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The quantum-chemical calculations were applied for study of changes in the electron structure occurring in
fullerene derivatives Cgo-Hp, Cgo-CoH4, Coo-CsH7N, Cgo-C-(CHg),, and Csq molecules, which are convenient model
objects with a covalent attachment of various types of ligands and also in fullerene Csq formed by radiation
irradiation and accompanied by break of m-conjugation in fullerenes Cq. Maximum of alternation of the atomic
charges of the fullerene molecule is observed near place of the connection of functional groups and the radiation
damage. Breaking of the conjugation leads to lowering of Cg symmetry and splitting of degenerated electronic
levels, lowering of energy gap, transition of HOMO-LUMO in the absorption spectra becomes allowed and other

transitions shifted.

INTRODUCTION

Fullerenes Cqo are used in many scientific fields:
medicine, nanobiotechnology, molecular electronics,
nonlinear optics, atomic energetics and others due to
specifics of their electronic structure, spectral
properties, resulted from unique symmetry of the
molecule. This is due to specific electronic structure and
their symmetry spectral properties, especially, its lowest
triplet state (T,) [1-4]. High symmetry produces
extremely high density of electronic states. From an
experiemental point of view this implies that high
resolution spectra are required to properly distinguish
the electronic structure. For the synthesis of compounds
with novel properties fullerenes Cgq are modified by
coupling them to different types of functional groups.
The most sensitive to this rearrangement is the
electronic structure of the Cq and one can expect a
reorganization in the experimental absorption spectra.

In this paper, we consider electronic structure of few
compounds: the CgH, one has the most polarized C-H
bonds as a result of the connection of hydrogen atoms,
that almost completely transfer the electron density for
the bond formation. In model Cg-C,H, due to location
of carbon atoms between Cg, and hydrogen atoms, the
polarization is less, as well as in models Cg-CsH-N,
which are often used as a bridge with covalent bonding.
[5]. Another considered model is Cg-C-(CHjz), which
has a bridge as in the functionalized fullerene pcbm
(phenyl-C61-butyric acid methyl ester) used in
photovoltaics. And finally, we consider model Csq that
can be formed in case of highenergetic irradiation [6-
10], is stable and can be basic element for formation of
polymerized fullerites [11] that had been proclaimed as
the hardest material and undergoes to the break of -
conjugation due to absence of one carbon atom.
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MATERAILS AND METHODS

In order to study geometry of the molecules CgoH,,
Ce0-CoH,, Cgo-CsH7N, CGO'C'(CHS)Z, and Cs, at the first
stage we have performed optimization of geometry
using density functional theory (DFT), (Gaussian '09)
[12]. For further understanding of electron structure and
its manifestation in the the spectrum electron transition
characteristics were calculated by the non-empirical
(TD/DFT/6-31G(d, p)/CAM-B3LYP) method and semi-
empirical ZINDO method. Of course, there is no perfect
coincidence of the calculated and experimental data,
which is typical for this approach; however it is enough
for correct analysis of the electron transitions nature

[13].

RESULTS AND DISCUSSION

Fig. 1 shows optimized geometry of Cgy derivatives
with -H, group, molecule, in which two hydrogen atoms
are connected to the fullerene due to the break of double
bonds, Cg-C,H, — the case of connection of two carbon
atoms with hydrogen, Cgo-CsH;N, and Cgo-C-(CHa),. In
such molecules, two carbon atoms near break of double
bond have sp*-type of conjugation, in contrast to the
carbon atoms in the Cg molecule with sp*
hybridization. The important property of the fullerene
that determines the electron properties and potential for
formation of bonds between the molecules is the
alternation of bonds: each carbon atom is connected to
the two nearest neighbors by two single (length
(1.455+0.005) A [6—6]-connection and one double bond
[5-6] — connection length (1.391+0.009) A), which is
associated with the peculiarities of the population of
molecular orbitals.
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Flg 1. OptlleEd geometry of CeoH, (a), Ceo-CoH, (b), Ceo-CsH7N (C), Cso'C'(CHg)z (d), Cso (E)

Addiction to fullerene molecule hydrogen atoms or
bridges -C,H,, -CsH;N, and C-(CHa), leads to violation
of this alternation near place of connection, the change
in the geometry of the molecule and the decrease of its
symmetry, which is directly proportional to changes in
the lengths of the bonds, which is manifests itself in
redistribution of charges, Fig. 2. Due to the high
symmetry of the Cg molecule, the magnitudes of
charges on each of the carbon atoms are zero.
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Fig. 2. The distribution of charges on the atoms

according to the numbering: the first atoms are close to
the chemichal bonds, the far is atom the bigger is
number of atoms for the molecules CgoH, (m),

Co0-CoHy (0), Coo-CsHiN (A), Coo-C-(CHs); (),

and C59 (D)

It can be seen that covalent bonding of two hydrogen
atoms causes the largest deviations of charges,
especially in the place of the double bond break to
-0.234 e.u., the smallest deviation is observed for the
compound Cg-CsH7N, which is -0.075 e. u. As far as
the distance from the chemical attachment, the
magnitude of the deviations of charges is insignificant
and decreases to almost zero values in the places
opposite the bond for all considered structures.

Let's consider how the charge changes influence in
the distribution of electronic levels. Fig. 3 shows the
electronic structure of the investigated compounds near
energy gap.

It is well known [4] and confirmed by our Hartree-
Fock method calculations, Tabl. 1, that electronic levels
of fullerene molecule Cqy are degenerated due to high
symmetry.
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Table 1
Energetic characteristics of the structures
e vl e
AM1
Ceo -9.64 -2.95 0.00 1.55
CeoH, -9.26 -2.83 2.87 1.48
Ceo- -9.27 -2.81 3.34 151
C,H,
Ceo- -9.29 -2.84 2.75 151
C5H7N
Ceo-C- -9.28 -2.81 3.32 1.53
(CHs),
Cso -9.16 -3.49 1.39 1.76
DFT
Ceo -6.25 -3.38 0.00 -2285.6
CgoH, -5.66 -3.12 2.44 | -2287.4
Ceo- -5.88 -3.24 3.14 | -2364.2
C,H,
Ceo- -5.85 -3.21 3.85 -2458.8
C5H7N
Ceo-C- -5.91 -3.24 3.25 -2403.5
(CHz),
Cso -5.76 -4.13 1.35 -2247.3

So the HOMO level is fivefold degenerated, while
the LUMO level is threefold degenerated. In the case of
hydrogen atoms are attached, two methyl groups and a
nitrogen-containing pentagon in the CgH,, Cgo-CoHy,
and Cgo-CsH;N models, there is complete splitting of the
levels near band gap. There is a narrowing of the energy
gap due to the degeneration of levels. Mostly for CgH,
(@ and Cg-CsH;N (c). The free levels rises up
compared to the LUMO pure Cg, the largest offset - for
the Cgo-H,. Filling of the gap occurs due to splitting of
degenerated levels and levels of the connected atoms,
that is confirmed by forms of molecular orbitals, Fig. 3.
With the exception of the compound CgH,, where the
orbital HOMO-2 is delocalized simultaneously on Cg
and hydrogen atoms and HOMO for Cgo-C,H,, which is
delocalized on all atoms of the compound, the exception
is for hydrogen atoms. Calculations of electron
transitions confirm that for Cg HOMO-LUMO
transition is forbidden on that points zero magnitude of
the oscilltor strength fus.
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Fig. 3. Forms of molecular orbitals for compounds Cgo, CeoH> (2); Ceo-CoH, (b); Coo-CsH7N (C); Ceo-C-(CHz), (d),
and Csg (e). Stars show HOMO(*), LUMO(*) levels

Table 2
Charachteristics of electron transitions in model molecular systems
Cs0, CeoHz, Cg0-C2Ha, Ceo-CsH7N, Ceo-C-(CHa)z, and Cso
ZINDO So—Si A, M Energy, eV fosc Nk—Nm Type
1 2 3 4 5 6 7
So—S: 553 2.24 0.0000 HOMO—LUMO T—T
Ceo So—S, 553 2.24 0.0000 HOMO(-2)—»LUMO T—T
S—S; 553 2.24 0.0000 HOMO(-4)—LUMO(+2) T—T
So—S; 576 2.15 0.0078 HOMO—LUMO T—T
C60-H2 So—>52 566 2.18 0 HOMO—’LUMO("‘].) T—T
So—S; 557 2.22 0.0003 HOMO(-2)—LUMO T—T
So—S: 572 2.16 0.007 HOMO—LUMO T—T
C62-H4 So—>52 564 2.19 0 HOMO—’LUMO("‘].) T—T
So—S; 558 2.22 0.0002 HOMO(-2)—LUMO T—T
So—S; 577 2.15 0.0082 HOMO—LUMO T—T
CeoCsH7N So—S; 565 2.19 0.0000 HOMO—LUMO(+1) T—T
So—S; 558 2.22 0.0003 HOMO(-2)—LUMO T—T
So—S; 566 2.19 0.0054 HOMO—LUMO T—T
CSO'C'(CH3)2 So—>Sz 560 2.19 0 HOMO—>LUMO(+1) T—T
So—S; 557 2.23 0.0002 HOMO(-2)—LUMO T—T
So—S: 879 1.41 0.0267 HOMO—LUMO T—T
Cso So—S, 697 1.78 0.0095 HOMO(-2)—-LUMO T—T
So—S; 693 1.79 0.0022 HOMO(-1)—LUMO T—T
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1 2 3 4 5 6 7
TD SCF So—S; A,nm Energy, eV Fosc Ne—Np Type
S—S, 561 2.21 0 HOMOLUMO(+1) P
Ceo So—Ss 560 2.21 0 HOMO(-3)—~LUMO(+2) o
Sy—S; 560 2.21 0 HOMO(-3)—~>LUMO(+1) o
So—S1 653 1.89 0.0023 HOMO—LUMO o
Ceo-Ha Sp—S, 621 1.99 0.0000 HOMO—LUMO(+1) o
So—Ss 606 2.04 0 HOMO(-1)—LUMO -
So—S1 615 2.02 0.0024 HOMO—LUMO P
Cey-Hq So—S, 585 2.12 0 HOMO—LUMO(+1) T
So—Ss 576 2.15 0 HOMO(-1)—LUMO -
S—S, 616 2.01 0.0024 HOMO—LUMO P
CeoCsHoN Sy—S, 584 2.12 0 HOMO—LUMO(+1) o
Sy—S; 577 2.15 0 HOMO(-1)—LUMO o
Sy—S, 607 2.04 0.0016 HOMO—LUMO T
Ceo-C-(CHa), | So—S; 587 2.11 0 HOMO—LUMO(+1) e
So—Ss 570 2.18 0 HOMO(-2)—LUMO =
Sy—S; | 1037 1.19 0.0031 HOMO(-1)—LUMO T
Cso So—S, 827 1.41 0.0093 HOMO—LUMO T
Sy—Ss 832 1.49 0.0002 HOMO(-2)—LUMO P

The second and third transitions are realized with the
participation  of  orbital HOMO (-2) — LUMO,
HOMO (-4) —» LUMO (+2). In the splitting of m-
conjugation, the transition HOMO — LUMO becomes
the first allowed in all cases of joining of atoms and
functional groups. The maximum strength of the
oscillator for the transition HOMO — LUMO is for the
functional group — CsH-N, is 0.08. Go to HOMO —
LUMO (+1) and become second and it remains
forbidden, and the transition HOMO (-2) — LUMO
becomes the third allowed transition. The electronic
transitions responsible for the bands in the experimental
absorption spectra are realized from deeper levels
(Tabl. 2).

CONCLUSION

Calculations show that for fullerene molecule Cg,
because of the high symmetry, all its electronic levels
are degenerated. Covalent bonding of two hydrogen
atoms, two methyl groups and the pentagon with the
nitrogen atom leads to splitting of levels in the optical
range. The energy gap decreases. Breaking of =-
conjugation for fullerene Cg by the addition of two
atoms of hydrogen, CHs-, CsH;N-groups lowers
symmetry fullerene due to charge redistribution across
the molecule (the largest deviations in the charges is
observed in the case of H,), removal of degeneracy of
energy levels and as a result, changes to the energy gap.
HOMO-LUMO becomes allowed.
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Cmamobs nocmynuia 6 pedaxyuio 20.03.2018 a.

SJIEKTPOHHAS CTPYKTYPA IIPOU3BO/JHBIX Cg, IIPU PA3SPBIBE
n-COIIPSIKEHUSI B MOJAEJISAX CooHy, Cgo-C,H,, Cgo-CsH7N, Cgo-C-(CHj3), U Csg

EJL Ilagnenko, H.II. Kynuwi, O.I1. /Imumpenxo, A.M. 3apuykas,
B.A. Cenowk, A./Jl. Kaukoeckuii

C mOMOINBI0 KBAaHTOBO-XMMHYECKHX PACUCTOB HCCIICAOBaHA JJICKTPOHHAs CTPYKTypa B Moiekynax Cgo-Hp,
Cgo-CoH,, Cop-CsH7N, Cgp-C-(CHg), 1 Csg, KOTOpBIC SIBISIOTCS YAOOHBIME MOJCIBHBIME OOBEKTAMH JIJIS H3yUYCHHS
W3MEHCHUH, TPOUCXOAANINX B (yJIepeHax MpPU KOBAICHTHOM MOJCOCAUHCHHM K HUM JIMTAHIOB Pa3HOTO THIIA, &
taoke B Qymwiepere Csg, KOTOPBIA 00pa3yercst MpU PaJAHAllMOHHOM OOJYYEHHH W COMPOBOXKIACTCS Pa3pbIBOM
n-comnpspkenust B pyiutepeHax Cgo. [Toka3ano, 4To MPOMCXOAUT HAPYIICHHE PABHOMEPHOTO PACIIPEICIICHUS 3apsI0B
aTOMOB MOJICKYJbl (yJuiepeHa, a B 00JacTH TMOJACOSAUHECHUS (YHKIHOHAIBHBIX TPYNI U PaJAALUOHHOTO
MOBPEXK/ICHUST HAOIIOaeTCs MaKCUMAaJbHOE 4YepelOBaHHE 3HAKOB 3apslOB Ha aroMax yriepoja. PaciierieHue
BBIPOXKJICHHBIX JJIEKTPOHHBIX YpPOBHEH (yiuiepeHa MPUBOIUT K YMEHBIICHUIO DYHEPreTUYECKON eI M CHATHS
3anpera Ha nepexoq HOMO-LUMO B criekTpax morjomieHusl.

EJIJEKTPOHHA CTPYKTYPA NOXIJJTHUX C¢ ITPU PO3PUBI
a-CIIPSIDKEHHSA Y MOAEJSAX CgoHy, Coo-CoHy, Ceo-CsH7N, Cop-C-(CHs3), TA Csg

O.J1. Ilagnenxo, M.I1. Kyniw, O.I1. /Imumpenxo, A.M. 3apuyska,
B.A. Cenorwk, 0./]. Kaukoecvkuil

3a JOMOMOrOI0 KBAHTOBO-XIMIYHHX PO3PAaXyHKIB JOCITIIDKEHO EIEKTPOHHY CTPYKTYpy B Moiekyinax Cgo-Hp,
Ceo-CoH,, Cgo-CsH7N, Cgp-C-(CHz), Ta Csg, siKi € 3pYyYHHMH MOJCIBHHUMHU O0’€KTaMH Ui BHBYCHHS 3MiH, IO
BiZIOyBalOThCs y (pysiepeHax mpu KOBAJICHTHOMY IMiJI’€JIHAHHI JI0 HUX JIFaHJiB Pi3HOTO THITY, a TAKOXK Yy QynepeHi
Csg, IO YTBOPIOEThCS NPH pajialliiHOMy ONPOMIHEHHI 1 IO CYNPOBOJKYETHCS PO3PUBOM T-CHPSIKEHHS Yy
¢dynepenax Cgo. [lokazano, 1o BinOyBaeTbcs MOPYLIEHHS PiBHOMIPHOIO PO3IOITY 3apsiiiB aTOMIB MOJIEKYIIH
(dynepeny, a B OKOJII Micls miJ’ €HaHHSA (YHKIIOHATBHUX TPYI Ta PaialliiHOrO MOIIKOKECHHS CIIOCTEPIraeThes
MaKCHMaJlbHe YepryBaHHs 3HaKiB 3aps/iB Ha aToMax BYIJEL0. Po3lIeIuIeHHsS BHPOKEHUX €JIEKTPOHHUX PIBHIB
(hynepeHy TpUBOIUTH MO 3MEHIICHHS C€HEPreTHYHOI MIUTMHU Ta 3HATTA 3a0opoHHM Ha mepexim HOMO-LUMO vy
CIIEKTpax MOTJIWHAHHS.
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