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Abstract: This experimental and computational study on the energetic properties of 2-methyl-,
3-methyl-, 4-methoxy- and 5-methoxy-indanones has been carried out using mostly calorimetric
techniques and a suitable computational approach. The combustion and sublimation/vaporization
enthalpies were determined via combustion calorimetry and Calvet microcalorimetry, respectively,
allowing for the calculation of the standard molar enthalpies of formation in the gaseous phase. The
enthalpy of sublimation of 5-methoxy-indanone was also derived via Knudsen effusion. Addition-
ally, the gas-phase standard molar enthalpies of formation of these compounds were determined
from high-level ab initio calculations at the G3(MP2)//B3LYP level of theory. The results obtained
experimentally and through the computational approach are in good agreement. Thus, the gas-phase
enthalpy of formation of 2-methylcyclopentanone was estimated with this approach. Moreover, the
energetic effects associated with the presence of a methyl and methoxy group on the indanone core
were analyzed, using the experimental values reported in this work. The presence of a methoxy group
contributes to a decrease in the gas-phase enthalpy of formation, of about 153 kJ·mol−1, whereas in
the case of a methyl group, the corresponding value is c.a. 35 kJ·mol−1. Finally, a quantitative analysis
of the effects of delocalization of the electron density on the methyl-indanones was performed, using
NBO calculations at the B3LYP/6-311+G(2df,2p) wave function.

Keywords: methyl-indanones; methoxy-indanones; enthalpy of formation; enthalpy of sublimation;
enthalpy of vaporization; G3(MP2)//B3LYP method

1. Introduction

Scientific research and the chemical industry have developed a great interest in the
production of advanced biofuels via pyrolysis bio-oil upgrading [1,2]. Several chemical
transformations are involved, including deoxygenation and hydrocracking, which entail
the reaction of hydrogen with organic compounds to break long-chain molecules into
lower-molecular-weight compounds. In these studies, model compounds can be used
to understand the reactivities of different components. Consequently, to overcome the
industrial challenges regarding the reaction mechanisms leading to advanced biofuels, a
significant input of accurate thermodynamic data is required. These data enable the evalu-
ation of species reactivity and the exploration of various sustainable pathways towards
biofuel synthesis. In this context, our research group has been involved in a comprehensive
experimental and theoretical study of key compounds derived from biomass, with focus
on vanillyl alcohol [3], levoglucosan [4], cellulose allomorphs [5] and α-D-xylose [6]. For
instance, these data have made significant contributions to the modeling of the fast pyroly-
sis of wood for predicting bio-oil composition [7]. More recently, we have published some
studies on bio-based ketones [8–10].
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The purpose of this work is to report the study of four indanone derivatives, namely
the 2-methyl-, 3-methyl-, 4-methoxy- and 5-methoxy-1-indanones shown in Figure 1. The
energetic study of different isomers intends to rationalize possible relationships involving
the crystalline structure, thermodynamic properties and electronic effects of the substituents.
The experimental results were obtained mainly via calorimetric methods, in which the
massic energy of combustion of each compound has been determined via static-bomb
combustion calorimetry, and the corresponding enthalpy of vaporization/sublimation was
determined via Calvet microcalorimetry. The Knudsen effusion method was also used to
determine the enthalpy of sublimation of the crystalline 5-methoxy-1-indanone. Afterwards,
the gas-phase standard molar enthalpy of formation of each indanone derivative was also
derived. In addition, the standard molar enthalpies of formation in the gaseous state of
these compounds were calculated using high-level quantum chemical calculations.
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The energetic contribution for the presence of a methyl and a methoxy substituent
in the indanone structure, as well as the energy–structure correlation between the base
molecule [11] and the substituted ones will be analysed using the results reported in this
work and other data available in the literature.

2. Materials and Methods

The indanones studied in this work were obtained commercially. Solid and liquid
samples were purified via sublimation and fractional distillation under reduced pressure,
respectively. Purity control was carried out on an Agilent 4890D gas chromatograph–flame
ionization detector (GC–FID) apparatus, equipped with an HP-5 column. Table 1 shows
the provenance and the specifications of the purification process of each compound, as well
as the final degree of purity of the samples after purification.

Table 1. Provenance and purity of the studied compounds.

Compound Cas No. Source Purification Method Final Mass Fraction
Purity

2MI 17496-14-9 Sigma-Aldrich a,
99%

Fraction distillation
(T = 377 K; p = 0.6 kPa)

0.9997 b

(0.9993 ± 0.0007) c

3MI 6072-57-7 Sigma-Aldrich a,
99% — 0.9991 b

(0.9928 ± 0.0007) c

4MI 13336-31-7 Sigma-Aldrich a,
99% Sublimation in vacuum 0.9995 b

(1.0004 ± 0.0002) c

5MI 5111-70-6 Sigma-Aldrich,
98% Sublimation in vacuum 0.9999 a

(0.9999 ± 0.0004) b

a https://www.sigmaaldrich.com/PT/en (accessed on 30 July 2023); b Method of analysis: GC, gas–liquid
chromatography; c purity based on the CO2 recoveries; the uncertainty quoted is the standard deviation of the
mean.

To confirm the presence or absence of water in the liquid samples, before the calori-
metric experiments, its content was determined via coulometric Karl Fischer titration (KF),
using a Metrohm 831KF coulometer and hydranal as the reagent. In the case of 3MI, a
significant mass fraction of water at the level of (0.28 ± 0.02)% was found, a slightly lower
value in comparison with the one from the average CO2 recovery obtained in the com-
bustion experiments of this compound (Table 1). For 2MI, the result of the water content
obtained was (0.07 ± 0.01)%, consistent with the average result of the CO2 recoveries in

https://www.sigmaaldrich.com/PT/en
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combustion experiments (Table 1). Regarding the solid samples, there was no need for their
analysis via KF titration since the results of CO2 recoveries in combustion experiments
show the absence of water in the samples.

The standard (p◦ = 0.1 MPa) massic energies of combustion of the compounds studied
were determined using two different static-bomb combustion calorimetric systems:

(i) The combustion experiments of 2MI, 3MI and 4MI were performed with a static-bomb
calorimeter having a twin valve bomb with an internal volume of 0.290 dm3, with a
detailed description in the literature [12].

(ii) The combustion experiments of 5MI were performed with a static-bomb calorimeter,
using a twin valve bomb whose internal volume is of 0.342 dm3 (type 1108 of Parr
Instrument Company). The apparatus and technique have been described previ-
ously [13,14].

For each compound, the standard massic energy of combustion, ∆cu
◦
, was calculated

using a similar procedure to that developed by Hubbard et al. [15]. Further details about
the experimental procedure are provided in the Supporting Information.

The enthalpies of sublimation/vaporization of indanones were measured with a high-
temperature Calvet microcalorimeter (Setaram HT1000), using the “vacuum sublimation”
drop method described by Skinner et al. [16]. This method was also adapted to the study
of liquid samples by Ribeiro da Silva [17]. The details of the apparatus and the technique
were previously reported [18].

The vapor pressures of 5MI, at several temperatures, were measured via the mass-loss
Knudsen effusion method [19]. The standard molar enthalpy of sublimation was derived
from the temperature dependency of the vapor pressures.

The standard molar enthalpies of formation in the gaseous phase of the compounds
studied were calculated using the composite G3(MP2)//B3LYP approach as the method-
ology employed [20]. This method is a variation of G3(MP2) theory based on geometries
and zero-point vibrational energies calculated at the B3LYP/6-31G(d) level of theory. All
standard computational calculations were performed using the Gaussian 09 software pack-
age [21]. The NBO analysis were obtained using the NBO 3.1 program [22–24], implemented
through the same software.

3. Results
3.1. Combustion Energies and Enthalpies of Indanones

Results of a typical combustion experiment for the title compounds are shown in
Table 2; their detailed results are given in Tables S1–S4 (Supporting Information). ∆m(H2O)
is the deviation of the mass of water added to the calorimeter from 2900.0 g (calorimetric
system I) or 3119.6 g (calorimetric system II); ∆UΣ is the energy correction to the standard
state; ∆U(IBP) is the internal energy for the isothermal bomb process calculated according
to Equation (1). The remaining terms have been previously described [15].

∆U(IBP) = −{εcal + Cp(H2O, l)·∆m(H2O) + εf} ∆Tad + ∆U(ign) (1)

Table 2. Results of a typical combustion experiment for the title compounds at T = 298.15 K and
p◦ = 0.1 MPa.

2MI (l) 3MI (l) 4MI (cr) 5MI (cr)

m(cpd)/g 0.38190 0.38534 0.42886 0.61473
m(fuse)/g 0.00244 0.00329 0.00240 0.00282
m(n-hexadec.)/g — — 0.10468 —
m(melinex)/g 0.05616 0.04789 — —
Ti/K 298.1513 298.1504 298.1511 298.1509
Tf/K 299.1886 299.1866 299.3734 299.4208
∆Tad/K 0.95723 0.95602 1.14400 1.19537
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Table 2. Cont.

2MI (l) 3MI (l) 4MI (cr) 5MI (cr)

εi/J·K−1 14.10 13.20 15.03 16.17
εf/J·K−1 15.14 14.20 15.97 17.05
(εcal)corr/J·K−1 15,537.91 15,543.35 — —
∆m(H2O)/g −2.1 −0.8 0.0 0.0
−∆U(IBP)/J 14,887.29 15,543.35 18,324.77 19,148.57
∆U(HNO3)/J 1.36 2.44 0.65 0.48
∆U(ign)/J 0.56 0.61 0.72 0.83
∆UΣ/J 8.35 8.34 9.13 11.48
−∆U(n-
hexadec.)/J — — 4934.25 —

−∆U(melinex)/J 1286.16 1096.78 — —
−∆U(fuse)/J 39.63 53.43 38.98 45.80
−∆cu

◦
/(J·g–1) 35,485.18 35,583.46 31,109.22 31,098.55

m(cpd) is the mass of compound burnt in each experiment; m(fuse) is the mass of fuse (cotton) used in each
experiment; m(n-hexadec.) is the mass of n-hexadecane used in each experiment; m(melinex) is the mass of melinex
used in each experiment; Ti is the initial temperature rise; Tf is the final temperature rise; ∆Tad is the corrected
temperature rise; εf is the energy equivalent of the contents in the final state; εi and εf are the energy equivalents
of the contents in the initial and final state; (εcal)corr is the corrected energy equivalent of the calorimeter for the
amount of water used in the calorimeter (2MI and 3MI); ∆m(H2O) is the deviation of the mass of water added to
the calorimeter from 2900.0 g (calorimetric system I) and 3119.6 g (calorimetric system II); ∆U(IBP) is the energy
change for the isothermal combustion reaction; ∆U(HNO3) is the energy correction for the nitric acid formation;
∆U(ign) is the electrical energy for ignition; ∆UΣ is the standard state correction; ∆U(n-hexadec.) is the energy of
combustion of the n-hexadecane; ∆U(melinex) is the energy of combustion of the melinex; ∆U(fuse) is the energy
of combustion of the fuse (cotton); ∆cu

◦
is the standard massic energy of combustion.

The standard massic energies of combustion, ∆cu
◦
, for methyl-indanones and methoxy-

indanones, refer to the quantitative combustion reactions (2) and (3), respectively.

C10H10O(l) + 12O2(g)→ 10CO2(g) + 5H2O(l) (2)

C10H10O2(cr) + 11.5O2(g)→ 10CO2(g) + 5H2O(l) (3)

The mean values of the massic energy of combustion, ∆cu
◦
, as well as the derived

standard molar internal energy of combustion, ∆cU
◦
m, enthalpy of combustion, ∆cH

◦
m, and

the standard molar enthalpy of formation, ∆fH
◦
m at T = 298.15 K, are reported in Table 3. The

uncertainties associated with the standard molar energy and enthalpy of combustion are
twice the overall standard deviation of the mean and include the uncertainties in calibration
with benzoic acid [25,26]. To derive ∆fH

◦
m from ∆cH

◦
m, the standard molar enthalpies of

formation, at T = 298.15 K, were used for H2O(l), −(285.830 ± 0.040) kJ·mol−1 [27] and
CO2(g), −(393.51 ± 0.13) kJ·mol−1 [27].

Table 3. Standard (p◦ = 0.1 MPa) massic energy of combustion, ∆cu
◦
, molar energy of combustion,

∆cU
◦
m, enthalpy of combustion, ∆cH

◦
m, and enthalpy of formation, ∆fH

◦
m, for the compounds studied,

at T = 298.15 K a.

Compound ∆cu
◦
(cr, l)/J·g−1 ∆cU

◦
m(cr, l)/kJ·mol−1 ∆cH

◦
m(cr, l)/kJ·mol−1 ∆fH

◦
m(cr, l)/kJ·mol−1

2MI (l) −35,495.53 ± 6.4 −5188.9 ± 2.6 −5193.9 ± 2.6 −170.4 ± 2.9
3MI (l) −35,587.25 ± 6.5 −5202.3 ± 2.6 −5207.3 ± 2.6 −157.0 ± 3.0

4MI (cr) −31,104.44 ± 4.3 −5044.7 ± 2.1 −5048.4 ± 2.1 −315.9 ± 2.4
5MI (cr) −31,097.79 ± 2.8 −5043.6 ± 1.6 −5047.3 ± 1.6 −317.0 ± 2.1

a Uncertainties are twice the overall standard deviation of the mean and include the contributions from the
calibration and from the auxiliary materials used.

3.2. Sublimation or Vaporization Enthalpies of Indanones

Phase transitions corresponding to the sublimation of the solids and the vaporization
of the liquids were studied via high-temperature Calvet microcalorimetry and the standard
molar enthalpies of sublimation/vaporization, ∆g

cr,lH
◦
m, of the indanones were derived.
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The experimental values, ∆g, T
cr,l, 298.15 KH

◦
m, were converted to T = 298.15 K, ∆g

cr,lH
◦
m, through

Equation (4). For this purpose, ∆T
298.15 KH

◦
m(g) is calculated from the gas-phase molar heat

capacities, C
◦
p, m (g), whose values are derived from statistical thermodynamics using the

vibrational frequencies obtained from DFT calculations with the B3LYP functional and the
6-31G(d) basis set (scaled by a factor of 0.9613 [28]). These computed C

◦
p, m(g) values in the

range 150–550 K are collected in Table S5. A summary of the results obtained through this
technique are registered in Table 4.

∆g
cr,lH

◦
m = ∆g, T

cr,l, 298.15 KH
◦
m−∆T

298.15 KH
◦
m(g) (4)

∆T
298.15 KH

◦
m(g) =

∫ T

298.15 K
C
◦
p,m(g) dT (5)

Table 4. Standard (p◦ = 0.1 MPa) molar enthalpies of sublimation/vaporization, ∆g
cr,lH

◦
m, at

T = 298.15 K for indanones determined via Calvet microcalorimetry.

Compound No. Exp. Texp/K ∆
g, T
cr, l, 298.15 KH

◦
m/kJ·mol−1 ∆T

298.15 KH
◦
m(g)/kJ·mol−1 ∆

g
cr,lH

◦
m(298.15 K) a/kJ·mol−1

2MI 6 345.08 ± 0.02 73.21 ± 0.35 8.20 ± 0.01 65.0 ± 1.8
3MI 6 355.08 ± 0.03 74.19 ± 0.43 10.12 ± 0.01 64.1 ± 1.8
4MI 6 365.69 ± 0.05 111.55 ± 0.57 13.25 ± 0.01 98.3 ± 2.4
5MI 7 365.75 ± 0.04 112.72 ± 1.06 13.27 ± 0.01 99.4 ± 3.1

a Uncertainties are twice the overall standard deviation of the mean of six experiments and include the uncertainties
in calibration.

3.3. Vapor Pressures and Sublimation Enthalpy of 5MI

The vapor pressures of crystalline 5MI were measured using a mass-loss Knudsen
effusion method. The equipment is prepared for the simultaneous use of nine effusion
cells assembled in three series (“Small”—series A; “Medium”—series B; “Large”—series
C); Details about the areas and the transmission probability factors of the effusion orifices
are presented in Table S6. The corresponding experimental results obtained from each
effusion cell are presented in Table S7. For the series of effusion orifices, Table 5 presents the
detailed parameters of the Clausius–Clapeyron equation, ln(p/Pa) = a− b (K /T), where
a is a constant and b = ∆g

crH
◦
m(<T>)/R; the standard molar enthalpies of sublimation

at the mean temperature <T> of the experiments are ∆g
crH

◦
m(<T>), and the entropy of

sublimation at the equilibrium pressure for T = <T> is ∆g
crSm{(< T>), p(<T>)}. The plot

of ln p = f (1/T) for 5MI is presented in Figure 2.

Table 5. Experimental results for 5MI via the effusion method, where a and b are from the Clausius–
Clapeyron equation ln(p/Pa) = a− b(K/T), and b = ∆g

crH
◦
m(<T>)/R; R = 8.3145 J·K−1·mol−1 a.

Effusion
Orifices a b <T>/K p(<T>)/Pa ∆

g
crH

◦
m(<T>)/kJ·mol−1 ∆

g
crS
◦
m((<T>), p)<T>)}/kJ·mol−1

Serie A 36.03 ± 0.11 12,099 ± 34 0.353 100.6 ± 0.3
Serie B 35.97 ± 0.17 12,077 ± 55 0.355 100.4 ± 0.5
Serie C 35.95 ± 0.09 12,074 ± 29 0.351 100.4 ± 0.2
Global 35.98 ± 0.12 12,083 ± 39 326.36 0.352 100.5 ± 0.3 307.8 ± 1.0

a Uncertainties are the standard deviation of the fitting parameters.

The standard molar enthalpy of sublimation at T = 298.15 K was derived from the sub-
limation enthalpy calculated at the mean temperature of the experiments, using Equation
(6), where ∆g

crC
◦
p,m is the difference between the molar heat capacities at constant pressure,

between the gas and crystal phases. The value of ∆g
crC

◦
p,m(298.15 K) was calculated using

Equation (7) developed by Monte et al. [29], which is a rearrangement of an equation
proposed by Chickos et al. [30].

∆g
crH

◦
m(298.15 K) = ∆g

crH
◦
m(<T>) + ∆g

crC
◦
p,m(298.15 K − 〈T〉) (6)
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∆g
crC

◦
p,m = −

{
0.9 + 0.176

(
C
◦
p, m (g)/J·K−1mol−1

)}
(7)
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Figure 2. Plot of ln p = f (1/T) for 5MI: �, small effusion orifices; #, medium effusion orifices; ∆, large
effusion orifices.

Table 6 summarizes the values of C
◦
p, m (g) and ∆g

crC
◦
p,m, as well as the derived values,

at T = 298.15 K, of the standard molar enthalpy of sublimation, the standard molar entropy
of sublimation (calculated using Equation (8), where p◦ = 105 Pa) and the standard molar
Gibbs energy of sublimation.

∆g
crS

◦
m(298.15 K) = ∆g

crSm(<T>, p(<T>)) + ∆g
crC

◦
p,mln(298.15 K / < T>)− Rln (p/p(<T>)) (8)

Table 6. Gas phase molar heat capacity, C
◦
p, m (g), difference between gas and crystalline phase molar

heat capacities, ∆g
crC

◦
p,m, and enthalpy, ∆g

cr H
◦
m, entropy, ∆g

cr S
◦
m, and Gibbs energy of sublimation,

∆g
cr G

◦
m, at T = 298.15 K, for 5MI a.

C
◦
p, m (g) b/J·K−1mol−1 ∆

g
crC

◦
p,m/J·K−1mol−1 ∆

g
crH

◦
m/kJ·mol−1 ∆

g
crS

◦
m/J·K−1mol−1 ∆

g
crG

◦
m/kJ·mol−1

178.22 −32.3 101.4 ± 0.3 206.3 ± 1.0 39.9 ± 0.5
a Uncertainties calculated through the RSS method; b value obtained from statistical thermodynamics using the
vibrational frequencies calculated at the B3LYP/6-31G(d) level of theory.

3.4. Gas-Phase Enthalpies of Formation of Indanones

The combustion results and the ones obtained from the vaporization/sublimation
studies allowed for the calculation of the experimental gas-phase standard molar enthalpy
of formation, ∆f H

◦
m(g), at T = 298.15 K, for each compound. The data used in these

calculations are presented in Table 7. As can be seen, the two sets of isomers present
identical values of enthalpies of vaporization and sublimation, and an identical trend is
also verified for the crystalline enthalpy of formation of the methoxy-indanones. In the
case of methyl-indanones, an unexpected difference of 13 kJ·mol−1 was observed for the
∆f H

◦
m(cr) results, which will also affect the results ∆f H

◦
m(g).
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Table 7. Derived standard (p◦ = 0.1 MPa) molar enthalpies of formation in the gaseous phase, at
T = 28.15 K, for the compounds studied a.

Compound ∆fH
◦
m(cr, l)/kJ·mol−1 ∆

g
cr, lH

◦
m/kJ·mol−1 ∆fH

◦
m(g)/kJ·mol−1

2MI −170.4 ± 2.9 65.0 ± 1.8 −105.4 ± 3.5
3MI −157.0 ± 3.0 64.1 ± 1.8 −92.9 ± 3.5
4MI −315.9 ± 2.4 98.3 ± 2.4 −217.6 ± 3.4

5MI −317.0 ± 2.1 99.4 ± 3.1 b

101.4 ± 0.3 c −215.6 ± 2.1 d

a Uncertainties calculated through the RSS method; b Calvet microcalorimetry system; c Knudsen effusion (KE)
method; d value obtained using the sublimation enthalpy derived from the KE method.

The values of ∆f H
◦
m(g) have been derived computationally using the G3MP2B3 com-

posite method, which has been widely tested in our research group, with reliable results
for these types of polycyclic compounds [8,10,31]. Therefore, a conformational analysis
at the B3LYP/6-31G(d) level of theory was performed to evaluate the more energetically
stable conformers. For 2MI, 3MI and 4MI there is only one stable conformation (Figure S1)
that corresponds to the global minimum energy conformation, while for 5MI, two possible
conformations exist associated with the geometrical changes of the methoxy group (more
details in Table S8). Working reactions were selected considering a set of the molecules with
an accurate energetic characterization already available in the literature [9,11,31–34]. A
group of six reactions were chosen for each indanone (Tables S9–S12), and the mean values
of the ∆f H

◦
m(g) calculated are presented in Table 8. For the methyl-indanones, practically

the same value was obtained, −94.4 ± 4.2 kJ·mol−1 for 2MI and −94.3 ± 4.2 kJ·mol−1

for 3MI. The same occurred for the methoxy-indanones, −219.1 ± 3.3 kJ·mol−1 for 4MI
and −220.3 ± 3.3 kJ·mol−1 for 5MI. This leads us to conclude that, theoretically, different
positions do not affect the enthalpic value of the gas-phase enthalpy of formation of in-
danones. Table 8 compiles the experimental and calculated ∆f H

◦
m(g) values, showing a

very good agreement between them, except for 2MI, in which the difference between the
results is considerable (~10 kJ·mol−1). In order to rationalize the energetic effects of the
two substituents in the indanone structure, the enthalpic increments associated with the
presence of a methyl- and methoxy- group in the indanone core were calculated, being the
corresponding results reported in the next section.

Table 8. Comparison between the experimental and computed G3(MP2)//B3LYP gas-phase en-
thalpies of formation, in kJ·mol−1, of the indanones studied in this work, at T = 298.15 K a.

Compound Experimental Value Computed G3(MP2)//B3LYP
Gas-Phase Enthalpies of Formation ∆ a

2MI −105.4 ± 3.5 −94.4 ± 4.2 +10.2
3MI −92.9 ± 3.5 −94.3 ± 4.2 −1.4
4MI −217.6 ± 3.4 −219.1 ± 3.3 −1.5
5MI −215.6 ± 2.1 −220.3 ± 3.3 −4.7

a Enthalpic differences between the computed and experimental values.

3.5. Energetic Effects Associated with the Substitution of H in Indanone by CH3 or by OCH3

Considering the experimental ∆f H
◦
m(g) values of the molecules studied (Table 8),

a structural analysis was performed based on the presence of a methoxy and a methyl
group in the 1-indanone as molecular core. It is intended to evaluate the effects of the
different substituents on the thermodynamic properties of this class of cyclic compounds.
Comparing these results with those for other cyclic systems, such as benzene, anthracene
and cyclopentanone, trends in the enthalpic increments of cyclic molecules were identified,
which may be useful for predicting the chemical behavior of these molecules in several
chemical reactions and can support the design and optimization of chemical processes.

Figure 3 shows the enthalpic increments resulting from the insertion of a methoxy
group into benzene, anthracene and 1-indanone. The values obtained exhibit good agree-
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ment, indicating that the energy contribution to the enthalpy of formation in the gas phase
due to the insertion of this functional group in aromatic cyclic systems, as well as in posi-
tions 4, 5 and 6 of the 1-indanone, is equivalent. In addition, the electron-donating nature
of this functional group confers a stabilizing effect on each compound in comparison with
the molecular core. Similarly, the enthalpic increments associated with the presence of the
methyl group at positions 2 and 3 of both 1-indanone and cyclopentanone are presented
in Figure 4. These values are in good agreement, indicating that the energetic effect of the
methyl group on these cyclic systems is almost independent of the surrounding chemical
environment.
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Figure 4. Enthalpic increments (all values in kJ·mol−1) for the insertion of methyl group in cy-
clopentanone and 1-indanone. a Cyclopentanone [33]. b 2-methylcyclopentanone, value estimated at
G3(MP2)//B3LYP level (Table S13). c 3-methylcyclopentanone [9]. d 1-indanone [11]. e This work.

Following an extensive literature review, no experimental or computational data for
the 2-methylcyclopentanone were found. Therefore, the standard molar enthalpy of for-
mation has been estimated using the G3(MP2)//B3LYP computational method, obtaining〈

∆fH
◦
m
〉

= −(226.7± 2.4) kJ·mol−1. Details of this calculation are in the Supporting
Information (Table S13).

Finally, a quantitative analysis of the effects of the delocalization of the electron density
on 2MI and 3MI was performed, using NBO calculations at the B3LYP/6-311+G(2df,2p)
level of theory, seeking a possible contribution on the difference between the experimental
∆f H

◦
m(g) values. The strongest (donor/acceptor) interactions, responsible for the differ-

ences in electronic delocalization processes in both systems, are presented in Table 9. The
first four interactions have practically the same energy, whereas the electronic interac-
tions (5) and (6) show a slightly greater stabilization on the rings of 2MI (Figure 5), which
is in accordance with the slightly larger enthalpic increment obtained for the presence of
a methyl group in position 2 of 1-indanone structure (−41.4 ± 5.4 kJ·mol−1), shown in
Figure 4. For the identical insertion in position 3, (−28.9 ± 5.2 kJ·mol−1) was obtained.
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Table 9. Partial calculation results obtained for 2MI and 3MI molecules via NBO analysis.

Electronic Interactions Donor (i) Acceptor (j)
E (kJ·mol−1)

2MI 3MI

(1) π(C4 −C5) π∗(C8 −C9) 95.1 95.2
(2) π(C4 −C5) π∗(C6 −C7) 71.2 71.2
(3) π(C6 −C7) π∗(C8 −C9) 77.5 77.6
(4) π(C6 −C7) π∗(C4 −C5) 90.3 90.0
(5) π∗(C1 −O10) π∗(C8 −C9) 589.1 544.4
(6) π∗(C4 −C5) π∗(C8 −C9) 1006.1 945.2
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4. Conclusions

From the experimental data, new thermochemical and thermophysical properties were
obtained for two methyl-indanones and two methoxy-indanones, namely the standard
molar enthalpies of formation in the condensed and gaseous phases and the standard molar
enthalpies of vaporization/sublimation. Complementarily, computational calculations at
the G3(MP2)//B3LYP level were carried out, and the estimated gas-phase enthalpies of
formation of indanones studied compared very well with the experimental data. Thus,
this methodology was used to estimate the value of the corresponding property for 2-
methylcyclopentanone.

The energetic effects associated with the presence of a methyl and a methoxy group in
different positions of 1-indanone were analyzed and compared with an identical insertion
in benzene and naphthalene. Thus, it can be assumed that the indanone cyclic system with
these substituents positioned in several positions are almost energetically independent
of the surrounding chemical environment. Similar studies should be enlarged to other
structurally related compounds in order to establish more accurate structural–energy
correlations for estimates of the same properties in compounds whose experimental study
is not feasible.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app131810262/s1, Tables S1–S4: data of all the combustion calorimetry
experiments of indanones; Table S5: values of the standard molar heat capacities in the gaseous phase
of indanones; Table S6: areas and transmission probability factors of the effusion orifices; Table S7:
data of all the effusion experiments for 5-methoxy-1-indanone; Figure S1: molecular structures of the
most stable conformation of 2-methyl-1-indanone, 3-methyl-1-indanone and 4-methoxy-1-indanone in
the gaseous phase, optimized by B3LYP/6-31G(d) level of theory; Table S8: conformational analysis of
5-methoxy-1-indanone; Tables S9–S12: working reactions for the estimation of the gas-phase enthalpy
of formation of indanones; Table S13: working reactions for the estimation of the gas-phase enthalpy
of formation of 2-methylcyclopentanone; Table S14: G3(MP2)//B3LYP calculated absolute enthalpies,
at T = 298.15 K, and experimental gas-phase values for all the molecules used.

https://www.mdpi.com/article/10.3390/app131810262/s1
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