Byriienesa HaHOTPYOKa, rpa-
den). BcranosieHo, 1m0 y pe3y/abTaTi HepeHeceHHs 3apsiLy Bijg
OapBHUKIB JI0 ByIVIELIEBUX HAHOYACTUHOK Bi/IOyBaIOTHCsI 3MiHK
reoMeTpil ByIVIEIEBUX HAHOCTPYKTYD Ta XpoModopiB GapBHU-
KiB, a TAKOXK €JIGKTPOHHOI OyIOBH KOMILIEKCIB.

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 9



