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This study introduces a symmetry-adapted Lie algebraic framework, a highly efficient tool for calculating vibrational frequencies in
dichlorodifluoromethane (CClzF2). With its Czy point group symmetry, the molecule under consideration is particularly suited for this
approach. By formulating carbon-hydrogen(C-H) and carbon-chlorine (C-Cl) bond structures in unitary Lie algebras, the determination
of the vibrational quantum states of the molecule becomes remarkably straightforward. The Hamiltonian, including Casimir and
Majorana invariant operators and fitted parameters, accurately reproduces the desired vibrational modes using fundamental and higher
overtone frequencies. This approach, which compares modern and classical models, underscores the Lie algebraic techniques as
efficient tools for modelling anharmonic interactions and transition dynamics on a molecular scale. Beyond its theoretical relevance,
the model constructed provides a deep understanding of the vibrational aspects of molecules, a knowledge crucial for practical
applications such as spectroscopic data interpretation, the design of materials with desired vibrational characteristics, or the study of
molecules in complex environments. These practical applications enhance the versatility of the methodology and have enabled its
successful application to molecular spectroscopy, chemical kinetics, and the design of energy-efficient materials and sensors, among
other areas. This study provides experimentalists with confidence in the Lie algebraic approach and paves the way for further
polyatomic molecule experiments. By significantly contributing to reducing the error margin in computational molecular physics, this
methodology opens exciting possibilities for future research and development.
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1. INTRODUCTION

Vibrational spectra are of great importance as they form the basis of molecular spectroscopy and are a valuable resource
for depicting a molecule's structural, dynamic, and chemical aspects. The spectra are the result of the quantization of
vibrational modes of molecular bonds and are valuable in understanding molecular behaviour, such as bond strength,
structure, and energy interactions. These natural frequencies are associated with the vibrational spectra of molecules and
serve as the basis for understanding inter and intra-molecular interaction and stability. Their accurate determination is
important for various applications in science and industry, including the characterization of materials, monitoring of the
environment, analysis of chemicals, and even drug design. Their prediction and analysis enable scientists to envisage the
molecular properties under varied physical and chemical circumstances, which enhances the growth of both theoretical and
experimental chemistry [1-3].

For a long time now, various means of computational geometry have existed to compute vibrational frequencies,
each applying to scenarios and having flaws of their own. For example, the first approximation treats vibrations of
molecules as harmonic oscillators, with the only caveat being a quadratic potential energy surface. This leads to having
multiple overtones at one time; thus, considering anharmonic oscillations masks this model for a better chance of
correctness while being overly simplistic when adjusting for vertical strength. As long as we narrow our scope to smaller
molecules, there are quantum equations that allow such non-harmonics to work as expected, yet as the size of the molecule
increases, so does the cost. Because of this, Ab initio seems infeasible, which leaves us with the now classical Density
Functional Theory, which does have good scaling while providing correct values but does depend on the set basis chosen
for the function, which raises their accuracy depending on the interactions at hand. A brute method and exact method are
a popular combination because half the work done on the molecule allows for the rest to be narrowed down, so while
being computationally less in demand, they still are limited [4-9].

To begin with, it must be pointed out that even though they are helpful, conventional strategies are faced with great
difficulties when applying them to complex molecular systems. Such limitations encompass the difficulties in handling
anharmonic vibrations, especially in excited states, and large computationally expensive molecules. In addition, too many
conventional methods have the opportunity to account for transitions between the localized and delocalized vibrational
modes, which is crucial for an adequate description of the molecular dynamics. All these disadvantages justify using
different approaches, which have to specify molecular vibrations at specific but not-so-high computational
expenses [10-14].
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The Lie algebraic approach is a viable way to cope with such shortcomings. This method applies the mathematics of
Lie algebras to the task of defining molecular vibrations in a symmetry-adapted form, which has certain benefits over the
standard approach. The vibrational Hamiltonian, which encapsulates the energy of the molecules in terms of their vibrations,
is written in the form of operators that include the system's characteristics regarding its vibrational aspects. These operators
include Casimir operators that explain symmetry relations between the states of vibration and Majorana operators that
describe an anharmonic relation between the vibration modes. The parameters connected with these operators are fitted to
the experimental data, and the results obtained are used to predict the molecular vibrational characteristics. Unlike the
conventional approaches, the Lie Algebraic approach automatically includes some anharmonicity and, therefore, is much
more applicable when predicting higher overtones and the detail of molecular vibrations is required. In this case, the method
primarily benefits from using the symmetry of molecules to substantially simplify and reduce the number of variables and
operations required to perform a deep analysis of the Hamiltonian vibrational function. Lie algebraic model provides
accurate, efficient calculations of molecular spectroscopic information that account for vibrational modes that are localized
and delocalized. This model has applications that range from complex systems to diatomic molecules and encompasses all
in between, thus proving to be quite versatile. Furthermore, this model alleviates the problems faced by traditional models
that are primarily computational, such as dealing with nuclear and computational costs, which enhances its use for molecular
spectroscopy [15-19].

This study calculates the vibrational frequencies of dichlorodifluoromethane using an integrated Lie algebraic
approach. The vibrational spectrum of dichlorodifluoromethane helps assess computational methods due to its frequency
range, making the molecule of both industrial and environmental significance. The molecule possesses overlapping
stretching and bending vibrational modes and belongs to the C,, symmetry point group, which validates the use of the Lie
algebraic framework. The parameters of symmetry-adapted operators used in a molecule's vibrational Hamiltonian are
adjusted to reduce the difference between theoretical predictions and experimental observations. This study has displayed
that the system can accurately forecast the fundamental and higher over-tone frequencies while dealing with non-linear
interactions.

The results of this research point out the benefits of utilizing the Lie algebraic approach compared to typical approaches.
The approach's capability of accounting for anharmonic effects, cutting down the computation required, and conforming to
the symmetry properties of molecules indicates that it has prospects for broader use in molecular spectroscopy. Apart from
providing a thorough treatment of dichlorodifluoromethane's vibrational characteristics, this study also demonstrates the
ability of the theory to deal with sophisticated molecular systems. The results demonstrate how the Lie algebraic approach
fills in the important voids in vibrational analysis and provides an inexpensive and efficient substitute for the conventional
computational methods.

The main goals of this study are to assess the shortcomings of the available approaches in estimating vibrational
frequencies and display the inherent advantages of this Lie algebraic framework. Using dichlorodifluoromethane as an
illustration, the present work seeks to validate the relevance of the method in dealing with problems on anharmonicity and
offering further savings on computation time. It also targets bringing the foundations towards using the Lie algebraic technique
on a larger scale and more complicated molecular structures, which can further enhance molecular spectroscopy methods.
This study's results improve the vibrational dynamics of the molecule under investigation, dichlorodifluoromethane, and foster
the use of such symmetry-adapted methods in studying molecular vibrations in other fields.

2. LIE ALGEBRAIC HAMILTONIAN FOR VIBRATIONAL ANALYSIS OF CCLF:

The tetrahedral molecule known as Freon-12 or Dichlorodifluoromethane has a carbon atom which is bonded two
each of two atoms, chlorine and two atoms of fluorine. It possesses C,, symmetry which enables the vibrational modes
to be divided into four unique symmetry species (Ai, Az, Bi, By). The components of A; include symmetric stretching
and bending, the component of B, is asymmetric stretching whereas the component of B; is asymmetric bending that is
oriented perpendicular to the molecular plane. Such symmetry classification aids in conducting vibrational analysis by
estimating IR and Raman activity, besides classifying the molecular into other spectroscopic properties. Employing the
Lie algebraic framework, this symmetry is applied to derive the vibrational Hamiltonian which describes in a good
approximation both harmonic and anharmonic molecular interactions.

The vibrational Hamiltonian for CCL,F, is expressed as [20-22]:

H =Ey + XL AiC + X5 4Gy + X0 A M (D

i<

where E, represents the zero-point energy, 4;, 4;;, A;; are algebraic parameters, C; are Casimir operators for individual
vibrational modes, C;; represent coupled vibrational modes, and M;; are Majorana operators capturing cross-mode
interactions.

Casimir operators C; quantify the anharmonicity of single vibrational modes with eigenvalues given by:
—4(Nyv; = v{) 2

where N; is the vibron number, and v; is the vibrational quantum number. For coupled modes, the operator C;; has diagonal
matrix elements:
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<Ni' Vi, IVJ"Vj|Cij|Ni'Vi; 1Vj,Vj> =4 [(Vi + Vj)z — (Vi + Vj)(Ni + IVJ)] (3)

The Majorana operator M;; includes both diagonal and off-diagonal terms, representing energy exchange between coupled
vibrational modes:

(Ni’ Vi, Ivj, leMij|Ni,Vi; 1Vj,Vj> = (NiVj + IVjVi— 2ViVj). (4)
Off-diagonal elements for vibrational transitions are given by:

]1/2

N;,v; +1; N;,v; — 1M,
( i Vi jrVj | Ll (5)

N vis N, v) = =[v;(vi + DW= v) (N-v; + 1)
<Ni' vi—1 N,v; + 1|Mij|Ni:Vi; Nj’Vj> = _[Vi(vj + 1)(1\[]'_Vf)(Ni_Vi T 1)]

The vibron numbers N;, which quantify the anharmonicity of each bond, are calculated as:

N; =29 1 i=1,2,3,4, (6)

N (wexe)i

where w,, is the harmonic frequency, and w,x, is the anharmonic constant obtained from spectroscopic data [23].
The initial estimates for algebraic parameters A;, Ay, 4;; are derived using fundamental vibrational energy relations.
For the symmetric and asymmetric stretching modes:

EC_F(V =1)=-4A,(N; - 1) )
ECY(v=1)=—44,(N, — 1))
The coupling parameters are estimated as:
/1(;_ F _|E C-F (Symmetric Stretch)—E C-F (Asymmetric Stretch)|
L " ®)
AC—CI _ |EC_C1(Symmetric Stretch)—Ec_Cl(Asymmetric Stretch) |
i 3N,

Applying the least square numerical regression improves the parameters, in this way reducing the difference between
computed and experimental frequencies. The Hamiltonian includes both the C-Cl bond and C-F bond contributions:

H = HCF 4 ge-c, 9

where:
HE=C = E§~C + A1Cy + A,C, + A5Cpp + A5 My, (10)
HEF = E§7F + A3C3 + AyCy 4 A3yCay + A3 My )

This model considers the bending and stretching vibrations of C-Cl and C-F bonds, and it portrays the vibration
spectrum of CCl,F, even more accurately. From the invariance group C,, and the symmetry adapted operator’s aid, the
Lie algebraic model provides close estimates of the resonant and harmonic frequencies which makes it highly effective
in analysing the molecular dynamics and the spectroscopic characteristics of the halogenated hydrocarbons.

3. RESULTS AND DISCUSSIONS
The vibrational Hamiltonian parameters were obtained by fitting to the fundamental vibrational frequency data of CCl2F>,
in order to determine a set of parameters such that the U(2) Lie algebraic approach for predicting the vibrational
frequencies of CCL:F: could be applied []. The fitted parameters are as follows:

Ne_p = 118,N¢_¢; = 160, AF™F = —2.35, 477! = —1.04, A7 = 6.38, A7 = 3.26,A7" = —0.16, 277! = —0.48

Table 1 below provides a comprehensive summary of the vibrational frequencies, symmetry species, and the

corresponding vibrational modes within the molecule. These results highlight the distribution of vibrational energy across
different modes, offering a detailed understanding of the molecular dynamics.
Further, these quantities are expressed graphically in the Figure which depicts the vibrational frequencies alongside
specific symmetry species and modes graphs. This bi-presentation both integrates and enhances an analysis of the CCIL2F2
vibrational behavior and deepens the understanding of the U(2) Lie algebraic framework effectiveness in capturing the
molecular vibrational characteristics.
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Table 1. Vibrational frequencies (in cm™) for CC1LF,

Vibrational Mode Symmetry Fundamental I I

Species Experimental [24] | Calculated | overtone | overtone

vi (CF; s-str) A 1101 1092.27 1822.31 2761.22
v2 (CCl2 s-str) A 667 669.14 1086.80 1561.11
v3 (CF scis) A 458 451.03 867.67 1109.37

v4 (CCl: scis) A 262 255.61 527.83 783.99
vs (CF2 twist) A 322 334.00 681.88 997.94
ve (CF a-str) Bi 1159 1136.38 2005.03 2900.55
v7 (CF2 rock) B 446 432.77 753.32 1087.07
vs ((CCl2 a-str)) Bi 902 900.29 1683.37 2446.42
vo (CF2 wag) B2 437 424.20 769.53 1033.30
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Figure. Vibrational Frequencies Representation for CCL,F»

4. CONCLUSIONS

The findings of this paper demonstrate that the Lie algebraic framework applied in this research is a precise and
accurate method for estimating the vibrational frequencies of CCLF.. The framework succeeds in calculating the
fundamental frequencies close to the experimental value, resulting in a Root Mean Square (RMS) of 11.39 cm™, further
illustrating the model’s efficiency in accounting for anharmonic interactions. Both computational savings and flexibility
substantiate it, and it works well for vibrational fundamental and overtone modes. The vibrational dynamics of the system
have been successfully captured, which opens up new possibilities for using the framework and the associated techniques
for broader applications like molecular dynamics and spectroscopy. This will be done by applying the developed method
to more complex systems while ensuring that this work focuses on developing procedural integration with modern
computational approaches.
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KOJIMBAJIBHI YACTOTH TAXJIOPITAPTOPMETAHY 3 BUKOPUCTAHHAM AJITEBPATUHOT O MIAXOAY JII
I1. Cynira?, 5.B.C.H. Xapi IIpacaa®, x. Bimkascexap®
“Kagheopa mamemamuxu, SAHE-Axademisn euwoi oceimu Ciooxapmxu-Beascaemuvcs Yuisepcumemom, Bioscassaoa, Inois
bKagpeopa mamemamuxu, Texnonoziunuii incmumym Bacipedoi Benxamadpi, Hambyp, oxpye ['yumyp, Anoxpa-Tlpadew, Inois
‘Kagpeopa mamemamuxu, GITAM (séasxcacmovcs Yuisepcumemon), Xaioapabao, Inois

VY 1upoMy JOCHIDKEHHI HPENCTaBICHO CUMETpiliHO-amanToBaHMi miaxix Jli, BHCOKOE(EKTHBHHMI IHCTPYMEHT IUISI PO3PaxyHKY
KonmuBanbHUX uactoT y auxinopaudropmerani (CCLF:). 3aBasku cBoiif ToukoBiii rpymnoBiii cumerpii C2v, Monekyna, LIO
PO3TIIsIIAETHCs, 0COOIMBO MiAXOAUTH UTS HOTO Hinxoay. @opMyror0Uun CTPYKTYpH 3B'I3KiB Byrielb-BoaeHb (C-H) ta Byries-xiop
(C-Cl) B yHiTapHux anre6pax Jli, Bu3HaUCHHS KOJIMBAIbHUX KBAHTOBHUX CTaHIB MOJICKYJIH CTAa€ HAI3BUYaiHO MPOCTUM. ['amMinbTOHIaH,
BKITIOYAIOYH iHBapiaHTHI onepatopu Kasumupa Ta Maiiopanu Ta miniOpani mapaMeTpy, TOYHO BiATBOPIOE OakaHi KONWBAIBHI MOJH,
BUKOPHCTOBYIOUM ()yHAAMEHTaIbHI Ta BHINI 00epTOHHI wactoTd. Llel minxinm, sKWil MOPIBHIOE Cy4acHi Ta KIACH4YHI MOZENI,
nigkpecioe anredpaitni Mmeroan Jli ik epeKTHBHI IHCTPYMEHTH ISt MOJICTIOBAHHS aHTaPMOHIYHHX B3a€MO/IIH Ta TMHAMIKU IIEPeX0/IiB
Ha MOJICKYJISIpHOMY piBHi. OKpiM CBO€ET TEOPETHYHOT 3HAYYIIIOCTI, TOOYI0BaHa MOJICNb 3a0e3Meuye TMOO0KEe PO3YMiHHS KOJTHUBAIBHUX
ACIIEKTiB MOJIEKYJI, 3HAHHSI, IO € KPUTHYHO BAKIMBHUM JUISl IPAKTUYHUX 3aCTOCYBaHb, TAKUX SIK IHTEPIPETALisl CIIEKTPOCKOIMIUYHHUX
JaHKX, IPOCKTYBAHHS MaTepialiB 3 0aKaHUMM KOJIMBAJIbHUMHU XapaKTEPUCTUKAMK 200 BUBYEHHS MOJICKYJI Y CKIAAHUX CePEIOBUILAX.
Ii mpakTH4HI 3aCTOCYBaHHS MiABUINYIOTh YHIBEPCAIbHICTh METOMOJOTII Ta TO3BOJIMIM I YCIIIIHO 3aCTOCYBATH 1O MOJEKYIISPHOT
CHEKTPOCKOITi, XiMi4HOi KIHETHKH Ta NPOEKTYyBaHHS CHEProe(eKTHBHUX MaTepialiB Ta CEHCOpiB, cepel iHmMMX Tamyseil. Lle
JIOCHIDKEHHS HA/a€ EKCIIEpUMEHTaTopaM BIIEBHEHICTh y anreOpaiuHomy migxoni Jli Ta mpokiamae OUIAX Uil MOJAIbIINX
SKCTICPHUMEHTIB 3 ITOJIIaTOMHUMH MOJICKYJIaMH. PoOuisian 3HaUHMH BHECOK y 3MEHIICHHS JOIMYCTUMOI NMOXHOKH B OOYHCITIOBAJIBHIH
MOJIEKYJISIpHiH (i3umi, Il METONOJIOTIs BIIKPHBAE 3aXOIUINBI MOXKIIMBOCTI ISt MOy THIX OCIII/DKEHb Ta pO3pOOOK.

Kurwuosi ciioBa: ancebpaiunuii nioxio JIi; konusanenutl caminemonian, onepamopu Kasumipa ma Matiopanu, ouxiopougpmopmeman,
AH2APMOHIYHI KOIUBATILHI MOOU



