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REVIEW ON Cg,S SPECTRA

We present the review on infrared and Raman spectra of CeoS which have been calculated by
Mohd Yunus & Rashid Nizam through the Hartree—Fock method. They found four isomers:
closed [6,6]Cs0S, open [6,6]Cs0S, closed [5,6]Cs0S, and open [5,6]Ce0S. The simulated spectra
were calculated in [13, 14] for closed [5,6]Cs0S and closed [6,6]Cs0S isomers, but Hartree—Fock
method did not converge for open [5,6]/Cs0S and open [6,6]Cs0S isomers. The computed spec-
trum is divided into four ranges of frequencies for CsoS; these are as follows: 0-600 cm™*,600~
800 em™1, 800-1200 ecm™, and 1200-1650 cm™ . The results are analyzed in each range
separately. The strong intense lines are revealed in closed [6,6]CsoS, rather than in the closed
[5,6]/Co0S isomer for both Raman and IR spectra. The energy barriers equal to 233.2 kJ- mol™"
and 1.2 kJ-mol™" are obtained in [13, 14] for the conversion of closed [6,6]CeoS isomer to
open [5,6/Ce0S isomer. The values of 82.0 kJ-mol™' and 150.5 kJ-mol™' are given in [13,

14] for the inverse conversion from open [5,6]Cs0S to closed [6,6]Ce0S isomer.
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1. Introduction

There are many derivates of fullerene having a high
amount of sulphur in their structure [1-4]. Howe-
ver, the simplest derivative CgpS is not synthesized
yet. Fullerene derivatives have many potential ap-
plications. Z. Slanina et al. [5] found out three sta-
ble isomers of CgoS, namely, closed [6,6]Cg0S, closed
[5,6]Cg0S, and open [5,6]CgoS isomers. One more iso-
mer [6,6]CgoS is found by X. Xu et al M. Yunus
et al. also found four isomers closed [6,6]CgpS, open
[6,6]Cg0S, closed [5,6/CgpS, and open [5,6]CgoS.
Z. Slanina and X. Xu et al. used AM1 and MNDO
methods which are not very accurate. M. Yunus et
al. used the Hartree—Fock method, which converges
only for closed [6,6]CgoS and closed [5,6]CgoS.

2. Computational Details
2.1. Structure of CgoS Isomers

Cg0S consists of one molecule of fullerene and one
atom of sulphur. Fullerene has sixty carbon atoms.
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Sulphur has two valances, so it is connected with
two carbon atoms of fullerene. CggS has four iso-
mers: open [5,6]CgoS, open [6,6|Cgo, closed [5,6]CgoS,
and closed [6,6]CgpS. Closed isomers are shown in
Fig. 1, a and Fig. 1, b. In Fig. 1, a, one bond of
sulphur is shared with one pentagon carbon atom,
and the other bond shared with one hexagon car-
bon atom of Cgo cage; this is closed [5,6]CgoS iso-
mer. In Fig. 1, b, both atoms of the sulphur atom
are connected with two hexagons of Cgy cage; this is
[6,6]Cg0S isomer. The distances between carbon and
sulphur atoms are 2.13 A and 2.14 A.

Mohd Yunus et al. determined the equilibrium
structural geometry of [5,6]CgoS and [6,6]CeoS
through the full optimization of geometrical pa-
rameters using the Hartree-Fock method without
any constraint [13, 14]. Tables 1 and 2 show the
optimized structural parameters of [5,6/CgpS and
[6,6]Ce0S, respectively, calculated by M. Yunus et at.
[13, 14].

The tables show the results given by M. Yunus et
al. [13, 14], Z. Slanina et al. [5], and X. Xu et al.
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Fig. 1. (a) CeoS configurations corresponding to (a) closed
[5,6]Cs0S and (b) closed [6,6]CgoS. Sulphur atoms are shown
in purple, and green color is used for carbon atoms

[6] in column 1, 2, and 3, respectively, and give the
optimized parameters of CggS.

Similarly in Table 2, the optimized structure of
[6,6]Ce0S isomer is presented in the same manner.

Here, C* represents the carbon atom which is atta-
ched by the sulphur atom and other carbon atoms
represented by C only. C*~S—C* shows the angle be-
tween the sulphur atom and its attached carbon
atoms. C*—C—C* shows the angle between the carbon
atom (attached by sulphur) and other two connected
carbon atoms (which are not attached by sulphur).
M. Yunus et al. also calculated the angle between C—
C*—C* (pentagon), C—C*~C (hexagon) and C*-C*—
C (hexagon) for [5,6]CgoS isomer [13, 14] which was
not given in works [5, 6]. The angle for C*-S-C* in
[13, 14] is quite different from that in [6]. The ad-
ditional geometrical information is also provided by
M. Yunus et al.

In Table 2, we present the optimized geometrical
parameters for [6,6]CgoS given by M. Yunus et al. and
the results of calculations by Z. Slanina and X. Xu et
al. We note that the results given in [5, 6, 13, 14]
are comparable. The angles for C-C*~C (pentagon)
and C*~C*~C (hexagon) for [6,6]CgoS isomer are also
given in [13, 14]|. The angle C*~S—C*, bond length of
C—C hexagon, and bond length of C—C pentagon are
different.

3. Methodology
All similar calculations of the Raman and IR spectra
in [13, 14] have been done according to [7].

The Raman and IR spectra for the two isomers
[5,6]Ce0S and [6,6]CgoS are given in Figs. 2, a, b and
Figs. 3, a, b, respectively.

The variables used in the calculations in [13, 14| of
[5,6]Cg0S and [6,6]CgoS for Raman and IR spectra are
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the same except for the nuclear repulsion energy. Ro-
tational constants equal to 0.09, 0.08, and 0.08 GHz
are used for z,y, and z directions in the fullerene
derivatives. Each atom of a fullerene derivative has
309 symmetry-adapted basis functions, 927 primitive
Gaussians, 309 Cartesian basis functions, 188 alpha
electrons, and 188 beta electrons. The variables of the
nuclear repulsion energy used in [13, 14] for the cal-
culations of [5,6]CgoS and [6,6]CgoS are 9421.47 and
9418.98 Hartree, respectively.

The Raman spectrum changes significantly, when
we introduce a sulphur atom in fullerene because of
the redistribution of the Raman intensities among the
normal as given in Tables 1 and 2.

CgoS has 182 total degrees of freedom for each iso-
lated atoms, in which we have three are translational
and three rotational. So, 177 remaining ones are vi-
brational degrees of freedom. CgpS isomers also have
the same number of 177 degrees of freedom, but their
spectra are different. The numerical results converge
after 29 cycles and 21 cycles with the density matri-
ces equal to 0.1950D-08 and 0.6887D-08 for CgoS [5,6]
and [6,6], respectively.

4. Results for the Raman
Spectra of [5,6]CgoS and [6,6]CgoS

1) The calculations done by M. Yunus et al. [13, 14]
using the ab initio method [8-10] overestimate the
Raman and IR intensities. To remove the disagree-
ment with the experimental data, the results were
scaled down in the frequency for CgoS by a factor of
0.855 uniformly throughout the range.

2) Hartree—Fock method is the best so far for the
calculation of Raman and IR spectra for CgyS iso-
mers. However it does not converge for open isomers
of CeoS.

3) Range of frequencies is used from 0 to 1650 cm—1
in [13, 14] for the Raman and IR spectra of CgS.

The frequency range was divided into four parts.

For the Raman spectrum of closed CgoS, they
are: 0-400 cm™', 400-800 cm~!, 800-1200 cm™!,
and 1200-1650 cm~!. For the IR spectrum of closed
Cg0S: 0-600 cm ™1, 600-800 cm~!, 800-1200 cm™1!,
and 1200-1650 cm~'. The results were analyzed by
M. Yunus et al.

4) In the Raman spectra, they got the lower in-
tensities for [6,6]CgoS as compared with [5,6]CgoS
throughout the frequency range in [13, 14]. Five ma-

ISSN 0372-400X. Yxp. ¢is. orcypn. 2022. T. 67, Ne 9



Review on CgoS Spectra

Table 1. Results of calculations of [5,6]CgoO

Results Results Results
Molecules of calculation [13, 14] of calculation [5] of calculation [6]

[5,6]Ce0S Cg0S [5,6]Ce0S
C-C hexagon 1.365-1.441 A - 1.493 A
C-C pentagon 1.375-1.464 A - 1.493 A
c-C* 1.463-1.515 A - -
c*-C* 1.3494 A 2.296 A 1.639 A
c*-S 2.145 A 1.695 A 2.826-1.747 A
Angle (C*-S-C*) 36.7° - 55.9°
Angle (C-C*-C*) pentagon 108.0° - -
Angle (C-C*-C) hexagon 116.8° - -
Angle (C*~C*~C) hexagon 120.0° - -
Angle (C-C-C) pentagon 107.7-108.9° - -
Angle (C-C-C) hexagon 118.4-121.4° - -
Dipole moment 1.9205 D - -
Basis Set STO-3G 3-21G B3LYP/6-31G

Table 2. Results of calculation of [6,6]CeoO
Results Results Results
Molecules of calculation [13, 14] of calculation [5] of calculation [6]

[6,6]Cs0S Cg0S [6,6]Ce0S
C-C hexagon 1.366-1.379 A - 1.497 A
C-C pentagon 1.375-1.464 A - 1.497 A
c-C* 1.463-1.515 A - -
Cc*-C* 1.3475 A 1.594 A 1.497 A
C*-S 2.147 A 1.729 A 1.747 A
Angle (C*-S-C*) 36.72° - 52.7°
Angle (C-C*-C) pentagon 108.0° - -
Angle(C*~C*~C) hexagon 120.0° - -
Angle (C-C-C) pentagon 107.4-108.9° - -
Angle (C-C-C) hexagon 120.0-121.7° - -
Dipole moment 1.1231 D - -
Basis Set STO-3G 3-21G B3LYP/6-31G

the first interval, it

appears that carbon atoms of

jor peaks for [5,6]CgpS and eight ones for [6,6|CgoS
can be seen in the interval 0-400 cm ™!, as shown in
Fig. 2. Six major peaks are present in both [5,6]CgoS
and [6,6]CgoS in 400-800 cm~!. Three major peaks
are seen in both [5,6]CgoS and [6,6]CeoS in 800-
1200 cm~!. Similarly in both [5,6|Cs0S and [6,6]Ce0S,
seven peaks are in the interval 1200-1650 cm~!.

In the IR spectra, they got few numbers of peaks in
0-600 cm ™1, as shown in Fig. 3. All lowest peaks can
be seen in 600-800 cm~!. No peaks have been cal-
culated in the 800-1200 cm ™! interval. The numbers
of highest peaks can be seen in 12001650 cm™'. In
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fullerene show only the movement keeping the sulphur
atom stationary. The cage movement includes the ra-
dial breathing mode, twisted mode, zig-zag modes for
carbon atoms etc.

6) The figures show that several intense peaks are
observed in closed [5,6]CgoS isomer that is more than
in closed [6,6|CgoS in Raman and IR spectra.

7) According to Z. Slanina et al. [5] and X. Xu et
al. [6], we accept that closed [6,6]CgoS is the most sta-
ble isomer among all CggS isomers. Calculations done
by M. Yunus et al. [13, 14] also agree with this asser-
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Fig. 3. Infrared spectra of [5,6]Cg0S and [6,6]CeoS

tion. Therefore, it is possible to calculate the Raman
and IR spectra of [6,6]CgoS. But lower Raman inten-
sities are calculated in this case.

8) Raman spectra of CgpS could not be matched
with the present Raman spectra of [6,6]Cg0S, as Rthe
aman spectrum of CgpS may not be available through
semiempirical studies [5]. This suggests that CgoS
isomers may have overestimated IR spectra. There-
fore, the IR spectrum of [6,6]CgpS does not agree
with the result given in [13, 14] for the IR spec-
trum of [6,6|CgoS. Then Z. Slanina et al. [5] calcu-
lated the IR spectrum for open [5,6|CgoS isomer, and
M. Yunus et al. fetermined it for closed [5,6]CgoS iso-
mer. No calculations were done for the IR spectrum
of open [5,6]CgoS isomer in [13, 14], since the Hatree—
Fock method shows no convergence for open [5,6]CgpS
isomer.

9) The higher numbers of peaks and strong in-
tense lines are observed for closed [5,6]CgpS as com-
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pared with closed [6,6]CgoS isomer. But the Raman
number and Raman intense peaks will fade faster for
closed [5,6]CgoS than for closed [6,6]CgpS. This in-
dicates that the closed [5,6]CgoS is less stable than
closed [6,6]CgoS isomer.

10) It has been observed [5—6] and calculated in
[13, 14] that an increase in the temperature in-
duces abrupt substantial changes in the shapes of
Raman and IR spectral bands. This can occur due
to two barriers for the interconversion between the
closed [6,6]CgoS and open [5,6]CgoS isomers. The en-
ergy barriers calculated by M. Yunus et al. in [13,
14] for the conversion of closed [6,6|CgoS isomer
to open [5,6]CgoS isomer are 233.2 kJ-mol~! and
1.2 kJ-mol™!. The inverse (reaction) conversion’s
barriers from open [5,6]CgoS to closed [6,6]CgoS iso-
mer are 82.0 kJ-mol~! and 150.5 kJ - mol 1.

11) The results in [13, 14| show that the Raman and
IR spectra of closed [5,6]CgS, as given in the figures,
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are not observed experimentally at room temperature
due to their instability. Moreover, the Raman spec-
trum of [5,6]CgoS is not available.

12) We note that Z. Slanina et al. [5] did not com-
pute the Raman spectrum for [6,6]CgoS. The IR spec-
trum for CggS in [13, 14] does not match that in
[5], because Z. Slanina calculated open CgoS, whereas
M. Yunus et al. calculated closed CgpS. The reason is
in that the parameters used by Z. Slanina et al. [5]
for the construction of fullerene are very different
from those used by M. Yunus et al. The carbon —
carbon distance in the present studies are 1.375-
1.464 A, whereas Z. Slanina et al. [5] took 1.594—
2.296 A, which is a wrong distance for carbon — car-
bon. According to M D. Newton et al. [12] for the
Ceo cage, the carbon- carbon distances equal approx-
imately 1.40 A.

13) Moreover, no attempt was made by Z. Slanina
et al. [5] to scale the computed frequencies, although
they were accepted to be overestimated in the calcula-
tions of the IR spectra. M. Yunus et al. computed the
Raman frequencies that are different from those in [5],
where the IR spectrum for CgoS was calculated. The
MNDO energy parametrizations corresponds to room
temperature, rather than to absolute zero. Therefore,
there may be a chance of changing the frequencies of
CgoS in the calculated IR spectra.

14) The study of IR spectra by M. Yunus et al. for
[6,6]Cs0S gave better results than those obtained by
Z. Slanina et al. [5]. The computed Raman spectra for
closed [5,6]CgoS and closed [6,6]CgpS have high accu-
racy. Thus, we have a good tool for computing the
Raman and IR spectra at room temperature [13, 14].

5. Conclusions

The number of Raman and IR spectral peaks ob-
served for closed [5,6]CgoS isomer is greater than for
closed [6,6]CgoS. Moreover, the strong intense lines in
Raman and IR spectra are found in closed [5,6]CgoS
isomer, whose number is greater, as compared with
[6,6]Cg0S.
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M. FOnyc, P. Hizam
OIJIdd CIIEKTPIB CgoS

3pobieHo oryisaz pe3yJbTaTiB HAIIMX PO3PaXyHKIB iHdpadep-
BOHHUX Ta paMaHIBCbKUX crekTpiB st CgpS, BUKOHAHUX 3 BU-
KopucranusaMm Merony Xaprpi—Poka. PosrisHyTo woTupu izo-
Mepu: 3akpuruil [6,6]Ce0S, Binkpuruii [6,6/CeoS, 3axpuTuii
[5,6]C60S Ta Binkpurwnii [5,6|CeoS. Cnexrpu 6ys10 po3spaxoBaHO
B [13, 14] msa 3akpurux isomepis [5,6]CeoS Ta [6,6]Cs0S. 3a-
yBaXXuMo, 110 Meto; Xaprpi—Poka He € 30i>KHUM 151 BiIKpU-
Tux i3omepis [5,6]CeoS Ta [6,6]CeoS. B koxkHOMY pospaxoBaHo-
My CIEKTpi pO3IVIsSHYTO doTupu obsacti acror: 0-600 cm 1,
600-800 cm~1, 800-1200 cm~! Ta 1200-1650 cm~ !, ski mpo-
aHaJIi30BaHO OKpeMO. BusiBIeHO iHTEHCHUBHI JIiHIT /1J1s1 32KPUTO-
ro izomepa [6,6/Ce0S, a He mna saxkpuroro izomepa [5,6]CeoS,
K B pPaMaHIBCbKUX, TaK 1 B iH(MpaYepBOHUX CIIEKTpax. B
[13, 14| pospaxoBano eHepreTmuHi 6ap’€pH, IO JOPIBHIOIOTH
233,2 k/lxx-moap~ ! Ta 1,2 kxJIxk - Moms~! mis mepexomy 3a-
kpuroro [6,6]CeoS y Binkpurnuit [5,6]Ce0S izomep. 3HavenHs
82,0 /I - momp~ 1 i 150,5 kJIxx - Mo~ orpumani st 3B0-
poTHOro nepexoay Bigkpuroro izomepa [5,6]CgoS B 3akpuTHii
[6,6]Cs0S.

Katwwoei caosa: meron Xaprpi—Poka, indpadepBoHi crie-
KTpH, paMaHiBcbKi cuekTpu, CegpS.
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