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Abstract: The need to transition from fossil fuels to renewables arises from factors such as depletion,
price fluctuations, and environmental considerations. Lignocellulosic biomass, being abundant, and
quickly renewable, and not interfering with food supplies, offers a standout alternative for chemical
production. This paper explores the energetic characteristics of two derivatives of furfural—a ver-
satile chemical obtained from biomass with great potential for commercial sustainable chemical and
fuel production. The standard (p° = 0.1 MPa) molar enthalpies of formation of the liquids furfuryla-
mine and 5-methylfurfurylamine were derived from the standard molar energies of combustion,
determined in oxygen and at T = 298.15 K, by static bomb combustion calorimetry. Their standard
molar enthalpies of vaporization were also determined at the same temperature using high-temper-
ature Calvet microcalorimetry. By combining these data, the gas-phase enthalpies of formation at T
=298.15 K were calculated as —(43.5 + 1.4) k]-mol™ for furfurylamine, and —(81.2 + 1.7) k]-mol™ for 5-
methylfurfurylamine. Furthermore, a theoretical analysis using G3 level calculations was per-
formed, comparing the calculated enthalpies of formation with the experimental values to validate
both results. This method has been successfully applied to similar molecules. The discussion looks
into substituent effects in terms of stability and compares them with similar compounds.

Keywords: furfurylamine; 5-methylfurfurylamine; energy of combustion; enthalpy of vaporization;
enthalpy of formation; static bomb combustion calorimetry; Calvet microcalorimetry; G3 calcula-
tions

1. Introduction

For centuries, fossil fuels have been indispensable in meeting humanity’s energy and
chemical demands. However, this heavy reliance has raised concerns about the eventual
depletion, supply chain disruptions, price volatility, and environmental harm from green-
house gas emissions and pollution. Increasing fossil fuel costs have diminished their com-
petitiveness against renewable alternatives like biomass. Thus, transitioning to renewable
energy is crucial for sustainable development [1,2]. Recently, biomass has garnered atten-
tion as a plentiful renewable energy source, offering a viable alternative to traditional fos-
sil fuels. It includes various organic materials like plants, crops, trees, agricultural resi-
dues, forestry waste, food waste, animal by-products, and human waste, which are all
renewable within relatively short timeframes. Biomass is classified as a short-cycle carbon
system due to its quicker replenishment compared to long-cycle carbon materials like fos-
sil fuels. Moreover, biomass is considered carbon neutral because plants absorb CO2 dur-
ing growth, whether from natural or human sources [3-6].
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Among the biomass types, lignocellulosic biomass is particularly advantageous for
chemical production. It avoids competition with food production, has a stable and abun-
dant supply, grows rapidly at alow cost, and provides a green platform for valuable prod-
uct development akin to fossil fuel-based compounds. The process of producing chemi-
cals from biomass involves converting it into intermediate compounds called platform
chemicals [7,8]. These intermediates are then refined through biological, chemical, or ther-
mochemical methods to yield diverse and valuable compounds similar to those derived
from petroleum. Furfural (FF, 2-furaldehyde) is a notable platform molecule with signifi-
cant potential for commercialization in sustainable chemical and fuel production due to
its versatile properties. It is a crucial foundational element that was included in the “Top10
+” chemicals recognized by the US Department of Energy (DOE) in 2004. It serves as a
good solvent and has found applications as a renewable resource in various industries
including biofuels, detergents, lubricants, polymers, resins, food additives, pharmaceuti-
cals (such as antiseptics and disinfectants), and agrochemicals (like herbicides, insecti-
cides, and pesticides) [2,4,8,9]. It plays a fundamental role in the production of furan bio-
based chemicals such as furfurylamine, which is essential in the creation of chemical in-
termediates, bioactive compounds, and medicines, including antiseptic agents, antihyper-
tensives, and diuretics [4,9,10].

Traditionally, furfurylamine is synthesized from furfural through a chemical amina-
tion process that requires high temperatures and pressures, along with costly catalysts,
often leading to environmental pollution [11]. In contrast, the biological amination of fur-
fural has garnered significant interest due to its mild operating conditions, straightfor-
ward reaction pathway, high catalytic efficiency, low toxicity, and eco-friendly nature [12].
Apart from their pharmaceutical and agricultural uses, furfurylamine has found applica-
tion in corrosion inhibitors and polymer manufacturing [13,14]. Recognized as a signifi-
cant bio-based compound, furfurylamine is increasingly valued for its potential as a fuel
additive due to its notable antiknock properties, positioning it as a promising enhancer
for high-octane gasoline [15,16]. Through a methylation reaction involving furfurylamine,
5-methylfurfurylamine can be synthesized, which serves as a versatile building block for
chemical synthesis. This compound can undergo diverse reactions, leading to functional-
ized derivatives with applications across pharmaceuticals and materials science [17-19].
Moreover, it plays a crucial role in synthesizing the new furfurylamine-derived Schiff base
ligand (E)-4-chloro-2-((((5-methylfuran-2-yl)methyl)imino)methyl)phenol (CFMP), which
has been tested as a chemosensor for recognizing metal ions [20].

Despite the importance of these compounds, fundamental data on their thermody-
namic properties are often scarce, hindering a detailed understanding of their energy
characteristics. Continuing from previous investigations concerning furan derivatives,
[21-24], this study aimed to fill this gap by measuring the standard (p° = 0.1 MPa) molar
enthalpies of combustion at 298.15 K for the liquids furfurylamine and 5-methylfurfuryla-
mine, whose structures are represented in Figure 1, using static bomb combustion calo-
rimetry. Additionally, their standard molar enthalpies of vaporization were determined
using Calvet microcalorimetry. These experimental values were then used to calculate the
gas-phase standard molar enthalpies of formation, which were compared with theoretical
results obtained through high-level ab initio calculations at the G3 level of theory.

The resulting data on the energetic aspects of furfurylamine methylation offers in-
sights into the energetic changes associated with this process. Moreover, comparisons of
methylated furan and thiophene provide further context on the energetic effects of meth-
ylation, contributing to a deeper understanding of these compounds’ thermochemical be-
haviors.
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Figure 1. Structural formulae of (a) furfurylamine and (b) 5-methylfurfurylamine.

2. Results
2.1. Experimental Results

The individual values of the massic energy of combustion for furfurylamine and 5-
methylfurfurylamine, Acu°, together with their mean value, (A«°), and standard devia-
tion are presented in Table 1. Detailed values of all the combustion experiments performed
for the two studied compounds are given in Tables S1 and S2 in the Supplementary Ma-
terials. These massic energy of combustion values correspond to the theoretical combus-
tion reactions (1) and (2), which yield CO: (g) and Hz0 (1).

CsH/NO (1) + 6.25 Oz (g) — 5 COz2 (g) + 3.5 H20 (1) + 0.5 N2 (g) (1)

CsHoNO (1) +7.75 O2 (g) — 6 CO2 (g) + 4.5 H20 (1) + 0.5 N2 (g) (2)
When the samples are ignited at T = (298.150 + 0.001) K
AU(IPB) =—{€&cal +tAm(H,0) -cp (H20, 1) + ¢} AT,q + AU(ign), 3)

where AU(IPB) is the energy associated with the isotherm bomb process, Am(H20) is the
deviation of mass of water added to the calorimeter from 3119.6 g, £calis the energy equiv-

alent, & is the energy of the bomb contents after ignition, AU(ign) is the ignition energy,
and ATad is the adiabatic temperature rise.

Table 1. Individual values of the massic energy of combustion, Acu®, of the studied compounds at T
=298.15 K. All values are in J-.g™.

Furfurylamine 5-Methylfurfurylamine
-29,591.73 -31,577.92
-29,582.70 -31,568.06
-29,589.96 -31,562.26
-29,589.56 -31,577.61
-29,593.49 -31,586.75
-29,581.42 -31,579.48

-31,589.80
-31,584.93
(Acu®) °
-29,588.1 +2.0 -31,577.4 +3.3

a Mean value and standard deviation of the mean.

The derived standard molar energies and enthalpies of combustion as well as the
standard molar enthalpies of formation for the liquid compounds at T =298.15 K are pre-
sented in Table 2. In accordance with normal thermochemical practice [25,26], the uncer-
tainties assigned to the standard molar energies and enthalpies of combustion are, in each
case, twice the overall standard deviation of the mean and include the uncertainties in
calibration and in the values of auxiliary quantities used.

To derive A¢Hyp, (1) from A.H;, (1), the standard molar enthalpies of formation of
CO2(g) and H20 (1) at T = 298.15 K, (-393.51 + 0.13) kJ-mol [27] and (-285.830 + 0.040)
kJ-mol[27], respectively, were used.
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Table 2. Standard (p° = 0.1 MPa) molar energies of combustion (A.Up,), enthalpies of combustion
(AcHy), and enthalpies of formation (A¢Hp,) for the two compounds studied, at T=298.15 K. @ Values
in kJ-mol-.

Compound -A U, (1) -AHY () —AHY, (1)
Furfurylamine 2873.5+0.9 2875.4+0.9 92.6+1.1
5-Methylfurfurylamine 3509.7+1.3 3512.8+1.3 1345+15

2 The uncertainties are twice the overall standard deviation of the mean and include the contribu-
tions from the calibration with benzoic acid and from the energy of combustion of auxiliary materi-
als.

Table 3 provides the results of the standard molar enthalpies of vaporization (AfHY,)
determined by high-temperature Calvet microcalorimetry. The reported values for each
compound at the experimental temperature T represent the mean values obtained from
six independent experiments. The uncertainties associated with these measurements are
indicated by their respective standard deviations of the mean.

Table 3. Microcalorimetric standard (p° = 0.1 MPa) molar enthalpies of vaporization (in kJ-mol) at
T=298.15 K.

a
Compound % APposHR " AlgiscHo  APHR(298.15K) ©
Furfurylamine 344.5 54.5+0.4 5.4 49.1+0.8
5-Methylfurfurylamine 339.9 59.3+0.4 6.0 53.3+0.9

au(T)=+0.1 K. ®» Mean value and standard deviation of the mean of six experiments. ¢ The uncertain-
ties are twice the overall standard deviation of the mean and include the contributions from the
calibration.

2.2. Computational Results

The structure and conformation of furfurylamine were elucidated through gas-phase
electron diffraction and theoretical calculations reported in the literature [28]. The analysis
revealed a mixture of two conformers characterized by distinct CCCN torsion angles (¢).
At 298 K, the predominant conformer (87%) adopted a gauche conformation with ¢ =
114(1)°, while the remaining molecules (13%) exhibited a syn conformation, where the CN
bond is aligned with the carbon—-carbon double bond of the furan ring (¢ = 0°) (Figure 2).
Both conformers could be stabilized by hydrogen bonds formed between the hydrogen
atoms of the amine and either the oxygen atoms of the furan ring or the rt-electrons of the
carbon-carbon double bond.

The energy and geometry of the most stable syn and gauche conformers of furfuryla-
mine and 5-methylfurfurylamine were optimized using the G3 method. These confor-
mations exhibit different energies due to steric hindrance. When the differences in confor-
mational energies are sufficiently small, the likelihood of these conformations occurring
in a large sample can be significant, as dictated by the Boltzmann distribution law [29].
The Boltzmann weighting factors for each conformer were determined at T = 298.15 K
based on their relative free energies (AG). Table S3 in the Supplementary Materials pro-
vides the relative enthalpies, free energies, and Boltzmann populations for the examined
conformers. For furfurylamine, the data from Table S3 indicates a clear dominance of the
gauche conformer, with 75.7% of the total Boltzmann relative population in the gas phase.
In contrast, the syn conformation accounted for 24.3%. For 5-methylfurfurylamine, the
Boltzmann relative populations were found to be 77.0% and 23% for the gauche and syn
conformations, respectively.
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Figure 2. Structures of gauche and syn forms of furfurylamine.
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Several hypothetical reactions were evaluated to estimate the gas-phase standard
molar enthalpy of formation, A¢Hp,(g), for the compounds under investigation. The en-
thalpy changes of these reactions, A.Hp (g), calculated from the absolute standard en-
thalpies (H5g15x), were combined with the experimental A{Hp(g) of all molecules in-
volved in the reactions. This allowed us to estimate A¢Hp,(g) at T =298.15 K for the two
studied compounds. The chemical reactions used to make these estimates, along with the
calculated A Hp (g) values and computational estimates of A:Hp (g), are presented in Ta-
bles 54 and S5 of the Supplementary Materials. These estimates were obtained using bal-
anced reactions that fulfil the isodesmic criterion to minimize errors caused by electronic
correlation effects. Table S6 provides the G3 absolute enthalpies and experimental
A¢Hp(g) values at T = 298.15 K for both compounds included in the study, along with
those of the auxiliary molecules. In summary, the mean values calculated from computa-
tional estimates are collected in Table 4, along with the A:Hp, (1), A¥Hg,, and A¢Hp(g)
values derived from experimental determinations.

Table 4. Standard (p° = 0.1 MPa) molar enthalpies of formation, in both liquid and gaseous phases,
and standard molar enthalpy of vaporization at T =298.15 K.

A¢Hz, (1) APH At (8)
Compound kJ-mol™ kJ-mol” kJ-mol™
Experimental * G3P
Furfurylamine -92.6+1.1 49.1+£0.8 -435+1.4 -38.9+0.6
5-Methylfurfurylamine -1345+1.5 53.3+0.9 -81.2+1.7 —-81.9+0.9

aUncertainties calculated through the RSS (Root-Sum-Square) method; ® mean and standard devia-
tion of the mean.

3. Discussion

To the best of our knowledge, there are no reported thermochemistry properties for
5-methylfurfurylamine published in the literature. However, for furfurylamine, Luky-
anova et al. published the result of A:Hp, (I) = —(105.4 + 8.6) kJ-mol-[30], which differs
significantly from the value derived in this study (-92.6 + 1.1 kJ-mol™"). The reason for this
substantial difference may lie in the amount of compound mass used by the authors in the
combustion experiments. They stated that a compound mass ranging from 0.01 g to 0.02
g was used for the determinations [30], which is clearly inadequate for combustion studies
and could potentially introduce errors into the measurements.

No experimental value is known for the enthalpy of vaporization of any of the com-
pounds studied, but it is possible to estimate this property using group contribution meth-
ods. Using the method proposed by Kolska et al. [31], the values 51.4 k]-mol and 53.7
kJ-mol™ were obtained for furfurylamine and 5-methylfurfurylamine, respectively. Ac-
cording to the method presented by Naef and Acree Jr. [32], 51.6 k]-mol was estimated
for furfurylamine and the 54.7 kJ-mol~ was determined for 5-methylfurfurylamine. These
results are in close agreement with the ones determined experimentally in this study.

The crystalline structure of furfurylamine found in the literature highlights that the
most significant interactions between molecules of this compound are N-H-:-N and N-
H:--O hydrogen bonds [33]. Although the crystalline pattern of 5-methylfurfurylamine
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was not found in the literature, the slight difference between the vaporization enthalpies
of the two compounds suggest the occurrence of the same type of intermolecular interac-
tions in the crystals of 5-methylfurfurylamine.

Lukyanova et al. [30] suggest that in the gas phase, furfurylamine may exist entirely
in its dimeric form. If this is the case, the measured enthalpy of vaporization would not
correspond to that of the monomeric form. To determine whether dimerization occurs in
the gas phase, we can analyze the thermochemical cycle illustrated in Figure 3.

- - Adisslﬁzﬂ
(Furfurylamine)2 (g) | ge———— [2(Furfurylamine) (g)

AIBH& (dim) 2x_\1gH81(mono)

2(Furfurylamine) (1)

Figure 3. Thermochemical cycle of the vaporization of dimer and monomer of furfurylamine.

From this thermochemical cycle, the standard molar enthalpies of vaporization can
be derived using Equations (4) and (5) for the monomer and the dimer, respectively. Table
5 presents the calculated values for the enthalpies of vaporization. These values assume
A¢Hy, (g) =-38.9 kJ-mol and use the experimental values for A¢H;, (1) determined in this
study and in reference [30] and Ay;Hy, =24 kJ-mol [30]. As we can demonstrate through
our calculations, the experimental value determined in this work, AigH?n (exp) = 49.1
kJ-mol-, is close to that of the monomeric form.

APHS, (mon) = AHS, (8) — AdHS, (1) )

APH, (dim) = 2A¢HY, (8) — 2AHY (1) + AgisHiy ®)

Table 5. Vaporization enthalpies according to Equations (4) and (5) for furfurylamine.

APHS, /KJ-mol-!

This Work Lukyanova et al. [30]
Furfurylamine (monomer) 53.7 66.5
Furfurylamine (dimer) 1314 157.0

The mean theoretical estimates (Table 4) show good agreement with the experimental
data, with a maximum deviation of only 4.6 kJ-mol within the range of uncertainties of
4-5 kJ'mol, a tolerance commonly referred to as “chemical accuracy”. This consistency
highlights that the reliability of the composite G3 method with the isodesmic reaction
yields precise thermochemical data for such compounds. Thus, we can confidently accept
the theoretical estimates.

The knowledge of A¢Hp,(g) values for chemical compounds is crucial in various
fields of chemistry, providing insights into their thermodynamic stability, reactivity, and
energetic properties. In particular, the knowledge of these values for O or S five-mem-
bered rings holds significant importance due to the widespread applications of furan/thi-
ophene-based compounds in pharmaceuticals, materials science, and organic synthesis.

Using values of AH;, (g) collected from literature [21,23,34-36], it is possible to eval-
uate the enthalpic contribution of the methyl group as a substituent on the structure of
furan and to compare it with the effects observed for identical substitutions on thiophene
derivatives, as can be seen in the scheme in Figure 4.
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O o)
—41 6+ 1.4 COCH, COCH,
\ ~46 5+23 \ /

-34.8+0.7 764+ 1.2 -207.4+1.3 -253.9+1.9

j 149.8+1.2 1160.8:1.5 l 148225 l157.9¢3.8
S
30 7+14 COCH, COCH;,
/ ~36 8+3.9 \ /

115.0+ 1.0 84.35+0.92 -59.2+2.1 -96.0 3.3
~151.0 + 4.6 -196.8 +1.8 -38.9+0.6 -81.9£0.9
(147.3 + 4.5) (159.5+5.1)
143.9+£3.6 159.5+ 2.8
NH, NH,
S
—_—
-710+1.9 -37.3+2.1 (1084+45 (77.6 £5.0)

Figure 4. Enthalpic increments (values in kJ-mol™) for the introduction of a methyl group in furan
and thiophene derivatives. Enthalpy of oxygen to sulfur substitution.

Comparing the introduction of a methyl group into furan versus thiophene, it be-
comes evident that the process is slightly more favorable in furan. This observation likely
stems from the structural and electronic differences between the two heterocycles where
the electronegativity difference between oxygen and sulfur plays a crucial role. Oxygen is
more electronegative than sulfur, leading to a greater partial positive charge on the carbon
atoms adjacent to the heteroatom in furan compared to thiophene. This increased positive
charge in furan makes it more susceptible to nucleophilic attack, thereby favoring the ad-
dition of a methyl group. Moreover, the enthalpy associated with substituting an oxygen
atom with a sulfur atom has been quantified in substituted furans, including derivatives
like furan-2-aldehyde (-CHO) and 2-acethylfuran (-COCHyz), as well as methylfurans. The
enthalpy change for this substitution process is approximately (147.3 + 4.5) kJ-mol™! for
substituted furans and slightly higher, at (159.4 + 5.0) k]-mol, for 5-methylfurans. Assum-
ing that these enthalpic incremental changes due to oxygen — sulfur substitution will be
the same for furfuryl derivatives, we can estimated that A¢Hp, (g) = (108.4 + 4.5) kJ-mol!
and AfHﬁl(g) = (77.6 = 5.0) kJ-mol™ for the compounds 2-thiophenemethylamine and 5-
methyl-2-thiophenemethylamine, respectively.

The calculated enthalpic increments for the methylation reactions in this study
ranged from —38.4 to —46.5 k]-mol! for furan and from —30.2 to -36.8 k]-mol~! for thiophene.
According to Freitas et al. [37,38], the enthalpic increments for the insertion of a single
methyl group in various positions of benzofuran are between -30.3 and -36.2 k]-mol [37],
while for benzothiophene, the increments range from -31.1 to -38.0 kJ-mol™ [38]. For
dibenzofuran, the same authors reported an interval of -30.5 to =37.0 kJ-mol~ [37] for the
addition of a methyl group in different positions, and for dibenzothiophene, the range is
-29.5 to —39.1 kJ-mol! [38]. These values are similar to those found for the inclusion of
methyl groups into benzene or naphthalene, which fall in the interval of -31.0 to —-35.0
kJ-mol [34]. Except for furan, the effect of methylation at different positions of the heter-
ocyclic compounds benzofuran, dibenzofuran, thiophene, and benzothiophene is to de-
crease the enthalpy of formation by —30 to -39 k]-mol". In the case of furan, this stabiliza-
tion is higher, which agrees with the results of Simmie et al. [39], who reported similar
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deviations for various other species such as 2-hydroxyfuran (—42.9 kJ-mol), 2-furalde-
hyde (-48.3 k]-mol™), 2-furancarboxilic acid (-47.4 k]-mol™), and 2-methoxyfuran (-43.4
kJ-mol). Even methylation of 5-methyl-3-furoic acid to 2,5-dimethyl-3-furoic acid follows
a similar course [39]. The authors also added that recent theoretical works on the en-
thalpies of formation of furan, 2-methylfuran, and 2,5-dimethylfuran allowed them to es-
timate an increment of -45.5 and —44.3 kJ-mol! for this system while the increments rela-
tive to the similar scheme for thiophene, 2-methylthiophene, and 2,5-dimethylthiophene
amounted to -31.5 and -32.9 kJ-mol-, respectively [39].

Another useful comparison involves the transfer of a -CH2NH2 substituent from fu-
ran to thiophene in the isodesmic reaction (6), which allows for the prediction of A¢Hp, (g)
for 2-thiophenemethylamine to be 120.2 kJ-mol-.. Likewise, using the isodesmic reaction
(7), we can estimate the value of AfH?n(g) to be 87.3 kJ-mol™ for 5-methyl-2-thiopheneme-
thylamine.

1150+ 1.0 -389+0.6 -348+07 (120.2)
Q/ \@%k] e I Q/ \@J
84.35+0.92 -81.9+09 764 +12 87.3)

The use of computational and/or group contributions methods to determine thermo-
dynamic properties must be carried out with caution. This is because both are based on
experimental results that are not always well determined due to deficiencies in the tech-
niques or procedures used or even due to the inadequate treatment of the results. To avoid
this situation, the experimental values reported in the literature for the molecules used in
these methods must be carefully selected. This selection is based on the knowledge and
confidence in the results of some research groups with extensive experience in the exper-
imental determination of thermochemical properties and on the recurrent and successful
use of the selected values in numerous reactions aimed at estimating the thermodynamic
properties of very different organic compounds used in previous works. When suitable
experimental reference values are available, we may get a good estimate for the absolute
value.

4. Materials and Methods
4.1. Materials and Purity Control

The furfurylamine (CAS 617-89-0) and 5-methylfurfurylamine (CAS 14003-16-8)
studied in this work were acquired commercially from Aldrich Chemical Co. (St. Louis,
MO, USA) with mass fraction purities of 0.99 and 0.97, respectively. Both compounds were
subject to purification through vacuum distillation, under reduced pressure, until con-
sistent combustion results were achieved. The purity of the compounds was verified using
gas-liquid chromatography on an Agilent 4890D Gas Chromatography system, (Santa
Clara, CA, USA) featuring an HP-5 column with a composition of 5% diphenyl and 95%
dimethylpolysiloxane (15 x 0.530 mm i.d x 1.5 pm film thickness). Nitrogen served as the
carrier gas, and the purity was confirmed to be > 0.9995 mass fraction. Additional details
regarding the origin and purification of the samples are provided in Table 57 in the Sup-
plementary Materials.

The final purity of each sample was asserted during the combustion experiments by
the proximity of the carbon dioxide recovery ratios to unity.



Molecules 2024, 29, 2729

9 of 14

4.2. Combustion Calorimetry

The combustion experiments were performed with a static bomb combustion calo-
rimeter, using a twin valve bomb, type 1108, from the Parr Instrument Company (Moline,
IL, USA). The apparatus and technique have been described previously [40,41] so only a
brief description is given here.

For the calibration of the bomb, we used certificated benzoic acid, NBS Standard Ref-

erence Material, Sample 39j, whose massic energy of combustion is —(26,434 + 3) ]-g™ under
certificate conditions [42]. The calibration results were corrected to give the energy equiv-
alent ¢ca corresponding to the average mass of water added to the calorimeter: 3119.6 g.

For the study of furfurylamine, eca = (15,907.1 + 0.7) 'K, and for the study of 5-methyl-

furfurylamine, ¢ = (15,917.0 + 1.4) J-K™?, where the uncertainty quoted is the standard
deviation of the mean. The combustion experiments were performed in oxygen at p = 3.04
MPa, with 1.00 cm?® of water added to the bomb. The bomb was purged twice to remove
air before being charged with oxygen. The electrical energy for ignition, AU(ign), was de-
termined from the change in potential difference across a capacitor when discharged
through the platinum ignition wire.

For all experiments, the calorimeter temperatures were measured to + 1 x 10+ K, at
time intervals of 10 s, with a quartz crystal thermometer (Hewlett Packard HP 2804A),
(Palo Alto, CA, USA), interfaced to a PC. At least 100 readings of the temperature were
taken before the ignition of the samples which occurred at T = (298.150 + 0.001) K using
the discharge of a 1400 pF capacitor through a platinum ignition wire. After ignition, 100
readings were taken for the main and the periods after.

The liquid samples were contained in sealed polyester bags made of Melinex® (New
Berlin, WI, USA), (0.025 mm of thickness) with a massic energy of combustion Acu° = —
(22,902 + 5) J-g1 [43], a value which was confirmed in our laboratory. The mass of Melinex®
used in each experiment was corrected for the mass fraction of water (w = 0.0032). For the
cotton-thread fuse, with empirical formula CHu.8600.843, the value of Acu° = -16,240 J-g*
[44] was taken for the massic energy of combustion, a value that was confirmed in our
laboratory.

The corrections for nitric acid formation were based on -59.7 k]-mol! [45] for the mo-
lar energy of formation of 0.1 mol-dm= HNOs(aq) from N,, O,, and H,O(l). All the neces-
sary weighing was performed in a Mettler Toledo AT201 microbalance, with a sensitivity
of + (1-10-%) g, and corrections of the apparent mass to the true mass were made. The esti-
mated pressure coefficient of specific energy, (du/op)=-0.2]-g"MPa™ at T=298.15K, is

a typical value for most organic compounds [46]. For each compound, the massic energy
of combustion, Acu°, was calculated using the procedure given by Hubbard et al. [47]. The
quantity of compound used in each experiment was calculated based on the total mass of
carbon dioxide produced during the combustion experiments. This calculation accounted
for the carbon dioxide generated from the combustion of the cotton-thread fuse and from
the Melinex®. Carbon dioxide was collected in absorption tubes containing Ascarite (so-
dium hydroxide-coated silica) that were pre-weighed.

The densities at T =298.15 K were measured for furfurylamine (1.099 g-cm) [48], for
5-methylfurfurylamine (0.997 g-cm) [48], for the cotton-thread fuse (p=1.50 g-cm3) [47]
and for Melinex® (p = 1.38 g:cm?) [43]. Specific heat capacities of ¢p =1.3 J-.g7-K"'and ¢p =
1.67 J-g "K' were used for Melinex® and cotton, respectively [47]. The value for the pres-
sure coefficient of massic energy, (0u/dp)r, for Melinex® was -0.03 J-g'-MPa"; for cotton, it
was -0.29 J-g-MPa [47]; and for the studied compounds, it was assumed to be -0.2
J-.g-MPa'at T = 298.15 K, which is a typical value for most organic compounds [46]. The
relative atomic masses used were those recommended by the [IUPAC Commission in 2013
[49].
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4.3. High Temperature Microcalorimetry

A Calvet High Temperature Microcalorimeter (Setaram, HT 1000D) [50] was em-
ployed to determine the standard molar enthalpies of vaporization for the liquid com-
pounds. This method is similar to the technique described for the sublimation of solids
[51]. Samples of about 3 to 7 mg of liquid compound, contained in a small thin glass ca-
pillary tube sealed at one end, and a blank capillary, were simultaneously dropped at
room temperature into the hot reaction vessels in the Calvet high-temperature microcalo-
rimeter held at a predefined temperature, T, and were removed from the hot zone by vac-
uum evaporation. The thermal correction for the glass capillary tubes was established
through separate experiments. In each experiment, the thermal corrections were mini-
mized by carefully selecting tubes with nearly identical masses, within a range of +10 ug.

The observed enthalpy change, AE';%JSKH&’ was corrected to 298.15 K by utilizing
the following equation:

A%H&(29815K)=A§’§9815KH& - f2£8.15 K C;,m (g)dT’ (8)
where T is the temperature of the hot calorimeter cells, and C;m (g) = £(T), the tempera-
ture dependence of the molar heat capacity. We calculated the gaseous heat capacities of
furfurylamine and 5-methylfurfurylamine at the B3LYP/6-31G(2df,p) level (scaled by a
factor of 0.965 [52]) (see Table S8 and Equations (S2) and (S3) provided in the Supplemen-
tary Materials).

The microcalorimeter was calibrated in situ for these measurements using the re-
ported standard molar enthalpy of vaporization of n-decane in the case of furfurylamine
and n-undecane for 5-methylfurfurylamine [53].

4.4. Computational Approach

We conducted accurate calculations based on the composite G3 approach [54]. Previ-
ously, the G3 method was successfully employed to estimate the enthalpies of formation
of similar compounds [39,55,56]. This procedure uses geometries from second-order per-
turbation theory [MP2(FU)/6-31G(d)] to perform a series of very accurate single-point en-
ergy calculations at the second-order Moller-Plesset (MP2), fourth-order Moller—Plesset
(MP4), and quadratic configuration interaction [QCISD(T)] levels of theory. The overall
result from such calculations uses scaled zero-point energies obtained from the Hartree—
Fock theory with the 6-31G(d) basis set and, by adopting certain assumptions about the
additivity of the calculations and including a spin-orbit correction and a higher-level cor-
rection, aimed to effectively reproduce the results of a calculation at the QCISD(T,FU)/G3
large level. All calculations were performed using the Gaussian 09 package of programs
[57].

5. Conclusions

The relevant thermochemical and thermodynamic properties of the bio-based plat-
form chemicals, furfurylamine and 5-methylfurfurylamine, were determined in this work:

e  Using combustion calorimetry, the enthalpies of formation in the liquid phase were
derived for both compounds as —(92.6 + 1.1) k]-mol! for furfurylamine and —(134.5 +
1.5) kJ-mol! for 5-methylfurfurylamine.

e  The enthalpy of formation of furfurylamine in the liquid phase derived in this work
is quite different from the value reported before in the literature

e  Through high-temperature Calvet microcalorimetry, the enthalpies of vaporization
of the compounds studied at 298.15 K were obtained: (49.1 + 0.8) kJ-mol-' for furfu-
rylamine and (53.3 + 0.9) kJ-mol for 5-methylfurfurylamine.

e  Combining these data, their gas-phase enthalpy of formation was determined as
—(43.5 = 14) k]-mol™ for furfurylamine, and —(81.2 + 1.7) kJ-mol~ for 5-methylfurfu-
rylamine.
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e  The enthalpies of formation in the gaseous phase were also estimated by a theoretical
analysis using G3 level calculations.

e  An excellent agreement between the experimental and computational results of the
standard enthalpy of formation in gaseous phase was achieved.

e  The evaluation and the comparison of the enthalpic contribution of the methyl group
as a substituent on the structure of similar compounds were performed in the gas
phase.

e  The enthalpies of formation in the gaseous phase of 2-thiophenemethylamine and 5-
methyl-2-thiophenemethylamine were estimated using both empirical and computa-
tional methods.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules29122729/s1, Table S1: Results of combustion ex-
periments at T=298.15 K of furfurylamine; Table S2: Results of combustion experiments at T=298.15
K of 5-methylfurfurylamine; Table S3: Absolute enthalpies, H,og15r, Gibbs energies, Gog 15k, rela-
tive free energies and Boltzmann populations in gas-phase, calculated at G3 level of theory. 1 a.u.
(Hartree) corresponds to 2625.50 kJ-mol. *Calculated from e~[4Gwl/RT] /31 o=[4Gra/RT]; Taple S4:
Computed enthalpies of reaction, AHY,, and formation, A¢HY, in the gaseous state, of furfuryla-
mine, using G3 at T = 298.15 K; Table S5: Computed enthalpies of reaction, AHS,, and formation,
A¢HY, in the gaseous state, of 5-methylfurfurylamine, using G3 at T = 298.15 K; Table S6: G3 com-
puted enthalpies for furfurylamine and 5-methylfurfurylamine and for the auxiliary molecules used
in the gas-phase reactions and standard molar enthalpies of formation, at T =298.15 K, taken from
the literature; Table S7: Purification details of furfurylamine and 5-methylfurfurylamine; Table S8:
Standard molar heat capacities, in the gaseous phase, of furfurylamine and 5-methylfurfurylamine
derived from statistical thermodynamics using the vibrational frequencies calculated at the basis
B3LYP/6-31G(2df,p) level of theory (scaled by a factor of 0.965). References [58-62] are cited in the
Supplementary Materials.

Author Contributions: L.M.P.F.A.: Investigation, Formal analysis, Writing—review and editing,
Writing —original draft, Validation, Supervision, Conceptualization. A RR.P.A.: Writing —review
and editing, Writing —original draft, Conceptualization. M.A.V.R.d.S.: Resources, Supervision, Con-
ceptualization. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Fundacao para a Ciéncia e Tecnologia (FCT) (funded by
national funds through the FCT/MCTES (PIDDAC)) to CIQUP, Faculty of Sciences, University of
Porto (Project UIDB/00081/2020) and the Institute of Molecular Sciences (LA/P/0056/2020)).
ARRP.A.is financed by national funds through the FCT-LP., in the framework of the execution of
the program contract provided in paragraphs 4, 5, and 6 of art. 23 of Law no. 57/2016 from 29 August,
as amended by Law no. 57/2017 on 19 July. https://doi.org/10.54499/DL57/2016/CP1454/CT0006).
LM.P.F.A. acknowledges FCT/MCTES funding through the Individual Call to Scientific Employ-
ment Stimulus 2018 (CEECIND/03202/2018; https://doi.org/10.54499/CEEC-
IND/03202/2018/CP1545/CT0001).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the Supplementary
Materials.

Acknowledgements: This work is part of a project involving the energetic—molecular study initi-
ated and coordinated by the late Professor M. A. V. Ribeiro da Silva. We feel honored to have been
his co-workers/collaborators.

Conflicts of Interest: The authors declare no conflicts of interest.



Molecules 2024, 29, 2729 12 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

Singh, A.; Olsen, S.I. Key issues in life cycle assessment of biofuels. In Sustainable Bioenergy and Bioproducts. Green Energy and
Technology; Gopalakrishnan, K., van Leeuwen, J., Brown, R., Eds.; Springer: London, UK, 2012. https://doi.org/10.1007/978-1-
4471-2324-8_11.

Jaswal, A.; Singh, P.P.; Mondal, T. Furfural — A versatile, biomass-derived platform chemical for the production of renewable
chemicals. Green Chem. 2022, 24, 510-551. https://doi.org/10.1039/D1GC03278].

Islama, A K.M.S.; Ahiduzzaman, M. Biomass energy: Sustainable solution for greenhouse gas emission. AIP Conf. Proc. 2012,
1440, 23-32. https://doi.org/10.1063/1.4704200.

Di, J.; Li, Q.; Ma, C.; He, Y.-C. An efficient and sustainable furfurylamine production from biomass-derived furfural by a robust
mutant w-transaminase biocatalyst. Bioresour. Technol. 2023, 369, 128425. https://doi.org/10.1016/j.biortech.2022.128425.

Cao, L,; Yu, LK.M,; Chen, S.S; Tsang, D.C.W.; Wang, L.; Xiong, X.; Zhang, S.; Ok, Y.S.; Kwon, E.E; Song, H.; et al. Production of
5-hydroxymethylfurfural from starch-rich food waste catalyzed by sulfonated biochar. Bioresour. Technol. 2018, 252, 76-82.
https://doi.org/10.1016/j.biortech.2017.12.098.

Yadav, V.G.; Yadav, G.D.; Patankar, S.C. The production of fuels and chemicals in the new world: Critical analysis of the choice
between crude oil and biomass vis-a-vis sustainability and the environment. Clean Technol. Environ. Policy 2020, 22, 1757-1774.
https://doi.org/10.1007/s10098-020-01945-5.

Deng, W.;Feng, Y.; Fu, J.; Guo, H.; Guo, Y.; Han, B; Jiang, Z.; Kong, L.; Li, C.; Liu, H.; et al. Catalytic conversion of lignocellulosic
biomass into chemicals and fuels. Green Energy Environ. 2023, 8, 10-114. https://doi.org/10.1016/j.gee.2022.07.003.

Yong, KJ.; Wu, T.Y.; Lee, CB.T.L.; Lee, Z].; Liu, Q.; Jahim, ]. M.; Zhou, Q.; Zhang, L. Furfural production from biomass residues:
Current technologies, challenges and future prospects. Biomass Bioenergy 2022, 161, 106458. https://doi.org/10.1016/j.biom-
bioe.2022.106458.

He, W.; He, Y.-C; Ye, ]. Efficient synthesis of furfurylamine from biomass via a hybrid strategy in an EaCl:Gly-water medium.
Front. Bioeng. Biotechnol. 2023, 11, 1144787 https://doi.org/10.3389/fbioe.2023.1144787.

Dunbabin, A.; Subrizi, F.; Ward, ]. M.; Sheppard, T.D.; Hailes, H.C. Furfurylamines from biomass: Transaminase catalysed up-
grading of furfurals. Green Chem. 2017, 19, 397. https://doi.org/10.1039/C6GC02241C.

Zhang, J.; Yang, J.; Li, X,; Liu, H.; Yao, X.; Xia, C.; Huang, Z. Recent advances in the efficient synthesis of useful amines from
biomass-based furan compounds and their derivatives over heterogeneous catalysts. Catalysts 2023, 13, 528.
https://doi.org/10.3390/catal13030528.

Hea, W.; Nib, J.; Heb, Y.-C.; Ye, ]. Chemoenzymatic catalytic synthesis of furfurylamine from hemicellulose in biomasses. Int. ].
Biol. Macromol. 2022, 22, 1201-1210. https://doi.org/10.1016/j.ijpiomac.2022.09.215.

Shi, S.; Zhao, X.; Wang, Q.; Shan, H.; Xu, Y. Synthesis and evaluation of polyaspartic acid/furfurylamine graft copolymer as scale
and corrosion inhibitor. RSC Adv. 2016, 6, 102406-102412. https://doi.org/10.1039/C6RA22048G.

Lankenaua, A.W.; Kanan, M.W. Polyamide monomers via carbonate-promoted C-H carboxylation of furfurylamine. Chem. Sci.
2020, 11, 248-252. https://doi.org/10.1039/C9SC04460D.

Nikul’shin, P.A.; Ershov, M.A.; Grigor'yeva, E.V.; Tarazanov, S.V.; Kuznetsova, S.N.; Repina, O.V. Furfural derivatives as fuel
components. Chem. Technol. Fuels Oils 2020, 55, 720-725. https://doi.org/10.1007/s10553-020-01087-w.

Tarabanko, V.E.; Chernyak, M.Y.; Simakova, L.L.; Kaigorodov, K.L.; Bezborodov, Y.N.; Orlovskaya, N.F. Antiknock properties
of furfural derivatives. Russ. J. Appl. Chem. 2015, 88, 1778-1782. https://doi.org/10.1134/510704272150110063.

Ji, F.; Yi, W.B.; Sun, M.; Lv, M.F.; Cai, C. Synthesis of novel isoquinolinone and 1,2-dihydroisoquinoline scaffolds via Ugi reaction
and ring opening reaction of furans. Mol. Divers. 2013, 17, 295-305. https://doi.org/10.1007/s11030-013-9434-1.

Chen, W.-T.; Han, S.; Dai, Z.-H.; Fu, Y.-X,; Sun, M.-S,; Li, Z.-M.; Zhou, Y.; Tao, D.-]. Porous nitrogen-doped carbon supported
MoO2/Mo2C hybrid catalyst for efficient oxidative coupling of primary amines to imines. J. Porous Mater. 2023, 30, 705-712.
https://doi.org/10.1007/s10934-022-01375-2.

Stroganova, T.A.; Butin, A.V.; Vasilin, V.K; Nevolina, T.A.; Krapivin, G.D. A new strategy for Pyrrolo[1,2-a][1,4]diazepine struc-
ture formation. Synlett 2007, 7, 1106-1108. https://doi.org/10.1055/s-2007-977430.

Divyashree, N.R.; Revanasiddappa, H.D.; Jayalakshmi, B.; Igbal, M.; Amachawadji, R.; Shivamallu, C.; Kollur, S.P. Turn-ON’
furfurylamine-based fluorescent sensor for Cd? ion detection and its application in real water samples. Polyhedron 2023, 238,
116411. https://doi.org/10.1016/j.poly.2023.116411.

Ribeiro da Silva, M.A.V.; Amaral, L.M.P.F. Standard molar enthalpies of formation of 2-furancarbonitrile, 2-acetylfuran, and 3-
furaldehyde. ]. Chem. Thermodyn. 2009, 41, 26-29. https://doi.org/10.1016/j.jct.2008.08.004.

Ribeiro da Silva, M.A.V.; Amaral, L.M.P.F. Standard molar enthalpies of formation of some vinylfuran derivatives. J. Chem.
Thermodyn. 2009, 41, 349-354. https://doi.org/10.1016/j.jct.2008.09.013.

Ribeiro da Silva, M.A.V.; Amaral, LM.P.F. Standard molar enthalpies of formation of some methylfuran derivatives. ]. Therm.
Anal. Calorim. 2010, 100, 375-380. https://doi.org/10.1007/s10973-009-0636-9.

Ribeiro da Silva, M.A.V.; Amaral, L M.P.F. Thermochemical study of 2,5-dimethyl-3-furancarboxilic acid, 4,5-dimethyl-2-fural-
dehyde and 3-acetyl-2,5-dimethylfuran. ]. Chem. Thermodyn. 2011, 43, 1-8. https://doi.org/10.1016/j.jct.2010.07.006.

Rossini, E.D. Experimental Thermochemistry; Rossini, F.D., Ed.; Interscience: New York, NY, USA, 1956; Chapter 14, Volume 1.
Olofson, G. Combustion Calorimetry; Sunner, S., Méansson, M., Eds.; Pergamon Press: Oxford, UK, 1979; Chapter 6.

Cox, ].D.; Wagman, D.D.; Medvedev, V.A. CODATA Key Values for Thermodynamics; Hemisphere Publishing Corp.: New York,
NY, USA, 1989.



Molecules 2024, 29, 2729 13 of 14

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Hagen, K.; Postmyr, L. Structure and conformation of furfurylamine determined by gas-phase electron diffraction, microwave
spectroscopy data, and ab initio molecular orbital calculations. | Phys. Chem. A 1999, 103, 11460-11464.
https://doi.org/10.1021/jp992721u.

Levine, LN. Physical Chemistry; McGraw-Hill Education: New York, NY, USA, 2008.

Lukyanova, V.A.; Tarazanov, S.V.; Dorofeeva, O.V.; Druzhinina, A.L; Ilin, D.Y. Enthalpy of formation and hydrogen bonded
dimerization of furfurylamine: Experimental and computational study. Thermochim. Acta 2023, 725, 179536.
https://doi.org/10.1016/j.tca.2023.179536.

Kolska, Z.; Ruzicka, V.; Gani, R. Estimation of the enthalpy of vaporization and the entropy of vaporization for pure organic
compounds at 298.15 K and at normal boiling temperature by a group contribution method. Ind. Eng. Chem. Res. 2005, 44, 8436—
8454, https://doi.org/10.1021/ie050113x.

Naef, R.; Acree, W.E,, Jr. Calculation of five thermodynamic molecular descriptors by means of a general computer algorithm
based on the group-additivity method: Standard enthalpies of vaporization, sublimation and solvation, and entropy of fusion
of ordinary organic molecules and total phase-change entropy of liquid crystals. Molecules 2017, 22, 1059.
https://doi.org/10.3390/molecules22071059.

Seidel, R.W.; Goddard, R.; N&thling, N.; Lehmann, C.W. In situ cryocrystallization and solid-state structures of furfural and
some derivatives. CrystEngComm 2019, 21, 3295. https://doi.org/10.1039/COCE00435A.

Pedley, J.B.; Naylor, R.D.; Kirby, S.P. Thermochemical Data of Organic Compounds; Chapman and Hall: New York, NY, USA, 1986;
pp. 1-792.

Ribeiro da Silva, M.A.V_; Santos, A.F.L.O.M. Energetics of thiophenecarboxaldehydes and some of its alkyl derivatives. J. Chem.
Thermodyn. 2008, 40, 917-923. https://doi.org/10.1016/j.jct.2008.02.004.

Ribeiro da Silva, M.A.V,; Santos, A.F.L.O.M. Experimental thermochemical study of the three methyl substituted 2-acetylthio-
phene isomers. J. Chem. Thermodyn. 2008, 40, 1309-1313. https://doi.org/10.1016/j.jct.2008.03.008.

Freitas, V.L.S.; Gomes, J.R.B.; Ribeiro da Silva, M.D.M.C. Dibenzofuran and methyldibenzofuran derivatives: Assessment of
thermochemical data. Struct. Chem. 2013, 24, 1923-1933. https://doi.org/10.1007/s11224-013-0272-7.

Freitas, V.L.S.; Ribeiro da Silva, M.D.M.C.; Gomes, ].R.B. A computational study on the thermochemistry of methylbenzo- and
methyldibenzothiophenes. |. Mol. Struct Theochem 2010, 946, 20-25. https://doi.org/10.1016/j.theochem.2009.09.030.

Simmie, ].M.; Somers, K.P.; Metcalfe, W.K.; Curran, H.]. Substituent effects in the thermochemistry of furans: A theoretical (CBS-
QB3, CBS-APNO and G3) study. J. Chem. Thermodyn. 2013, 58, 117-128. https://doi.org/10.1016/j.jct.2012.10.020.

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. Available online: https://www.spq.pt/magazines/RPQuimica/312
(accessed on 3 March 2024).

Ribeiro da Silva, M.A.V.; Ribeiro da Silva, M.D.M.C,; Pilcher, G. Enthalpies of combustion of 1,2-dihydroxybenzene and of six
alkylsubstituted 1,2-dihydroxybenzenes. J. Chem. Thermodyn. 1984, 16, 1149-1155. https://doi.org/10.1016/0021-9614(84)90187-3.
Certificate of Analysis Standard Reference Material 39] Benzoic Acid Calorimetric Standard; NBS: Washington, DC, USA, 1995.
Skinner, H.A.; Snelson, A. The heats of combustion of the four isomeric butyl alcohols. Trans. Faraday Soc. 1960, 6, 1776-1783.
https://doi.org/10.1039/TF9605601776.

Coops, J.; Jessup, R.S.; van Nes, K.G. Calibration of calorimeters for reactions in a bomb at constant volume. In Experimental
Thermochemistry; Rossini, F.D., Ed.; Intercience: New York, NY, USA, 1956; Chapter 3, Volume 1.

Wagman, D.D.; Evans, W.H.; Parker, V.B.; Schumm, R.H.; Halow, L; Bailey, S.M.; Churney, K.L.; Nuttall, R.L. The NBS tables of
chemical thermodynamic properties. Selected values for inorganic and C1 and C2 organic substances in SI units. J. Phys. Chem.
Ref. Data 1982, 11 (Suppl. S2). Available online: https://srd.nist.gov/JPCRD/jpcrdS2Volll.pdf (accessed on 3 March 2024).
Washburn, E.W. Standard states for bomb calorimetry. J. Res. Nalt. Bur. Stand. 1933, 10, 525-558.

Hubbard, W.N.; Scott, D.W.; Waddington, G. Experimental Thermochemistry; Rossini, F.D., Ed.; Interscience, New York, NY, USA,
1956; Chapter 5, Volume 1.

Aldrich. Chemical Handbook of Fine Chemicals and Laboratory Equipment; Sigma-Aldrich Chemical Co.: Gillingham, UK, 2008-2009.
Meija, J.; Coplen, T.B.; Berglund, M.; Brand, W.A_; De Bievre, P.; Groning, M.; Holden, N.E; Irrgeher, J.; Loss, R.D.; Walczyk, T.;
Prohaska, T. Atomic weights of the elements 2013 (IUPAC Technical Report). Pure Appl. Chem. 2016, 88, 265-291.
https://doi.org/10.1515/pac-2015-0305.

Santos, L.M.N.B.; Schroder, 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, 2004, 415, 15-20.
https://doi.org/10.1016/j.tca.2003.07.016.

Adedeji, F.A.; Larange, D.; Brown, S.; Connor, J.A.; Leung, M.L.; Paz-Andrade, LM.; Skinner, H.A. Thermochemistry of arene
chromjum tricarbonyls and the strenghts of arene-chromium bonds. ]J. Organomet. Chem. 1975, 97, 221-228.
https://doi.org/10.1016/S0022-328X(00)89468-1.

NIST Computational Chemistry Comparison and Benchmark Database. 2013. NIST Standard Reference Database Number 101,
Release 16a; Johnson, R.D., III, Ed.; NIST Chemistry Webbook. SRD 69. Available online: http://cccbdb.nist.gov/vibscalejust.asp
(accessed on 23 May 2023).

Sabbah, R.; Xu-Wu, A.; Chickos, J.S.; Leitao, M.L.P.; Roux, M.V.; Torres, L.A. Reference materials for calorimetry and differential
thermal analysis. Thermochim. Acta 1999, 331, 93. https://doi.org/10.1016/S0040-6031(99)00009-X.



Molecules 2024, 29, 2729 14 of 14

54.

55.

56.

57.

58.

59.

60.

61.

62.

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. https://doi.org/10.1063/1.477422.

Feller, D.; Franz, J.A. A Theoretical determination of the heats of formation of furan, tetrahydrofuran, THF-2-yl, and THF-3-yl.
J. Phys. Chem. A 2000, 104, 9017-9025. https://doi.org/10.1021/jp001972w.

Simmie, J.M.; Curran, H.J. Formation Enthalpies and Bond Dissociation Energies of Alkylfurans. The Strongest C—X Bonds
Known? J. Phys. Chem. A 2009, 113, 5128-5137. https://doi.org/10.1021/jp810315n.

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, ].R., Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G.A.; et al. Gaussian 09, Revision D.01; Gaussian, Inc.: Wallingford, CT, USA, 2009.

Roux, M.V,; Temprado, M.; Chickos, J.S.; Nagano, Y. Critically Evaluated Thermochemical Properties of Polycyclic Aromatic
Hydrocarbons. J. Phys. Chem. Ref. Data, 2008, 37, 1855-1996. https://doi.org/10.1063/1.2955570

Verevkin, S.P. Thermochemical study of the ortho interactions in alkyl substituted anilines. ]. Chem. Thermodyn., 2000, 32, 247—
259. https://doi.org/10.1006/jcht.1999.0587

Gomez, L.A.T.; Sabbah, R. Thermodynamique de substances azotees. IX. Etude thermochimique de la benzamide. Comparaison
des grandeurs energetiques liees a la structure de quelques amides et thioamides. Thermochim. Acta, 1982, 58, 311-315.
https://doi.org/10.1016/0040-6031(82)87105-0

Manion, J.A. Evaluated Enthalpies of Formation of the Stable Closed Shell C1 and C2 Chlorinated Hydrocarbons. J. Phys. Chem.
Ref. Data, 2002, 31, 123-172. https://doi.org/10.1063/1.1420703

Verevkin, S.P.; Welle, F.M. Thermochemical Studies for Determination of the Standard Molar Enthalpies of Formation of Alkyl-
Substituted Furans and Some Ethers. Struct. Chem., 1998, 9, 215-221. https://doi.org/10.1023/A:1022475115296

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(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.



