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Abstract

PM3 semiempirical method and Density Functional Theory (DFT) calculations
of the type (B3LYP) and a Gaussian basis set (6-311G) were carried out for
fullerene Cg molecule with its construction units (5radialene, 1,2,3-trimethylene
indan, and corannulene), to evaluate the geometrical structure (bond lengths,
symmetry, and energetic such as heat of formation AH’, total energy E, dipole
moment u, Epomo (highest occupied molecular orbital energy), E umo (lowest
unoccupied molecular orbital energy), energy gap AEnomo-Lumo), the distribution of
electron density and vibration frequencies, all at their equilibrium geometries.
Assignment of the vibrations modes was done according to the movement of the
atoms as a result of DFT calculation using Gaussian program view. Comparison was
done for the distribution of electron density with the expense of vibration
frequencies and for the relationship of all the physical and electronic properties of
fullerene Cg with its construction units.

Keywords: Fullerene molecule, physical properties, energetic, vibrations
frequencies.

Coo CnAlll duiy clangl aalatial) cilgfilaayly SRy cilaayiy 4dUally 4ol 5udl) (algdld) 45)la
all) dliilsia bl ?‘-‘ﬁ"“‘ié

gsbam 1 B FAS sale il
é\)ﬂ\ cAlarn calar dxals ‘{ULJ\ S e LSl ?.ué

il
alial Zuluy) DFT Sl J)gs Akl silally PM3 dgp i) oS0 elilhe clilua aladinl
Gl gl JSEN Glua & Gaussian—09 gwlin alaainlyy B3LYP Cgluls 6-311G 332
ellag (Sradialene, 1,2,3-trimethylene indan, corannulene) lae by lang aa Gplall Adyial
AR Gaull <) 8)aS Ayglpally 38U laall iy Jilally pualill Jlshl Claa (i
e Uag) @8las <Eomo g fSNL Spaaa lae et dlay pcalail) Al ey Eior 20K 48Ul
& A SSNT AUSY 339 (ABnomo-Lumo Legiy AUall (Gdlly (Ejymo <lig iSNVL jaaa ye
Glly JS ADNe Ay de sanall Agyai (305 ol Aiyiald LBLG s LtlSs 515V o Caduaty ol

gy Clasg g Al o2g) Ay SNy Al Gl ally

*Email: Rehab_ mmr_kb@yahoo.com
1333



Kubba and Samawi Iragi Journal of Science, 2016, Vol. 57, No0.2C, pp:1333-1344

Introduction

Fullerene Cg is one of the earliest man-made nano-structure and its discovery [1] started the
revolution of nanotechnology, marked by key discoveries such as carbon nanotube and graphene [2].
Extensive experimental [3-10] and theoretical studies [11-14] have been conducted on different types
of fullerenes to develop further understanding of these cage-like structures containing carbon atoms.

Fullerenes have attracted considerable interest as an electron acceptor and undergo many addition
reactions. There are two main objectives concerning organic functionalization of Cgo: one is focused
on modification of some of their properties for easier handling, and the other on a combination of the
fullerene properties with those of other materials. The beauty and the unprecedented spherical
architecture of these molecular cages immediately attracted the attention of many scientists [15-16]. In
a very fast development buckminsterfullerene Cqp, became one of the most intensively investigated
molecules. The fascinating physical and chemical properties of buckminsterfullerene such as the
discovery of the superconductivity of alkali metal doped Cg, and the possibility of chemical
functionalization of the fullerene core have made Cg to arguably the most interesting single molecule
of the past years. The vibrational spectra of icosahedral fullerene Cgqy have attracted a considerable
attention and have been extensively used as a probe of intra and intermolecular interactions [17].

There are a number of available theoretical approaches of Cg and Cy vibration calculation belong
to quantum mechanical method, which can mainly be classified as the Icosahedral symmetry analysis
and have been attempted to explain the pattern of the vibration modes and variability of the natural
frequencies, assuming the fullerenes as thin spherical elastic shells (Harter and Weeks [18], Weeks
and Harter [19]), force field model (Wu et al. [20], Cyvin et al. [21], Jishi et al. [22]), Quantum
mechanical Consistent Force Field Method for Pi-Electron Systems (QCFF/ PI) (Negri et al. [23]),
Austin Model 1 (AM1) (Slanina et al. [24]), density functional theory (Adams et al. [25]; Schettino et
al. [26], Sun and Kertesz [27], and Schettino et al. [28].

In the present work, Gaussian 09 computational packages have been employed to compute the
geometrical structure (bond lengths) for fullerene with its construction units (5radialene, 1,2,3-
trimethylene indan, corannulene), as well as the energetic (heat of formation AH%, highest occupied
molecular orbital energy Enomo, lowest unoccupied molecular orbital energy E,umo, the energy gap
AEnomo-Lumo) and physical properties such as dipole moment p, electronic charge density,----etc. The
obtained equilibrium geometry was applied for the calculation of all 3N-6 vibration frequencies and
analysis the normal coordinates at which the literature do not assign or analyze them. The
comparison was done for the distribution of the electron density with the expense of vibration
frequencies, physical and electronic properties for the calculated molecules.

Computational Details

All the quantum mechanical calculations were performed with complete geometry optimizations
using Gaussian-09 software package [29]. Geometry optimization was carried out by PM3
semiempirical method and Density Functional Theory (DFT) using Becke's three-parameter functional
and the correlation functional of Lee, Yang and Parr (B3LYP) with a 6-311 level of the theory [30,31].
In order to make computation less cumbersome, solvent and charge effects were neglected. This is
because when being compared, they are subjected to identical conditions and the overall effect will be
the same and virtually cancelled out.

Results and Discussion

Figure-1 shows the structure of fullerene Cg molecule with its construction units (5radialene,
1,2,3-trimethylene indan, and corannulene) drawn by using the Mopac (Ultra Chem. Draw 2011), and
their equilibrium geometries with their symmetry of (Dsy,), (Ca), (Csy), and (l) calculated using PM3
and DFT (B3LYP/ 6-311G) level methods.
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Figure 1- Structure for fullerene molecule and its construction units; (a) Drawing by Chem Draw Ultra 11
program. (b) Equilibrium geometries, as calculated by DFT (6-311G/ B3LYP) level.

Corannulene (Csy) Fullerene (1)

The most common fullerene Cgo consists of 60 carbon atoms arranged on a sphere of 7.1A°
diameter. The atoms form twenty hexagons and twelve pentagons, there is two type of C-C bonds at
the pentagon-hexagon and hexagon-hexagon border equal to dc.c 1.460A° and dc-c 1.400A°
respectively [32], where the two types of bonds are often considered as single and double ones. The
geometrical parameters (bond lengths, bond angles, the heat of formation and the energetic properties
are shown in Table-1.

Table 1- PM3 and DFT (6-311G/ B3LYP) calculated geometric structures of fullerene molecule.

Bond lengths (A) & angles (deg)
Description of bond lengths & angles DET (6-311G/
PM3 B3(LY 5 [32]
(C1-C2)p 1.457 1.458 1.460
(C2===C4)h 1.384 1.394 1.400
< Clc2cC3 107.999 108.00 | = -
<Cl1C2C4 119.999 120.000 | = ------
m.wt. (g/mol.) 720.660
Point group In In
AH; (kcal/mol) 81214 |
AH; (kJ/ mol) 3398.053
Eoa €V) | e -62453.27 | @ -
lonization potential (eV) 9468 | e e
Enomo (eV) -9.468 -6.624 | -
Eumo (eV) -2.868 -3.749 | -
AE Howmo-Lumo (eV) 6.600 2875 | -
Dipole moment (Debye) 0.000 0.000 0.000
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The correlation of bond lengths
1. The C=CH, bond length was found to increase slightly (1.341, 1.342A) with increasing the size

of the construction units 5r, and 1,2,3-trimethylene. (C=C h) for hexagon ring of corannulene is
longer (1.385A) due to the decrease in the bond order of this bond.

The (C-C p) bond length for pentagon ring decreases with increasing of the size of the
construction units 5r, 1,2,3-trimethylene and fullerene (1.493,1.479,1.458A) respectively, may be
due to the transition from a tense planar geometrical 5r to a more stable and highly symmetrical
shape molecule Fullerene Cg. The length of (C-C h) bond for hexagon ring of corannulene
(1.450A) is nearly to (C-C p) bond length of Fullerene due to its bowel structure, Table-2.

for corannulene molecule), Table-2.
The length of the C-H bond increased slightly with increasing the size of the molecules 1,2,3-
trimethylene and corannulene.

Table 2- DFT calculated bond distances for the fullerene Cgy and its construction units.

Molecule Bond length (A) Cross section of

c=C C-C CcC=C CH, C—H molecule

CH,
. C=CH, CCp
5Radialene (Ds) 1341 1493 | T 1.081 | -eeee-
1,2,3-Trimethylene C=CH,
Indan (Ca) 1.342 1479p 1.397 h 1.082 1.082
C=Ch

C=Ch C-Ch 1.391

Corannulene (Cs,) |3 3g5 1450 | c=cp | T 1.083
1.419

Fullerene 60 (In) | - ?‘fsg CS&“ ____________

p.; pentagon ring, h.; hexagon ring

The correlation of physical properties
1. The total energy decreased with increasing the size of the fullerene construction units, (increasing

instability) from the smallest unit 5radialene (-10572.410 eV) to the largest one fullerene
molecule (-62453.27 eV) Table-3.

The HOMO energy (Enomo) is often associated to the electron donating ability of the molecule;
therefore, corannulene and Fullerene were found to have the higher values of Enomo (-6.280, -
6.623) respectively, in otherward have a higher tendency to donate electrons to appropriate
acceptor of low empty molecular orbital energy. Conversely, the LUMO energy (E_umo) indicates
the electron-accepting ability of the molecule, so the lowest value (-3.748 eV for fullerene) the
higher the capability of accepting electrons.

The gap energy between the Frontier orbital (AEnomo.Lumo) iS another important factor in
describing the molecular activity, so when the gap energy decreased, the conducting efficiency is
improved [33]. Table 3 shows that fullerene Cg, possess the lowest value of energy gap (2.875
eV), so it has the highest ability for electrical conductivity, which in agreement with the research
of Brus [34].

The dipole moment (u in Debye unit) results from the non-uniform distribution of charges on the
various atoms in the molecule, and depends on the geometric structure and symmetry of the
molecule. Table 3 shows that u was found to be zero for the higher symmetry (5r (Ds) [35,36],
fullerene molecules (l,)), and possess greater value than zero for the lower symmetry molecules
(1,2,3, trimethylene indan (C,,) [37] and corannulene (C,,) [37,38]).
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Table 3- DFT (6-311G/ B3LYP) physical properties. for the calculated fullerene Cg molecule and its
construction units.

Molecule m. wt. AR’y n Ew (6V) | Erovo | Eiuwmo e

(g/ mol) | (kcal/mol) | (debye) tot (eV) (eV) HOMO -

LUMO

5Radialene (Ds;) 13000 | 80875 | 0000 | -10572.41 | -9.088 | -0.381 | 8.707

1,23-Trimethylene | 10,60 | 750974 | 0302 | -12655.84 | -8.000 | -0.323 | 7.677
Indan (C,,)

Corannulene (Cs,) 25000 | 13941 | 2326 | -20902.04 | -6.280 | -1.836 | 5.444

Fullerene 60 (I;) 72066 | 811.022 | 0000 | -6245327 | -6.623 | -3.748 | 2.875

The calculated of charge densities

- For 5radialene, as it was studied previously [35,36], the positive charge density concentrated at the

hydrogen atoms (o -H) with (0.161) value. The negative charge density concentrated at the methylene

carbon atoms (o =CHy) with (-0.294) value, and diminished at pentagon carbon atoms (-0.028) in

meaning (c=C > c—C), contradict the assumption of sp hybridization at the pentagon ring atoms,

which should possess higher electron affinities than expected. Two factors might explain these results,

Figure-2.

1. For the external methylene carbon atoms a partial shift of electrons exists from the neighbored H
atoms to C, as might be viewed considering the calculated electron densities at the H atoms.

2. The delocalization of the ring electrons, causing a partial distribution of the electrons in the bond
regions besides the localization at the C atoms.

- For 1,2,3-trimethylene indan, it is shown that the positive charge densities also concentrated at

hydrogen atoms (0.162 H,, 0.147 H; of hexagon ring and 0.158 for hydrogen of (=CH,) group). For

carbon atoms charge densities are higher at methylene carbon atom of mid (=CH,) group than that at

side in methylene carbon group (6=CH; mig (-0.298) > ¢ =CH, e in (-0.288)). The charge of hexagon-

pentagon carbons is (-0.172), and for B position carbons (-0.157). The positive charges are

concentrated at the hydrogen atoms mainly, and slightly at the carbon atoms attached to methylene

group (C=CHy,iq in) Which has a positive charge density of (0.045) value, Figure-2.

- For corannulene molecule, the calculations of Mulliken electronic charges population analysis by

DFT (B3LYP/6-311G) method illustrated, that the carbon atoms are diminishing charges from center

The carbon atoms are of the negative charge, except carbon atoms located at the edge between two
hexagon rings (0.133), Figure-2.
- For fullerene molecule, according to the highly symmetrical shape (l;) with no hydrogen atoms, the

fullerenes in chemistry play a role of functional groups carriers. They readily form adducts as well as
charge transfer complexes. Fullerene also proved to be a strong acceptor of electrons in the presence of
many organic donors. This property does not result as much from the low energy of LUMO of the
neutral fullerene that may accept a charge from the donor but rather fullerene geometrical structure
allowing distribution of the acquired charge over large volume thus diminishing electrostatic
interaction at the donor site.
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Electronic charge density Electronic charge density (e) Electronic charge Electronic charge
(e)(-0.294-0.294) (-0.298-(0.298) density(e)(-0.155-0.155) density(e) (0.000)
-H 0161 | -Hq (h) 0162 | 0151 | c 0.000 H
=C -0.294 :-Hp(h.) 0147 | B =Cy, 0.133 c 0.000 sy
p
-Cp -0.028 -H (CH,) 0.158 -Ch -0.140
-C(p) 0.045 -Cp -0.155
-Cqy (h) -0.044 0.151
-C(p) -0.050 0.133 0.13
-Cy () -0.157 | -
-C (p-h) -0.172
=CH2 side -0.288
N
=CH, mid -0.298

p.; pentagon ring, h.; hexagon ring, a; o position in hexagon ring, [; P position in hexagon ring., mid:

middle position. The color change from, red (higher electronic density) to black (zero electronic density)

Figure 2- Distribution of electronic charge density of the calculated molecules by using DFT (6-311G/ B3LYP)
level method.

Vibration frequencies and IR absorption intensities of fullerene

The most striking property of the fullerene Cg molecule is its high symmetry. There are 120
symmetry operations, like rotations around an axis or reflections in a plane, which map the molecule
onto itself. This makes fullerene Cs molecule with its largest number of symmetry operations, the
most symmetric molecule. Fullerene molecule possesses 174 fundamental vibrations. Inspection of its
irreducible representations, as defined by the symmetry character table, (which agrees with the
calculation done by Schettino et al. [39], without taking into account the assignment of the valance of
the vibration modes). The results of the calculation for this work show the following modes of
vibration;
Fvibration: 1—‘total' (rrotation+ 1—‘translation)z 3N-6= 180-6= 174= 2Ag+ 9Tlg + 12T29+ 24Gg + 40Hg + Au +
12Ty + 15T, + 24G, + 35H,.
The 3N-6 modes of vibration calculated in this research are 174, 42 of which are Raman active (2A,
(polarized)+ 40H, (depolarized), and IR active (12T,,)). The rests are both IR and Raman inactive.
The valance assignments of the modes are as follows:
- vRing (C=C) stretching vibrations.
The calculated C=C stretching vibration frequencies range from (1251-1576cm™), showing the
following correlation:
Veym: (C=C str.) (1576 cm™) (Hg) > Vasym. (C=C str.) (1567cm™) (H,).
The highest intensity is 1.732 km/mole due to vi3.15(1433cm™) (T).
- vRing (C-C) stretching vibrations
The C-C vibration modes, located at C atoms of the ring, as can be seen from the atomic displacement
vectors. Their frequencies are lower than those of the C=C vibration modes.
According to the calculated results, the range of these frequencies is (1040-1340 cm™).
The highest intensity is 0.653 km/mole due to vig.15 (1180cm™) (T4).
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- dRing in-plane bending vibrations (6CCC)

The deformation (3CCC) vibrations are smaller values. According to their assignment, they fall in the

range (614-1142cm™). These models include the expected clock and breathing and puckering vibration

motions.

- YRing out of plane vibrations (yCCC)

The ring out of plane vibrations (yCCC), show frequencies values range (267-831cm™).

The highest intensity is 0.953 km/mole due to v, (526cm™) (T4).

The correlations of vibration frequencies

The correlation was done for the most important calculated vibration frequencies, showing the
following relations:

1. The vibration frequencies of C=C stretching were found to decrease (decrease in the force
constant) with increasing the size of the molecule, Table-4, indicating that the increase in
elasticity, is in agreement with the correlation of the C=C bond lengths, Table-2.

2. The vibration frequencies of the in-plane ring deformation (dring), were found to increase with
increasing the size of the molecule (increased from b5radialene, 1,2,3-trimethylene indan,
corannulene, to fullerene) Table-4. This means that fullerene molecule shows a better stiffness
and electrical conductance among its construction units (the electrical conductivity properties
increase with increasing oring [37].

3. The vibration frequencies of the out of plane ring deformation yring (puckering) of 5Sradialene,
1,2,3-trimethylene indan, to corannulene, were found to decrease with increasing size of the
molecule, Table-4. This also indicates that fullerene Cg molecule has better electrical
conductance among its construction units (the electrical conductivity properties increase with
decreasing yring [37].

Table 4- Vibrational frequencies and IR absorption intensities for fullerene molecule

PM3 Exptl. DFT Calcd.
Symmetry and Description - [26] Ve el [26]
Freq. Intensity Freq. cm
cm™ km/mol 9

Aq
Vi Ring C=C sym. str. 1506 0.000 1470 1470 1474
V; yring (puckering) 623 0.000 496 495 487
Ay
Vs dring (6CCC) 978 0.000 | - 1078 946
Ty
V4 Ring str.(C-C str.) (p.) 1440 0.000 1369 1290 1276
vz dring (6CCC) 866 0.000 970 904 823
Vio yring (yCCC) (puck.) 613 0.000 | - 565 562
TlU
Vi3 Ring C=C sym. str. 1469 1.732 1428 1433 1431
Vis Ring str.(C-C str.) 1377 0.653 1183 1180 1189
Vig yring (breathing) 733 0.527 577 577 577
Va1 yring (puckering) 558 0.953 527 526 528
Ty
Vo4 Ring str.(CCC str.) 1518 0.000 1360 1340 1344
Vo7 yring (puckering) (p.) 913 0.000 870 831 789
V3o dring (8CCC) (p.) 817 0.000 | - 668 724
Va3 dring (8CCC) (p.) 586 0.000 560 614 555
TZU
Vig Ring C=C sym. str. 1528 0.000 | - 1524 1507
V39 dring (8CCC) (h.) 1337 0.000 | - 1142 1177
Vo dring (8CCC) (p.) 1159 0.000 | - 955 958
Vis yring (puckering) 763 0.000 680 716 709
Vag yring (puckering) 355 0.000 355 340 337
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HQ

Vi3 Ring C=C sym. str. 1560 0.000 1575 1576 1585
Vsg Ring C=C sym. str. 1436 0.000 1428 1427 1426
Vo3 Ring C=C sym. str. 1236 0.000 1250 1251 1251
Ves ?l;'rzgtﬁ?fg?i)s(ﬁgg ) 1291 0.000 1099 1101 1104
Vi3 d ring (breathing) 941 0.000 774 775 772
Vs yring (puckering) 758 0.000 710 711 705
Vg3 yring (yCCC) (puck.) 440 0.000 437 431 429
Vag yring (yCCC) (puck.) 266 0.000 273 267 261
Hy

Vo3 Ring C=C asym. str. 1548 0.000 1555 1567 1576
Vog Ring C=C asym. str. 1501 0.000 | = ----- 1343 1343
V103 Ringstr. ( C-C asym. str.) 1379 0.000 | ----- 1214 1219
Vigs dring (8CCC) 816 0.000 | - 737 729
V113 dring (6CCC) (p. &h.) 701 0.000 | @ ------ 694 665
Vi1g yring (puckering) 547 0.000 560 535 531
Vi23 dring (6CCC) 407 0.000 355 403 400
Gq

Vizg Ring C=C sym. str. 1488 0.000 | ------ 1497 1507
Vig Ring str.(C-C str.) 1445 0.000 1360 1348 1308
Viss Ring C-C sym. str. 1246 0.000 1065 1040 1072
Vi éring (6CCC) 850 0.000 | - 758 741
V16 dring (6CCC) (h.) 593 0.000 | - 592 565
Vis0 yring (puckering) 488 0.000 | ------ 485 480
G,

Visa Ring C=C asym. str. (p.) 1656 0.000 1440 1429 1434
Visg Ring str.(C-C zym. Str.)p. 1476 0.000 1310 1315 1307
Vig2 dring(8CCC)(breath.) h. 1125 0.000 1065 970 962
V166 yring (puck.) (p. & h.) 909 0.000 | ----—-- 797 751
V170 yring (yCCC) (puck.) 783 0.000 760 707 738
V174 yring (puckering) 356 0.000 403 354 351

p.; pentagon ring, h.; hexagon ring, y; out of plane bending vibration., §; in-plane bending vibration. The
scaling factor for C=C str. 0.86. in PM3 calculations.

Figure-3 shows the IR spectrum of fullerene molecule. Figure-4 shows the graphical pictures of some
vibration modes of fullerene molecule as calculated applying the DFT method.

IR Spectrum

[pue pnsa g, 011 O

o - A b SE— - e I . S o
= v : T T T v T v T v T v T v
200 400 500 800 1000 1200 1400 1600 1800 2000
Froquency (cm')

Figure 3- IR spectrum of fullerene molecule as calculated applying the DFT method.
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éring (6CCC)

V170, 707 Cm_l
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Figure 4- Graphical pictures of some vibration modes for fullerene molecule as calculated applying the DFT

method.
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Table 5- Some important vibrational frequencies for construction units of fullerene Cg, molecule calculated

according to DFT method.

_ _ C= C= C= dring 6CH yCH yCH yring
Molecule | CH 1 =CHz| o | ¢, | ¢ | scoc | sciss. | wagg. | twist. | puck.
SRadialene | 3022 | 1685 | 1268 | 631 | 1486 | 938 | 738 | 805
(Dsn) A A E, A E, E," E," =
o nﬁ&ene 3068 | 3017 | 1683 | 1616 | 1274 | 844 | 1465 | 948 | 662 | 770
indan (Cy,) Al Al Al Al Al Al A B, A B,
Corannulene | 3051 | ___ 1650 | 1466 | 1486 | 872 | 1276 | 876 | 993 | 603
(Csy) Ay Ay Ay = = Ay Ay E, Ay
Fullerene60 | | 1470 1290 904 495
(In) Ag Tig Ty Ag
p.; pentagon ring, h.; hexagon ring.
Conclusions

The geometry equilibration was applied for the calculation of all 3N—6 vibration frequencies of

fullerene, and for the analysis of their normal coordinates. The calculated frequencies of the molecules
were close to the available experimental frequencies and those of the calculations done by others. Both
valance and symmetry assignments of the frequencies allow useful comparison between modes of the
same valance nature for the fullerene and the construction units. The results are expected to be of
major importance in discussing the bond strengths and reactivity of the species at different sites of the
molecule.

from 1,2,3-trimethylene indan (planar) to corannulene (bowl) molecule due to the increase in the
aromatic and elastic properties of the geometric structures.
Compared with the frequencies of fullerene construction units, fullerene possesses the lowest

hand, has the highest in-plane (dring) ring bending deformation, especially breathing vibration
which decreases the resistance toward electrical conductivity properties.

Fullerene was found to have the highest Eyomo, lowest E, ymo and smallest AE| ymo-Homo @among
the unit's constructions, explaining the highest electronic conductivity properties.
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