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В данной работе на примере бутилацетата исследована природа сил межмолекулярного 
взаимодействия с использованием колебательной спектроскопии (КР и FTIR) и неэмпи-
рических расчетов. Геометрические структуры наиболее стабильных димерных и три-
мерных агрегатов бутилацетата оптимизированы с использованием метода теории 
функционала плотности (DFT) на основе базиса B3LYP/6-311++G(d,p). Показано, что 
молекулярные агрегаты в жидком бутилацетате образуются за счет диполь-дипольных 
взаимодействий и слабых водородных связей C-H…O. Для молекулы бутилацетата был 
проведен анализ распределения потенциальной энергии (PED) и обнаружено, что экспе-
риментальные и расчетные частоты хорошо согласуются. Проанализированы граничные 
молекулярные орбитали, такие как высшая занятая молекулярная орбиталь (HOMO) и 
низшая незанятая молекулярная орбиталь (LUMO) молекулы бутилацетата. 

Ключевые слова: бутилацетат, комбинационное рассеяние света, FTIR, водородная связь, DFT, 
PED-анализ. 

In this work, on the example of butyl acetate, the nature of intermolecular interactions was stu-
died using vibrational spectroscopy (Raman and FTIR) and non-empirical calculations. The 
geometric structures of the most stable dimer and trimer aggregates of butyl acetate were op-
timized using the Density Functional Theory (DFT) method based on the B3LYP/6-
311++G(d,p) basis set. Molecular aggregations in liquid butyl acetate were shown to be 
formed by dipole-dipole interactions and weak C-H…O hydrogen bonds. A potential energy 
distribution (PED) analysis was performed for the butyl acetate molecule, and experimental 
and calculated frequencies were found to be in good agreement. Frontier molecular orbitals 
such as the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular or-
bital (LUMO) of the butyl acetate molecule were analyzed. 

Keywords: butyl acetate, Raman spectroscopy, FTIR, hydrogen bonding, DFT, PED analysis.

I. Introduction 

Intermolecular interactions play a key role in the 
study of physical, biological, and chemical processes 
[1, 2]. Vibrational spectroscopy and theoretical calcu-
lations are widely used to study the nature of intermo-
lecular interaction forces [3-7]. Researchers have 
been interested in the study of intermolecular interac-
tions in ethers and their solutions for many years [8-
12]. The butyl acetate molecule belonging to the 
group of ethers has the chemical structure C6H12O2, 
and the dipole moment is equal to 1.87 D. Butyl ace-

tate is a colorless transparent liquid that is mainly 
used as a solvent in the production of paints and var-
nishes [13-15]. 

It was found in solutions of methyl sulfonic acid 
in butyl acetate that molecular and ionic complexes 
are in equilibrium: when dissolved in the neutral sol-
vent tetrachloroethane, IR spectra indicate an increase 
in the concentration of undissociated acid molecules 
and a decrease in the concentration of proton solvates 
[16]. The hydrogen bonding interaction between 
butyl acetate and 2-alkyl ethanols was confirmed by 
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FTIR spectra. The maximum frequency of the C=O 
vibration band of pure butyl acetate corresponds to 
1762 cm−1, and this frequency in mixtures of butyl 
acetate with 2-butoxyethanol, 2-ethoxyethanol, and 2-
methyloxyethanol is observed at 1743, 1742, and 
1740 cm−1, respectively. It has been shown that these 
changes can be caused by weak interactions such as 
dispersion, dipole-dipole, or H-bonding in liquid mix-
tures [17]. 

Studying the interaction between butyl acetate 
and p-nitrophenol molecules shows, one molecule of 
butyl acetate interacts with p-nitrophenol through hy-
drogen bonding, and the second butyl acetate mole-
cule interacts with p-nitrophenol through dipole-
dipole interaction. It was also found that the number 
of butyl acetate molecules in the outer sphere can de-
pend on the concentration of free butyl acetate mole-
cules in the solutions. In this case, the C=O vibration 
band of butyl acetate involved in hydrogen bonding 
was observed at 1707 cm−1 [18]. 

From the review of the above literature, it can be 
seen that intermolecular interactions in liquid butyl 
acetate have not been fully studied. In this work, the 
spectral manifestation of intermolecular interactions 
in pure butyl acetate was studied using Raman and 
FTIR spectroscopies. The formation mechanism of 
molecular aggregations was analyzed by the DFT me-
thod. Potential energy distribution (PED) analysis 

was carried out in order to determine the percentage 
of vibrational energies in the molecule. Also, the 
reactivity of the butyl acetate molecule was evaluated 
using frontier molecular orbital (FMO) analysis. 

II. Experimental and theoretical methods 

Raman spectra were obtained on a diffraction-
grating InViaRaman spectrometer with a period of 
1200 lines/mm. The exposure time is 10 s, and the res-
olution is 0.01 cm−1. A spectrum stabilised laser mod-
ule with a wavelength of 532 nm and a power of 50 
mW was used as a source of excitation light. The scat-
tered light was recorded using a Renishaw CCD cam-
era detector. FTIR spectra were obtained on an IRAf-
finity-1S Fourier spectrometer and analysed using 
LabSolutions IR software. Redistilled and chemically 
purified butyl acetate was used in the experiments. All 
experiments were conducted at room temperature. All 
calculations were performed in the Gaussian 09 pro-
gram [19] using the B3LYP/6-311+G(d,p) DFT me-
thod. PED analysis was performed using VEDA 4.0 
software [20]. 

III. Results and discussion 

III.1. Vibrational frequency analysis 
Figure 1 shows experimental Raman and FTIR 

spectra of liquid butyl acetate. 
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Figure 1. Experimental Raman and FTIR spectra of liquid butyl acetate. 
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These spectral bands are complex and have sev-

eral vibrational maxima. The bands observed in Ra-
man and FTIR coincide with each other. Since the in-
tensities of Raman spectra depend on the dipole mo-
ment, and the intensities of FTIR spectra depend on 
polarizability, some bands are active in Raman scat-
tering, while others are active in FTIR. When we fo-
cus on C=O and C-H vibrational bands involved in 
intermolecular interactions, the C=O vibrational band 
is observed at 1739 cm−1 in Raman and 1738 cm−1 in 
FTIR and has higher intensity compared to Raman. 
The C-H band in the methyl group of butyl acetate 
was observed at 2879 and 2941 cm−1 in Raman and 
2876 and 2961 cm−1 in FTIR, and the intensity of the 
C-H vibrational band was observed to be higher in 
Raman than in FTIR. The intensity of the remaining 
frequencies is very low. 

A PED analysis was performed for the butyl 
acetate molecule and the calculated and experimental 
frequencies were compared (Table 1). Through this 
analysis, the percentages (%) of the vibrational po-
tential energies of the atomic group of vibrations in 
the molecule were determined. It can be seen from 
the table, that the difference between the experimen-
tal and theoretical calculations is greater in the values 
of the four vibration frequencies. These are v stret-
ching (CH) ((difference 5% (4% in FTIR), experi-
ment 2941 cm−1 (2961 cm−1 in FTIR) and calculation 
3082 cm−1)), n stretching (CH) (difference 5%, expe-
riment 2879 cm−1 (2876 cm−1 in FTIR and 3024 cm−1 
in calculation), with the largest difference n stret-
ching (CH) (difference 9%, experiment 2740 cm−1 
and calculation 3009 cm−1), n stretching (CC) and the 
vibrational frequency of the system consisting of a 
combination of τ torsional ring (HCCC) (5% differ-
ence, 839 cm−1 in experiment and 881 cm−1 in calcu-
lation). The difference in the remaining frequencies 
is ±4% (Fig. 1).  

III.2.  Optimal geometries of butyl acetate                
aggregates 

Non-empirical calculations show, there are dif-
ferent aggregates in liquid butyl acetate, and Fig. 2 
shows monomer (a), dimer (b), and trimer (c) aggre-
gates of butyl acetate. The dipole moment of the butyl 
acetate monomer is 2.16 D. At dimer formation, the 
O2 atom of the C=O group of the first molecule and 
the H40 atom of the C-H group of the neighboring 
molecule form a non-classical hydrogen bond in the 
form of C-H…O with a length of 2.436 Å, and the        

C-H of the first molecule. The H20 atom of the group 
forms a cyclic structural aggregate with the O22 atom 
of the C=O group of the neighboring molecule 
through a non-classical hydrogen bond in the form of 
C-H…O with a bond length of 2.436 Å. This H-bond 
energy is 2.58 kcal/mol. 

In Figure 2c, for the trimer case of the butyl ace-
tate molecule, the O2 atom of the C=O group of the 
first molecule forms a non-classical weak hydrogen 
bond of the form C-H…O with a length of 2.362 Å 
with the H40 atom of the C-H group of the second 
molecule. The O22 atom of the C=O group of the 
second molecule forms a non-classical hydrogen bond 
of the form C-H…O with a length of 2.375 Å with the 
H60 atom of the C-H group of the third molecule. The 
O42 atom of the C=O group of the third molecule 
forms a weak hydrogen bond of 2.362 Å with the H19 
atom of the C-H group of the first molecule, which to-
gether forms a closed structure trimer with an energy 
of 5.02 kcal/mol. According to calculations, the for-
mation of a trimer forms complexes with a closed 
structure through three H-bonds. 

 
Figure 2. Optimal geometric structures of monomer (a), 
dimer (b), and trimer (c) of butyl acetate. 
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Table 1. Vibrational frequencies and assignments of normal modes of butyl acetate. 

Мode 
No. Observed Calcu-

lated 
Observed/Calculated Assignment PED (%) 

(i) Raman IR Raman IR 
1   3156  −17% ν(CH), 83% ν(CH)
2   3109  −100% ν(CH)
3   3092  −16% ν(CH), 76% ν(CH)
4   3088   88%  ν(CH) 
5 2941 2961 3082 0.95 0.96 −83% ν(CH)
6   3057  −82% ν(CH), 11% ν(CH)
7   3050  99% ν(CH)
8   3045  94% ν(CH)
9   3031  95% ν(CH)

10 2879 2876 3024 0.95 0.95 83% ν(CH) 
11   3020  −89% ν(CH)
12 2740  3009 0.91 91% ν(CH)
13 1739 1738 1791 0.97 0.97 88% ν(OC)
14   1521  75% β(HCH), −13% τ(HCCO) 
15   1509  74% β(HCH)
16   1500   −76% β(HCH), 12% τ(HCCO) 
17   1497  66% β(HCH), −10% τ(HCCC) 
18   1492  83% β(HCH)
19   1477  −75% β(HCH), 24% τ(HCCO) 
20 1449 1456 1472 0.98 0.99 −37% β(HCH), 42% β(HCH), −19% τ(HCCO)
21   1425   12% β(HCH), −55% τ(HCCO) 
22   1414  89% β(HCH)
23   1397  72% β(HCH)
24  1364 1385  0.98 10% β(HCH), −62% τ(HCCO) 
25 1304  1331 0.98 76% β(HCH)
26   1314  −64% β(HCC)
27   1300   −72% τ(HCCO) 
28   1258  −50% ν(CC), 15% τ(HCCO) 
29 1233 1228 1253 0.98 0.98 46% β(HCC), −10% τ(HCCO), 18% τ(HCCO)
30   1186  31% β(HCC), −44% τ(HCCO) 
31   1143 

 
−17% ν(CC), 11% β(CCO), −15% β(CCC), 23% 
τ(HCCC)

32   1070   −76% ν(CC) 
33   1066  −21% β(HCH), 57% τ(HCCO), 21% τ(OCOC)
34 1033 1030 1059 0,97 0,97 −16% ν(CC), 36% ν(OC), -22% τ(HCCO) 
35   1033  −57% ν(CC), 12% τ(HCCO) 
36  951 970 

 
−11% ν(CC), 15% ν(CC), −31% ν(OC), −18% 
τ(HCCO)

37 919  954 0.96  −12% β(HCC), 58% τ(HCCO) 
38   938  36% ν(CC), 10% β(CCO), −18% τ(HCCC) 
39 839  881 0.95 −54% ν(CC), −11% τ(HCCC) 
40   811  77% τ(HCCC)
41  739 747  −77% τ(HCCO)
42 636 633 646 0.98 0.97 −21% ν(CC), 10% ν(CC), 50% β(CCC) 
43   608   16% τ(HCCO), −71% τ(OCOC) 
44   472  −10% ν(CC), 73% β(CCC) 
45   425  −68% β(CCC), 10% β(CCC) 
46 308  297 104 16% ν(CC), 14% ν(OC), −48% β(CCO) 
47   244  87% τ(HCCC)
48   240  −79% β(CCC)
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Продолжение таблицы 1. 
49   188  76% τ(CCCO) 
50   121  −11% τ(HCCO), 75% τ(CCCC) 
51   100  89% β(CCC)
52   78   77% τ(CCCO) 
53   45  −13% τ(HCCO), 64% τ(CCOC) 
54   38  73% τ(HCCO), 14% τ(CCOC) 

Abbreviations: ν, stretching; β, bending; τ, torsional; “minus”-asymmetric 

Table 2.Charge distribution and bond length in butyl acetate aggregates. 

Atoms Atomic charge  (arb.u.) Atoms Bond length (Å) 
Monomer Dimer Trimer Monomer Dimer Trimer 

O1 −0.045844 −0.017862 0.028779 C8-H18 1.09242 1.09130 1.08959 
O2 −0.280528 −0.284794 −0.283932 C8-Н19 1.09244 1.09421 1.09498 
C3 −0.219889 −0.187842 −0.165415 C8-H20 1.08788 1.08893 1.08987 
C4 −0.094540 -−0.119138 −0.114963 C8-C7 1.50805 1.50523 1.50331 
C5 −0.328258 −0.287468 −0.345263 C7=O2 1.20707 1.21024 1.21141 
C6 −0.582219 −0.591637 −0.596001 C7-O1 1.35110 1.35116 1.34954 
C7 0.255216 0.224248 0.043808 O1-C5 1.44861 1.44763 1.44758 
C8 −0.563982 −0.652542 −0.521763 C5-H13 1.09325 1.09329 1.09323 
H9 0.145131 0.146081 0.141926 C5-H14 1.09324 1.09333 1.09337 
H10 0.145196 0.144476 0.146653 C5-C3 1.51852 1.51873 1.51870 
H11 0.123249 0.123335 0.123034 C3-H9 1.09557 1.09558 1.09551 
H12 0.123195 0.122725 0.125370 C3-H10 1.09557 1.09553 1.09557 
H13 0.197192 0.194670 0.196111 C3-C4 1.53373 1.53375 1.53363 
H14 0.197194 0.196588 0.180080 C4-H11 1.09649 1.09653 1.09658 
H15 0.134528 0.135112 0.134979 C4-H12 1.09649 1.09650 1.09654 
H16 0.134495 0.134821 0.135879 C4-C6 1.53132 1.53137 1.53137 
H17 0.142851 0.141508 0.140906 C6-H15 1.09433 1.09434 1.09433 
H18 0.170970 0.158858 0.148943 C6-H16 1.09434 1.09434 1.09433 
H19 0.171039 0.169434 0.334949 C6-H17 1.09316 1.09323 1.09324 
H20 0.175005 0.249436 0.145145     

 

Table 2 presents the charge distribution and 
geometric parameters for the monomer, dimer, and 
trimer of butyl acetate and its derivatives. It can see 
in the table that the charge distributions and the 
lengths of the chemical divisions of the atoms in-
volved in hydrogen splitting have changed. Atoms 
O1, O2, C3, C4, C5, C6, and C8 in the molecule are 
negatively charged, while the remaining atoms are 
positively charged.  

Figure 3 shows the Raman spectra of the calcu-
lated C=O vibration of butyl acetate, which corres-
ponds to 1791 cm−1 in the monomer state. In the case 
of the dimer, this spectral line corresponds to 1772 
cm−1 and shifts to a lower frequency by 19 cm−1 com-
pared to the monomer. Since the Raman activity of 
the vibration at 1782 cm−1 is zero, this spectral line 
doesn’t appear. In the trimer, these bands are splitted      
into three parts: 1763, 1773.8, and 1774.3 cm−1,       
respectively. The 1773.8 cm−1 and  1774.3 cm−1 lines  
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Figure 3. Calculated Raman spectra of C=O stretching vi-
bration of butyl acetate: monomer (a), dimer (b), trimer (c). 
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are close to each other, and for this reason they are 
one band in the O2 atom in the C=O group of the first 
molecule of butyl acetate. In this case, butyl acetate is 
bonded by the O2 atom in the C=O group of the first 
molecule and the H40 atom in the CH3 group of the 
second molecule. It bonded with the O42 atom of the 
C=O group of the third molecule and the H19 atom of 
the CH3 group of the first molecule. This bond is a 
weak hydrogen bond with bond length is 2.362 Å. It 
can be seen from the figure that the C=O vibrational 
band in the case of the trimer is more shifted to the 
low-frequency side compared to the monomer 
(shifted to 28 cm−1).  

III.3. Frontier molecular orbital (FMO) analysis 
With the help of theoretical calculations, it is 

possible to obtain information about the orbitals of a 
molecule and the transitions between them. The high-
est occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) are also 
called frontier molecular orbitals. The energy differ-
ence between HOMO and LUMO is the energy gap, 
and it plays an important role in chemical stability.    
Also, this energy gap (HOMO-LUMO) is used to dis-
play the intramolecular charge transfer, kinetic polari-
sation, and electronic spectra of a molecule or molecu-
lar system [21-23]. Quantum chemical parameters 
such as global electrophilicity index, hardness, soft-
ness, electron affinity, and ionization energy can cal-
culate using the Koopmans theorem [24]. Frontier mo-
lecular orbitals of butyl acetate are shown in Fig. 4. 
Using the HOMO and LUMO energies, various quan-
tum chemical parameters (Table 3) such as ionization 
energy (IE), chemical potential (µ), hardness (ε), elec-
tron affinity (EA), and global electrophilicity index (ω) 
were calculated using the following relations: 

hardness η=(EHOMO−ELUMO)/2; chemical potential 
µ=(EHOMO+ELUMO)/2; global electrophilic index 
ω=µ2/2η; ionization energy IE= −EHOMO; electron af-
finity EA = −ELUMO. 
Table 3. Some quantum-chemical parameters of butyl ace-
tate. 

EHOMO −0.282 eV 
ELUMO −0.011 eV 
EHOMO−ELUMO 0.271 eV 
Hardness 0.136 eV 
Chemical potential −0.147 eV 
Global electrophilic index 0.079 
IE=−EHOMO 0.282 eV 
EA= - ELUMO 0.011 eV 

Molecules with a large HOMO-LUMO energy 
difference are stable and less reactive, while molecules 
with a low HOMO-LUMO energy difference are reac-
tive. The HOMO-LUMO energy difference of butyl 
acetate is 0.27 eV, which indicates that it is a reactive 
molecule (Table 3). 

 

Figure 4. Frontier molecular orbital diagram of butyl ace-
tate. 

Table 4 lists the HOMO and LUMO and other 
orbital energies and the shape of the orbital. The elec-
tron molecular orbital becomes full in the HOMO         
orbital, and the next unfilled orbital becomes LUMO. 
It also determines the threshold of transition of the 
electron to the excited state and the energy in the      
orbitals.  

The total number of electrons in butyl acetate is 
64, and these electrons with opposite spin occupy 32 
orbitals. The last 32-nd HOMO has energy of        
−0.282 eV and LUMO energy is of −0.011 eV, and 
the difference between them is −0.271 eV, which 
represents the energy required for an electron to 
move from the highest filled orbital to the next       
unfilled orbital. It can be seen from the table 4 that 
the lowest orbital of butyl acetate corresponds to 
HOMO-31, and the energy corresponding to this state 
is -19.168 eV and differs from the HOMO energy by 
18.886 eV. 
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Table 4. Energies and shapes of the molecular orbitals of butyl acetate.

No. Name of  
orbital 

Energy 
(ev) Shape of orbital No. Name of  

orbital 
Energy 

(ev) Shape of orbital 

1 HOMO-31 −19.168 

 

13 HOMO-19 −0.729 

 

2 HOMO-30 −19.113 

 

14 HOMO-18 −0.652 
 

3 HOMO-29 −10.306 

 

15 HOMO-17 −0.595 
 

4 HOMO-28 −10.229 

 

16 HOMO-16 −0.571 
 

5 HOMO-27 −10.183 

 

17 HOMO-15 −0.507 
 

6 HOMO-26 −10.177 

 

18 HOMO-14 −0.497 

 

7 HOMO-25 −10.176 

 

19 HOMO-13 −0.478 

 

8 HOMO-24 −10.166 

 

20 HOMO-12 −0.470 

 

9 HOMO-23 −1.109 

 

21 HOMO-11 −0.437 

 

10 HOMO-22 −1.023 

 

22 HOMO-10 −0.435 

 

11 HOMO-21 −0.814 

 

23 HOMO-9 −0.414 

 

 
Continied Table 4 



Investigation of intermolecular interactions in butyl acetate using vibrational spectroscopy…                          21 

©Академия наук Республики Узбекистан, 2023 г. 

12 HOMO-20 −0.769 

 

24 HOMO-8 −0.409 

 

25 HOMO-7 −0.392 

 

31 HOMO-1 −0.310 

 

26 HOMO-6 −0.368 

 

32 HOMO −0.282 

 

27 HOMO-5 −0.365 
 

33 LUMO −0.011 

 

28 HOMO-4 −0.349 

 

34 LUMO+1 −0.003 

 

29 HOMO-3 −0.347 

 

35 LUMO+2 −0.001 

 

30 HOMO-2 −0.339 

 

36 LUMO+3 0.009 

 
 

IV. Conclusions 

In this work, the PED analysis for butyl acetate 
was conducted, and the theoretically determined fre-
quencies were in good agreement with the experi-
mentally obtained frequencies. These frequencies 
agree with the experimental values within ±4%. It 
was observed that the maxima of the spectral lines 
corresponding to C=O and C-H stretching vibrations 
in the experimentally recorded Raman spectra of liq-
uid butyl acetate correspond to 1739.5 cm−1 (half-
width 20.7 cm−1) and 2941.3 cm−1, respectively. Dur-
ing the formation of dimer and trimer complexes, it 
was observed that, due to intermolecular interactions, 
the spectral line corresponding to the C=O vibration 
shifts to a lower frequency by 19 and 28 cm−1 com-
pared to the monomer. The total number of electrons 
in butyl acetate is 64, and these electrons with oppo-
site spin occupy 32 orbitals. The difference between 

the last 32-orbital HOMO energy is −0.282 eV and 
the LUMO energy is −0.011 eV, and the difference is 
−0.271 eV. 
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Бутил асетатдаги молекулаларо таъсирларни 
тебраниш спектроскопияси ва ноэмпирик 
ҳисоблашлар ёрдамида ўрганиш 
А. Жумабаев, А.А. Абсанов, Б.Б. Худайқулов,       
З.И. Эрназаров 
Самарқанд давлат университети, Университет хиёбони 15, 
140104, Самарқанд, Ўзбекистон 

Ушбу ишда бутил асетат мисолида молекулалараро 
ўзаро таъсирлар табиати тебраниш спектроскопияси 
(Раман ва FTIR) ва ноэмпирик ҳисоблашлар ёрдамида 
ўрганилди. Бутил асетатнинг энг барқарор димер ва 
тример агрегатларининг геометрик структуралари 
B3LYP/6-311++G(d,p) базислари тўплами асосида зич-
лик функционал назарияси (DFT) усули ёрдамида оп-
тималлаштирилди. Суюқ бутил асетатдаги молекуляр 
агрегатлар дипол-дипол ўзаро таъсирлари ва кучсиз C-
Н...О водород боғланишлари натижасида ҳосил 
бўлиши кўрсатилган. Бутил асетат молекуласи учун 
потенциал энергия тақсимоти (PED) таҳлили 
ўтказилди ва экспериментал ҳамда ҳисобланган часто-
талар ўзаро мос келиши аниқланди. Бутил асетат моле-
куласининг энг юқори эгалланган молекуляр орбитали 
(HOMO) ва энг паст банд бўлмаган молекуляр орбита-
ли (LUMO) каби чегаравий молекуляр орбиталлари 
таҳлил қилинди. 
 
Калит сўзлар: бутил асетат, Раман, FTIR, водород боғланиш, 
DFT, PED таҳлил. 
 


