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Abstract: Semiempirical calculations at the level of PM3 of theory were carried out to study the struc-
tural and electronic properties off&nd some of its doped derivatives with the elements of group IlI

and V at the level of PM3 of theory. We have selected these elements to be substituted in the fullerene-
Cgo cage in order to show the effect of such structural change on the electronic properties of the mol-
ecules studied. The theoretical IR spectra, some of physical and chemical properties of the molecules
studied are obtained and discussed.

Keywords: hetrofullerene; g, final heat of formation; vibrational spectrum.

Introduction A variety of heterofullerenes have been
reported, where in these systems number of car-
In recent years there have been continuouson atoms have been substituted by heteroatom
studies to investigate the endohedrally [1], exohesuch as boron or nitrogen atoms [10-13] . The
drally [2] and substitutionally [3] fullerenes. Thevast majority of these studies have been done on
great deal of these investigations has been direct€g, molecule. The electronic properties of such
toward investigating the photophysical and electrasystems have been studied theoretically by per-
chemical properties of fullerenes [4]. Significantforming the semiempirical and DFT calculations
efforts have been directed at the synthesis of funte understand the doping influences [13-15].
tionalized fullerenes in which different atoms are There are few reports about dopeg,C
covalently-linked to the fullerene cage [5, 6]. However, heterofullerene such ag/Chave been
The introduction of heteroatom, such agenerated [16]. The fact thaig which in the
Fe, Ni, Co, Rh and Ir, into the fullerene cageempty case is an open shell system and therefore
leads to significant modification in the electronicvery unstable, also efficiently encapsulates rare
and structural properties of fullerenes [7earth metals, to form stable endohedrals
8].These modified systems exhibit interestindM2@GC;, suggests, that the electronic structure
superconducting, optical and electronic properef the fullerene shell is dramatically influenced
ties [9,10]. by the central metals [17].
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Currently, we are working on the molecu- meta andpara positions relative to the methylene
lar orbital theoretical calculations to predict thegroup in order to show the effect of such struc-
structures and behavior of some doped fullerenetural change on the structural and electronic
In previous work [18] the structural and vibra- properties of the molecules. Vibraional spectra of
tional properties of g doped with Si, Ge and Al. each structure are obtained.

In this paper, we have investigated theoreticall
the molecular and vibrational structures gf&@d  Calculated optimized geometry

some of its doped derivatives with the elements ¢ Fig.1. shows the structure ofggCwhich
group Il and V by performing the semiempirical doped with the elements of group Ill and V.
calculations at the level of PM3 of theory. We have selected the elements of group Il

and V to be replaced with the carbon atom number

3 in the fullerene-g, cage. The geometry ofgc
Experimental details and its derivatives are optimized at semiemprical

PM3 method. Some of selected structural parame-

All calculations were carried out on a per-ters (the bond distances, molecular dimensions and

sonal computer, performed using semiempiricamolecular point group) of the studied molecules
quantum mechanics package, MOPAC 200:are indicated in table 1 and 2. We have selected the
which is implemented within the CAChe bond lengths (D3-C2, D3-C4 and D3-C16) to show
Program (Full Version 1.33 by Fujitsu). The ini- the effect of doping upon the structure gf@\s
tial geometry optimizations of both g and
doped G, were performed with the molecular
mechanics force field to obtain approximate min:
imum energy structures. The lowest energy cor
formations obtained by the molecular mechanic
method were further optimized with the semiem:
pirical, PM3 method [19,20].

Results and Discussions

In the present work PM3 is conducted to
study the Vibrational spectra of fulleropyrroli-
dine-1-carbodithioic acid 2; 3 and 4-substituted
benzyl esters. The substituents include: ,NH
OMe, F, Cl, CGQMe, COMe, CN and N© We  Figure 1. Optimized PM3 structure ofdg Note that
have selected these substituents to beriho, the dopant is replaced with carbon atom number 3.

Table 1. Calculated bond lengths, molecular dimensions in angstroms for C80 as
well as doped Cso which have been optimized at the PM3 semiempirical level of
theory. Note: In the table D = C, Al, Ga, In and TI.

Bond distance (A) Cgo Cr9-Al Cr9-Ga Cr9-In Cro-Tl
D3 - C2 1612446 1801228 1769353 2065223  2.400329
D;-C4 1351599 1743680 1740150  2.008390 2372203
Ds—Ci6 1.539964  1.802244 1772329  2.060086  2.403426
Molecular dimension 8473735  8.651581  8.592041  9.171482  9.863180
Molecular point group C, C, C, C, Cy

Molecular dimension is the distance from atoms 3-43
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Table 2. Calculated bond lengths, molecular dimensions in angstroms for doped Cso
which have been optimized at the PM3 semiempirical level of theory. Note: In the
table D = N, P, As, Sb and Bi.

Bond distance (A) Cyo-N Coe-P Cro-As Co-Sb Co9-Bi
D,-C; 1.436360 1.866851 1.960593 2.118798  2.240407
D;-Cy 1.439764 1.855736 1.948937 2.094853  2.208308
D;—Cy6 1.442448 1.867196 1.962403 2.119805  2.243223
Molecular dimension 8.25605 9.08326 9.21818 9.43942 9.64394
Molecular point group C C, C, (o C

Molecular dimension is the distance from atoms 3-43

mentioned in these tables, the molecular poir 1300
group is not changed as a result of doping an
remains corresponding to C1 point group.
Furthermore, except/GN, all the studied struc-
tures have shown an enlargement in their bond di
tances as well as molecular dimension as compar
with that of G, Regarding table 2, Group V doped
fullerenes have shown an increase in the calculatt
bond distances ongoing from;dN to C,4Bi.

1250 =

1200 |CsAS " ,/;? §
C,-Sb gt o S
[ IS

1150 | -

Final heats of formation (kcal/mol)

Table 1 shows bond lengths which decrease froi /./
C79-Al to C79-Ga following an increase fromgC 1100 | ././' .
In to G4 Tl. It is worth to mention that the struc- Co g o . . . ,
ture Gg-B has no optimized geometry at this level 150 200 250 300 350 400 450 500
of theory so that it is not included in the tables. Temperature (K)

Figure 3. Final heats of formation (kcal/mol) as a
Final heat of formation function of temperature forggas well as gydoped

Figures 2 and 3 present the final heat oWith the studied V elements.
formation (FHF) as a function of temperature in
the temperature range 200k to 500k for C80 as
well as C80 doped with the elements of groups

1150 T T T T T T T

N [l and V respectively. FHF is treated in our pre-
A/ - . . .

1100 S . vious work [18, 21].1t is relative to the elements
= Co e /./'/ | in their standard state at 298 K. As shown in
£ o5 C e | Fig.2, Ggindicates an increase in its FHF values
% ] as the temperature increases. Other doped
2 ook ,—= | fullerenes obey the same behavior. Comparing
£ T o doped fullerenes with & revealed that, doped
= C7g-ln /A/ O/ _

s 9o} a—a e J fullerenes have lower FHF as compared with that
z Cghl g™ . { of C80. Moreover the FHF of the group Il could
E " . X )
£ oo} T . be arranged according to the following order:

C,-Ga e

0030 300 30 00 a0 500 Cgo> Crg Tl > CrgIn > CrgAl> Co9-Ga

Temperature (K)

Figure 2. Final heats of formation (kcal/mol) as a Calculated FHF at Fig. 3 shows that
function of temperature forggas well as g doped ~ fullerenes which doped_ with group V have hllgher
with the studied 1l elements. FHF as compared with that ofgfC FHF is
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increased from &N to C,g-As then decrease C;¢Bi > C;5-AS > G,-Sb > GgP > Gg-N > Cg
from C,4-Sb to GgBi. Finally the FHF of the Charge and Dipole moment

group V could be arranged according to the fol- As listed in tables 3 to 7; the charge, num-
lowing order: ber of electrons, number of electrons in s-state

Table 3. PM3 computed net atomic charge and dipole moment contributions in the X, Y
and Z directions for both Cgy and C79-Al.

Cso Coo-Al
Cy Cs Cy Cis G, Al Cy Cis
C -0.0207850.058173 0.008965 -0.069571 -0.250178  0.596944 -0.174032 -0.263521

N.E.  4.020800 3.941800 3.991000 $.069600 4.250200 2.403100 4.174000 4.263500
s-Pop  1.166230 1.202980 1.149330 1.2090100 1.246760 0.603470 1.228040 1.246760
p-Pop  2.854550 2.738840 2.841710 2.860560 3.003420 1.799590 2.945990 3.016760
DPC X Y 4 X Y V4

-1400 2350 1.475 -0.393 3.065 5210
Total dipole moment 3.107 6.057

C: Charge, NE: Number of electrons, s-Pop: no of electrons in s-state, p-Pop: no of
electrons in p- state and DPC: Dipole moment contribution.

Table 4. PM3 computed net atomic charge and dipole moment contributions in the X, Y
and Z directions for both C;9-Ga and Cro-In.

Cr-Ga Cr-In
C, Ga; Cs Cio C, In; Cy Cie
C -0.390395).958739  -0.286245 -0.392136 -0.084775 -0.065822 0.011005 -0.122946

N. E. 4.390400 2.041300 4.286200 4.392100  4.08480 3.065800 3.98900  4.122900
s-Pop  1.282640 1.116840 1.262640 1282540  1.202670  1.090540 1.179450 1.203630
p-Pop  3.107750 1.924420 3.023600 3.109600 2.882110 1975290 2.809540 2.919320

DPC X Y z X Y Z
-0.468  3.154 5.350 -0.135 3.342 5.039
Total dipole moment 6.228 6.048

C: Charge, NE: Number of electrons, s-Pop: no of electrons in s-state, p-Pop: no of electrons in p-state
and DPC: Dipole moment contribution.

Table 5. PM3 computed net atomic charge and dipole moment contributions in the X, Y
and Z directions for both C7-T1 and C7-N.

(] C-N
C, Tl C, Cis G, N; o Ci
C -0.173758 0.552648 -0.107440 -0.176676 -0.121529  0.413449 0.017006 -0.167632

N.E. 4.1738  2.447400 4.107400 4.176700  4.121500 4.586600 3.983000 4.1676
s-Pop 1.24991 0.003700 1.231780 1.248120  1.202800 1.288460 1.183770  1.20200
p-Pop 2.92385 2.443650 2.875660 2.928560  2.918720 3.298090 2799230  2.96563

DPC X Y z X Y Zz
0.509 7.603 12.499 -0.955 1.545 -0.612
Total dipole moment 14.639 1.917

C: Charge, NE: Number of electrons, s-Pop: no of electrons in s-state, p-Pop: no of electrons in p- state and
DPC: Dipole moment contribution.
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Table 6. PM3 computed net atomic charge and dipole moment contributions in the
X, Y and Z directions for both C7-P and C7-As.

CP Coy-As
C, P C, Cis C As; Cy Ci
C 1.288418 0.929436 -0.205234 -0.345779 -0.2454510 0.761738  -0.167272 -0.300146

N.E. 288400 4.070600 4.205200  4.345800  4.245500 4.238300 4.167300 4.300100
s-Pop 264800  1.756190 1.250330  1.263520  1.249450 1.779340 1.235780  1.248780
p-Pop 023620  2.314370 2.954910  3.082260  2.996000 2458920 2.931500 3.051360

DPC X Y Z X Y z
-0.953 2.725 0.823 -0.960 1.995 -0.613
Total dipole moment 3.002 2.297

C: Charge, NE: Number of electrons, s-Pop: no of electrons in s-state, p-Pop: no of electrons in p- state and DPC
Dipole moment contribution

Table 7. PM3 computed net atomic charge and dipole moment contributions in the X, Y
and Z directions for both C,,-Sb and C,4-Bi.

Cr0-Sb Co-Bi
C, Sbs Cy Cis C, Bi, Cy Cis
C 0.313849 .048443 -0.250257 -0.379604 -0.163527  0.872655 ).101165 -0.244301

N.E. 313800 .951600 4.250300 4.379600  4.163500 4.127300 101200  4.244300
s-Pop 287890 937300 1272210 1286650  1.260630 1.957350 .244300 1.257260
p-Pop 025960 .014260 2.978050  3.092950  2.902900 2.170000 856860  2.987040

DPC X Y Z X Y z
-0.934  3.266 1.433 -0.818 4220 3.373
Total dipole moment 3.686 5.464

C: Charge, NE: Number of electrons, s-Pop: no of electrons in s-state, p-Pop: no of electrons in p- state and
DPC: Dipole moment contribution.

and p-state as well as the dipole moment are cahe charge is 0.413, 0.929, 0.761, 1.048 and 0.872
culated. Regarding dgthe charge is nearly tend respectively. Although the net number of elec-
to zero with nearly 4 electrons distributed as 1.fons is around four there a difference in the elec-
electron at s-state and 2.8 electron at p-state. Ttren distribution such that; at s-state 1.2 corre-
total dipole moment is 3.1017 debye distributedponding to N, 1.7 corresponding to P and As
as -1.400, 2.350 and 1.475 in the x, y and z direinally 1.9 corresponding to Sb and Bi. The
tions respectively. As the effect of doping theemaining electrons are distributed in p-state. The
change in the carbon atom number 3 will be dissalculated dipole moment was 1.917, 3.002,
cussed. Al shows an increase in its charge to (2297, 3.686 and 5.464 debye respectively. This
0.596 with a net number of electrons 2.4 distribindicates that, both &N and GgAs are lower
uted as 0.6 and 1.79 in s-state and p-state respdtan G, While both Gg-P has the same dipole
tively. The value of dipole moment is twice asmoment value as dg C,;4-Sb is slightly higher
compared with that of & Ga and Tl has nearly than C80. Finally &-Bi is higher than &,

the same charge as Al while a negative charge of

-0.065 is regarded in case of In. Al, Ga and IMbrational spectra

showed dipole moment value around 6.0 debye Fig. 4 and Fig.5 shown the active vibra-
while it increases as 14.639 debye correspondifignal modes for ¢, as well as g, doped with the

to Tl. Regarding the calculated values of group \glements of groups Ill and V respectively. There
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Figure 4. Active vibrational modes for £ as well
as Ggdoped with the studied Il elements.
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Figure 5. Active vibrational modes for £ as well
as Ggdoped with the studied V elements.

are 174 genuine vibrations fog{As a result of
the extremely high symmetry ofgCthere are

obtained around 581.67 ¢m The two strongest
Cgq lines, found at 1011.95 ckrand 1904.38 cm
1, can consistently be assigned to the two totally
symmetric 4 (2) modes. Two weak bands at
1537.85 cmt and 1370.48 crhare assigned also
as symmetric 4 (2) modes. The two shoulders
were obtained at 693.22 cdnand 1123.51 crh
The first shoulder is asymmetrig,AL) mode so
that it's too small. The second shoulder is
assigned as asymmetrig £2) mode. The effect
off doping on the vibrational catachrestic is varied
from an element to another as in the following.

Regarding group lll, an increase in trans-
mittance of the doped fullerenes is regarded as
compared with g, The four strong bands are not
shifted; while the two shoulders are shifted
toward higher frequencies. Furthermore the two
shoulders became more obvious as a result of
doping. The increase in the transmittance of the
four strong bands -as a symmetric bands - and the
increase in the transmittance of the shoulders -as
asymmetric bands- match each other and keep
the symmetry of the doped molecules unchanged.

Regarding group V, we could distinguish
between two areas. The first up to 900.001cm
and the second beyond 900.00-km

The transmittances of the,&P and Gy
As bands are lower tharggwhile the others are
higher. In the second region all the bands have
higher transmittance as compared witf,. Q\s
the effect of doping the weak bands became
stronger with a shift toward higher frequencies.
The symmetric 4 (2) band is shifted toward
higher frequencies while the other strong bands
remain unshifted. The shift in the asymmetrjc A
(1) shoulder became more obvious toward higher
frequencies. Which is also notices for the second
shoulder.

only 4 strong vibrational bands; two weak band:

in addition to two shoulders. The assignment o

Cgo Spectrum is aided by the program; by com-Conclusions

paring the coordinates of each vibrational mod

with that of the coordinates corresponding to thi In this work we have studied the structur-
energy minimum. g, showed comparable vibra- al and electronic properties of C80 and some of
tional characteristic to that o On these bases its doped derivatives with the elements of group
the spectrum of gcould be assigned. Aggline |1l and V by performing the semiempirical
at 406.38 cnt is assigned as the lowest frequen-molecular orbital theory at the level of PM3 of
cy Hy “squashing” mode of theory. We have seen that no change in the sym-
Buckminsterfullerene. The A(1) mode was metry of the doped fullerenes, while the molecu-
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lar dimensions as well as bond distance wer€] Y. Chai, T. Guo, C. Jin, R. E. Haufler, J. P. F. Chibante, J.

; : Fure, L. Wang, J. M. Alford, R. E. Smalley, J. Phys. Chem.
changed. Dipole moments of the dopeg @ith 5(1991) 7564,

group Il element are increased while that of7] w. Branz, I.M.L. Billas, N. Malinowski, F. Tast, M.
group V is decreased excepis€Sb and G4-Bi.  Heinebrodt, T.P. Martin, J. Chem. Phys. 109 (1998) 3425.

; ; ; 18] L. Forr?, L. Mihdly, Rep. Prog. Phys. 64 (2001) 649.
An increase in _the total charge is recorded wit H. J. Muhr, R. Nesper, B. Schnyder, R. Ki"tz, Chem. Phys.
net electrons in group Il doped fullerenesyett. 249 (1996) 399.
Although the number of electrons was around #0] J. C. Hummelen, B. Knight, J. Pavlovich, R. Gonzalez,

the distribution of electrons in both S and p stat%é‘i’er'?cgvggg (1995) 1554
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