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FREQUENCIES OF C3s: AN ALGEBRAIC APPROACH

The one-dimensional U (2) Lie algebra is employed to calculate the structural and vibrational
properties of Css. The lowest energy configuration of the Csg cage is confirmed to have Degp,
symmetry. The Lie algebraic method is based on the idea of dynamic symmetry, which can be
expressed in terms of U(2) Lie algebra. By applying the algebraic techniques, a local Hamilto-
nian, which conveniently describes the rovibrational degrees of freedom of the physical system,
can be obtained. In this technique, the Hamiltonian is constructed, by considering the invariant
Casimir and Majorana operators replacing every bond of the molecule by a corresponding Lie
algebra. At the same time, the fundamental stretching vibrational energy levels of the molecule
Cs6 are calculated. Finally, the calculated results are compared with other theoretical findings.
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1. Introduction

As a matter of keen interest of the research com-
munity, to unfold the different properties of atoms
and molecules, the spectroscopy is considered nowa-
days as an active dependable arena. The spectroscopy
deals with the interaction between electromagnetic
radiation and matter. This interaction results in the
spectra characterized by wavelengths or frequen-
cies. The spectroscopic data are considered as a
measure of the radiation intensity as a function
of the wavelength. Electromagnetic radiation propa-
gates through the free space or through a material
medium in the form of electromagnetic waves. The
electric field varying in time can induce a magnetic
field which induces, in turn, an electric field. They os-
cillate in mutually perpendicular directions and take
the form of an electromagnetic wave.

For the calculations of the frequencies of the vibra-
tional modes of polyatomic molecules, there are many
theoretical approaches like the tight-binding molecu-
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lar dynamics [1], first principles calculation [2], force
field model [3], modified neglect of diatomic over-
lap (MNDO) model [4], quantum-mechanical con-
sistent force field method for pi-electron systems
(QCFF/PI) [5], Austin model 1 (AM1) [6], density
functional theory (DFT) [7], etc. has been reported
so far. Besides these, the Lie algebraic approach has
also been successfully analyze the vibrational spectra
of many medium and large-sized molecules. A brief
review work of Tachello et al. reflects the scenario of
the field up to 2002 along with the perspectives for
the algebraic method in the first decade of the 21st
century [8].

In this study, we consider the vibrational spectra of
a small carbon cluster, being a very interesting mo-
mentous element. Most of the results regarding the
study of the vibrational modes of small- and medium-
sized carbon clusters are based on experiments. In re-
cent years, researchers have performed many experi-
mental observations in this relevant field. Though the
experimental observations are good enough and sig-
nify an important role in interpreting the results on
the basis of the analysis of data, the theoretical ap-
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proaches are also indispensible to unfold the endless
possibilities to study the characteristics of small- and
medium-sized molecules and to predict hitherto un-
known states [9].

Here, our purpose persists to report the vibrational
infrared frequencies of fullerene molecules Csg. Our
interest in Csg is driven by the persistent incom-
plete experimental evidence (mainly concerning the
infrared spectrum), as well as by the speculations of
Fowler et al. [10] about the potential role of Csg as
a building block in fullerene compounds and many
solids.

Various properties of Css molecules have been in-
vestigated experimentally over the last several years
[11-14]. However, the synthesis of solid form Css was
achieved only recently [15]. Solid-state NMR mea-
surements indicate that the molecule has Dgj, symme-
try, and the electron diffraction patterns suggest the
crystal has hexagonal symmetry. The IR absorption
spectrum of the powdered crystal shows a number of
broad features between 400 and 1800 cm™!, and, to
the best of our knowledge, no other measurements of
vibrational frequencies of C3g have been reported.

The most distinctive calculations of the vibrational
frequencies of Csg reported up to now are the tight
binding molecular dynamics of Beu et al. [1] and first
principles calculations of Jishi et al. [2], using a spin-
polarized DFT approach within the local density ap-
proximation (LDA). For the IR spectrum, the overall
agreement of the calculated frequencies with the ex-
perimental data is very good. It is also found from the
approach of density functional tight-binding (DFTB)
level that the molecule C34 forms stronger intercage
bonds than other lager fullerenes, say, C7g and Cgg.

In such case, we use a mathematical model of
molecular spectra to describe and predict the vibra-
tional modes with high precision and accuracy. The
algebraic approach was first given by Wulfman,
Levine, and co-workers enthused from the interact-
ing boson model of Arima and Iachello. Later on,
Tachello developed this model with the introduction of
the vibron model, where the rotation-vibration spec-
tra of molecules were described by U(4) algebra. But
this becomes very difficult to use U(4) algebra, when
the number of atoms increases. This difficulty com-
pels them to apply another algebraic model to the
polyatomic molecules, and, henceforth, the U(2) al-
gebraic model, in which rotations and vibrations are
completely separated, has been introduced.
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Using the simple algebraic technique, we can easily
find the different fundamental energy levels of con-
cerned molecules. The level of accuracy can be es-
timated by the one-dimensional U(2) Lie algebraic
method [16].

2. The Algebraic Approach

The algebraic method has been extensively used as a
computational tool for the analysis and interpretation
of the experimental rotational-vibrational spectra of
large- and medium-sized molecules. This method is
purely based on the idea of dynamic symmetry,
which depends, in turn, on the Hamiltonian formal-
ism with the help of Lie algebraic technique, which
conveniently describes the rotational-vibrational de-
grees of freedom of the physical system. In the one-
dimensional U(2) model, the replacement of the in-
teraction bond co-ordinates by a unitary algebra
provides a specific formulation of the algebraic ex-
pressions of eigenvalues and eigenvectors of complex
Hamiltonian operators, which also includes the in-
termode coupling term and the expectation values
as well. Since the U(4) algebra is very much com-
plicated, when the number of molecules is more than
four, we need to construct a simple version of the vi-
bron model with U(2) algebra that can be used for
the vibrational analysis of polyatomic molecules [17].

The main advantages of the U(2) algebraic ap-
proach over the conventional Dunham-like expansions
are as follows:

1. The algebraic models lead to a local Hamiltonian
formulation of the physical problem.

2. Its expansions are intrinsically anharmonic in
the zero-order approximation.

These two elements significantly reduce the num-
ber of parameters in comparison to the harmonic
series for medium- and small-sized molecules. Hence
the local Hamiltonian formulation can be used in the
analysis of highly excited overtones of the polyatomic
molecules.

The algebraic framework is based on the isomor-
phism of the U(2) Lie algebra with that of the one-
dimensional Morse oscillator. The Hamiltonian of the
one-dimensional Schrodinger equation with the Morse
potential [18],

2
h(p.x) = %L + D[1 - e(_‘”)]2, (1)
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can be put into the one-to-one correspondence with
the representations of U(2) D O(2) characterized by
quantum numbers | N, m) with the provision that one
takes only the positive branch of m, i.e., m = N,
N-—-2 K, 1or0for N=odd or even (N = inte-
ger). The Morse Hamiltonian in Eq. (1) corresponds
in the U(2) basis to a simple Hamiltonian [19]

h=e¢e+ AC,

where C is the invariant operator. The eigenvalues of
h are

€ =¢o+ A(m? — N?), (2)

where m = N, N —2,....,1 or 0 (N = integer).

Here, we introduce the vibrational quantum num-
ber, v = (N —m)/2.

Thus, Eq. (2) can be rewritten as

€ =¢y—4A(Nv —v?), (3)
where v =0, 1, ..., % or % and (N = even or odd).

The values of ¢y, A, and N are given in terms of
D, i1, and «, respectively, by using the relations

2D 1/2 _ 12,2
€0 = —D, —4AN = ha () 4A = ZO‘
1

p o (4)

where D is the dissociation energy, and u is the re-
duced mass.

In a good approximation, we can write the Hamil-
tonian of a polyatomic molecule in terms of the Morse
anharmonic oscillator, by applying U(2) algebra for
each coordinate. This leads to the following algebraic
Hamiltonian for the coupled oscillator [20]:

H=FEo+Y ACi+Y Ai;Ci+> XjMy.  (5)

i=1 i<j i<j

In the above Hamiltonian, the contributions of the
three different classes are defined in the following
manner: The first term, >, A4;C;, contributes to
the description of n independent anharmonic se-
quences of vibrational levels (associated with N in-
dependent local oscillators) in terms of the opera-
tors C;. The second one, E?q A;;C;, leads to cross-
anharmonicities between pairs of distinct local oscil-
lators in terms of the operators C;. The third one,
Z;L j AijM;;, depicts anharmonic nondiagonal inter-
actions involving pairs of local oscillators in terms
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of the operators M;;. The C;, C;; and M;; are the
invariant algebraic operators. In the local basis, the
operators C; compose a diagonal matrix with eigen-
values [21]

<Ni; Vi‘ci‘Ni7Vi> = _4<Nil/i — 1/2) (6)

3

The couplings between the bonds are introduced by
the invariant operators C;; and M;; called Casimir
and Majorana operators, respectively. The Casimir
operator has only the diagonal matrix elements,
whereas the Majorana operators have both diagonal
and off-diagonal matrix elements, which are given by
<Z/|C’1|I/> = 74V1(Nz — 1/7;)7
(v|Cijlv) = =4(vi + v5)(Ni + N; — vi — v5),
/ .. P . . . . — . . ’ ’
(Vi[Mijlv) = (viN; + v;N; 2’/2’/])5%1'7:5%1’.7"
WiIMylv) = —[(vi + 1)(N: — 1) X
X Vj(Nj —Vj + 1)]1/26V;—1/,-5VJ’.+VJ’ (8)
(Vi Mij|v) = =[(v; + D(N; —vj) x
x V(N — vi + 1)]1/25vé+w51f§—w~

(7)

Thus, the eigenvalues of the Hamiltonian can be eas-
ily evaluated and provide a description of n coupled
anharmonic vibrations.

3. Results and Discussion

In the algebraic theory, we introduce the vibron num-
ber N, which is directly related to the anharmonicity
of the local C—C stretching bonds. At first, the value
of vibron number N is determined by the relation [22]

-1, (9)

where w, and w.z. are the spectroscopic constants
[22, 23] of diatomic molecules with the stretching in-
teraction of the molecules considered. The value of N
has to be taken as the initial guess depending on the
specific molecular structure. One can expect a change
of 20% of the value of N.

Table 1. Fitting algebraic parameters
of C36(A, A\, X\’) (in cm™1'), whereas N
is dimensionless)

Vibron number A A N

140 -0.776 0.275 0.058
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Table 2. Calculated IR frequencies of C3zg (in cm_l)

Mode Beu®(v1) Jishib(yg) This work(v) Al =v—1y Ao =v—1q |Al,1‘ |Al,2‘
E1u(1) 431 459 432 -27 1 0.062 0.002
E14(2) 480 483 481 -2 1 0.004 0.002
Aoy (1) 511 510 509 -1 -2 0.001 0.004
E14(3) 682 668 675 7 =7 0.011 0.011
Ei,(4) 734 727 739 12 5 0.016 0.006
A24(2) 752 758 751 -7 -1 0.009 0.001
A24(3) 796 785 789 4 -7 0.005 0.008
E14(5) 1027 1083 1035 —48 8 0.046 0.007
Az (4) 1102 1103 1107 4 5 0.003 0.004
E1,(6) 1259 1261 1263 2 4 0.001 0.003
A24(5) 1385 1340 1347 7 -38 0.005 0.028
E14(5) 1375 1355 1359 4 —-16 0.002 0.012
E14(9) 1454 1465 1460 -5 6 0.003 0.004
@Reference [1], *Reference [2].
Second, the value of the parameter A can be ob- matrix equation (11):
tained from the single-oscillator fundamental mode Ex— E
=2 12
as - IN ’ ( )
E,_i = —4A(N —1). (10) i{li By — By 13)
6N

Lastly, on the third step, one has to obtain an ini-
tial guess for the parameters A and X of the Majo-
rana operators M;;, the role of which is to degenerate
the local modes. The value of these parameters can
be calculated by considering the matrix structure of
the molecules. By using a numerical fitting procedure
(in a least-square sense) one can adjust the values of
the parameters N, A, A\, N, and A’ (whose initial
value can be taken as zero) to compare the results of
the tight-binding molecular dynamics [1] and the first
principles calculation [2].

Lastly, one has to obtain an initial guess for the pa-
rameters A and )\’ of the Majorana operators, the role
of which is to degenerate the local modes. The values
of the parameters can be calculated by considering
the following matrix structure of the molecules:

—B —AN —-AN —-AN
—AN —-B AN —-\N , (11)
—AN —AN —-B —-AN
—AN —AN —-AN -BN

where B =4A(N — 1) —4A’(2N — 1)+ 3(A + X).
To obtain the initial guesses for the parameters A
and X\, we comprise the following relations from the
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The fitting algebraic parameters used in the study
of vibrational spectra of a small carbon cluster Csg
are given in Table 1, whereas Table 2 shows the fun-
damental IR frequencies in connection with Csg from
our study and the calculated frequencies from the
tight-binding molecular dynamics [1].

4. Conclusion

The algebraic model presented here is a model of
coupled one-dimensional Morse oscillators describing
the C—C stretching vibrations of Czg. Using the one-
dimensional algebraic model, one can avoid the com-
plicated integrations in the solution of coupled dif-
ferential Schrodinger equations. For the C—-C stretch-
ing interbond interactions, this model can be used
in a simple and straightforward way, and the reliable
calculation of the stretching bonds can be explained
in terms of the fitting algebraic parameters. In this
work, we have presented the normal modes of vibra-
tions of Cs3g, which are in agreement with the other
theoretical results [1,2]. We hope for that, with a fur-
ther advancement of the U(2) model, the Raman ac-
tive modes of vibrations of C34 can be also explained
with good accuracy.

ISSN 2071-0186. Ukr. J. Phys. 2017. Vol. 62, No. 8




Vibrational IR Active Frequency of Csg

10.

11.

12.

13.

14.

. Z. Slanina,

. T.A. Beu, J. Onoe, K. Takeuchi. Structural and vibra-

tional properties of Csg and its oligomers (C36)rr=2,3,4
by tight-binding molecular dynamics. Fur. Phys. J. D 17,
205 (2001).

. R.A. Jishi, M.S. Dresselhaus. Vibrational frequencies in

Csg. Chem. Phys. Lett. 302, 533 (1999).

. S.J. Cyvin, E. Brendsdal, B.N. Cyvin, J. Brunvoll. Molec-

ular vibrations of footballene. Chem. Phys. Lett. 143, 377
(1988); R.A. Jishi, R.M. Mirie, M.S. Dresselhaus, G. Dres-
selhaus, P.C. Eklund. Force-constant model for the vi-
brational modes in C7g. Phys. Rev. B 48, 5634 (1993);
Z.C. Wu, D.A. Jelski, T.F. George. Vibrational motions of
buckminsterfullerene. Chem. Phys. Lett. 137, 291 (1987).

. R.E. Stanton, M.D. Newton. Normal vibrational modes of

buckminsterfullerene. J. Phys. Chem. 92, 2141 (1988).

. F. Negri, G. Orlandi, F. Zerbetto. Quantum-chemical in-

vestigation of Franck—Condon and Jahn—Teller activity
in the electronic spectra of Buckminsterfullerene. Chem.
Phys. Lett. 144, 31 (1988).

J.M. Rudzinski, M. Togasi, E. Osawa.
Quantum-chemically supported vibrational analysis of gi-
ant molecules: the Cgo and Crg clusters. J. Mol. Struc.
(Theochem.) 202, 169 (1989).

. G.B. Adams, J.B. Page, O.F. Sankey, K. Sinha, J. Menen-

dez. First-principles quantum molecular-dynamics study of
the vibrations of icosahedral Cgg. Phys. Rev. B 44, 4052
(1991); C.H. Choi, M. Kertesz, L. Mihaly. Vibrational as-
signment of all 46 fundamentals of Cgp and Cga: Scaled
quantum mechanical results performed in redundant in-
ternal coordinates and compared to experiments. J. Phys.
Chem. A 104, 102 (2000); V. Schettino, M. Pagliai, L. Cia-
bini, G. Cardini. The vibrational spectrum of fullerene Cgg.
J. Phys. Chem. A 105, 11192 (2001).

. F. Iachello, S. Oss. Algebraic methods in quantum mechan-

ics: From molecules to polymers. Euro. Phys. J. D 19, 307
(2002).

. F. Tachello. Algebraic methods for molecular rotation-

vibration spectra. Chem. Phys. Lett. 78, 581 (1981).
P.W. Fowler, T. Heine, K.M. Rogers, J.P.B. Sandall,
G. Seifert, F. Zerbetto. C3g, a hexavalent building block
for fullerene compounds and solids. Chem. Phys. Lett. 300,
369 (1999).

S.C. O’Brien, J.R. Heath, R.F. Curl, R.E. Smalley. Pho-
tophysics of buckminsterfullerene and other carbon cluster
ions. J. Chem. Phys. 88, 220 (1988).

G. von Helden, M.T. Hsu, N.G. Potts, P.R. Kemperer,
M.T. Bowers. Do small fullerenes exist only on the com-
puter? Experimental results on C2:0/7 and 034/7. Chem.
Phys. Lett. 204, 15 (1993).

K.B. Shelimov, J.M. Hunter, M.F. Jarrold. Small car-
bon rings: dissociation, isomerization, and a simple model
based on strain. Int. J. Mass Spectrom. Ion Process. 138,
17 (1994).

L.D. Book, C. Xu, G.E. Scuseria. Carbon cluster ion drift
mobilities. The importance of geometry and vibrational ef-
fects. Chem. Phys. Lett. 222, 281 (1994).

ISSN 2071-0186. Ukr. J. Phys. 2017. Vol. 62, No. 8

15. C. Piskoti, J. Yarger, A. Zettl. C36, a new carbon solid.
Nature (London) 393, 771 (1998).

16. N.K. Sarkar, J. Choudhury, R. Bhattacharjee. An alge-
braic approach to the study of the vibrational spectra of
HCN. Mol. Phys. 104, 3051 (2006); N.K. Sarkar, J. Choud-
hury, R. Bhattacharjee. An algebraic approach to the com-
parative study of the vibrational spectra of monofluo-
roacetylene (HCCF) and deuterated acetylene (HCCD).
Mol. Phys. 106, 693 (2008); N.K. Sarkar, J. Choudhury,
R. Bhattacharjee. A comparative study of the vibrational
spectra of OCS and HCP using the Lie algebraic method.
Eur. Phys. J. D. 53, 163 (2009).

17. R. Sen, A. Kalyan, R.S. Paul, N.K. Sarkar, R. Bhattachar-
jee. A study of vibrational spectra of fullerene Crg and Cgp:
An algebraic approach. Acta Phys. Polonica A 120(3), 407
(2011); R. Sen, A. Kalyan, R. Das, N.K. Sarkar, R. Bhat-
tacharjee. Vibrational frequencies of buckminsterfullerene:
An algebraic study. Spectrosc. Lett. 45, 273 (2012).

18. R. Sen, A. Kalyan, R.S. Paul, J. Choudhury, N.K. Sarkar,
R. Bhattacharjee. U(2) Lie algebraic study of vibrational
spectra of fullerene Cgg and its epoxide Cgo—O. Ukr. J.
Phys. 57(5), 500 (2012).

19. R. Sen, A. Kalyan, N.K. Sarkar, R. Bhattacharjee. Spectro-
scopic analysis of Cgg isomers by the U(2) algebraic model.
Fuller. Nanotub. Car. No. 21, 403 (2013).

20. F. Iachello, R.D. Levine. Algebraic Theory of Molecules
(Oxford Univ. Press, 1996).

21. S. Oss. Algebraic models in molecular spectroscopy. Adv.
Chem. Phys. 93, 455 (1996).

22. K. Nakamoto. Infrared and Raman spectra of inorganic
and coordination compounds: Part A: Theory and appli-
cations in inorganic chemistry (Wiley, 1997).

23. K.P. Huber, G. Herzberg. Molecular Spectra and Molecu-
lar Structure IV: Constants of Diatomic Molecules (Van
Nostrand, 1979).

Received 16.05.17

M.JI. Yoyoxypi, P. Cen, B.1. Illapma

KOJIMBAJIBHI I9-AKTUBHI
YACTOTU Cze: AJITEBPATYHUN ITIAXIT

Peszmowme

Opnosumipna U(2) asrebpa JIi 3acrocoBaHa Ijisi pO3paxyH-
Ky cTpyKTypH i konusaub C3g. [lokazano, mo Hukunii piBenn
enepril kapkaca C3g mae Dgjp cumerpito. AnrebpaidHuii me-
Tox JIi 3acHoBaHMil Ha imel AMHAMIYHOI CHMeETpil, siKa MOXKe
6yTu onucana U(2) anrebporo JIi. I3 3acrocysanmsm anrebpa-
T9HOT TEXHIKM OTPHMAHO JIOKAJbHHUI raMiJIbTOHIAaH, 110 OIUCYE
obepTaJibHi i KOMUBaJIBHI cTyIeHi cBob6oau raHol (izudHOl cu-
creMu. Y IIbOMY HiJIXOI raMijibTOHiaH MOOYOBaHUN 3 BHUKO-
pucraHHSIM iHBapiaHTHHX omeparopiB Kasmmwupa i Maitopana
i3 3aMiHOIO KOXKHOI'O 3B’SI3Ky MOJIEKYJIH, IO BiJANoOBiZae aJre-
opi JIi. PospaxoBani dynmamenTasbHi piBHI €Hepril MoseKyIn
C36 119 KOJIUBaHb 3 PO3TArYyBaHHAM. |[pOBEIeHO NOPIBHIAHHS
3 IHIIMMU TEOPETUYHUMU PE3YJIBTATAMU.
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