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Abstract: The standard molar enthalpies of formation in the liquid phase for ethyl (E)-cinnamate and
ethyl hydrocinnamate, two cinnamate derivatives with notable flavor and fragrance characteristics,
were determined experimentally using combustion calorimetry in an oxygen atmosphere. To derive
the gas-phase enthalpies of formation for these derivatives, their enthalpies of vaporization were
measured using a high-temperature Calvet microcalorimeter and the vacuum drop microcalorimetric
technique. Additionally, a computational analysis employing the G3(MP2)//B3LYP composite
method was conducted to calculate the gas-phase standard enthalpies of formation at T = 298.15 K
for both compounds. These findings enabled a detailed assessment and analysis of the structural
and energetic effects of the vinyl and ethane moieties between the phenyl and carboxylic groups
in the studied compounds. Considering the structural features of ethyl (E)-cinnamate and ethyl
hydrocinnamate, a gas-phase enthalpy of hydrogenation analysis was conducted to explore their
energetic profiles more thoroughly.

Keywords: fragrance compounds; enthalpy of combustion; enthalpy of vaporization; enthalpy of
formation; hydrogenation enthalpy; ethyl (2E)-3-phenylacrylate; ethyl 3-phenylpropanoate

1. Introduction

Understanding the thermodynamic properties of ethyl (E)-cinnamate and ethyl hy-
drocinnamate in the liquid phase at room temperature, namely, their enthalpies of vapor-
ization and formation, is crucial since this knowledge facilitates the prediction of their
behavior under various conditions, ensuring safety to handle and to process, optimizing
industrial procedures, and offering valuable insights for forecasting related compounds [1].
Moreover, in the fine chemicals industry, where most chemical reactions are exothermal,
and compounds often exist in a metastable state, the proper management of the thermal
energy involved is very relevant. The release of energy during these reactions, if not con-
trolled, can lead to severe consequences, highlighting the importance of reliable data for
the thermodynamic properties of chemicals required in industrial processes.

This study integrates a broad research project whose main goal is to determine the
thermodynamic properties of essential fragrance classes, addressing current knowledge
gaps and enhancing estimation methods for the environmental risk assessment of similar
compounds [2–4]. Herein, a comprehensive comparative analysis of the thermodynamic
properties of ethyl (E)-cinnamate and ethyl hydrocinnamate is provided, depicted by
structural formulas in Figure 1.
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by these compounds lead to varied chemical properties and applications. Ethyl (E)-
cinnamate (IUPAC name: ethyl (2E)-3-phenylacrylate) features a phenyl ring attached to an 
acrylic acid ester with a trans double bond, giving it unique chemical reactivity and sensory 
properties, such as a sweet and fruity odor [5]. This makes its use common in perfumes, 
cosmetics, food products, household cleaners, and detergents [6–8]. In biomedical research, 
ethyl (E)-cinnamate is used in a new tissue-clearing method (2Eci) for imaging large 3D 
structures while preserving fluorescence and being non-toxic [9]. Concerning the polymer 
industry, this compound serves as a “green plasticizer” for polylactide (PLA), enhancing its 
ductility and impact strength, improving processability, and offering a sustainable 
alternative to petroleum-derived plasticizers [10]. Its molecular structure enhances chain 
mobility, cohesion, and compatibility, leading to better performance in biodegradable 
materials. Moreover, it is an intermediate in pharmaceutical synthesis [11] and agricultural 
chemical production [12]. On the other hand, ethyl hydrocinnamate (IUPAC name: ethyl 3-
phenylpropanoate) presents a phenyl ring connected to a saturated propanoic acid ester. 
The absence of a double bond in the side chain makes its structure more stable and less 
reactive compared to ethyl (E)-cinnamate. This stability, combined with its sweet and floral 
odor, makes this cinnamate derivative a desirable component in the flavor and fragrance 
industry [13,14]. 

 
Figure 1. Structural formulae of ethyl (E)-cinnamate (A) and ethyl hydrocinnamate (B). 

This work involved the use of calorimetric techniques to study the thermodynamic 
properties of the two cinnamate derivatives. The investigation encompassed the following 
steps: (a) the determination of the corresponding standard molar enthalpy of formation in 
the liquid phase, ∆୤𝐻୫° (l) , by static-bomb combustion calorimetry experiments; (b) the 
determination of both enthalpies of vaporization, ∆୪୥𝐻୫°  , via high-temperature 
microcalorimetry. These two parameters enabled the derivation of standard molar 
enthalpies of formation for both molecules in the gaseous phase, ∆୤𝐻୫° (g), at T = 298.15 K. 
Additionally, computational studies were conducted using the G3(MP2)//B3LYP composite 
method to estimate the ∆୤𝐻୫° (g) of the two compounds. 

The gas phase serves as a reference state in thermodynamics for establishing and 
discussing the relationships related to the structure, energy, and reactivity of molecules. In 
the gaseous phase, molecules are widely spaced as predominant intramolecular 
interactions, while intermolecular forces among molecules are often negligible. Focusing on 
the gaseous phase allows us to “isolate” the contributions of intramolecular interactions, 
thereby simplifying the analysis of the relationship between the molecular structure and 
thermodynamic properties. The standard molar enthalpy of formation in the gaseous state, ∆୤𝐻୫° (g), is a critical thermodynamic parameter used in this context. 

The hydrogenation enthalpy of ethyl (E)-cinnamate to ethyl hydrocinnamate in the gas 
phase, ∆୦୷ୢ𝐻୫° (g) , is calculated using the experimental enthalpy of formation values 
obtained in this study and compared with values from the literature, together with a 
detailed analysis of the hydrogenation enthalpy of isomers (E/Z), which offer a valuable 
foundation for future research in this area. Currently, hydrogenation reactions are a central 
focus of scientific research due to the quest for sustainable, efficient, and carbon-neutral 
energy storage solutions [15], since hydrogen, with its high energy output and 
environmentally friendly characteristics, is emerging as a promising candidate for future 
energy systems. However, storing and transporting hydrogen poses significant challenges 

Figure 1. Structural formulae of ethyl (E)-cinnamate (A) and ethyl hydrocinnamate (B).

Regarding the liquid compounds ethyl (E)-cinnamate and ethyl hydrocinnamate,
they are widely found across several industries, such as flavor and fragrance, biomedical,
pharmaceutical, agricultural, and polymer sectors. Despite their similar basic structures,
characterized by an ethyl ester linked to a phenyl group, the structural differences ex-
hibited by these compounds lead to varied chemical properties and applications. Ethyl
(E)-cinnamate (IUPAC name: ethyl (2E)-3-phenylacrylate) features a phenyl ring attached
to an acrylic acid ester with a trans double bond, giving it unique chemical reactivity and
sensory properties, such as a sweet and fruity odor [5]. This makes its use common in per-
fumes, cosmetics, food products, household cleaners, and detergents [6–8]. In biomedical
research, ethyl (E)-cinnamate is used in a new tissue-clearing method (2Eci) for imaging
large 3D structures while preserving fluorescence and being non-toxic [9]. Concerning
the polymer industry, this compound serves as a “green plasticizer” for polylactide (PLA),
enhancing its ductility and impact strength, improving processability, and offering a sus-
tainable alternative to petroleum-derived plasticizers [10]. Its molecular structure enhances
chain mobility, cohesion, and compatibility, leading to better performance in biodegradable
materials. Moreover, it is an intermediate in pharmaceutical synthesis [11] and agricultural
chemical production [12]. On the other hand, ethyl hydrocinnamate (IUPAC name: ethyl
3-phenylpropanoate) presents a phenyl ring connected to a saturated propanoic acid ester.
The absence of a double bond in the side chain makes its structure more stable and less
reactive compared to ethyl (E)-cinnamate. This stability, combined with its sweet and floral
odor, makes this cinnamate derivative a desirable component in the flavor and fragrance
industry [13,14].

This work involved the use of calorimetric techniques to study the thermodynamic
properties of the two cinnamate derivatives. The investigation encompassed the following
steps: (a) the determination of the corresponding standard molar enthalpy of forma-
tion in the liquid phase, ∆fH

◦
m(l), by static-bomb combustion calorimetry experiments;

(b) the determination of both enthalpies of vaporization, ∆g
l H

◦
m, via high-temperature mi-

crocalorimetry. These two parameters enabled the derivation of standard molar enthalpies
of formation for both molecules in the gaseous phase, ∆fH

◦
m(g), at T = 298.15 K. Addition-

ally, computational studies were conducted using the G3(MP2)//B3LYP composite method
to estimate the ∆fH

◦
m(g) of the two compounds.

The gas phase serves as a reference state in thermodynamics for establishing and
discussing the relationships related to the structure, energy, and reactivity of molecules.
In the gaseous phase, molecules are widely spaced as predominant intramolecular inter-
actions, while intermolecular forces among molecules are often negligible. Focusing on
the gaseous phase allows us to “isolate” the contributions of intramolecular interactions,
thereby simplifying the analysis of the relationship between the molecular structure and
thermodynamic properties. The standard molar enthalpy of formation in the gaseous state,
∆fH

◦
m(g), is a critical thermodynamic parameter used in this context.
The hydrogenation enthalpy of ethyl (E)-cinnamate to ethyl hydrocinnamate in the gas

phase, ∆hydH
◦
m(g), is calculated using the experimental enthalpy of formation values ob-

tained in this study and compared with values from the literature, together with a detailed
analysis of the hydrogenation enthalpy of isomers (E/Z), which offer a valuable foundation
for future research in this area. Currently, hydrogenation reactions are a central focus of
scientific research due to the quest for sustainable, efficient, and carbon-neutral energy
storage solutions [15], since hydrogen, with its high energy output and environmentally
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friendly characteristics, is emerging as a promising candidate for future energy systems.
However, storing and transporting hydrogen poses significant challenges due to its low
volumetric energy density and the complexities of handling gaseous substances. Therefore,
reactions that enable the chemical storage and release of hydrogen, particularly those
involving Liquid Organic Hydrogen Carriers (LOHCs), are essential for efficient and secure
hydrogen storage [16].

In relation to the current state of research, a study conducted by Kozlovskiy et al. [17]
investigated a series of esters, including ethyl (E)-cinnamate, phenethyl acetate, phenethyl
propionate, phenethyl butyrate, and phenethyl hexanoate. The vapor pressures of these
compounds were determined within the range of 298.15 K up to their boiling temperatures
using gas chromatography. The purity of the compounds does not seem to pose an obstacle
in this study, as gas chromatography effectively separates impurities. This capability
underscores a key advantage of the technique, enabling the evaluation of pure component
properties within mixed substances. Previous thermodynamic investigations on three liquid
pyridine acetyl derivatives, conducted using identical experimental methodologies [18],
yielded good results.

2. Materials and Methods
2.1. Materials, Treatment, and Purity Control

Ethyl (E)-cinnamate (CAS Registry number 4192-77-2) and ethyl hydrocinnamate
(CAS Registry number 2021-28-5) were obtained as commercial products from TCI Europe.
According to the certificates of analysis for each batch, the sample of ethyl (E)-cinnamate
(lot number HRRDM) had a mass fraction of 0.999, while ethyl hydrocinnamate (lot number
2PWUE) had a purity of 0.998. Prior to the thermodynamic studies, ethyl hydrocinnamate
was further purified through fractional distillation under reduced pressure, achieving
a purity greater than 0.999. In contrast, ethyl (E)-cinnamate was used directly in its
as-received form, as its purity was already deemed sufficient for calorimetric analysis.
To assess purity, liquid samples of ethyl (E)-cinnamate and ethyl hydrocinnamate were
subjected to gas–liquid chromatography using a baseline subtraction or baseline correction
technique. In this process, dimethylformamide (DMF) was initially injected as a solvent
to establish a baseline and identify any background signals or residual compounds in
the system before analyzing the sample. Following this, a mixture of the compound and
DMF was injected. In the resulting chromatograms, peaks present in the DMF baseline
were excluded, allowing for the isolation and integration of peaks corresponding to the
compound and any potential impurities. This analysis determined the purity of ethyl
(E)-cinnamate to be 0.9999 and that of ethyl hydrocinnamate to be 0.9990. Purity control
analyses were conducted with gas–liquid chromatography on an Agilent 4890 apparatus
equipped with an HP-5 column (15 m long and 0.530 mm in diameter, with 5% diphenyl
and 95% dimethylpolysiloxane in the composition) with a flame ionization detector (FID)
powered by hydrogen. The gas used during the experiments was a mixture of nitrogen and
compressed air.

The density values used for ethyl (E)-cinnamate and ethyl hydrocinnamate were,
respectively, 1.05 g·cm−3 [19] and 1.02 g.cm−3 [20].

Other materials were used in this work to calibrate the calorimetric systems, including
benzoic acid (CAS Registry number 65-85-0) with a purity of 0.999996, which served as
the calorimetric standard for combustion calorimetry calibrations. This standard reference
material (SRM) 39j [21] was obtained from the National Institute of Standards & Technology
(NIST). Additionally, undecane (CAS Registry number 1120-21-4), with a purity of ≥0.990,
was used as the recommended reference material for the calibration of the high-temperature
Calvet microcalorimeter, sourced from Sigma-Aldrich®.

The standard atomic weights of the elements used throughout this paper were those
suggested by the IUPAC Commission in 2021 [22].
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2.2. Combustion Calorimetry

The combustion energies of the liquid samples of ethyl (E)-cinnamate and ethyl hy-
drocinnamate were obtained using static-bomb combustion calorimetry in oxygen equipped
with a twin-valve 1108 Parr bomb (Parr Instrument Company, Moline, IL, USA), with an
internal volume of 0.342 dm3. The equipment and experimental procedure used have been
previously described in detail [23], with the most relevant aspects summarized below.

The energy equivalent of the static-bomb combustion calorimeter, with the empty
bomb, ε(cal), was determined using benzoic acid standard reference material (SRM) 39j from
the NIST [21]. This certified material has a massic energy of combustion of (−26434 ± 3) J·g−1

when burned under standard bomb conditions. The energy equivalent of the calorimeter,
ε(cal), was found to be (16002.6 ± 1.7) J·K−1, based on an average water mass added to the
calorimeter of 3119.6 g; the uncertainty reported represents the standard deviation of the
mean from six experiments.

In the sample preparation process, to prevent vaporization and the subsequent loss
of mass, the liquid samples were placed inside polyester bags made of Melinex® (DuPont
Teijin Films, Hopewell, VA, USA), following the procedure described by Skinner and
Snelson [24]. During bomb assembly, the Melinex bag containing the sample was placed
into a platinum crucible with a cotton thread fuse attached to the 0.05 mm platinum ignition
wire (Goodfellow, Huntingdon, United Kingdom). Additionally, 1.00 cm3 of deionized
water was added to the bottom of the bomb to maintain a vapor phase saturated with water
throughout the experiment. The bomb was sealed, purged twice to remove air, and then
filled with oxygen (xO2 ≥ 0.99995) at a pressure of 3.04 MPa. Subsequently, the bomb was
placed inside the calorimeter along with 3119.6 g of distilled water, which served as the
calorimetric liquid for this system.

The temperature of the calorimetric liquid was monitored using a 2804A quartz crys-
tal thermometer (Hewlett-Packard, Palo Alto, CA, USA), which has an uncertainty of
±(1 × 10−4) K and was interfaced with a computer running the LABTERMO program
to acquire the temperature and calculate the adiabatic temperature [25]. The sample was
ignited at T = (298.1500 ± 0.0001) K by discharging a 1400 µF capacitor through the plat-
inum ignition wire. Prior to ignition, 100 temperature readings were recorded, followed
by 200 readings after ignition. The surrounding thermostatic bath was maintained at
approximately 301.15 K using a temperature controller. During the combustion experi-
ments, gravimetric analysis was used to collect carbon dioxide, and acid–base titration
was employed to quantify the nitric acid. The mass of carbon dioxide produced directly
corresponded to the amount of compound burned in each experiment. The formation of
nitric acid was attributed to possible contamination from nitrogen residues inside the bomb,
potentially originating from oxygen used to fill the bomb and incomplete ventilation.

The compounds and combustion aids were weighed using a Mettler AE240 balance
(Mettler Toledo, Greifensee, Switzerland) with a precision of ±(2 × 10−5) g. The mass of
water added to the calorimetric vessel was measured using a Mettler PC 8000 balance with
a sensitivity of ±(1 × 10−1) g. Additionally, a Mettler AT201 balance with a precision of
±(3 × 10−5) g (for the range of 100 to 200 g) was used in the gravimetric determination of
carbon dioxide.

2.3. High-Temperature Calvet Microcalorimetry

The standard molar enthalpies of vaporization of the two compounds were deter-
mined using a high-temperature Calvet microcalorimeter (Setaram HT1000D, Lyon, France)
using the vacuum drop microcalorimetric technique, which has been described by Skin-
ner et al. [26] for the study of solids and adapted and tested for liquid vaporizations by
Ribeiro da Silva et al. [27]. The equipment characteristics, together with the procedure,
have been described in detail in the literature [28].

The temperature, T, of the hot reaction vessel of the calorimeter, was set to 345 K
for the vaporization measurements of ethyl (E)-cinnamate and 376 K for ethyl hydrocin-
namate. The mass of the sample used in each run was 4 to 6 mg. The thermal correc-
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tions for the glass capillary tubes were determined from separate experiments and were
minimized by dropping tubes of nearly equal mass, within ±(1 × 10−4) g, into each of
the twin calorimetric cells. The Calvet microcalorimeter was calibrated in situ for the
predefined temperatures by determining the enthalpy of vaporization of undecane as
a reference substance [29]. The procedure used in the calibration experiments was the
same used as that for the compound experiments. The values used for the standard molar
enthalpy of vaporization, at T = 298.15 K, for undecane was (56.6 ± 0.6) kJ·mol−1 [29].
The derived calibration constants for the different temperatures using undecane were
kcal (T ≈ 345 K) = (1.0321 ± 0.0081) and kcal (T ≈ 376 K) = (1.0234 ± 0.0027); these val-
ues were obtained as the average of six independent experiments, where the uncertainty
corresponds to the standard deviation of the mean.

2.4. Computational Methodology

Theoretical calculations of the molecular structures were performed using Gaussian-
09 software [30] (Gaussian, Inc., Wallingford, CT, USA). These calculations were based
on a variation in the Gaussian-3 (G3) theory [31], specifically the composite method
G3(MP2)//B3LYP [32]. A conformational analysis was conducted to identify and quantify
the various conformations for each cinnamate derivative. The conformer compositions, cal-
culated according to the Boltzmann distribution, were subsequently used in the calculation
of the final value of the gas-phase enthalpy of formation. Hypothetical gas-phase group
substitution reactions were used to estimate the gas-phase enthalpy of formation of ethyl
(E)-cinnamate and ethyl hydrocinnamate. The good agreement found between the experi-
mental and the estimated values for the gas-phase enthalpy of formation of compounds
studied in previous works [2–34] gives us confidence for the use of the G3(MP2)//B3LYP
approach and the same type of reactions.

3. Results and Discussion
3.1. Experimental Studies
3.1.1. Enthalpies of Combustion and Formation in the Liquid Phase

The general combustion reactions for ethyl (E)-cinnamate and ethyl hydrocinnamate
are illustrated in Equations (1) and (2), respectively:

C11H12O2 (l) + 13 O2 (g) → 11 CO2(g)+6 H2O (l) (1)

C11H14O2 (l) + 13.5 O2 (g) → 11 CO2(g)+7 H2O (l) (2)

The internal energy change associated with the isothermal bomb process, ∆U(IBP),
was calculated using Equation (3), where ∆Tad refers to the temperature change in the
calorimeter, which was adjusted for heat exchange and stirring work, ∆m(H2O) is the
difference between the mass of water added to the calorimeter and the baseline mass of
3119.6 g assigned to ε(cal), εf is the energy equivalent of the bomb contents in the final
state, ∆U(ign) is the electric energy necessary for ignition, and cp(H2O, l) is the specific
heat capacity of liquid water at constant pressure.

∆U(IBP) = −
{

ε(cal) + ∆m(H2O)·cp(H2O, l) + εf
}

∆Tad + ∆U(ign) (3)

The method outlined by Hubbard et al. [34] was employed to determine the standard
massic energy of combustion, ∆cu

◦
, for combustions taking place in a bomb calorimeter at

constant volume. Additionally, several factors must be considered to accurately account
for the energy associated with side reactions. These factors include the standard formation
energy of nitric acid solution, the energy from the combustion of the cotton fuse, the energy
from the combustion of carbon resulting from incomplete combustion, the combustion
energy of Melinex (used as a combustion aid), and the ignition energy. Detailed combustion
results for the two cinnamate derivatives can be found in Tables S1 and S2, which are in-
cluded in the Supplementary Materials as supplementary data. The average ∆cu

◦
, for ethyl
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(E)-cinnamate and ethyl hydrocinnamate in the liquid phase obtained from six combustion
experiments were (−32496.1± 4.3) J·g−1 and (−33110.5 ± 5.9) J·g−1, respectively; the stated
uncertainty represents the standard deviation of the mean. From these values, the standard
molar internal energy, ∆cU

◦
m(l), and enthalpy, ∆cH

◦
m(l), for the combustion reactions in

Equations (1) and (2) were derived, as presented in Table 1. The standard molar enthalpies
of formation in the liquid phase, ∆fH

◦
m(l), for each cinnamate derivative, at T = 298.15 K,

were calculated from the ∆cH
◦
m(l) values and the following ∆fH

◦
m values for the species

involved in the combustion reaction at 298.15 K: (−285.830 ± 0.042) kJ·mol−1 [35] for H2O
(l) and (−393.51 ± 0.13) kJ·mol−1 [35] for CO2 (g).

Table 1. Standard (p◦ = 0.1 MPa) molar values for ethyl (E)-cinnamate (EEC) and ethyl hydrocinna-
mate (EHC) at T = 298.15 K in the liquid phase obtained from combustion calorimetry experiments.

Compound ∆cU
◦
m(l)/kJ·mol−1 ∆cH

◦
m(l)/kJ·mol−1 ∆fH

◦
m(l)/kJ·mol−1

EEC −5726.2 ± 2.4 1 −5731.2 ± 2.4 1 −312.4 ± 2.8 2

EHC −5901.2± 2.8 1 −5907.4 ± 2.8 1 −422.0 ± 3.2 2

1 The stated uncertainty was determined by accounting for combined standard uncertainty, which includes
the contributions from the calibration with benzoic acid and Melinex®, along with the coverage factor k = 2,
corresponding to a 0.95 confidence level [36]; 2 The stated uncertainty was calculated by considering the combined
standard uncertainty, which factors in the contribution of the species involved in the respective combustion
reactions (Equations (1) and (2)), and the coverage factor k = 2, corresponding to a 0.95 confidence level [36].

3.1.2. Enthalpy of Vaporization

The main vaporization results for the two cinnamate derivatives are summarized in
Table 2, with detailed results available in Tables S3 and S4 included in the Supplementary
Materials as supplementary data. The observed enthalpy of vaporization at the experi-
mental temperature T for each compound, represented by ∆g,T

l,298.15KH
◦
m, is the average of

six experiments. These values were adjusted to T = 298.15 K using Equations (4) and (5)
and the molar heat capacities in the gaseous phase for each compound. These capacities,
within the temperature range of 200 K to 600 K (Table S5 of Supplementary Materials), were
calculated through statistical thermodynamics using vibrational frequencies from B3LYP
calculations with the 6-31G(d) basis set, scaled by a factor of 0.960 ± 0.022 [37].

∆T
298.15KHo

m(g) =
T∫

298.15K

C
◦
p(g)dT (4)

∆g
l H

◦
m= ∆g, T

l, 298.15KH
◦
m−∆T

298.15 KH
◦
m(g) (5)

Table 2. Standard (p◦ = 0.1 MPa) molar enthalpies of vaporization for ethyl (E)-cinnamate (EEC) and
ethyl hydrocinnamate (EHC) obtained from high-temperature microcalorimetry experiments.

Compound T/K ∆g,T
l,298.15KH

◦
m/kJ·mol−1 ∆T

298.15KH
◦
m(g)/kJ·mol−1 ∆g

l H
◦
m /kJ·mol−1

EEC (l) 345.6 82.8 ± 0.8 1 10.4 ± 0.2 2 72.4 ± 2.5 3

EHC (l) 376.1 86.4 ± 0.3 1 18.6 ± 0.4 2 67.9 ± 1.7 4

1 The quoted uncertainty corresponds to the estimated standard deviation of the mean for six experiments;
2 the quoted uncertainty includes the root-mean-square deviation of the third-degree polynomial used and the
uncertainty of the vibrational frequency scaling factor for the B3LYP/6-31G(d) method [37]; 3 the combined
standard uncertainty (which includes the uncertainty associated with calibration experiments with undecane)
and the coverage factor k = 2.10 (for a 0.95 level of confidence with 18 effective degrees of freedom, calculated
by the Welch–Satterthwaite formula) were used to determine the quoted uncertainty [36]; and 4 The combined
standard uncertainty (which includes the uncertainty associated with calibration experiments with undecane)
and the coverage factor k = 2.18 (for a 0.95 level of confidence with 12 effective degrees of freedom, calculated by
the Welch–Satterthwaite formula) were used to determine the quoted uncertainty [36].
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The standard molar enthalpies of vaporization at T = 298.15 K were found to be
(72.4 ± 2.5) kJ·mol−1 for ethyl (E)-cinnamate and (67.9 ± 1.7) kJ·mol−1 for ethyl
hydrocinnamate.

As mentioned in the literature review presented in the introduction, Kozlovskiy et al. [17]
studied the vapor pressures of ethyl (E)-cinnamate over a temperature range from 298.15 K
to its boiling point using gas chromatography. They reported a value of (70.4 ± 1.4) kJ·mol−1,
which is consistent with the value obtained through our calorimetric technique, considering
the associated uncertainties.

3.2. Computational Studies

The computational study of ethyl (E)-cinnamate and ethyl hydrocinnamate, using
the G3(MP2)//B3LYP approach, revealed several minima on the potential energy surface,
as anticipated, due to the various possible rearrangements of each substituent in the
gaseous phase. Figure 2 reports the conformational composition, χi, for the most stable
predominant molecular geometries, calculated assuming a Boltzmann distribution of the
possible equilibrium structures. Conformations with residual probability and negative
frequencies were excluded from the final conformational composition. Detailed results of
the conformational analysis are provided in Tables S6 and S7 of Supplementary Materials.
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Figure 2. Conformational composition, χi, for the most stable predominant molecular geometries, 
corresponding to minima on the potential energy surface, obtained using the G3(MP2)//B3LYP 
composite method for cinnamate derivatives. Atom color code: grey, C; red, O; and white, H. 

The only structural differences between the compounds are that ethyl (E)-cinnamate 
features a vinyl group (–CH=CH–) with a trans double bond relative to the ester group, 
whereas ethyl hydrocinnamate has an ethyl group (CH₂-CH₂-) instead, making it the ethyl 
ester of hydrocinnamic acid. In ethyl (E)-cinnamate, the vinyl group is conjugated with the 
benzene ring, creating a significant energy barrier to rotation around the single bond 
connecting them. This conjugation restricts rotation, keeping the vinyl group coplanar with 

Figure 2. Conformational composition, χi, for the most stable predominant molecular geometries,
corresponding to minima on the potential energy surface, obtained using the G3(MP2)//B3LYP
composite method for cinnamate derivatives. Atom color code: grey, C; red, O; and white, H.

The only structural differences between the compounds are that ethyl (E)-cinnamate
features a vinyl group (–CH=CH–) with a trans double bond relative to the ester group,
whereas ethyl hydrocinnamate has an ethyl group (CH2-CH2-) instead, making it the ethyl
ester of hydrocinnamic acid. In ethyl (E)-cinnamate, the vinyl group is conjugated with
the benzene ring, creating a significant energy barrier to rotation around the single bond
connecting them. This conjugation restricts rotation, keeping the vinyl group coplanar with
the ring and limiting the number of conformers to six. In contrast, ethyl hydrocinnamate
lacks this conjugation, as the benzene ring connects to the side chain via an ethyl group,
allowing more flexible rotation and resulting in eleven conformers.

The estimation of the gas-phase enthalpy of formation for both compounds under
investigation, using hypothetical substitution reactions (isodesmic or homodesmotic), relies
on the similarity of bonding environments between reactants and products, which helps to
cancel out systematic errors. However, a limitation of these reactions is that they require
experimental gas-phase enthalpies of formation for all auxiliary molecules involved. To
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reduce the risk of depending on potentially inaccurate experimental data for any given
species, multiple working reactions are used, replicating a procedure that has proven to be
quite effective in previous studies [2–34].

In this approach, the reaction enthalpy, ∆rH
◦
m(g), is calculated as outlined in Equation (6)

for each of the hypothetical gas-phase reactions, using the absolute standard enthalpies,
H

◦
298.15K, of the molecules involved. Subsequently, Equation (7), along with the experimen-

tally determined standard molar enthalpies of formation for all the chemical species in the
hypothetical reactions, was used to estimate ∆fH

◦
m(g) for the species of interest, specifically

for the following two molecules under study: ethyl (E)-cinnamate (see Table 3) and ethyl
hydrocinnamate (see Table 4). The relevant data for these chemical species are provided in
Table S8 of the Supplementary Materials.

Table 3. Hypothetical gas-phase reactions proposed for calculating the gas-phase enthalpy of for-
mation, ∆fH

◦
m(g), for ethyl hydrocinnamate, along with the corresponding calculated values for the

enthalpies of reaction ∆rH
◦
m(g), at T = 298.15 K. All values account for the conformer distribution of

the six minimum conformers.

Hypothetical Gas-Phase Reactions Equation ∆rH
◦
m(g)

/kJ·mol−1
∆fH

◦
m(g)

/kJ·mol−1
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∆rH
◦
m(g)= ΣH

◦
298.15K (g, products)− ΣH

◦
298.15K (g, reagents) (6)

∆rH
◦
m(g)= Σ∆fH

◦
m (g, products)− Σ∆fH

◦
m (g, reagents) (7)

The estimated values of the gas-phase standard molar enthalpy of formation, ∆fH
◦
m(g),

obtained for ethyl (E)-cinnamate was (−247.3 ± 2.5) kJ·mol−1 based on four reactions, while
for ethyl hydrocinnamate, it was (−353.7 ± 1.7) kJ·mol−1 from five reactions.
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Table 4. Hypothetical gas-phase reactions proposed for calculating the gas-phase enthalpy of for-
mation, ∆fH

◦
m(g), for ethyl hydrocinnamate, along with the corresponding calculated values for the

enthalpies of reaction ∆rH
◦
m(g), at T = 298.15 K. All values account for the conformer distribution of

the eleven minimum conformers.

Hypothetical Gas-Phase Reactions Equation
∆rH

◦
m(g)

/kJ·mol−1

∆fH
◦
m(g)

/kJ·mol−1
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acceptable range established for experimental and computational values [38]. 

V 3.86 −354.86

Mean value −353.7 ± 1.7 1

1 The quoted uncertainty defines an interval with a 0.95 level of confidence (coverage factor used k = 2.78) for
four degrees of freedom.

4. Discussion

The experimental determination of the standard (p◦ = 0.1 MPa) molar gas-phase en-
thalpy of formation, ∆fH

◦
m(g), often involves starting with the enthalpy of formation in the

condensed state, where both intermolecular and intramolecular interactions are considered.
By combining this with the enthalpy of phase transition, the intermolecular interactions
can be effectively canceled out, isolating the contributions of intramolecular interactions
for analysis. This approach fulfills the initial objective of the work by allowing for a clearer
understanding of the effects of molecular structure on thermodynamic properties and
chemical behavior.

In Table 5, the standard (p◦ = 0.1 MPa) molar enthalpies of formation (liquid and
gas) and vaporization for ethyl (E)-cinnamate and ethyl hydrocinnamate obtained in this
study are compiled. Comparing the experimental values with the computational values
obtained for ∆fH

◦
m(g), the difference for ethyl (E)-cinnamate is 7.3 kJ·mol−1, while for ethyl

hydrocinnamate, it is 0.4 kJ·mol−1. The difference for ethyl (E)-cinnamate falls within the
acceptable range established for experimental and computational values [38].

Table 5. Compilation of the standard (p◦ = 0.1 MPa) molar enthalpies of formation (liquid and
gaseous) and vaporization for ethyl (E)-cinnamate (EEC) and ethyl hydrocinnamate (EHC).

∆g
l H

◦
m/kJ·mol−1 ∆fH

◦
m(l)/kJ·mol−1 ∆fH

◦
m(g)/kJ·mol−1

Experimental Computational

EEC 72.4 ± 2.5 1 −312.4 ± 2.8 1 −240.0 ± 3.8 2 −247.3 ± 2.5 1

EHC 67.9 ± 1.7 1 −422.0 ± 3.2 1 −354.1 ± 3.6 2 −353.7 ± 1.7 1

1 Standard uncertainties with 0.95 confidence level. 2 Standard uncertainties calculated using the RSS method.
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Considering the structural differences between the compounds studied, understand-
ing the enthalpic difference associated with the hydrogenation of ethyl (E)-cinnamate to
ethyl hydrocinnamate requires knowledge of the experimental ∆fH

◦
m(g) values. This in-

formation is relevant for a comprehensive understanding of the hydrogenation process.
Figure 3 illustrates the hydrogenation reaction of ethyl (E)-cinnamate to ethyl hydrocin-
namate (Equation (8)), with the gas-phase hydrogenation enthalpy at 298.15 K being
∆hydH

◦
m(g) = −114.1 ± 5.2 kJ·mol−1, calculated using Hess Law. The hydrogenation en-

thalpy for the reaction of ethyl (2E)-butenoate to ethyl butyrate (Equation (9)) was also
calculated, which involved only the substituents without the benzene ring, yielding a value
of −109.5 ± 2.6 kJ·mol−1; this result is consistent with the previous value when accounting
for the associated uncertainty.
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Williams [41] pioneered the design of the first hydrogen calorimeter specifically for 
measuring the enthalpy of hydrogenation in solution. The setup used a conventional 
reaction calorimeter with a Dewar flask but required hydrogen-tight conditions. The sample 
was in a glass ampoule, broken by an externally controlled mechanical device to start the 
reaction. Williams investigated the hydrogenation of methyl (Z)-cinnamate and methyl (E)-
cinnamate to methyl hydrocinnamate at 302 K (Figure 4), using glacial acetic acid as the 
solvent for both reactions. The enthalpy value at this temperature is close to 298 K, given the 
minimal difference in heat capacities (at constant pressure) between the methyl cinnamate 
derivatives and hydrogen, making any corrections unnecessary. The enthalpy of 
hydrogenation was −117.9 ± 1.0 kJ·mol⁻1 for methyl (Z)-cinnamate and −101.2 ± 1.0 kJ·mol⁻1 
for methyl (E)-cinnamate. It is important to note that for methyl (Z)-cinnamate, the fusion 
enthalpy value was used to calculate gas-phase hydrogenation enthalpy due to the 
compound being solid, which may explain the observed lower enthalpy value. 

Figure 3. Hydrogenation reactions with corresponding enthalpy of hydrogenation values for the
conversion of ethyl (E)-cinnamate to ethyl hydrocinnamate and ethyl (2E)-2-butenoate to ethyl
butyrate. Refs. [39,40].

Williams [41] pioneered the design of the first hydrogen calorimeter specifically for
measuring the enthalpy of hydrogenation in solution. The setup used a conventional reac-
tion calorimeter with a Dewar flask but required hydrogen-tight conditions. The sample
was in a glass ampoule, broken by an externally controlled mechanical device to start the
reaction. Williams investigated the hydrogenation of methyl (Z)-cinnamate and methyl
(E)-cinnamate to methyl hydrocinnamate at 302 K (Figure 4), using glacial acetic acid as the
solvent for both reactions. The enthalpy value at this temperature is close to 298 K, given the
minimal difference in heat capacities (at constant pressure) between the methyl cinnamate
derivatives and hydrogen, making any corrections unnecessary. The enthalpy of hydro-
genation was −117.9 ± 1.0 kJ·mol−1 for methyl (Z)-cinnamate and −101.2 ± 1.0 kJ·mol−1

for methyl (E)-cinnamate. It is important to note that for methyl (Z)-cinnamate, the fu-
sion enthalpy value was used to calculate gas-phase hydrogenation enthalpy due to the
compound being solid, which may explain the observed lower enthalpy value.

Table 6 presents the hydrogenation enthalpy values at 298.15 K compiled by Rogers [42]
(NIST–JANAF Thermochemical Tables) for some linear alkenes, specifically for the E and Z
isomers. A brief analysis of these values shows that the hydrogenation enthalpy for the
Z (cis) isomers tends to be more negative compared to the E (trans) isomers. This can be
explained by the fact that the Z isomer is generally less stable than the E isomer, which
causes the Z isomer to release more energy upon hydrogenation due to the greater stability
difference between the isomer and the resulting saturated product (alkane). Therefore, the
hydrogenation enthalpy of the Z isomer tends to be more negative than that of the E isomer.
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at a temperature of 302 K.

Table 6. Compilation of experimental values for the gas-phase hydrogenation enthalpy of some
unbranched (E/Z) isomeric alkenes at T = 298.15 K [42].

Reactions
∆hydH

◦
m(g)/kJ·mol−1

Isomer E Isomer Z

But-2-ene + H2 → Butane −114.5 ± 0.4 −118.5 ± 0.4
Pent-2-ene + H2 → Pentane −114.6 ± 0.4 −118.5 ± 0.4
Hex-2-ene + H2 → Hexane −113.8 ± 1.3 −115.8 ± 0.8
Hex-3-ene + H2 → Hexane −112.3 ± 1.7 −122.6 ± 1.3

Hept-2-ene + H2 → Heptane −114.1 ± 0.5 −117.9 ± 0.4
Hept-3-ene + H2 → Heptane −114.7 ± 0.3 −120.0 ± 2.9

Oct-2-ene + H2 → Octane −115.5 ± 0.7 −119.4 ± 1.1
Oct-3-ene + H2 → Octane −115.8 ± 0.4 −117.8 ± 0.4
Oct-4-ene + H2 → Octane −115.0 ± 0.7 −114.6 ± 0.4

5. Conclusions

With the present experimental and computational work on ethyl (E)-cinnamate and
ethyl hydrocinnamate, two cinnamate derivatives with flavor and fragrance features, the
main conclusions that can be taken are as follows: (a) from a structural perspective in the
gas phase, the vinyl group in ethyl (E)-cinnamate restricts conformational flexibility due to
conjugation with the benzene ring, whereas the ethyl group in ethyl hydrocinnamate allows
greater flexibility and more conformers; (b) minor discrepancies between experimental
and computational values for the gas-phase enthalpy of formation were observed for
both compounds, validating the computational method used; and (c) the enthalpy of
hydrogenation in the gas-phase from ethyl (E)-cinnamate to ethyl hydrocinnamate is
−114.1 ± 5.2 kJ·mol−1, which is consistent with values for similar reactions involving ethyl
(2E)-butenoate.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/liquids4040038/s1. Supplementary Materials: (ethyl (E)-
cinnamate is abbreviated as EEC and ethyl hydrocinnamate as EHC): Tables S1 and S2. Combustion
results and standard (p◦ = 0.1 MPa) massic energy of combustion at T = 298.15 K for EEC and EHC,
respectively. Tables S3 and S4. Calvet microcalorimetry results for the processes of vaporization of
EEC and EHC, respectively. Table S5. Standard (p◦ = 0.1 MPa) molar heat capacities in the gaseous
phase for EEC and EHC, obtained from statistical thermodynamics using the vibrational frequencies
calculated at the B3LYP/6-31G(d) level of theory (scaled by a factor of 0.960 ± 0.022). Tables S6 and S7.
Absolute standard enthalpies, H

◦
298.15 K, and entropies, S

◦
298.15 K, obtained by the G3(MP2)//B3LYP

composite method and the corresponding derived gas-phase standard molar enthalpies, ∆fH
◦
m(g),

entropies, ∆fS
◦
m(g), and Gibbs energy of formation, ∆fG

◦
m(g) at T = 298.15 K as well as the con-

formational composition, χI, obtained for EEC and EHC, respectively. Data from [43,44] Table S8.
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G3(MP2)//B3LYP enthalpies with corresponding gas-phase standard (pº = 0.1 MPa) molar enthalpies
of formation at T = 298.15 K for the molecular species. Data from [45,46]
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by Yarrowia lipolytica lipases. Biocatal. Biotransform. 2021, 39, 455–464. [CrossRef]

15. Wei, D.; Shi, X.; Qu, R.; Junge, K.; Junge, H.; Beller, M. Toward a Hydrogen Economy: Development of Heterogeneous Catalysts
for Chemical Hydrogen Storage and Release Reactions. ACS Energy Lett. 2022, 7, 3734–3752. [CrossRef]

16. Preuster, P.; Papp, C.; Wasserscheid, P. Liquid Organic Hydrogen Carriers (LOHCs): Toward a Hydrogen-Free Hydrogen Economy.
Acc. Chem. Res. 2017, 50, 74–85. [CrossRef] [PubMed]

17. Kozlovskiy, M.; Gobble, C.; Chickos, J. Vapor pressures and vaporization enthalpies of a series of esters used in flavors by
correlation gas chromatography. J. Chem. Thermodyn. 2015, 86, 65–74. [CrossRef]

18. Freitas, V.L.S.; Oliveira, L.I.P.; Ribeiro da Silva, M.D.M.C. Standard molar enthalpies of formation of the acetylpyridine isomers.
J. Chem. Thermodyn. 2007, 39, 39–43. [CrossRef]

https://doi.org/10.54499/UIDB/00081/2020
https://doi.org/10.54499/DL57/2016/CP1454/CT0019
https://doi.org/10.54499/DL57/2016/CP1454/CT0019
https://doi.org/10.3390/molecules28186686
https://www.ncbi.nlm.nih.gov/pubmed/37764462
https://doi.org/10.1016/j.jct.2019.02.001
https://doi.org/10.1021/acs.jced.9b01135
https://doi.org/10.1007/s10068-017-0045-y
https://doi.org/10.1094/ASBCJ-2017-3007-01
https://doi.org/10.1016/j.fct.2007.09.021
https://doi.org/10.1242/dev.166884
https://doi.org/10.1002/mame.202300022
https://doi.org/10.3390/molecules28041918
https://doi.org/10.3390/molecules26010061
https://doi.org/10.3390/foods12122432
https://doi.org/10.1080/10242422.2020.1828371
https://doi.org/10.1021/acsenergylett.2c01850
https://doi.org/10.1021/acs.accounts.6b00474
https://www.ncbi.nlm.nih.gov/pubmed/28004916
https://doi.org/10.1016/j.jct.2015.02.015
https://doi.org/10.1016/j.jct.2006.06.004


Liquids 2024, 4 701

19. TCI Europe, N.V. “Ethyl (E)-Cinnamate” Safety Data Sheet. 2024. Available online: https://tcichemicals.com (accessed on 3
July 2024).

20. TCI Europe, N.V. “Ethyl 3-Phenylpropionate” Safety Data Sheet. 2024. Available online: https://tcichemicals.com (accessed on 3
July 2024).

21. Certificate of Analysis, Standard Reference Material 39j; Benzoic Acid Calorimetric Standard, N.B.S.: Washington, DC, USA, 1995.
22. Prohaska, T.; Irrgeher, J.; Benefield, J.; Böhlke, J.; Chesson, L.; Coplen, T.; Ding, T.; Dunn, P.; Gröning, M.; Holden, N.; et al.

Standard atomic weights of the elements 2021 (IUPAC Technical Report). Pure Appl. Chem. 2022, 94, 573–600. [CrossRef]
23. Ribeiro da Silva, M.A.V.; Ribeiro da Silva, M.D.M.C.; Pilcher, G. The construction, calibration and use of a new high-precision

static bomb calorimeter. Rev. Port. Quim. 1984, 26, 163–172.
24. Skinner, H.A.; Snelson, A. The heats of combustion of the four isomeric butyl alcohols. Trans. Faraday Soc. 1960, 56, 1776–1783.

[CrossRef]
25. Santos, L.M.N.B.F.; Silva, M.T.; Schröder, B.; Gomes, L. LABTERMO: Methodologies for the calculation of the corrected tempera-

ture rise in isoperibol calorimetry. J. Therm. Anal. Calorim. 2007, 89, 175–180. [CrossRef]
26. Adedeji, F.A.; Brown, D.L.S.; Connor, J.A.; Leung, W.L.; Paz-Andrade, I.M.; Skinner, H.A. Thermochemistry of arene chromium

tricarbonyls and the strengths of arene-chromium bonds. J. Organomet. Chem. 1975, 97, 221–228. [CrossRef]
27. Ribeiro da Silva, M.A.V.; Matos, M.A.R.; Amaral, L.M.P.F. Thermochemical study of 2-, 4-, 6-, and 8-methylquinoline. J. Chem.

Thermodyn. 1995, 27, 565–574. [CrossRef]
28. Santos, L.M.N.B.F.; Schröder, B.; Fernandes, O.O.P.; Ribeiro da Silva, M.A.V. Measurement of enthalpies of sublimation by drop

method in a Calvet type calorimeter: Design and test of a new system. Thermochim. Acta 2014, 415, 15–20. [CrossRef]
29. Sabbah, R.; Xu-Wu, A.; Chickos, J.S.; Planas Leitão, M.L.; Roux, M.V.; Torres, L.A. Reference materials for calorimetry and

differential thermal analysis. Thermochim. Acta 1999, 331, 93–204. [CrossRef]
30. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;

Nakatsuji, H.; et al. Gaussian 09, Revision A.02; Gaussian, Inc.: Wallingford, CT, USA, 2016.
31. Curtiss, L.A.; Raghavachari, K.; Redfern, P.C.; Rassolov, V.; Pople, J.A. Gaussian-3 (G3) theory for molecules containing first and

second-row atoms. J. Chem. Phys. 1998, 109, 7764–7776. [CrossRef]
32. Baboul, A.G.; Curtiss, L.A.; Redfern, P.C.; Raghavachari, K. Gaussian-3 theory using density functional geometries and zero-point

energies. J. Chem. Phys. 1999, 110, 7650–7657. [CrossRef]
33. Freitas, V.L.S.; Lima, A.C.M.O.; Sapei, E.; Ribeiro da Silva, M.D.M.C. Comprehensive thermophysical and thermochemical studies

of vanillyl alcohol. J. Chem. Thermodyn. 2016, 102, 287–292. [CrossRef]
34. Hubbard, W.N.; Scott, D.W. Standard states and corrections for combustions in a bomb at constant volume. In Experimental

Thermochemistry; Rossini, F.D., Ed.; Interscience: New York, NY, USA, 1956; Volume 1.
35. Cox, J.D.; Wagman, D.D.; Medvedev, V.A. CODATA Key Values for Thermodynamics; Hemisphere: New York, NY, USA, 1989.
36. Taylor, B.N.; Kuyatt, C.E. Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results; NIST Technical Note

1297; National Institute of Standards and Technology: Gaithersburg, MD, USA, 1994.
37. NIST Computational Chemistry Comparison and Benchmark Database. NIST Standard Reference Database Number 101; Release

16a; Johnson, R.D., III, Ed.; National Institute of Standards and Technology (NIST): Gaithersburg, MD, USA, 2013. Available
online: https://cccbdb.nist.gov/vibscalex.asp (accessed on 5 July 2023).

38. Freitas, V.L.S.; Ribeiro da Silva, M.D.M.C.; Gomes, J.R.B. A computational study on the thermochemistry of methylbenzo- and
methyldibenzothiophenes. J. Mol. Struct. THEOCHEM 2010, 946, 20–25. [CrossRef]

39. Pedley, J.B. Thermochemical Data and Structures of Organic Compounds Thermodynamics; Research Center: College Station, TX,
USA, 1994.

40. Wiberg, K.B.; Waldron, R.F. Lactones. 2. Enthalpies of hydrolysis, reduction, and formation of the C4-C13 monocyclic lactones.
strain energies and conformations. J. Am. Chem. Soc. 1991, 113, 7697–7705. [CrossRef]

41. Williams, R.B. Heats of Catalytic Hydrogenation in Solution. I. Apparatus, Technique, and the Heats of Hydrogenation of Certain
Pairs of Stereoisomers. J. Am. Chem. Soc. 1942, 64, 1395–1404. [CrossRef]

42. Rogers, D.W. Heats of Hydrogenation: Experimental and Computational Hydrogen Thermo-Chemistry of Organic Compounds; World
Scientific: Singapore, 2006. Available online: https://webbook.nist.gov/chemistry/ (accessed on 4 August 2024).

43. Merrick, P.; Moran, D.; Radom, L. An evaluation of harmonic vibrational frequency scale factor. J. Phys. Chem. A 2007, 111,
11683–11700. [CrossRef]

44. Chase, M.W., Jr. NIST-Janaf Thermochemical Tables. Available online: https://janaf.nist.gov/ (accessed on 1 May 2021).
45. Pedley, J.B. Thermochemical Data and Structures of Organic Compounds Thermodynamics; CRC Press: College Station, TX, USA, 1994.
46. Albahri, T.A.; Aljasmi, A.F. SGC method for predicting the standard enthalpy of formation of pure compounds from their

molecular structures. Thermochim. Acta 2013, 415, 46–60. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://tcichemicals.com
https://tcichemicals.com
https://doi.org/10.1515/pac-2019-0603
https://doi.org/10.1039/tf9605601776
https://doi.org/10.1007/s10973-006-7509-2
https://doi.org/10.1016/S0022-328X(00)89468-1
https://doi.org/10.1006/jcht.1995.0058
https://doi.org/10.1016/j.tca.2003.07.016
https://doi.org/10.1016/S0040-6031(99)00009-X
https://doi.org/10.1063/1.477422
https://doi.org/10.1063/1.478676
https://doi.org/10.1016/j.jct.2016.07.015
https://cccbdb.nist.gov/vibscalex.asp
https://doi.org/10.1016/j.theochem.2009.09.030
https://doi.org/10.1021/ja00020a036
https://doi.org/10.1021/ja01258a045
https://webbook.nist.gov/chemistry/
https://doi.org/10.1021/jp073974n
https://janaf.nist.gov/
https://doi.org/10.1016/j.tca.2013.06.020

	Introduction 
	Materials and Methods 
	Materials, Treatment, and Purity Control 
	Combustion Calorimetry 
	High-Temperature Calvet Microcalorimetry 
	Computational Methodology 

	Results and Discussion 
	Experimental Studies 
	Enthalpies of Combustion and Formation in the Liquid Phase 
	Enthalpy of Vaporization 

	Computational Studies 

	Discussion 
	Conclusions 
	References

