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ARTICLE INFO ABSTRACT

Keywords: We report on a concentration-dependent Raman and ultrasonic relaxation study of the binary acetylacetone
Acerlacetone solutions in a wide mole fraction range. We combined vibrational and ultrasonic relaxation spectroscopies with
B-diketones DFT theoretical calculations for the systematic examination of the keto-to-enol tautomerism taking place in
Tautomerism . . . . .

Raman acetylacetone solutions with polar and non-polar solvent. Two sets of solutions were prepared with different

solvents in terms of polarity. Raman spectra revealed that the keto and enol tautomers of acetylacetone coexist in
solution and the keto tautomer is favored as the solvent polarity increases. A single Debye-type relaxation process
is detected in the acoustic spectra, which is assigned to the interconversion process between ACAC tautomers.
The isentropic volume change associated with the isomerization reaction was estimated from the acoustic data
and found to decrease up to x~0.2, while above this mole fraction reaches an almost constant value of ~13.6 ml/
mol, close to the theoretically estimated value of AVixeor,cciy=12.955 ml/mol in CCl, solvent environment. The
keto-to-enol isomerization in the dilute region was found to be strongly affected by the presence of the non-polar
solvent molecules, while for mole fractions higher than x~0.3 the process is not considerably altered. Several
physical properties of the system including density and acoustic properties, as well as the intermolecular free
length and polarizability exhibited an inflection point at a specific mole fraction signifying the cross-over of two
different regimes related with different tautomerization rates analogous to that observed in the Raman spectra.
The results are analyzed and discussed in the framework of the current phenomenological status of the field.

Ultrasonic relaxation spectroscopy

1. Introduction [see e.g. 10-15] and theoretically [16-19]. Nevertheless, the

keto-to-enol tautomerization ratio in different solvents and the struc-

B-diketones are a subgroup of ketones that exhibit a keto-to-enol
tautomerism, which involves the migration of a proton amongst two
constitutional isomers. The first description of the intramolecular mo-
tion of beta carbonyls has been made by Courtot and Pichon [1-3].
Latter Lehn and Aprahamian have been synthesized and studied several
beta carbonyls as rotary switches [4-6]. Recently, similar phototropic
systems have been developed as proton cranes [7,8].

Acetylacetone (ACAC) is the simplest representative example of
B-diketones and is considered as a model system for studying keto-to-
enol tautomerization. It is a colorless organic liquid that is a precursor
to a bidentate ligand, namely the acetylacetonate anion and is a building
block for the synthesis of heterocyclic compounds [9]. Particularly, its
enol form is utilized extensively in organic, inorganic, and medicinal
syntheses [9]. Therefore, it is of interest to separate and isolate the
tautomers. ACAC has attracted intensive research both experimentally

tural characteristics of the tautomers are not entirely understood due to
conflicting results. From the earlier studies it was proposed that, enol
tautomers belong to a Cay, symmetrical structure [14], but latter it was
observed that it remains in a Cg symmetrical structure [15] as shown in
Scheme 1.

Both keto and enol tautomers of acetylacetone coexist in solution and
the keto tautomer is favored as the solvent polarity increases [10-19]. In
Scheme 1, (a) and (b) are shown the two keto forms, with the (b) form to
be expected at higher energies [20]. These two keto conformational
species originate from the skeletal torsion relative to the planar struc-
ture. The (a) and (b) keto forms demonstrate C, and Cs symmetry,
respectively. The enol tautomers of ACAC are favored in the gas phase
and may exist in several forms as presented in Scheme 1 (c) to (f). The
enol form with Cyy symmetry has a hydrogen atom shared equally be-
tween the two oxygen atoms [12]. The enol tautomers, presented in
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Scheme 1 (d) and (e), contain a hydrogen bonded ring revealing two
equivalent structures of Cy symmetry, while the structure (c) with Cay
symmetry indicates their transition state. The enolic form presented in
Scheme 1 (f) corresponds to a higher energy structure. The two
trans-enolic forms of ACAC presented in Scheme 1 (g) and (h), corre-
spond to even higher energies due to the stabilizing attractive interac-
tion between acetyl oxygen and the carbonyl carbon atom of the
cis-acetate group.

In this work, we propose an alternative approach to investigate the
keto-enol equilibrium in a solvent environment that alters the polariz-
ability of the tautomeric forms of acetylacetone through intramolecular
and intermolecular hydrogen bonding interactions. The effect of solvent
polarity on the keto-to-enol tautomerism has been elucidated using
Raman spectroscopy and computational methodologies. Density func-
tional theory (DFT) calculations were performed to investigate the
vibrational and thermodynamic properties of both tautomers of acety-
lacetone in both vacuum and solvent environment. A systematic con-
centration dependent study by means of ultrasonic relaxation
spectroscopy has been undertaken for ACAC in solution state. The
combined use of vibrational and acoustic spectroscopic tools with
computational methodologies provides a promising approach to study
tautomerization equilibrium. Ultrasonic techniques belong to the sta-
tionary relaxation techniques and their use depends on the frequency
range of interest. These techniques cover the 10* to 10'° Hz frequency
region, which means that one may perform relaxation times measure-
ments in wide time scale, namely between 10> to 107! s. This so-wide
time scale is difficult to be measured by a single spectroscopic technique
(e.g. the corresponding time scale in vibrational spectroscopies is 10712
to 10~ 1*5). Thus, acoustic techniques have been proved a powerful and
less expensive tool in describing the dynamic picture of a molecular
system [21-23] and references therein]. Furthermore, an additional
advantage of ultrasonic techniques is that there are no restrictions on the
type of processes that can be studied. Using Raman spectroscopy and
analyzing changes in vibrational transition frequencies and spectral
features of bands profiles (i.e. widths, intensities, moments, polarization
properties) upon phase transformations, dilution, temperature and
pressure changes, etc. one can provide a rather detailed description of
microscopic interactions and dynamics of the system under study [24,
25]. On the other hand, the combination of vibrational and acoustic

Keto forms of ACAC
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spectroscopies with computational methods has been proved a powerful
and effective tool to identify hydrogen bonded structures shedding light
on microstructural interactions. Except the experimental methods used
in this work, other experimental and theoretical techniques have been
used to study in detail the keto-to-enol isomerization [17,20,26-41] that
strengthen and support the results of the present study.

2. Experimental
2.1. Preparation of solutions

Liquid acetylacetone (ACAC) with the chemical formula
CH3COCH2COCH3 was obtained from Merck (purity > 99%) and used
without any further purification to prepare two sets of solutions with
different solvents in terms of polarity. Carbon tetrachloride (CCl4) was
purchased from Sigma Aldrich (purity > 99%) and used as non-polar
solvent. Ethanol (CoHsOH) was received from Merck (purity > 99.5%)
and was used as polar solvent.

Solutions were prepared gravimetrically over a wide range of mole
fractions. Dissolution of ACAC in each solvent was performed under
continuous stirring at ambient conditions until a clear solution was
received and correspond to mole fractions presented in Tables 1 and 2 of
the Supporting Information.

2.2. Raman spectroscopy

Raman spectra were excited with the 532 nm laser-line of an air-
cooled diode-pumped continuous wave laser (Excelsior series, Spectra-
Physics). The Rayleigh scattering was eliminated by means of a notch
filter permitting measurements close to the excitation line. The right-
angle scattered light was analyzed by a single monochromator (IHR-
320 JY, ISA-Horiba group) with a spectral resolution of 2 em L. The
system was equipped with a CCD detector thermoelectrically cooled to
—70 °C for the signal detection. A VV polarization configuration, namely
a vertical laser excitation and vertical analysis of scattered light, was
used for recording the solution spectra. The laser power at the sample
was below 50 mW to avoid heating the liquid. During the experiments,
the optical geometry and the spectral slit width were kept constant. A
CCly reference sample was used to calibrate the polarization and correct
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Scheme 1. The enol and keto tautomers of ACAC. Enolic forms may exist in cis- and trans-conformation. The symmetry of each species is also presented.
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possible drifts of the monochromator’s gratings. Accumulation times of
several minutes were sufficient to result in a very high signal-to-noise
ratio in the spectra. The Raman set up and the procedures for obtain-
ing Raman have been described in detail elsewhere [42,43].

2.3. Ultrasonic relaxation spectroscopy

A pulse technique was used to measure the sound absorption coef-
ficient. A set of two identical broad-band piezoelectric elements were
used to send the signal to the sample and receive the transmitted signal
after travelling a fixed distance of 1 cm. The repetition rate of the signal
was set at 5 ms to avoid coincidence between the back wall echo-train
and the subsequent pulse. All pulses were sampled 256 times and
averaged with an oscilloscope (Tektronix, TBS 1202B) in the time-
domain and then saved on a PC for further analysis. The attenuation
in solutions is relatively high and therefore, the amplitude of the second
echo is substantially lower than the amplitude of the first echo. The
sound absorption coefficient of the solute as a function of frequency is
estimated after subtracting the absorption of the solvent from that of the
solution. The absorption of the CCly solvent in the frequency range
covered in this work is constant meaning that any relaxation effect
attributed to solvent is absent. The experimental error for the sound
absorption is +0.01%.

A pulse-echo measurement scheme was used to measure the sound
speed for all solutions. The difference in time-of-flight between the
second and the first echo provides the speed of sound. The experimental
error for the sound velocity is +5%. The temperature for the acoustic
cell was maintained constant at 20 °C within +0.01 °C for all acoustic
measurements. More details concerning the setup and the calibration
procedure can be found elsewhere [44-46].

2.4. Density measurements

A density-meter (DMA 60, Anton Paar) was used to measure the
solutions density with an uncertainty of +0.0001 g/cm®.

2.5. Quantum-mechanical calculations

The structure of the keto tautomer was received from the PubChem
digital library of chemical compounds, while the enol tautomer was
designed based on the structure of the keto tautomer. Density functional
theory (DFT) method and specifically Becke’s three parameter exchange
functional [47] with the Lee-Yang-Parr correlation functional [48]
(B3LYP) was used for all theoretical calculations with the 6-311++G(d,
p) split-valance basis set that takes into account polarization and
diffusion effects.

Optimization of the structures was carried out and new optimized
atomic coordinates were obtained after energy minimization. The
structure of the transition state was obtained from the optimized
structures of the tautomers by means of the Synchronous Transit-Guided
Quasi-Newton (STQN) method [49,50]. The thermodynamic properties
and the vibrational frequencies for each normal mode for the structures
of the two tautomers were calculated in the gas phase and in the pres-
ence of a homogeneous and isotropic environment, characterized by the
dielectric properties of the corresponding solvent. No imaginary fre-
quencies were received in the calculation of vibrational spectra. All
calculations were performed utilizing the Gaussian 03 series of programs
[51].

3. Results and discussion
3.1. Raman spectroscopy — structural properties
The following experimental verification of the solution speciation of

the keto- and enol species by means of Raman spectroscopy comple-
ments the previous theoretical and experimental predictions and is of
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direct relevance to the aim of the present study. Fig. 1 shows the con-
centration dependence of Raman spectra obtained for xACAC-(1-x)
Ethanol solutions with x denoting ACAC mole fraction. The spectra are
interpreted in full agreement with the literature revealing gradual
spectral variations [52-54]. The spectral features observed in Fig. 1
constitute a set of bands that are assigned as due to the ethanol and
acetylacetone molecules and the spectra of the mixtures are a linear
combination of the spectra of pure components. It seems that the pres-
ence of polar solvent molecules does not affect the keto-to-enol isom-
erization reaction.

The Raman spectrum of ethanol presented in Fig. 1 has eight typical
characteristic bands. Starting from the low frequencies, the band at
~889 cm™! is assigned to the CCO skeleton symmetric stretching vi-
bration, the band at ~1055 cm ™! is related with the CO scaling and the
band at ~1104 cm™! is attributed to the CCO skeleton asymmetric
stretching vibration. The bands observed at ~1287 and 1463 cm ™! are
assigned to CHy and CH3 antisymmetric deformation, respectively. In
the high frequency region, the bands at ~2888, ~2934 and 2975 cm ™!
are assigned to a superposition of the CHs and CH; symmetric stretching
modes, to asymmetric CHy and asymmetric CH3 modes [54 and refer-
ences therein].

The Raman spectrum of acetylacetone is dominated by the intense
polarized Raman line at ~2923 cm ™! that is assigned to the CHz sym-
metric stretching of the two methyl groups. The bands at ~3002 and
~2963 cm ™! are attributed to in plane and out of plane asymmetric CHs
stretching mode, respectively [53,54]. The OH stretching modes of
acetylacetone are extremely broad and almost featureless. The intense
spectral envelop from 1600 to 1700 cm ™ is attributed to C =0, C=C
stretching modes and to the CH in-plane bending mode [53,54]. The
broadness of this strong band is probably related to the free rotation of
the methyl group that is linked to the carbonyl functional group. This
band splits into three components at low temperatures that are attrib-
uted to the co-existence of the two conformations [53].

The situation is different when ACAC is dissolved in a non-polar
solvent as CCly. The concentration dependence of the xACAC-(1-x)
CCly solutions is presented in Fig. 2. In the dilute region with mole
fraction ranging between 0.025 and 0.3, two newly appearing bands
become evident in the Raman spectra near ~1550 and ~ 3600 cm ! that
are denoted in Fig. 2 with dotted lines. These bands are absent in the
spectrum of pure solvent and thus are not attributed to CCls. The as-
sembly of bands observed near ~1550 and ~ 3600 cm ! in dilute region
(0.025<x < 0.3) gradually lose intensity upon further increase of the
mole fraction. For x>0.3, the spectra are almost identical with the
spectra of xACAC-(1-x)Ethanol solutions for the same mole fraction. This
means that the presence of non-polar solvent molecules affects signifi-
cantly the keto-to-enol isomerization in the dilute region, while for mole
fraction x>0.3 the process is not considerably affected.

The Raman spectra shown in Figs. 1 and 2 will be discussed in
relation to the theoretically predicted spectra of keto and enol forms of
acetylacetone in an effort to elucidate the observed spectral peculiarities
observed in dilute solutions with CCly. Fig. 3 shows Raman spectra ob-
tained for pure ACAC and two representative Raman spectra of
ACAC—CCly solutions corresponding to x = 0.075 and x = 0.4 mole
fractions. In Fig. 3 are also included the theoretically estimated Raman
spectra of keto and enol form of ACAC for comparison. It is clearly seen
that the two bands near ~1550 and ~ 3600 cm ™~ * observed in the Raman
spectra of the dilute solutions are certainly assigned to the enol form on
ACAC. Acetylacetone is converted to an enol acetate isomeric form in
good yield in the presence of non-polar solvent (CCls) molecules. With
increasing mole fraction of ACAC, the intensities of the ~1550 and ~
3600 cm™! bands show a gradual change indicating that the relative
population between enol and keto isomeric forms reduces considerably,
while above x = 0.4 varies with a completely different rate or remains
almost unaffected. On the other hand, enolic acetylacetone exists in two
forms, which interconvert by ultrafast reactions [54]. The preferred
conformation of enol acetates of acetylacetone is the cis- and not the
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Fig. 1. Polarized (VV) Stokes-side Raman spectra of ACAC-Ethanol solutions for all mole fractions studied. The spectrum of pure solvent (ethanol) is also included for
comparison. Spectral conditions: laser wavelength, Ao = 532 nm; laser power, p = 50 mW; spectral slit width, ssw= 2 em™ L

XACAC-(1-x)CCl,

ACAC (x=1)

Intensity [arb. units]

N, M
b —CCl, (x=0)
" 1

0 1000

2000

1
3000

Raman shift [cm™]

Fig. 2. Polarized (VV) Stokes-side Raman spectra of ACAC—CCl, solutions for all mole fractions studied. The spectrum of pure solvent (CCly) is also included for

comparison. Spectral conditions: same as in Fig. 1.

trans-configuration due to the stabilizing attractive interaction between
acetyl oxygen and the carbonyl carbon atom of the cis-acetate group.
The fact that the non-polar solvent molecules significantly affect the
keto-to-enol isomerization for x<0.3 are well documented in the liter-
ature cited in the Introduction, nevertheless the present study supports
this finding through concentration-dependent Raman spectroscopy and
ultrasonic relaxation. These two experimental methods are presented for
the first time in the literature, constituting the novelty of this study.

3.2. Ultrasonic relaxation spectroscopy — dynamic properties

Since the most abrupt variations in the relative population between
enol to keto isomeric forms are observed below x < 0.3 for the xACAC-
(1-x)CCly solutions (see Fig. 2), we restricted our ultrasonic relaxation
study in this concentration region. The dispersion of the absorption
coefficient detected in ACAC- CCly solutions, is shown in Fig. 4. The
absorption coefficient varies in the frequency region of relaxation ac-
cording to the Debye-type single relaxation function [55]:

%:LﬁB ey

-0)

where A, B and f; correspond to the maximum contribution of the
relaxation to a/f%, the sum of the classical part of the absorption and the
characteristic relaxation frequency.

Two relaxation processes are expected to be present in the acoustic
spectra of ACAC solutions with CCly that are attributed to the confor-
mation of the two isomeric methyl enol ethers of acetylacetone and the
keto-to-enol tautomerization. Nevertheless, only one relaxation process
is detected in this frequency range. The relaxation parameters received
from the fitting of this theoretical equation to the experimental points
are presented in Fig. S1 of the Supporting Information. The fingerprint of
a conformational change in the acoustic spectrum would be a relaxation
amplitude monotonic increase and a constant relaxation frequency with
increasing solution concentration [44,56-58]. The mole fraction
dependence of the relaxation amplitude and frequency exhibits a
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Fig. 3. Experimental Stokes-side Raman spectra of ACAC—CCl, solutions cor-
responding to x = 0.075 and 0.04 mol fraction and of pure ACAC. The calcu-
lated spectra of keto and enol conformers using CCl4 as solvent are also shown
for comparison. See text concerning calculation details.

completely different behavior. With increasing mole fraction, the char-
acteristic frequency increases with a parallel relaxation amplitude
decrease, while at x~0.2 an abrupt change is observed for both acoustic
parameters. Therefore, we will analyze the experimental results along
the line of interconversion process between ACAC tautomers. The
monotonous behavior exhibited by f, and A parameters up to x = 0.2
mole fraction is indicative of a continuous tautomerization process. The
results do not directly show that the relaxation process is attributed to
the ACAC tautomers’ interconversion. At the most, it could be consid-
ered empirical.

In an effort to progress on the comprehensive understanding of the
tautomerization process, we measured additional physical properties,
namely the sound velocity and the density of the solutions covering a
wide mole fraction region. The results are presented in Fig. 5(a) and (b),
respectively in a semi-logarithmic representation. The specific repre-
sentation permits the detection of an inflection point at a specific mole
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fraction for both physical properties of the system signifying the cross-
over of two different regimes that are related with different tautomeri-
zation rates similar to that observed in the Raman spectra of Fig. 2. It is
well documented in the literature that the preferred conformation of
enol acetates of acetylacetone is the cis form through experimental and
computational methods and the present study supports this finding
through concentration-dependent Raman spectroscopy and ultrasonic
relaxation.

Another interesting parameter is the intermolecular free length L¢
that describes the distance between surfaces of the molecules. This
parameter can be estimated directly from the adiabatic compressibility
of the system f, which is:

B=— @

where p is the mass density and u is the velocity of sound in the solutions.
The intermolecular free length is estimated through the following
empirical formula [59,60]:

L=K+\/p, 3)

where K is the so-called Jacobson’s constant.

The calculated intermolecular free length L¢ for all mole fractions is
presented in Fig. 5(c). With increasing mole fraction under isobaric
conditions, the intermolecular free length experiences a monotonous
decrease, although with different tendencies below and above x = 0.3
mole fraction similar to that observed for sound velocity and density.
The decrease indicates that the distance between neighboring molecules
decreases with concentration enhancing the ultrasound wave propaga-
tion. This is reflected in the sound velocity measurements shown in
Fig. 5(a). Molecular interactions are stronger at higher mole fractions
forming a more rigid structure. It seems that the intermolecular free
length is strongly related with sound velocity and mass density and may
provide important information concerning not only intermolecular
phenomena as molecular association, but also tautomerization
processes.

3.3. Standard volume change associated to keto-to-enol tautomerism

The maximum value of the attenuation per cycle, jimqy, can be esti-
mated from the sound velocity u, the amplitude of the relaxation A and

1.4x1013 | x: mole fraction
1.2x1013

1.0x107"3

8.0x107

a/f?[s*/cm

6.0x107
4.0x101

2.0x107

10° 10°

107 108

frequency [Hz]

Fig. 4. Absorption spectra (a/f 2) of xACAC-(1-x)CCl4 solutions at 20 °C. Solid lines represent the theoretical Debye-type profiles for each mole fraction. A single

relaxation process is observed in this frequency range.
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Fig. 5. Concentration dependence of the ultrasound velocity (a), density (b)
and intermolecular free length (c) covering a wide mole fraction range.
Acoustic parameters were measured at 20 °C. See text concerning the calcula-
tion of the intermolecular free length.

the characteristic relaxation frequency f, through the equation [61]:

1
e = 5 AU, @

The isentropic volume change AV associated with the isomerization
process, depends on the maximum value of the attenuation per cycle
according to [61]:

2RT u
AVS — max 5
V zpull ®

where p is the density of the solution, R is the gas constant and T is the
absolute temperature. Finally, I is the concentration parameter, which
is related with the progress of the isomerization reaction and is esti-
mated as [62]:

(9 (;U)

v olnk,,

9B
= c0< ) (6)
0lnKey ) ¢

where K,q is the equilibrium constant and $ denotes the dissociation
degree. Parameter C° is the lower concentration limit where the mate-
rial’s response can be detected.

The so obtained isentropic volume change associated with the
isomerization reaction as a function of mole fraction is presented in
Fig. 6. The results reveal that the volume change decreases up to x~0.2

p.T
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and above this mole fraction reaches an almost constant value of ~13.6
ml/mol, which is close to the theoretically estimated value of AVieor,
ccy=12.955 ml/mol considering CCl4 solvent environment in the
calculation model. The corresponding volume change in vacuum envi-
ronment free of any intermolecular interactions was found equal to
AViheor,yacuum=>5.867 ml/mol and deviates significantly from the exper-
imental value of the volume change. A greater deviation from the
experimental value was observed when the theoretical calculations were
carried out in ethanol solvent environment. In this case, the theoretical
value of the volume change was found equal to AVixeor, ethanoi=3-858 ml/
mol.

The transition state between the two minima corresponding to keto-
and enol-isomers was estimated using the Synchronous Transit-Guided
Quasi-Newton (STQN) method [49,50]. For the B3LYP/6-311+-+G(d,
p) level of theory, we calculated the enthalpy change between isomers
and the activation enthalpy in solvent environment equal to AH=5.86
kcal/mol and AH,=53.40 kcal/mol, respectively. The corresponding
values in vacuum are AH=5.84 kcal/mol and AH,=53.19 kcal/mol,
while the values are found equal to AH=6.03 kcal/mol and AH,=53.87
kcal/mol in the case of ethanol solvent environment. Our calculated
enthalpy difference is relatively close to the experimental value of
AHxp=4.66 kcal/mol reported in the literature [63], but rather higher
compared to other theoretically estimated values reported in the past
that where in the range 3.27 to 3.89 kcal/mol [64,65]. This deviation is
probably due to the different level of theory used for the calculation by
those authors. Furthermore, the activation enthalpy estimated in the
present work is near to the 59.02 kcal/mol reported in the literature [64,
65].

3.4. Polarity effect on the tautomerization equilibrium

In keto-to-enol tautomerism, both tautomeric forms coexist in solu-
tion. Nevertheless, their relative amount depends on the solvent polar-
ity, which strongly influences the equilibrium between the two
tautomers. Polarity is an intrinsic molecular characteristic and describes
the unequal distribution of electron density. In the context of Meyer’s
Rule, the keto tautomer is favored when the polarity of the solvent in-
creases [66]. By comparing the polarity of the two tautomers, it seems
that keto tautomer is more polar than enol due to the dipole-dipole
repulsion induced by the two carbonyl functional groups present in
the keto molecular structure. On the other hand, enol tautomer appears
more stable than the keto form not only in solutions with non-polar

60 T T T T T T T T T T T T
50 - .
= 40} ]
Q
£
e 30t .
>
< 20f O 4
o)
10} .
1 L 1 L 1 L 1 L 1 L 1

0 L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

X

Fig. 6. Isentropic volume change for the keto-to-enol isomerization reaction as
a function of solution concentration.
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solvents, but also in the gas phase due to the resonance structure,
forming a six-membered ring with the intramolecular hydrogen bond,
which reduces the dipole-dipole interactions [66].

Polarity illustrates the permanent average separation of charge,
while polarizability indicates the ability of a molecule to become
polarized temporarily. Then based on the polarity of the molecule,
polarizability provides information on how a specific molecule is
affected when subjected to a dielectric medium. To quantitatively follow
the effect of polarity on the tautomerization equilibrium and how the
equilibrium changes as the solvent’s polarity varies, we calculated the
dielectric constant of a mixture at various polarizable conditions. In the
context of the Onsager-Kirkwood theory, the polarizability of a given
molecule within a dielectric medium is represented by the OK factor, as
[67,68]:

_e—1
T 2e+4+1

)

where ¢ correspond to the dielectric constant of the mixture, which can
be evaluated both experimentally [69,70] and theoretically [71]. The
results are presented in Fig. 7 and reveal that the keto-to-enol tautom-
erism experiences a completely different behavior when placed in a
highly polar and non-polar dielectric medium.

Interestingly, polarizability exhibits a gradual change with
increasing ACAC mole fraction in ACAC—CCl, solutions analogous to
that presented by all acoustic parameters and other physical properties
of the system, indicating that the relative population between enol to
keto isomeric forms reduces considerably although with different rates
below and above x~0.2.

4. Conclusions

In this study, we combined vibrational and ultrasonic relaxation
spectroscopies with DFT theoretical calculations for the systematic ex-
amination of the keto-enol tautomerism taking place in acetylacetone
solutions with polar and non-polar solvent. The systematic analysis of
the experimental and theoretical results revealed that the presence of
non-polar solvent molecules affects significantly the keto-to-enol isom-
erization in the dilute region, while for mole fraction x>0.3 the process
is unaffected. According to previous research works, acetylacetone is
converted to an enol acetate isomeric form in the presence of non-polar
solvent (CCl4) molecules, while the preferred conformation of enol ac-
etates of acetylacetone is the cis-form. The trans-configuration is not
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favored due to the stabilizing attractive interaction between acetyl ox-
ygen and the carbonyl carbon atom of the cis-acetate group.

Only one relaxation process is detected that is attributed to the
interconversion process between ACAC tautomers. The a/f measure-
ments were analyzed by means of a Debye-type distribution. The
monotonous behavior exhibited by f, and A parameters up to x = 0.2
mole fraction is indicative of a continuous tautomerization process. The
semi-log representation reveals the presence of an inflection point at a
specific mole fraction for both physical properties of the system signi-
fying the cross-over of two different regimes that are related with
different tautomerization rates like that observed in the Raman spectra.

The intermolecular free length experiences a monotonous decrease
with increasing mole fraction, although with different tendencies below
and above x = 0.3 mole fraction like that observed for sound velocity
and density. The intermolecular free length parameter may provide
important information concerning intermolecular association phenom-
ena and tautomerization processes.

The isentropic volume change associated with the isomerization re-
action decreases up to x~0.2 and above this mole fraction reaches an
almost constant value of ~13.6 ml/mol, close to the theoretically esti-
mated value of AVineor,cci4=12.955 ml/mol in a CCly solvent environ-
ment. Polarizability exhibits a gradual change with increasing ACAC
mole fraction in ACAC—CCly solutions analogous to that presented by
all acoustic parameters and other physical properties of the system,
indicating that the relative population between enol to keto isomeric
forms reduces considerably although with different rates below and
above x~0.2.

All the above findings can be practically attributed to the alterations
in the network rigidity due to variations in interactions at molecular
level. This study proves that the combination of Raman and ultrasonic
relaxation spectroscopies with theoretical calculations is a powerful
diagnostic tool for the adequate evaluation of the processes occurring in
solutions. The elucidation of the detailed local structure is of key
importance for the knowledge-based understanding of the structure and
dynamics of ACAC solutions.
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