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В настоящей работе межмолекулярные взаимодействия диацетила и молекул воды изу-
чены с использованием колебательного спектра. Проанализированы спектры комбина-
ционного рассеяния, полученные в диапазоне 500–2000 см−1, и сопоставлены с результа-
тами. Также впервые были изучены распределения плотности заряда и 3D графики по-
тенциальной энергии с использованием модели симуляции для молекул диацетила. С 
увеличением числа молекул при образовании молекулярных кластеров с молекулой во-
ды наблюдается насыщение энергии межмолекулярного взаимодействия, соответст-
вующей одиночной Н-связи. Это соответствует молекулярным кластерам DA+(Н2O)3 и 
позволяет сделать вывод о стабильности этого кластера по отношению к другим. 

Ключевые слова: диацетил, вода, DFT расчеты, комбинационные спектры рассеяния, водородная 
связь. 

In this work, the intermolecular interactions of diacetyl and water molecules were studied           
using the vibration spectrum. The Raman scattering spectra obtained in the range of 500–        
2000 cm−1 were analyzed and compared with the results of calculations. For the first time аlso, 
the charge density distribution and 3D potential energy graphs are examined using simulations 
for diacetyl molecules. With the increase in the number of molecules at the formation of mole-
cular clusters with the water molecule, the saturation of the intermolecular interaction energy 
corresponding to a single Н-bond is observed. This corresponds to DA+(Н2O)3 molecular clus-
ters and allows one to conclude that this cluster is stable relative to the others. 
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I. Introduction 

Now, it has been established that noncovalent in-
teractions, in particular hydrogen bonding, play an im-
portant role in atmospheric chemistry, astrophysics, as 
well as many biochemical and catalytic processes [1-
3]. 1,2-butadione or biacetyl are other names for di-
acetyl (DA) [4-8]. Dargent et al [1] studied two differ-
ent S1 and S2 isomers of the diacetyl-water system by 
FTIR spectroscopy in a neon matrix and by anharmon-
ic ab-initio calculations, and determined that the O-H 
stretching vibration was the most stable for the di-
acetyl-water system. Because, it causes an increase in 
the amount of carbosol in the atmosphere, DA in the 

gaseous phase has been studied in the far and near IR 
regions (25–600 cm−1 and 520–6500 cm−1) [5]. Kamei 
et al. [9] have used the fluorescence method to study 
the transitions in DA atoms and observed the presence 
of extra overtones in addition to the main vibration 
bands. Johnson and Holman [10] studied the properties 
of DA by mass-spectroscopy. Using Fure spectroscopy 
and theoretical calculations, Favero and Caminati [11] 
studied the connection of three different conformations 
of DA with water molecules and discovered that DA 
forms strong O···H-O and weak O···H-C hydrogen 
bonds with water.  

The rotational spectrum of the molecular com-
plex DA-water has been measured by pulsed jet 
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Fourier transform microwave (FTMW) spectroscopy. 
The water molecule acts as an electrofore and induces 
a dipole moment when combined with nonpolar di-
acetyl. Only one conformer has been observed, cor-
responding to the global minimum [11]. Since di-
acetyl is used in many foods (wine production, e-
cigarettes, etc.) and also has harmful effects for human 
health [12-17]. It is important to study the interaction 
of diacetyl with water in the human body, especially as 
it can cause lung cancer. The above considerations re-
quire further research in diacetyl and its aqueous solu-
tions. It is clear from the literature cited above that 
there are still unresolved issues regarding the manife-
station of DA and its aqueous solutions in the vibration 
spectrum. Therefore, in this work, an attempt has been 
made to explain the manifestation of DA and its 
aqueous solutions in the spectra of Raman scattering 
through experimental and theoretical calculations. 

II. Experimental and calculation methods 

The Raman spectrum was obtained with an In-
ViaRaman spectrometer. A Stabilized Laser Module 
with a power of 100 mW and a wavelength of 785 nm 
and a diffraction grating with a constant of 1200 
line/mm were used as the excitation light source. The 
spectra were recorded using a Renishaw CCD camera 
detector.  

The laser beam was focussed on the surface of 
the samples to a diameter of 10 microns for the mea-
surements. For radiation of the sample surface was 
used the direct magnified objective excitation light, 
which varied depending on the size of the output sig-
nal on the detector, as well as to collect scattered light. 
The recording time was 10 s., and the measurements 
were made in extended mode, which allows mea-
surements to be made in the desired wavelength 
range.  

Quantum-chemical calculations were performed 

based on the Gaussian 09 program B3LYP/DFT (den-
sity function theory) method and bases set 6-311++G 
(d,p) for isolated diacetyl and water molecule mono-
mers, diacetyl dimer aggregates and diacetyl-water 
clusters [18]. 

III. Results and discussions 

Figure 1 shows the Raman scattering spectra of 
DA obtained in the region of 500–2000 cm−1. As can 
be seen from Fig. 1a, the Raman scattering spectra of 
pure DA are complex and consist of several bands 
with different depolarization ratios. There is the ske-
letal band (vibration) corresponds to a 697 cm−1 band 
which has asymmetry on the high frequency side. In 
the theoretical calculation (Fig. 1b), 683 cm−1 line 
corresponds to this band (Table 1) and the difference 
between the wave numbers is 13 cm−1. The 1011 cm−1 
band, on the other hand, corresponds to the C-C stret-
ching vibration and appears as the sum of two bands 
with low intensity.  

 
Figure 1. Raman spectra of pure DA obtained in the range 
of 500−2000 cm−1: a) experimental, b) theoretical. 

Table 1. Experimental and theoretical selected frequencies of DA. 

Мode 
No. 

Observed frequ-
ency (cm-1) 

Calculated frequencys 
(cm-1) Assignment 

(i) Raman Calculated Obs./Calc. 

1 697 683 1.02 Skeletal bend 
2 1011 1012 0.99 C-C stretching 
3 1279 1273 1.004 CH3-rock 
4  1394  Symmetric CH3-bend 
5 1432 1458 0.98 Asymmetric CH3-bend 
6 1731 1782 0.97 C=O stretching 
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In theoretical calculation, this band is corres-

ponded to 1012 cm−1. The CH3-bending vibration cor-
responds to 1279 cm-1 band, which theoretically cor-
responds to 1273 cm−1 and difference between ob-
served and calculation bands is 6 cm−1. The asymme-
tric CH3-bending vibration corresponds to band of 
1432 cm−1, the spectral band has a slightly  larger 
half-width, and in theoretical calculation this band is 
1458 cm−1 (differs by 26 cm−1). 

There are two C=O vibration in the DA mole-
cule. It is interesting to learn represented in the vibra-
tion spectra these stretching vibration bands. In the 
experiment, C=O stretching vibration corresponds to 
1731 cm−1 and has asymmetry on the low frequency 
side. Compared with the result found by the theoreti-
cal calculations, 51 cm−1 shift towards a higher fre-
quency side and the two bands 1782 cm−1 and 1783 
cm−1 corresponding to the C=O stretching vibration 
can be seen. This indicates the complexity of the 
spectral bands and may be related to the overlap of 
the spectral lines belonging to different associations 
[19]. According to the results of Raman scattering 
spectra obtained in the region of 500–2000 cm−1, the 
experimental and theoretical calculations differ from 
each other by ±2%.  

Calculations were performed for DA and water 
monomer, DA dimer and complexes of DA with wa-
ter molecules. Figures 2a and 2c show DA and water 
monomers. DA monomers (O12); (N10) and (O11); 
(N3) atoms are located in opposite planes to each 
other, and the distances between the atoms are the 
same 2.55 Å. This leads to the conclusion that there is 
a possibility of a weak intermolecular hydrogen bond 
in the DA monomer molecule, and that this intermo-
lecular hydrogen bond is also maintained in the DA 
dimer. 

The charge distributions for DA monomer, di-
mer, and water-formed aggregates are given in Table 
3. The table shows that the С1, С7, О11 and О12 
atoms in the DA monomer are negatively charged, 
while the remaining atoms are positively charged. 
Due to the redistribution of charges in the formation 
of aggregates, the amount of charge in the atoms 
changes, and this change is greater in the atoms in-
volved in the H-bond. In the DA dimer, the H8 and 
O11 atoms are involved in the H-hydrogen bond, and 
their charges changed from 0.181 to 0.224 and from -
0.252 to -0.233, respectively. 

In Fig. 2b the DA dimer is shown. As can be seen 
from the figure, the closed structural aggregates of 
different types: О11...Н16-2.474 Å and О24...Н8-
2.474 Å are formed by hydrogen bonds (atomic num-
ber is shown in the figure and Table 2). The energy of 
dimer formation is E=1.58 kcal/mol and the dipole 
moment is 0.001 D. The charge of the two oxygen 
atoms involved in the H-bond decreased by the same 
−0.230 (−0.249 in the monomer) and the charge of 
the hydrogen atom increased by +0.218 (+0.177 in 
the monomer). The Raman spectra obtained in ab-
initio calculations for the monomeric and dimeric ag-
gregates of the DA molecule are given (Fig. 3). In the 
calculations, two bands 1782 and 1783 cm−1 corres-
pond to the C=O stretching vibration of the DA mo-
nomer molecule (depolarization ratios 0.50 and 0.00), 
and in the dimer 1776 cm−1, 1777 cm−1, 1780 cm−1 
and 1781 cm−1 bands (depolarization ratios 0.47, 0.42, 
0.74, and 0.47, respectively) form a bond with a sin-
gle H atom in the CH3 group. 

DA is the simplest representative of biologically 
active substances and the interactions and orienta-
tions of 5 water molecules with DA were studied be-
cause it was interesting to observe the formation of 
molecular clusters with the water molecule and its 
manifestation in the vibration spectra. 

Figure 2d shows clusters DA+(Н2О)1. As can be 
seen from the figure, H-bond is formed between the 
О11 atom of DA and the Н14 atom of the water mo-
lecule with bond length being 1.973Å. The energy of 
formation of such a cluster is E=3.28 kcal/mol (Table 
2). The Raman spectra obtained in the theoretical cal-
culations for the DA+(Н2О)1 clusters are shown in 
Fig. 4. As can be seen from the figure, the bands 
1771 cm−1 and 1780 cm−1 correspond to the C=O 
stretching vibration cluster DA+(H2O)1. 

Figure 2e shows clusters of DA+(Н2О)2, where 
two oxygen atoms in the C=O group of DA are also 
involved in H-bonding. The length of the H-bond are 
are О8...Н12-1.975 Å, О11...Н17-1.986 Å and equal 
each other. The energy of cluster formation is E = 
6.54 kcal/mol (Table 2). Theoretical calculations 
show that in the DA+(Н2О)2 cluster, the bands 1750 
cm-1 and 1775 cm-1 correspond to the C=O stretching 
vibration in the Raman spectra. 

A similar feature was observed in cluster 
DA+(Н2О)3 (Fig. 2f) and in cluster DA+(Н2О)2 (Fig. 
2e). The two oxygen atoms in the C=O group are         
involved in the formation of the H-bond. The bond 
lengths are for О12...Н17- 1.997 Å,  
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Figure 2. The structure of diacetyl and water clusters: a) monomer, b) dimer, c) water monomer,d) DА+(Н2О)1,e) 
DА+(Н2О)2, f) DА+(Н2О)3, g) DА+(Н2О)4,h) DА+(Н2О)5. Here: red - oxygen, gray - carbon and white – hydrogen. 
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Table 2. Results of ab-initio calculations for diacetyl molecule. 
 

Structure Bond length, (Å) 
Frequency С=О, 
сm-1 (Raman activi-
ty, A4/AMU) 

Polarization 
ratio (ρ)С=О 

Dipole moment, 
(D) 

Energy of com-
plex formation 
kcаl/mоl 

DA  monomer  1782(32,70) 
1783 (0) 

0.50 
0.00 0  

DA  dimer r(О24…Н8)=2,474 
r(О11…Н16)=2,474 

1776 (00.00) 
1777 (78.47) 
1780(0) 
1781 (11.21) 

0.47 
0.42 
0.74 
0.47 

0.001005 1.58 

DA + (H2O)1 r(O11…H14)=1.973 1771 (18.64) 
1780 (21.12) 

0.39 
0.41 2.029997 3.28 

DA + (H2O)2 
r(O11…H17)=1.986 
r(О12…Н15)=1.975 

1771 (15.61) 
1775 (27.06) 

0.29 
0.34 3.597432 6.54 

DA + (H2O)3 
r(O11…H15)=1.980 
r(О12…Н17)=1.997 
r(О11…Н21)=2.041 

1750 (20.59) 
1773 (34.25) 

0.24 
0.31 1.866252 9.17 

DA + (H2O)4 

r(O12…H15)=1.971 
r(О12…Н21)= 1.975 
r(O11…H17)=1.982 
r(O16…H23)=1.882 

1747 (15.56) 
1766 (31.87) 

0.26 
0.27 2.947551 16.2 

DA + (H2O)5 

r(O12…H21)=1.976 
r(О12…Н15)=1.967 
r(О11…Н17)=1.858 
r(О16…Н27)=1.796 
r(О25…Н24)=1.814 

1748 (9.04) 
1761 (39.51) 

0.26 
0.23 2.199827 24.5 

 

 
Figure 3. Calculated Raman spectra of DA monomer and dimer aggregates. 
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Table 3. Charge distribution in DA water clusters. 
 

DА Monomer DA dimer DА+(Н2О)1 DА+(Н2О)2 DА+(Н2О)3 DА+(Н2О)4 DА+(Н2О)5 
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С1 -0.53 С1 -0.56 С1 -0.60 С1 -0.60 C1 -0.62 С1 -0.63 С1 -0.59 
Н2 0.18 Н2 0.19 Н2 0.19 Н2 0.19 H2 0.23 Н2 0.21 Н2 0.22 
Н3 0.17 Н3 0.17 Н3 0.17 Н3 0.18 Н3 0.20 Н3 0.22 Н3 0.21 
Н4 0.18 Н4 0.18 Н4 0.18 Н4 0.18 H4 0.18 Н4 0.17 Н4 0.16 
С5 0.26 С5 0.31 С5 0.29 С5 0.14 С5 0.41 С5 0.10 С5 0.09 
С6 0.26 С6 0.19 С6 0.26 С6 0.36 С6 0.17 С6 0.54 С6 0.43 
С7 -0.53 С7 -0.57 С7 -0.57 С7 -0.57 С7 -0.67 C7 -0.66 C7 -0.62 
Н8 0.18 Н8 0.22 Н8 0.18 Н8 0.22 Н8 0.18 Н8 0.19 Н8 0.18 
Н9 0.18 Н9 0.18 Н9 0.22 Н9 0.19 Н9 0.24 H9 0.21 H9 0.21 
Н10 0.18 Н10 0.17 Н10 0.18 Н10 0.19 Н10 0.19 H10 0.20 H10 0.19 
O11 -0.25 O11 -0.23 O11 -0.26 О11 -0.24 O11 -0.28 O11 -0.24 O11 -0.22 
O12 -0.25 O12 -0.24 O12 -0.24 О12 -0.23 O12 -0.24 O12 -0.30 O12 -0.29 
  С13 -0.57 O13 -0.54 О13 -0.52 O13 -0.52 O13 -0.53 O13 -0.52 
  Н14 0.18 H14 0.29 Н14 0.25 H14 0.25 H14 0.25 H14 0.25 
  Н15 0.17 H15 0.26 Н15 0.27 H15 0.26 H15 0.27 H15 0.27 
  Н16 0.22   О16 -0.54 O16 -0.54 O16 -0.55 O16 -0.57 
  С17 0.19   Н17 0.29 H17 0.28 H17 0.29 H17 0.31 
  С18 0.31   H18 0.26 H18 0.27 H18 0.27 H18 0.27 
  С19 -0.56     O19 -0.52 O19 -0.54 O19 -0.54 
  Н20 0.18     H20 0.27 H20 0.26 H20 0.26 
  Н21 0.19     H21 0.27 H21 0.29 H21 0.29 
  Н22 0.17       O22 -0.64 O22 -0.66 
  О23 -0.24       H23 0.34 H23 0.29 
  О24 -0.23       H24 0.30 H24 0.38 
            O25 -0.60 
            H26 0.26 
            H27 0.34 

О11...Н15-Н15-1.980 Å and О11...Н21-2.041 Å. The 
energy of cluster formation is to E=9.17 kcal/mol 
(Table 2). It can be seen, that in DA+(Н2О)3 clusters 
the band corresponding to the C=O stretching vibra-
tion is divided into two (1750 cm-1 and 1773 cm-1) 
(Fig. 4). 

When we look at clusters of DA+(Н2О)4 (Fig. 
2g), four different types of hydrogen bonds are 
formed, the bond lengths are 1.971 Å for О12...Н15, 
1.975 Å for О12...Н21, 1.982 Å for О11...Н17 and 
1.882 Å for О16...Н23. Two 1747 and 1766 cm−1 
bands belonging to the C=O stretching vibration can 
be observed (Fig. 3). Cluster formation energy 
E=16.2 kcal/mol (Table 2). In the Raman spectra ob-
tained by theoretical calculations, it can be seen that 

in DA+(Н2О)4 cluster the same cluster appearance 
was found (Fig. 4). Theoretical calculations show that 
in the DA+(Н2О)4 cluster, the bands 1747 cm−1 and 
1766 cm−1 correspond to the C=O stretching vibration 
in the Raman spectra. 

In the formation of five clusters of DA+(Н2О)5 
different types of hydrogen bond with bond lengths 
are (О12...Н21-1.976 Å; О12...Н15-1.967 Å; 
О11...Н17-1.858 Å; О16...Н27-1.796 Å and 
О25...Н24-1.814 Å. By observing the bands         
1748 cm−1 and 1761 cm−1, which belong to the C=O 
stretching vibration, we can see that the monomer 
band shifts towards a lower frequency side. The ener-
gy of cluster formation is E=24.5 kcal/mol (Table 2).  
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Figure 4. Calculated Raman spectra of DA-water dimer clusters. 

 
Figure 5. Charge density distribution for DA monomer and dimer. Here: red - oxygen, gray - carbon, white - hydrogen. 

 
 
It can be seen that in the Raman spectra, the 

DA+(Н2О)5 cluster has the same cluster appears as 
DA+(Н2О)1 with the C=O stretching vibration band 
shift to the low frequency side by ~19 cm−1 and the 
intensity of the band have increased.  

Figure 5 shows a visual representation of the 
charge distribution, the red part has a larger value of 
the electron density and is more negatively charged. 
The green part in contrast is that the electron density 
has reached a minimum and is more positively 
charged. Also, from a chemical point of view, the red 
part is the part that is most likely to start the reaction. 
The simulation shows that a dimer compound can be 
formed when an intermolecular hydrogen bond is 
formed between two DA molecules. Dimer formation 
results in redistribution of charges and a small 

changein bond lengths, and this is different for proton 
donor and proton acceptor molecules. The distribu-
tion of charges and the change in bond length indicate 
the structure of the dimer. As the number of hydrogen 
bond increases, it leads to a significant redistribution 
of charges in the DA aggregates. 

Figure 6 shows a 3D graph of the energy depen-
dence of the angle (between О12-С6-С5) and the dis-
tance (between С6=О12) for the DA molecule mono-
mer. The calculations show that the distance between 
the atoms (0.9 to 1.4 Å) and the energy dependence 
around the angle (80 to 2000) of the molecule being 
optimized, respectively. As can be seen from the very 
bottom of the graph, the optimized energy appears to 
correspond to certain intervals rather than the exact 
discrete value of distance and angle. 
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Figure 6. 3D potential energy surface graph for DA monomer. Here atoms of different colors are denoted as follows:         
red - oxygen, gray - carbon and white - hydrogen.  

 
III. Conclusion 

In the experiment, the Raman spectra of DA ob-
tained in the region of 500–2000 cm−1 are complex, 
and several vibrations correspond to several bands 
with different depolarization ratios. The spectral re-
presentation of DA’s molecular clusters with isolated 
monomer, dimer, and water molecules was studied at 
the B3LYP/DFT approximation. 

Experimental and theoretical calculations have 
shown that the results of DA in the region of 500-
2000 cm−1 are consistent with a difference of ±2%. 

With the increase in the number of molecules in 
the formation of molecular clusters with the DA wa-
ter molecule, the saturation of the intermolecular inte-
raction energy corresponding to a single Н-bond is 
observed. This corresponds to DA+(Н2O)3 molecular 
clusters and this cluster is more stable relative to the 
others. 

Calculations have shown that in the formation of 
molecular clusters with a DA dimer and a water mo-
lecule, the vibration bands shift towards a lower fre-
quency side. 
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Диацетил-сув кластерларини комбинацион со-
чилиш ва назарий ҳисоблашлар ёрдамида 
ўрганиш 
А. Жумабаев, Ҳ. Хушвақтов, А. Абсанов, А. Нор-
қулов, Б. Илтизаров 

Самарқанд давлат университети, Университет хиёбони 
15, 140104, Самарқанд, Ўзбекистон 

Ушбу ишда диацетил ва сув молекулаларида молеку-
лалараро ўзаро таъсирларни тебраниш спектрида на-
моён бўлиши ўрганилди. 500−2000 см−1 оралиқда олин-
ган комбинацион сочилиш спектрлари таҳлил қилинди 
ва назарий ҳисоблаш натижалари билан таққосланди. 
Шунингдек, ишда диацетил молекулалари учун симу-
лация ёрдамидa биринчи марта заряд зичлик тақсимоти 
ва 3D потенциал энергия графиклари ўрганилди. ДА 
сув молекуласи билан молекуляр кластерлар ҳосил 
бўлишида молекулалар сони ортиши билан битта Н-
боғланишга тегишли молекулалараро таъсир энергияси 
тўйиниши кузатилади ва бу ДА+(Н2О)3 молекуляр 
кластерларига тўғри келиб, бу кластер бошқаларига 
нисбатан барқарор деган хулосани беради. 
Калит сўзлар: диацетил, сув, DFT ҳисоблашлар, 
комбинацион сочилиш спектри, водород боғланиш, 
симулация. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


