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В этом исследовании оптимальная геометрия и колебательные свойства метанола анали-
зируются с помощью теория функционала плотности (ТФП) и поляризованной 
pамановской спектроскопии. Структура глобального минимума молекулярных класте-
ров метанола получена с использованием программного обеспечения ABCluster. ТФП и 
пограничная молекулярная орбиталь (ПМО) использованы для структурного и термоди-
намического исследования различных молекулярных кластеров метанола. С помощью 
этих методов рассчитаны потенциальные энергии межмолекулярного взаимодействия и 
энергии щели HOMO-LUMO димерных, тримерных и тетрамерных кластеров метанола. 
В результате идентифицированы димер-спиральные, циклические тримерудовые и цик-
лические тетрамерудовые кластеры с наибольшей структурной и термодинамической 
стабильностью метанола. Экспериментальными и расчетными методами определены 
изотропные и анизотропные компоненты спектральных полос метанола C-O и O-H. По-
лученные данные показали, что в димерном кластере не может образоваться анизотроп-
ная компонента. Установлено, что характеристики поляризованного спектра комбина-
ционного рассеяния циклического тетрамерного кластера аналогичны эксперименталь-
ным результатам. 

Ключевые слова: ТФП, ПМО, изотропия, анизотропия, эффект рамановского несовпадения. 

In this study, the optimal geometry and vibrational properties of methanol were analysed by 
the density functional theory (DFT) approach and polarized Raman spectroscopy. Global min-
imum structures of methanol molecular clusters were generated using ABCluster software. 
DFT and frontier molecular orbital (FMO) were applied to structurally and thermodynamically 
investigate various methanol molecular clusters. Using these methods, the intermolecular inte-
raction potential energies and HOMO-LUMO gap energies of methanol dimer, trimer, and te-
tramer clusters were calculated. As a result, dimer-helical, cyclic trimer-uud, and cyclic tetra-
mer-udud clusters with the highest structural and thermodynamic stability of methanol were 
identified. Experimental and computational methods were used to determine the isotropic and 
anisotropic components of the methanol C-O and O-H spectral bands. The data obtained 
showed that an anisotropic component cannot form in the dimer cluster. The characteristics of 
the polarized Raman spectrum of the cyclic tetramer cluster were found to be similar to the ex-
perimental results. 

Keywords: DFT, FMO, isotropic, anisotropic, Raman noncoincidence effect. 
t

I. Introduction 

In the late twentieth century, there was an in-
crease of interest in exploring intermolecular interac-
tions and molecular orientation in liquids [1, 2, 3]. Mo-

lecular characteristics are investigated using a variety 
of experimental and theoretical methods. Polarized 
Raman spectroscopy is one of these experimental me-
thods. This method can determine the isotropic and 



Noncoincidence effect in the C-O and O-H stretching modes of methanol:…           53 

©Academy of Sciences of Republic of Uzbekistan, 2025 

anisotropic components of Raman scattered light [5]. 
Many studies show that the wave numbers of these 
components differ from each other. This phenomenon 
is known as the noncoincidence effect (NCE). P. Mi-
rone [1], J.L. McHale [2, 3, 4] and D.E. Logan [6, 7] 
analyzed NCE in polar and nonpolar liquids using 
theoretical methods. They created a dielectric conti-
nuum model to explain the NCE phenomenon. H. To-
rii et al. [8] suggested that the NCE depends on a tran-
sition dipole-transition dipole interaction between ad-
jacent molecules. Transition dipole-transition dipole 
interaction refers to the coupling between the transition 
dipole moments of neighboring molecules or molecu-
lar groups during electronic or vibrational transitions.  
Also [9], they additionally carried out molecular (MD) 
dynamics simulations to investigate NCE in liquids. 
Knapp [10] explained that the reason for this pheno-
menon is resonance energy transfer. NCE was ob-
served experimentally by T.W. Zerda and his scientific 
team [11]. They showed that the difference between 
the anisotropic and isotropic components of the C-O 
spectral band of methanol is ∆v = −5 cm−1. The NCE 
of the carbonyl stretching band of methyl formate 
(HCOOCH3) diluted in acetonitrile was investigated 
by R.J. Bartholomew and D.E. Irish [12]. They ana-
lyzed the carbonyl bandwidths and observed that they 
first increased and then decreased. A. Sokolowska [13] 
studied methanol solutions in carbon tetrachloride and 
concluded that NCE is caused by a mismatch in local 
molecular order. M.G. Giorgini et al. [14, 15, 16] used 
experimental, theoretical, and Monte Carlo (MC) si-
mulation methods to analyze the NCE of liquids in 
various solvents. They concluded that these methods 
support each other in explaining NCE in liquids. Mus-
so et al. [17] investigated the NCE of C-O and O-H vi-
brational bands in methanol/CCl4 solutions and its de-
pendence on concentration using Raman spectroscopy 
and molecular dynamic (MD) simulations. They stated 
that MD models could not explain the sharp decrease 
in the v(C-O) band when methanol was diluted to a 
fraction of Xm < 0.1 in CCl4. G. Döge at al. [18] expe-
rimentally determined the negative NCE in aromatic 
ring vibrations. They also investigated the NCE in ali-
phatic ring vibrations. G. Devi et al. [19] studied the 
role of repulsive force on the effect of anisotropic shift 
in liquids. In addition, they experimentally determined 
the effect of various solvents on the S=O vibrational 
mode of DMSO and compared it with four theoretical 
models, such as McHale’s, Mirone’s modification of 
McHale’s, Logan’s, and Onsager-Fröhlich dielectric 
continuum models, respectively [20]. D.K. Singh et al. 

[21] analyzed the solution of methanol and ethanol in
acetonitrile. They applied polarized Raman spectra and
quantum chemical calculations to investigate how the
spectrum depends on molecular structure. F.H. Tukh-
vatullin et al. [22, 23] investigated the structure of a
methanol-aqueous solution using Raman spectroscopy
and ab initio calculation methods. They found that the
formation of intermolecular hydrogen bonds, as well
as O-H or O-D vibrations in pure alcohol, complicates
Raman spectra, resulting in a noncoincidence of the
peak frequencies, a shift of the band to the low-
frequency region, and a strong broadening of the bond
halfwidth. Q. Shi et al. [24] studied the NCE of C-O
stretching of methanol in aqueous solution by theoreti-
cal Raman spectroscopy. They observed a slight in-
crease in the NCE from Xm = 0.4 to Xm = 0.3 and attri-
buted this to the band asymmetry caused by the reo-
rientation dynamics. Since molecular orientation plays
an important role in the study of the structural proper-
ties of liquids and crystals, the study of the NCE is cur-
rently the focus of attention of scientists in this field.
Nowadays, in addition to polarized Raman spectrosco-
py, aggregation-induced split (AIS) theory and HNMR
are used to study this phenomenon [25, 26, 27].

In this paper, the NCE in the C-O and O-H vibra-
tional bands of methanol is discussed using polarized 
Raman spectroscopy and density functional theory 
(DFT) methods. 

II. Experimental and computational details

The polarized Raman spectra of pure methanol
were recorded using a Renishaw InVia Raman spec-
trometer at room temperature. As a source of excita-
tion light, an argon laser with a wavelength of 532 
nm, a power of 50 mW, and a diffraction grating with 
a period of 1200 lines/mm was used. The scarred light 
was recorded using a standard Renishaw CCD Cam-
era detector. Polarized Raman spectroscopy is based 
on the determination of parallel (׀׀ܫ) and perpendicular 
  :components of scattered light. According to [28] (ୄܫ)

׀׀ܫ ൌ ଴ߥሺܣ െ ሻସߥ ቀ 2 2(45 4 )α + γ / 45 ቁ ܳଶ,   (1) 

ୄܫ ൌ ଴ߥሺܣ െ ሻସߥ ቀ 22 /15γ ቁ ܳଶ,          (2) 

where α − rotational invariant isotropy and γ − aniso-
tropy of transition polarizability. Using these compo-
nents, it is possible to determine the isotropic and ani-
sotropic components of the Raman spectrum: 
௜௦௢௧ܫ ൌ ׀׀ܫ െ ௔௡௜௦௢௧ܫ ,ୄܫ4/3 ൌ   .ୄܫ
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According to (1) and (2), depolarization ratio of Ra-
man line: 

2 2 2/ 3 / (45 4 )I I⊥ρ = = γ α + γ           (3) 

According to (3): 
− for totally symmetric vibrations ρ = 0,
− for partial symmetric vibrations 0 < ρ < 0.75,
− for totally asymmetric vibrations ρ = 0.75.
The isotropic and anisotropic wave numbers of

the vibration spectrum are found as follows [9]: 

1 1/n nisot
iso

isot
i i ii it I v I= ==ν ∑ ∑ ,            (4) 

1 1/n nanisot
is

anisot
i i ii iot I v I= ==ν ∑ ∑ ,              (5) 

where ߥ௜ is the wave number of each streching mode, 
௜ܫ

௜௦௢௧  and ܫ௜
௔௡௜௦௢௧  are the Raman intensities corres-

ponding to each isotropic and anisotropic stretching 
frequency. 

Density functional theory (DFT) method with 
B3LYP/6–311++G (d, p) function set was used to op-
timize methanol molecule and its clusters. For identi-
fying the most stable clusters, we used the artificial 
bee colony (This is an extension of the program 
ABC). ABC algorithm implemented by the ABCluster 
software [29] with DFT. All computations were per-
formed using the Gaussian 09W program package 
[30]. Gaussview 6.0 [31] tool was used to visualize 
the results. Intermolecular interaction energies ∆E in 
clusters are calculated by following formula [32]: 

ܧ∆ ൌ ௖௟௨௦௧௘௥ܧ െ ,௠௢௡௢௠௘௥ܧ݊ (6) 

where n – number of molecules in methanol clusters, 
Emonomer and Ecluster are total energies of methanol mo-
nomer and clusters, respectivily. 

III. Results and discussion

III.1. Experimental studies
In this work, we studied the polarized Raman

spectra of the C-O and O-H spectral bands of metha-
nol. Figure 1 shows the isotropic and anisotropic 
components of the Raman spectrum of pure liquid 
methanol in the range of 950–1100 cm−1.  

The maxima of the isotropic and anisotropic 
components of the spectral bands of v(C-O) are lo-
cated at 1035 and 1030 cm−1, respectively. From 
these data, the NCE value of the C-O spectral band is 
−5 cm−1. This value is the same as the result obtained
by other researchers [11]. Figure 2 shows the isotrop-
ic and anisotropic components of the Raman        

spectrum of pure methanol in the range of 3100– 
3700 cm−1. It can be seen from the figure that both 
spectral bands have high asymmetry. Therefore, the 
wave numbers of these bands were determined from 
formulas (4) and (5). Hence, the isotropic and aniso-
tropic wavenumbers of the v(O-H) bands are 3350 
and 3425 cm−1, respectively. From these data, the 
NCE value of the O-H spectral band is +75 cm−1. 
This result is exactly the same as the results obtained 
by other researchers [5]. According to H. Torii [8], 
the formation of the NCE is a transition dipole-
transition dipole interaction between neighboring mo-
lecules. The obtained results showed that different 
NCEs are formed in two different types of vibrational 
bands of methanol molecules. That is, both positive 
and negative NCEs occur. 

Figure 1. Isotropic and anisotropic components of v(C-O) 
stretching Raman bands of liquid methanol. 

Figure 2. Isotropic and anisotropic components of v(O-H) 
stretching Raman bands of liquid methanol. 



N

s
l
t
t
o
u
a
t
o
w
s
A
t
m
o
a
p
r
k
0

F
(

t
m

Noncoincide

III.2. Com
To bette

self-associati
ly, we tried t
ters in order 
tion and calc
of methanol
using differe
and S.L. Bo
that cyclic c
other types 
work and pr
structures of
ABCluster. T
thod for dete
molecular c
optimal geom
and tetramer
p) level usin
raction ene
kcal/mol for
0.17 kcal/m

Figure 3. Opt
(top and side v

Dipole-
the dipole-d
molecules ca

nce effect in

mputationa
er explain th
ion clusters 
to identify th
to analyze t

culate Raman
l clusters ha
ent studies. F
oyd [34] show
clusters of m
of clusters. 
evious work
f methanol c
Today, this p
ermining the
clusters [35,
metric structu
rs calculated 
ng the DFT 
ergies in m
r the helical-
mol for th

timized structu
view). 

-dipole orien
dipole orienta
an't form a c

 the C-O and

al studies 
his phenomen

of methanol
he most stabl
the pair dipol
n spectra. Di
ave been inv
For example
wed in their

methanol are 
The differen

ks is that the 
clusters were
program is a
 optimal geo
, 36]. Figur
ures of dime
at the B3LY
method. Inte

molecular c
structure dim

he stacked-

ures of metha

ntation. We 
ation in the 

closed cluster

d O-H stretch

non, we anal
l in DFT. In
le methanol 
le-dipole ori
ifferent struc
vestigated be
, R. Ludwig
r scientific w
more stable 
nce between
global minim

e generated u
an innovative
ometry of va
re 3 shows
ers, cyclic tri
YP/6–311++G
ermolecular 

clusters are 
mer (Fig. 3a)
-structure d

anol clusters: a

didn't invest
dimer since

r. As a result

hing modes o

lyzed 
nitial-
clus-
enta-

ctures 
efore 

g [33] 
works 

than 
n this 
mum 
using 
e me-
arious 
s the       
imers 
G (d, 
inte-

7.5 
) and 
dimer         

(Fig.
cular
cal-d
(∆Eh
tion 
the  u
Acco
more
inter
19.57
(up-d
down
(thes
group
plane
energ
tetrame
tetram
culat
uud-
cordi

a, b − dimers,

tigate 
e the 
t, the 

mole
ractio
ly pa

of methanol:

©Academy

. 3b), respec
r interaction 
dimer is mo
helical-dimer>>∆E
energies in m
uud-trimer an
ording to ∆
e stable than
action energ
7, 19.54 and
down-up-dow
n) uuud-tetra
se are design
ps in the me
e). The resu
gies in tetram
er>∆Euuud-tetram
mer is more 
ted results c
trimer, and 
ing to of inte

 c, d − trimers

ecular orient
on to be zero
arallel C-O b

…        

y of Sciences of

ctively. By c
energies, it c
ore stable 
Estacked-dimer). 

molecular clu
nd 8.5 kcal/m
∆Euud-trimer>∆E
n planar-trim
gies in mole
d 19.2 kcal/m
wn) uudd-t
amer and uuu
nations for th
ethanol tetram
ults show in
mers in orde
mer>∆Euuuu-tetr
stable than 

confirm that
udud-tetram

ermolecular i

s (top and sid

tation cause
o. Figure 4(a
bonds conne

f Republic of U

comparing th
can be seen 
than the st
Intermolecu

usters are 10 
mol for the p
Eplanar-trimer, u

mer. Also, in
cular cluster

mol for the ud
tetramer, (u
uu-tetramer,

he orientation
mer relative 
ntermolecula
er to ∆Eudud-te

ramer and 
other tetram
t clusters h

mer are mor
interaction en

e view) and e

s the dipole
) shows a pa

ected by hyd

zbekistan, 2025

he intermole-
that the heli-
tacked-dimer
ular interac-
kcal/mol for

planar-trimer
uud-trimer is
ntermolecular
rs are 19.88
dud-tetramer
up-up-down-
 respectively
n of the CH3
to the cyclic

ar interaction
etramer>∆Euudd
the udud-

mers. The cal-
helical-dimer
re stable ac-
nergy. 

-h − tetramers

e-dipole inte
air of mutual-
drogen bonds

      55 

5 

-
-
r 
-
r 

r. 
s 
r 
, 

r, 
-
y 
3 
c 
n 
d-
-
-

r, 
-

s

e 
-
s 



56 A. Jumabaev, H.A. Hushvaktov, U.A. Holikulov, Sh.Sh. Yormatov, B.E. Niyazkhanova

©Academy of Sciences of Republic of Uzbekistan, 2025 

in the trimer cluster. The length and angle of the hy-
drogen bond formed between them are 1.906 Å and 
150°, respectively. The distance between C-O bonds 
is 3.698 Å. The angles formed by these bonds with 
respect to the axis connecting their centers are 125° 
and 134°, respectively. Similarly, Figure 4(b) shows a 
parallel C-O pair connected by hydrogen bonds in the 
tetramer cluster. The length and angle of the hydro-
gen bond formed between them are 1.769 Å and 167°, 
respectively. The distance between the centers of C-O 
bonds is 4.866 Å. The angles formed by these bonds 
with respect to the axis connecting their centers are 
134° and 134°, respectively.  

Figure 4. Isotropic and anisotropic components of v(O-H) 
stretching Raman bands of liquid methanol. 

Figure 4(c) shows a pair of mutually antiparallel 
O-H bonds connected by hydrogen bonds in the tri-
mer cluster. The length and angle of the hydrogen
bond formed between them are 1.906 Å and 150°, re-
spectively. The distance between the centers of O-H
bonds is 2.347 Å. The angles formed by these bonds
with respect to the axis connecting their centers are
90° and 30°, respectively. Also, Figure 4(d) depicts
the antiparallel O-H pair of the tetramer. The length
and angle of the hydrogen bond formed between
them are 1.769 Å and 167°, respectively. The dis-
tance between the centers of C-O bonds is 3.368 Å.
The figure shows that the tetramer's O-H bond pairs
are totally antiparallel-oriented. From these results,

we can conclude that the parallel C-O and O-H bonds 
in the tetramer form stronger hydrogen bonds than 
the same pairs in the trimer. In addition, the C-O and 
O-H pairs in the tetramer have a very high-order
symmetric orientation, and the pairs in the trimer
have an asymmetric orientation. As a result, the te-
tramer has a stronger dipole-dipole interaction than
the trimer.

Frontier molecular orbital (FMO) analysis. 
FMO analysis was performed to confirm which mo-
lecular cluster was more thermodynamically stable. 
The highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO) are 
known as frontier molecular orbitals (FMO), and 
their values can be used to analyze intermolecular in-
teractions and the electron donating and accepting ab-
ilities of molecules [37, 38]. The energy gap (Eg) ac-
curately predicts the molecules kinetic and thermo-
dynamically stability [39].  

Figure 5. HOMO-LUMO maps of methanol clusters. 
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formed in the dimer spectrum are 3829 and 3588 cm−1, 
respectively. The depolarization ratio of these bands is 
0.2 and 0.25, respectively. In this case, we can observe 
that the band of the O-H bond, which forms a mutual 
hydrogen bond with the oxygen atom of the neighbor-
ing molecule, is sharply shifted to a lower wave num-
ber. However, both bands are isotropic. Therefore, we 
can explain that the transition dipole moment is not 
formed due to the mutual orientation of the molecules 
in dimer formation. The depolarization ratio of the 
band at wave number 3591 cm−1 in the cyclic trimer 
spectrum is 0.74. Thus, this spectral band is anisotrop-
ic. The depolarization ratio of the band at 3544 cm−1 is 
0.09. This means that the band is isotropic. Therefore, 
the difference in wave numbers of the isotropic and 
anisotropic components in the vibrational spectrum of 
the cyclic trimer is ߥே஼ா ൌ ௔௡௜௦௢௧ߥ െ ௜௦௢௧ߥ ൌ+47 cm−1. 
Figure 7 shows that three spectral peaks formed in the 
spectrum of the cyclic tetramer. The spectral band at 
wave number 3357 cm−1 is isotropic (ρ=0.09), while 
the other two bands at wave numbers 3424 and          
3467 cm−1 are anisotropic. Both of these anisotropic 
components have a depolarization ratio of 0.75. 

Figure 7. Calculated Raman spectra of O-H stretching of 
methanol clusters (ρ − depolarization ratio). 

If the NCE values for the two anisotropic compo-
nents are calculated independently, the values are +67 
and +110 cm−1, respectively (the experimental value is 
+75 cm−1). As a result, the spectral bands in 3357 and
3424 cm−1 are quite similar to the experiment's wave 
number and NCE values. The characteristics of the 
polarized Raman spectrum of the O-H spectral band of 
the cyclic tetramer, like the C-O, were in agreement 
with experiments. Because the main cause of NCE 

generation is the interaction between transition 
dipoles, in the dipole-dipole orientational analysis, we 
found that the dipole pair in the tetramer is both orien-
tationally symmetric and has larger intermolecular in-
teraction energy than the dipole pair in the trimer. 

IV. Conclusions

In this work, the optimal geometric structure and
vibrational spectra of liquid methanol were investi-
gated using the DFT method B3LYP/6–311++G (d, p) 
basis set. Quantum-chemical calculations revealed that 
methanol's dimer cluster cannot form a closed (non-
cyclic) conformation. As a result, molecules can 
change their molecular orientation relative to one 
another, and the potential energy of a dipole-dipole in-
teraction between molecules is zero. This phenomenon 
was also confirmed by the calculated Raman spectrum. 
The calculated Raman spectrum indicated that the di-
mer cluster's C-O and O-H spectral bands do not gen-
erate anisotropic components. 

The wave numbers of the isotropic and anisotrop-
ic components of the cyclic trimer and tetramer clus-
ters were determined based on the calculated Raman 
spectrum. And based on these results, the value of the 
noncoincidence was determined. The calculation re-
sults showed that the polarized Raman spectrum cha-
racteristics of the cyclic tetramer are the most compa-
rable to the experimental data. 
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Метанолнинг C-О ва О-H тебраниш 
режимларининг мос тушмалик эффекти: 
±утбланган Раман ва DFT тадқиқоти 

A. Жумабаев1, Ҳ.A. Хушвақтов1, Ў.A. Холикулов1,
Ш.Ш. Ёрматов1, Б.Е. Ниязхонова2

1Самарқанд давлат университети, Университет хиёбони 15, 
140104, Самарқанд, Ўзбекистон 
2Бухоро давлат университети, М. Иқбол кўчаси 11, 200118, 
Бухоро, Ўзбекистон 

Ушбу тадқиқотда метанолнинг оптимал геометрияси 
ва тебраниш хусусиятлари қутбланган Раман 
спектроскопияси ва DFT таҳлил ёрдамида ўрганилди. 
Метанол молекуляр кластерларининг глобал минимум 
структуралари ABCluster дастури ёрдамида ҳосил 
қилинди. DFT ва FMO таҳлиллар турли метанол 
молекуляр кластерларини структуравий ва термо-
динамик жиҳатдан текшириш учун қўлланилди. Ушбу 
усуллардан фойдаланиб, метанол димер, тример ва 
тетрамер кластерларининг молекулалараро ўзаро 
таъсир потенциал энергиялари ва HOMO-LUMO 
энергия бўшлиқлари ҳисоблаб чиқилган. Натижада, 
метанолнинг структуравий ва термодинамик 
барқарорлиги энг юқори бўлган димер-helical, циклик 
тример-uud ва циклик тетрамер-udud кластерлари 
аниқланди. Метанол C-О ва О-H спектрал 
диапазонларининг изотроп ва анизотроп ташкил 
этувчиларини аниқлаш учун экспериментал ва 
ҳисоблаш усуллари қўлланилди. Олинган маълумотлар 
шуни кўрсатдики, димер кластерида анизотроп ташкил 
этувчи ҳосил бўлолмайди. Циклик тетрамер 
кластерининг қутбланган Раман спектрининг 
характеристикалари экспериментал натижаларга яқин 
эканлиги аниқланди. 
Калит сўзлар: DFT, FMO, ABCluster, изотроп, анизотроп, 
Раман мос тушмаслик эффекти. 


