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A B S T R A C T

Essential oils possess numerous health benefits. Their components, often terpene and aromatic compounds, are 
characterized by a distinctive aroma and flavor. Consequently, they are widely used in the food, cosmetic, and 
pharmaceutical industries. However, their comprehensive thermophysical characterization is still lacking, which 
is fundamental for the optimal operational design of the processes in which they are used. In this work, the 
density, speed of sound, refractive index, isobaric molar heat capacity, surface tension, and viscosity of five 
flavorings were determined and discussed. The studied substances were anisyl alcohol, linalool, β-citronellol, 
citronellal, and eucalyptol. Except for the first one, the others exhibited densities lower than that of water. Anisyl 
alcohol was also the most compact and viscous compound. The results were explained based on the structure 
(number of donor and acceptor sites and geometry) of the compounds. Furthermore, the PC-SAFT parameters of 
the pure compounds were obtained to predict their thermodynamic behavior under any experimental conditions. 
The deviations in the modeling of density and isobaric molar heat capacity were less than 1.1% and 4.1%, 
respectively.

1. Introduction

The search for a suitable solvent, both in terms of its effectiveness 
and sustainability, is one of its fundamental principles within green 
chemistry [1]. Regarding the first, every industrial process must be 
optimized regardless of its nature (solubilization, extraction, among 
others). To this end, the use of computer tools has become widespread, 
frequently employing thermodynamic models of group contributions, 
equations of state, and semi-empirical equations. Their development 
and validation in all cases require reliable thermophysical property 
values for the pure compounds involved. Determining phase change, 
volumetric, acoustic, surface, and transport properties allows for an 
understanding of the cohesive forces within the fluid. It also allows the 
acquisition of the necessary parameters to predict the values of these 
properties, or others derived from them, under a wide range of condi
tions, including their extension to mixtures where they are present. 
Furthermore, sustainability implies the replacement of traditional sol
vents with more eco-friendly ones. From an economic standpoint, the 
change should preferably be made using fluids with similar thermo
physical behavior to avoid facilities modifications. Various organiza
tions have developed software programs that facilitate this search using 

extensive databases. For instance, in the sustainable solvents selection 
and substitution software (SUSSOL) [2], each solvent is described by 22 
thermophysical properties and including the melting point, density, 
refractive index, surface tension, and viscosity. In the solvent selection 
tool developed by AstraZeneca [3] the isobaric molar heat capacity is 
also included in its database. All of the above reflects the interest in 
studying the thermophysical behavior of both pure compounds and 
mixtures, in the implementation of sustainable processes. Nevertheless, 
there are liquids such as some key components of essential oils (EOs) 
that have barely been characterized. Throughout history, many civili
zations have incorporated the use of EoS into their culture, religious 
practices, cosmetics, and medicine [4]. They are defined as aromatic 
volatile liquids derived from natural plants. Each one is a mixture of a 
variety of substances, among which aromatic compounds, terpenes, and 
their derivatives stand out [5–7].

In this work, we present data of five thermodynamic and one 
transport properties for five flavoring agents. They have been recog
nized Food and Drug Administration (FDA) as safe compounds for 
consumption and the Flavor and Extract Manufactures Association 
(FEMA) has assigned them a number that identifies them as GRAS. 
Anisyl alcohol (FEMA 2099) is a common compound in the manufacture 
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of personal care products, acting as a dermatological moisturizer. It 
provides a sweet floral aroma, making it a valuable food flavoring. 
Furthermore, the presence of the methoxy group in its structure makes it 
a good reaction intermediate in fine chemistry. It is generally obtained 
from petrochemical derivatives for economic reasons, although 
biosynthetic pathways using microorganisms are being evaluated [8,9]. 
Linalool (FEMA 2635) is an acyclic monoterpene alcohol obtained by 
fractional distillation of natural sources such as cinnamon, coriander, 
and lavender. Its consumption is widespread in the cosmetic and agri- 
food industry as a flavoring and fragrance due to its floral scent. It 
also has a significant effect on the central nervous system thanks to its 
neurotransmitter-modulating properties, and antibacterial properties 
[10,11]. Citronellol (FEMA 2309) and citronellal (FEMA 2307) are two 
monoterpenes of great interest in the field of biotechnology. The former 
is an alcohol, and the latter, an aldehyde. Both are found in the essential 
oils of plants of the genus Cymbopogon and can be isolated by steam 
distillation, solvent extraction, and ultrasound techniques. They are 
used in the preparation of cosmetics and fragrances, possessing anti
bacterial, antifungal, and repellent properties. A wide variety of phar
macological activities have also been described. Among others, they are 
anticonvulsant, anti-inflammatory, and antinociceptive, and have 
demonstrated benefits in the glutamatergic system responsible for 
chronic pain [12–15]. Eucalyptol (FEMA 2465) is a cyclic monoterpene, 
the major component of eucalyptus oil, and is obtained from it by steam 
distillation or solvent extraction using assisted techniques. Its spicy, 
minty, and fresh aroma makes it a pleasant additive for food and cos
metics. In pharmacology, its activity against cancer, diabetes, hyper
tension, infectious and neurological diseases, and respiratory and 
gastrointestinal disorders has been reported. Its ability to improve drug 
permeability through the dermis is also well known. Furthermore, it has 
been used as a sustainable solvent in organic catalytic reactions [16,17]. 
Despite the widespread use of these compounds, a comprehensive study 
of their thermophysical behavior is missing. Values of density and speed 
of sound of anisyl alcohol at three temperatures were found [18]. 
Several papers report data of vapor pressures, density, refractive index, 
and viscosity of linalool [19–24]. A single density value at 293.15 K was 
found for citronellol [25,26]. The eucalyptol is the most studied com
pound of those characterized here. Several authors published data of 
density, isobaric molar heat capacity, and viscosity [26–33]. No data 
were found for citronellal. Finally, surface tension values have not been 
published for any of these compounds either.

This work focuses on the determination and discussion of several 
thermodynamic and transport properties of different organic com
pounds widely used as additives for their fragrant and flavoring char
acteristics. The paper is organized as follows. First, the chemicals 
studied are reported, as well as the main characteristics of the experi
mental devices used. The following section contains a brief description 
of the PC-SAFT EoS, and the equations used for calculating the derived 
properties and the correlations. Later, the experimental and calculated 
property values are presented and compared with available literature 
data. A specific section is included in which thermophysical properties 
are related to the structure of compounds. The last section includes the 
estimation of the parameters necessary for modeling the thermodynamic 
behavior of these compounds with PC-SAFT and its results.

2. Materials and methods

2.1. Chemicals

The characteristics and the structures of the compounds studied are 
listed in Table 1 and Fig. 1, respectively. They were provided by Sigma- 
Aldrich and used as supplied. The water content measured by the Karl- 
Fischer method was less than 350 ppm for all compounds.

2.2. Thermal properties

A differential scanning calorimeter (TA Instruments DSC Q2000) 
with an RCS cooling system was used to determine properties of phase 
change as melting temperature (Tm), and melting enthalpy (ΔHm). A 
standard of Indium was used to calibrate the temperatures and heat flow 
and the uncertainties estimated were u(T)=0.5 K and u(ΔH)=1 kJ/mol. 
For each sample, an Aluminum disc was filled with a mass between 8 
and 14 mg of compound. Later, it was cooled to 213 K at 3 K/min and 
subsequently heated at the same scan rate to 313 K. The tabulated data 
correspond to the maximum of the peak. The same device with the same 
samples was used to determine the isobaric molar heat capacity (Cp,m) 
over the working temperature range. Here, synthetic sapphire was used 
as the recommended standard material. The combined uncertainty 
(k=2, 0.95 level of confidence) calculated by comparison with accepted 
values over the temperature range 262–343 K, was Uc

(
Cp,m

)
=1%.

2.3. Thermophysical properties

The measurement of the rest of the thermophysical properties was 
performed with apparatus widely described in the literature. The density 
(ρ) and speed of sound (u) were determined by Anton Paar DSA 5000 
densimeter and sound analyzer operating to 3 MHz. The device was 
calibrated with dry air and water MilliQ as reference fluids. The ther
mostat control was performed with a Peltier device. The refractive index 
(nD) was measured at the wavelength of the sodium D line (589.3 nm) 
using an Abbemat-HP Dr. Kernchen refractometer calibrated with MilliQ 
water. Again, a Peltier system controlled the temperature of the sample. 
The surface tension (γ) was determined with a Lauda TVT-2 tensiometer 
which includes a Lauda E-200 thermostat. The calibration was per
formed with water MilliQ. Each value was the result of averaging 6 
cycles of 6 drops per cycle. Finally, kinematic viscosity (v) was deter
mined using an Ubbelohde capillary viscometer (k= 0.1007, and 
0.02981 mm2/s2) and the measurements were taken with a Schott- 
Geräte AVS-440 automatic measurement unit. The temperature was 
controlled with a Schott-Geräte CT 1150/2 thermostat. Table 2 reports a 
summary with the characteristics of each experimental setup. All them 
were checked with benzene and cyclohexane as standard fluids [34,35]. 
The comparison between our data and those from the literature data is 
given in Table 2 as mean relative deviations (MRD(Y)). For all proper
ties, each tabulated value was calculated as the average of two replicates 
in which the coefficient of variation was lower than the experimental 
uncertainty. Details regarding the calculation of uncertainties are 
included in the Supplementary File.

Table 1 
Characteristics of the compounds.a

Compound 
(Acronym)

IUPAC name CAS no Puritya M/(g/ 
mol)

Anisyl alcohol 
(Aa)

(4-Methoxyphenyl) 
methanol

105–13- 
5

99.3% 138.17

Linalool (L) 2,6-Dimethyl-2,7- 
octadien-6-ol

78–70-6 99.0% 154.25

β-Citronellol 
(Co)

3,7-Dimethyloct-6-en-1-ol 106–22- 
9

97.1% 156.27

Citronellal (Ca) 3,7-Dimethyloct-6-en-1-al 106–23- 
0

98.5% 154.25

Eucalyptol (E) 1,3,3-trimethyl-2- 
oxabicyclo[2.2.2]octane

470–82- 
6

99.7% 154.25

a According to the certificate of analysis (COA) of the batch provided by the 
manufacturer
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3. Theory and calculations

3.1. PC-SAFT EoS

A comprehensive description of this equation of state can be found in 
the literature [36,37]. Here, we will give a brief summary. The Helm
holtz energy (ã) is described as the sum of an ideal gas contribution (ãid) 
and a residual one (ãres). The last one contains a repulsive term used by 
the hard-chain reference system (ãhc), and various attractive contribu
tions as the dispersive (ãdis) and association (ãassoc) terms. The equations 
are: 

ãres
= ãhc

+ ãdis
+ ãassoc (1) 

ãhc
= mãhs

− (m − 1) lnghs (2) 

ãdis
= − 2πρm2

( ε
kT

)
σ3

∑6

i=0

[

a0i +
m − 1

m
a1i +

m − 1
m

m − 2
m

a2i

]

ηi

− πρmkT
(

∂ρ
∂p

)

hc
m2

( ε
kT

)2
σ3

∑6

i=0

[

b0i +
m − 1

m
b1i +

m − 1
m

m − 2
m

b2i

]

ηi

(3) 

ãassoc
=

∑

A

[

ln
(
1 + ρXAΔ

)− 1
−

(
1 + ρXAΔ

)− 1

2

]

+
1
2

S (4) 

Δ = κAiBi σ3ghs
[

exp
(

εAiBi

kT

)

− 1
]

(5) 

where m is the chain segment number, ghs is the radial pair distribution 
function of the segments, ̃ahs is the Helmholtz energy of the hard sphere, 
ρ is the density, p is the pressure, T is the temperature, σ is the segment 
diameter, ε is the segment energy, η is the packing fraction, XA is the 
fraction of unbonded monomers, Δ is the tendency to form n-mers, κAiBi 

is the association volume, εAiBi is the association energy, and S is the 
number of associated sites of the compound. The thermodynamic 
properties of n-alkanes were used to obtain the values of the universal 
constants (a0i, a1i, a2i, b0i, b1i, and b2i). From all this, five parameters and 
an association scheme are needed to characterize each pure substance. 
Three of them are geometric parameters (m, σ and ε) and two are asso
ciation parameters (κAiBi and εAiBi ). Typically, they are obtained by 
fitting the vapor pressures and density data of the compound.

3.2. Estimation of the derived properties

From the experimental data of the density (ρ), speed of sound (u), 
refractive index (nD), isobaric molar heat capacity (Cp,m), surface tension 
(γ), and dynamic viscosity (η), different derived properties can be ob
tained. They are the isobaric expansibility (αp), isentropic compress
ibility (κS), free intermolecular length

(
Lf
)
, molar volume (Vm), molar 

refraction (Rm), polarizability (α), free volume
(
fm
)
, Joule-Thomson 

coefficient (μJT), entropy (ΔSS) and enthalpy (ΔHS) of surface, and 
activation energy of viscous flow (Ea,η). The corresponding equations are 
the following: 

αp = −
1
ρ

(
∂ρ
∂T

)

p
(6) 

κS =
1

ρu2 (7) 

Lf = K
̅̅̅̅̅
κS

√
(8) 

Vm =
M
ρ (9) 

Rm = Vm

(
n2

D − 1
)

(n2
D + 2)

= NA
4π
3

α (10) 

%fm =
(Vm − Rm)

Vm
(11) 

μJT =
Vm

Cp,m

(
Tαp − 1

)
(12) 

ΔSs = −

(
∂γ
∂T

)

p
(13) 

ΔHS = γ − T
(

∂γ
∂T

)

p
(14) 

Ea,η = R
∂(lnη)

∂
(

1
T

) (15) 

Where p and T are the pressure, and temperature, respectively, R is 
the gas constant, NA is the Avogadro number, and K=(91.368 +
0.3565T)10− 8 is the constant of Jacobson [38].

Fig. 1. Structures of the compounds studied.

Table 2 
Overview of the different apparatus utilized to measure several properties.

Property Devices u(T)/K Uc(Y)a MRD(Y)b/%

Density, ρ Oscillating U-tube density 
meter, Anton Paar DSA 5000

0.005 0.1 kg/ 
m3

0.004

Speed of 
sound, u

Sing-around technique in a 
fixed-path interferometer, 
Anton Paar DSA 5000

0.005 0.8 m/ 
s

0.026

Refractive 
index, nD

Standard Abbe 
refractometer, Abbemat-HP 
refractometer Dr. Kernchen

0.01 2⋅10− 5 0.007

Surface 
tension, γ

Drop volume tensiometer, 
Lauda TVT-2

0.01 1% 0.21

Kinematic 
viscosity, ν

Capillary viscosimeter 
Ubbelohde, Schoot-Geräte 
AVS-440

0.01 1% 0.28

ak = 2 (0.95 level of confidence); 
b

MRD(Y) =
100
n

∑n
i=1

⃒
⃒
⃒
⃒
Yi,lit − Yi,exp

Yi,exp

⃒
⃒
⃒
⃒
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3.3. Estimation of the critical temperature

The critical temperature of the fluids can be calculated from equa
tions of state such as PC-SAFT (section 3.1), group contribution methods 
such as the one developed by Joback [39], and correlations such as the 
equations of Guggenheim [40] and Eötvos [41]. The last two equations 
are based in the principle of the corresponding states, and are in 
agreement with the fact that γ=0 at the critical point, where the 
meniscus of the interface disappears. The expressions are: 

γ = γ0(1 − T/Tc)
11/9 (16) 

γ(M/ρ)2/3
= K(Tc − T) (17) 

Where γ0 is the surface tension at 0 K, M is the molar mass of the 
liquid, and γ and ρ are the surface tension and density at the temperature 
T. The difference between the two equations lies in the shape of the 
proposed γ − T curve. Guggenheim proposed a power-law relationship 
(eq. 16), while Eötvös proposed a linear one (eq. 17), making the former 
more accurate in the region near the critical point. Furthermore, the 
latter requires data on γ and ρ under the same conditions of p and T.

3.4. Estimation of the surface tension

Surface tension results from the asymmetry of intermolecular forces 
at the interface. When a molecule moves from the interior of the fluid, 
where intermolecular forces are similar in all directions, to the surface 
where this symmetry is broken, the molecule will become polarized. 
Therefore, a correlation can be established between γ and nD. Note that 
this correlation does not hold true for liquids capable of forming strong 
hydrogen bonds. The proposed equation by Papazian [42] is: 

γ = A
(

n2
D − 1

2n2
D + 1

)

+B (18) 

Furthermore, several authors have proposed correlations between 
gamma and net, since both properties reflect intermolecular in
teractions, although they represent different phenomena. The empirical 
equations proposed by Pelofsky and Murkerjee [43] are: 

lnγ = lnA1 +
B1

η (19) 

lnγ = lnA2 +
B2

3
lnη (20) 

Where A,B, A1,A2, B1, and B2 are the fit coefficients. The coefficient 
A1 would correspond to the γ at the nucleation temperature, where the 
reciprocal viscosity tends to zero (η− 1→0). The coefficient B1 would be 

related to the intermolecular potential energy.

4. Results and discussion

4.1. Phase change

The thermograms of all compounds characterized are reported in 
Fig. S1. Fig. 2 displays the results for anisyl alcohol and eucalyptol, 
which are the only compounds that showed thermal events in the 
studied temperature range. For both, the values of the properties of 
phase change including melting and crystallization processes are listed 
in Table 3. The melting temperatures (Tm) found in the literature 
[44,45], and the melting enthalpies (ΔHm) estimated using the Joback 
method [39] are also reported in this table. An excellent agreement was 
found.

4.2. Thermophysical properties

The thermophysical properties of a solvent determine the opera
tional design of industrial processes and their effectiveness. Here, results 
of six of them in a temperature range, in intervals of 2.5 K, are presented 
and discussed. They were the density (ρ), speed of sound (u), refractive 
index (nD), isobaric molar heat capacity (Cp,m), surface tension (γ), and 
dynamic viscosity (η). The lowest working temperature depended on the 
melting point of the compounds and operational limitations of the fa
cilities. For Aa, measurements were taken starting at 298.15 K. For the 
rest, the initial temperature was 278.15 K, except for the refractive 
index, because the refractometer operates from 283.15 K. The highest 
temperature was in all cases of 338.15 K. The values of all properties at 
each temperature are reported in the supplementary file (Tables S1-S5). 
In addition, Table 4 lists the experimental and calculated property data 
at 298.15 K to make it easier to follow the discussion. As is usual in 

Fig. 2. DSC thermograms of (a) anisyl alcohol and (b) eucalyptol.

Table 3 
Properties of phase change of anisyl alcohol and eucalyptol. Melting (Tm), and 
crystallization (Tcr) temperatures, and melting (ΔHm), and crystallization (ΔHcr) 
enthalpies.

Compounds Tm/K ΔHm/(kJ/ 
mol)

Tcr/K ΔHcr/(kJ/ 
mol)

Anisyl alcohol 296.60 a 

(297.15–298.15) b
13.3/15.4 c 280.92 14.1

Eucalyptol 273.32 a/274.63 d 11.1/10.2 c 233.41 10.4

aThis work; b [45]; cJoback method; d[44].
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liquid systems, a linear equation was used to correlate the experimental 
thermodynamic properties with the temperature. The coefficients are 
summarized in Table 5.

4.2.1. Density
The density order for the studied compounds was Aa>E > L > Co >

Ca. The difference between the density of a liquid i and that of water 
(ρi-ρw) is an important factor in the possible applications of a solvent. 
Except for Aa, the density of the compounds studied was lower than that 

of water and the difference was greater than 80 kg/m3 in all cases. This 
fact allows to ensure a good phase separation in liquid-liquid equilib
rium processes. Several data were found in the literature for Aa [18], L 
[19–22], and E [27–30], and our values matched very well with them. 
The mean relative deviations were 0.08% for Aa, lower than 0.34% for L, 
and lower than 0.18% for E. A graphical comparison is reported in 
Fig. S2a-S4a. For Co, only one data point was found [25] and it was only 
0.2 kg/m3 higher than ours. The increase in energy in the system due to 
the temperature increase increases the mobility of the molecules, 
weakening the interactions between them. Consequently, the density 
decreases (Fig. 3a), and the variation in liquids is usually linear 
(Table 5). A quantification of the influence of T on ρ was performed by 
calculating the isobaric expansivity (αp) with the eq. 2. The value ob
tained for Aa was almost half that of the other substances (Table 4), 
consistent with its considerably higher ρ (up to 30%). The αp increased 
slightly with T (Fig. 4a), and the values of the temperature coefficient 
(∂αp/∂T) in the T studied range were (2.51 ± 0.01)⋅10− 4 kK− 2 for Aa, 
(7.04 ± 0.02)⋅10− 4 kK− 2 for Co, and a mean of (9.4 ± 0.5)⋅10− 4 kK− 2 for 
the rest.

4.2.2. Speed of sound
The more compact a material, the faster the speed of sound. The 

values determined for Aa were much higher than for the other com
pounds. On average, sound propagated 298 m/s faster in Aa than the 
rest. This fact was consistent with the presence of greater intermolecular 
interaction in the methoxyl alcohol. Compaction is prevented by 
increasing the thermal energy of the system, so the slope of the u − T 
correlation was negative (Fig. 3b, Table 5). Shakila et al. [18] published 
sound speeds of Aa at three temperatures. The mean relative deviation 
from our values was 0.08% (Fig. S2b). No further bibliographic data 
were found. As a consequence of the larger ρ and u values, the 
compressibility under isentropic conditions (κS, eq. 7) and the inter
molecular distance (Lf , eq. 8) were much lower as shown in Table 4 and 
Fig. 4b and c. From the figures, it can be seen that the influence of T on 
the derived acoustic properties entailed positive temperature co
efficients. For Lf , these values were (1.51 ± 0.01)⋅10− 3 Å⋅K− 1 for Aa, 
(2.56 ± 0.02)⋅10− 3 Å⋅K− 1 for Co, and a mean of (2.85 ± 0.03)⋅10− 3 

Å⋅K− 1 for the rest.

Table 4 
Thermophysical propertiesa of the compounds studied at T = 298.15 K and p = 0.1 MPa. Density (ρ), speed of sound (u), refractive index (nD), isobaric molar heat 
capacity (Cp,m), surface tension (γ), dynamic viscosity (η), Isobaric expansibility (αp), isentropic compressibility (κS), free intermolecular length

(
Lf
)
, molar 

refraction (Rm), polarizability (α), free volume
(
fm
)
, Joule-Thomson coefficient (μJT), entropy (ΔSS) and enthalpy (ΔHS) of surface, and activation energy of viscous 

flow (Ea,η).

Property Anisyl alcohol Linalool β-Citronellol Citronellal Eucalyptol

ρ/(kg/m3) 1108.02 859.68 851.62 846.21 920.37
u/(m/s) 1604.59 1314.70 1375.63 1332.63 1281.48
nD 1.5435 1.45949 1.45459 1.44299 1.45543
Cp,m/(J/mol⋅K) 290 388 370 321 272
γ/(mN/m) 43.21 26.75 28.13 27.94 27.75
η/(mPa⋅s) 14.743 4.563 9.003 1.435 2.570
αp/(kK− 1) 0.496 0.988 0.833 0.957 0.939
κs/ (TPa− 1) 350.33 672.99 620.51 665.43 661.63
Lf/Å 0.370 0.513 0.492 0.510 0.508
Rm/ (cm3/mol) 39.336 49.061 49.747 48.324 45.509
α/Å3 15.59 19.45 19.72 19.15 18.04
fm/ (cm3/mol) 85.36 130.33 133.75 133.96 122.09
%fm 68.46 72.64 72.89 73.49 72.85
μJT/ (K/MPa) − 0.341 − 0.327 − 0.373 − 0.407 − 0.444
ΔSS/(mN/m⋅K) 0.113 0.0938 0.0868 0.108 0.104
ΔHS/(mN/m) 76.84 54.72 54.01 60.20 58.77
Ea,η/(kJ/mol) 34.76 31.02 28.72 13.27 16.61

a Standard uncertainties are: u(T)=0.005 K for density and speed of sound and 0.01 K for the rest of properties; u(p)=0.5 kPa. The combined expanded uncertainties 
(0.95 level of confidence, k=2) are Uc(ρ)=0.1 kg/m3; Uc(u)=0.8 m/s; Uc(nD)=2⋅10− 5; Uc

(
Cp,m

)
=1%; Uc(γ)=1%; Uc(η)=1%; Uc

(
αp
)
=0.09 kK− 1; Uc(κs )=0.22 TPa− 1; 

Uc(Rm)=0.004 cm3/mol; Uc
(
fm
)
=0.03 cm3/mol; Uc(μJT)=1%; Uc(ΔSS)=0.001 mN/m⋅K; Uc(ΔHS)=0.06 mN/m.

Table 5 
Correlation of each thermodynamical property with temperature a of the fluids 
studied b. Fitting parameters (AY ,BY) and regression coefficients (R2).

Property Fluid AY BY R2

Density, ρ /(kg/m3) Aa 1272.02 − 0.550 0.9999
L 1113.01 − 0.849 0.9999
Co 1063.21 − 0.709 0.9999
Ca 1087.60 − 0.810 0.9999
E 1177.92 − 0.864 1.0000

Speed of sound, u /(m/s) Aa 2434.5 − 2.784 0.9998
L 2437.0 − 3.765 0.9999
Co 2465.9 − 3.657 0.9998
Ca 2483.4 − 3.861 0.9998
E 2438.0 − 3.875 0.9995

Refractive index, nD Aa 1.6634 − 4.0⋅10− 4 0.9962
L 1.60397 − 4.8⋅10− 4 1.0000
Co 1.57390 − 4.0⋅10− 4 0.9997
Ca 1.59127 − 5.0⋅10− 4 0.9994
E 1.59281 − 4.6⋅10− 4 1.0000

Isobaric molar heat capacity, 
Cp,m/(J/mol⋅K)

Aa 106.76 0.6152 0.9999
L 164.13 0.7505 1.0000
Co 31.278 1.1355 0.9998
Ca 178.37 0.4799 0.9999
E 91.09 0.6052 0.9999

Surface tension, γ/(mN/m)

Aa 76.87 − 0.1128 0.9992
L 54.67 − 0.0938 0.9995
Co 54.03 − 0.0868 0.9997
Ca 60.22 − 0.1082 0.9997
E 58.77 − 0.104 0.99877

a Y = AY + BYT; b Aa, anysil alcohol; L, linalool; Co, β-citronellol; Ca, citro
nellal; E, eucalyptol.
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4.2.3. Refractive index
Contrary to what happens with sound, light travels faster in less 

compact media. Considering that the nD is defined as the ratio between 
the speed of light in the vacuum and its speed in the medium, the more 
compact a fluid is, the higher its nD. As expected after the result of the 
previous section, Aa had the higher value of this property. The values 
decreased with T increased due to the thermal motion (Fig. 3c). Table 5
list the coefficients of the linear equation. We can compare bibliographic 
data with our own for L and Co. In relation to the first, the deviations 
(MRD(nD)) were 0.02% [19] and 0.04% [21]. Fig. S3b shows the 
graphical comparison. For the second, the value published for Li et al. 
[25] was 2.4⋅10− 4 higher than ours. From ρ and nD data under the same 
p,T conditions, the molar refraction (Rm) can be calculated (eq. 10). It 
was practically constant with T for all compounds (Fig. 4d). The values 
at 298.15 K are listed in Table 4. This property is a measure of the ability 
of the molecule to distort its electron cloud when subjected to an electric 
field; that is, it is related to the polarizability (α) (see eq. 10). The α 
calculated values (Table 4) were in good agreement with those esti
mated found in the literature [46]: α(Aa) = 14.91 Å3, α(L) = 18.97 Å3, 
α(Co) = 20.05 Å3, α(Ca) = 19.18 Å3, and α(E) = 18.54 Å3. The hard core 
of a mole of molecules is related to Rm in such a way that the difference 
between the molar volume and this property is an estimate of the molar 
free volume 

(
fm
)
. Table 4 and Fig. 4e report the calculated data, whose 

increased linearly with T. The sequence obtained for the fm percentage 

(eq. 11) was as expected after the results collected in the previous sec
tions (Table 4).

4.2.4. Isobaric molar heat capacity
The Cp,m is defined as the amount of heat required to raise the tem

perature of one mole of a substance by one degree. The observed 
sequence was L > Co > Ca > Aa>E with values between 418 J/mol⋅K for 
L at 338.15 K, and 259 J/mol⋅K for E at 278.15 K. Bibliographic data are 
available for L, Co and E. For the first one, the value recommended by 
the NIST database [47] at 293.1 K was 3.02% lower than ours. For Co, 
our data were higher than those published by Štejfa et al. [26] with a 
deviation of 3.62%. For E, three datasets were found. Our data were 
11.5% lower than those published by Aparicio et al. [28], but agreed 
with those of Štejfa et al. [48], and Martínez-López et al. [32], with 
mean deviations of 0.65% in both cases (Fig. S4b). At higher tempera
tures, a greater number of vibration modes are activated, so the linear 
Cp,m − T correlation has a positive slope (Table 5, Fig. 3d). The tem
perature change that occurs in a fluid during an expansion process is 
quantified by the Joule-Thomson coefficient. This parameter can be 
calculated from Cp,m values, and volumetric data at different tempera
tures (eq. 12). All obtained values were negatives (Table 4) and the 
estimated temperature coefficients were (∂μJT/∂T) = (8.41 ± 0.07)⋅ 
10− 4 MPa− 1, (8.81 ± 0.04)⋅10− 4 MPa− 1, (12.9 ± 0.12)⋅10− 4 MPa− 1, 
(9.06 ± 0.04)⋅10− 4 MPa− 1, and (12.9 ± 0.09)⋅10− 4 MPa− 1 for Aa, L, Co, 

Fig. 3. Experimental thermophysical properties of the fluids studied at p=0.1 MPa, and at several temperatures (T). (a) Density (ρ); (b) speed of sound (u); (c) 
refractive index (nD); (d) isobaric molar heat capacity (Cp,m); (e) surface tension (γ); and (f) dynamic viscosity (η). (■), Anisyl alcohol; (●), Linalool; (▴), β-citronellol; 
(▾), citronellal; (◆), eucalyptol. Points, experimental values; lines, correlated data.
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Ca, and E, respectively.

4.2.5. Surface tension
The movement of a molecule towards the surface must overcome 

cohesive forces so increasing the surface area of a fluid interface in
volves an energy cost, quantified as surface tension. The higher the γ 
value, the more structural a fluid is. In this work, most and least struc
tured liquids were Aa and L, respectively, and Co, Ca, and E had similar 
values. Again, the behavior of the Aa was very different to the rest. Its 
values ranged from 38.75 to 43.21 mPa⋅s. For the rest, they were be
tween 22.92 and 30.19 mPa⋅s. No literature data were found for any of 
the liquids studied. The decrease in intermolecular forces as the thermal 
energy of the systems increases causes a decrease in the value of γ. In this 
work, the decrease was lineal as Fig. 3e shows and Table 5 reports. From 
the γ − T study, entropy and enthalpy of surface can be calculated (eq. 
13 and 14) and the values at 298.15 K are listed in Table 4. Small dif
ferences in entropy contribution of the different compounds were found. 
On the other hand, the enthalpy contribution was much higher for Aa 
due to the presence of stronger intermolecular interactions. Having the 
values of critical temperature (Tc), and critical pressure (pc) is essential 
for calculating other thermodynamic properties and for developing tools 
that enable the correct design of industrial processes. However, their 

experimental determination is often costly or even impossible due to the 
thermal decomposition of the compound. Group contribution models 
such as the Joback method [39] can estimate these properties. Also, the 
suppression of the interface at the critical temperature of a substance 
leads to its surface tension being zero under those conditions. Accord
ingly, Guggenheim and Eötvös proposed equations (section 3.3) that 
allow the calculation of Tc from γ and ρ. Considering all models, the Tc 
predicted with Joback method was the highest for all compounds except 
for Aa (Table 6). This method typically tends to overestimate the value 
of the critical properties. A deviation of a 4.55% in Tc and 4.83% in pc 
was calculated by comparison with the experimental data of different 
substances [49]. Comparing Guggenheim and Eötvös equations, the 
values estimated with the first equation were, on average, a 5.12% 
higher than those obtained with the second. Moreover, the polarity of a 
molecule depends on the distribution of forces around it. This distribu
tion changes when a molecule passes to the surface of the liquid. 
Therefore, an interrelationship can be established between the work 
required to bring the molecule to the interface (γ) and the dielectric 
constant of the medium (or n2

D). For our liquids, a good correlation was 
found with the Papazian equation (eq. 18). Table 7 lists the corre
sponding parameters.

Fig. 4. Calculated thermophysical properties of the fluids studied at p=0.1 MPa, and at several temperatures (T). (a) isobaric expansibility (αp); (b) isentropic 
compressibility (κS); (c) free intermolecular length

(
Lf
)
; (d) molar refraction (Rm); (e) free volume

(
fm
)
; and (f) activation energy of viscous flow (Ea,η). (—), Anisyl 

alcohol; (— —), Linalool; (— • —), β-citronellol; (—••—), citronellal; (¡ ¡ –), eucalyptol.
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4.2.6. Viscosity
The viscosity is the property that measures the resistance of a fluid to 

flow due to friction between its molecular layers. Usually, although ki
nematic viscosity is measured, the property that is tabulated is the dy
namic one, which is related to it through density (η = ρν). It depends on 
both molecular geometry and the strength of intermolecular in
teractions. In industry, less viscous solvents are preferred because they 
are easier to handle and more efficient in mass exchange processes. The 
liquids characterized were low-viscosity within the studied temperature 
range, with values below 22 mPa⋅s. Our data for L and E, were in agree 
with those of the literature with mean relative deviations lower than 5%. 
Figs. S3c and S4c display the graphical comparison. Both γ and η are 
largely a consequence of the strength of intermolecular forces. There
fore, it is to be expected that the more structured liquids will be the most 
viscous. In fact, the sequences obtained in this work for γ and η coin
cided. Table 7 lists the parameters of two equations that correlate both 
properties. The influence of temperature on the fluidity of liquids is 
more pronounced at lower temperatures, so the η − T correlation is 
exponential (Fig. 3f). We used the VFT equation, whose expression and 
fitting parameters are given in Table 8. The A coefficient is the viscosity 
at 0 K; i.e., the contribution to the viscosity due to the geometry of the 
molecule. The B, and C, coefficients are related to the energy that must 
be overcome for the liquid to flow, the activation energy of viscous flow 

(Ea,η) calculated with the eq. 15. It decreased as T increased, as shown in 
Fig. 4 f.

4.3. Structure-property relationships

Table 9 lists several structural properties that can be related to the 
macroscopic properties studied in this work. The number of hydrogen 
bond donors (HBDs) and acceptors (HBAs) indicates the ability of the 
compounds to form hydrogen bonds. The topological polar surface area 
(TPSA) is calculated as the sum of surface contributions from polar 
functional groups. It is a measure of the polarity of the molecule, which 
is also highly correlated with HBs formation. Then, higher HBD, HBA, 
and TPSA values indicate higher possibility of interaction between 
molecules. The partition coefficient (P0/w) indicates the affinity of a 
compound for a hydrophobic environment. A higher fraction of carbon 
sp3 (Fsp3) provides the molecule a more three-dimensional structure. 
Furthermore, the greater the number of rotatable bonds (Rot B), which is 
the number of single covalent bonds that allow free rotation, the greater 
the molecular flexibility. Table 9 also includes the calculated values of 
the molar refractivity from the structure as the sum of atom/bond 
contributions. With all of the above, a discussion of the results obtained 
from the measured properties as a function of the molecular structure of 
the compounds can be made.

In our phase change study (section 4.1), E and Aa were the only 
compounds for which melting and crystallization processes were 
detected. This is consistent with the known fact that crystal packing is 
favored in planar structures, i.e., those with lower Rot B. The ρ depends 
on both the strength of intermolecular interactions and molecular ge
ometry. Anisyl alcohol has two acceptor sites and one donor site, the 
most polar surface, and one of the most rigid geometries. Its lower ca
pacity for intermolecular interaction with neighboring hydrophobic 
regions appears to be negligible compared to the interactions estab
lished by HBs and dipole-dipole interactions. Both L and Co have one 
donor site and one acceptor site, a similar TPSA value, and flexible 
structures, with higher Fsp3 and Rot B for Co. Finally, Ca and E have only 
one acceptor site, but E has the most rigid structure. Therefore, the 
density order found (Aa>E > L > Co > Ca) was consistent with the 
above, considering that the influence of geometry predominated for E. 
The Rm can be calculated with several software tools as the sum of 

Table 6 
Estimated critical temperatures (Tc) and pressures (pc) of the compounds studied a.

PC-SAFT EoS 
(eq. 1–5)

Joback 
method b

Guggenheim 
(eq. 16)

Eötvos 
(eq. 17)

Compound Tc/K pc/MPa Tc/K pc/MPa Tc/K Tc/K

Aa 679.14 4.14 725.76 3.93 790.62 733.58
L 656.64 2.97 697.57 2.58 670.97 643.63
Co 633.46 2.68 694.42 2.45 718.62 689.61
Ca 609.61 2.79 663.60 2.40 637.71 603.89
E 684.92 3.38 695.50 3.02 647.00 614.61

a Aa, anysil alcohol; L, linalool; Co, β-citronellol; Ca, citronellal; E, eucalyptol; b [39].

Table 7 
Fit parameters of the surface tension correlations of the compounds studied a

Papazian (eq. 18) Pelofsky (eq. 19) Murkerjee (eq. 20)

A B R2 lnA1 B1 R2 lnA2 B2/3 R2

Aa 1026.3 − 116.5 0.9993 3.800 − 0.540 0.985 3.569 0.075 0.989
L 645.00 − 89.74 0.9993 3.359 − 0.312 0.985 3.128 0.097 0.974
Co 715.24 − 99.92 0.9992 3.403 − 0.536 0.969 3.136 0.089 0.991
Ca 707.12 − 96.18 0.9997 3.549 − 0.309 0.999 3.236 0.246 0.985
E 748.16 − 106.1 0.9982 3.482 − 0.400 0.995 3.139 0.188 0.989

a Aa, anysil alcohol; L, linalool; Co, β-citronellol; Ca, citronellal; E, eucalyptol.

Table 8 
Correlation of the dynamic viscosity with temperature, VFT equation a, of the 
compounds studiedb . Fitting parameters (A,B,C) and mean relative deviations 
(MRD).

Compound A B C MRD/%

Aa 0.0619 635.11 181.94 0.310
L 0.0252 644.10 174.27 0.473
Co 0.0085 1247.39 119.00 0.437
Ca 0.0892 427.05 143.90 0.436
E 0.0372 797.14 109.80 0.155

a η = Aexp
[

B
T − C

]

; b Aa, anysil alcohol; L, linalool; Co, β-citronellol; Ca, 

citronellal; E, eucalyptol
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atomic and bond contributions. Our values obtained from the experi
mental density and refractive index data matched with those listed in 
Table 9. The relative mean deviations ranged from 0.7% for Aa to 3.5% 
for E. The Cp,m is greater the larger the M of the compound, and the 
greater the number HBs in the fluid because they consume energy. Both 
the presence of multiple bonds and the existence of rings affect the 
ability of normal vibrational modes to store energy. The L had a slightly 
higher Cp,m value than Co, followed by Ca, Aa, and E. This sequence can 
be explained by the fact that L and Co have practically the same M and 
the same HBD and HBA, but L has a greater number of double bonds. 
Moreover, Ca and L has the same M and number of double bonds, but Ca 
is not HBA. The M of Aa is considerably lower than that the rest, but this 
can be compensated for by its greater capacity to form HBs, and the 
presence of the aromatic ring. The high interaction capacity of Aa and its 
rigidity, factors already discussed above, would explain the greater 
structuring of the fluid observed from the high values of its surface 
properties, γ and ΔHs. Regarding η, both interactions and the molecular 
geometry of the liquid influence its value. In the case of interactions, the 
Ea,η is the derived thermodynamic property related to them. Therefore, 
the sequence is expected to coincide with previous conclusions. In fact, 
Aa exhibited a significantly higher value than the other compounds, and 
Ca the lowest. Regarding geometry, Co exhibited greater steric hin
drance than L due to its more three-dimensional structure, meaning a 
higher Fsp3. This would explain the higher η of Co despite having a 
slightly lower Ea,η value. The same occurs between E and Ca. A similar 
explanation can be given to justify the lower fluidity of E compared to 
Ca. 

4.2. Modeling

In industrial chemical processes, it is necessary to establish optimal 
operating conditions to maximize efficiency while minimizing material 
and energy costs. The simulators used for this purpose must include 
thermodynamic tools that enable the estimation of the properties of the 
fluids involved, as determining these properties under any operating 
conditions is practically impossible. Different types of tools such as 
group contribution models, empirical correlations, models based on 
activity coefficients or excess energy, and equations of state have been 
developed. The latter are preferred because an excessively complex 
model can be difficult to implement and consume a significant amount 
of computation time. In addition, an inadequate model will yield erro
neous results and therefore must be validated beforehand. Validating 
equations of state, such as the one used in this work (PC-SAFT) for pure 
compounds, will allow for the prediction of the thermodynamic 
behavior of the mixtures they comprise, and thus, the optimization of a 
large number of processes. In this EoS (section 3.1), compounds were 
described by 3 (Ca and E) or 5 (Aa, L, and Co) parameters depending on 
their auto-association capacity. They were calculated by minimizing 
deviations in vapor pressures (pv) taken from the literature (where 
feasible) and from the densities measured in this work. For L and E 
[22,28], literature values of these parameters were found. Nevertheless, 
we have recalculated them for L to improve the results in the studied T 

range. A dispersion of points was observed in the literature pv data. We 
choose those from Zaitsau et al. [24] to be included in the objective 
function along with our ρ values. For Co and Ca, we used pv from Stejfa 
et al. [26] and Povh et al. [51], and ρ from this work. For Aa, no pv data 
were found. The parameters obtained are summarized in Table 10, and a 
summary with the results of the modeling is found in Table 11. The 
calculated densities agreed with the experimental ones of this work, 
with mean relative deviations less than 0.45% in all compounds. For E, 
the deviation increases slightly in the literature data at pressures up to 
60 MPa. Regarding Cp,m, the model also well predicted the thermal 
behavior, and the maximum deviation was obtained for L with a value of 
4.1%. Fig. 5 shows the graphical comparison between our ρ and Cp,m 

data, and those calculated with PC-SAFT EoS. As previously mentioned, 
knowing the critical point values of pure compounds is essential in the 
application of thermodynamic models used in the design of industrial 
operations. Values obtained from several correlations and methods were 
presented in section 4.2.5. They can be also estimated with the PC-SAFT 
EoS, and are listed in Table 6. The correct modeling of the volumetric 
and thermal behavior of these compounds with this EoS shown above 
could give reliability to these values.

5. Conclusion

Different substances commonly used as flavorings in the food and 
cosmetic industries were studied. They were anisyl alcohol (Aa), linalool 
(L), β-citronellol (Co), citronellal (Ca), and eucalyptol (E). Data of the 
density, speed of sound, refractive index, isobaric molar heat capacity, 
surface tension, and dynamic viscosity at 0.1 MPa, and up to 338.15 K 
were determined. From them, several properties as the isobaric expan
sivity, free intermolecular length, percentage of free volume, Joule- 
Thomson coefficient, critical point, and activation of viscous flow 
were estimated. In addition, the necessary parameters to be able to 
predict other thermodynamic properties of these pure compounds, and 
of their mixtures using the PC-SAFT EoS were obtained.

The Aa was the densest (even denser than water), most compact, and 
most viscous liquid. All results were consistent with expectations, 
considering the number of hydrogen bond donor and acceptor sites and 
the differences in geometries. The deviations obtained in the modeling 

Table 9 
Structural properties of the pure compounds from SwissADME platform a. Number of hydrogen bond donors (HBDs), number of hydrogen bond acceptors (HBAs), 
topological polar surface area (TPSA), logarithm of the partition coefficient log(P0/w), fraction of carbon sp3 (Fsp3), number of rotatable bonds (Rot B), and calculated 

molar refractivity 
(
Rcal

m
)b

Chemical HBDs HBAs TPSA/Å2 log
(
P0/w

)
Fsp3 Rot B Rcal

m /(cm3/mol)

Anisyl alcohol 1 2 29.46 1.40 0.25 2 39.06
Linalool 1 1 20.23 2.66 0.60 4 50.44
β-Citronellol 1 1 20.23 2.92 0.80 5 50.87
Citronellal 0 1 17.07 2.94 0.70 5 49.91
Eucalyptol 0 1 9.23 2.67 1 0 47.12

a Ref [50]; b Molar refractivity of the molecule in its standard state. It is calculated as sum of atom/bond contributions using OpenBabel Software.

Table 10 
Parameters of the pure compounds in the modeling with the PC-SAFT EoS. The 
type 2B (one donor and one acceptor site) was considered as association scheme 
for the compounds capable of self-association.

Compound m σ/ Å ε/ K κAiBi εAiBi / K

Anisyl alcohol a 7.065 2.880 213.0 0.09 2750
Linalool a 4.190 3.915 256.8 0.02 2100
β-citronellol a 6.453 3.359 197.0 0.09 2750
Citronellal a 4.210 3.850 244.6 – –
Eucalyptol b 3.026 4.247 313.7 – –

aThis work; b [28].
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for ρ and Cp,m were less than 1.10% and 4.1%, respectively.
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Table 11 
Results of the modeling with PC-SAFT EoS of the compounds studied. Temperature (Trange) and pressure (prange) ranges, and mean relative deviations (MRD(Y)b).

Compound Trange/K prange/Pa MRD(pv)
a
/% MRD(ρ)a

/% MRD
(
Cp,m

)a
/%

Anisyl alcohol (278–338) 0.1⋅106 0.44b 1.56b

(303− 313) 0.1⋅106 0.34c

Linalool (278–338) 0.1⋅106 0.09b 4.09b

(284–353) (6.4–1136) 0.58d

(283–333) 0.1⋅106 0.22e

298 0.1⋅106 0.19f

298 0.1⋅106 0.09g

(283–328) 0.1⋅106 0.29h

(406–462) (1.3–8)⋅104 10.2i

β-citronellol (278–338) 0.1⋅106 0.26b 3.32b

(273–363) (0.1–461) 6.59j

293 0.1⋅106 0.14k

Citronellal (278–338) 0.1⋅106 0.36b 0.99b

Eucalyptol (278–338) 0.1⋅106 0.17b 2.21b

(293–323) 0.1⋅106 0.20l

(278–298) 0.1⋅106 0.19m

(278–358) (0.1–60)⋅106 1.10n

(283–313) (0.1–20)⋅106 0.68o

(293–344) 0.1⋅106 1.72p

(273–355) 0.1⋅106 1.61j

(278–323) (71–1101) 2.11q 0.20q

(278–308) (5.5–431) 12.21j

(283–313) (8.3–592) 7.99r

a

MRD(Y) =
100
n

∑n
i=1

⃒
⃒
⃒
⃒
Yi,PC− SAFT − Yi,exp

Yi,exp

⃒
⃒
⃒
⃒; 

b This work; c [18]; d [24]; e [19]; f [20]; g [21]; h [22]; i [23]; j [26]; k [25]; l [27]; m [29]; n [28]; o [31]; p [32]; 

q [30]; r [33].

Fig. 5. Comparison between our experimental data and those predicted by PC-SAFT EoS. (a), Density (ρ); (b) isobaric molar heat capacity (Cp,m). (■), Anisyl alcohol; 
(●), Linalool; (▴), β-citronellol; (▾), citronellal; (◆), eucalyptol.
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