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Abstract

Several thermophysical properties have been studied for 2-acetylthiophene: (i) vapour
pressure was determined at temperatures within 336.16 - 445.02 K; (ii) density, speed of
sound, static permittivity, refractive index, surface tension, and kinematic viscosity were
measured at p = 0.1 MPa and at temperatures from 278.15 K (or 283.15 K for the refractive
index) to 338.15 K; (iii) volumetric properties were also determined at temperatures in the
(283.15 - 338.15) K range and at pressures up to 65.0 MPa. From these experimental values,
different derivative properties have been calculated such as enthalpy of vaporization, isobaric
expansibility, isothermal and isentropic compressibility, dipole moment, entropy and enthalpy
of surface formation, and dynamic viscosity. All experimental properties were correlated and
the results were explained through the intermolecular interactions. Moreover PC-SAFT EoS
was used to model the thermodynamic behaviour of the compound. Finally, this EoS
combined with the Density Gradient Theory allowed obtaining the influence parameter for the
surface tension of 2-acetylthiophene.
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1. Introduction

Thiophene is a five heterocycle compound with an atom of sulphur and can be extracted, as
well as its derivatives, from fossil fuels [1,2]. The presence of thiophene-based compounds in
plants provides specific organoleptic characteristics. Thus, it was detected 2-acetylthiophene
in different foods such as flour extrudes or yeast extracts producing a sulfurous odor like
disinfectant [3,4].

This compound can be employed for various purposes such as: synthesis of several
drugs for depressive disorder and anxiety (duloxetine and others) [5,6]; drugs synthesis for
treatment of anti-inflammatory [7]; synthesis of antiparasital drugs [8]; metal complexes
synthesis [9]; organic synthesis [10]. Despite the many industrial applications of 2-
acetylthiophene, the study of its thermophysical properties is very scarce [11,12]. The
knowledge of these properties in a wide range of temperature and pressure and its dependence
on structure and intermolecular interactions is fundamental in the chemical industry: the
volumetric properties give the necessary information about the structural organization and
packing of the molecules in liquid state. Furthermore additional information about the
intermolecular interactions can be obtained through boiling point, viscosity or surface tension;
and the permittivity and refractive index allow to characterize the compound polarity [13-15].

In this contribution, we present experimental values for several properties: (i) vapour
pressure from T = 336.16 to 445.02 K; (ii) density in the following pressure and temperature
ranges (p = 0.1 to 65 MPa) and (T = 278.15 to 338.15 K); and (iii) speed of sound, static
permittivity, surface tension, and kinematic viscosity at p = 0.1 MPa and the temperature
interval 278.15 to 338.15 K (or 283.15 to 338.15 K for the refractive index). From these
properties, we calculate others such as: enthalpy of vaporization, isobaric expansibility,

isothermal compressibility, isentropic compressibility, dipole moment, entropy and enthalpy



of surface formation per unit surface area, and dynamic viscosity. Finallly, we use the PC-
SAFT EoS [16] to model the phase, volumetric and acoustic behaviour of the studied

compound as well as to find the influence parameter [17] for surface tension.

2. Experimental section

2.1. Chemicals

2-Acetylthiophene was provided by Sigma-Aldrich and the purity was checked by GC
chromatography; this purity, expressed as mass percentage, was 99.6 %. An automatic titrator
Crison KF 1S-2B was employed to determine the water content of the liquid, being this
content less than 100 ppm. Table 1 reports at p = 0.1 MPa the density, o, and the refractive
index, Np, at T = 293.15 K, and the surface tension, g; and the dynamic viscosity, 77, at T =

303.15 K obtained in this work along with the literature values [11].

Table 1. Density, o, refractive index, Np, surface tension, g, and dynamic viscosity, /7, at p =
0.1 MPa and at two temperatures of 2-acetylthiophene. Comparison between experimental

and literature values

T=293.15K T=303.15K
Property Exp. Lit. Property Exp. Lit.
o/ (kg-m?) 1171.07 1170.9 [11] o/ (mN-m™) 42.59 445 [11]
Np 1.5658 1.5667 [11] 17/ (mPa-s) 2.3157 2.32[11]

8Standard uncertainties U are U(T) = 0.005 K for density and u(T) = 0.01 K for the rest of
properties, U(p) = 0.5 kPa, and the combined expanded uncertainties U are Uc(0) =0.1  kg- m™,
Uc(np) = 104, Ue(0) = 1%, Uc(77) = 1% with 0.95 level of confidence (k =2).



2.1. Apparatus

Different facilities were used to measure the properties studied in this study, all the
devices were periodically checked and rearranged if necessary. An all-glass dynamic
recirculating ebulliometer (Fischer-Labodest) equipped with a Cottrell pump allowed
determining the vapour pressure, py, with uncertainties in the temperature and pressure of
equilibrium of 0.01 K and 0.05 kPa, respectively. The pressure was measured with a
Digiquartz 735-215A-102 pressure transducer (Paroscientific) and the temperature with a
thermometer model F25 with a PT100 probe (Automatic Systems Laboratories). The proper
operation of the ebulliometer was checked by measuring the vapour pressures of some fluids
(hexane, octane and decane).

Density, 0, and speed of sound, U, at atmospheric pressure were simultaneously
obtained using an Anton Paar DSA 5000 vibrating tube densimeter and sound analyser (at a
frequency of 3 MHz), automatically thermostated at £ 0.005 K. The estimated uncertainties in
the measure of density and speed of sound were 0.1 kg-m™ and 0.5 m-s”!, respectively.
Densities at high pressure were measured by means a high pressure, high temperature Anton
Paar DMA HP cell connected to an Anton Paar DMA 5000 unit. The high pressure cell
includes a Peltier thermostat to control the temperature, on the other hand to achieve working
pressure a hand pump 750.1100 from Sitec (Switzerland) was used, this pressure was
measured by a pressure transducer US181 from Measuring Specialties (USA). The
uncertainties in this apparatus were: 0.05 MPa in pressure, 0.01 K in temperature and 0.2
kg-m™ in density. The device was calibrated using several fluids (dry air, hexane, water and
dichloromethane) of known density, more details about calibration and procedure can be
found in our previous paper [18].

A capacitive method was used to determine the static permittivity, & at a frequency of

2 MHz. To do this, an Agilent 4263BA precision LCR meter connected to an Agilent 16452A



terminal dielectric test was used. The temperature was controlled by means of a CT52 Schott-
Gerite thermostat. The uncertainties for temperature and static permittivity were 0.01 K and
1 %, respectively.

A Digital Abbe Refractometer Zuzi WAY-1S with an external Lauda E-200
thermostat that keeps the temperature constant were used to measure the refractive index at
sodium D wavelength (589.3 nm), np, being the uncertainty in temperature 0.01 K and the
uncertainty in refractive index 107

Surface tension, g, measurement was carried out by the drop volume technique with a
tensiometer Lauda TVT-2. The temperature was controlled by an external Lauda E-200
thermostat. The estimated uncertainties for the temperature and the surface tension were 0.01
K and 1 %, respectively.

Kinematic viscosity, V, was measured with an Ubbelohde capilar viscosimeter
including a Schott-Gerite AVS-440 automatic unit and a CT52 Schott-Gerite thermostat to
attain a constant temperature. The uncertainty in temperature is 0.01 K and the uncertainty of

kinematic viscosity, expressed as percentage, was 1 %.

3. Model

3.1. PC-SAFT

PC-SAFT EoS is widely described in the literature so that, in this section, we summarize its
most important features; all expressions can be found in the paper of Gross and Sadowski
[16]. In this model, the dimensionless Helmholtz energy, a , is written as a sum of an ideal gas

contribution, a9

, and a residual contribution, a'®, which is calculated by perturbation
theory. The hard-chain fluid is established as a reference system for the repulsive interactions

and the attractive ones are considered a disturbance to that. Thus,



Fres — ahc + adls 4 gassoc 4 apolar (1)

where 3" represent the hard-chain contribution obtained from Chapman’s approach [19];

a%s is the dispersive attractive contribution calculated using the Barker and Henderson’s

theory [20,21]; a®%°° is the association contribution; and apolar include multipole
contributions. In this work, we do not consider multipole interactions and the studied
compound is not associated.

It is clear that an advantage of this model is that only three parameters are necessary in
order to describe each non-associating pure compound: the chain segment number, m, the
segment diameter, gsart, and the segment energy, &arr. Usually, they are obtained by fitting
the thermodynamic properties of the compound.

3.2. Density gradient theory
In this theory, extended by Cahn and Hilliard [22], the Helmholtz free energy density for a
two-phase system is written as a Taylor series whose expression keeping the two lowest-order

terms is:

to2)] = folo@] + ki M[Op2)]* @)

where O(2) is the density of molecules at position z, fo[0(2)] is the free energy in the

homogeneous part of the system; and kii(T) is the influence parameter.

The Helmholtz free energy is calculated as the following:

Np2)] = [ {folp)] + ki M[Dp2)]*} dz 3)

For a system in equilibrium, this equation has a minimum and this is used to calculate the

density profile in the interface. However, it is more adequate to replace the unbounded

domain; for this, the z-origin is located at a density 0(Z,) = (pV + 0o1)/2 being p° and g



the equilibrium densities for vapor and liquid phases, respectively. The density profile, 0(2),

in the direction perpendicular to the surface can be calculated by:

s =g 4 (P ki (T) dz=zo + 1@ | K A
& JV\/l‘o[p<2)]-,'3(2>u+|o %+ oy N[ p(2)] @

where (/ is the chemical potential and p is the pressure, for the phases.

Thus, the surface tension can be calculated [22]:

o =25, A [p(2)] ki (T) do(2) 5)

4. Results and discussion

In this section, we have described and discussed the experimental data obtained using the
apparatus reported in Section 2 as well as the calculated values for several derived properties.
In order to understand the effect of the presence of the acetyl group on the thermophysical
properties, we compared the data of this work with those previously published by us for
thiophene [23]. Finally, we have modelled the phase and volumetric properties with the PC-

SAFT Equation of State and we found the influence parameter for the surface tension.

4.1. Experimental and derived properties

Experimental values for all properties measured in this study (vapour pressure, density
at atmospheric pressure (p = 0.1 MPa), density at high pressure, speed of sound, refractive
index, static permittivity, surface tension, kinematic viscosity, and dynamic viscosity) along
with derived properties (isentropic compressibility, enthalpy of surface formation per unit

surface area, and dipole moment) are given in Tables S1-S3 of the Supporting Information.



We have determined the vapour pressure, pv, of 2-acetylthiophene in the following
temperature intervals: T = (336.16 — 445.02) K. The values (Table S1 and Figure 1) were

correlated with the Antoine equation:

log py = A- (6)

C+t
where py is the vapour pressure in kPa, t is the temperature in Celsius degrees, and A, B and C
are the adjustable parameters. These fitting parameters and the mean relative deviation, MRD,

calculated from the equation 7 and expressed in percentage are presented in Table 2.

n|Yical —Yi
100_2 ical |,exp‘ %
N iz Yiep ‘

MRD =

where n is the data number, and Yijexp and Yica are the experimental and the calculated values,

respectively.

Table 2. Fitting parameters and mean relative deviations, MRD, for the studied properties

Property Equation A B C MRD / %
p, / kPa 6 6.296 1757.597 195.131 0.59
u/(m-s™) 13 -3.43424 2493.24 0.02
£ 13 -0.14603 32.99 0.32
Np 13 -4.758 (10 1.5722 0.00
o/ (mN-m™) 13 -0.11441 46.01 0.04
n/ (mPa-s) 15 0.0903 494.679 150.779 0.13

We have only found a vapour-liquid equilibrium data in the literature [11]. In order to
carry out the comparison with our data, we have calculated the boiling point at atmospheric
pressure. The obtained value, Ty, = 487.68 K, was very close to that determined by Johnson
[11] (Ty = 487.05 K). Moreover, Roux et al. [12] studied the thermochemistry of this

compound. Our molar enthalpy of vaporization data at T = 298.15 K calculated from the



Clausius-Clapeyron equation, AHy,p = 56.03 kJ-mol'!, was lower than the value determined by

them using a Calvet microcalorimeter, AHyap = 58.8 kJ -mol.

It is known that the vapour pressure decreases with the increasing intermolecular
forces and therefore with increasing dipole moment of the compound. Thus, the py data
measured in this work were lower than those previously determined by us for the thiophene

and its derivatives [23].
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Figure 1.Vapour pressure, py, of 2-acetylthiophene as a function of temperature.

Regarding the volumetric behaviour, the temperature and pressure ranges studied in
this work were: T = (278.15 — 338.15) K and p = (0.1 — 65) MPa. The experimental
densities, p, (Tables S2 and S3) have been correlated with pressure, p, and temperature, T,
using the TRIDEN model [24]. This equation combines the Tait equation with a modified

Rackett equation as Spencer and Danner suggested [25-27].
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where o is the density at p = 0.1 MPa. The fitting parameters together with the mean relative

deviation, MRD, are given in Table 3.

Table 3. Parameters of the TRIDEN model and mean relative deviation, MRD

Ar / (kgth™) 499.240
Br 0.58546
Cr /K 587.2407
Dr 0.75668
Cr 0.06338
b, / MPa 361.2466
bi / MPa -67.34008
b, / MPa -33.80525
b; / MPa 8.30235
Er /K 123.35924
MRD / % 0.0073

Figure 2 shows the density values of 2-acetylthiophene as well as the dependence of
the density with temperature and pressure described by the derivative properties isobaric
expansibility, a, (+ 0.012 kK!), and the isothermal compressibility, xr (+ 33 TPa’),

respectively:

7= 3(2) =-1(%) an
V\dT D p\ 0T D
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Figure 2. Density, p, isobaric expansibility, ap, and isothermal compressibility, xt, of 2-
()

acetylthiophene as a function of temperature and pressure: (m), experimental densities;

values calculated with the TRIDEN equation.

The density values decreased with increasing temperature at constant pressure due

mainly to thermal expansion. On the other hand, at a given temperature, 0 increased with



pressure. Our data at T =293.15 K and at atmospheric pressure is in good agreement with the
bibliographic value (Table 1). In the same working conditions, density of thiophene (0 =
1064.530 kg-m™) was quite smaller than density of 2-acetylthiophene, so the latter compound
has better packing. The calculated isobaric expansibilities and isothermal compressibilities
can be found in Tables S4 and S5. The a, values for 2-acetylthiophene are lower than for
thiophene due to the presence of stronger molecular interaction. The isothermal
compressibility, &t, is able to explain the behaviour about structural organization. The small
values for this property, At = 535.61 TPa™! at T = 298.15 K and at p = 0.1 MPa, are indicative
of a good packing of the 2-acetylthiophene molecules under these conditions.

For the following properties: speed of sound, refractive index, surface tension and
static permittivity a linear relationship has been found with respect to temperature, therefore
we have employed a linear equation to fit the data with temperature:

Y =AT +B (13)

where Y is the studied property and A and B are the adjustable parameters. The best fitting
parameters along with the corresponding mean relative deviation, MRD, are collected in Table
2.

The variation of the speed of sound, U, for this compound with temperature showed the
expected behaviour: the values decreased when the values for temperature increased (Table
S2, Figure 3). In fact, we have found a linear relationship: u = A-T+B, the parameters A and B
and the mean relative deviation, MRD, are listed in Table 2. Comparing the U values for 2-
acetylthiophene and thiophene, we have observed that the value for the first compound was
higher than the second [23]. Using the experimental values of density and speed of sound at
atmospheric pressure, we have obtained the isentropic compressibility, ks, from the Newton-
Laplace equation, assuming that ultrasonic absorption is negligible (ks = 1/(oUu?)). The

calculated values at the temperatures studied are listed in Table S2 and are shown in Figure 4.



The study of isentropic compressibility provides important information about internal
organization of the molecules: a lower value indicates a more closely packed structure. For 2-
acetylthiophene and thiophene at T = 298.15 K, ks = 397.42 TPa' and 578.45 TPa,
respectively. Again, it is observed the same tendency as previous properties.
We have found again a linear dependence descendant with the temperature for static
permittivity, refractive index, and surface tension (Figures 5-7), the corresponding adjustable
parameters A and B and the mean relative deviation, MRD, are also collected in Table 2.

Results for static permittivity, & (Table S2) show that 2-acetylthiophene exhibits very
high values compared with thiophene [23]. For the refractive index, np, a better molecular
packing leads to higher refractive index values. As seen from compressibility values, the np
value for 2-acetylthiophene should be larger than for thiophene. On average, at the studied
temperatures, the values were approximately 2.5 % higher (Table S2). Our data at T = 293.15
K (Table 1) as well as the variation of refractive index with the temperature be agreed with
the literature. We found (6np/0T) = - 4.8-10* K'! and the data published by Johnson [11] was
(Onp/0T) =-4.9-10* K1,

In addition, we have obtained the dipole moment of 2-acetylthiophene in the liquid
state from our experimental data of density, refractive index and static permittivity, using the

Onsager equation [28]:

2 _ 9KTM (s—n%X2£+n2D)

47N AP £(n% + 2)2 "

in this equation M, N4, and K are the molar mass, the Avogadro constant, and the Boltzmann
constant, respectively. The calculated dipole moment slightly decreases with temperature. The
dipole moment, /= 3.87 D at T = 298.15 K, is much greater than that found by us [23] for the
thiophene. This high value of the dipole moment is due to the combined presence of the

carbonyl group and the thiophene ring [29].
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Figure 3. Speed of sound, u, of 2-acetylthiophene at p=0.1 MPa as a function of

temperature.
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Figure 4. Isentropic compressibility, ks, of 2-acetylthiophene at p = 0.1 MPa as a function of

temperature.
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Surface tension, g, presents the degree of cohesive forces between liquid molecules. In
the bulk of liquids, the forces are equal in all directions because the liquid molecules are
surrounded by similar ones. In the surface of liquid/gas interface, the molecules are not
surrounded by other molecules in all directions, so the resulting force is attractive into the
liquid. The surface tension causes that the molecules in the liquid/gas interface tend to
contract in a minimum surface area [30]. It is observed that the surface tension decreased
when the temperature increased (Table S2, Figure 7), because the cohesive forces weaken. At
T =303.15 K, our g value is not agreed with the published by Johnson in 1947 [11] showing
a deviation of 1.91 mN.m™'. The result obtained for 2-acetylthiophene was higher than the
result obtained for thiophene previously [23] because the interactions between molecules for
2-acetylthiophene were stronger. We have calculated derived properties of surface tension

such as the entropy of surface formation per unit surface area, AS,; = —(00/ OT)p, and
enthalpy of surface formation per unit surface area, AH,; = o —T-(00/0dT) p - As mentioned

above, it was found a linear relationship between surface tension and temperature; so the
entropy of surface formation per unit surface area was constant in all of range of
measurements. On the other hand, it can be also outlined that the enthalpy of surface
formation per unit surface area is almost constant over our temperature range. The obtained
values for both properties were ASs= 0.1144 mN-m™-K'! and AHo= 77.27 mN-m! at T =
298.15 K. The entropy was slightly lower than that found for the thiophene indicating that 2-
acetylthiophene is a more structured liquid [23]. On the other hand, the enthalpy was
approximately 5 % higher [23], which is related with upper intermolecular interaction energy.

The dynamic viscosity, /), was estimated with an uncertainty of 1 % from our density
and kinematic viscosity experimental values: 77 = p- V. These values (Table S2) decreased
exponentially with temperature (Figure 8) and they were correlated using a Vogel-Fulcher-

Tamman equation [31-33]:



n=n, @xp[B/T -T,)] (15)
in the above equation, 77 , B and Ty are the adjustable parameters, and they are listed in Table
2 as A, B and C, respectively. There is a good agreement between the value found in the
literature and the experimentally determined here at T = 303.15 K (Table 1). As the 2-
acetylthiophene has some strong intermolecular forces, the experimental data show some
higher values for this property than the ring of thiophene. We thought that interactions
established between the m-electrons for carbonyl group and the n-electrons for thiophene ring

[34] were responsible for these results.
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Figure 7. Surface tension, o, of 2-acetylthiophene at p = 0.1 MPa as a function of

temperature.
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4.2. Modelling

Our experimental vapour pressures and pVT data have been used to model the 2-
acetylthiophene with PC-SAFT EoS [16]. Table 4 lists the parameters obtained in the
modelling of the studied compound by fitting of the above mentioned data. The temperature
and pressure working ranges are also included in this Table.

The vapour pressures calculated by the model are in good agreement with the
experimental ones. Figure 9 shows the deviations in the comparison between experimental
and calculated py data. The mean relative deviation (equation 7) was MRD = 2.33 %. Due
to the small vapour pressure values, we also calculated the deviation as average absolute

deviation, AAD,, between experimental and calculated vapour pressures:



1 n
AAD =Ei§1 Pi,cal ~ Piexp (16)

it can be outlined that the value obtained, AAD, = 0.11 kPa, is only twice the

experimental uncertainty.

Table 4. 2-Acetylthiophene PC-SAFT parameters: M, Osarr, and &arr  together with

temperature-dependent influence parameter, ki; = f(T), and temperature and pressure working

ranges
M / (ghhol™) 126.176
m 4.0086
Gsarr | A 3.3626
(&art/K) / K 303.84
ki/ 10'° J'-m’ mol 245 +4.97-10°T
Tnge / K 278.15 - 445.02
Prange / MPa 3-104 65

For the density, PC-SAFT EoS underestimated the values at atmospheric pressure
in almost all the working temperature range and the deviation increased with increasing
temperature (Figure 10). The mean relative deviation at the working temperature range
was: MRD = 0.21 %. Moreover, the values obtained using PC-SAFT EoS for the density
of compressed liquid, o, are in good agreement with the experimental ones and both
intersect at intermediate pressures (Figure 10). The relative deviations obtained range
from -0.38 to +0.62 % with a mean value MRD = 0.20 %.

On the other hand, we have compared our speed of sound data with those calculated
using PC-SAFT EoS (Figure 11) obtaining a mean relative deviation, MRD = 18 %. The
fact that the Equations of State do not adequately represent the values (and the curvature)

of this property at different pressures and temperatures is reflected in the literature [35-



39] and it is probably due to a bad representation of the pressure-volume and pressure-
temperature derivatives. In order to improve the prediction of the second-order
properties, some authors have modified the molecular potential function [35,36] or have
included these properties in the geometrical parameters calculation [37,39]. The results
showed a slight improvement in the prediction of these properties but a worsening in the
VLE. Only it is observed a clear improvement when the universal constants in the
dispersion term of PC-SAFT EoS were modified [37,39]. However, a wider study
including more complex compounds is necessary.

Surface tension is a property of great interest in industrial processes including mass
transfer so several methods and correlations have been developed for their prediction. In
recent years, the Density Gradient Theory [17, 22] combined with PC-SAFT EoS has been
used [40-42] to obtain o of pure compounds or mixtures. Thus the equation of state is used to
describe accurately the homogeneous system and the density gradient on the surface is
determined by the functional form of the EoS and the influence parameter, kii. This parameter
can be obtained from theoretical considerations because it is related to the radial distribution
function. However, it has been observed that calculated in this way often overestimate the
value of the surface tension [43]. Therefore, it is usual to fit ki from o experimental data.
Cornelisse observed that this parameter was slightly dependent on temperature [17] Table 4
reports the dependent - temperature influence parameter of 2-acetylthiophene, ki = f(T),
calculated from our surface tension data and Figure 12 shows the comparison in the
prediction. There is a good agreement between the g experimental and calculated values with
a deviation, MRD = 0.16 %. On the other hand, we have also calculated a temperature-
independent influence parameter: ki = 3.98:10'° J'm°mol?. The deviation using ki # f(T)
was slightly higher, MRD = 0.99 % but it is also observed a clear trend with the temperature

(Figure 12).
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Figure 10. Deviations between experimental densities, Oexp, and those calculated using PC-

SAFT equation of state, OsAFT.
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Figure 11. Deviations between experimental speeds of sound, Uexp, and those calculated using

PC-SAFT equation of state, USAFT.

exp exp

100x(chAFT- o)lo

2.5
2.0—-
151
1‘0—-

0.5+

-0.5 1
-1.04
-1.5 1

-2.0+

-2.5
270

280

T
290

T
300

T
310

T/K

320

330

340

Figure 12. Deviations between experimental surface tensions, Gexp, and those calculated using

PC-SAFT equation of state, osarr.: (LJ) temperature-independent parameter ki; (H)

temperature-dependent parameter ki.

5. Conclusions

In this study, we have reported experimental and calculated data for several thermophysical

properties for 2-acetylthiophene. We have analysed the phase, volumetric and acoustic



behaviour. Also we have discussed about other properties such as the permittivity, the
refractive index, the surface tension, and the absolute viscosity.

A comparison between the 2-acetylthiophene and the thiophene was carried out to
understand how the introduction of the acetyl group into the ring affected at the different
properties. From the results, we can conclude that the compound studied in this paper presents
greater intermolecular interactions than thiophene due to interactions among the m-electrons
of carbonyl group and those of aromatic ring. Consequently 2-acetylthiophene has lower
vapour pressure, is more closely packed and exhibits a higher dipole moment than thiophene.

We modelled the vapour pressure, density, speed of sound and surface tension data
using PC-SAFT EoS. The small values of the deviations, 0.11 kPa for the pressure, 0.24% for
the density, and 0.11 % for the surface tension allowed us to conclude that this EoS
adequately represents these properties in a wide range of pressures and temperatures. In

contrast, the EoS provided larger deviations, 18 %, in acoustical behavior prediction.
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List of symbols

a

AB,C

Ar

bO’ bl""

dimensionless Helmholtz energy
fitting parameters of the correlation equations
parameter of the modified Rackett equation (kg-m™)

parameters of the TRIDEN equation (MPa)

Br, Cr, Dr parameters of the modified Rackett equation

C parameter of the TRIDEN equation

Er parameter of the TRIDEN equation for reducing the temperature (K)
k Boltzmann’s constant (=~ 1.38065x10723 J. K1)

Kii temperature-dependent influence parameter (J-m>-mol?)
M molar mass (g-mol™!)

m number of monomers of a molecule

MRD mean relative deviations (%)

n number of experimental points

Np refractive index

p pressure (MPa)

Po pressure of reference (= 0.1 MPa)

Py vapour pressure ( kPa)

T temperature (K)

u speed of sound (m-s)

Greek |etters

ap isobaric expansibility (kK™)

£ static permitivity



ESAFT segment energy (J)

Kt isothermal compressibility (TPa™)
Ks isentropic compressibility (TPa™)
n dynamic viscosity (mPa-s)

v kinematic viscosity (mm?-s™)

7] dipole moment (D)

0 density (kg-m™)

o reference density (kg-m™)

o surface tension (mN-m™)

OSAFT segment diameter (A)

Subscripts

cal calculated

exp experimental

lit literature

SAFT statistical associated fluid theory

Superscripts

assoc association contribution

dis dispersive attractive contribution
hc hard-chain contribution

id ideal contribution

polar polar contribution

res residual contribution
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Table S1. Experimental vapour pressure of 2-acetylthiophene as a function of temperature

T/K p, / kPa T/K p, / kPa T/K p, / kPa T/K p, / kPa
336.16 0.305 365.84 1.545 407.19 9.015 433.16 22.200
340.77 0.400 371.37 2.020 412.74 11.050 435.59 24.035
342.94 0.450 376.26 2.520 417.12 13.015 438.37 26.190
345.74 0.540 383.49 3.530 421.69 15.195 440.66 28.125
350.41 0.690 389.55 4.545 423.25 15.990 442.49 29.805
356.58 0.955 394.16 5.500 426.08 17.630 445.02 32.160
362.84 1.295 400.53 7.065 429.93 20.045

aStandard uncertainties u are u(T) = 0.01 K, u(p) = 0.05 kPa
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Table S2. Experimental and derived thermophysical properties of 2-acetylthiophene at p = 0.1 MPa as a function of temperature

AHs /
T/K p/ (kg-m™) u/(ms™) ks/ TPa™! No o/ (mN-m™) (N ° ) e u/D v/ (mm?> s') 5/ (mPa-s)
-m
278.15 71.23
1185.43 1538.32 356.48 45.41 32.38 3.7170 4.3885
280.65 71.25
1183.04 1529.71 361.23 45.14 32.01 3.4554 4.0713
77.23
283.15 1180.64 1521.22 366.01 1.5705 44.83 31.64 3-89 3.2191 3.7852
77.26 3.89
285.65 1178.25 1512.70 370.90 1.5692 44.58 31.28 3.0122 3.5347
77.28 3.88
288.15 1175.86 1503.86 376.04 1.5680 4431 30.87 2.8194 3.3017
77.26 3.88
290.65 1173.47 1495.02 381.27 1.5670 44.01 30.47 2.6484 3.0952
77.27 3.87
293.15 1171.07 1486.29 386.55 1.5658 43.73 29.94 2.5246 2.9444
77.29 3.87
295.65 1168.68 1477.76 391.83 1.5646 43.46 29.69 2.3558 2.7419
77.27 3.87
298.15 1166.29 1469.02 397.32 1.5633 43.16 29.19 2.2285 2.5884
77.26 3.87
300.65 116391 1460.48 402.80 1.5622 42.86 28.92 2.1081 2.4436
77.27 3.86
303.15 1161.52 1451.85 408.44 1.5609 42.59 28.47 2.0019 2.3157
77.28 3.86
305.65 1159.13 1443.23 414.19 1.5599 42.31 28.14 1.9049 2.1989
77.29 3.86
308.15 1156.74 1434.75 419.96 1.5586 42.03 27.76 1.8146 2.0903
77.26 3.86
310.65 1154.35 1426.11 425.95 1.5573 41.72 27.43 1.7310 1.9899
77.26 3.85
313.15 1151.96 1417.54 432.01 1.5562 41.43 27.05 1.6554 1.8990
77.25 3.85
315.65 1149.57 1408.95 438.20 1.5550 41.14 26.75 1.5844 1.8138
77.27 3.84
318.15 1147.18 1400.28 444.57 1.5538 40.87 26.32 1.5182 1.7344
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77.27 3.83

320.65 1144.79 1391.80 450.94 1.5526 40.58 25.95 ' 1.4572 1.6612
77.24 3.83

323.15 1142.39 1383.36 457.42 1.5514 40.27 25.68 1.4000 1.5927
77.23 3.83

325.65 1140.00 1374.95 464.00 1.5502 39.97 25.33 1.3468 1.5289
77.24 3.83

328.15 1137.61 1366.54 470.72 1.5490 39.7 25.02 1.2970 1.4692
77.26 3.82

330.65 1135.21 1358.12 477.58 1.5480 39.43 24.70 1.2499 1.4129
77.24 3.81

333.15 1132.81 1349.53 484.71 1.5468 39.12 24.33 1.2060 1.3604
77.28 3.81

335.65 1130.41 1340.79 492.09 1.5455 38.88 23.98 3.7170 1.3113
77.27 3.79

338.15 1128.01 1332.21 499.51 1.5443 38.58 23.60 3.4554 1.2647

8Standard uncertainties U are U(T) = 0.005 K for density and speed of sound and u(T) = 0.01 K for the rest of properties, u(p) = 0.5 kPa, and the combined
expanded uncertainties U. are Uc(0)= 0.1 kg-m™, Ue(u) = 0.5 m-s™!, Ue(np) = 10, Ue(0) = 1%, Uc(&) = 1 %, Uo(V) = 1%, Uc()) = 1% with 0.95 level of
confidence (k=2).
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Table S3. Experimental densities, 0, of 2-acetylthiophene as a function of temperature, T, and pressure, p

/ g-cm™ atp/MPa
T/K pre P

0.1 2.0 5.0 7.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0

283.15 1180.61 1181.78 1183.44 118454 1186.17 1188.81 1191.40 119392 119637 1198.77 1201.11 1203.39

288.15 117597 1177.04 117873 1179.85 1181.52 118421 1186.85 118943 119193 119437 1196.76 1199.09

293.15  1171.00 1172.28 1174.02 1175.16 1176.85 1179.61 118230 118493 1187.48 118998 1192.41 119478 1197.10 1199.35 1201.56 1203.71
298.15 1166.24 1167.52 1169.28 117046 117220 1175.02 117777 1180.44 1183.06 118559 1188.08 1190.50 1192.87 1195.17 119742 1199.61
303.15 116159 1162.77 1164.60 116579 1167.56 117045 117326 117598 1178.65 1181.25 1183.77 1186.24 1188.64 1190.99 119327 1195.50
308.15 1156.84 1158.03 1159.89 1161.11 116292 116587 116875 1171.53 117424 1176.89 117946 118198 118443 1186.82 1189.15 119141
313.15  1152.05 115330 1155.19 115645 115829 1161.33 116423 1167.08 1169.85 117256 1175.19 117774 1180.24 1182.67 1185.04 1187.36
318.15  1147.15 1148.56 115049 1151.77 1153.65 1156.74 1159.72 1162.64 116547 116821 117090 1173.50 1176.04 117853 1180.93 1183.29
323.15 114234 1143779 1145778 1147.09 1149.02 1152.17 115523 115822 1161.08 1163.89 1166.63 1169.28 1171.88 117440 1176.86 1179.25
328.15 113756 1139.02 1141.06 114239 114438 1147.60 1150.78 1153.79 1156.77 1159.56 116234 1165.07 1167.69 117028 117279 1175.21
333.15 113276 113424 1136.33  1137.70 1139.72 1143.11 1146.25 114939 115235 115523 1158.08 1160.83 1163.52 1166.14 1168.68 1171.17
338.15 112797 112947 1131.61 1133.01 1135.08 1138.55 1141.78 114486 114794 115094 1153.82 1156.64 1159.38 1162.04 1164.64 1167.11

2 Standard uncertainties U are U(T) = 0.01 K, u(p) = 0.05 MPa, and the combined expanded uncertainties U are Uc(0) = 0.2 kg- m™, with 0.95 level of
confidence (k=2).
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Table S4. Calculated isobaric expansibilities, ap, of 2-acetylthiophene as a function of temperature, T, and pressure, p

a, /KK atp/MPa

T/K
0.1 2.0 5.0 7.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0

283.15 0.8096 0.8043 0.7963 0.7911 0.7836 0.7718 0.7606 0.7502 0.7404 0.7311 0.7223 0.7140

288.15 0.8129 0.8074  0.7991 0.7937 0.7860  0.7737 0.7623 0.7515 0.7414 0.7319 0.7230 0.7145

293.15 0.8162 0.8106 0.8020 0.7964 0.7884  0.7758 0.7640 0.7530 0.7426 0.7329 0.7237 0.7150 0.7068 0.6990 0.6917 0.6846
298.15 0.8197 0.8138 0.8049 0.7992 0.7909 0.7779 0.7658 0.7545 0.7439 0.7339 0.7246 0.7157 0.7074 0.6994 0.6919 0.6848
303.15 0.8231 0.8171 0.8079 0.8020 0.7935 0.7802 0.7678 0.7562 0.7453 0.7351 0.7256 0.7166 0.7081 0.7000 0.6924 0.6852
308.15 0.8267 0.8205 0.8110 0.8050 0.7962  0.7825 0.7698 0.7580 0.7469 0.7365 0.7268 0.7176 0.7090 0.7008 0.6931 0.6858
313.15 0.8303 0.8239 0.8142 0.8080 0.7990  0.7850 0.7720 0.7599 0.7486 0.7381 0.7282 0.7189 0.7102 0.7019 0.6941 0.6867
318.15 0.8341 0.8275 0.8175 0.8111 0.8020  0.7876 0.7744 0.7621 0.7506 0.7399 0.7299 0.7205 0.7117 0.7033 0.6955 0.6880
323.15 0.8379 0.8311 0.8209 0.8144 0.8051 0.7905 0.7770 0.7645 0.7528 0.7420 0.7319 0.7224 0.7135 0.7051 0.6972 0.6897
328.15 0.8418 0.8349 0.8245 0.8178 0.8083 0.7935 0.7798 0.7671 0.7554 0.7444 0.7342 0.7247 0.7157 0.7073 0.6994 0.6919
333.15 0.8458 0.8388 0.8282 0.8214 0.8117 0.7967 0.7829 0.7701 0.7582 0.7473 0.7370 0.7274 0.7184 0.7100 0.7021 0.6946
338.15 0.8499 0.8428 0.8320 0.8252 0.8154  0.8002 0.7862 0.7734 0.7615 0.7505 0.7402 0.7307 0.7217 0.7133 0.7054 0.6979
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Table S5. Calculated isothermal compressibilities, AT, of 2-acetylthiophene as a function of temperature, T, and pressure, p

Kkt / TPa! atp/MPa
T/K

0.1 2.0 5.0 7.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0

283.15 491.03 484.36 474.19 467.66 458.20 443.28 429.34 416.28 404.01 392.47 381.60 371.33

288.15 505.37 498.30 487.55 480.65 470.66 454.94 440.27 426.55 413.68 401.60 390.22 379.50

293.15 520.23 512.74 501.36 494.07 483.52 466.95 451.51 437.10 423.60 410.95 399.05 387.84 377.27 367.28 357.82 348.86
298.15 535.61 527.67 515.63 507.92 496.78 479.31 463.06 447.92 433.76 420.51 408.06 396.36 385.33 374.92 365.08 355.76
303.15 551.51 543.10 530.36 522.20 510.44 492.01 47491 459.00 444.15 430.27 417.26 405.03 393.53 382.69 372.44 362.75
308.15 567.92 559.01 545.52 536.89 524.47 505.04 487.04 470.33 454.76 440.22 426.61 413.85 401.86 390.56 379.91 369.84
313.15 584.84 575.39 561.11 551.99 538.87 518.38 499.44 481.89 465.56 450.34 436.12 422.80 410.30 398.54 387.46 377.00
318.15 602.24 592.23 577.11 567.47 553.61 532.01 512.09 493.66 476.55 460.62 445.76 431.86 418.84 406.60 395.08 384.21
323.15 620.10 609.50 593.50 583.30 568.68 545.91 524.96 505.61 487.69 471.03 455.51 441.02 427.45 414.71 402.75 391.47
328.15 638.39 627.16 610.23 599.46 584.02 560.05 538.03 517.73 498.96 481.54 465.34 450.23 436.11 422.87 410.45 398.75
333.15 657.07 645.17 627.27 615.90 599.62 574.38 551.25 529.97 510.32 492.13 475.23 459.49 444.80 431.05 418.15 406.03
338.15 676.07 663.49 644.57 632.57 615.41 588.86 564.58 542.28 521.74 502.75 485.14 468.76 453.49 439.21 425.84 413.28
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