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ABSTRACT

Terpenes and terpenoids belong to the largest and most diverse class of natural products. Due to the increasing
importance of their applications and the emerging perception of their impact on the environment, the available
physico-chemical characterization is insufficient. In this work the water solubility of geraniol, linalool, pL-citro-
nellol, thymol, eugenol, carvacrol and p-cymene, in the temperature range from (298.15 to 323.15) K, and at at-
mospheric pressure, is studied. Due to the low solubility of these compounds a novel technique was adopted for
their measurements and validated using the aqueous solubility data for sparingly soluble aromatic compounds.
The thermodynamic properties of solution were derived from the experimental data at infinite dilution. It is
shown that the solubility of terpenes in water is an endothermic process confirming the existence of UCST
phase diagrams, and only for carvacrol and eugenol is entropically driven. The experimental information is
shown in a two-dimensional chemical space diagram providing indications to their probable distribution in
the environment once released.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Terpenes, and their oxygenated derivatives, terpenoids, belong to
what is probably the largest and most diverse class of natural com-
pounds. They occur in all organisms, being the vast majority found in
higher plants [1]. As components of essential oils, most of them are ex-
tensively used in different industrial sectors such as flavours, fragrances,
spices, perfumeries, cosmetics, or food additives, and due to their bio-
logical activity, used for pharmaceutical and medical purposes [1-4].

In the pharmaceutical field, terpenes are used as excipients to en-
hance skin penetration, active principles of drugs, and components of
non-prescription drugs [5]. In 2002, the sales on terpene-based pharma-
ceuticals were approximately US $12 billion [5]. Examples are the anti-
malarial drug Artemisinin and the anticancer drug Taxol®, two of the
better known terpene-based drugs [6-8]. Menthol and camphor are
non-prescription drugs also widely used in the pharmaceutical field.
In 2015, the sales of Salonpas (5.7% menthol and 1.12% camphor) [9],
a famous topical analgesic in the United States, reached $60.1 million
[10].

On a global scale, the extensive anthropogenic use of terpenes and
terpenoids associated with their natural emissions from coniferous for-
ests, are one of the principal sources of biogenic volatile organic com-
pounds (BVOC) [11-13]. About half of global BVOC-emissions
originate in isoprene, the terpenes building-block [14], and their role
in aerosol formation became an important research topic on the
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chemistry of the atmosphere, with a renewed emphasis due to the on-
going climate change debate [12,15,16]. Besides vapor pressure and
octanol-water partition coefficients, aqueous solubility is an important
parameter to allow an ample description of the distribution of a sub-
stance among the different environmental compartments.

With the increase of the importance of their commercial and indus-
trial applications, process-relevant physico-chemical data of terpenes
and terpenoids have been retrieved over time. Meanwhile, with the in-
creasing number of terpenes applications allied to their impact on the
environment, right through to implications on a global scale, those
data are insufficient. Furthermore, the discovery of more compounds
with novel structures, and interesting bioactivities, to the already
classified 55,000 terpenes, enhances the need to establish new methods
to efficiently measure the physicochemical properties of terpenes, con-
tributing also for the development of predictive models based on molec-
ular descriptors, quantum chemistry or equilibrium thermodynamics.

Aqueous solubility is therefore an essential property in fields such as
pharmaceutical sciences, environmental studies or chemical engineer-
ing. Concerning terpenes only a few works focusing exclusively solid-
liquid equilibrium (SLE) or liquid-liquid equilibrium (LLE) of binary
mixtures of terpenes and water have been published. In 1980, Smyrl
and LeMaguer [17] investigated the solubilities of three terpenic essen-
tial oil components in water, with or without dissolved solids, at three
temperatures. Later, Weidenhamer and co-workers [18] determined
the solubility of 31 biologically active monoterpenes in water by chro-
matography. Miller and Hawthorne [19] presented solubilities of p-lim-
onene, carvone, eugenol, 1,8-cineole, and nerol in subcritical water;
while Fichan et al. [20] and Tamura and Li [21] investigated water
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solubilities of monoterpenes at 25 °C. By searching compilation books
such as “Handbook of Aqueous Solubility Data” [22] it is possible to
gauge the limited, and high inconsistency of the available data.

Among the vast range of terpenes, in this work seven showing sim-
ilar structures and important properties or applications, were selected.
Geraniol, linalool and pL-citronellol are non-cyclic monoterpenoids usu-
ally used as repellents [23]. Moreover, linalool is used as a scent in 60—
80% of the perfumed cleaning agents and hygiene products, and as a
synthetic precursor and chemical intermediate of vitamin D. DL-citronel-
lolis also used as raw material for the synthesis of other terpenes [1,23].
Thymol, eugenol, carvacrol and p-cymene are monoterpenoids (p-
cymene is a monoterpene) that present an aromatic ring. p-Cymene oc-
curs in the ethereal oils and is used to improve the odour of soaps, and
as a solvent for dyes and varnishes. Carvacrol is a major component of
oregano, and is applied as a disinfectant while eugenol is a component
of clove and cinnamon oils, and both used in flavours and in dentistry.
Finally, thymol occurs in the oil of thyme and oregano and it is applied
as a topical antiseptic and antihelmintic [24]. This work reports their
water solubility in the temperature range from (298.15 to 323.15) K
using an experimental method recently adapted by us for sparingly sol-
uble solid compounds, and here applied for the first time to study the
solubility of liquids in water. The new technique was validated against
data for some well-studied aromatic compounds and the data reported
are compared with literature values. Additionally, a thermodynamic
analysis through the thermodynamic properties of solution is explored,
and the terpenes first distribution in the environment, predicted.

2. Experimental
2.1. Chemicals

The description of the chemicals used in this work is presented on
Table 1. All compounds were stored at 278.15 K and used as received.
However, the purity of each terpene was checked by 'H, and '*C NMR
spectra and GC-MS. The water used was double distilled, passed by a re-
verse osmosis system and further treated with a MilliQ plus 185 water
purification apparatus (resistivity: 18.2 MQ c¢m; TOC < 5 pg dm™>;
free of particles >0.22 um). Toluene and p-xylene were used in order

to validate the new application of the experimental method.

Table 1

2.2. Experimental procedure

Due to the low solubility values of the compounds under study, an
approach adapted from Andersson and Schrader (1999); Etzweiler et
al. (1995); and Schrdder and Andersson (2001) [25-27] was adopted
here. The experimental setup was previously used by us [28] and
proved to be efficient in the determination of aqueous solubilities of
solid substances. In this work, toluene and p-xylene, which have a
similar structure and solubility values of the same order of magnitude
with the compounds under analysis, were used to validate the method
for measuring solubilities of sparingly soluble liquid compounds in
water.

The experimental setup used is displayed in Fig. S1 of Supporting in-
formation. The dialysis tubing cellulose membranes (D9277 from
SIGMA) were previously humidified for at least 3 h, and subjected to a
pretreatment according to the instructions given by the manufacturer.
Afterwards, the cellulose membranes of around 10 cm length were filled
with ultra-pure water and placed in test tubes with solutions with an
excess of terpene. One end of the dialysis tubing was closed with a
tight knot and the other was fixed to a glass tube, which allows the sam-
pling through a drilled rubber cup. The test tubes with the solutions
were dispersed using an isothermal ultrasonic bath (Branson 250 &
450 Sonifier) during one hour at 60%, and then allowed to equilibrate
in a thermostatized Julabo F38 - EH (V2) bath (accuracy + 0.1 K)
under agitation (Thermo Scientific™ Cimarec™ Micro Stirrers) for at
least 24 h. This period proved to be enough to guarantee the saturation.
Samples of around 0.5-1 g were collected through the rubber cup
from the inside of the dialysis membrane using plastic syringes,
maintained at the same temperature of the analysis, and diluted in
a binary solvent composed by 35% water and 65% methanol (mass
percentage in solute free basis), which was also used to prepare the
calibration curves. Solute concentration was obtained by UV-Vis
spectroscopy, using a SHIMADZU UV-1700 PharmaSpec Spectrometer,
at wavelengths indicated in Table 1. These were found to be the maxi-
mum UV absorption wavelengths for the compounds studied. At least
six independent measurements were carried out at each temperature.
The main advantage of the present technique is that it avoids sampling
solute not dissolved, but dispersed in the aqueous phase, a common
experimental error, which often leads to overestimated solubility
values.

Name, structure, supplier, CAS, molar mass (M), and purity (declared by the supplier) of the investigated compounds.

Chemicals Supplier CAS M/g-mol~! Mass fraction purity Wavelength/nm
Geraniol /\M\ Sigma-Aldrich 106-24-1 154.25 0.98 242
Linalool T Aldrich 78-70-6 154.25 0.97 293
N #
pL-Citronellol /\)\/\)\ Sigma 106-22-9 156.26 ~0.95 238
Thymol C\(m( Sigma 89-83-8 150.22 >0.995 276
Eugenol o Aldrich 97-53-0 164.20 0.99 282
\O:Q\A\
Carvacrol D\r SAFC 499-75-2 150.22 0.99 275
p-Cymene \O\( Aldrich 99-87-6 134.22 0.99 274
Toluene ©/ Sigma-Aldrich 108-88-3 92.14 0.998 262
p-Xylene /@/ Acros organics 1330-20-7 106.16 0.99 275
Methanol ——0H Fisher chemical 67-56-1 32.04 0.9999 -
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3. Results and discussion
3.1. Method validation

The experimental procedure used for the aqueous solubility deter-
mination was previously validated by us [28] for solid substances. In
this work it is validated for liquid compounds using toluene and p-xy-
lene, molecules with similar structure and solubilities values of the
same order of magnitude of the substances under study. The procedure
described above was followed, and the solubility in water of toluene and
p-xylene determined at various temperatures. Results are presented in
Table 2 and compared in Fig. 1 with values from the extensive and de-
tailed study compilation by Géral et al. [29]. The results obtained by
Neely et al. [30], published after that study were also included. As
shown in Fig. 1, the results obtained demonstrate the reliability of the
method for the measurement of the water solubility of sparingly soluble
liquid substances.

3.2. Aqueous solubilities

Novel experimental aqueous solubility data for terpenes, along with
the uncertainty for a 95% confidence interval, are presented in Table 2
and Fig. S2 of SI. Despite the small solubility values, results are very sat-
isfactory since the coefficient of variation defined as the ratio between
the standard deviation to the average presents a maximum of 10.8%
for linalool at 298.15 K. Is important to mention that among the com-
pounds investigated in this work, thymol is the only one that is solid
at room temperature, with a melting point above 500 K.

As shown in Table 2, with the exception of pi-citronellol the solubil-
ity of terpenes in water shows a monotonical increase with tempera-
ture. Moreover, mole fraction solubilities are in the order of 1074,
confirming the “hydrophobic” label usually attributed to this class of
compounds and showing that the dissolved terpenes can be considered
at infinite dilution. Concerning the compounds structures, at 298.15 K,
the terpene p-cymene, an alkylbenzene, presents the lowest solubilities
while the terpenoid eugenol, a phenylpropene, presents the highest,
what can be attributed to the presence of oxygenated groups. This is
the expectable behavior given the increasing hydrophobic nature as
we move from molecules with oxygenated groups to hydrocarbons.
However, the temperature dependencies of the solubilities varies wide-
ly among the various compounds studied. From 298.15 to 323.15 K the
solubility of geraniol increases around 12 times, while for pL-citronellol,
eugenol and carvacrol only double their solubility, turning the measure-
ments more difficult.

Carvacrol-thymol and geraniol-linalool are positional isomers and,
as expected, their solubilities present similar values. However, while
from 298.15 to 308.15 K carvacrol presents the highest solubility, at
313.15 and 318.15 K thymol is more soluble. Concerning the linear alco-
hols, linalool presents higher solubilities than the others up to 308.15 K,
above which geraniol is the most soluble.

Table 2
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Fig. 1. Comparison of the experimental aqueous solubilities of toluene and p-xylene with
data from literature. The colorful filled symbols represent experimental points measured
in this work and the open symbols and lines represent experimental and calculated data
compiled and selected by Goral et al. [29] The black filled triangles correspond to values
measured by Neely et al. [30].

Among the non-cyclic terpenes studied, in general, bi-citronellol is
the one presenting lower solubilities. This compound presents one dou-
ble bond less when compared with linalool and geraniol, being more
soluble at the lowest temperature only. In fact, it is relevant to mention
the difficulty of measuring the solubility of pL-citronellol at low temper-
atures, due to the very small change in its solubility in that temperature
range, and some enthalpic effects can be associated when comparing
the solubility magnitudes of these three compounds. Regarding the ar-
omatic terpenes group, p-cymene and eugenol present the lowest and
highest solubilities in water, as stated before. Thymol and carvacrol
present similar solubilities, between those of the other compounds.

The compounds p-cymene, p-xylene and toluene present very simi-
lar structures as can be seen in Fig. 2, and that was the reason why the
last two were chosen to validate the experimental method here
adopted. Like expected, the solubility decreases from toluene to p-
cymene, with the increase of the number of CH, groups.

One important objective of this work is to provide accurate experi-
mental data of terpenes solubilities in water. However, like mentioned
above, the number of terpenes known today is about 55,000. It is thus
impracticable the study of all these molecules, and predictive models,
or simple empirical correlations with some readily available parame-
ters, would be of great help.

Computational methods as COSMO-RS [31], SPARC [32], UNIFAC [33]
and EPI Suite [34], were tested in order to predict or estimate the solu-
bility of the studied terpenes in water [35]. However, as can be seen in
Table 3, none of them was able to predict satisfactorily the solubility
values, nor even the solubility ranking among the different compounds

Experimental mole fraction (Xcerpene) Of terpenes in water as a function of temperature and at atmospheric pressure.”

4
10% Xterpene

298.15 K 303.15K 308.15 K 313.15K 318.15K 323.15K
Geraniol 1.027(0.330) 1.390(0.066) 3.747(0.366) 6.429(0.099) 9.222(0.315) 12.652(0.087)
Linalool 1.808(1.756) 3.320(0.406) 4.723(0.236) 5.920(0.424) 8.438(0.849) 11.080(1.306)
bL-Citronellol 2.177(0.114) 1.874(0.391) 1.866(0.327) 2.082(0.028) 2.487(0.068) 3.084(0.044)
Thymol 1.180(0.060) 1.327(0.047) 1.457(0.069) 1.689(0.150) 1.890(0.050)

Eugenol 2.280(0.083) 2.305(0.522) 2.538(0.275) 2.539(0.150) 2.856(0.932) 3.118(0.920)
Carvacrol 1.440(0.173) 1.547(0.073) 1.642(0.098) 1.687(0.163) 1.703(0.090) 1.717(0.054)
p-Cymene 0.048(0.002) 0.069(0.003) 0.099(0.005) 0.124(0.004) 0.151(0.016) 0.189(0.007)
Toluene 1.127(0.048) - 1.178(0.020) 1.203(0.038) - 1.257(0.026)
p-Xylene 0.262(0.028) - 0.307(0.006) - - 0.365(0.009)

2 The expanded uncertainty for a 95% confidence interval is presented between brackets. The standard uncertainty of temperature is u(T) = 0.1 K.
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Fig. 2. Structures and mole fraction water solubilities of toluene, p-xylene and p-cymene at 298.15 K.

studied. In particular, UNIFAC predicts a decrease on the solubility
values when the temperature increases [35]. These methods are based
on group or atom/fragment contributions, or need specific information
to optimize the structure of the target compound, from which predic-
tions can be made, and so it is not surprising the poor performances
found as the methods were developed without much data on terpenes
or terpenoids, since even currently there is almost none consistent or
reliable information available. Therefore, the experimental data here
presented are not only of enormous importance to assess modeling ap-
proaches, but more notably to include modifications in the description
of these type of molecules, within models such as COSMO-RS, to im-
prove the prediction capabilities concerning this vast family of
compounds.

Several correlations of the solubility of terpenes in water with some
of their properties, such as dipolar moment, octanol-water partition co-
efficient, solubility parameter or molar volume at several temperatures
were attempted. However, no interesting results were achieved.

3.3. Comparison with literature

Literature values on terpenes water solubilities were previously re-
ported and are listed in Table S1 and Fig. S3 of SI, along with the exper-
imental values from this work. Only experimental data at atmospheric
pressure were selected (data points predicted or estimated were omit-
ted). Up to date, and to the best of our knowledge, only the values
displayed in Table S1 were reported. For each terpene only a few reliable
literature data are available, which poorly or roughly illustrates the be-
havior with temperature and makes the comparison with literature ex-
tremely difficult.

With a few exceptions, linalool and thymol, for which more litera-
ture information is available, show satisfactory agreement with the
data measured in this work. Carvacrol presents a maximum relative

Table 3

Experimental and calculated mole fraction (Xerpene) Of terpenes in water at 298.15 K.
10 Xterpene This work COSMO-RS [31] SPARC [32] EPI Suite [34]
Geraniol 1.027 0.727 0.140 0.300
Linalool 1.808 0.615 0.344 0.801
pL-Citronellol 2177 0.653 0.222 0.122
Thymol 1.180 0.284 1.370 0.526
Eugenol 2.280 0.235 0.267 0.830
Carvacrol 1.440 2.501 2.027 0.362
p-Cymene 0.048 0.031 0.027 0.038

deviation (RD/% = | Xexp — Xiic | Xiic 1) of 20% at 298.15 K. Data for bL-citro-
nellol reported in the overlapping temperatures to our measurements,
deviate >100%; with the exception of the value measured by Knobloch
et al.[36] which present RD of about 35%. RD for eugenol range between
16 and >100%, and for p-cymene range between 32 and 90%, revealing
also the high inconsistency among data already reported by different re-
searchers. The same can be seen in geraniol, where at 298.15 K the RD
varies between 3 and 25%, and at 313.15 K is >100%.

The large discrepancies between literature data and the experimen-
tal values here reported, and between the literature values themselves
can be assigned to different experimental conditions and techniques
used, and to the fact that most of the literature values are rather old.
In general, taking into account the nature of the compounds here inves-
tigated, errors may be attributed to deficient saturation and sampling
techniques. Thus, in this work a special procedure was applied where
the use of an isothermal ultrasonic bath to speed up the dispersion guar-
antee the saturation; a binary solvent of water and methanol used in di-
lutions and calibration curves avoid dissolution problems what is very
important given the hydrophobicity of these compounds; and the use
of dialysis membranes avoid sampling of non-dissolved solute, which
lead to overestimated solubility values, usually found by us before its
use. In fact, the validation methodology implemented by studying the
solubility of toluene and p-xylene, also support the data presented in
this work.

3.4. Thermodynamic functions

In order to describe the experimental solubility of terpenes in water
and taking into account the significant dependence on temperature for
the enthalpy of solution, several correlations were attempted as those
proposed by Tsonopoulos [37], Géral [29] and Maczynski et al. [38].
However, the most suitable was found to be a linear equation that con-
siders the harmonic temperature [39,40]:

1 1
InX¢erpene = A + B(T - m) (1)

where T and Tj,,, are the absolute and harmonic temperatures, respec-
tively; and A and B are the fitted parameters.

Table 4 presents the fitted parameters along with the corresponding
errors considering a confidence level of 95%; where the absolute aver-
age relative deviation in the experimental mole fraction data is of 5.4%.

Through the temperature dependence of the experimental solubility
data and assuming infinite dilution of the solubility in water, it is possi-
ble to derive the standard molar thermodynamic functions of solution:
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Table 4
Estimated parameters for the mole fraction of terpenes in water estimated using Eq. (1),
along with the corresponding errors at the 95% confidence level.

A B/K™!
Geraniol —7.84+0.23 —10,361 & 2555
Linalool —7.64+0.12 —6675 + 1313
pL-Citronellol —84+0.16 — 1456 + 1859
Thymol —8.8 4 0.05 —1932 + 547
Eugenol —83 4 0.04 —1210 + 479
Carvacrol —8.74+0.03 —663 + 346
p-Cymene —11.5 4+ 0.08 —5217 £ 859
Toluene —9.0 £ 0.01 —420 + 37

Gibbs energy (AsiGS,), enthalpy (AsHS,) and entropy (AgS%), using
eqs. 2-4. Results are presented in Table 5.

AgGy = —RT In(x), (2)
AsHY (0 Inx
RT> ( or >p )

AS — R{M 4)

m oT

where R is the ideal gas constant and subscripts p and m indicates iso-
baric condition and constant composition during the process,
respectively.

The molar thermodynamic properties of solution reported in Table 5
help to explore molecular mechanisms behind the solvation phenome-
na. The positive enthalpies of solution show that the dissolution of ter-
penes in water is an endothermic process and confirm the existence of
UCST phase diagrams assumed before. Very evidently, geraniol and lin-
alool present a very unfavorable enthalpic term when compared with
all the other terpenes, while an enthalpic-entropic compensation phe-
nomena occurs as eugenol and carvacrol show a very unfavorable entro-
pic effect while their solution enthalpy are much smaller. Moreover, the
standard Gibbs energy of solution increases with the reduction of func-
tional groups present in the molecules. Eugenol presents the lowest
standard Gibbs energy of solution, p-xylene the highest, while the iso-
mers carvacrol and thymol present similar values. With only four exper-
imental points the same procedure was applied to toluene solubility.
The standard enthalpy of solution is 3.5 kJ/mol at the harmonic temper-
ature 310.4 K, which is comparable to 4.36 kJ/mol measured by a flow
micro-calorimetric method at 308.2 K [41], and to 4.56 kJ/mol found
using the solubility data by Neely et al. [30], supporting also the good
quality of the experimental data collected in this work, as in the compi-
lation analysis by Hefter [42] the enthalpy of solution at 298.15 K, calcu-
lated from different aqueous solubility sets, are in the range between 1.5
and 4.7 kJ/mol.

Table 5
0.09pt?>Standard thermodynamic molar properties of solution of terpenes in water at
Thm = 310.42 K together with the errors at the 95% confidence level.

ASOIH(Y)ﬂ/kJ -mol ™! AsuIG(r)n/kJ ~mol ™" ThmAsolS?n/kJ “mol ™"

Geraniol 86.2 +21.2 23.7 £ 038 62.5 + 21.3
Linalool 55.5 + 109 222 +25 333+ 11.2
pL-Citronellol 121 £ 155 218+ 0.1 —9.7 £ 155
Thymol 16.1 £ 4.6 233 +0.1 —73+46
Eugenol 10.1 + 4.0 216 £ 0.1 —11.6 £ 4.0
Carvacrol 55429 228+ 03 —173 +£29
p-Cymene 434+ 72 31.6 £ 0.1 117 +£72
Toluene 35403 235+ 0.1 —20.04+03

3.5. Environmental distribution

The environment is modelled as volumes of air, water, and octanol,
where octanol represents the organic fraction appearing in soils and
sediments. Thus, Gouin et al. [43] proposed a qualitative approach that
allows to have a first screen of compounds with respect to their proba-
ble distribution in the environment once released. This was used by us
before [28] and is here applied to terpenes and terpenoids. Here,
octanol-water (log Kow) and air-water (log Kaw) partition coefficients
are introduced in a two-dimensional plot describing a hypothetical
chemical space as represented in Fig. 3. Additional details about this ap-
proach are given in supporting information (SM1).

The air-water partition coefficients are most intimately related to
aqueous solubility and vapor pressure. The experimental aqueous solu-
bility data from this work were used to calculate the log Kaw, together
with vapor pressures collected from literature [44-50]. Octanol-water
partition coefficients were measured experimentally by Griffin et al.
[51]. Isoprene data, used here as a references, were taken from Mackay
et al. [50].

The lines in Fig. 3 (1% and 99%) divide the chemical space into differ-
ent regions in which partitioning is occurring almost exclusively into
one medium. In general, terpenes are partitioning into the three envi-
ronmental compartments while toluene, p-xylene and isoprene parti-
tion exclusively into air due to their high vapor pressure. pL-citronellol
is the only compound that only distributes between water and octanol
phases. Its rather high value of log Koy makes it to be more persistent
in the environment. Due to its high solubility in water, eugenol will par-
tially be found in the water phase. p-cymene partition mostly between
air and octanol.

4. Conclusions

The solubility of seven terpenes in water at six different tempera-
tures was evaluated using a new experimental methodology. The new
experimental method was successfully validated for liquid substances
using toluene and p-xylene as model compounds, proving to give reli-
able and precise experimental data. The thermodynamic properties of
solution were calculated indicate that the solubility of terpenes in
water is an endothermic process, confirming the existence of UCST

-4 -3 -2 -1 0 1 2 3 4 5

4 — 5
3 5 6
2 Air 7
1 . 8
soprene
0 - 9
-1 7 Towwe e 10
i Air & Water \
2k - 11
B [l 2 i =
- Air & & Octanol _} =
w3 = T,,,,,:: ¥ Carvacrgl i 112 5
.3 H -\; 4~ Gefaniol i =
4 Eugenol 50 15 7/5 DL citronelbl 13
- : q
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Fig. 3. Chemical space diagram of the terpenes investigated in this work and some other
selected compounds, namely isoprene, toluene and p-xylene.
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phase diagrams and, excepting carvacrol and eugenol, enthalpically
driven. A two-dimensional chemical space diagram shows that, in gen-
eral, terpenes partition into the three environmental compartments,
while toluene and p-xylene partition exclusively into air due to their
higher vapor pressure.

This work contributes and calls for increasing the availability of reli-
able experimental physico-chemical property data of terpenes, which
are also of enormous importance to the improvement, development
and test new computational methods aiming for their prediction in
such a vast family of compounds. Efforts must be focused in measuring
or re-measuring basic important properties as mutual solubilities, vapor
pressures, and octanol-water partition coefficients, where available, are
very often of dubious quality.
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