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ABSTRACT: Partition equilibria of three aroma compounds in
three different biphasic systems were studied by a liquid/liquid
partition technique to investigate interactions that occur be-
tween volatiles and lipids in biphasic solutions. The lipids used
were linoleic acid and ricinoleic acid and tetradecane as a
model. The three aroma compounds were ethyl acetate, 2,5-di-
methylpyrazine, and oct-1-en-3-ol. The results showed that the
intermolecular forces involved were weak. Infrared spec-
troscopy was then performed on binary systems (tetradecane
and linoleic acid or aroma compound) and on ternary systems
(tetradecane, linoleic acid, and aroma compound) to determine
the nature of the interactions. This method confirmed the pres-
ence of hydrogen bonds between linoleic acid and 2,5-di-
methylpyrazine or oct-1-en-3-ol and also between molecules of
oct-T-en-3-ol when the latter are present at high concentrations
in lipids. The observations provided sufficient information to
explain the behavior of oct-1-en-3-ol in biphasic solutions, but
further work is needed to fully elucidate the nature of interac-
tions between ethyl acetate or 2,5-dimethylpyrazine and lipids
and also to explain the behavior of these compounds in bipha-
sic solutions.
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Release and retention of aroma compounds are governed by the
same physicochemical properties, and they determine the sen-
sory qualities of foodstuffs and extraction ease of aroma com-
pounds. Indeed, these characteristics are linked to the partition
of volatiles in the different phases of food or biological media
and also depend on the interactions that occur between aroma
compounds and constituents of each phase. Therefore, deter-
mining the kind of interactions that occur in each phase is of
great interest. It would help us to understand the phenomena in-
volved in the perception of aroma compounds in emulsions or
to explain the difficulties encountered in the extraction of
volatiles from a biphasic system. Much has been done to reach
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this goal by measurement of thermodynamic equilibria in sim-
ple model solutions (1-3), but little research has been done on
complex systems, and moreover, the nature of binding involved
has not been clearly demonstrated. Knowledge of molecular-
level phenomena is now required to understand and predict in-
teractions.

Our aim was to show the type of interactions that occur be-
tween volatiles and lipids to explain the behavior of aroma
compounds in biphasic solutions. To reach this goal, we stud-
ied the interactions between aroma compounds and con-
stituents of biphasic solutions. The results concerning the fac-
tors that can affect the volatility of the aroma compounds
have already been published (4). They have shown the impor-
tance of the presence of fatty acids in the medium for the
vapor/liquid partition coefficient and also for the interactions
between volatiles and substrates. The vapor/liquid partition
coefficient measurements showed solute/solvent interactions
but were inadequate to explain their nature and intensity. In
the present study, we tried to understand which kinds of phe-
nomena were involved in partition of volatiles between two
phases. We first measured liquid/liquid partition coefficients
of each volatile in biphasic solutions. The interactions were
then studied at molecular level by Fourier transform infrared
spectroscopy (FTIR) with solutions of lipid in tetradecane and
several concentrations of volatiles.

MATERIALS AND METHODS

Chemicals. Ethyl acetate, ricinoleic acid, oct-1-en-3-ol,
methyl linoleate, tetradecane, linoleic acid, and 2,5-di-
methylpyrazine were used. Their physicochemical character-
istics are given in Table 1.

Thermodynamic measurements. The three volatiles studied
were oct-1-en-3-ol, ethyl acetate, and 2,5-dimethylpyrazine.
Three biphasic systems were used to study liquid/liquid parti-
tion: tetradecane/water, linoleic acid/water, and ricinoleic
acid/water.

The effect of concentration of each aroma compound on
its liquid/liquid partition coefficient, P, was first studied to
determine at which concentrations solute/solute interactions
were appearing. The liquid/liquid partition coefficient, which
is the ratio of the mass fractions of the aroma compound, re-
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TABLE 1
Physicochemical Characteristics of the Compounds Used
Compound Chemical Molecular Boiling point Purity
(manufacturer) formula weight (K) Density (%)
Aroma 2,5-Dimethylpyrazine CyHgN, 108 428 0.990 99
compounds (Aldrich)
Ethyl acetate C,4Hg0, 88 350 0.901 99
(Prolabo)
Oct-1-en-3-ol CgHy O 128 448 0.836 99
(Fluka)
Lipids Linoleic acid CigH5,0, 280 0.90 99
(Aldrich)
Methyl linoleate Ci9H;,0, 294 0.95 99
(Sigma)
Ricinoleic acid CgH5404 298 0.94 85
(Fluka)
Tetradecane C,4H30 198 0.76 99
(Aldrich)

spectively, in the organic and the aqueous phases, was deter-
mined by measuring the equilibrium concentration of the
aroma compound between aqueous and organic phases. These
analyses were performed by gas chromatography. A Packard
437 gas chromatograph with a flame-ionization detector and
a Hewlett-Packard 3380A integrator were used. The stainless-
steel column (3 m x 2.2 mm i.d.) was packed with 100/120
mesh Carbowax 20M-10%. The injector and detector temper-
atures were maintained, respectively, at 190 and 200°C. The
column was operated at 100°C for ethyl acetate and 130°C
for 2,5-dimethylpyrazine and oct-1-en-3-ol. The nitrogen
flow rate was 20 mL min~', the hydrogen flow was 25 mL
min~!, and the air flow rate was 150 mL min".

Measurements of the liquid/liquid partition coefficient of each
aroma compound were performed at infinite dilution, in three dif-
ferent lipid/water systems at 25°C. Each value was determined
by a triplicate.

Finally, the evolution of the liquid/liquid partition coefficient
was studied according to variation of temperature from 298 to 353
K. Indeed the variation of In P with temperature can provide infor-
mation on the nature of the bonds between solute and solvent.

Spectroscopic measurements. The nature of the interactions
between linoleic acid and aroma compounds was investigated at
the molecular level by FTIR. The spectra were recorded at room
temperature with a Bruker IFS 85 spectrometer (Wissembourg,
France), equipped with a deuterated triglycine sulfate infrared de-
tector and exhibiting 2 cm™! resolution (1 cm™ precision by zero
filling before Fourier transform). Tetradecane was used as sol-
vent. The spectra were recorded with the spectrum of tetradecane
as background spectrum. Linoleic acid and methyl linoleate were
used as lipids. Their infrared spectra were recorded from 0.1 M
solutions of each in tetradecane. Solutions of ethyl acetate, 2,5-
dimethylpyrazine, and oct-1-en-3-ol in tetradecane were used to
determine the spectrum of each compound. Increasing the con-
centration from 1073 to 1 M allowed observation of the type of
interactions involved in solute/solute interactions.

Solute/solvent interactions were observed from solutions
of aroma compound and linoleic acid or methyl linoleate in
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tetradecane. Concentration of either linoleic acid or methyl
linoleate was set at 0.1 M, whereas aroma compound concen-
tration was increased from 0.001 M to 0.1 M. Comparison be-
tween the spectra obtained with linoleic acid and methyl
linoleate allowed investigation of the role of the carbonyl and
the hydroxyl groups of the acid in bondings.

RESULTS AND DISCUSSION

Liquid/liquid partition coefficients. For all lipid/water sys-
tems examined, the liquid/liquid partition coefficient was
constant for a concentration ratio up to 0.01, expressed as the
molar fraction for any of the three volatiles in the organic
phase. Above this concentration, the liquid/liquid partition
coefficient of 2,5-dimethylpyrazine decreased, whereas those
of ethyl acetate and oct-1-en-3-ol increased. The aroma com-
pounds were no longer at infinite dilution in the organic
phase. There were solute/solute interactions but these obser-
vations are insufficient to explain the behavior of 2,5-di-
methylpyrazine. Therefore, the variation of the liquid/liquid
partition coefficient for the three volatiles in different
lipid/water systems was studied.

The liquid/liquid partition coefficients at infinite dilution
are listed in Table 2. They differed according to the solvent
and the solute tested. For the fatty acid/water systems, the lig-
uid/liquid partition coefficient of ethyl acetate was less than
those of 2,5-dimethylpyrazine and of oct-1-en-3-ol. Con-
versely, with the tetradecane/water system, the liquid/liquid
partition coefficient of the 2,5-dimethylpyrazine was the
least. But whatever the aroma compound, the liquid/liquid
partition coefficient obtained in the tetradecane/water system
was less than that obtained with the two fatty acids/water sys-
tems. These latter two were not significantly different. The
liquid/liquid partition coefficient measurements also con-
firmed vapor/liquid partition measurements previously com-
pleted (4): The attraction between aroma compounds and
fatty acids was greater than between aroma compounds and
tetradecane. This can be explained by the greater hydropho-
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TABLE 2
Liquid/Liquid Partition Coefficients (P~) of Aroma Compounds in Biphasic Systems at 25°C?
Biphasic system Ethyl acetate 2,5-Dimethylpyrazine Oct-1-en-3-ol
Tetradecane/water 18.9%(1.6) 6.6%(0.4) 180%(8)
Linoleic acid/water 525(5) 81°(8) 1847°(145)
Ricinoleic acid/water 55°(5) 87°(8) 1931°(135)

Standard deviation, calculated from three replicates, is in parentheses. In columns, the values with
the same superscript are not significantly different (P> 0.05).

bicity of tetradecane compared to fatty acids. The lack of sig-
nificant difference between the results of the systems contain-
ing the two fatty acids could be due to the similar chemical
properties of the fatty acids.

When the temperature was increased, In P” increased lin-
early for ethyl acetate, independent of the nature of the lipid
(0.966 < % < 0.99; r? = determination coefficient). The same
phenomenon could be noticed for 2,5-dimethylpyrazine (r* =
0.97) or oct-1-en-3-ol (> = 0.95) in a tetradecane/water system
and for 2,5-dimethylpyrazine in fatty acid/water systems, ex-
cept that the relation was not exactly linear (+*> = 0.85). Con-
versely, In P of oct-1-en-3-ol increased and then decreased when
temperature was raised in the linoleic acid/water and ricinoleic
acid/water systems. These results suggested that interactions be-
tween oct-1-en-3-ol and fatty acids could be due to hydrogen
bonds, whereas for the two other aroma compounds another
type of binding, hydrophobic interaction, was predicted. These
hypothesis were checked by spectroscopic measurements.

Spectroscopic measurements. The spectra of each binary
system (lipid in tetradecane or volatile in tetradecane) were
first observed to determine the characteristic absorption bands
of each compound. The results are shown in Table 3.

For both ethyl acetate and 2,5-dimethylpyrazine, no change
in the spectra was observed when volatile concentration was
increased. This can be explained by either the absence of
solute/solute interactions or because FTIR is not suitable to de-
tect them.

Conversely, there was an increase in absorption at 3360
cm™! and a decrease in absorption at 3623 cm™! in the spectra
of oct-1-en-3-o0l when its concentration was increased (Fig.
1). The absorption bands at 3623 cm™' could be assigned to
the free OH groups, whereas those at 3360 cm™! were due to

TABLE 3
Characteristic Infrared Absorption Bands of Lipids
and Volatiles Studied

Absorption band
(cm™)

Compound Functional group
Linoleic acid C=0 1713
Methyl linoleate Cc=0 1748
Ethyl acetate Cc=0 1748
C-O-C 1236
2,5-Dimethylpyrazine C=N 1487
Aromatic ring 1034
Oct-1-en-3-ol Free OH 3623
Bound OH 3360

bound OH groups of oct-1-en-3-o0l. The lack of an absorption
band at 3360 cm™' when oct-1-en-3-ol concentration was
lower than 0.01 M confirmed that, below 0.01 M, no
solute/solute interactions exist. Similar phenomena already
have been observed with concentrations of n-alcohols greater
than 0.1 M in n-alkane/water systems (7). The increase of liq-
uid/liquid partition coefficients of oct-1-en-3-ol, when the
concentration was increased, is probably due to the auto-as-
sociations of alcohol molecules, and this hypothesis has been
confirmed by infrared spectroscopy. Auto-association of al-
cohols has been suggested in undecane (6) and cyclohexane
(7). The negative shift observed when oct-1-en-3-o0l concen-
tration was increased is typical of an intermolecular binding
between oct-1-en-3-ol molecules by hydrogen bonds. The in-
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FIG. 1. Fourier transform infrared spectrum of oct-1-en-3-ol: (A) in
tetradecane at: 1: 0.01 mol/L; 2: 0.1 mol/L: (B) in tetradecane at: 3: 0.5
mol/L; 4: 1.0 mol/L.
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crease in the liquid/liquid partition coefficient with an in-
crease in oct-1-en-3-o0l concentration could be explained by
the association between molecules through dimerization or
polymerization (8).

To detect solvent/solute interactions, the spectra of ternary
systems were investigated. Increasing concentration of ethyl ac-
etate in solutions of linoleic acid and tetradecane led to the ob-
servation of an absorption band shoulder at 1264 cm_l, which
may be due to a positive shift of the C-O-C band (Fig. 2). The
type of interaction involved in linoleic acid/ethyl acetate inter-
actions could not be deduced from these observations.

Mixing 2,5-dimethylpyrazine with linoleic acid in tetradec-
ane led to the observation of a vibration band at 1042 cm™
and a shoulder at 1730 cm™!, with intensity increasing when
2,5-dimethylpyrazine concentration was increased (Fig. 3).
They are due to the positive shifts of the C=0 and of the aro-
matic ring bands and can be explained by interactions be-
tween 2,5-dimethylpyrazine and linoleic acid. Two hypothe-
ses have been put forward. The interactions may be due ei-
ther to the formation of a complex (Scheme 1) between the
linoleate ion and the pyrazinium ion or to hydrogen bonds
(Scheme 2) between the acid and the aromatic ring. The 1730
cm™! band cannot be explained by the monomer form of the
acid or by the formation of a salt or ester. The 1042 cm™' band
cannot be due to the pyrazinium salt. We suggest that a com-
plex between these two molecules can be formed through a
hydrogen bond. This hypothesis has already been proposed
for phenol and heterocyclic compounds, such as pyridine,
pyrimidine, and pyrazine (9). In the latter study, a 5- to 10-
cm™! shift due to bindings between OH groups and the aro-
matic ring was observed. In the present work, an 8-cm™! shift
was observed. The interactions observed between 2,5-di-
methylpyrazine and linoleic acid in tetradecane are not suffi-
cient to explain the variation of the liquid/liquid partition co-
efficient observed when the 2,5-dimethylpyrazine concentra-
tion was increased in biphasic systems. Indeed, we noticed
that the liquid/liquid partition coefficient decreased when the
2,5-dimethylpyrazine concentration was increased. The be-

FIG. 2. Fourier transform infrared spectrum of ethyl acetate at 0.1 mol/L
and linoleic acid at 0.1 mol/L in tetradecane.
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FIG. 3. Fourier transform infrared spectrum of 2,5-dimethylpyrazine at
0.1 mol/L and linoleic acid at 0.1 mol/L in tetradecane.

havior of the compound in water must also be taken into ac-
count. It can be assumed that 2,5-dimethylpyrazine is a pro-
ton acceptor and that the pyrazinium ion formed has a greater
affinity for water than for lipids. That could result in a de-
crease of the liquid/liquid partition coefficient when the
volatile concentration is increased. The results are in agree-
ment with previous studies (10,11).

The spectrum of oct-1-en-3-ol with linoleic acid in tetradec-
ane showed a typical vibration band of free -OH of the alco-
hol at 3623 cm™! and a broad band at 3406 cm™' typical of
bonded -OH (Fig. 4). The vibration band at 3406 cm™!, of
which the intensity increased with an increase in the solute
concentration (Fig. 4), could be due to the formation of hy-
drogen bonds between the OH group of oct-1-en-3-ol and ei-
ther the C=0 or the OH of the acid. The spectrum obtained
with the ternary mixture of oct-1-en-3-ol, methyl linoleate,
and tetradecane showed a 3520 cm™! band that is significantly
different from the band at 3406 cm™! obtained with linoleic
acid (Fig. 4B). These two spectra allowed us to deduce that
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FIG. 4. Fourier transform infrared spectroscopy spectrum of oct-1-en-3-
ol: (A) at 0.1 mol/L and linoleic acid at 0.1 mol/L in tetradecane; (B) at
0.1 mol/L and methyl linoleate at 0.1 mol/L in tetradecane.

the bands at 3406 and 3520 cm™'are typical of the binding of
an OH group to the C=0 of the lipid.

Moreover, the stronger the attraction between the func-
tional group and the OH involved in a hydrogen bond, the
smaller is the wavenumber of the O-H binding (12). Varia-
tions of the wavenumber of the OH bound group can there-
fore provide information on the strength of the bonds formed.
The measured variations are reported in Table 4. The attrac-
tion strengths between the oct-1-en-3-ol molecules were
stronger than those between oct-1-en-3-ol and linoleic acid,
which were stronger than those between oct-1-en-3-ol and
methyl linoleate. The observations made on the behavior of
oct-1-en-3-ol in homogeneous or biphasic solutions could be
explained by the formation of hydrogen bonds when its con-
centration was increased.

In the first part of this study, thermodynamic measure-
ments were used to show that attraction between lipids and
aroma compounds depends on their nature. Hydrophobicity
plays an important role, although differences in the nature of
interactions with lipids were observed according to the aroma
compound considered.

To confirm these results, the nature of interactions was
studied at a molecular level by FTIR. The existence of hydro-
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TABLE 4
Shifts of Absorption Band of OH Bound Groups Observed by FTIR?

Av
Compounds (cm™)
Oct-1-en-3-ol-oct-1-en-3-ol 263
Oct-1-en-3-ol-linoleic acid 217
Oct-1-en-3-ol-methyl linoleate 103

aFTIR, Fourier transform infrared.

gen bonds between oct-1-en-3-ol and linoleic acid was also
confirmed. The interaction between 2,5-dimethylpyrazine and
linoleic acid was explained by the formation of a hydrogen
bond between the acid and the aromatic ring of the pyrazine.

FTIR can provide interesting information at the molecular
level to explain the phenomena observed, but further work
using other methods is needed to fully understand the solute
behavior shown by thermodynamic measurements.
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