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Association of acetylacetone molecules with water was studied by means of in-
frared absorption spectroscopy aided by matrix isolation technique. The spec-
tra of acetylacetone–water mixtures isolated in low temperature argon and ni-
trogen matrices revealed additional spectral bands, not observed in the spectra 
of pure substances, thus confirming the formation of hydrogen bonded com-
plexes. The precise assignment of the spectral bands was performed by varying 
the sample concentration, performing annealing experiments and DFT B3LYP 
6-311++G(3df, 3pd) calculations. Positions of the associated water bands in-
dicate a medium strength hydrogen bond comparable to the one observed in 
the water trimers. The effect of hydrogen bond formation is rather minimal for 
the acetylacetone molecule and our experiments confirm no significant influ-
ence on an internal hydrogen bond structure or dynamics in the acetylacetone 
molecule. Similar conclusions are valid in the case of the D2O D2-acetylacetone 
complex. Different situation is observed when CH3 groups in acetylacetone are 
replaced with CF3 groups. The  calculated energy of the  complex is twice as 
small. This is also confirmed by a very small bounded OH stretch shift. This 
observation confirms that the  electronic structure of the  molecular groups 
even relatively far away from the hydrogen bond accepting atom has a large 
influence on its possibility to form a hydrogen bond.

Keywords: infrared spectroscopy, matrix isolation, acetylacetone, water, hy-
drogen bond

INTRODUCTION

Hydrogen bonding plays a very important role in many as-
pects of physics, chemistry, and biology. This is especially 
true in the modern research in such fields as surface phys-
ics, biochemistry, and biophysics. Formation of hydrogen 
bonded complexes alters properties of the matter and might 
significantly influence processes occurring in chemical and 
biological systems  [1–2]. Studies of water complexes with 
both organic and inorganic compounds are of particular 
interest.

Acetylacetone (AcAc) is a diketone molecule whose enol-
ic form (Z-4-hydroxy-3-penten-2-one) is stabilized by an in-

ternal hydrogen bond and is therefore the most stable form. 
However, it coexists with the β-diketone tautomer (2,4-pen-
tanedione is also called keto) in the gas phase or the liquid 
phase. The  molecule presents an interesting case where its 
structure is determined by a strong intramolecular hydrogen 
bond [3–5]. Recent theoretical and experimental results in-
dicate an existence of three large amplitude internal motions 
in this molecule, which results in a  complicated dynamic 
structure of the molecule. Vibrational spectroscopy coupled 
together with low temperature experimental techniques pro-
vides excellent possibilities to study complicated molecules 
and molecular structures. AcAc has been extensively studied 
using the infrared absorption matrix isolation technique [5–
10]. Experiments performed in the  parahydrogen matrices 
at temperatures below 4  K allowed one to establish the  fact 
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that large amplitude motions are preserved even when AcAc is 
isolated in a low temperature solid [11].

The influence of water on the structure and dynamics of 
an internal hydrogen bond in acetylacetone is an attractive 
problem as it is a very good model system for understanding 
complex processes in complicated macromolecules. In most 
molecules that are of biological interest there exist active mo-
lecular groups, such as O–H, C=O and others, capable of form-
ing internal and external hydrogen bonds.

Matrix isolation infrared spectroscopy is one of the most 
suitable experimental methods for studying such compli-
cated molecular systems. The  weak complexes are stabilized 
in the  inert matrix host. Moreover, by changing the  host to 
guest ratio one can observe the specific complex bands grow-
ing or disappearing depending on the sample concentration in 
the matrix [12].

In this work we present the  study of an  acetylacetone 
(AcAc) and water complex by means of matrix isolation in-
frared absorption spectroscopy. Parallel to us, another group 
in the  Department of Chemistry in the  Tokyo University of 
Science did similar experiments with acetylacetone–water 
complexes and their deuterated analogues [13]. We expect our 
results for deuterated acetylacetone–deuterated water associa-
tion to be less complicated and easier to interpret as we per-
formed the experiments with deuterated substances, in contra-
ry to Ref. 13 where partial deuteration was achieved by mixing 
normal acetylacetone with D2O. The  experiments described 
in Ref.  13 lead to a  complicated situation where all possible 
mixed isotopologues of water and acetylacetone are observ-
able in a single sample. In addition, we performed experiments 
with hexafluoroacetylacetone in order to further explore 
the effect of the terminal group atoms mass change influence 
on the properties of the intermolecular and intramolecular hy-
drogen bond. Spectral bands arising due to the  formation of 
the complex are detected and assigned to the normal vibrations 
based on three techniques: mixture ratio variations, matrix an-
nealing experiments and theoretically calculated spectra using 
the density functional theory (DFT) B3LYP. The influence of 
the mass and electronic structure on the process of hydrogen 
bond formation between acetylacetone and water molecules 
is explored by studying double deuterated acetylacetone (D2-
acetylacetone, D2-AcAc) where O–H and βC–H hydrogens are 
changed to deuterons and hexafluoroacetylacetone (6F-AcAc), 
with CH3 groups changed to CF3 groups.

METHODOLOGIES

Experimental
Acetylacetone (99%) and hexafluoroacetylacetone (99%) 
from Sigma-Aldrich were degassed in the vacuum system 
and used without further purification. D2-acetylacetone 
was prepared using the  technique described in  [14]. Water 
was filtered and distilled using an EASYpure RoDi (Thermo 
Fisher Scientific) water purification system, and degassed by 
using a freeze pump thaw cycle. Nitrogen (99.99%) and argon 

(99.99%) gases from Elme Messer Gaas were used without an 
additional treatment.

Sample–matrix gas mixtures were prepared in the  glass 
vacuum system. Sample–matrix gas ratios were estimated 
by measuring the partial gas pressure in the vacuum system. 
A typical sample to the matrix gas ratio of 1 to 500 was used 
in most experiments. AcAc–water ratios were varied in a wide 
range in order to obtain spectra with different amounts (in 
comparison to monomers) and sizes (e.g. 1 water, 1 AcAc mol-
ecule or 2 water, 1 AcAc) of complexes. In a typical experiment 
approximately 20 mmol of the gas mixture were deposited for 
90 min onto a CsI window held at 9 K in a closed cycle He cry-
ostat (Leybold-Heraeus RW2).

The IR spectra were recorded in the 500–4000 cm–1 range 
using a  Bruker IFS  113 spectrometer at 1  cm–1 resolution. 
The  background spectra and the  sample spectra were mea-
sured under the  same conditions, measuring and averaging 
256 spectra. In order to follow complex formation in the ma-
trix sample warming experiments were performed. The spec-
tra were recorded at 9, 20, 25 and 30 K temperature. During 
the experiments where nitrogen gas was used, one spectrum 
was recorded at 35 K temperature as well.

Calculations
The density functional theory (DFT) at the  B3LYP/6-
311++G(3df,  3dp)  [15] level was used to optimize the  geo-
metries and calculate harmonic frequencies of complexes 
consisting of one acetylacetone and one water molecule. All 
calculations were performed using the Gaussian 09 program 
package  [16]. In a  typical calculation the  NoSymm keyword 
was used in order to ensure that the calculation program does 
not enforce an incorrect symmetry for the AcAc molecule.

RESULTS AND DISCUSSION

Quantum chemistry calculations
The structure of water and acetylacetone molecules allows 
several possible 1:1 complex geometries. There are three active 
centers of the AcAc molecule which are expected to be sites for 
interaction with the water molecule. Those are an oxygen atom 
from the C=O group, an oxygen atom from the C–O–H group 
and a  β-hydrogen atom in the  C–H group of acetylacetone. 
The  performed calculations predict that all three mentioned 
complexes are indeed local minima on the  potential energy 
surface. The optimized geometries and calculated energy dif-
ferences are presented in Fig. 1. The most stable and thus most 
expected to be observed experimentally is the  configuration 
where water bonds to the C=O group of acetylacetone (C=O 
side complex). The calculated binding energy for this structure 
is 23.6 kJ/mol. The next in energy is the structure where water 
bonds to the O–H side with the calculated binding energy of 
16.5 kJ/mol. This gives the energy difference of 7.1 kJ/mol be-
tween two calculated structures. The least stable complex struc-
ture according to the calculations is the one where water bonds 
to the  acetylacetone β C–H group (see Fig.  1), the  binding 
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energy of this structure is only 6.6  kJ/mol and the  energy 
difference compared to the  most stable C=O side com-
plex is 17 kJ/mol. The calculated energy differences between 
the  structures allow us to estimate the  possible abundances 
of these structures. Based on the  Boltzmann distribution at 
room temperature the amount of the second in stability O–H 
side structure could be in the order of 5% (and the least stable 
β C–H complex around 0.08%). At this point one can disre-
gard the least stable conformer from further consideration as 
the amount is much smaller than the expected detection limit 
of the experiment (roughly estimated at 1%). The calculations 
of D2O D2-acetylacetone structural parameters and energies 
are, in fact, exactly the  same as for the  H2O–acetylacetone 
complex and this is not surprising as the electronic energy of 
the system is not changed upon the deuteration. If the vibra-
tional zero point energy is taken into account, the deuterated 
complex binding energy is estimated to be higher by 1.7 kJ/mol 
than that of the hydrogenated one. In order to further investi-
gate the influence of mass and electronic changes in acetylac-
etone on the forming of the hydrogen bonded complex with 
water we have studied hexafluoroacetylacetone where two CH3 
groups are exchanged with CF3 groups (see Fig. 2). According 
to the calculations, hydrogen–fluorine exchange has a major 
influence on the structure and binding energy of the H2O F6–
AcAc complex. The most stable structure of this complex is dif-
ferent from AcAc water – the repulsion between electronega-
tive oxygen in water and fluorine atoms in F6-AcAc increases 
the intermolecular distance. The hydrogen atom of the free OH 
group in the water molecule is turned towards the CF3 group, 
but is also rather far away and the attraction cannot compen-
sate for the repulsion between oxygen and fluorine. The bind-
ing energy of the most stable structure is 11.5 kJ/ mol – much 
smaller than in the case of the AcAc–water complex.

Experimental results
Theoretical calculations allow us to expect that at least one 
type of a hydrogen bonded complex between AcAc and water 
should be detectable experimentally. The matrix isolation ex-
perimental technique makes it possible to stabilize weak com-

plexes and prevent formation of larger structures which would 
hinder detection of such complexes. The overview spectra in 
the  whole middle infrared region of acetylacetone isolated 
in the nitrogen matrix (1:500), water isolated in the nitrogen 
matrix (1:500) and the acetylacetone–water mixture isolated 
in the nitrogen matrix (1:1:500) are presented in Fig. 3. Only 
a brief overview of these spectra already allows us to identify 
additional spectral bands in the spectrum of AcAc–water mix-
tures that are not observed in the spectra of pure compounds. 
The presence of these bands indicates that at least one type of 
the complex is formed.

Overviewing the  spectra together with the  theoretically 
calculated spectra (see Table 1) allows us to identify the spec-
tral regions where one can expect to see the most distinct spec-
tral bands associated with AcAc–water complex formation. 
According to the calculations and the experimental spectrum 
the most obvious spectral changes are occurring in the spectral 
region between 3800–3300  cm–1. In this region the  O–H 
stretch vibration of water is expected to be observable. Figure 4 
compares the spectra of pure water and AcAc–water mixtures 
isolated in the nitrogen matrix. One can also expect the AcAc 
O–H stretch band somewhere in this region, but it is well 

Fig. 1. The calculated structures of acetylacetone–water complexes and their binding energies

Fig. 2. The calculated structure of hexafluoroacetylacetone–water complex
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Ta b l e  1 .  The experimentally observed and calculated bands (in cm–1) of acetylacetone–water complex

Experimental Calculations

Description
AcAc + H2O (Ar) AcAc + H2O (N2) AcAc (Ar) AcAc (N2)

AcAc + H2O 
C=O side

AcAc + H2O 
O–H side

AcAc Int.

3776.7 H2O νas

3755.7 3726.7 H2O νas

3711.5 H2O νas

3705.9 3699.2 3885.2 3889.9 90 νOH (free) H2O + AcAc

3634.1 H2O νs

3573.7 3550.7 (H2O) dimer

3514.1 (H2O) trimer

3512.1 3514.3 3640.8 3737.4 592 νOH (bound) H2O+AcAc

3495.1 νOH (bound) H2O + AcAc

3219.1 3215.1 3211.9 3 νCH

3014.3 3014.0 3016.1 3013.6
3142.0 3144.6 3143.3 3 νasCH methyl-C=O side

3141.3 3140.3 3137.9 8 νasCH methyl-OH side

2979.0 2976.6 2979.3 2976.5
3096.3 3092.0 3090.6 10 νasCH methyl-C=O side

3092.1 3088.9 3088.1 4 νasCH methyl-OH side

3067.9 2870.6 3005.2 405 νOH (AcAc)

2932.8 2934.6 2931.7 2934.5
3039.6 3039.4 3038.7 1 νsCH methyl-OH side

3033.5 3035.0 3034.4 2 νsCH methyl-C=O side

1827.2

1711.8 1739.3 1712.1

Fig. 3. The infrared absorption spectra of water (bottom), acetylacetone (middle) and acetylacetone–water mixture (top) isolated in the nitrogen matrix at 
9 K. Complex bands are denoted by arrows
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Ta b l e  1 .  ( c o n t i n u e d )

Experimental Calculations

Description
AcAc + H2O (Ar) AcAc + H2O (N2) AcAc (Ar) AcAc (N2)

AcAc + H2O 
C=O side

AcAc + H2O 
O–H side

AcAc Int.

1635.4 1636.0 1637.5 1636.5 1668.1 1678.9 1676.5 480 νC=O + νC=C-OH + δOH

1624.1 1598.7 νC=O + νC=C-OH + δOH

1617.3 1614.1 1616.5 1597.7 1624.7 1644.6 1644.9 284 νC=O + νC=C-OH + δOH (AcAc) +

1590.0 1613.8 1657.8 1654.2 – 7 δOH (H2O) bound to AcAc

1474.6 1464.6 1474.8 1463.3 1495.6 1488.7 1491.5 56
δCHol. + νC-C=O + νC-OH + γCH 

methyl (both)

1462.0 1462.7 1483.6 1476.8 1477.0 8
δOH (AcAc) + γCH methyl-

C=O + γCH methyl-OH

1431.9

1433.1 1472.4 1475.7 1472.2 11
δOH (AcAc) + γCH methyl-

C=O + γCH methyl-OH + δCH

1472.2 1472.1 1471.5 9
δOH (AcAc) + γCH methyl-

C=O + γCH methyl-OH

1422.8 1425.1 1423.7 1423.2 1457.6 1460.5 1459.8 124
δOH (AcAc) + γCH methyl-

C=O + γCH methyl-C=O–H + δCH

1373.9 1376.7 1375.1 1377.0 1412.2 1416.0 1411.7 15 δsCH methyl-C=O-H

1369.1 1369.7 1399.4 1392.1 1391.6 41 δsCH methyl-C=O

1360.3 1361.4 1360.3 1361.2 1374.6 1361.6 1376.3 176 δOH (AcAc) + νC=C-O + νC=O

1291.0 1290.7

1275.6 1272.4

1251.2 1249.3 1251.1 1249.4 1273.5 1277.0 1270.8 130
δOH (AcAc) + νsC-C-C=C-C ring 

breath

1173.9 1172.4 1174.3 1171.6 1199.6 1195.5 1195.0 13 δCH

1170.2 1063.6 1064.1 1063.4 1 τCH methyl-OH side

1024.4 1025.0 1024.1 1025.7 1048.1 1048.2 1047.2 11 τCH methyl-C=O side

1012.7 1014.2 1012.6 1014.8 1036.8 1039.7 1034.8 11 ρCH3 methyl-OH side

1004.811

995.8 995.4 1005.1 996.5 1020.6 1031.5 1010.3 18 ρCH3 (both)

957.0 936.0 996.3 960.5 987.4 1009.4 1010.0 65 γOH (AcAc)

949.7 956.8 949.1

939.7 919.6 938.2 952.3 944.1 943.2 2 ρCH3 (both) + νC-C=O

920.8 920.1 910.3 910.3 926.3 917.3 918.2 30 νC-CH3

785.9 786.3

780.5 779.0

769.4 773.1 766.3 772.9 799.9 799.4 794.0 31 γCH

765.3 667.6

662.3 662.3

644.8 644.1 661.9 655.0 652.9 7 ρCH3 (both)

635.4 635.6 644.6 649.5 647.9 10 ρCH3 (both) + γOH (H2O)

ν is stretch vibration, δ is in-plane deformation vibration, γ is out-of-plane deformation vibration, ρ is rocking vibration, τ is twist vibration.

known that due to a strong intramolecular hydrogen bond in 
AcAc this band is much broadened and highly red shifted. Due 
to these conditions this band was never identified in the low 
temperature matrices [10–11]. Water bands are readily identi-
fied from pure water isolated in nitrogen spectra and previous 

works [17–19]. In the spectra of the AcAc–water mixture iso-
lated in nitrogen (Fig. 4) two additional spectral bands at 3699 
and 3514 cm–1 (see Table 1) are observed. Based on the calcu-
lations these bands are assigned to the free O–H stretch and 
the bound O–H stretch, respectively. The bound O–H stretch 
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involves water hydrogen bonded to AcAc on the C=O group 
side. The fact that only these bands are observed in the spectra 
suggests that in nitrogen only one type of the AcAc–water com-
plex is observable. It is well known that the nitrogen matrix is 
a quite rigid molecular solid and most of molecular dynamics 
are blocked in this matrix, for example, water monomer rotates 
in argon matrices, but the rotation is stopped in nitrogen [20]. 
As a consequence, we see fewer peaks in the nitrogen matrix 
spectra thus making it easier to analyse.

In order to better explore possibilities to detect another 
type of the AcAc–water complex we have performed studies 
in argon matrices as well. We also compared these results to 
the ones produced by the group in Tokyo University and found 
that they are extremely similar [13]. The O–H stretch region of 
pure water and the AcAc–water mixture isolated in argon ma-
trices, together with the DFT calculated spectra of two possible 
AcAc–water complexes, are presented in Fig. 5. The bands we 
see in the pure water spectrum in the 3800–3700 cm–1 region 
(Fig. 5) can easily be assigned to water monomers. In a similar 
fashion, we can state that the band at 3573 cm–1 is the result 
of water dimer formation. We see that its intensity grows with 
increasing the water concentration and the sample tempera-
ture. In the spectra of the AcAc–water mixture isolated in ar-
gon we observe three additional spectral bands besides those 
of pure water. We can attribute the band at 3705.9 cm–1 (see 
Fig. 5 and Table 1) to the free O–H stretch of water bound to 
acetylacetone, based on the calculations and annealing experi-
ments. In this region two more bands are observable at 3512 
and 3495 cm–1. These bands follow the same dynamics during 
the sample warming up from 9 to 30 K. They grow in inten-
sity exactly at the same rate. The same happens when the water 

concentration is increased in the mixture. These dynamics sug-
gest that these two bands belong to the same molecular species. 
Moreover, the  difference between these bands in the  experi-
mental spectrum equals to 15 cm–1 while the calculated sepa-
ration between two different theoretically predicted structures 
is 100 cm–1. One more argument against the second structure 
observation is the  calculated energy difference between two 
structures. The  Boltzmann distribution allows us to expect 
the 1:20 ratio between two structures at room temperature. In 
the experimental spectra we observe almost 1:1 ratio of these 
two bands. All these experimental observations allow us to 
conclude that both of these bands are associated with the same 
C=O side AcAc–water hydrogen bonded complex. The  pres-
ence of these two bands could be explained by two hypotheses: 
the matrix cage effect or coupling with the internal motions of 
the AcAc molecule.

In order to try to clarify this effect, experiments with D2O 
and D2-acetylacetone were performed. Similar experiments 
carried out by the Tokyo group used a mixture of normal and 
deuterated water [13]. During our experiments, we tried to ob-
tain 100% D2-acetylacetone to make the analysis both easier 
and more accurate. Deuteration does not change an electronic 
structure of the  system and the  strength of the  hydrogen 
bond is mainly determined by the change of the zero point 
vibrational energy. Mass increase from hydrogen to deuteri-
um results in the change of vibrational frequencies involving 
H/D atom vibration and thus the overall change of zero point 
vibrational energy. The O–D stretch region of D2O and D2-
acetylacetone isolated in the  argon matrix is presented in 
Fig.  6, and the  complete assignment of vibrational bands 
is summarized in Table  2. From the  experiments using 

Fig. 4. The infrared absorption spectra of water isolated in nitrogen (1:500) (upper), acetylacetone–water mixture in nitrogen (1:1:500) (middle), acetylac-
etone–water mixture in nitrogen (1:2:500) (bottom). Complex bands are indicated by arrows
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Fig. 5. (a) The calculated spectra of acetylacetone–water C=O side complex (most stabile); (b) the calculated spectra of acetylacetone–water O–H side com-
plex; (c) the infrared absorption spectrum of water in argon (1:500) at 9 K temperature; (d) the infrared absorption spectrum of acetylacetone–water mixture 
in argon (1:1:500) at 9 K; (e) the infrared absorption spectrum of acetylacetone–water mixture in argon (1:1:500) at 30 K. Arrows denote complex bands

Fig. 6. (a) The infrared absorption spectrum of D2O D2-acetylacetone mixture in argon (1:500) at 9 K temperature; (b) the infrared absorption spectrum of 
D2-acetylacetone–water mixture in argon (1:1:500) at 9 K; (e) the infrared absorption spectrum of acetylacetone–water mixture in argon (1:1:500) at 30 K. 
Arrows denote complex bands
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Ta b l e  2 .  The experimentally observed and calculated bands (in cm–1) of D2-acetylacetone–water complex

Experimental Calculations

DescriptionD2AcAc + H2O (Ar) d2AcAc (Ar) D2-AcAc + H2O D2-AcAc

Wavenumber Wavenumber Wavenumber Int. Wavenumber Int.

3016.2
3141.8 1 3143.3 9 νasCH methyl-C=O side

3141.2 8 3137.9 9 νasCH methyl-OD side

2978.3
3096.4 9 3090.6 5 νasCH methyl-C=O side

3092.0 4 3088.1 7 νasCH methyl-OD side

2933.4
3039.8 6 3038.6 8 νsCH methyl-OD side

3033.7 3 3034.2 3 νsCH methyl-C=O side

2740.6 2835.2 83 νOD (free) D2O+AcAc

2569.1 2638.2 276 νOD (bound) D2O+AcAc

2379.1 1 2373.9 1 νCD

2243.2 281 2199.8 259 νOD (AcAc)

1621.9 1632.4 1647.4 270 1662.8 263 νC=O + νC=C-OD

1534.4 1535.4 1551.2 482 1560.0 374 νC=O + νC=C-OD + δOD (AcAc)

1443.4 1443.4 1486.5 14 1477.0 13 γCH methyl-C=O + γCH methyl-OH

1437.2 1437.2
1475.3 76 1475.8 79 γCH methyl-C=O + γCH methyl-OH

1472.1 8 1472.2 9 γCH methyl-OH

1426.9
1425.6 1462.8 58 1464.7 39 γCH methyl-C=O

1413.9 1413.9

1399.8

1372.8 1372.8 1418.0 26 1418.2 29 γsCH methyl-OH

1352.0*
1358.5 1405.7 11 1403.3 12 γsCH methyl-C=O

1352.0 1391.8 45 1385.0 53 γCH3 (both)

1277.4 1277.4 1312.2 152 1303.1 126 νC-C + ρCH3 (both)

1195.2

1207.71188.6 26 δOD (D2O)

1175.1

1086.9 1086.9 1117.0 44 1119.8 52 δOD (AcAc) + ρCH3 (CO)

1038.2 1038.2 1062.5 2 1062.2 1 τCH3 (OH)

1026.4
1028.3 1048.7 28 1046.97 10 τCH3 (CO) + ρCH3 (OH) + δOD (AcAc)

1024.6 1047.3 17 1046.95 30 τCH3 (both)

ρCH3 methyl-OH side

992.8* 992.8 1017.1 10 1009.4 10 ρCH3 (both)

937.8* 937.8 953.1 24 945.9 25 ρCH3 (both) + δCD

875.0 875.0 898.5 9 891.5 16 ρCH3 (both) + δOD

770.4* 853.3 0.1 847.5 1 δCD

718.6 718.6
738.7 38 750.9 38 γOD

708.1 708.1

663.2 3 652.9 7 τCH3 (both) + γOD

641.5 11 647.9 10 ρCH3 (CO)

* Bands with splitting.
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different concentrations of D2O and D2-AcAc we were able 
to identify two spectral bands associated with the  bound 
O–D stretch of D2O bonded to D2-AcAc. The  separation 
between this doublet is smaller than in the  normal wa-
ter case – only 5 cm–1 while it is 12 cm–1 in normal water. 
The  doublet separation change from hydrogen to deute-
rium is most likely associated with the matrix cage effect, 
as heavier deuterium atom vibration is probably less per-
turbed by surrounding argon atoms. The complex band is 
red shifted by 5 cm–1 from the D2O trimer band just like it 
was in the case of normal water. This indicates the same hy-
drogen bond strength change upon deuteration in the acet-
ylacetone–water complex as it is observed in the  water 
trimer. The  spectral shift of the  water O–H stretch from 
the  monomer (from the  most intense monomer antisym-
metric rovibrational band) to the  acetylacetone–complex 
is 250 cm–1 in the hydrogenated complex and 220 cm–1 in 
the  deuterated complex. A  smaller shift in the  deuterated 
system exhibits a  weaker hydrogen bond. This effect is 
called the  negative Ubbelohde effect and is in agreement 
with theoretical predictions for weakly bounded hydrogen 
bond complexes involving water [21]. A similar effect upon 
deuteration is also observed for the water trimer [18–19]. 
It is interesting to note that this experimental observa-
tion contradicts theoretical predictions at the DFT B3LYP 
(6-311++G(3df,  3pd)) level where a  deuterated form pre-

dicted to be slightly stronger, but confirms Car–Parrinello 
molecular dynamics studies  [21] where water involving 
hydrogen bond complexes is expected to have a  slightly 
weaker hydrogen bond upon deuteration.

The infrared absorption region between 1800–600 cm–1 
is associated mainly with acetylacetone vibrations. Water 
has some spectral bands associated with H–O–H bend-
ing vibrations between 1650–1550  cm–1. In the  spectra of 
the  AcAc–water mixture isolated in argon these bending 
vibrations heavily overlap with the broad bands of acetylac-
etone C=O and C=C stretching vibrations. Despite the com-
plicated structure of the  bands we were able to identify 
the H–O–H bending vibration band of water bound to AcAc 
at 1590 cm–1 (see Table 1 and Fig. 7). It is much more difficult 
to observe any effect of the AcAc–water bond on the C=O 
and C=C stretch modes of acetylacetone. This observation is 
rather different from the typical cases of hydrogen bonding 
between carbonyl groups of a molecule with water. Classical 
examples of such interactions are water–carboxylic acid or 
water–ethanol hydrogen bonded complexes [22–23]. In car-
boxylic acids the C=O band is red shifted by ca. 40 cm–1 from 
the  monomer to the  complex with water and is the  most 
sensitive mode of carboxylic acids to the  hydrogen bond 
formation. However, the C=O band in acetylacetone is heav-
ily coupled with the  C=C band and other ring vibrations. 
The  combined width of overlapping C=O and C=C bands 

Fig. 7. (a) The infrared absorption spectrum of water–acetylacetone mixture in argon (1:1:1500) at 9 K temperature; (b) the infrared absorption spectrum 
of acetylacetone in argon (1:500) at 9 K; (c) the infrared absorption spectrum of water in argon (1:200) at 9 K. The arrow denotes δ(bound H–O–H) of water 
hydrogen bonded to acetylacetone
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in acetylacetone is more than 100 cm–1, which could mask 
the red shifts of the C=O band of acetylacetone bonded to 
water. A close look at the pure AcAc band and the AcAc–
water mixture band in the region between 1700–1540 cm–1 
reveals some additional broadening of the combined C=O 
and C=C band on the  red side of spectra in the  samples 
with added water. This, in fact, could be an indication of 
a slight disturbance of the C=O band of acetylacetone upon 
bonding with water. A more clear red shift of the C=O band 
is observed in the  D2O D2-AcAc complex (Fig.  8). In this 
case C=O and C=C bands are much less coupled and one 
can clearly see an appearing shoulder on the C=O band for 
the samples with an additional amount of D2O. The red shift 
of the observed band from the monomer to AcAc bonded 
to D2O is 10 cm–1. This is still much smaller than expected 
for a  medium strength hydrogen bond system which was 
concluded from the shifts of bound O–H and O–D stretches 
of water. This allows us to conclude that the internal hydro-
gen bond in AcAc highly reduces the external influence of 
the bonded water on the vibrations of the bound acetylac-
etone molecule.

Two additional spectral regions are expected to be sen-
sitive to the  formation of an external hydrogen bond in 
acetylacetone: the region around 1360 cm–1 where in-plane 
deformation vibrations of the O–H group (see Table 1) are 
expected to be observable and the region between 1050 and 
900 cm–1 where out-of-plane O–H deformation vibrations 
are expected to contribute to infrared absorption. The spec-

tral band at 1360 cm–1 is very broad both in argon and ni-
trogen matrices. This is not surprising as this motion highly 
delocalizes the O–H proton in the AcAc molecule. We were 
unable to see any definitive change of this band upon com-
plex formation between water and AcAc. This fact allows us 
to assume that the external hydrogen bond with water has 
only a very minor influence on the strength and dynamics 
of the internal hydrogen bond in the AcAc molecule.

In the 1050–900 cm–1 region, there are several AcAc vi-
brations which could be expected to be sensitive to the for-
mation of a hydrogen bond with water (Table 1 and Fig. 9). 
As it can be seen from the  data there is a  slight shift of 
the  CH3 rocking and twisting bands of AcAc in the  C=O 
group side. These shifts are observed both in the  calcula-
tions and experimental spectra of AcAc water mixtures 
isolated in the  nitrogen matrix. Even larger shifts are ob-
served for O–H out-of-plane deformation vibrations, cal-
culations predict a 23 cm–1 red shift upon hydrogen bond 
formation (see Table 1) and experimentally in the nitrogen 
matrix we observe a 24 cm–1 red shift (960 cm–1 pure AcAc 
and 936  cm–1 AcAc–water complex). We also can observe 
a slight blue shift for the band associated with C-CH3 stretch 
vibration: theory predicts a 8 cm–1 blue shift for the com-
plex formation and experimentally we observe a  band at 
910 cm–1 for the pure AcAc and a broad shoulder at approxi-
mately 920 cm–1 for the AcAc–water mixture. The analysis 
of the argon data is much more complicated. The bands are 
much broader than in nitrogen and that makes it harder 

Fig. 8. (a) The  calculated spectrum of D2-acetylacetone; (b)  the  calculated spectra of D2-acetylacetone D2O complex; (c)  the  infrared absorption 
spectrum of D2-acetylacetone in argon (1:500) at 9 K temperature; (d) the infrared absorption spectrum of D2-acetylacetone–D2O mixture in argon 
(1:1:500) at 9 K. Arrows denote bands attributed to the D2-acetylacetone bound to D2O
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Fig. 9. (a) The calculated spectrum of acetylacetone; (b) the calculated spectra of acetylacetone–water complex; (c) the infrared absorption spectrum of acetylacetone 
in nitrogen (1:500) at 9 K temperature; (d) the infrared absorption spectrum of acetylacetone–water mixture in nitrogen (1:1:500) at 9 K. Arrows denote acetylacetone 
bound to water bands

to identify bands appearing due to the complex formation. 
The band broadening in argon is a result of a much weaker 
interaction between the matrix and the molecule, therefore 
most of the  internal dynamics of the  AcAc molecule are 
preserved (a large amplitude O–H stretch and CH3 torsion 
motions) thus making interpretation of the bands possible 
only after the approximate position is preliminarily known 
based on nitrogen matrix experiments.

The small band shifts of the AcAc molecule upon com-
plex formation and remaining broad bands in the  argon 
matrix confirm that water, hydrogen bonded to the  AcAc 
molecule, has only a  very small influence on the  internal 
hydrogen bond strength in the AcAc molecule and does not 
have any significant influence on the internal dynamics of 
AcAc molecule atoms. In order to analyse the influence of 
electronic configuration of the molecule on the possibility 
of forming hydrogen bonds in detail, hexafluorinated ace-
tylacetone molecule complexes with water were explored. 
The theoretical calculations predict different geometry and 
binding energy of the  fluorinated AcAc–water complex. 
The  binding energy of the  hexafluoroacetylacetone–wa-
ter complex is 11.5  kJ/mol, which is smaller than that of 
the  acetylacetone–water complex by 12.1  kJ/mol. The  list 
of the  calculated and experimental vibrational bands is 
presented in Table 3. This is also reflected by the predicted 
water O–H stretch bands position. The free O–H stretch is 

predicted to be at the similar place as in the case of the ace-
tylacetone–water complex (AcAc at 3885 cm–1, 6F-AcAc at 
3894 cm–1), but the change is strongly reflected in the bound 
to AcAc water O–H stretch (AcAc at 3640  cm–1, 6F-AcAc 
at 3778 cm–1). Experimentally we observe these bands for 
the 6F-AcAc–water complex isolated in argon at 3731 and 
3580 cm–1 (Fig. 10). These bands are heavily perturbed by 
the water absorption and determination of the bound O–H 
band position was possible only in the difference spectrum 
when the absorption bands of water dimers and trimers were 
removed. The  weakness and broadness of the  bands indi-
cated that complex binding energy is smaller and much less 
localized for 6F-AcAc when compared to the  AcAc–water 
complex. The spectral region between 1710 and 1580 cm–1 
is very complicated for the  samples isolated in the  argon 
matrix. For pure 6F-AcAc we expect only two normal vi-
brations due to the C=O and C=C group stretch vibrations. 
In the  experimental spectra we see two medium strength 
doublets. The same doublet structure is observed in nitro-
gen and even parahydrogen matrices [14] which points to 
the intrinsic dynamics in the 6F-AcAc molecule. The weak 
bands in between these two doublets are most likely com-
bination bands. Addition of water complicates this region 
even more. It is possible to assign one band to the bending 
vibration of water bound to 6F-AcAc at 1589.5  cm–1. This 
band is always growing in intensity with increased water 
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Ta b l e  3 .  The experimentally observed and calculated bands (in cm–1) of 6F-acetylacetone–water complex

Experimental Calculations

Description6FAcAc (Ar) 6FAcAc + H2O (Ar) 6FAcAc 6FAcAc + H2O

Wavenumber Int Wavenumber Int Wavenumber Int

3776.6 5
H2O νas

3756.3 14

3730.1 6 H2O νas

3711.3 5 3895.2 159 H2O νas + νOH (free) H2O + AcAc

3670.2 1
H2O νs

3639.8 1

3573.3* 3 3779.4 207 (H2O) dimer + νOH (bound) H2O+AcAc

3516.3 0.3 (H2O) trimer

3127.7 1 3127.7 1 3523.8 5 3285.2 225 νCH

3227.4 228 3255.2 11 νOH

1696.0* 12 1696.0* 14 1722.7 144 1715.7 178 νC=O (CO) + νC=C + δOH

1639.2* 21 1639.2* 37 1650.1 257 1642.7 307 νC=C + δOH + δOH (H2O)

1608.9 2

1592.1 5 1639.4 29 δOH (H2O) bound to AcAc

1444.0 11 1444.0 13 1469.4 85 1473.5 87 νC-O (OH) + δCH

1364.1 13 1364.1 17 1404.6 115 1401.0 146 νC-O + δOH

1296.2 5 1296.2 4 1320.8 16 1312.6 13 δOH + νC-CF3

1267.3* 52 1267.3* 67 1265.7 526 1263.8 492 δCH + δOH + νC-CF3

1226.3 31 1226.3 41 1205.0 242 1204.9 334 δCH + νCF3 (CO)

1212.5 46 1212.5 26 1192.7 334 1194.7 284 δOH + νCF3 (OH)

1184.4 35 1184.4 46 1162.3 275 1166.0 272 νCF3 (OH)

1165.8* 24 1165.8* 26 1136.8 260 1145.9 259 νCF3 (CO)

1110.1 10 1110.1 12 1131.4 84 1136.2 1088 δCH

1089.4 30 1089.4 38 1107.2 139 1107.2 139 νC-C + δCH + δOH

917.1 2 917.1 2 935.6 26 935.6 26 Δ

819.5* 17 819.5* 21
884.2 63 884.2 63 γOH

844.9 45 844.9 45 γCH

750.8* 2 750.8* 2
817.3 8 817.3 8 Δ

768.2 4 768.2 4 γOH + γCH

743.1* 2 743.1* 2 741.8 8 741.8 8 γCF3 + δOH

718.0 1 718.0 1 729.1 3 729.1 3 Γ (γOH + γCH)

660.2 11 660.2 14 663.0 66 663.0 66 Δ

* Bands with splitting.

concentration. A  complicated band structure does not 
allow a  clear identification of the  C=O stretch band of  
6F-AcAc bound to water. This fact also points out the weak-
ness of the formed complex. The spectral region from 1300 

to 900  cm–1 exhibits a  few additional spectral bands ap-
pearing in the  spectra of 6F-AcAc–water mixtures in ar-
gon (Fig.  11). The  biggest difference between the  spectra 

of the  pure 6F-AcAc and the  6F-AcAc–water mixture is 
the band at 1278 cm–1. Based on the calculations, it is attrib-
uted to a  highly coupled vibrational transition consisting 
of O–H in-plane deformation and CF3 stretch (C=O side). 
The band position in the pure 6F-AcAc is at 1268 cm–1. It 
is interesting to note that the  change of the  OH in-plane 
deformation is not observed in the  normal AcAc due to 
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a very broad band structure arising from the delocalization 
of hydrogen in the AcAc molecule. Two additional shoulder 
bands red shifted by 3 cm–1 from the bands in the pure 6F-
AcAc are observed at 1264 and 1223  cm–1 and are mainly 
associated with the stretch vibrations of CF3 groups, which 
are highly coupled with the  vibrations of O–H and C=O 

groups in the  molecule. Two more weak bands appearing 
with an addition of water at 1126 and 1057  cm–1 are sig-
nificantly shifted from the  bands of pure 6F-AcAc. Based 
on the  calculated spectra these two bands cannot be as-
signed to the normal vibrations of the 6F-AcAc–water com-
plex and must be associated with combinational vibrations. 

Fig. 11. (a) The  calculated spectrum of hexafluoroacetylacetone; (b)  the  calculated spectra of hexafluoroacetylacetone–water complex; 
(c) the infrared absorption spectrum of water in argon (1:500) at 9 K temperature; (d) the infrared absorption spectrum of hexafluoroacetyl-
acetone in argon (1:500) at 9 K; (e) the infrared absorption spectrum of hexafluoroacetylacetone–water mixture in argon (1:1:500) at 9 K. 
Arrows denote bands attributed to hexafluoroacetylacetone–water complex

Fig. 10. (a) The infrared absorption spectrum of water in argon (1:500) at 9 K temperature; (b) the infrared absorption spectrum of hexa-
fluoroacetylacetone–water mixture in argon (1:1:500) at 9 K. Arrows denote bands attributed to water bound to hexafluoroacetylacetone
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The  appearance of the  new bands in the  spectra of 6F-
AcAc–water mixtures compared to the spectra of pure wa-
ter and pure 6F-AcAc clearly signifies that the complex be-
tween 6F-AcAc–water is formed. However, the small shifts 
and broadness of the  bands indicates that the  complex is 
much weaker than that of the normal AcAc–water. This is 
supported by theoretical calculations as well.

CONCLUSIONS

Theoretical calculations performed at the  B3LYP 
6-311++G(3df,  3pd) level and matrix isolation infrared 
absorption experiment results confirm that acetylacetone 
and water form hydrogen bonded complexes in argon and 
nitrogen. Only one complex with the most stable structure 
was observed experimentally for all the species. The spec-
tral bands of the complex were identified and assigned to 
the  normal vibrations of water and acetylacetone partici-
pating in the formation of the complex. The bond strength 
in the complex is similar to the bond strength in the water 
trimer  –  this is confirmed by the  calculations and simi-
lar spectral shifts of the  bound O–H stretch observed in 
the  water trimer and the  acetylacetone–water complex. 
In spite of a  moderate hydrogen bond strength only very 
small changes of the  AcAc bands are observable. The  ob-
served fact that O–H in the plane deformation band does 
not change upon formation of an external hydrogen bond 
with water suggests that water has a very minor influence 
on the strength and dynamics of an internal hydrogen bond 
in an AcAc molecule. The deuteration of water and acety-
lacetone O–H and C–H bonds results in a  slight decrease 
of the  complex hydrogen bond energy upon the  deutera-
tion. This is manifested in a  smaller water molecule O–D 
stretch shift from the monomer to the complex compared 
with the corresponding O–H stretch shift. The fluorination 
of CH3 groups in acetylacetone results in a different com-
plex geometry and a  significant binding energy decrease 
manifested both in the DFT calculated energy and the ob-
served smaller OH stretching shifts from the monomer to 
the complex.
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Justinas Čeponkus, Rasa Platakytė, Valdas Šablinskas, 
Alejandro Gutierrez Quintanilla

ACETILACETONO, D2-ACETILACETONO IR 
HEKSAFLUOROACETILACETONO-VANDENS 
MOLEKULIŲ KOMPLEKSŲ ARGONO IR AZOTO 
MATRICOSE TYRIMAS FTIR SPEKTRINIU METODU

S a n t r a u k a
Vandenilinis ryšys nepaprastai svarbus daugelyje sričių, jis keičia 
medžiagos savybes ir daro įtaką įvairiems procesams, vykstantiems 
biologinėse ir cheminėse sistemose. Toks ryšys gali formuotis tiek 
tarp elektroneigiamų atomų ar grupių turinčių molekulių, tiek jų vi-
duje. Acetilacetonas – diketonų tipo molekulė, kurios enolinė forma 
stabilizuojama stipriu vidiniu vandeniliniu ryšiu. Vandens poveikis 
vidinio vandenilinio ryšio struktūrai ir dinamikai yra gera modeli-
nė sistema norint suprasti sudėtingus makromolekulėse vykstan-
čius procesus.

Šiame darbe tirti acetilacetono ir vandens kompleksai nau-
dojant žemų temperatūrų matricinę izoliaciją ir infraraudonosios 
sugerties spektroskopiją. Taip pat eksperimentai buvo vykdomi su 
deuteruotomis medžiagomis bei heksafluoroacetilacetonu ir van-
deniu, norint geriau suprasti molekulės struktūros ir vandenilinio 
ryšio abipusę įtaką. Matricinė izoliacija, derinama su infraraudo-
nosios sugerties spektroskopija, yra vienas tinkamiausių metodų 
tokioms molekulėms ir jų kompleksams tirti. Silpni asociatai sta-

bilizuojami inertinėje matricoje, o keičiant bandinio koncentraciją 
galima kontroliuoti ir stebėti spektrinių juostų atsiradimą bei au-
gimą.

Užregistravus acetilacetono ir vandens mišinių spektrus bei 
palyginus juos su grynųjų medžiagų spektrais, naujos išaugusios 
spekt rinės juostos priskirtos vandeniliniu ryšiu surištiems kom-
pleksams. Visų juostų priskyrimas atitinkamiems virpesiams at-
liktas remiantis bandinio atšildymo eksperimentu bei tankio funk-
cionalo (DFT) B3LYP 6-311++G(3df,  3pd) metodo skaičiavimais. 
Acetilacetono ir vandens kompleksų juostos pozicija nurodo viduti-
nio stiprumo vandenilinį ryšį, panašų į stebimą vandens trimeruo-
se. Eksperimentai parodė, kad vandenilinio ryšio susiformavimo 
įtaka acetilacetono molekulės struktūrai ir dinamikai yra minimali. 
Panašias išvadas galima padaryti ir apie deuteruoto acetilacetono 
bei D2O molekulinius asociatus. Jų kompleksų susidarymo energija 
yra identiška acetilacetono-vandens sistemai (23,5 kJ/mol). Deute-
ruoto vandens surištos OD grupės virpesio juosta yra pasislinkusi 
nuo monomerų juostos tiek pat, kiek ir OH grupės virpesio acetila-
cetono ir vandens atveju. Heksafluoroacetilacetonui, kur CH3 grupės 
pakeičiamos CF3, suskaičiuota kompleksų energija yra dvigubai ma-
žesnė (11,5 kJ/mol). Tarpmolekulinio vandenilinio ryšio susilpnė-
jimą patvirtina ir daug mažesnis OH valentinio virpesio poslinkis 
eksperimentiniuose spektruose. Galima daryti išvadą, kad moleku-
linių grupių, net esančių toli nuo vandenilinio ryšio akceptoriaus, 
elektroninė struktūra turi įtakos ryšio formavimuisi.




