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Summary 

The reliable thermochemical data are required for the design and development of new 

technologies for valorisation biomass. Based on expanded experimental work, a “centerpiece” 

approach to predict thermodynamic properties such as enthalpies of formation and enthalpies of 

vaporization of key compounds and intermediates from biomass was developed. Classical 

combustion calorimetry was used to measure combustion energies and derive enthalpies of 

formation in the condensed state. Differential scanning calorimetry was used to measure heat 

capacities and the solid-solid and solid-liquid phase transitions. The static and transpiration method 

were used to study vapor pressure temperature dependences and derive vaporization/sublimation 

enthalpies. We used different empirical methods, structure-property correlations, and the high-

level quantum-chemical calculations for evaluation of new experimental results. The evaluated 

thermochemical properties of substituted benzenes, glycerol ethers, and indole derivatives were 

used for validation and refinement of the “centerpiece” approach. 

 

Zusammenfassung 

Die zuverlässigen thermochemischen Daten werden für das Design und die Entwicklung 

neuer Technologien zur Steigerung des Werts von Biomasse benötigt. Basierend auf erweiterten 

experimentellen Arbeiten wurde ein „Herzstück“ -Ansatz zur Vorhersage thermodynamischer 

Eigenschaften wie Bildungsenthalpien und Verdampfungsenthalpien von Schlüsselverbindungen 

und Zwischenprodukten aus Biomasse entwickelt. Die klassische Verbrennungskalorimetrie 

wurde verwendet, um Verbrennungsenergien zu messen und Bildungsenthalpien im kondensierten 

Zustand abzuleiten. Die Differentialscanningkalorimetrie wurde verwendet, um die 

Wärmekapazitäten und die Fest-Fest- und Fest-Flüssig-Phasenübergänge zu messen. Die 

Statische- und die Transpirations-Methode wurden verwendet, um 

Dampfdrucktemperaturabhängigkeiten zu messen und Verdampfungs-/Sublimationsenthalpien 

abzuleiten. Wir verwendeten verschiedene empirische Methoden, Struktur-Eigenschafts-

Korrelationen und die quantenchemischen Berechnungen auf hoher Ebene zur Evaluierung neuer 

experimenteller Ergebnisse. Die evaluierten thermochemischen Eigenschaften von substituierten 

Benzolen, Glycerinethern und Indolderivaten wurden zur Validierung und Verfeinerung des 

„Herzstück“ -Ansatzes verwendet. 
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1. Introduction 

The modern technologies for the valorisation of biomass into valuable fuels, chemicals, 

materials, and products are required to replace the depleted petroleum sources. The lignin and 

triglycerides (from plants oils and fats) are among the best suitable sources. Lignin is the most 

abundant polymer material that is based on aromatic units in nature. Lignin is broadly used either 

directly or chemically modified, as component for composites and copolymers, dispersant agent 

for pesticides, emulsifier, etc. Millions of tons of lignin are produced in the paper industry every 

year. Despite the natural abundance of lignin, valorisation of this polymer into more useful 

chemicals has proven to be a major challenge. Lignin is comprised by a number of different 

aromatic sub-units and this inherent complexity makes it difficult to achieve selectivity in chemical 

conversions. Also, the biodiesel from the plants oils is on-going substitute for fossil fuels in the 

near future. The glycerol appears as a by-product by the manufacturing of the biodiesel, 

representing ca. 10 wt% of the total output. The valorization of glycerol is one of the most 

researched topics of today.  Chemical feasibility of new strategies to utilize renewable feedstocks 

(lignin and glycerol) into value-added products can be easily assessed by thermodynamic 

calculations, provided that reliable data are available [1-4]. 

In order to develop the valorisation technologies and understand the energetics and 

mechanisms that control the products formation and distribution, reliable thermodynamic data 

have to be collected and evaluated for building blocks that result from the thermal conversion of 

lignin. The fundamental properties such as enthalpies of phase transitions (vaporisation, 

sublimation, and fusion) and enthalpies of formation, are used in the design and optimization of 

chemical processes involved in renewable feedstocks valorisation technologies [5,6]. The key 

compounds and intermediates obtained from the lignin and glycerol valorization have been in 

focus of this study. 

Admittedly, the number of compounds that is possible to obtain from biomass is countless. 

Knowledge of their physico-chemical and thermodynamic properties is required for the separation 

and further utilization of these products. The capacity of experimental investigations of all these 

compounds is rather limited. Alternatively, there are numerous techniques that can be used to 

predict thermochemical parameters of organic substances [1–3]. However, most of them are 

generally too detailed to be applied to the relatively large molecules obtained from the lignin and 

glycerol valorization. 
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The idea of this approach is to select an appropriate "centerpiece" molecule with reliable 

thermodynamic properties [10,11]. The "centerpiece" molecule should be large enough to bear 

major structural features specific to the series of compounds being studied (e.g. benzene, anisole, 

glycerol, etc). Various substituents can be attached (or “subtracted”) to the "centerpiece" in 

different positions. The enthalpic contributions for each substituent and their mutual interactions 

are usually quantified from the group-additivity method. The thermochemical properties of 

substituted benzenes, glycerol ethers, and indole derivatives were measured in this work and used 

for validation and refinement of the “centerpiece” approach. 
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2. Materials and Methods 

2.1. Materials 

There were two types of substances used in this work. The first were commercial samples 

with a purity greater than 0.99 mass fraction (as specified by the manufacturer). In most cases the 

samples were additionally purified before the thermochemical experiments. The second type were 

substances that were synthesized and purified by cooperation partners. The degree of purity was 

determined (short before the thermochemical experiments) using a GC equipped with a FID. A 

capillary column HP-5 was used with a column length of 30 m, an inside diameter of 0.32 mm, 

and a film thickness of 0.25 m. Water mass fraction in the samples was determined using a 

Mettler Toledo DL38 Karl Fischer titrator with HYDRANAL™ as the reagent.  

2.2. Methods 

2.2.1. Vapour pressure measurements: transpiration method 

Transpiration is a convenient method to measure absolute vapour pressures at different 

temperatures in order to derive the vaporization and sublimation enthalpies. There are several 

advantages for this method, e.g. it is not influenced by a small amount of volatile impurities and it 

is possible to measure the equilibrium vapor pressure within a reasonable time. Vapor pressure can 

be measured over temperature ranges that are close to ambient. This method is particularly 

applicable for vapor pressures in the range 0.01 to 3000 Pa. In principle, the method is free of 

serious errors and has proved to give results being in excellent agreement with other established 

techniques for determining vapor pressures of pure substances and enthalpies of vaporization from 

the temperature dependence of the vapor pressure. 

  

Figure 1. U-shaped glass saturator. Figure 2. Schematic diagram of the transpiration 
apparatus. 

To carry out an experiment approximately 0.7 g of a studied substance was mixed with 

glass beads with diameter 1.0 mm (#11079110, BioSpec Products) and placed in a U-shaped glass 

saturator with a controlled internal temperature (Figure 1). The scheme of the saturator is shown 
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in the Figure 2. If the studied compound is solid, the same amount of the compound was dissolved 

in such solvent as methanol or acetonitrile, then mixed with glass beads and further the solvent 

was fully evaporated and as a result the glass beads were covered by a tiny layer of the compound; 

further they were also placed into the U-shaped glass saturator. In the case of presence impurities 

in an investigated substance, the substance was preconditioned in the saturator at 1-2 L/h nitrogen 

flow rate, 20-60°C during 30-60 min. The presence of impurities after the preconditioning 

procedure was detected by the GC analysis of the collected sample.  

A nitrogen flow with stabilized by a thermostat temperature with deviation ± 0.1 K flew 

through the saturator; the value of the temperature under experimental conditions was measured 

and controlled with Pt-100 thermometer. In the saturator the gas was saturated by the substance, 

and was then collected in the cold trap installed in the outlet of the saturator. To collect it for the 

further gas chromatography (GC) analysis, the internal surface of the cold trap was washed 

carefully by a solvent such as methanol, acetonitrile, benzene, toluene or by a binary mixture of 

these agents. In addition, 200 μL of solution of an external standard with defined concertation was 

added. In each experiment values of ambient temperature, T, as well as air pressure, p, were 

measured.  

The velocity of the nitrogen gas flow varied from 1 to 3 l/h. The choice of the parameter is 

conditioned by the fact that if the flow velocity is lower than 1 L/h, the substance will be transferred 

from the cold trap due to diffusion. In the case of the gas flow speed higher than 3 l/h, the passing 

carrying gas won’t be saturated by the substance. The velocity of the gas flow was detected with 

use of a soap-film flow meter (0101-0113 Hewlett-Packard). The correction and reproducibility of 

the work of the soap-film flow meter was verified with the use of a digital gas flow controller 

(Bronkhorst Hi-Tec E-7500-AAA).  

The amount of the substance was detected with the aid of GC analysis (method of an 

external standard). A calibration for each sample was performed using an n-alkanes as the external 

standard. For the calibration 4 or 5 mixtures of the solutions of the studied substance and the 

external standard with defined concertation were studied chromatographically. In the case of GC 

analysis, a capillary column HP-5 (stationary phase crosslinked 5% PH ME silicone) was used 

with a column length of 30 m, an inside diameter of 0.32 mm, and a film thickness of 0.25 μm. As 

a detector a flame-ionisation detector was applied. For each studied substance and individual GC 

research regime was developed to allow clear splitting peaks of the substance and the external 

standard in the obtained chromatograms.   
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2.2.2. Vapour pressure measurements: static method 

The static self-made experimental setup [4] was used in this work to measure vapor 

pressures temperature dependences. The construction is shown in Figure 3.  

  

Figure 3. Schematic representation of the measuring system for the static method: 1- 
measurement cell, 2 - aluminum thermostating block, 3 - Burster 42510 class A 4 wire resistance 
thermometer, 4 - capacitance diaphragm absolute gauge MKS Baratron, 5 - all-metal angle 
valves VAT series 571, 6 - liquid nitrogen cold trap, 7 - orced air convection oven,  8 - bellows 
connection to the vacuum system, 9 - keithley 2100 multimeter, 10 - Watlow PM6C1CA-
AAAAAAA temperature controller with 3-wires resistance thermometer and heating ring, 11 - 
rough temperature controller for the oven, 12 - Agilent HS-2 diffusion pump. 
 

It was constructed from commercially available stainless steel UHV tubing of internal 

diameter d = 17 mm with ConFlat DN 16 CF connections and all-metal angle valves (VAT series 

571 for high-temperatures) for UHV, operated pneumatically. The ConFlat connections and the all 

metal angle valve VAT provided low leakage in the vacuum system. The absence of any 

measurable leakage in the system was always checked before and after each experimental run. The 

absolute pressure in the static apparatus was measured by a combination of three absolute 

capacitance diaphragm gauges (manometers) covering the range of very low pressures (up to 10 

Pa), low pressures (up to 1000 Pa), and the moderate pressure range (up to 105 Pa). Calibrations 

for all three gauges were traceable to the National Institute of Standards and Technology (NIST). 

Each manometer was connected to the measuring system through the individual all metal angle 

pneumatic valve VAT (series 57), and it was disconnected during the preliminary thermal 

equilibration of the system 

During measurement a stainless still cylindrical cell with the sample was kept at a constant 

temperature within 0.02 K. The sample cell was connected to the high temperature capacitance 

manometers covering the working range of (0.1 to 105) Pa. Uncertainties of 0.5 % for the pressure 

readings for both manometers were stated by the manufacturer. The temperature of tubing 
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connections between the measuring cell and pressure gauges was kept higher by 30-50 K than 

those in the sample cell in order to avoid condensation of sample vapors in the tubing system. The 

uncertainty of absolute temperature determination was 0.05 K over the working temperature 

interval of the system.  

2.3. Approximation of experimental vapour pressures 

The absolute vapor pressure pi at each temperature Ti was determined from the amount of 

the substance collected within a certain period of time. For calculations of pi Dalton's law applied 

to the nitrogen stream saturated with the substance was assumed to be valid; the values were 

calculated with Equation 1. 

                                                              pi = mi·R·Ta / V·Mi                                                           (1) 

where V= VN2 + Vi and VN2 >> Vi. In the Equation 1, R is the universal gas constant and it is equal 

to 8.314446 J·K-1, mi is a mass of the examined substance i, Mi is a molar mass of the substance i 

and V is a summed volume of VN2, that is the volume of nitrogen as the carrier gas and Vi is a 

volume contribution of the substance to the gas phase. Ta is the temperature of a bubble meter used 

to measure flow rates. VN2 was calculated from values for flow rate and time that were specified 

for each individual experimrent. 

The data on absolute vapour pressure, pi, at each value of temperature, T, were fitted with 

the use of the Equation 2 [5]: 

                                        𝑅 × ln(𝑝 /𝑝 ) = 𝑎 + + ∆ , 𝐶 , × ln                                    (2) 

where a and b are parameters of correlation and ∆ , 𝐶 ,  is the difference of the molar heat 

capacities of the gas and the crystalline (or liquid) phase. T0 is an arbitrary reference temperature 

that has been chosen as T0 = 298.15 K, 𝑝 = 1 Pa and R is the molar gas constant. To derive the 

standard molar enthalpy of vaporization, ∆ 𝐻 , or the standard molar enthalpy of sublimation, 

∆ 𝐻 , at the chosen standard temperature To=298.15 K. For estimation of ∆ , 𝐶 ,  there are 

different techniques [6,7]. Values of 𝐶 , (cr) and 𝐶 , (l) can be easily measured by DSC [8] or 

they can be assessed by additivity rules [9]. Since the experimental determination of the 𝐶 , (g)-

values (especially for low volatile compounds) is not possible, the ∆ , 𝐶 , -values were derived 

from different empirical equations as follows. 

2.3.1. Derivation from empirical and theoretical heat capacities 𝑪𝐩,𝐦
𝐨 (cr, l) and 𝑪𝐩,𝐦

𝐨 (g) 

The values of 𝐶 , (cr, l) can be directly measured using adiabatic calorimetry method or 

differential scanning calorimetry (DSC) [8], but due to difficulties of direct measurement of the 
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gas-phase heat capacities, 𝐶 , (g), this parameter is estimated by group additivity method [10] or 

by statistical thermodynamics (using the frequency spectrum calculated by high level quantum 

chemical methods) [7]. 

Another possibility to estimate the values is suggested by Chickos and Acree [11,12] using 

the following empirical Equation 3: 

                                   ∆l
g
𝐶p,m

° (298.15 K) = −0.26 × 𝐶p,m
° (l, 298.15) + 10.58                             (3) 

where 𝐶 , (l, 298.15 K)-data are of experimental origin or estimated according to the group 

additivity procedure [9]. 

2.3.2. Derivation from vapour pressure measurements 

It is well-established [13,14], that the fitting of the experimental vapor pressures measured 

over the broad temperature range by using the Clarke and Glew [15] equation is able to provide 

the reliable and independent assessment of the ∆ 𝐶 , -values. The Clarke and Glew Equation (the 

Equation 4) is given as follows: 

                               

g
g gcr
cr cr ,0

( ) 1 1
ln ( ) ( ) 1 lnm

m p m

Gp T
R H C

p T T

                             

o
o o

                    (4) 

where p is the vapor pressure at the temperature T, po is an arbitrary reference pressure (po = 1 Pa 

in this work), θ is an arbitrary reference temperature (in this work we use θ = 298.15 K), R is the 

molar gas constant, ∆ 𝐺 (θ) is the difference in the standard molar Gibbs energy between the 

gaseous and the crystalline phases at the selected reference temperature, ∆ 𝐻 (θ) is the standard 

molar enthalpy of sublimation. An advantage of Equation 4 is that the fitting coefficients of the 

Clarke and Glew equation are directly related to the thermodynamic functions of 

vaporization/sublimation. 

2.3.3. Derivation from volumetric properties 

This indirect and sophisticated method of ∆ 𝐶 ,  estimation is based on the experimental 

liquid phase volumetric properties such as thermal expansion of the liquid sample, isothermal 

compressibility, and molar volume [13,14]: 

 ∆l
g
𝐶p,m

° (298.15 K) = −2𝑅 − (𝐶p,m
° − 𝐶v,m

° )  (5) 

where 𝐶p,m
o − 𝐶v,m

o
l
 can be estimated as  

                                              𝐶p,m
o − 𝐶v,m

o
l

= 𝑛𝛼p ∆l
g
𝐻m

o − 𝑅𝑇                                                 (6) 

where n is an adjustable parameter [16]. 
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2.3.4. Derivation from the Kirchhoff Law 

The ∆ , 𝐶 , -values can be derived from the Kirchhoff Law according to Equation 7 [13]:  

                      ∆ , 𝐶 ,  = [∆ , 𝐻 (Tav) - ∆ , 𝐻 (298.15 K)]/ (298.15 K – Tav)                   (7) 

where Tav is an averaged temperature of the temperature range of vapour pressure measurements.   

2.4. Vaporization/sublimation thermodynamics 

Vapor pressure measured at different temperatures, T, were used to derive the standard 

molar enthalpies of vaporization/sublimation using the following Equation: 

                                                      ∆ , 𝐻 (𝑇)  = −𝑏 + ∆ , 𝐶 , × 𝑇                                               (8) 

Vaporization/sublimation entropies at temperatures T were also derived from the vapor pressures 

temperature dependences using Equation (9): 

                                                  ∆ , 𝑆 (𝑇) = ∆ , 𝐻 𝑇 + 𝑅 ∙ ln(𝑝 𝑝⁄ )⁄                                              (9) 

with 𝑝  = 0.1 MPa. 

As a rule the uncertainties of vaporization/sublimation enthalpies u(∆ , 𝐻 ) are presented 

as the standard uncertainty (at 0.68 level of confidence, k = 1). They are calculated according to a 

procedure described in [17]. It includes uncertainties from the experimental conditions, 

uncertainties of vapor pressure, uncertainties from the fitting equation, and uncertainties from 

temperature adjustment to T = 298.15 K. 

2.5. Validation of experimental vaporization enthalpies with structure-

property relationships 

2.5.1. Kovats´s retention indices method 

The Correlation Gas-Chromatographic (CGC) method is often used to validate the 

experimental enthalpies of vaporization [18]. In this method vaporization enthalpies, ∆ 𝐻 , appear 

to be a function of the Kovat’s indices in a homologous series of such organic substances as 

alkanes, alcohols, and aliphatic ethers [19] as well as of alkylbenzenes [20]. It is based on 

correlating the experimental ∆l
g
𝐻m

o (298.15 K)-values with their Kovats`s indices [3]. The n-alkanes 

are used as standards for the calculating the Kovats´s retention index, Jx, as follows: 

              𝐽  =
( )  ( )

( )  ( )
× 100 + 100𝑁                                      (10) 

where x refers to the adjusted retention time tx of compound under determination; N is the number 

of carbon atoms of the n-alkane eluting before, and (N + 1) is the number of carbon atoms of the 

n-alkane eluting after the peak of interest. According to the established CGC procedure, all 

retention times are corrected for the “dead” retention time. The advantage of the method is 
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availability data on Kovats´s retention index [21]. Consequently, it can be considered to apply to 

other organic homologues substances. After the collection of data on vaporization enthalpies of 

similar structure compounds, ∆ 𝐻 , and their Kovats´s retention index, Jx, and subsequent getting 

correlation of these two parameters, the obtained by transpiration of other technique results can be 

estimated with this linear correlation. This method can be also used for accurate predictions of 

vapour pressures and vaporization enthalpies of organic substances, but it is recommended to 

check its applicability in the case of each set of studied homologous substances.  

2.5.2. Chain-length dependence method 

Another possibility to validate experimental results and to predict vapour pressures and 

vaporization enthalpies is to get a correlation between enthalpies of vaporization, ∆ 𝐻 , with the 

number of C-atoms within the series of homologues compounds [18]. It was shown that 

vaporization enthalpies is a function of a number atoms of the alkanes [22] or nitriles [23]. Thus, 

after getting a plot of correlation between vaporization enthalpies of homologous compounds taken 

from literature data and the number of their carbon atoms, NC, the own experimental data can be 

considered and validated.  

2.5.3. Boiling temperatures validation method 

It was shown that the correlations between vaporization enthalpies,  ∆ 𝐻 , of methoxy 

substituted phenols and methoxy substituted benzaldehydes with their normal boiling temperatures 

exist [24,25]. In this way, this method can be also applied for validation of experimental results of 

transpiration methods for other types of organic substances. To apply this validation method a set 

of normal boiling temperatures as well as vaporization enthalpies of homologues to the studied 

substances compounds should be collected and the obtained linear correlation can be used for 

validation of own sets of experimental results and for prediction of missing values of vaporization 

enthalpies of homologous structure substances.  

2.6. Differential scanning calorimetry 

The standard molar enthalpies of fusion, ∆ 𝐻m
o , of crystalline compounds were measured 

by using differential scanning calorimetry (DSC) [26]. Thermal behavior of solid samples 

including melting temperatures and enthalpies of fusion was studied with a commercial Mettler 

Toldeo DSC (822e or 823e units equipped by Huber TC125 series coolers). Approximately 10 mg 

of a sample was placed in the standard non-pinned aluminium pan of 40 μl volume. Pan and sample 

were weighted with a microbalance (Sartorius MSE3.6P-000-DM) with the standard uncertainty 

of 5·10-6 g. For each substance a regime of measurement was chosen individually that depended 



 

10 
 

on the expected value of the fusion temperature or on the value of the same parameter found in the 

literature. The character of the regime was also determined by features of crystallization of each 

sample. In general, in the first DSC run each sample was heated with a rate 10 K·min-1 up to the 

value of temperature that was ~ 30-40 K higher than the melting temperature of studied substance. 

Then the sample was cooled down to be crystallized with the rate10 K·min-1. Such procedure 

provided sufficient contact between the sample and the bottom of pan. The DSC experiments were 

repeated 5 times. The calibration of the DSC was checked with melting behaviour of reference 

indium, gallium, lead and octane samples. The twice standard deviation of the enthalpy of fusion 

in the test measurements for reference compound was ± 0.3 kJ·mol-1 and ± 0.3 K for the melting 

temperature. Uncertainties of the enthalpy of fusion values are expressed as expanded uncertainties 

(at a level of confidence of 0.95, k=2). They include uncertainties from fusion experiment and 

calibration. The transition temperatures were evaluated as the onset temperature of observed 

transition adjusted to the zero-heating rate.  

Usually, thermochemical calculations are commonly performed at the reference 

temperature T = 298.15 K. The adjustment of ∆ 𝐻 (Tfus) was performed with help of the equation 

[27]: 

        ∆cr
l 𝐻m

o (298.15 K)/(J·mol-1) = ∆cr
l 𝐻m

o (Tfus/K) – (∆cr
g

𝐶p,m
o -∆l

g
𝐶p,m

o )×[(Tfus/K) – 298.15 K]      (11) 

where ∆cr
g

𝐶p,m
o  and ∆l

g
𝐶p,m

o  were the difference of the molar heat capacities of a studied substance 

of the gas and the crystal or liquid phases respectively. With this adjustment, the molar enthalpies 

of fusion, ∆cr
l 𝐻m

o (298.15 K) were calculated. Uncertainties in the temperature adjustment of fusion 

enthalpy from Tfus to the reference temperature were estimated to account with 30 % to the total 

adjustment [28].  

2.7. Heat capacity measurement 

Heat capacities were measured by the differential scanning calorimetry (DSC) [8]. We 

useda Perkin Elmer DSC Pyris 1 calorimeter equipped with Huber TC100 series chiller. Each 

experimental protocol of heat capacity determination included the three equal iterations with an 

empty pan, a reference sample of sapphire and a sample of each researched compound. For each 

iteration there was an equal thermal program of study; for all steps of each measurement the same 

pan was used. In each iteration the sample was heated with the step of 50 K at heating rate of 10 

K·min-1. Before and after each scanning step sample was kept isothermally for two minutes. Inside 

each iteration the temperature range was divided into intervals of 50 K to heat samples and between 

them there was a shift of 25 K. Each step for all iterations was repeated 4 times.  



 

11 
 

The heat capacity was derived with the Perkin Elmer software and then subsequently with 

Excel software. The heat capacity determination technique was tested with a reference sample of 

benzoic acid by Parr Instrument Company. In the used temperature ranges the experimental values 

agreed with the reference values within ±1 %. The expanded uncertainty (k = 2) for the heat 

capacity measured by this method was thus estimated to be 0.02·Cs,m. If any mass loss takes place 

during the measurement, it was accounted in calculation of average heat capacities.  

2.8. Combustion calorimetry 

Combustion calorimetry is a technique for obtaining enthalpies of formation of chemical 

compounds [29–31]. In the case where an organic substance comprises only carbon, hydrogen and 

oxygen atoms, the combustion reactions in the oxygen atmosphere can be written: 

                           C H (cr or liq) + a +  O
∆
⎯⎯ aCO (g) + H O(liq)                              (12) 

                        C H O (cr or liq) + a +  − O
∆
⎯⎯ aCO (g) +  H O(liq)                     (13) 

If an organic compound contains also nitrogen, the relevant combustion reactions will look like: 

                    C H N (cr or liq) + a +  O
∆
⎯⎯ aCO (g) + H O(liq) +  N (g)              (14) 

               C H O N (cr or liq) +  a + − O
∆
⎯⎯ aCO (g) +  H O(liq) +  N (g)   (15) 

In each case the enthalpy of formation of the studied substance can be obtained from the enthalpy 

of combustion reaction, ∆ 𝐻 ,  and the enthalpies of formation of CO2 and H2O, 

∆ 𝐻 (CO , g) and ∆ 𝐻 (H O, liq) which are -393.51 kJ/mol and -285.83 kJ/mol thereafter and 

recommended by CODATA committee [32,33]. 

For the determination of all enthalpies of formation an isoperibol static bomb combustion 

calorimeter was used; the scheme of the isoperibol static bomb combustion calorimeter is shown 

in the Figure 4. In all experiments, a stainless steel bomb with an internal volume 320 ml was used. 

A sample of an investigated compound was pelleted if the substance was a crystal or sealed in a 

polyethylene ampoule which is characterized by the empirical formula CH1.93 if the substance was 

liquid. If the purity of a studied substance was less than 99.9%, the substance was purified by the 

sublimation in vacuum. Each sample was placed in two platinum crucibles sticked one into 

another. Each crucible has been treated with the flame of a gas burner to remove all traces of 

organic substances. A platinum wire of diameter 0,05 mm (Heraeus) was fixed between the 

ignition electrodes located on the basement part of the bomb. To connect the sample to the wire, a 

cotton thread of empirical formula CH1.774O0.887 was used. The masses of the crucibles, cotton 

thread, polythene ampule and sample were measured to an accuracy of ± 10-6 g using a Mettler 

Toledo balance (Mettler AT21 Comparator). About 1 ml of distilled and deionized water was 
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added to the basement part of the bomb (Figure 5), the exact mass of this amount of water was 

measured with the application of a Sartorius (Sartorius Fast Factory Special Version 4-21-5904) 

balance. 

   

Figure 4. Static bomb combustion calorimeter:1 – thermostat 
inner wall, 2 – heater for the initial temperature adjustment, 3 
– external wall, 4 – synchronous motor, 5 – lid of calorimetry 
cell, 6 – lid of calorimetry vessel, 7 – calorimetry vessel, 8 – lid 
of the thermostat, 9 – calorimetric cell, 10 – static stainless steel 
bomb, 11 – basis of the bomb, 12 – fixing of the calorimetry 
cell. 

Figure 5. Placement of a 
sample in the central part of 
the bomb. 

The stainless steel bomb was assembled and then purged three times by charging it with 

oxygen at a pressure of 1.01 MPa to remove the atmosphere nitrogen from the bomb. After the 

purging, the bomb was charged with oxygen at a pressure of 3.04 MPa and transferred to the 

interior of the calorimeter proper, which was then filled (on average) with 3030 g of distilled water; 

the bomb was electrically connected with the calorimeter proper with 2 cables. The calorimeter 

proper was closed and placed in the thermostat jacket of the combustion calorimeter, the 

temperature of which was kept at ~ 301 K; the electrical connections of the firing circuit were 

attached to the bomb head through calorimeter proper electrical port. The duration of the pre-, 

main and post periods was approximately 30 minutes each one. 

The combustion of the sample was initiated at the end of the previous period by discharging 

a capacitor through the platinum wire. After the end of the after period, experimental data were 

read and stored with combustion calorimeter software in a personal computer for subsequent 

treatment. The bomb was removed from the calorimeter proper and then slowly discharged until 

atmospheric pressure was reached. If soot was detected on the surface of the crucible, the mass of 

the soot was measured gravimetrically and taken into account in the treatment of the results; for 

this purpose, the crucibles were dried in an oven at 403 K for 30 minutes, then cooled, and the soot 

mass was determined as the difference between the current mass of the crucibles and their initial 

mass determined before the experiment. The sample masses were reduced to vacuum, taking into 
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consideration the density values; the values of the densities were taken from the literature or the 

SciFinder database [34]. The atomic weights used were those recommended by the IUPAC 

commission [35]. 

The inside of a cap of the bomb and the surface of the basement part of the bomb were 

washed with distilled and deionized water, which was further collected to detect an amount of 

nitric acid formed from traces of atmospheric N2 remaining in the bomb or from the nitrogen being 

a part of the investigated compound by titration with 0.1 mol·dm-3 NaOH (aq) using methyl red as 

an indicator. To avoid the presence of other types of nitrous acids, the collected water was heated 

to complete the oxidation of any nitrous acids to nitric acid. The detected amount of nitric acid 

was taken to correct the result of the experiment. 

The energy equivalent of the calorimeter, εcalor, was obtained from combustion calorimetry 

experiments with benzoic acid samples (sample SRM 39j, Parr Instrument, Parr Lot Code # 05791) 

whose massic combustion energy under the certificate conditions was 

∆ 𝑢 (sample SRM 39i, Parr Instrument) = −26 454 ± 12  J ∙ g . At least 10 experiments 

were carried out to obtain the value of the energy equivalent. For any changes in the design of the 

combustion calorimeter, the permanence of the energy equivalent was checked with the same type 

of experiments with the benzoic acid samples. 

For any chemical reaction the enthalpy of reaction is defined according to Hess´s Law as 

the sum of enthalpies of formation of all products minus the sum of enthalpies of formation of all 

reagents: 

                                  ∆ 𝐻 = ∑ ∆ 𝐻 (products) − ∑ ∆ 𝐻 (reagents)                                      (16) 

Because combustion calorimetry experiments take place at constant volume conditions, and 

consequently the heat of the combustion reactions, q, is equivalent to alteration of the internal 

energy, ΔcU, at pressure, p, and temperature, T: 

                                        𝑞 = ∆ 𝑈 =  𝑈(products, 𝑝, 𝑇) − 𝑈(reagents, 𝑝, 𝑇)                                  (17) 

As the result of the treatment of experimental data with the combustion calorimeter software the 

value of the internal energy of combustion is obtained, ∆ 𝑈. To transform it into the molar enthalpy 

of formation of the studied substance in the case of the reaction X as an example it should be 

transferred into the standard molar internal energy of combustion ∆ 𝑈 : 

                                                     ∆ 𝑈 = ∆ 𝑈 ∙ 𝑀(C H )                                                                (18) 

where M – molar mass of the studied substance CaHb. Further the standard molar enthalpy of the 

combustion reaction is calculated according to the following equation: 
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                                                          ∆ 𝐻 = ∆ 𝑈 + 𝑅𝑇 ∙ ∆n                                                          (19) 

where R = 8.31446 J.K-1.mol-1 is the molar gas constant, T is a reference temperature that is equal 

to 298.15 K and Δn is an alteration of gas phase amount between products and reagents of the 

reaction X that is calculated as ∆𝑛 = 𝑛(𝐶𝑂 ) − 𝑛(𝑂 ) = 𝑎 − 𝑎 + = − . Further, because the 

enthalpies of formation of products of reaction (X), water and CO2, are well defined, the value of 

the standard molar enthalpy of formation of the substance CaHb can be derived as:  

                             ∆ 𝐻 (C H ) = a ∙ ∆ 𝐻 (CO , gas) + ∙ ∆ 𝐻 (H O, liq) − ∆ 𝐻                   (20) 

2.9. Quantum-chemical calculations 

The structure of the most stable conformers was found in the ADF program [36] with the 

methods M06L/TZ2P and M06/QZ4P based on the Slater Cartesian functions. The convergence 

of energy was better than 10-6 a.u. and for the gradients (forces) not more than 10-6 a.u./Å. The 

fundamental harmonic frequencies were obtained using M06L/TZ2P and corrected to anharmonic 

using a cubic polynomial. For this we found the harmonic frequencies of benzoquinone and 

methyl-benzoquinone [37] according to the M06L/TZ2P method, which contain a similar amount 

of atoms and well-established spectra, and the parameters of the third degree approximation 

polynomial were calculated based on the total set of frequencies available for the two molecules 

compared to the experimental values. 

The harmonic and anharmonic frequencies of the most stable conformers were used to 

determine the zero point of energy and temperature contributions to enthalpy for M06/QZ4P in the 

“rigid rotator - anharmonic oscillator” (RRAO) approximation. Enthalpies H298 of the most stable 

conformers for each isomer were calculated by using the G3MP2, G4MP2, and G4 methods. The 

H298-values have been converted to the standard molar enthalpies of formation ∆ 𝐻m
o (g, 298.15 

K)theor using the atomization or well-balanced reactions. 
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3. Results and Discussions 

Chapter 1 Thermochemistry of disubstituted benzenes: ortho-, meta-, and 
para-substituted acetophenones with methyl, ethyl, cyano, and acetoxy 

substituents 

1.1. Introduction 

Structure-property relationships are one of the basic principles of organic and physical 

chemistry. Substituted benzenes are a remarkable model for the manifestation of structure – 

property relationships. The type and position of substituents on benzene ring significantly 

influences the physico-chemical properties of the compound and the appropriate chemical, 

physical or biological effect. The quantification of these relationships in series of substituted 

benzenes has been a longstanding goal of our laboratory [25,38–41]. The aim of the research is 

therefore to continue this research on series of acetophenones substituted with the methyl, ethyl, 

cyano and acetoxy groups shown in Figure 6.  

    

    

    
Figure 6. The studied substituted acetophenones.  

The fundamental properties of these substituted benzenes such as enthalpies of formation, 

vapour pressures and enthalpies of phase transitions (sublimation, vaporization, and fusion) 

available in the literature and new experimental results were evaluated and checked for internal 

consistency with the help of complementary experiments, empirical and the high level quantum-

chemical calculations. The consistent enthalpic data sets for disubstituted benzenes were analysed 

using a “centerpiece” group-contribution approach [25,38–41] in order to quantify energetics of 

substituent interactions on the benzene ring.  
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1.2.  Results and discussion 

1.2.1. Vapor pressures of substituted acetophenones 

The absolute vapor pressures for methyl- and cyano-acetophenones are given in Table A.2. 

Absolute vapor pressures values of 2-methyl-acetophenone, 3-methyl-acetophenone, 2-cyano-

acetophenone, 3-cyano-acetophenone and 4-cyano-acetophenone were measured for the first time. 

Temperature dependences of available vapor pressures for 4-methyl-acetophenone are shown in 

Figure A.1. The agreement of our transpiration results with those from the Knudsen method [42] 

is poor. It should be noted that the Knudsen method is normally used for measurements of very 

low pressures (usually below 1 Pa) over the solid samples. As a consequence, the disagreement 

observed could be attributed to the limitations specific for the Knudsen method. Vapor pressures 

derived for 4-methylacetophenone from the Antoine coefficients given in the compilation by 

Stephenson and Malanowski [43] are also questionable as neither the method nor the purity of the 

sample are available. 

The limited data on vapour pressures of ethyl-substituted acetophenones prompted to 

collect experimental boiling temperatures at different pressures compiled by SciFinder [34]. The 

accuracy of this data is questionable as it comes from the distillation of a compound after its 

synthesis and not from special physico-chemical studies. However, the numerous data on boiling 

temperatures at standard pressure, as well as at reduced pressures (Table A.3) provide at least a 

reliable level of the experimental vapour pressures and a reliable trend of the dependence of the 

vapour pressure temperature. For example, in Figure A.2 for 2-ethylacetophenone the boiling 

points at different pressures compiled by SciFinder are in fair agreement with the available data 

set [43]. In this work for the sake of comparison, the data available in SciFinder for ethyl-

acetophenones were systematically collected (Table A.3. and Figures A.2. – A.4). The 

comparisons of these results with those available from the literature are shown in Figure A. 2 - 

Figure A. 4. From these comparisons it was found that the static method results by Khorevskaya 

et al. [44] for 3-ethyl- and 4-ethylacetophenone are mistakable.  

1.2.2.  Vaporization/sublimation thermodynamics of substituted acetophenones  

The compilation of the standard molar enthalpies of vaporization of substituted 

acetophenones at the reference temperature T = 298.15 K, calculated according to Equations 2 and 

8 is given in Table 1. 
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Table 1. Compilation of data on enthalpies of vaporization ∆ 𝐻  and enthalpies of sublimation 
∆ 𝐻  derived acetophenones measuring in this work and from the data available in the literature.  

Compound, CAS 
Methoda T- range 

∆ , 𝐻  
(Tav) 

∆ , 𝐻  
(298.15 K) 

Ref. 

  K kJ·mol-1 kJ·mol-1  
2-methylacetophenone (liq)  C 339 65.7±0.2 58.9±0.9 [45] 
577-16-2 T 293.3-332.7 58.6±0.3 59.3±0.4 this work 
 Tb   59.5±1.5 Table 2 
 Jx   58.8±0.7 Table 3 
    59.2±0.3 average 
3-methylacetophenone (liq) T 285.5-334.0 59.0±0.3 59.8±0.4 this work 
585-74-0 Tb   60.8±1.5 Table 2 
 Jx   60.2±0.7 Table 3 
    59.9±0.3 average 
4-methylacetophenone (liq) K 291.0-313.6 59.3±1.7 59.5±1.8 [42] 
122-00-9 n/a 288-333 59.5± 60.4±1.6 [43] 
 C 339 67.5±0.3 60.7±1.0 [45] 
 T 302.6-354.2 59.6±0.2 61.6±0.3 this work 
 Tb   62.2±1.5 Table 2 
 Jx   61.6±0.7 Table 3 
    61.5±0.3 average 
2-ethylacetophenone (liq) n/a 363-397 52.8±1.0 59.4±1.2 [43] 
2142-64-5 SF 357.2-391.2 54.5±2.1 60.6±2.2 Table A.3 
 Tb   63.4±1.5 Table 2 
 Jx   63.3±0.7 Table 3 
    62.3±0.5 average 
3-ethylacetophenone (liq) S 292.3-416.2 23.7±0.5 (27.7±0.6) [44] 
22699-70-3 SF 386.2-514.2 52.1±1.5 63.9±1.7 Table A.3 
 Tb   65.5±1.5 Table 2 
 Jx   64.7±0.7 Table 3 
    64.7±0.6 average 
4-ethylacetophenone (liq) S 294.6-367.2 40.4±0.3 (42.9±0.4) [44] 
937-30-4 SF 367.2-518.2 54.7±0.8 65.7±1.1 Table A.3 
 Tb   66.3±1.5 Table 2 
 Jx   66.8±0.7 Table 3 
    66.4±0.6 average 
2-cyanoacetophenone (liq) T 322.9-372.4 69.3±0.3 72.9±0.4 this work 
91054-33-0      
2-cyanoacetophenone (cr)    86.6±0.5 Table 4 
3-cyanoacetophenone (cr) C 360.1 105.5±0.5 94.7±1.5 [46] 
6136-68-1 T 318.4-362.3 95.8±0.4 97.1±0.6 this work 
    96.8±0.6 average 
3-cyanoacetophenone (liq)    74.5±1.6 Table 4 
4-cyanoacetophenone (cr) T 303.2-331.1 87.1±0.4 87.7±0.7 this work 
4-cyanoacetophenone (liq) T 333.2-369.2 68.2±0.2 72.1±0.4 this work 
1443-80-7    71.8±1.6 Table 4 
    72.0±0.5 average 
2-acetoxyacetophenone (cr) S 313.0-356.5 103.1±0.1 104.4±0.5 [47] 
7250-94-4 K 298.0-321.3 104.3±0.4 104.7±0.8 [47] 
    104.5±0.4 average 
2-acetoxyacetophenone (liq) S 344.7-398.0 68.6±0.1 75.0±0.4 [47] 
    75.5±1.4 Table 4 
    75.1±0.4 average 
3-acetoxyacetophenone (cr II) K 297.7-307.7 100.4±1.1 100.5±1.9 [47] 
3-acetoxyacetophenone (liq) S 305.1-368.5 75.6±0.1 78.9±0.3 [47] 
2454-35-5    77.2±3.9 Table 4 
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    78.8±1.0 average 
4-acetoxyacetophenone (cr II) K 298.1-309.3 99.4±0.5 99.6±1.5 [47] 
4-acetoxyacetophenone (cr I) S 315.0-323.9 98.5±0.6 99.3±2.0 [47] 
4-acetoxyacetophenone (liq) S 328.9-378.3 74.3±0.1 79.1±0.4 [47] 
13031-43-1    79.6±3.1 Table 4 
    79.1±1.0 average 

a Methods: T = transpiration; K = Knudsen effusion method; C = Calvet calorimetry; n/a – not available; S = static 

method; SF = from experimental boiling temperatures reported at different pressures compiled by SciFinder [34]; Tb 
– estimation based on use of normal boiling temperatures; Jx – correlation gas chromatography.    

Our result for 2-methylacetophenone ∆ 𝐻 (298.15 K) = 59.3±0.4 kJ·mol-1 agrees well 

with the value ∆ 𝐻 (298.15 K) = 58.9±0.9 kJ·mol-1, directly measured with Calvet calorimetry 

[45]. The enthalpy of vaporization for 4-methylacetophenone, ∆ 𝐻 (298.15 K) = 60.7±1.0 kJ·mol-

1, directly measured by Calvet calorimetry [45] and the values derived from the vapor pressures 

temperature dependences [42,43] are in very good agreement (Table 2). The enthalpy of 

sublimation ∆ 𝐻 (298.15 K) = 97.1±0.6 kJ·mol-1 of 3-cyano-acetophenone measured in this 

work by the transpiration method is in agreement with  the is ∆ 𝐻 (298.15 K) = 94.7±1.5 kJ·mol-

1 measured with a Calvet calorimeter [46]. 

Vapor pressures over the liquid and crystalline samples of 2-acetoxy-, 3-acetoxy, and 4-

acetoxy-acetophenones, were systematically studied by combination of the static and Knudsen 

methods [47]. These experimental vapor pressures were approximated by Equation 2 and 

calculated the vaporization and sublimation enthalpies and entropies according to Equations 8 and 

9 with the heat capacity differences given in Table A.1. As it can be seen from Table 1, the liquid-

gas and the crystal-gas phase transition for all three isomers are very consistent and these values 

can be recommended for thermochemical calculations.  

1.2.3.  Validation of experimental vaporization enthalpies 

The limited amount of data on enthalpies of vaporization for substituted acetophenones 

and the inconsistency of vapor pressures observed for ethyl-acetophenones have prompted the 

search for additional methods to validate our new transpiration results. 

1.2.3.1. Validation with help of the normal boiling temperatures 

As with other series of investigated compounds, it was decided to validate our transpiration results 

with the correlation between boiling temperatures and their enthalpies of vaporization. The 

available literature data on the normal boiling temperatures, Tb, for substituted acetophenones [48] 

and [34] were used for correlation with the ∆l
g
𝐻m

o (298.15 K)-values measured in this work (Table 

2). For the set of substituted benzenes (Table 2) the linear correlation is the following: 

                  ∆l
g
𝐻m

o (298.15 K) /(kJ·mol-1) = -47.6 + 0.2199×Tb with (R2 = 0.966)              (21) 
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As it can be seen from Table 2, the results calculated from this correlation with the boiling 

temperatures agree well within the uncertainties with the values obtained by the transpiration 

method. Such good agreement can be considered as a successful way of validation of the 

experimental data on the ∆l
g
𝐻m

o (298.15 K) measured in this work using the transpiration method 

(Table A. 2). From Table 2 it can be seen that differences between experimental and calculated 

according to Equation 21 values are mostly below 2 kJ·mol-1. Consequently, the uncertainties of 

the enthalpies of vaporization, which are estimated from the correlation ∆l
g
𝐻m

o (298.15 K) – Tb, are 

assessed to be at the level of ±1.5 kJ·mol-1. The Equation 21 was used to calculate the questionable 

enthalpies of vaporization of isomeric ethyl-acetophenones (Table 2). The latter values were 

denoted by a symbol Tb and shown in Table 1 for comparison with values obtained by other 

methods. 

Table 2. Correlation of vaporization enthalpies ∆l
g
𝐻m

o (298.15 K) of substituted acetophenones with 
their Tb normal boiling temperatures. 

  Tb
 b ∆l

g
𝐻m

o (298.15 K)exp ∆l
g
𝐻m

o (298.15 K)calc
b  

CAS Compound K kJ·mol-1 kJ·mol-1 kJ·mol-1 
108-88-3 toluene 384 38.1±0.2 [49] 36.8 1.3 
100-41-4 ethylbenzene 409 42.3±0.2 [49] 42.4 -0.1 
98-86-2 acetophenone 475 55.4±0.3 [50] 56.9 -1.5 
      
577-16-2 2-methylacetophenone 487 59.2±0.2 c 59.5 -0.3 
585-74-0 3-methylacetophenone 493 59.8±0.2 c 60.8 -1.0 
122-00-9 4-methylacetophenone 499 61.4±0.2 c 62.2 -0.8 
      
2142-64-5 2-ethylacetophenone 505 - 63.4  
22699-70-3 3-ethylacetophenone 514 - 65.5  
937-30-4 4-ethylacetophenone 518 - 66.3  
      
93-55-0 1-phenyl-1-propanone 491 60.9±0.8 [51] 60.3 0.6 
103-79-7 1-phenyl-2-propanone 490 57.7±0.3 [52] 60.1 -2.4 
15764-15-5 2,3,5-trimethylacetophenone 521 70.9±0.7 [53] 66.9 4.0 

a Normal boiling temperatures are from [48] and [34], b Calculated using Equation 21, c Experimental data measured 
by using the transpiration method Table A. 2). 

1.2.3.2. Validation with Kovats´s retention indices 

Another method that has been used to validate the experimental results is the application 

of Kovats´s retention indices. The literature data available on the Kovats´s retention indices, Jx, 

for substituted benzenes [54] were taken for correlation with the ∆l
g
𝐻m

o (298.15 K)-values measured 

in this work (Table A. 2). Results from this correlation are given in Table 3. 

It is known that the ∆l
g
𝐻m

o (298.15 K)-values correlate linearly with Kovats´s indices in 

various homologous series of alkylbenzenes, alkanes, aliphatic ethers, alcohols, or in a series of 

structurally similar compounds [50]. As it was anticipated, the ∆l
g
𝐻m

o (298.15 K)-values correlated 
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linearly with Jx values for the structurally parent sets of substituted benzenes collected in Table 4. 

For these Jx - ∆l
g
𝐻m

o (298.15 K) correlation the same set of substituted benzenes and acetophenones 

as we used for the Tb-correlation was taken. For this set of Kovats´s indices (Table 3), the following 

linear correlation was obtained: 

                               ∆l
g
𝐻m

o (298.15 K) /(kJ·mol-1) = -5.7 + 0.0582×Jx with (R2 = 0.989)      (22) 

Table 3. Correlation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of substituted acetophenones 
with their Kovats´s indices (Jx). 

  Jx
 a ∆l

g
𝐻m

o (298.15 K)exp ∆l
g
𝐻m

o (298.15 K)calc
b  

CAS Compound  kJ·mol-1 kJ·mol-1 kJ·mol-1 
71-43-2 benzene 670 33.9±0.2 [49] 33.3 0.6 
108-88-3 toluene 750 38.1±0.2 [49] 38.0 0.1 
100-41-4 ethylbenzene 840 42.3±0.2 [49] 43.2 -0.9 
 acetophenone 1050 55.4±0.3 [50] 55.4 0.0 
      
577-16-2 2-methylacetophenone 1108 59.3±0.4 c 58.8 0.4 
585-74-0 3-methylacetophenone 1132 59.8±0.4 c 60.2 -0.4 
122-00-9 4-methylacetophenone 1156 61.6±0.3 c 61.6 -0.2 
      
2142-64-5 2-ethylacetophenone 1186 - 63.3  
22699-70-3 3-ethylacetophenone 1210 - 64.7  
937-30-4 4-ethylacetophenone 1245 - 66.8  
      
93-55-0 1-phenyl-1-propanone 1140 60.9±0.8 [51] 60.6 0.3 
103-79-7 1-phenyl-2-propanone 1091 57.7±0.3 [52] 57.8 -0.1 
15764-15-5 2,3,5-trimethyl-acetophenone 1312 70.9±0.7 [53] 70.7 0.2 

a Kovats´s indices, Jx, [55], b Calculated using Equation 22, c from Figure A. 5. Typical thermogram of 4-
methylacetophenone. 
The results of the correlations with the Kovats´s indices agree perfectly with the values obtained 

with the transpiration method (Table 1 and Table A.2.). Such good agreement can be regarded as 

an additional method to validate the experimental data measured in this work using the 

transpiration method. From Table 3 it is clear that the differences between the experimental values 

and the values according to Equation 22 are mainly below 1 kJ·mol-1. Therefore, the uncertainties 

of the enthalpies of vaporization, which are estimated from the correlation ∆l
g
𝐻m

o (298.15 K) - Jx 

are evaluated within ± 0.7 kJ·mol-1. We also used Equation 22 to calculate the questionable 

enthalpies of vaporization of isomeric ethyl-acetophenones (Table 3). The latter values were 

denoted by a symbol Jx and shown in Table 1 for comparison with values obtained by other 

methods. 
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1.2.3.3. Consistency of solid-liquid, solid-gas, and liquid-gas phase transitions 

All cyano-acetophenones and all acetoxy-acetophenones are solids at room temperatures. 

We have collected in Table 4 the solid-liquid and solid-solid phase transition data available for 

these compounds.  

Table 4. Thermodynamics of phase transitions of substituted acetophenones (in kJmol-1). 

Compound Tfus/K ∆ 𝐻  ∆ 𝐻  a ∆ 𝐻  ∆ 𝐻  d 

  at Tfus  298.15 K  
1 2 3 4 5 6 

4-methylacetophenone 251.8±0.1 14.3±0.1  12.3±0.3 73.8±0.5 61.5±0.3 
2-cyanoacetophenone 322.4±0.1 14.8±0.1  13.7±0.3 86.6±0.9 72.9±0.4 
3-cyanoacetophenone 370.4±0.1 25.6±0.1  22.3±1.0 96.8±1.2 74.5±1.6 
4-cyanoacetophenone 331.6±0.1 17.4±0.1  15.9±0.4 87.7±1.4 71.8±1.5 
2-acetoxyacetophenone 361.8±0.1 32.3±0.4 [47] 29.0±1.1 104.5±0.8 75.5±1.4 
3-acetoxyacetophenone(cr II) 316.2±0.3 24.2±0.6 [47]b 23.3±0.9 100.5±3.8 77.2±3.9 
4-acetoxyacetophenone (cr II) 324.1±0.5 21.4±0.5 [47]c 20.0±0.6 99.6±3.0 79.6±3.1 

a adjusted to 298.15 K according to Equation 23, b Calculated according to [56] as the sum of phase transition [47] 
and enthalpy of fusion [47] at Tfus and adjusted to the reference temperature with Equation 23, c Calculated according 
to [56] as the sum of phase transition [47] and enthalpy of fusion [47] at Tfus and adjusted to the reference temperature 
with of Equation 23. 

The enthalpy of fusion of 4-methylacetophenone ∆ 𝐻 (Tfus) = 14.3±0.1 kJmol-1 at 

Tfus = 251.8±0.1 K was measured for the first time. A typical DSC-thermogram of 4-

methylacetophenone is shown in Figure A. The only available for comparison Tfus = 208.7 K [57] 

is significantly lower than the value we obtained. Taking into account the absence of purity 

attestation for the sample measured in [57] our result for the sample of 4-methylacetophenone, 

which was carefully purified by fractional sublimation and appears to be more reliable due to a 

purity of 99.1 ± 0.1%.  

The enthalpies of fusion and melting temperatures of 2-, 3- and 4-cyanoacetophenone 

(Table 4) were measured for the first time. The enthalpies of fusion and melting temperatures of 

2-, 3- and 4-acetoxyacetophenone (Table 4) were taken from the literature [47].  

According to the common practice of thermochemistry, the experimental fusion enthalpies 

have to be adjusted to the reference temperature T = 298.15 K using Equation 23 [58]:  

         ∆cr
l 𝐻m

o (298.15 K)/(J·mol-1) = ∆cr
l 𝐻m

o (Tfus/K) – (∆cr
g

𝐶p,m
o -∆l

g
𝐶p,m

o )×[(Tfus/K) – 298.15 K]     (23) 

The values of ∆cr
g

𝐶p,m
o  and ∆l

g
𝐶p,m

o  are listed in Table A. 1. The standard molar enthalpies of fusion, 

∆cr
l 𝐻m

o (298.15 K), calculated according to Equation 23 are given in Table 4. These values can now 

be used to establish consistency of the solid-gas and liquid-gas phase transitions for cyano-

acetophenones and acetoxy-acetophenones collected in Table 1 as follows. The values of the 

enthalpies of vaporization, fusion and sublimation are generally linked with Equation 24: 
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       ∆ 𝐻 (298.15 K) = ∆ 𝐻 (298.15 K) - ∆ 𝐻 (298.15 K)                             (24) 

where all enthalpies are adjusted to the common reference temperature T = 298.15 K.  

For example, the vapor pressures of 4-cyano-acetophenone was deliberately measured 

below and above the melting temperature using the transpiration method (Table A. 2). The 

sublimation enthalpy ∆ 𝐻 (298.15 K) = 87.7±0.7 kJ·mol-1 and the vaporization enthalpy 

∆ 𝐻 (298.15 K) = 72.1±0.4 kJ·mol-1 of 4-cyano-acetophenone are given in Table 1. According 

to Equation 24 and with help of fusion enthalpy ∆ 𝐻 (298.15 K) = 15.9±0.4 kJ·mol-1, the 

“theoretical” vaporization enthalpy of 4-cyano-acetophenone was estimated as  ∆ 𝐻 (298.15 K) 

= 87.7 - 15.9 = 71.8±0.5 kJ·mol-1. The latter value is in excellent agreement with the experiment, 

proving consistency of phase transition data for this compound. In the similar way, the consistency 

of data for other cyano-acetophenones and acetoxy-acetophenones was established (calculations 

in Table 4 and the final values in Table 1).  

1.2.3.4. Evaluation of available vaporization enthalpies  

In order to ascertain information on vaporization thermodynamics of alkyl-substituted 

acetophenones, three empirical methods (∆l
g
𝐻m

o (298.15 K) - Tb correlation), (∆l
g
𝐻m

o (298.15 K) - Jx 

correlation) and consistency of phase transitions were applied. The experimental and “theoretical” 

vaporization enthalpies derived for each set of substituted acetophenones are given in Table 1. 

From this table it is clear that for each substituted acetophenone agreement among available 

∆l
g
𝐻m

o (298.15 K)-values and ∆cr
g

𝐻m
o (298.15 K)-values, derived in different ways are all within the 

assigned error bars. To get more confidence and reliability, the weighted average (the uncertainty 

was used as a weighing factor) for each substituted acetophenone given in Table 1 were calculated. 

These values are highlighted in bold and are recommended for thermochemical calculations and 

the general quantitative analysis of the results. For example, in our previous works [29,59–64] it 

was found that meta- and para-disubstituted benzenes have similar values of the enthalpies of 

vaporization. For ortho-disubstituted benzenes, they usually differ from those for meta- and para-

disubstituted species. The size of the differences depends on the nature of the substituents. The 

general trend, however, is that the enthalpies of vaporization of the ortho-species are somewhat 

lower compared to meta- and para-substitution. The enthalpies of vaporization of methyl, ethyl, 

cyano and acetoxyacetophenones follow this general trend (Table 1) and confirm the consistency 

of the data evaluated. 
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1.2.4. Standard molar enthalpies of formation 

A few number of data on substituted acetophenones are available in the literature. The 

standard molar enthalpies of formation, ∆ 𝐻m
o (298.15), of 2-methyl- and 4-methylacetophenone 

are measured by Amaral et al. [45] by the static bomb combustion calorimetry. Later, the standard 

molar enthalpy of formation of 3-cyanoacetophenone was measured in the same laboratory [46]. 

The numerical data available are summarized in Table 5. 

Table 5. Thermochemical data at T = 298.15 K (p° = 0.1 MPa) (in kJ·mol-1). 

compound ∆ 𝐻m
o (l or cr) ∆ , 𝐻m

o  ∆ 𝐻m
o (g)exp ∆ 𝐻m

o (g)ther 

1 2 3 4 5 
2-methylacetophenone (liq) -174.6±2.2 [45] 59.2±0.6 -115.4±2.3 -110.7±2.6 
3-methylacetophenone (liq)  59.9±0.6  -120.1±2.6 
4-methylacetophenone (liq) -183.3±2.2 [45] 61.5±0.6 -121.8±2.3 -120.8±2.6 
2-cyanoacetophenone (cr)  86.6±0.9  60.3±2.6 
3-cyanoacetophenone (cr) -42.3±1.5 [46] 96.8±1.2 54.5±1.9 50.4±2.6 
4-cyanoacetophenone (cr)  87.7±1.4  50.0±2.6 
2-acetoxyacetophenone (cr)  104.5±0.8  -435.4±2.6 
3-acetoxyacetophenone (cr II)  100.5±3.8  -444.9±2.6 
4-acetoxyacetophenone (cr II)  99.6±3.0  -445.1±2.6 

In order to compensate for the lack of enthalpic data, the molar gas-phase enthalpies of 

formation for methyl, ethyl, cyano and acetoxysubstituted acetophenones were calculated using a 

high-level quantum chemical methods. The H298 enthalpies of the most stable conformers of 

substituted acetophenones estimated by the composite methods were converted into the theoretical 

enthalpies of formation using the experimental gas phase standard molar enthalpies of formation 

∆ 𝐻m
o (g, 298.15 K) of benzene, toluene, ethylbenzene, cyanobenzene, acetoxybenzene, and 

acetophenone (Table A. 4) using the following well-balanced reactions: 

                      x-methyl-acetophenone + benzene = toluene + acetophenone              (25) 

                   x-ethyl-acetophenone + benzene = ethylbenzene + acetophenone  (26) 

                  x-cyano-acetophenone + benzene = cyanobenzene + acetophenone  (27) 

                 x-acetoxy-acetophenone + benzene = acetoxybenzene + acetophenone  (28) 

Theoretical gas phase enthalpies of the formation of substituted acetophenones are summarized in 

Table 6. In the last part of the research the G3MP2 and G4 methods for thermochemical 

calculations were applied. Using two methods simultaneously helps to avoid possible systematic 

errors caused by calculations. The theoretical values ∆ 𝐻m
o (g, 298.15 K) as calculated by the 

G3MP2 and the G4 method are very close for each compound (Table 6). Therefore, we calculated 

the weighted average value for each substituted acetophenone in Table 6 and designated it as the 

theoretical values, ∆ 𝐻m
o (g, 298.15 K)theor, for comparison with the experimental values, ∆ 𝐻m

o (g, 
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298.15 K)exp, compiled in Table 5. Comparison of column 5 with column 4 in Table 5 shows good 

agreement (within the ascribed uncertainties) between the theoretical and experimental ∆ 𝐻m
o (g, 

298.15 K)-values for 2-methyl-acetophenone, 4-methyl-acetophenone and 3-cyano-acetophenone.  

This good agreement can be considered as proof of the internal consistency of the thermochemical 

results evaluated in this work (Table 5). These results can now be recommended as reliable 

benchmark properties for further thermochemical calculations, e.g. of the liquid phase enthalpies 

of formation ∆ 𝐻m
o (liq, 298.15 K) according to a general equation: 

                         ∆ 𝐻m
o (liq, 298.15 K) = ∆ 𝐻m

o (g, 298.15 K) - ∆ 𝐻m
o (298.15 K)              (29) 

Table 6. Theoretical gas-phase enthalpies of formation at T = 298.15 K (p° = 0.1 MPa) for methyl, 
ethyl-, cyano- and acetoxysubstituted acetophenones calculated by using the G3MP2 and G4 
methods (in kJ·mol-1). 

compound ∆ 𝐻m
o (g) G3MP2

  ∆ 𝐻m
o (g)G4 ∆ 𝐻m

o (g)theor 
2-methylacetophenone -109.7 -111.6 -110.7±2.6 
3-methylacetophenone -119.0 -120.9 -120.1±2.6 
4-methylacetophenone -119.7 -121.6 -120.8±2.6 
2-ethylacetophenone - -130.9 -130.9±3.5 
3-ethylacetophenone - -141.4 -141.4±3.5 
4-ethylacetophenone - -141.9 -141.9±3.5 
2-cyanoacetophenone 60.1 60.5 60.3±2.6 
3-cyanoacetophenone 50.1 50.6 50.4±2.6 
4-cyanoacetophenone 49.7 50.2 50.0±2.6 
2-acetoxyacetophenone -433.9 -436.6 -435.4±2.6 
3-acetoxyacetophenone -443.3 -446.1 -444.9±2.6 
4-acetoxyacetophenone -443.6 -446.3 -445.1±2.6 

Table 7. Estimation of the liquid-phase enthalpies of formation ∆ 𝐻m
o (liq) at T = 298.15 K (p° = 

0.1 MPa) for substituted acetophenones (in kJ·mol-1). 

compound ∆ 𝐻m
o (g)theor

  ∆ 𝐻m
o    ∆ 𝐻m

o (liq)theor  ∆ 𝐻m
o (liq)exp 

2-methylacetophenone -110.7±2.6 59.2±0.6 -169.9±2.7 -174.6±2.2 [45] 
3-methylacetophenone -120.1±2.6 59.8±0.6 -179.8±2.7  
4-methylacetophenone -120.8±2.6 61.5±0.6 -182.1±2.7 -183.3±2.2 [45] 
2-ethylacetophenone -130.9±3.5 62.3±1.0 -193.2±3.6  
3-ethylacetophenone -141.4±3.5 64.7±1.2 -206.1±3.7  
4-ethylacetophenone -141.9±3.5 66.4±1.2 -208.3±3.7  
2-cyanoacetophenone 60.3±2.6 72.9±0.8 -12.6±2.7  
3-cyanoacetophenone 50.4±2.6 74.5±1.6 -24.1±3.1 -20.0±1.8 [46] 
4-cyanoacetophenone 50.0±2.6 72.0±0.8 -22.0±2.7  
2-acetoxyacetophenone -435.4±2.6 75.1±0.8 -510.3±2.7  
3-acetoxyacetophenone -444.9±2.6 78.8±0.8 -523.5±2.7  
4-acetoxyacetophenone -445.1±2.6 79.1±0.8 -524.1±2.7  

Indeed, the reliable theoretical enthalpies of formation ∆ 𝐻m
o (g)theor given in Table 6 have 

compensated the lack of required for Equation 29 data. Together with the reliable enthalpies of 
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vaporization evaluated in Table 1, these results can therefore be used to calculate the theoretical 

liquid-phase enthalpies of formation (Table 7).  

Comparison of column 5 with column 4 in Table 7 shows agreement (within the combined 

uncertainties) between the theoretical and experimental ∆ 𝐻m
o (liq, 298.15 K)-values available for 

2-methyl-acetophenone, 4-methyl-acetophenone, and 3-cyano-acetophenone. These results for the 

liquid phase enthalpies of formation of substituted acetophenones can therefore now be 

recommended for thermochemical calculations. 

1.2.5. Development of a “centerpiece” group-contribution approach for substituted 
benzenes 

The consistent sets of thermochemical data on ∆ 𝐻m
o (298.15 K), ∆ 𝐻m

o (g, 298.15 K), and 

∆ 𝐻m
o (liq, 298.15 K) evaluated in the research have been used for developing a “centerpiece” group 

contribution approach that is particularly suitable for aromatic compounds. The main idea of this 

approach is to select an appropriate "centerpiece" molecule (e.g. benzene or acetophenone or 

toluene, etc.) with reliable thermodynamic properties. Various substituents can be attached to the 

"centerpiece" in different positions on the benzene ring. The enthalpic contribution for each 

substituent is quantified from the differences between the enthalpy of the substituted benzene and 

the enthalpy of the benzene itself. Using this scheme, the contributions H(H→CH3), 

H(H→C2H5), H(H→COCH3), H(H→CN), and H(H→OCOCH3) were derived using the 

reliable thermochemical data for toluene, ethylbenzene, acetophenone, cyanobenzene, 

acetoxybenzene and benzene compiled in Table 8. 

These enthalpic contributions H(H→R) can be now applied to construct a framework of 

any desired substituted benzene arbitrary starting from the “centerpieces” namely acetophenone, 

or even starting from the benzene itself. In terms of energy, however, this framework is not 

complete, as the interactions between the substituents on the benzene ring are still missing. 

The enthalpic contributions for mutual pairwise interactions of substituents are specific for 

the ortho-, meta- and para-positions of substituents placed in the benzene ring. The usual method 

for quantifying these interactions are reaction enthalpies, ∆ 𝐻m
o (g or liq), according to Equation 25 

to 28, written in reverse (e.g. for Equation 25 it is written as follows: toluene + acetophenone = x-

methylacetophenone + benzene). This approach also applies to the estimation of contributions to 

the enthalpy of vaporization. The pairwise interactions for all three thermodynamic properties 

derived in this way are given in Table 8.  
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Quantitatively, the intensity of substituent interactions depends strongly on the type of 

ortho-, meta- or para-pairs. It is suggested to consider the strength of pairwise interaction in terms 

of ∆ 𝐻m
o (g). From Table 8 it is clear that all ortho-substituted-benzenes exhibit a strong 

destabilization at the level of 10 - 15 kJ.mol-1 due to the sterical repulsions of bulky groups placed 

in the close proximity. Usually, the meta- and para-interactions of substituents on the benzene ring 

are less profound compared to ortho-interactions. This trend also applies to the interactions of the 

substituents examined in this work. The moderate stabilization or destabilization at the level from 

2 to 5 kJ·mol-1 (Table 8.) is observed for the meta- and para-isomers. These effects can be 

explained by the specific electron density distribution within the substituted benzene ring. The 

pairwise interaction in terms of ∆ 𝐻m
o (liq) follow the similar trends as for the gaseous species  

Table 8. Parameters for calculation of thermodynamic properties of substituted acetophenones at 
298.15 K (in kJmol-1). 

Contribution ∆ 𝐻   ∆ 𝐻m
o (g)  ∆ 𝐻m

o (liq) 

benzene 33.9 [49] 82.9[49] 49.0 [49] 
H(H→COCH3 21.5 -170.0  -191.5 
H(H→CH3 4.2 -32.8 -37.0 
H(H→CH2CH3 8.3 -53.0 -61.3 
H(H→CN 17.2 132.8 115.6 
H(H→OCOCH3 25.1 -358.7 -383.8 
ortho CH3-COCH3 -0.4 9.2 9.6 
meta CH3-COCH3 0.2 -0.1 -0.3 
para CH3-COCH3 1.8 -0.8 -2.6 
ortho CH2CH3-COCH3 -1.4 9.2 10.6 
meta CH2CH3-COCH3 1.0 -1.3 -2.3 
para CH2CH3-COCH3 2.7 -1.8 -4.5 
ortho CN-COCH3 0.3 14.6 14.3 
meta CN-COCH3 3.7 4.7 1.0 
para CN-COCH3 -0.6 4.3 4.9 
ortho OCOCH3-COCH3 -5.4 10.6 16.0 
meta OCOCH3-COCH3 -1.7 1.1 2.8 
para OCOCH3-COCH3 -1.4 0.8 2.2 

The discussion of the magnitudes of the pairwise interactions with respect to ∆ 𝐻  is rather 

limited, since these contributions reflect the tightness of the molecular packing in the liquid. 

However, these contributions are not of negligible size (Table 8. Column 2)and they have to be 

considered as empirical constants for the correct prediction of the vaporization energetics. 
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Chapter 2 Webbing a network of reliable thermochemistry around lignin 
building blocks: trimethoxybenzenes 

2.1. Introduction 

Lignin has received considerable attention as a renewable source of aromatics [65]. 

Catalytic processing or pyrolysis of lignin is important for a sustainable production of platform 

chemicals and biofuels. A better understanding of lignin processing at the molecular level is 

indispensable for developing process control strategies to optimize the product formation [66]. In 

order to understand the energetics and mechanisms that control the entire monomer formation and 

distribution, reliable thermodynamic data must be collected and evaluated for building blocks that 

result from the thermal conversion of lignin. The basic properties such as enthalpies of formation 

and enthalpies of phase transitions (vaporization, sublimation and fusion) are required for energy 

balance calculations and dynamic equilibrium determinations in valorization reactions [64,67–69]. 

The correlation of thermodynamic properties of lignin constituting monomers with their 

molecular structures can open a window of opportunity for reliable predicting the energetics of 

large lignin building blocks. Such prediction is crucial for optimizing the lignin conversion into 

value-adding and sustainable platform chemicals.  

The aim of the research is to use experimental and computational methods to obtain reliable 

thermodynamic information for the development of quantitative structure-property relationships 

in molecules that are relevant for the valorization of lignin. In order to facilitate the understanding 

of the reactions of the lignin conversion and to control the chemical processes, "model compounds" 

(which imitate the structural units present in lignin) can be examined instead [39,70,71]. The tri-

methoxy-substituted benzenes modelling lignin structural units examined in this work are shown 

in Figure 7. 

 

  
  

Figure 7. Trimethoxybenzenes studied in the research. 

The thermochemical information available on trimethoxybenzenes is scarce [70,71]. Enthalpies of 

sublimation and enthalpies of formation of 1,2,3-trimethoxy and 1,3,5-trimethoxybenzene were 

determined by using drop and combustion calorimetry by Matos et al [70]. The enthalpy of 

vaporization of 1,3,5-trimetoxybenzene is reported from the correlation gas-chromatography [71]. 
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The research continues the previous systematic studies of our working group  [39,64,69,72–

74] on the investigation of model compounds relevant to the valorization of biomass. The results 

on enthalpies of formation, phase transitions, and vapor pressures of a series of 

trimethoxybenzenes from Figure 7 have been obtained. The data available in the literature and new 

experimental results were evaluated and checked for internal consistency. The consistent 

thermochemical data sets for tri-methoxy-benzenes have been used for the design and the 

development of a “centerpiece” group-contribution approach being necessary for appraisal of 

enthalpies of formation and enthalpies of vaporization of substituted benzenes important for 

downstream processing of lignin-derived feedstock into end products. 

2.2. Results and discussion 

2.2.1. Standard molar heat capacity, 𝑪p,m
o , measurements 

Experimental heat capacity measurements are important in order to calculate heat balances 

in technological processes. In addition, heat capacities are required for adjustment 

sublimation/vaporization enthalpies to any temperature of interest, and to reduce the results of 

combustion calorimetry to the standard conditions. From our experiences, the empirical group 

contribution method developed by Chickos et. at [9] can be reliably applied for capacity 𝐶p,m
o (cr) 

and capacity 𝐶p,m
o (liq) estimations. However, the validity of this approach towards tri-methoxy-

benzenes have to be checked. In this work we measured heat capacity of 1,2,3-trimethoxy-benzene. 

Primary experimental results are given in Table B. 2. The experimental value 𝐶p,m
o (cr, 298.15 K) 

= 240.9 J.K-1.mol-1 (Table B. 2.) is in excellent agreement with the estimate 𝐶p,m
o (cr, 298.15 K) = 

243.3 J.K-1.mol-1 (Table B. 1). Hence, the heat capacities at the reference temperature T = 298.15 

K estimated according to Chickos et. al. [9] (Table B. 1) have been used for the temperature 

adjustments of experimental vaporization enthalpies as it shown in 2.2.2.  

2.2.2. Thermodynamics of sublimation/vaporization 

The experimental vapor pressures pi for the trimethoxybenzenes (Table B. 3) at different 

temperatures were measured with help of the transpiration method. They were fitted according to 

the method described in 2.3 and 2.4. A short compilation of these data referenced to T = 298.15 K 

is given in Table 9. The method for calculating the combined uncertainties of the 

vaporization/sublimation enthalpies includes uncertainties from the experimental conditions of 

transpiration, uncertainties in vapor pressure and uncertainties due to the temperature adjustment 

to T = 298.15 K as described elsewhere [75,76]. 
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Table 9. Results from the transpiration method: coefficient a and b of Equation 2 related to the 
studied substances, standard molar sublimation/vaporization enthalpies ∆ , 𝐻 , standard molar 

sublimation/vaporization entropies ∆ , 𝑆 , and standard molar vaporization Gibb’s energies 

∆ , 𝐺  at the reference temperature T = 298.15 K.  

 a -b -∆ 𝐶 ,
 a 

JK-1mol-1 
∆ 𝐻 b 

kJmol-1 
∆ 𝑆 c 

JK-1mol-1 
∆ 𝐺  

kJmol-1 
1,2,3-trimethoxybenzene (cr) 348.4 103494.0 37.2 92.4±0.7 215.5±1.3 28.2±0.1 
1,2,3-trimethoxybenzene (liq) 348.3 102212.3 97.9 73.0±0.5 154.6±1.2 26.9±0.1 
1,2,4-trimethoxybenzene (liq) 350.8 104844.6 97.9 75.7±0.5 157.2±1.2 28.8±0.1 
1,3,5-trimethoxybenzene (cr) 333.9 101366.0 37.2 90.3±0.5 201.0±1.1 30.4±0.1 
1,3,5-trimethoxybenzene (liq) 329.3 97850.6 97.9 68.7±0.4 135.7±0.5 28.2±0.1 
3,4,5-trimethoxytoluene (liq) 366.9 109273.7 105.8 77.7±0.5 165.3±1.0 28.4±0.1 

a From Table B. 2, b calculated by Equation 8 (data from Table B.3), c calculated by Equation 9 (data in Table B. 3). 

Table 10. Compilation of enthalpies of sublimation/vaporization ∆ , 𝐻  of trimethoxybenzenes. 

Compound/CAS Methoda T- range ∆ , 𝐻 (Tav) ∆ , 𝐻 (298.15 K) Ref. 
  K kJ·mol-1 kJ·mol-1  
1,2,3-trimethoxybenzene (cr) DC 375 113.4±0.8 (98.0±3.2) [70] 
 T 288.2-314.3 92.3±0.4 92.4±0.7 this work 
 F   92.0±0.7 Table 12 
    92.2±1.0  average 
1,2,3-trimethoxybenzene (liq) T 318.1-346.3 69.7±0.3 73.0±0.5 this work 
 Jx   72.9±0.5 Table 11 
    73.0±0.7  average 
1,2,4-trimethoxybenzene (liq) T 309.7-350.1 72.5±0.3 75.7±0.5 this work 
 Jx   76.0±0.5 Table 11 
    75.9±0.7 c average 
1,3,5-trimethoxybenzene (cr) DC 375 116.0±1.9 (100.6±3.6) [70] 
 T 288.0-326.2 89.9±0.3 90.3±0.5 this work 
 F   90.7±0.7 Table 12 
    90.4±0.8  average 
1,3,5-trimethoxybenzene (liq) CGC 298  68.2±2.0 [71] 
 T 330.5-375.3 63.4±0.2 68.7±0.4 this work 
 Jx   69.0±1.0 Table 12 
    68.7±0.8  average 
3,4,5-trimethoxytoluene (liq) T 327.2-366.2 72.7±0.3 77.7±0.5 this work 
 Jx   77.6±0.5 Table 11 
    77.7±0.7  average 

a Techniques: DC = drop calorimetry; T = transpiration method; Jx – derived from correlation of experimental 
vaporization enthalpies with Kovat´s indices; CGC – correlation gas-chromatographic method. F = derived from 
experimental data according to Equation 31.  

Vapor pressures of tri-methoxy-benzenes have been measured for the first time. However, 

the sublimation enthalpies of 1,2,3-trimethoxy- and 1,3,5-trimethoxybenzenes were measured at 

375 K (Table 10) using the “vacuum sublimation” drop microcalorimetric method [70]. The 

observed enthalpies of sublimation were adjusted to the reference temperature T = 298.15 K by 

using values of ∆ .  𝐻 (g) estimated by a group-contribution method with values from Stull 

et al. [77]. These results are listed in Table 10 for the sake of comparison with values derived in 

this work. However, in contrast to our transpiration results, the original uncertainties reported for 
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the calorimetric values do not include the uncertainties due to the temperature adjustments. In 

order to get a fair comparison, we assumed that the uncertainties in the temperature adjustment of 

vaporization/sublimation enthalpies from the experimental T to the reference temperature add 20 

% to the total adjustment [56]. The calorimetric results for 1,2,3-trimethoxy- and 1,3,5-

trimethoxybenzene with the reassessed uncertainties are listed in Table 10. As can be seen from 

this table, our “indirect” transpiration values are in disagreement with the “direct” calorimetric 

results even taking into account large experimental uncertainties of the latter values. There is no 

plausible explanation for this disagreement and it was decided to validate our new experimental 

results as follows in 2.2.3. 

2.2.3. Kovats´s retention indices for validation of experimental vaporization enthalpies 

The disagreement of sublimation enthalpies observed for 1,2,3-trimethoxybenzene and 

1,3,5-trimethoxybenzene have prompted the search for additional methods to validate our 

transpiration results. In this context, we have applied our experiences with the CGC method 

[39,69,71]. The literature data available on the Kovats´s retention indices, Jx, for methoxy 

substituted benzenes were taken for correlation with the ∆l
g
𝐻m

o (298.15 K)-values measured in this 

work. Results from these correlations are given in Table 11 and Table 12. 

Table 11. Correlation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of 1,2-dimethoxysubstituted 
benzenes with their Kovats´s indices (Jx). 

 Jx
 a ∆l

g
𝐻m

o (298.15 K)exp ∆l
g
𝐻m

o (298.15 K)calc
b  

Compound  kJ·mol-1 kJ·mol-1 kJ·mol-1 
1,2-dimethoxybenzene 1146 64.5±0.3 [64] 64.5 0.0 
1,2,3-trimethoxybenzene 1315 73.0±0.5 c 72.9 0.1 
1,2,4-tri-methoxybenzene 1378 75.7±0.5 c 76.0 -0.3 
3,4,5-trimethoxytoluene 1410 77.7±0.5 c 77.6 0.1 
2,3,5-trimethoxytoluene 1527 - 83.3 - 

a Kovats´s indices, Jx, on standard non-polar columns from [78], b calculated with Equation 29, c experimental data 
from Table 10. 

It is known, that the ∆l
g
𝐻m

o (298.15 K)-values correlate linearly with Kovats`s indices in various 

homologous series of alkylbenzenes, alkanes, aliphatic ethers, alcohols, or in a series of 

structurally similar compounds [18]. As expected, the ∆l
g
𝐻m

o (298.15 K)-values correlated linearly 

with Jx values of methoxysubstituted benzenes, but it has turned out that the 1,2-

dimethoxysubstituted species (Table 11) and the 1,3- together with the 1,4-dimetoxysubstituted 

species (Table 12) belong to the different lines. For the set of the methoxy-benzenes collected in 

Table 11, the following linear correlation was obtained:  

                            ∆l
g
𝐻m

o (298.15 K) /(kJ·mol-1) = 7.9+0.0494×Jx  with (R2 = 0.999)             (29) 
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For the set of the methoxy-benzenes collected in Table 12, the following linear correlation was 

obtained: 

                        ∆l
g
𝐻m

o (298.15 K) /(kJ·mol-1) = 24.3 + 0.0318×Jx with (R2 = 0.953)       (30) 

Table 12. Correlation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of 1,3- and 1,4-
dimethoxysubstituted benzenes with their Kovats´s indices (Jx). 

 Jx
 a ∆l

g
𝐻m

o (298.15 K)exp ∆l
g
𝐻m

o (298.15 K)calc
b  

Compound  kJ·mol-1 kJ·mol-1 kJ·mol-1 
1,3-dimethoxybenzene 1143 59.7±0.2 [64] 60.6 -0.9 
1,4-dimethoxybenzene 1158 61.6±0.2 [64] 61.1 0.5 
3,5-dimethoxytoluene 1233 64.5±1.2 [43] 63.5 1.0 
1,3,5-trimethoxybenzene 1405 68.7±0.4c 69.0 -0.3 
2,4,6-trimethoxytoluene 1486 - 71.6 - 

a Kovats´s indices, Jx, on standard non-polar columns from [78], b calculated with Equation 30, c experimental from 
Table 10. 

The results of the correlations with Kovats´s indices are in a good agreement with those of the 

transpiration method (Table 10). Such good agreement can be seen as additional validation of the 

experimental data measured in this work by using the transpiration method (Table 10). It can be 

seen from Table 11 that differences between experimental and calculated according to Equation 

29 are mostly below 0.5 kJ·mol-1. Results are given in Table 12, show that differences between 

experimental and calculated according to Equation 30 are mostly below 1.0 kJ·mol-1. Hence, the 

uncertainties of enthalpies of vaporization which are estimated from the correlation the 

∆l
g
𝐻m

o (298.15 K) - Jx are evaluated with these uncertainties of ±0.5 kJ·mol-1 (Table 11) and of ±1.0 

kJ·mol-1 (Table 12). 

2.2.4. Thermodynamics of liquid-gas, solid-gas, and solid-liquid phase transitions 

Another valuable option for establishing the consistency of experimental data on phase 

transitions (liquid-gas, solid-gas, and solid-liquid) for the compound examined is the common 

thermochemical equation: 

                         ∆cr
g

𝐻m
o (298.15 K) = ∆l

g
𝐻m

o (298.15 K) + ∆cr
l 𝐻m

o (298.15 K)               (31) 

We have used this option for 1,2,3-trimethoxybenzene and 1,3,5-trimethoxybenzene. Indeed, for 

1,2,3-trimethoxybenzene, the sublimation enthalpy ∆cr
g

𝐻m
o (298.15 K) = 92.4±0.7 kJmol-1 was 

measured using the transpiration method below the melting point (Table 10) and the vaporization 

enthalpy ∆l
g
𝐻m

o (298.15 K) = 73.0±0.5 kJmol-1 was derived from vapor pressures measured above 

the melting point (Table 10). The latter value is also in agreement with those from Jx-correlation 

∆l
g
𝐻m

o (298.15 K) = 72.9±0.5 kJmol-1 (Table 11). The consistency of phase transitions available for 
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1,2,3-trimethoxybenzene can be easily established with help of Equation 31 and the experimental 

enthalpy of fusion for this compound ∆cr
l 𝐻m

o (298.15 K) = 19.0±0.5 kJmol-1 (Table 13) as follows: 

              ∆cr
g

𝐻m
o (298.15 K, 1,2,3-trimethoxybenzene) = 73.0 + 19.0 = 92.0±0.7 kJmol-1      (32) 

This estimate is in an excellent agreement with the transpiration experiment ∆cr
g

𝐻m
o (298.15 K) = 

92.4±0.7 kJmol-1. In the same way we checked the consistency of phase transitions for 1,2,3-

trimethoxybenzene with the data compiled in Table 13. The estimated according to Equation 30 

sublimation enthalpy ∆cr
g

𝐻m
o (298.15 K) = 90.7±0.7 kJmol-1 is an excellent agreement with the 

transpiration experiment ∆cr
g

𝐻m
o (298.15 K) = 90.3±0.5 kJmol-1 (Table 10). 

Table 13. Phase transitions thermodynamics of trimethoxybenzenes (in kJmol-1). 

Compounds Tfus, K ∆ 𝐻   
at Tfus 

∆ 𝐻  a ∆ 𝐻  b ∆ 𝐻   

 298.15 K 
1 2 3 5 6 7 

1,2,3-trimethoxybenzene 318.3±0.5 20.2±0.3 19.0±0.5 73.0±0.5 92.0±0.7 
1,3,5-trimethoxybenzene 329.4±0.5 23.9±0.3 22.0±0.6 68.7±0.4 90.7±0.7 

b The experimental enthalpies of fusion ∆ 𝐻  measured at Tfus were adjusted to 298.15 K with help of the equation: 
 ∆cr

l 𝐻m
o (298.15 K)/(J·mol-1) = ∆cr

l 𝐻m
o (Tfus/K) – (∆cr

g
𝐶p,m

o -∆l
g
𝐶p,m

o )×[(Tfus/K) – 298.15 K] [56], c from Table 10. 

The consistency of the solid-liquid, solid-gas, and liquid-gas phase transitions for 1,2,3-

trimethoxybenzene and 1,2,3-trimethoxybenzene derived in this work could be regarded as an 

indirect support of the reliability of our new transpiration results. 

2.2.5. Standard molar enthalpies of formation from combustion calorimetry 

Table 14. Thermochemical data for methoxy-substituted benzenes at T=298.15 K (p°=0.1 MPa, 
in kJ·mol-1). 

compound -∆ 𝐻m
o (cr,l) ∆ 𝐻m

o (cr,l)exp
 ∆ , 𝐻m

o a ∆ 𝐻m
o (g)exp ∆ 𝐻m

o (g)theor
b 

1 2 3 4 5 6 
1,2,3-trimethoxybenzene (cr) 4819.5±2.5[70] -437.0±2.8    
 4817.7±1.8 c -438.9±2.1    
  -438.2±1.7 92.2±1.0 -346.0±2.0 -350.6±2.4 
1,2,4-trimethoxybenzene (liq) -4820.1±1.9 c -436.5±2.2 75.9±0.7 -360.6±2.3 -360.6±2.3 
1,3,5-trimethoxybenzene (cr) 4784.6±2.9 [70] -472.0±3.1 90.4±0.8 -381.6±3.2 -382.1±1.2 
3,4,5-trimethoxytoluene (liq) -5475.0±2.0 c -460.9±2.4 77.7±0.7 -383.2±2.5 -382.1±1.2 

a From Table 10, b calculated as the average from G4, G3MP2, and M06/QZ4P results (Table 15), c this study. 

Specific energies of combustion, cu°, of highly pure samples of 1,2,3-trimethoxybenzene, 

1,2,4-trimethoxybenzene and 3,4,5-trimethoxytoluene were measured by using combustion 

calorimetry. The standard molar enthalpies of combustion ∆с𝐻m
o (cr) and the standard molar 

enthalpies of formation ∆ 𝐻m
o (cr) are presented in Table B.5. Compilation of thermochemical data 

for methoxy-substituted benzenes is given in Table 14. The ∆ 𝐻m
o (liq)-values of 1,2,4-

trimethoxybenzene and 3,4,5-trimethoxytoluene were measured for the first time. The ∆ 𝐻m
o (cr,l)-
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values for 1,2,3-trimethoxybenzene and 1,3,5-trimethoxybenzene were previously reported by 

Matos et al. [70] (Table 14). Our new result for 1,2,3-trimethoxybenzene agrees well with their 

result. Nevertheless, it is reasonable to validate all available results for the methoxy-substituted 

benzenes with help of quantum-chemical calculations as it shown in 2.2.6. 

2.2.6. Gas-phase enthalpies of formation: experiment and theory 

The experimental gas-phase standard molar enthalpies of formation ∆ 𝐻m
o (g)exp are derived 

from experimental results on sublimation/vaporization enthalpies (Table 10) and results from the 

combustion calorimetry (Tables 14, B.5) according to the common thermochemical equations:  

                          ∆ 𝐻m
o (g, 298.15 K)exp = ∆cr

g
𝐻m

o (298.15 K) + ∆ 𝐻m
o (cr, 298.15 K)exp              (33) 

                          ∆ 𝐻m
o (g, 298.15 K)exp = ∆l

g
𝐻m

o (298.15 K) + ∆ 𝐻m
o (liq, 298.15 K)exp   (34) 

Results derived with help Equations 33 and 34 are listed in Table 14.  

Conformational analysis and optimization of structures of methoxy-substituted benzenes 

were carried out within the framework of molecular mechanics in a force field UFF [36]. In almost 

all molecules located several low-lying conformers have been located, but their energies have been 

found to be close to each other within 1-2 kJ.mol-1. The subsequent geometry optimization with 

the M06L/TZ2P method led to some permutations between them. Therefore, the conformers of all 

structures were also optimized with G3MP2 method [36]. The resulting energy distribution 

confirmed the M06L/Z2P results. The harmonic and anharmonic frequencies of the most stable 

conformers of methoxy-substituted benzenes were used to determine the zero point of energy and 

temperature contributions to enthalpy for M06/QZ4P in the “rigid rotator - anharmonic oscillator” 

(RRAO) approximation. Enthalpies H298 of the most stable conformers for each isomer (Figure 8) 

were calculated by using the G4, G3MP2, and M06/QZ4P methods. 

    
1,2,3-

trimethoxybenzene 
1,2,4-

trimethoxybenzene 
1,3,5-

trimethoxybenzene 
3,4,5-

trimethoxytoluene 

Figure 8. The most stable conformers of substituted benzenes. 

Based on our experience with the quantum chemical calculations, the enthalpies of formation from 

the atomization reaction sometimes systematically deviate from the experimental values [79]. 

However, a simple linear correlation could be found between calculated by the atomisation 
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reaction and experimental enthalpies of formation of methoxy substituted benzenes (details are 

given in  Table B. 9. - Table B. 12: 

∆ 𝐻m
o (g)theor/ kJ.mol-1 = 1.0023 × ∆ 𝐻m

o (g, AT) + 4.1  with R2 = 0.9992 for G4  (35) 

∆ 𝐻m
o (g)theor/ kJ.mol-1 = 1.0064 × ∆ 𝐻m

o (g, AT) + 8.7  with R2 = 0.9993 for G3MP2 (36) 

∆ 𝐻m
o (g)theor/ kJ.mol-1 = 0.9739 × ∆ 𝐻m

o (g, AT) + 2.1  with R2 = 0.9992 for M06/Q4P (37) 

Using these correlations, the “corrected” enthalpies of formation of substituted benzene have been 

calculated (Table 15). 

Table 15. Comparison of the experimental, ∆ 𝐻m
o (g)exp, and theoretical, ∆ 𝐻m

o (g)theor, gas-phase 
standard molar enthalpies of formation of methoxy-substituted benzenes at T = 298.15 K and p° = 
0.1 MPa (in kJ·mol-1). 

compound ∆ 𝐻m
o (g)exp G4 G4 G3MP2 G3MP2 M06/QZ4P M06/QZ4P ∆ 𝐻m

o (g)theor 

 Exp.a ATb WBRc ATb WBRc ATb WBRc average 

1,2,3-trimethoxybenzene -346.0±2.0 -351.8 -352.2 -350.2 -351.5 -348.3 -349.3 -350.6±2.4 

1,2,4-trimethoxybenzene -360.6±2.3 -360.7 -361.0 -359.8 -361.1 -358.5 -360.8 -360.3±1.6 

1,3,5-trimethoxybenzene -381.6±3.2 -382.0 -382.3 -381.1 -382.2 -381.5 -383.4 -382.1±1.2 

3,4,5-trimethoxytoluene -383.2±2.5 -383.4 -381.8 -382.3 -381.2 -381.6d -382.1e -382.1±1.2 

a From Table 14, b calculated by the G4, G3MP2, or M06/QZ4P method, c Calculated by the G4, G3MP2 or M06/QZ4P 
methods with reactions R1 to R4 using experimental ∆ 𝐻m

o (g)-values (Table B. 4); data for reactions R1 to R4 are 
given in Table B. 9 - Table B. 12, d calculated by the G4MP2 according to the standard atomization procedure, e 

calculated by the G4MP2 method with reaction R4 using experimental ∆ 𝐻m
o (g)-values; for reaction R4 is given in 

Table B. 11.  
The following general reactions were used for the WBR method (detailed reactions are 

given in Figure B. 1 and Figure B. 2): 

                              x,x,x-trimethoxy-benzene + 2×benzene = 3×methoxybenzene        (R1 to R3) 

                      x,x,x-trimethoxy-toluene + 2×benzene = 3×methoxy-benzene + toluene     (R4) 

using the reliable experimental gas-phase enthalpies of formation ∆ 𝐻m
o (g, 298.15 K) of benzene, 

methoxybenzene, and toluene from Table B. 4. The theoretical enthalpies of formation of 

substituted benzenes were derived by using the G4, G3MP2, and M06/QZ4P methods. The results 

of quantum-chemical calculations are summarized in Table 15. 

As can be seen from Table 15, a very good agreement with the experimental results is 

evident for all four quantum-chemical methods (G4, G3MP2, and M06/QZ4P) used, as well as for 

both atomization and WBR procedures. For this reason, the theoretical values for each compound 

were averaged and the final theoretical gas-phase enthalpies of formation, ∆ 𝐻m
o (g)theor, are given 

in Table 14. The good agreement between the experimental and theoretical standard molar 

enthalpies of formation for benzene derivatives can be seen as proof of the internal consistency of 
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the thermochemical results evaluated in this work (Table 14), which can now be recommended as 

reliable benchmark properties for further thermochemical calculations with substituted benzene. 

2.2.7. Development of a “centerpiece” group-contribution approach 

The polyphenolic lignin structure is well known as a complex 3D molecular structure that 

comprises a great variety of bonds with naturally around 50% ether linkages [80]. An idealized 

structural unit of lignin is given in Figure 9. It is obvious that all components of this unit are 

arranged in close proximity and interact energetically with each other. The total energetics of the 

structural unit of lignin consists of enthalpic contributions from structural elements (e.g. OH, 

OCH3, CbH etc.), and the contribution from mutual non-bonded interactions among these structural 

elements. The first contribution could be approximated with any kind of group-additivity [1,81]. 

An exact accounting of the non-bonded interactions even for the simplified lignin unit is hardly 

possible due to the complex 3D molecular structure. The only way to assess the lignin energetics 

is therefore to develop an approach that requires a certain degree of simplification of the real 

structure. 

In our previous studies [39,64,69,73,74,82] we have already launched the systematic study 

of the energetics of compounds that can be considered as the renewable feedstock and the lignin-

broken bits (e.g. anethole, eugenol, hydroxy-, methoxy- etc.). These compounds are not only 

relevant for the processing of lignin, but also model the constituent elements of the lignin units. 

These preliminary studies have helped to envisage a “centerpiece” group-contribution approach 

which is necessary for a basic evaluation of the energetics (enthalpies of formation and enthalpies 

of vaporization) of substituted benzenes, which make the main contributions to the lignin structure 

units. The consistent sets of thermochemical data for tri-methoxy-benzenes evaluated in Table 14 

have been used for the development of a “centerpiece” group-contribution approach as follows.  

2.2.7.1. Construction of a strain-free theoretical framework 

It is obvious from the idealized structural unit of lignin (Figure 9, left) that alkoxy-

substituted benzenes (Figure 9, right) can also be seen as one of the constituent “building blocks”. 

For this work, however, it is more important to consider these molecules as “models” in order to 

develop an approach for a quick assessment of the energetics of the lignin building blocks. 

The idea of this approach is that to select a “centerpiece” molecule (e.g. benzene or 

methoxybenzene, or toluene or etc.) with the well-established thermodynamic properties. Various 

substituents (mostly relevant for the lignin are alkoxy, hydroxy and carbonyl substituents) can be 

attached to these "centerpieces" in different positions on the benzene ring. The enthalpic 

contributions for these substituents can be easily quantified (Figure 10) from the differences 
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between the enthalpy of the substituted benzene and the enthalpy of the benzene itself. Using this 

scheme, the contributions H(H→CH3) and H(H→CH3O) were derived (Table 16) using the 

reliable thermochemical data for toluene, methoxybenzene, and benzene compiled in Table B. 4. 

Details on calculations conducted in this chapter are given in Table B. 13 and Table B. 14.   

Figure 9. Idealized structural unit of lignin (left) and 
graphical presentation of the idea of a “centerpiece” group-

contribution approach (right). 

Figure 10. Example of 
quantification of the enthalpic 

contributions for the methyl- and 
methoxysubstituents. 

These enthalpic contributions H(H→CH3O) and H(H→CH3) can be now applied to construct 

a framework of any desired methoxy-substituted benzene or toluene (e.g. 1,2,4-trimethoxybenzene 

or 3,4,5-trimethoxytoluene given in Figure 9), arbitrary starting from the one of the “centerpieces” 

namely methoxybenzene or toluene, or even starting from the benzene itself. In terms of energy, 

however, this framework is not perfect due to the lack of energetics of the interactions between 

the substituents. 

Table 16. Parameters and pairwise nearest and non-nearest neighbour interactions of substituents 
on the “centerpieces” for calculation of thermodynamic properties of substituted benzenes at 
298.15 K (in kJmol-1). 

Contribution ∆ 𝐻m
o (g) a ∆ 𝐻  b 

benzene 82.9 33.9 
H(H→CH3O) -153.6 12.5 
H(H→CH3) -32.8 4.2 
   
ortho CH3O - CH3O 14.3 5.6 
meta CH3O - CH3O -0.5 0.8 
para CH3O - CH3O 7.4 2.7 
ortho CH3O - CH3 -3.1 -0.4 
meta CH3O - CH3 0.9 2.2 
para CH3O - CH3 4.5 2.7 

a Calculated from Table B. 13 and Table B. 14, b calculated from Table B. 15 and Table B. 16.  
 

2.2.7.2.  Pairwise interactions of substituents on the benzene ring  

Nearest (e.g. ortho-interactions) and non-nearest neighbour interactions (e.g. meta- or 

para- interactions) of substituents on the “centerpieces” (benzene, methoxybenzene, and toluene) 
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are generally stipulating the overall amount of the non-additive interactions specific for the 

particular structural unit of the lignin (Figure 9, left). 

  

Figure 11. Example for a quantification of 
the enthalpic contributions “CH3O - R” for 

the non-nearest neighbour interactions of the 
CH3O-group with the methoxy or methyl 

substituents attached in the different positions 
to the “centerpieces”.  

Figure 12. Agglomeration of the enthalpic 
contributions for the nearest and non-nearest 
neighbour interactions in the three and four 

substituted benzene derivatives. 

 

For practical reasons, however, it is first necessary to subdivide the entire non-additive interactions 

into easily definable pairwise interactions. The mutual enthalpic pairwise interactions of 

substituents in the benzene ring can be accounted for by the three types of contributions that are 

specific for the ortho, para and meta positions of substituents placed in the benzene ring. How the 

pairwise interactions can be derived is shown in Figure 11. Indeed, to quantify the enthalpic 

contribution “meta CH3O - CH3O” for the non-bonded interaction of the CH3O-groups in the meta-

position on the methoxybenzene (taken as the “centerpiece”) we must first construct the 

“theoretical framework” of the 1,3-dimethoxybenzene (Figure 11, middle). To do that, the 

contribution H(H→ CH3O) from Table 16 was added to the experimental enthalpy (enthalpy of 

formation or enthalpy of vaporization) of the methoxybenzene from Table B. 4. Alternatively, we 

could add two contributions H(H→ CH3O) to the benzene as the “centerpiece”. This “theoretical 

framework” of 1,3-dimethoxybenzene does not contain the “meta CH3O - CH3O” interaction. 

However, this interaction is present in the real 1,3-dimethoxybenzene (blue arrow in Figure 11). 

The arithmetic difference between the experimental enthalpy (enthalpy of formation or enthalpy 

of vaporization) of 1,3-dimethoxybenzene and the enthalpy of the “theoretical framework” 

therefore provides the quantitative size of the pairwise interaction “meta CH3O - CH3O” directly 

(Table 16). Using the same logic, the enthalpic contributions for the “ortho CH3O - CH3O” and 

“para CH3O – CH3” shown in Figure 11 can be derived (Table 16) by using the parameters 

H(H→CH3O) and H(H→ CH3) respectively. In the same way, the required enthalpic 

contributions for the ortho-, meta and para-pairwise interactions of substituents were obtained and 

summarized in Table 16.  
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Quantitatively, the strength of the interactions depends strongly on the type of ortho-, meta- 

or para-pairs. Let us consider the intensity of pairwise interaction in terms of ∆ 𝐻m
o (g). From Table 

16 it can be seen that the ortho-dimethoxy-benzene shows a strong destabilization of 14.3 kJ.mol-

1 due to the sterical repulsions of bulky methoxy groups [64]. In contrast, the ortho-substituted 

methoxy-toluene is noticeably stabilized of -3.1 kJ.mol-1, however the reason for such stabilization 

is not quite apparent [30]. From our experiences, the meta- and para-interactions of substituents 

on the benzene ring are less profound compared to ortho-interactions [39,64]. Indeed, the meta-

interactions of the substituents examined can be considered as negligible since they are below 1 

kJ·mol-1 (Table 16). In contrast, the significant destabilization at the level from 4.5 to 7.4 kJ·mol-

1 is observed for the para-isomers of dimethoxy-benzene and methoxy-toluene. These noticeable 

destabilizing effects can be explained by the specific electron density distribution within the 

substituted benzene ring. The discussion of the magnitudes of the pairwise interactions with 

respect to ∆ 𝐻  is rather limited, since these contributions reflect the tightness of the molecular 

packing in the liquid. However, these contributions are not of negligible size (Table 16, last 

column) and they have to be considered as empirical constants for the correct prediction of the 

vaporization energetics. 

2.2.7.3.  Effect of agglomeration of substituents on the benzene ring  

It is apparent (blue arrows in Figure 12), that the introduction of the third and fourth 

substituents in the benzene ring is expected to increase the intensity of the mutual interactions of 

the substituents compared to two substituents. As can be seen in Figure 12, all three possible types 

of ortho-, meta- and para-interactions are present simultaneously in the 3,4,5-trimethoxytoluene. 

Does the energetics of these interactions additive with the growing number of substituents? Can 

be the individual contributions given in Table 16 just summarized? Or are there additional effects 

due to a perturbation in the electron density within the congested benzene ring?  

In order to get the answer in terms of ∆ 𝐻m
o (g), the “theoretical framework” for each 

investigated molecule was calculated (Table B. 13). The difference between the ∆ 𝐻m
o (g) of the 

real molecule and the enthalpy of its model represented by the “theoretical framework” (Table B. 

14 and Table B. 15) provides the total amount of pairwise nearest and non-nearest neighbour 

interactions of substituents on the “centerpieces” in terms of ∆ 𝐻m
o (g). The numerical results of 

these differences are compiled in Table 17. 

The actual amount of interactions in tri-methoxy-substituted benzenes is given in Table 17, 

column 3 and it is quite comparable (within uncertainties ascribed to ∆ 𝐻m
o (g)-values) to the 
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theoretical sum of nearest and non-nearest neighbour interactions of substituents (Table 17, 

column 4). At first glance, no additional interactions between three substituents in the benzene 

ring appear to occur. It is noticeable, however, that the theoretical amount of interactions is 

systematically overestimated up to 3.6 kJmol-1 (Table 17, column 5). This trend is more apparent 

for 3,4,5-trimethoxytoluene, in which the theoretical amount of interactions is already 

overestimated of -5.8 kJmol-1 (Table 17, last column). This observation contradicts our 

expectations, but it could be explained that the “real” molecule of the trimethoxybenzenes becomes 

noticeably more relaxed compared to the di-methoxy-substituted benzene, despite the introduction 

of the third substituent.  

Table 17. Analysis of the total Amount of pairwise nearest and non-nearest neighbour interactions 
of substituents on the “centerpieces” in terms of ∆ 𝐻m

o (g) for tri-methoxy-substituted benzenes at 
298.15 K (in kJmol-1). 

Compound  ∆ 𝐻m
o (g)a  

Actual amount of  
Interactions b 

Theoretical  
amount of interactions b 

1  2 3 4 5 
1,2,3-trimethoxybenzene -350.6±2.4 27.3 28.1 -0.8 
1,2,4-trimethoxybenzene -360.3±1.6 17.6 21.2 -3.6 
1,3,5-trimethoxybenzene -382.1±1.2 -4.2 -1.5 -2.7 
3,4,5-trimethoxytoluene -382.1±1.2 28.6 34.4 -5.8 

a from Table 14, b calculated from Table B. 17 and Table B. 18. 

To summarize observations regarding the ∆ 𝐻m
o (g)-values we can conclude, that overall 

interactions of three methoxy-substituents placed in the benzene ring are systematically decreasing 

by 3 to 4 kJmol-1 compared to the theoretical value (collected from the sum of the pairwise 

interactions). Analysis of the total amount of pairwise nearest and non-nearest neighbour 

interactions of substituents on the “centerpieces” in terms of ∆ 𝐻  for trimethoxysubstituted 

benzenes is given in Table 18. As can be seen from Table 18 (and from Table B. 16 - Table B. 18), 

the vaporization enthalpies of the “real” tri-methoxy-benzenes are in most cases only somewhat 

higher in comparison to those for the “theoretical framework” (Table 18, column 3). It means, that 

contrary to our expectations the large values of theoretical amount of interactions (collected from 

the pairwise interactions given in Table 16) is virtually disappears in the “real” tri-methoxy-

benzenes! Most noticeable is the difference of -10.4 kJmol-1 (Table 18, column 5) observed for 

the 1,2,3-trimethoxybenzene, since the theoretical value for this compound is expected to be 12.0 

kJmol-1 (Table 18, column 4). This trend can be seen more profoundly for 3,4,5-

trimethoxytoluene, in which the difference of -17.0 kJmol-1 (Table 18, column 5) is observed. 

This means that the liquid phase for these both compounds is significantly more isotropic 
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compared to the dimethoxysubstituted benzenes due to the less favourable intermolecular 

networking.  

Table 18. Analysis of the total amount of pairwise nearest and non-nearest neighbour interactions 
of substituents on the “centerpieces” in terms of ∆ 𝐻  for trimethoxy-substituted benzenes at 
298.15 K (in kJmol-1). 

Compound  ∆ 𝐻 a  
Actual amount of  

interactionsb 
Theoretical  

amount of interactionsb  
1  2 3 4 5 

1,2,3-trimethoxybenzene 73.0±0.7 1.6 12.0 -10.4 
1,2,4-trimethoxybenzene 75.9±0.7 4.5 9.1 -4.6 
1,3,5-trimethoxybenzene 68.7±0.8 -2.7 2.4 -5.1 
3,4,5-trimethoxytoluene 77.7±0.7 2.1 19.1 -17.0 

a Results from Table 9 and Table 10, b Calculated in Table B. 15. 

To summarize observations regarding the ∆ 𝐻  values, it was assumed that vaporization 

enthalpies of substituted benzene derivatives approximately (with an uncertainty of 2 to 3 kJmol-

1) equal to the value of “theoretical framework”. This assumption is very practical for the quick 

appraisal of vaporization enthalpies of poly-substituted benzenes considered as the building blocks 

of the lignin. However, this assumption requires further investigation.  

The parameters and pair-wise interactions of substituents in the benzene ring listed in Table 

16 are aimed at predicting ∆ 𝐻m
o (g, 298.15 K) and ∆ 𝐻  (298.15 K) values for benzene derivatives 

resulting from the lignin valorization technologies. Taking into account the complex structure of 

the lignin fragments, the question of the energetic consequences of the agglomeration of 

substituents in the benzene ring deserves further systematic investigations.  

Chapter 3 Glycerol Valorisation Towards Biofuel Additivities: 
Thermodynamic Studies of Glycerol Ethers 

3.1. Introduction  

Most processes in the chemical industry use the traditional organic solvents. Although there 

are apparent advantages in the use of these kinds of solvents, such as availability and low price, 

there are some important drawbacks such as their volatility, flammability, and toxicity. That is 

why, the development of inexpensive, harmless and environmentally friendly alternative solvents 

is of great importance. The desirable properties of alternative green solvents include: low volatility, 

toxicity, and price, as well as renewable origin, easy availability and biodegradability. The glycerol 

ethers fully meet the renewable green solvent requirements and have attracted a great deal of 

attention in various applications. Glycerol ethers in particular have proven to be promising 

candidates for solvent substitution, since their physicochemical properties can be modulated by 
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the number, size, and type of their alkyl groups, which among other things leads to a wide range 

of polarities [83]. Knowledge of reliable thermodynamic data is essential for the design and 

development of new technologies. In this work, we present a systematic study of the 

thermodynamic properties of glycerol ethers given in Table 19. 

Table 19. Glycerol ethers studied in this work (source – laboratory synthesis). 

Structure Name, CAS Purity H2O 

 

1,3-dimethoxy-2-propanol, 623-69-8 0.9991 156 ppm 

 

1,3-diethoxy-2-propanol, 4043-59-8 0.9993 110 ppm 

 

1,3-di-isopropoxy-2-propanol, 13021-54-

0 

0.9996 111 ppm 

 

2,5,9,12-tetraoxatridecan-7-ol, 130670-

52-9 

0.9992 286 ppm 

 

1,3-bis(2,2,2-trifluoroethoxy)-2-propanol, 

691-26-9 

0.9994 246 ppm 

This research continues our studies of thermodynamic properties of glycerol ethers [84,85]. 

The focus of this work was on heat capacities, vapour pressures, and combustion calorimetry. In 

order to establish the consistency of new results, the experimental values were validated with the 

empirical methods and with the high-level quantum-chemical calculations.  

3.2. Results and discussion 

3.2.1. Measurement of standard molar heat capacity, 𝑪p,m
o (𝐥𝐢𝐪) 

The heat balances in technological processes are usually based on experimental heat 

capacities. The heat capacities of glycerol ethers were measured for the first time. Primary 

experimental data measured in this work are given in Table C. 1 - Table C. 5 in the supporting 

information. The results were fitted to a polynomial in the temperature range between 232 K and 

377 K (with R = 8.314462 J.K-1.mol-1):  

1,3-dimethoxy-2-propanol: 𝐶p,m
o (liq)/R = 32.38 + 4.424×10-2(T/K -298.15 K) + 4.942×10-5(T/K -

298.15 K)2 from 232.1 to 320.1 K                                                                                               (38) 
1,3-diethoxy-2-propanol:   𝐶p,m

o (liq)/R = 42.00 + 4.737×10-2 (T/K -298.15/K) from 232.6 to 
319.6 K                                                                                                                                        (39) 
1,3-di-isopropoxy-2-propanol:  𝐶p,m

o (liq)/R = 48.84 + 5.332×10-2 (T/K -298.15 K) from 314 to 
377 K                                                                                                                                           (40) 
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2,5,9,12-tetraoxatridecan-7-ol:  𝐶p,m
o (liq)/R = 54.87 + 4.906×10-2 (T/K -298.15 K) from 312 to 

376 K                                                                                                                                           (41) 
1,3-bis(2,2,2-trifluoroethoxy-2-propanol: 𝐶p,m

o (liq)/R = 52.07 + 4.665×10-2 (T - 298.15/K) – 
5.385×10-5(T - 298.15/ K)2 from 235.4 to 350.0 K                                                                     (42) 

Table 20. Compilation of data on molar heat capacities 𝐶p,m
o (liq) and heat capacity differences 

∆l
g
𝐶p,m

o  (in J.K-1.mol-1) at T = 298.15 K. 

Compounds 𝐶p,m
o (liq)a 𝐶p,m

o (liq)b −∆l
g
𝐶p,m

o  
1,3-dimethoxy-2-propanol 269.3 270.7 80.6 c 
1,3-diethoxy-2-propanol 349.2 334.5 101.4 c 
1,3-di-isopropoxy-2-propanol 406.1 385.3 116.2 c 
2,5,9,12-tetraoxatridecan-7-ol 456.2 486.2 129.2 c 
1,3-bis-(2,2,2-trifluoroethoxy)-2-propanol 432.9 394.1 123.1 c 
1-methoxy-3-tert-butoxy-2-propanol  354.5 102.8 d 
1,3-di-(n-butoxy)-2-propanol  462.1 130.7 d 
1,3-di-(tert-butoxy)-2-propanol  450.2 127.6 d 
bis-(2,2,2-trifluoroethyl) ether  197.6 68.1 d 

a Experimental values, b calculated by the group-contribution procedure [9], c Calculated according to [56] by using 
experimental heat capacities 𝐶p,m

o (liq), d Calculated according to the procedure developed by Acree and Chickos [56] 
by using estimated heat capacities 𝐶p,m

o (liq).  

The heat capacities at the reference temperature T = 298.15 K are given in Table 20 and they were 

used to adjust the vaporisation enthalpies to the reference temperature T = 298.15 K (see 3.2.2) 

and to reduce the results of the combustion calorimetry (see 3.2.5).  

Table 21. Results from the transpiration method: coefficient a and b of Equation 2, standard molar 
vaporization enthalpies ∆ 𝐻 , standard molar vaporization entropies ∆ 𝑆 , and standard molar 
vaporization Gibbs energies ∆ 𝐺  at the reference temperature T = 298.15 K 

 a -b -∆ 𝐶 ,
 a 

JK-1mol-1 
∆ 𝐻 b 

kJmol-1 
∆ 𝑆 c 

JK-1mol-1 
∆ 𝐺  

kJmol-1 
1,3-dimethoxy-2-propanol 313.3 82031.5 80.6 58.0±0.5 137.0±1.4 17.1±0.1 
1,3-diethoxy-2-propanol 339.6 92041.6 101.4 61.8±0.4 142.4±0.8 19.3±0.1 
1,3-di-isopropoxy-2-propanol 364.2 101321.9 116.2 66.7±0.3 152.3±0.7 21.3±0.1 
2,5,9,12-tetraoxatridecan-7-ol 394.9 124276.1 129.2 85.8±0.4 170.0±1.1 35.1±0.1 
1,3-bis(2,2,2-trifluoroethoxy)- 
-2-propanol 

384.1 108344.3 120.1 71.6±0.3 165.3±0.6 22.4±0.1 

a From Table 20, b calculated by Equation 8 (Table C. 6), c calculated by Equation 9 (Table C. 6). 
 

3.2.2. Absolute vapor pressures and thermodynamics of vaporization 

The experimental vapor pressures, pi, measured for the glycerol ethers (Table C. 6) at 

different temperatures were measured with help of the transpiration method. Experimental vapor 

pressures measured at different temperatures by the transpiration method, coefficients a and b of 

Equation 2, as well as values of ∆ 𝐻 (T) and ∆ 𝑆 (T) at the reference temperature T = 298.15 K 

are given in Table 21. The compilation of available standard molar vaporization enthalpies for the 

glycerol ethers is given in Table 22.  
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Table 22. Compilation of available vaporization enthalpies ∆ 𝐻  of glycerol ethers. 

Compound Methoda T- range ∆ 𝐻 (Tav) ∆ 𝐻 (298.15 K)b Ref. 
  K kJ·mol-1 kJ·mol-1  
1,3-dimethoxy-2-propanol T 277.7-328.7 57.8±0.4 58.0±0.5 this work 
 SP   56.3±0.5 Table 27 
    57.3±0.7c average 
1,3-diethoxy-2-propanol T 278.4-335.0 61.1±0.2 61.8±0.4 this work 
 S 278.4-344.8 60.2±0.1 61.4±0.2 this work 
 SP   61.6±1.3 Table 27 
    61.5±0.2c average 
1,3-di-isopropoxy-2-propanol S 293.2-373.2 53.7±0.2 (57.3±0.3) [86] 
 T 281.8-334.1 65.5±0.2 66.7±0.3 this work 
 SP   67.2±0.8 Table 27 
    66.7±0.6c average 
2,5,9,12-tetraoxatridecan-7-ol T 318.0-371.6 79.8±0.3 85.8±0.4 this work 
 SP   85.9±1.1 Table 27 
    85.8±0.8c average 
1,3-bis(2,2,2-trifluoroethoxy)- S 293.2-373.2 51.8±0.4 (55.6±0.5) [86] 
-2-propanol T 278.5-328.4 71.1±0.2 71.6±0.3 this work 
 SP   71.4±0.1 Table 27 
    71.4±0.1c average 
1-methoxy,3-tert-butoxy- S 293.2-373.2 55.2±0.1 (58.4±0.2) [86] 
-2-propanol Tb   64.0±0.6 Table 27 
1,3-di(n-butoxy)-2-propanol S 293.2-373.2 69.2±0.1 (73.2±0.8) [86] 
 SP   79.2±0.9 Table 27 
1-butoxy,3-tert-butoxy- S 293.2-373.2 65.0±0.7 (68.9±0.8) [86] 
-2-propanol SP   76.0±0.6 Table 27 
1,3-di(tert-butoxy)-2-propanol SP   71.8±0.9 Table 27 

a Techniques: T = transpiration method; S = static method; SP = average value from structure –property correlations 
(Table 27).  

Vapor pressures and vaporisation enthalpies of 1,3-dimethoxy-2-propanol, 1,3-diethoxy-

2-propanol, 2,5,9,12-tetraoxatridecan-7-ol have been measured for the first time. Absolute vapor 

pressures of a series of glycerol based ethers, including the 1,3-di-isopropoxy-2-propanol and 1,3-

bis(2,2,2-trifluoroethoxy)-2-propanol were measured by Garcia et al. [86] (Figure C. 1, Figure C. 

2) by using the static method. To our surprise, there is great disagreement between the static and 

our transpiration results. The only possible reason is that during the static measurements, the 

amount of water remaining in the samples was responsible for the systematic pressure increase at 

all temperatures. In contrast, in our transpiration (or gas-saturation) experiments we were able to 

withdraw the residual water amount by long flashing of the sample inside the saturator with the 

carrier gas. This was done before the start of the vapor pressure determination at an elevated 

temperature that was close to the upper limit of the temperature range. The absence of traces of 

water was demonstrated by a series of experiments at this temperature where the vapor pressure 

remained constant within the reasonable time. In order to ascertain our transpiration results, the 

vapor pressures of 1,3-diethoxy-2-propanol were additionally measured by the static method 
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(Table C. 7). However, the vapor pressures of 1,3-diethoxy-2-propanol as measured by both 

methods were in very good agreement (Figure C. 2). 

Garcia et al. [86] did not derive vaporization enthalpies from their results. For the sake of 

comparison, their experimental vapor pressures were treated with Equations 2, 8 and 9 and 

vaporization enthalpies of the 1,3-di-isopropoxy-2-propanol and 1,3-bis(2,2,2-trifluoroethoxy)-2-

propanol, as well as for 1-methoxy,3-tert-butoxy-2-propanol, 1,3-di(n-butoxy)-2-propanol, 1-

butoxy,3-tert-butoxy-2-propanol were estimated and adjusted to the reference temperature 

T = 298.15 K by using the ∆ 𝐶 , –values given in Table 20. in the same way as our own 

transpiration results. These results are compiled in Table 22. It has turned out that vaporization 

enthalpies for 1,3-di-isopropoxy-2-propanol and 1,3-bis(2,2,2-trifluoroethoxy)-2-propanol 

derived from the static experiments are significantly lower in comparison with our new 

transpiration results. Also, their ∆ 𝐻 (298.15 K)-results for 1-methoxy,3-tert-butoxy-2-propanol, 

1,3-di(n-butoxy)-2-propanol, 1-butoxy,3-tert-butoxy-2-propanol seem to be in error. 

3.2.3. Validation of experimental vaporization enthalpies with help of the normal 
boiling temperatures 

Table 23.  Correlation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of alkoxyethanols and glycerol 
ethers with their Tb normal boiling points. 

 Tb
a ∆ 𝐻 (exp)

b ∆ 𝐻 (calc)
c   

R K kJ·mol-1 kJ·mol-1 kJ·mol-1
R-O-CH2-CH2-OH     
Me 397.2 45.2 46.7 -1.5 
Et 408.8 48.2 49.0 -0.8 
iPr 417.6 50.1 50.8 -0.7 
nBu 441.5 56.6 55.5 1.1 
tBu 428.1 52.8 52.9 -0.1 
CH3OCH2 466.1 61.2 60.5 0.7 
R-O-CH2-CH(OH)-CH2-O-R     
Me/Me 445.7 58.0 56.4 1.6 
Et/Et 465.1 61.8 60.3 1.5 
iPr/iPr 510.2 66.7 69.2 -2.5 
tBu//Me 490.3  65.3  
nBu/nBu 558.2  78.8  
nBu/tBu 547.5  76.7  
tBu/tBu 536.1  74.4  

a Boiling points, Tb, [48], b data from Table C. 8 and Table 21, c calculated using Equation 43.   

Having in mind, that the vaporization enthalpies of 1,3-dimethoxy-2-propanol, 1,3-

diethoxy-2-propanol, 2,5,9,12-tetraoxatridecan-7-ol have been measured for the first time, as well 

as that significant data disagreement was observed for 1,3-di-isopropoxy-2-propanol and 1,3-
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bis(2,2,2-trifluoroethoxy)-2-propanol, any kind of validation for our new data is highly desired. A 

correlation of the enthalpies of vaporization with the normal boiling temperatures is one of the 

possible options to establish the consistency of the ∆ 𝐻 (298.15 K)-results [24,54]. The literature 

data available on the normal boiling temperatures, Tb, for the glycerol ethers of the general formula 

R-O-CH2-CH(OH)-CH2-O-R were taken for correlation with the ∆l
g
𝐻m

o (298.15 K)-values 

measured in this work with help of the transpiration method (Table 23). In order to extend database 

for this correlation we additionally involved a series of alkoxy-ethanols R-O-CH2-CH2-OH (R = 

Me, Et, iPr, n-Bu, tBu, and CH3OCH2), where reliable data on vaporization enthalpies are available 

(Table C. 10). The high quality and consistency of the available ∆l
g
𝐻m

o (298.15 K)-values for 

alkoxy-ethanols has been separately confirmed by correlation with their normal boiling 

temperatures (Table C. 10). Numerical values used for the the ∆l
g
𝐻m

o (298.15 K)- Tb correlation are 

given in Table 23. 

Table 24.  Correlation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of fluoroalkachols with their 
Tb normal boiling points. 

CAS Compound Tb
a ∆ 𝐻 (exp)

b ∆ 𝐻 (calc)
c   

  K kJ·mol-1 kJ·mol-1 kJ·mol-1
75-89-8 CF3CH2-OH 347.1 44.0 43.7 0.3 
374-01-6 CF3CH(CH3)-OH 351.1 44.8 44.6 0.2 
2358-54-5 CF3CH2-O-CH2CH2-OH 406.5 - 57.3  
691-26-9 CF3CH2-OCH2-CH(OH)-CH2O-CH2CF3 470.1 71.6 71.8 -0.2 
76-37-9 CHF2-CF2CH2-OH 385.1 53.6 52.4 1.2 
422-05-9 CF3-CF2CH2-OH 355.1 44.4 45.6 -1.2 
2240-88-2 CF3-CH2CH2-OH 372.6 - 49.6  

a Boiling points, Tb, [48], b data from Table C. 8, c Calculated using Equation 44. 

It has turned out, that the ∆l
g
𝐻m

o (298.15 K)-values correlate linearly with Tb values with 

both sets of glycerol ethers and alkoxy-ethanols. For the joined set (Table 23), we derived the 

following linear correlation:  

∆l
g
𝐻m

o (298.15 K) /(kJ·mol-1) = -32.5+0.1993×Tb with (R2 = 0.959)       (43) 

As can be seen from Table 23, enthalpies of vaporization determined by Equation 43 agree with 

the experimental values on the general level around 1 kJ·mol-1. The only significant deviation of 

2.5 kJ·mol-1 was found for 1,3-di-isopropoxy-2-propanol. However, it should be mentioned that 

the boiling temperatures for this compound are in disarray, e.g. 485-489 K [87] and 475 K [86] are 

significantly lower than the value taken into the correlation (Table 23).  

It is well established, that fluorine-containing compounds exhibit peculiar thermochemical 

properties compared to their hydrocarbon analogues [88,89]. For example, the enthalpy of 
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vaporization of (2,2,2-trifluoroethyl)-benzene ∆l
g
𝐻m

o (298.15 K) = 46.1 kJ·mol-1 [90] is 

significantly higher compared to the similarly shaped ethylbenzene ∆l
g
𝐻m

o (298.15 K) = 42.3 kJ·mol-

1 [91]. For this reason, the fluorine-containing glycerol ether 1,3-bis(2,2,2-trifluoroethoxy)-2-

propanol does not fit the correlation developed by Equation 43. Hence, we additionally collected 

boiling points and vaporization enthalpies of a series of fluoroalkachols (Table 24) in order to 

establish consistency of the new ∆l
g
𝐻m

o (298.15 K)-value for 1,3-bis(2,2,2-trifluoroethoxy)-2-

propanol separately. For these fluorine-containing compounds (Table 24), we derived the 

following linear correlation:  

                 ∆l
g
𝐻m

o (298.15 K) /(kJ·mol-1) = -35.6+0.2285×Tb with (R2 = 0.995)  (44) 

It is apparent from Table 23, that the theoretical enthalpies of vaporization estimated by 

Equation 44 agree with the experimental values on the general level around 1 kJ·mol-1. Also, the 

vaporization enthalpy of 1,3-bis(2,2,2-trifluoroethoxy)-2-propanol fits perfectly in this correlation 

(Table 23). The good quality correlations of the ∆l
g
𝐻m

o (298.15 K)-values with Tb values could be 

considered as the indicator for consistency of our new results with the data available in the 

literature for the similarly shaped compounds. It can be seen from Table 22 and Table 23, that 

differences between experimental and calculated according to Equation 43 or Equation 44 values 

are mostly below 1 kJ·mol-1. Consequently, the uncertainties of enthalpies of vaporization which 

are estimated from the correlation ∆l
g
𝐻m

o (298.15 K) – Tb are evaluated with ±1.0 kJ·mol-1.  

3.2.4. Structure-property relationships: validation of experimental vaporization 

enthalpies 

Structure-property relationships in organic chemistry are always helpful to establish 

consistency of available experimental data. 

3.2.4.1. Correlation between structurally similar compounds 

It is reasonable to expect parallels between in ∆l
g
𝐻m

o (298.15 K) in series of glycerol ethers 

R-O-CH2-CH(OH)-CH2-O-R with the vaporization enthalpies of similarly shaped alkoxyethanols 

R-O-CH2-CH2-OH. We plotted these enthalpies in Figure 13, with the numerical data compiled in 

Table 25. From these data, we derived the following linear correlation:  

             ∆l
g
𝐻m

o (298.15 K)GE /(kJ·mol-1) = -22.2+1.765×∆l
g
𝐻m

o (298.15 K)AE with (R2 = 0.997)   (45) 

As can be seen from Table 25, enthalpies of vaporization determined by Equation 45 agree with 

the experimental values on the general level around 1 kJ·mol-1. Hence, these quantitatively logical 

structure-property relationships between glycerol ethers and the parent alkoxyethanols can be 

considered as a strong evidence of consistency for vaporization enthalpies evaluated in this study. 



 

47 
 

 

Figure 13.  Correlation of vaporization enthalpies ∆l
g
𝐻m

o (298.15 K) of glycerol ethers R-O-CH2-
CH(OH)-CH2-O-R with the vaporization enthalpies of similarly shaped alkoxyethanols R-O-

CH2-CH2-OH (data are in kJ·mol-1). 

Table 25. Correlation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of alkoxyethanols (AE) with 
those of glycerol ethers (GE), data are in kJ·mol-1.  

R R-O-CH2-CH2-OH R-O-CH2-CH(OH)-CH2-O-R 
Calc. c   

 Exp.a Exp.b 
Me 45.2 58.0 57.6 0.4 
Et 48.2 61.8 62.9 -1.1 
iPr 50.1 66.7 66.2 0.5 
Bu 56.6 - 77.7 - 
tBu 52.8 - 71.0 - 
CH3OCH2 61.2 85.8 85.8 0.0 

a Experimental data from Table C. 8, b data from Table 21, c Calculated using Equation 45. 
 

3.2.4.2. Assessment of vaporization enthalpies based on the structural analogy 

Vaporization enthalpy is the measure of intensity of the inter-molecular interactions in the 

liquid state. However, inter-molecular interactions in the glycerol ethers and in the alkoxyethanols 

are complemented with the intra-molecular hydrogen bonding (HB) between hydroxyl and ether 

groups [92]. The strength of this intra-molecular HB is definitely dependent on the substituents R 

attached to the ether group. The apparent structural analogy between alkoxyethanols and glycerol 

ethers is presented in Figure 14.  

 

Figure 14.  Apparent structural analogy between alkoxyethanols and glycerol ethers. 

Indeed, the R-O-CH2-CH2-OH structure can be considered as the substructure of the glycerol 

ethers R-O-CH2-CH(OH)-CH2-O-R. This structural pattern could be used for a quick appraisal of 
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vaporization enthalpies of the glycerol ethers as well as for the test of the data consistency as 

follows.  

Let us consider the ∆l
g
𝐻m

o (298.15 K) = 48.2 kJ·mol-1 [91] of 2-ethoxy-ethanol as the starting 

value for the developing a system of contributions to the enthalpy of vaporization. The choice of 

this particular molecule is stipulated by the observation that as a rule the thermodynamic properties 

of the first representative (usually methyl-substituted) of a homologous series of organic and ionic 

compounds are slightly different (or non-additive) compared to the other members of the series 

(e.g. ethyl, propyl, butyl, etc.) [23,93] 

 

Figure 15. Developing a system of contributions R to the enthalpy of vaporization based on the 
∆l

g
𝐻m

o (298.15 K) = 48.2 kJ·mol-1 of 2-ethoxy-ethanol [91]. Experimental vaporization enthalpies 
of 2-methoxyethanol, 2-isopropoxyethanol, 2-n-butoxyethanol, 2-tertbutoxyethanol, and 3,6-

dioxa-1-heptanol are given in Table C. 8. 

Table 26. Comparison of experimental and theoretical vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), 
of glycerol ethers (data are in kJ·mol-1). 

R-O-CH2-CH(OH)-CH2-O-R Exp.a Eq.44b Eq.45c Eq.46d Eq.47e Theor.f  
1 2 3 4 5 6 7 8 

Me/Me 58.0±0.5 56.4 57.6 55.8 55.4 56.3±0.5 1.7 
Et/Et 61.8±0.4 60.3 62.9 - - 61.6±1.3 0.2 
iPr/iPr 66.7±0.3 69.2 66.2 65.6 67.9 67.2±0.8 -0.5 
tBu//Me (58.4±0.2) 65.3  63.4 63.4 64.0±0.6 -5.6 
nBu/nBu (73.2±0.8) 78.8 77.7 78.6 81.7 79.2±0.9 -6.0 
nBu/tBu (68.9±0.8) 76.7  74.8 76.4 76.0±0.6 -7.1 
tBu/tBu - 74.4 71.0 71.0 71.0 71.8±0.9 - 
CH3OCH2/CH2OCH3 85.8±0.4 - 85.8 87.8 84.0 85.9±1.1 -0.1 
CF3CH2/CH2CF3 71.6±0.3 71.8 g - - 71.3 71.5±0.1 0.1 

a Experimental data from Table 22, bc calculated using Equation 44, c calculated using Equation 45, d calculated 
analogously to Equation 477, e calculated analogously to Equation 8, f Average value calculated from results given in 
columns 3-6, f Calculated using Equation. 43. 

As it shown in Figure 15 we have calculated the individual differences R, when systematically 

subtracted experimental vaporization enthalpy of 2-ethoxyethanol from experimental vaporization 

enthalpies of 2-methoxyethanol, 2-isopropoxyethanol, 2-n-butoxyethanol, 2-tert-butoxyethanol, 

and 3,6-dioxa-1-heptanol. What these differences R are talking about? They are generally 
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reflecting two contributions. The first one accounts for the changing of the alkylsubstituent (length 

and branching). The second contribution is responsible for the impact of type of the 

alkylsubstituent on the strength intra-molecular HB. Having in mind the disagreement between 

our new ∆l
g
𝐻m

o (298.15 K)-values with the results from Garcia et al. [86] it is very practical to use 

the R-values to assess the expected value of vaporization enthalpy for the glycerol ethers. To do 

this we used the 1,3-di-ethoxy-2-propanol as the starting or the “centerpiece” molecule with the 

∆l
g
𝐻m

o (298.15 K) = 61.8 kJ·mol-1 (Table 22). Thus, in order to assess the vaporization enthalpy e.g. 

of 1,3-diisopropoxy-2-propanol we simply need to add two contributions iPr = 1.9 kJ·mol-1 

(Figure 15) to the experimental vaporization enthalpy of 1,3-diethoxy-2-propanol: 

∆l
g
𝐻m

o (298.15 K, 1,3-di-isopropoxy-2-propanol) =∆l
g
𝐻m

o (298.15 K, 1,3-di-ethoxy-2-propanol) + 

2×iPr = (61.8 + 2×1.9) = 65.6 kJ·mol-1   (46) 

This estimate is in a good agreement with the transpiration result ∆l
g
𝐻m

o (298.15 K, 1,3-di-

isopropoxy-2-propanol) = 66.7±0.3 kJ·mol-1 (Table 22). Following this way, we have estimated 

vaporization enthalpies of all glycerol ethers measured in this work. Results are compiled in Table 

26, column 5. Comparison of experimental and theoretical values, estimated according to Equation 

46 reveal an agreement at the level generally below 2 kJ·mol-1. Taking into account the simplified 

way to estimate the desired quantity, such an agreement could be considered as sufficient to 

establish internal consistency of the new experimental data. 

3.2.4.3. Evaluation of vaporization enthalpies based on the “centerpiece” model 

Evaluation of vaporization enthalpies based on the structural analogy is very simple and 

ostensive procedure, provided that sufficient amount of structural analogous with the reliable 

thermodynamic data can be found in the literature. However, in order to generalize this approach, 

it is reasonable to develop evaluation of vaporization enthalpies based on the “centerpiece” model 

combined with a group-additivity increments. 

To do this we again start with the 1,3-diethoxy-2-propanol as the “centerpiece” molecule 

with the ∆l
g
𝐻m

o (298.15 K) = 61.8 kJ·mol-1 (Table 22). In order to modify this “centerpiece” 1,3-

diisopropoxy-2-propanol into the required 1,3-di-isopropoxy-2-propanol we suggest the pathway 

illustrated in Figure 16. In general, we need only to reshape the ethyl substituent into the iso-propyl 

substituent (both at the left and the right side of the molecule) by subtracting of two CH2[O, C] 

increments and by addition of two CH [O, 2C] increments instead. One of the CH3[C] groups was 

already present in the starting structure, hence we attach two additional CH3[C] groups (also both 

at the left and the right side). The numerical values of increments are given in Table 27. The final 
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theoretical value of 1,3-diisopropoxy-2-propanol vaporization enthalpy is expressed by the 

following equation: 

∆l
g
𝐻m

o (298.15 K, 1,3-di-isopropoxy-2-propanol) =∆l
g
𝐻m

o (298.15 K, 1,3-di-ethoxy-2-propanol) -

2×CH2[O, C] + 2×CH[O, 2C] + 2×CH3[C] = (61.8 - 2×3.21 + 2×0.60 + 2×5.65) = 67.9 kJ·mol-1  (47) 

Table 27.  Group-additivity values for calculation of enthalpies of formation and enthalpies of 
vaporization of glycerol ethers at 298.15 K (in kJmol-1). 

Increment ∆l
g
𝐻m

o (298.15 K) ∆ 𝐻m
o (g, 298.15 K) 

CH3[C] = CH3[O] 5.65 -41.8 
CH2[2C] 4.98 -20.9 
CH[3C] 3.01 -10.0 
C[4C] 0.01 -0.4 
O[2C] 7.89 -100.1 
CH2[O, C] 3.21 -33.6 
CH[O, 2C] 0.60 -26.1 
C[O, 3C] -0.30 -16.4 
CH2[OH, 2C] 4.70 -33.2 
CH[OH, 3C] 2.05 -29.1 
OH[C] 32.15 -159.7 
CF3[C] 10.45b - 

a The numerical values of increments from [81,94,95], b Derived as described in Figure C. 4. 

These data are also in a good agreement with the transpiration result ∆l
g
𝐻m

o (298.15 K, 1,3-di-

isopropoxy-2-propanol) = 66.7±0.3 kJ·mol-1 (Table 21). Following this way, we have estimated 

vaporization enthalpies of all glycerol ethers measured in this work. Results are compiled in Table 

26, column 6. The theoretical values, estimated according to Equation 47 are in agreement with 

the transpiration results (the deviations are generally below 2 kJ·mol-1) proving the internal 

consistency of the new experimental data. 

 

Figure 16.  Using the 1,3-diethoxy-2-propanol as the “centerpiece” for estimation vaporization 
enthalpy of 1,3-diisopropoxy-2-propanol with help of increments given in Table 27. 

The structure-property relationships discussed in Section 3.4 has helped to establish the 

internal consistency of experimental and theoretical ∆l
g
𝐻m

o (298.15 K)-values. The compilation of 

the theoretical results is given in Table 26 (columns 3-6). In order to get more confidence, we have 

averaged the results from different theoretical approaches and the averaged value is given in Table 

26, column 7. These theoretical values (Table 26, column 7) can be now fair compared with the 
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experimental results (Table 26, column 2). As it apparent from Table 26, column 8, the agreement 

is excellent at the level generally below 0.5 kJ·mol-1. Even the somewhat larger deviation (of 1.7 

kJ·mol-1) observed for 1,3-dimethoxy-2-propanol is quite expected due to the peculiarities of the 

first representatives of homologous series, as it has been already mentioned above. In this context, 

the systematic deviations (at the level of 7 kJ·mol-1) of ∆ 𝐻 (298.15 K)-results for 1-methoxy,3-

tert-butoxy-2-propanol, 1,3-di-(n-butoxy)-2-propanol, and 1-butoxy,3-tert-butoxy-2-propanol 

(Table 26, column 2) seem to be the clear evidence of problems with the static method used by 

Garcia et al. [86]. As a consequence, we suggest the theoretical values given in bold in Table 26 

(column 7) as the reliable ∆ 𝐻 (298.15 K)-values for the thermochemical calculations with these 

three glycerol ethers. 

3.2.5. Standard molar enthalpies of formation from combustion calorimetry 

Specific energies of combustion cu° were calorimetrically measured in series of five 

experiments for each glycerol ether. Auxiliary quantities required for the reduction of the 

combustion results are collected in Table C. 11. Compilation of combustion results for cu° and 

∆ 𝐻m
o  with glycerol ethers are given in Table C. 12. These results where referenced to the following 

reactions: 

1,3-dimethoxy-2-propanol: C5H12O3(liq) + 6.5×O2(g) = 5×CO2(g) +6×H2O(liq)  (48) 

1,3-diethoxy-2-propanol: C7H16O3(liq) + 9.5×O2(g) = 7×CO2(g) +8×H2O(liq)   (49) 

1,3-di-isopropoxy-2-propanol: C9H20O3(liq) + 12.5×O2(g) = 9×CO2(g) +10×H2O(liq)  (50) 

2,5,9,12-tetraoxatridecan-7-ol: C9H20O5(liq) + 11.5×O2(g) = 9×CO2(g) +10×H2O(liq) (51) 

Combustion experiments with 1,3-bis(2,2,2-trifluoroethoxy)-2-propanol require rotating-

bomb combustion calorimeter. Unfortunately, this device was under reconstruction during period 

of the current project. Combustion experiments with glycerol ethers were performed for the first 

time and the final results are compiled in Table 28, column 3. 

Table 28. Compilation of thermochemical data for glycerol ethers at T=298.15 K (p°=0.1 MPa, in 
kJ·mol-1). 

compound ∆ 𝐻m
o (liq) ∆ 𝐻m

o (liq) ∆ 𝐻m
o a ∆ 𝐻m

o (g)exp ∆ 𝐻m
o (g)theor

b 

1 2 3 4 5 6 
1,3-dimethoxy-2-propanol -084.4±1.6 -598.1±1.8 57.3±1.4 -540.8±2.3 -540.5±1.5 
1,3-diethoxy-2-propanol -4370.2±1.3 -671.1±1.6 61.5±0.4 -609.6±1.6 -609.6±2.1 
1,3-diisopropoxy-2-propanol -5654.9±2.5 -745.0±2.8 66.7±1.2 -678.3±3.0 -680.7±2.1 
2,5,9,12-tetraoxatridecan-7-ol -5442.1±2.3 -957.8±2.6 85.8±1.6 -872.0±3.1 -868.1±2.1 
1,3-bis(2,2,2-trifluoroethoxy)-2-
propanol 

  71.4±0.2  -1902.7±2.1 

a From Table 21., b averaged quantum-chemical results from G3MP2, G4MP2 and G4, calculations (Table 27). 
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3.2.6. Gas-phase standard molar enthalpies of formation: experiment and theory 

The experimental gas-phase standard molar enthalpies of formation ∆ 𝐻m
o (g)exp are derived 

(Table 28, column 5) from the evaluated experimental vaporization enthalpies (Table 21) and 

results from combustion calorimetry (Table C. 12) according to common thermochemical 

equations:  

               ∆ 𝐻m
o (g, 298.15 K)exp = ∆l

g
𝐻m

o (298.15 K) + ∆ 𝐻m
o (liq, 298.15 K)exp     (52) 

Since thermochemical data on glycerol ethers were measured for the first time, we used the high-

level quantum-chemical calculations to support the reliability of our new results. In the past 

decade, the high-level composite quantum-chemical methods become a valuable tool for obtaining 

theoretical ∆ 𝐻m
o (g, 298.15)-values with so-called “chemical accuracy” of 4-5 kJ·mol-1 [30,96,97]. 

The quantum-chemical methods differ considerably in terms computing power and time. In this 

work we tested G3MP2, G4MP2 and G4 methods to get the theoretical ∆ 𝐻m
o (g, 298.15)-values of 

glycerol ethers for validation of our new experimental results. An agreement or disagreement 

between the theoretical and experimental ∆ 𝐻m
o (g, 298.15 K)-values provides a valuable indicator 

of the data mutual consistency.  

 
 

 
1,3-dimethoxy-2-propanol 1,3-diethoxy-2-propanol 1,3-di-isopropoxy-2-propanol 

  
2,5,9,12-tetraoxatridecan-7-ol 1,3-bis(2,2,2-trifluoroethoxy)-2-propanol 

Figure 17. The most stable conformers of glycerol ethers: 1,3-dimethoxy-2-propanol, 1,3-
diethoxy-2-propanol, 1,3-diisopropoxy-2-propanol, 2,5,9,12-tetraoxatridecan-7-ol, and 1,3-

bis(2,2,2-trifluoroethoxy)-2-propanol. 

The search for the lowest energy conformers was carried out in three steps ((MD  GGA 

DFT functional  Meta-GGA DFT functional) using the ADF 16 program [36]. First, all possible 

conformers of glycerol ethers were generated with the preservation of connectivity (molecular 

graph) and in each case, the structure was optimized by the method of molecular mechanics in the 

UFF force field. Further, the geometry of the first 100 low-lying conformers of the considered 

ethers was optimized within the framework of PBE/DZP on a large grid, and for the obtained 50 

lowest-energy conformers (PBE/DZP), the structure was re-optimized using M06L/DZP on an 
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ultra-large grid. In each case, Slater Cartesian orbitals were used. It should be noted that after each 

of the three steps, the sequence of energy-aligned structures of glycerol ethers was different 

(although the differences in total electron energy were insignificant in the range of 1-3 kJ·mol-1). 

Therefore, for the first three low-lying conformers obtained using both PBE/DZP and M06L/DZP, 

the enthalpy of formation was calculated using the composite methods G3MP2 [98], G4MP2 [99], 

and G4 [100] methods in the GAUSSIAN 09 program [101]. It was found that the differences 

between the stable conformers did not exceed 3 kJ·mol-1. 

Admittedly, the glycerol ethers are flexible molecules, but it has been found that the most 

stable conformer for each ether differs from other less stable conformers by 5-6 kJ·mol-1. 

According to our general experience, for such case only the most stable conformer contributes to 

the theoretical enthalpy of formation, and conformers with the energy difference ≥ 5-10 kJ·mol-1 

are practically not populated in the gas phase [102]. Such a simplification can be used for large 

molecules with abundant flexibility with sufficient accuracy. For example, for glycerol a 

theoretical value ∆ 𝐻m
o (g, 298.15 K) = -582.9 kJ·mol-1 for calculated for a single most stable 

conformer by using the G4 method and the atomization procedure is already in very good 

agreement with the recommended experimental result ∆ 𝐻m
o (g, 298.15 K)exp = -578.8±0.6 kJ·mol-

1 [102]. As a consequence, all theoretical enthalpies of formation in this work were derived from 

the most stable conformers of glycerol ethers, which are shown in Figure 17. 

Table 29.  Experimental and theoretical gas-phase enthalpies of formation ∆ 𝐻m
o (g) at T = 298.15 

K (p° = 0.1 MPa) for glycerol ethers as calculated by different methods (in kJ·mol-1). 

compound G3MP2 
ATb 

G4MP2 
ATc 

G4 
ATd 

G4 
WBR 

∆ 𝐻m
o (g)theor

 e 
Exp.a 

1,3-dimethoxy-2-propanol -540.9 -540.4 -540.3 -540.5f -540.5±1.5 -540.8±2.3 
1,3-diethoxy-2-propanol -611.4 -608.9 -609.0  -609.6±2.1 -609.6±1.6 
1,3-di-isopropoxy-2-propanol -683.7 -679.5 -679.8  -680.7±2.1 -678.3±3.0 
2,5,9,12-tetraoxatridecan-7-ol -870.2 -866.0 -869.0  -868.1±2.1 -872.0±3.1 
1,3-bis(2,2,2-trifluoroethoxy)-2-
propanol 

-1917.3 
-1899.0 -1896.2  -1902.7±2.1 

 
a From Table 28, b calculated by the G3MP2 method according to the atomization procedure and corrected with 
Equation 53 (Table C. 13), c calculated by the G4MP2 method according to the atomization procedure and corrected 
with Equation 54 (Table C. 14), d calculated by the G4 method according to the atomization procedure and corrected 
with Equation 55 (Table C. 15), e the theoretical value; calculated as the average from G3MP2, G4MP2 and G4 results, 
f average value calculated by the G4 method according to the well-balanced reactions (Figure C. 5, Table C. 16). 

The H298-values have been converted to the standard molar enthalpies of formation ∆ 𝐻m
o (g, 

298.15 K)theor using the atomization (AT) reaction. As a rule, the enthalpies of formation derived 

from the atomization reaction deviate systematically from the experimental values [79]. However, 

simple linear correlations between the AT-calculated and the experimental enthalpies of formation 

help to “correct” the results and to obtain reliable theoretical values. The experimental and 
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quantum-chemical ∆ 𝐻m
o (g, 298.15 K)-values, which were used to establish “corrections” are given 

in Table C. 13 - Table C. 15. The following linear correlations individual for each composite 

method were established (in kJ.mol-1): 

∆ 𝐻m
o (g)theor = 1.0050 × ∆ 𝐻m

o (g, AT) + 2.5  with R2 = 0.9998 for G3MP2 (53) 

∆ 𝐻m
o (g)theor = 1.0015 × ∆ 𝐻m

o (g, AT) - 1.2  with R2 = 0.9998 for G4MP2 (54) 

∆ 𝐻m
o (g)theor = 0.9965 × ∆ 𝐻m

o (g, AT) + 2.0  with R2 = 0.9998 for G4  (55) 

Using these correlations, the “corrected” enthalpies of formation of glycerol ethers have 

been calculated (Table 29). Another conventional way to convert the H298-values to the standard 

molar enthalpies of formation ∆ 𝐻m
o (g, 298.15 K)theor is using the “well-balanced reactions” (WBR) 

[96]. Using the WBR method we designed three reactions for 1,3-dimethoxy-2-propanol (Figure 

C. 5) with the reference compounds where reliable experimental gas-phase enthalpies of formation 

∆ 𝐻m
o (g, 298.15 K) are available in the literature (Table C. 16). The average enthalpy of formation 

of 1,3-dimethoxy-2-propanol derived from the WBR method is indistinguishable from those 

calculated by the “corrected” atomization reaction (Table 29). The final gas-phase theoretical 

standard molar enthalpies of formation, ∆ 𝐻m
o (g)theor, are summarized in Table 29. As can be seen 

from this table, the “corrected” atomization G3MP2, G4MP2 and G4 gas-phase-enthalpies of 

formation of glycerol ethers are in very close agreement. Therefore, we calculated the weighted 

average value for each compound in Table 29 and designated it as the theoretical values, ∆ 𝐻m
o (g, 

298.15 K)theor, for comparison with the experimental values, ∆ 𝐻m
o (g, 298.15 K)exp, compiled in 

Table 28. Comparison of column 5 with column 6 in Table 28 shows good agreement between the 

theoretical and experimental ∆ 𝐻m
o (g, 298.15 K)-values for each compound. This good agreement 

can be considered as proof of the internal consistency of the thermochemical results evaluated in 

this work (Table 28).  

3.2.7. Evaluation of the gas-phase enthalpies of formation based on the “centerpiece” 

model 

Even if a remarkable correspondence between the experimental and theoretical ∆ 𝐻m
o (g, 

298.15 K)-values has been established, additional validation of the evaluated results with the aid 

of structure-property relationships is desirable. In 3.2.4.3 we used the “centerpiece” model for 

evaluation of vaporization enthalpies. The same model can be applied for evaluation of the gas-

phase standard molar enthalpies of formation. In Figure 18 it is shown, how to derive enthalpies 

of formation of 1,3-diethoxy-2-propanol and 1,3-di-isopropoxy-2-propanol starting from 1,3-

dimethoxy-2-propanol.  
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Figure 18.  Using the “centerpiece” model for evaluation of the gas-phase standard molar 
enthalpies of formation, ∆ 𝐻m

o (g, 298.15 K)exp, of 1,3-dimethoxy-2-propanol, 1,3-diethoxy-2-
propanol, and 1,3-diisopropoxy-2-propanol. The numerical values are taken from Table 27 and 

Table 28 and they are given in kJ·mol-1. 

Indeed, if we add two enthalpic contributions CH2[O, C] (Table 27) to the experimental 

value ∆ 𝐻m
o (g, 298.15 K)exp = -578.8±0.6 kJ·mol-1 of 1,3-dimethoxy-2-propanol, we obtain the 

enthalpy of formation of 1,3-diethoxy-2-propanol (Figure 18). This calculation is very simple to 

validate: the difference between the experimental enthalpies of formation of 1,3-diethoxy-2-

propanol and 1,3-dimethoxy-2-propanol of -67.8 kJ·mol-1 is very close to the sim of two 

contributions CH2[O, C] of -67.2 kJ·mol-1, as it can be seen in Figure 18. In the similar way it is 

possible to calculate the enthalpy of formation of 1,3-di-isopropoxy-2-propanol starting from the 

“centerpiece” 1,3-di-methoxy-2-propanol (Figure 18). The good agreement observed among the 

theoretical and experimental ∆ 𝐻m
o (g, 298.15 K)-values for glycerol ethers, as well as the logical 

structure-property relationships demonstrated on Figure 18 can be considered as an evidence of 

the internal consistency of thermochemical results evaluated in this work (Table 28).  

Chapter 4 Commodity Chemicals and Fuels from Biomass: Thermodynamic 
Properties of Levoglucosan Derivatives 

4.1. Introduction 

Cellulose is the inexhaustible, sustainable, and fascinating renewable source for 

industrially important chemicals and fuels. Cellulose-derived platform chemicals not only offer 

viable substitutes for most petroleum-based polymers, but also enable the development of novel 

functional materials [103]. The thermochemical studies of platform chemicals, such as ethylene 

glycol [92], 5-hydroxymethylfurfural [73,104], levulinic acid [74], lactic acid [105], resulting from 

the conversion of cellulose have been systematically conducted in our laboratory. 

In the focus of this work are dihydro-levoglucosenone (or cyrene) and levoglucosenone 

(Figure 19). Cyrene may be derived from cellulosic waste and it is considered as a potential 

“green” replacement for industrial polar aprotic solvents, such as dimethyl-formamide and N-
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methyl-pyrrolidinone, that are facing increased regulation for their toxicity [106]. The selective 

pyrolytic conversion of cellulose or cellulose-containing materials produces levoglucosenone, a 

highly functionalized chiral structure. The highly functionalized structure of levoglucosenone 

makes it an attractive chiral synthon for the synthesis of a wide variety of natural and unnatural 

compounds [107].  

   
dihydro-levoglucosenone 
(cyrene) [537716-82-8] 

levoglucosenone 
[37112-31-5] 

levoglucosan 
[498-07-7] 

Figure 19. Compounds studied in the research. 

Admittedly, reliable thermochemical data are required for the design and development of 

new compounds and technologies [108–110]. The thermochemical properties of cyrene and 

levoglucosenone are relevant for large-scale manufacture. In this work we measured vapour 

pressures of cyrene and levoglucosenone and the standard molar vaporization 

enthalpies, ∆ 𝐻 (298.15 K) were derived. We used calorimetry to measure combustion energies 

of cyrene and levoglucosenone for the first time. We used different empirical methods, structure-

property correlations, and the high-level quantum-chemical calculations for validation and 

evaluation of new experimental results.  

4.2. Results and discussion  

All experimental results and intermediate discussion are presented in our article [111]. Due 

to the subject of the manuscript, it was decided to observe here the part of the research connected 

with the issue of valorization of levoglucosan derivatives.  

4.2.1. Energetics of levoglucosan derivatives valorization 

An essential aspect of the use of renewable carbon sources is the production of platform 

molecules from biomass and the upgrading of these molecules into valuable products. 

Levoglucosan is the valuable intermediate obtained from thermal degradation of cellulose 

component of biomass [112]. The general reaction for this process is shown in Figure 20. The 

enthalpy of this reaction, ∆ 𝐻m
o (298.15 K) = 156 kJ·mol-1, was calculated according to the Hess´s 

Law with help of the experimental standard molar enthalpy of formation, ∆ 𝐻m
o (g, 298.15 K) = -

830.4±2.9 kJ·mol-1, of levoglucosan evaluated in this work (Table D. 1) and the ∆ 𝐻m
o (cr, 298.15 

K) = -985±7 kJ·mol-1, per mole of monomeric units for the microcrystalline cellulose [113]. The 

reaction enthalpy, ∆ 𝐻m
o (298.15 K) = 44 kJ·mol-1, for this process is significantly lower when 
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calculations are performed with the liquid phase levoglucosan as the final product. In this case, 

∆ 𝐻m
o (liq, 298.15 K) = -942.1±3.1 kJ·mol-1, of levoglucosan was derived from its ∆ 𝐻m

o (cr, 298.15 

K) and ∆cr
l 𝐻m

o (298.15 K), evaluated in [111] and Table D. 1. 

 

Figure 20. The thermal degradation of cellulose to obtain levoglucosan. The enthalpies of 
reaction are given in kJ·mol-1. 

Levoglucosan can be also obtained from dehydration of biomass-derived sugars [114]. The 

energetics of this process can be assessed with help of a model reaction with -D-glucose shown 

in Figure 21. The enthalpy of this reaction, ∆ 𝐻m
o (298.15 K) = 202 kJ·mol-1, was calculated with 

help of the gas-phase experimental standard molar enthalpy of formation of levoglucosan (Table 

D. 1) and the ∆ 𝐻m
o (cr, 298.15 K) = -1273.3±1.1 kJ·mol-1 [115]. Also, in this case the reaction 

enthalpy, ∆ 𝐻m
o (298.15 K) = 46 kJ·mol-1, for this dehydration process is significantly lower when 

calculations are performed with the liquid phase levoglucosan as the final product.  

 

Figure 21. The dehydration of -D-glucose to obtain levoglucosan. The enthalpies of reaction 
are given in kJ·mol-1. 

There are many ways to use levoglucosan to produce the commodity chemicals [116]. The 

production of levoglucosenone via levoglucosan dehydration using Brønsted solid acid catalysts 

in tetrahydrofuran was reported just recently [117]. The reaction is shown in Figure 22. 

 

Figure 22. The dehydration of levoglucosan to obtain levoglucosenone. The enthalpy of reaction 
is given in kJ·mol-1. 
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The 100% levoglucosan conversion with the levoglucosenone selectivity of up to 59% was 

achieved. The use of propylsulfonic acid functionalized silica catalysts increased the production 

of levoglucosenone by a factor of two compared to the use of homogeneous acid catalysts. Such 

promising reaction parameters open the way for large-scale development of this process. The 

reaction enthalpy for the reaction shown in Figure 22 is therefore important for optimizing the heat 

balances. The enthalpy of this reaction, ∆ 𝐻m
o (liq, 298.15 K) = -12.8±3.9 kJ·mol-1, was calculated 

with help of the liquid-phase standard molar enthalpy of formation of levoglucosan ∆ 𝐻m
o (liq, 

298.15 K) = -942.1±3.1 kJ·mol-1, and the ∆ 𝐻m
o (liq, 298.15 K) = -383.3±1.5 kJ·mol-1 of 

levoglucosenone (Table D. 1). 

 

Figure 23. The hydrogenation of levoglucosenone to obtain cyrene (dihydro-levoglucosenone). 
The enthalpy of reaction is given in kJ·mol-1. 

The levoglucosenone can be hydrogenated to cyrene (dihydrolevoglucosenone) according 

to the reaction given in Figure 23 [116]. The reaction enthalpy, ∆ 𝐻m
o (liq, 298.15 K) = -114.4±2.3 

kJ·mol-1, which was calculated from our new data (Table D. 1) for both reaction participants, is in 

agreement with the enthalpy of hydrogenation of cyclohexene to cyclohexane, ∆ 𝐻m
o (liq, 298.15 

K) = -117.9±1.0 kJ·mol-1, calculated with data taken from the literature [115]. The relatively high 

exothermic effect of the hydrogenation reaction must be taken into account when developing the 

technology for temperature management. 

Another promising process of the isomerization of levoglucosenone to hydroxymethyl 

furfural in an aqueous solvent system with a sulfuric acid catalyst was reported recently [118]. The 

reaction network is presented in Figure 24. The isomerization enthalpy, ∆ 𝐻m
o (liq, 298.15 K) = -

34.3±2.7 kJ·mol-1, was calculated from our new data for levoglucosenone (Table D. 1) and 

∆ 𝐻m
o (liq, 298.15 K) = -417.6±1.4 kJ·mol-1 for hydroxymethyl furfural from our previous work 

[104]. Furthermore, optimizing the isomerization of levoglucosenone could allow for the 

production of hydroxymethyl furfural or levulinic acid [74] in high yield, which can in turn be 

converted to fuels [119] and platform chemicals [104]. The reaction enthalpy, ∆ 𝐻m
o (liq, 298.15 

K) = -74.7±2.5 kJ·mol-1, was calculated from ∆ 𝐻m
o (liq, 298.15 K) = -425.1±0.4 kJ·mol-1 for 
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formic acid [115] and ∆ 𝐻m
o (liq, 298.15 K) = -638.8±2.1 kJ·mol-1 for levulinic acid from our 

previous work [74].  

 

Figure 24. The isomerization of levoglucosenone to hydroxymethyl furfural and subsequent of 
hydroxymethyl furfural to formic and levulinic acids. 

Chapter 5 Prediction of thermodynamic properties. Centerpiece approach 
applied to aminoalcohols: how do we avoid confusion and get reliable results? 
 

5.1. Introduction 

The group additivity (GA) approach offers an excellent way of assessing the 

thermodynamic properties of molecules whose properties have not been measured. One of the most 

popular GA approach was developed by Sydney W. Benson [1]. A group is defined by Benson as 

“a polyvalent atom (ligancy ≥ 2) in a molecule together with all of its ligands.” The sum of the 

groups that constitute a molecule of interest provides a quick appraisal of a thermodynamic 

property. The GA works well for the gas-phase standard molar enthalpies of formation ∆ 𝐻m
o (g, 

298.15 K). The GA performance for the liquid phase enthalpies of formation, ∆ 𝐻m
o(liq, 298.15 K), 

is less successful because the intermolecular interactions between the molecules are randomly 

distributed among the groups. This fact aggravates the accuracy of the prediction considerably. In 

contrast, the standard molar enthalpies of vaporization, ∆ 𝐻 (298.15 K), obey sufficiently well to 

the additivity rules. An important step in this direction was made by and co-workers [120] who 

showed that group additivity can be used to estimate the ∆ 𝐻 (298.15 K)-values of organic and 

organometallic compounds with good precision. In his later work [24], Sydney W. Benson also 

expanded the GA method for calculating enthalpy of vaporization. We endorsed and followed 

Benson's approach and re-evaluated the group contributions using the updated ∆ 𝐻m
o (g, 298.15 K), 

∆ 𝐻m
o(liq, 298.15 K), and ∆ 𝐻 (298.15 K) data [81]. The crucial advantage of the Benson´s 

method is that the energetics of a molecule of interest can be collected from scratch. However, 

many interactions between nearest and non-nearest neighbour groups, between substituents, and 
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between fragments of the molecule are not taken into account by this procedure [60]. In the original 

Benson´s scheme, such interactions are included as a list of individual “non-additive 

“contributions. However, the variety of possible structures of organic compounds is countless, so 

that the list of individual “non-additive” contributions can be endless.  

 

Figure 25. Calculations of vaporization enthalpy, ∆ 𝐻 (298.15 K), of 2-(phenyl-amino)-
ethanol from 2-(methyl-amino)-ethanol using the “centerpiece” approach. 

In our most recent work [25,38] we develop a “centerpiece” approach that is closely related 

to the conventional group-contribution methods [24,81]. In the latter methods the molecule of 

interest is collected completely from well-defined group contributions. In contrast, the idea of this 

“centerpiece” approach is to select a “core” molecule that may possibly close mimic the structure 

of the molecule of interest, but the selected “centerpiece” molecule has the well-established 

thermodynamic properties. Different substituents can be attached (or subtracted) to this 

"centerpiece" in different positions. The visualisation of the “centerpiece” approach is given in 

Figure 25.  

   
2-(methyl-amino)-ethanol [109-

83-1] 
1-(dimethylamino)-2-propanol [108-

16-7] 
2-(dimethylamino)-1-propanol 

[15521-18-3] 

  

2-(phenyl-amino)-ethanol [122-98-5] 2-(benzyl-amino)-ethanol [104-63-2] 

Figure 26. Branched and phenyl-substituted aminoalcohols studied in this work. 

For the prediction, e.g. the enthalpy of vaporization of 2-(phenyl-amino)-ethanol, a 

similarly shaped 2-(methyl-amino)-ethanol, can be seen as a well suited “centerpiece”. Indeed, the 

latter molecule already bears the energetic contribution due to the inherent intra-molecular 

hydrogen bond (intra-HB), which is the most significant feature of amino-ethanols. The 

experimental vaporization enthalpy of 2-(methyl-amino)-ethanol is well-established in the 

literature [121,122]. Using this value as the “centerpiece”, we can therefore exchange the methyl-
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group CH3 with the phenyl-group C6H5 and estimate the desired ∆ 𝐻 (298.15 K)-value for of 2-

(phenyl-amino)-ethanol. It should be noted that the conventional GA method to such predictions 

will not work because intra-HB is not parameterized at all. To validate the “centrepiece” approach 

to aminoalcohols, we examined the series of aminoalcohols shown in Figure 26.  

The focus of this work was on vapor pressures measurements and the standard molar 

vaporization enthalpies, ∆ 𝐻 (298.15 K). We used different empirical and structure-property 

correlation methods for validation and evaluation of new and available experimental results. We 

used the evaluated  ∆ 𝐻 (298.15 K)-values for aminoalcohols listed in Figure 26 in order to show 

the success and limitations of the “centrepiece” approach. 

5.2. Results and discussion 

5.2.1. Absolute vapor pressures and thermodynamics of vaporization 

The primary experimental results on vapor pressures for the DL-2-amino-1-butanol, 1-

(dimethylamino)-2-propanol, 2-(phenyl-amino)-ethanol and 2-(benzyl-amino)-ethanol from the 

transpiration method are summarized in Table E.2. 

The vapor pressures for DL-2-amino-1-butanol and 1-(dimethylamino)-2-propanol were 

measured for the first time. The vapor pressures at different temperatures for 2-(phenyl-amino)-

ethanol are reported by Stull [53]. These data correspond to the significantly higher temperature 

range and a comparison is not possible. The vapor pressures temperature dependence for 2-

(benzyl-amino)-ethanol was measured by Razzouk et al. [123] using the static method. The 

comparison of the available data is given in Figure E.1. Our perspiration results are significantly 

lower compared to those of the static technique. It has turned out that the purity of the sample used 

by Razzouk et al. [123] was only 97.7% according to gas chromatography as determined after 

vapor pressure measurements. In our experience with the static method, the remaining 2.3% 

impurities could significantly increase the vapor pressure if the impurities have a higher volatility. 

However, this apparent disagreement led us to look for additional data that would help resolve the 

observed contradictions. As a matter of fact, the SciFinder [34] compiles experimental boiling 

temperatures at various pressures. The accuracy of this data is questionable as it comes from the 

distillation of a compound after its synthesis and not from special physico-chemical studies. 

However, the numerous data on boiling temperatures at standard pressure, as well as at reduced 

pressures provide at least a reliable level of the experimental vapor pressures and a reliable trend 

of the dependence of the vapor pressure temperature. As can be seen in Figure E.1, the boiling 

points data agree fair with our transpiration results, but not with those from the static method. After 
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we have resolved the contradictions observed in this way for 2-(benzyl-amino)-ethanol, we have 

systematically (Table E. 3) collected the data available in SciFinder for amino alcohols (Figure 

26). These data were used to derive vaporization enthalpies of aminoalcohols (Table 30). The 

“empirical” results derived in this way are designated in Table 30 as SF-values. The compilation 

of the standard molar enthalpies of vaporization of aminoalcohols at the reference temperature T 

= 298.15 K, calculated according to Equation 8 is given in Table 30. 

Table 30. Compilation of the standard molar enthalpies of vaporization ∆ 𝐻  of substituted 
aminoalcohols. 

Compound Ma  T- range ∆ 𝐻 (Tav) ∆ 𝐻 (298.15 K) 
   K kJ·mol-1 kJ·mol-1 
2-(methyl-amino)-ethanol [109-83-1]     57.7±0.2 [122] 
2-(ethyl-amino)-ethanol [110-73-6]     60.8±0.2 [124] 
DL-2-amino-1-butanol T  303.2-333.5 64.0±0.4 65.5±0.5 
1-(dimethylamino)-2-propanol SF  333-400 42.3±0.6 47.3±0.7 
[108-16-7] Tb  400  44.9±1.5 
 T  276.2-308.2 46.3±0.2 45.7±0.3 
     45.6±0.2 c 
2-(dimethylamino)-1-propanol SF  341-423 45.8±0.5 51.6±0.7 
[15521-18-3] Tb  420.5  50.3±1.5 
     51.4±0.6  
2-(phenyl-amino)-ethanol n/a  377.2-552.8 65.5±1.5 78.8±1.7 [53] 
[122-98-5] SF  383-560 68.6±1.4 83.6±1.6 
 Tb  553  85.0±1.5 
 Add    83.3±1.0 
 Jx    83.4±1.0 
 T  308.1-348.5 79.8±0.3 82.3±0.4 
     82.6±0.3  
2-(benzyl-amino)-ethanol  S  292.8-362.9 71.7±0.6 (74.5±0.7) [123] 
104-63-2 SF  379-562 78.5±3.6 92.4±3.7 
 Tb  (562)  87.0±1.5 
 Add    86.2±1.0 
 Jx    83.5±1.0 
 T  302.2-344.4 82.2±0.3 84.5±0.4 
     84.7±0.4  

a Techniques: T = transpiration method; S = static method; n/a = method is not available; SF - from experimental 
boiling temperatures reported at different pressures compiled by the SciFinder [34] (see text); Jx – from correlation of 
experimental vaporization enthalpies with Kovats´s indices (see text); Add = calculated according to the “centerpiece” 
approach. 

5.2.2. Correlation of vaporization enthalpies with normal boiling temperatures 

The relation of vaporization enthalpy to boiling point is a well-established phenomenon 

and Trouton’s rule is the best evidence of this. According to our experience, the amino alcohols 

are thermally stable compounds, that boil between 400 K and 560 K [48,55,78], depending on their 

size and structure. In the paper [124] it was established a linear correlation of ∆l
g
𝐻m

o (298.15 K)-

values with Tb values were found for the set containing primary and secondary aminoalcohols 

(kJ·mol-1):  

                           ∆l
g
𝐻m

o (298.15 K) = -35.3 + 0.2193×Tb with (R2 = 0.966)                  (56) 
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The results calculated from this correlation were in agreement with those derived from other 

methods within of ±1.5 kJ·mol-1. Equation 56 was used to calculate vaporization enthalpies of 1-

(dimethylamino)-2-propanol, 2-(dimethylamino)-1-propanol, 2-(phenyl-amino)-ethanol, and 2-

(benzyl-amino)-ethanol, which are given in Table 30 and designated as the Tb -values. 

5.2.3. Kovats´s retention indices for validation of experimental vaporization enthalpies  

As anticipated, the following linear correlation was obtained when the ∆l
g
𝐻m

o (298.15 K)-

values are correlated with Jx-values for the structurally parent set of aminoalcohols collected in 

Table 31: 

                                ∆l
g
𝐻m

o (298.15 K)/(kJ.mol-1) = 29.6 + 0.0399×Jx with (R2 = 0.996)            (57) 

Table 31. Correlation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of aminoalcohols with their 
Kovats´s indices (Jx) 

  Jx
 a ∆l

g
𝐻m

o (298 K)exp
b ∆l

g
𝐻m

o (298 K)calc
c  

CAS Compound  kJ·mol-1 kJ·mol-1 kJ·mol-1 
109-83-1 2-(methyl-amino)-ethanol 700 57.7±0.2 [122] 57.5 0.2 
110-73-6 2-(ethyl-amino)-ethanol 786 60.8±0.2 [124] 61.0 -0.2 
122-98-5 2-(phenyl-amino)-ethanol 1347 82.3±0.4 d 83.3 -1.1 
104-63-2 2-(benzyl-amino)-ethanol 1349 84.5±0.4 d 83.4 1.1 

a Kovats´s indices, Jx, on the standard non-polar column OV-1 [125], b data from Table 30, c calculated with Equation 
67, d Experimental data measured by using the transpiration method (Table 30). 

The “theoretical” results derived from this correlation are given in Table 30 and designated as Jx. 

The vaporization enthalpies derived from the correlations with Kovats´s indices (Table 31, column 

5) are in a good agreement with those obtained by the transpiration method (Table 30). Such good 

agreement can be seen as additional validation of the experimental data measured in this work by 

using the transpiration method (Table 30). It can be seen from Table 31, that differences between 

experimental and calculated according to Equation 57 vaporization enthalpies are at the level of 1 

kJ·mol-1 in the worst cases. Hence, the uncertainties of enthalpies of vaporization which are 

estimated from the correlation the ∆l
g
𝐻m

o (298.15 K) - Jx are evaluated with ±1.0 kJ·mol-1.  

5.2.4. Evaluation of available vaporization enthalpies  

As can be seen from Table 30, the vaporization enthalpies, ∆ 𝐻 (298.15 K), derived from 

vapor pressures measured by the conventional methods, as well as those derived from the 

SciFinder [34] data are in good agreement for aminoalcohols compiled in this table. Such a good 

agreement has reinforced usefulness of the experimental boiling temperatures reported at different 

pressures compiled by the SciFinder for evaluation of the scarce thermodynamic data.  Additional 

validation of the ∆ 𝐻 (298.15 K)-values collected in Table 30 was conducted with the correlation 
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∆l
g
𝐻m

o (298.15 K) – Tb. The results obtained from this correlation agree within the experimental 

uncertainties with values derived with other methods. 

Also, the ∆ 𝐻 (298.15 K)-values derived with help chromatographic retention indices, Jx, 

agree well with values derived for aminoalcohols with other methods. The “theoretical” Tb–values 

and Jx-values derived from both correlations, as well as the “empirical” SF-values are valuable to 

support the level of enthalpy of vaporization derived from other methods, especially in cases where 

data are scarce. The experimental and “theoretical” vaporization enthalpies derived for each 

amino-alcohol are given in Table 30. From this table can be seen, that for every compound 

agreement among ∆l
g
𝐻m

o (298.15 K)-values, which were derived in different ways, all lie within the 

assigned error bars. To get more confidence and reliability, the weighted average (the uncertainty 

was used as a weighing factor) for of aminoalcohols given in Table 30 is calculated. These values 

are highlighted in bold and are recommended for thermochemical calculations performed in the 

following section. 

5.2.5. Prediction of vaporization enthalpies of aminoalcohols with the “centerpiece” 

approach 

The general idea of the “centerpiece” approach is already shown in Figure 25. Now this 

idea is applied to predicting the ∆l
g
𝐻m

o (298.15 K)-values, which have been carefully evaluated in 

Table 30. First of all, let us complete the prediction shown in Figure 25 with help of the 

experimental vaporization enthalpy of 2-(methyl-amino)-ethanol ∆l
g
𝐻m

o (298.15 K) = 57.7±0.2 

kJ·mol-1 given in Table 30. According to the idea, the vaporization enthalpy of 2-(phenyl-amino)-

ethanol is derived by cutting the CH3-group (with its contribution to vaporization enthalpy of 6.33 

kJ·mol-1, given in Table E. 4) and attaching the C6H5-group (with its contribution to vaporization 

enthalpy of 31.7 kJ·mol-1, given in Table E. 4) instead. The resulting “additive” value ∆l
g
𝐻m

o (298.15 

K) = 83.1±1.0 kJ·mol-1 is very close to the transpiration result ∆l
g
𝐻m

o (298.15 K) = 82.3±0.4 kJ·mol-

1 (Table 30). 

Another option for predicting the vaporization enthalpy of 2-(phenyl-amino)-ethanol is to 

start from the experimental vaporization enthalpy of 2-(ethyl-amino)-ethanol ∆l
g
𝐻m

o (298.15 K) = 

60.8±0.2 kJ·mol-1 given in Table 30. In this case, in order to derive the desired value, it is needed 

to cut off the CH3 and CH2 groups and append the C6H5 group instead. The resulting “additive” 

value ∆l
g
𝐻m

o (298.15 K) = 83.3±1.0 kJ·mol-1 is also very close to the transpiration result value 

∆l
g
𝐻m

o (298.15 K) = 82.3±0.4 kJ·mol-1 (Table 30). It is even easier to predict the vaporization 

enthalpy of 2-(benzyl-amino)-ethanol starting from the same “centerpiece” 2-(ethyl-amino)-
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ethanol as it shown in Figure 27. The resulting “additive” value ∆l
g
𝐻m

o (298.15 K) = 86.2±1.0 

kJ·mol-1 for 2-(benzyl-amino)-ethanol agrees within the combined uncertainties with the 

transpiration result ∆l
g
𝐻m

o (298.15 K) = 84.5±0.4 kJ·mol-1 (Table 30). 

 

Figure 27. Calculations of vaporization enthalpies of of 2-(phenyl-amino)-ethanol and of 2-
(benzyl-amino)-ethanol using the “centerpiece” approach. 

The examples of the “centerpiece” approach application given in Figure 25 and Figure 27 

show a generally possible way to obtain a reliable prediction even starting from different species. 

However, this method cannot be considered as universal, as the selection of the starting 

“centerpiece” requires some preliminary knowledge of effects that arise when substituents are 

placed in close proximity in the germinal or vicinal position on the alkane skeleton. This idea is 

demonstrated in Figure 28. Using the “centerpiece” approach, the vaporization enthalpy of DL-2-

amino-1-butanol can be estimated starting from 2-amino-ethanol, 2-amino-1-propanol, and from 

2-amino-1-pentanol. Experimental data for these aminoalcohols are given in Table E. 5. 

 

  

Figure 28. Calculations of vaporization enthalpy of DL-2-amino-1-butanol using the 
“centerpiece” approach. 
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The four steps required to construct DL-2-amino-1-butanol from 2-amino-ethanol are 

shown in Figure 28 (left). The resulting “additive” value ∆l
g
𝐻m

o (298.15 K) = 67.5±1.0 kJ·mol-1 is 

clearly overestimated compared to the transpiration result ∆l
g
𝐻m

o (298.15 K) = 65.5±0.5 kJ·mol-1 

(Table 30). Maybe there are too many construction steps to get a correct result? Starting with 2-

amino-1-propanol, the number of steps is considerably lower (Figure 28, middle). But even in this 

case the “additive” value ∆l
g
𝐻m

o (298.15 K) = 62.6±1.0 kJ·mol-1 is clearly underestimated compared 

to the transpiration result ∆l
g
𝐻m

o (298.15 K) = 65.5±0.5 kJ·mol-1 (Table 30). What is wrong with the 

centerpiece approach? Starting with 2-amino-1-pentanol, we also need only one step to construct 

DL-2-amino-1-butanol (Figure 28, right). Finally, the “additive” result ∆l
g
𝐻m

o (298.15 K) = 

64.6±1.0 kJ·mol-1 comparable to the experiment can be got. What can be the reason for the trial 

and error observed in all three cases? 

 

 

Figure 29. Chain-length dependence of 
vaporization enthalpies ∆l

g
𝐻m

o (298.15 
K)/kJ·mol-1 in 1,2-alkanediols and in 2-amino-

1-alkanols. NC is the total number of C-atoms in 
the molecule. 

Figure 30. Calculations of vaporization 
enthalpies of 2-(dimethyl-amino)-1-
propanol and 1-(dimethyl-amino)-2-

propanol using the “centerpiece” approach. 

At first glance, none of the three starting molecules 2-aminoethanol, 2-amino-1-propanol 

and 2-amino-1-pentanol are very different. But it is not correct. It is known that the energetics of 

amino alcohols and 1,2-alkanediols is determined by the intra-molecular hydrogen bonding 

[92,126]. Let us first consider 1,2-alkanediols, for which a plausible explanation was given in our 

previous work [92]. With the 1,2-alkanediols, an unusual sequence of the ∆l
g
𝐻m

o (298.15 K)-values 

was observed with increasing chain length (in kJ·mol-1): 1,2-ethanediol (66.0±0.2), 1,2-
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propanediol (64.5±0.2), 1,2-butanediol (70.4±0.3), 1,2-pentanediol (74.6±0.3), and 1,2-hexanediol 

(78.7±0.3) [92]. Such behaviour of 1,2-alkanediols can be explained by a strong intra-HB, which 

obviously dominates in the liquid state. In the case of 1,2-propanediol, the addition of an external 

methyl group leads to a steric hindrance to the formation of an intra-HB. Because of this steric 

hindrance, the enthalpy of vaporization of 1,2-propanediol is reduced compared to 1,2-ethanediol. 

However, an attachment of the next alkyl fragments to the 1,2-ethanediol unit does not have the 

same effect as with the first substitution, since the added fragments are further away from the 

hydroxyl groups, which form the intra-HB. With increasing chain length in 1,2-butanediol and 1,2-

pentanediol, the substitution effect on the intra-HB is already compensated and the ∆l
g
𝐻m

o (298.15 

K)-values become linearly dependent on the chain length (Figure 29). 

As can be seen in Figure 29, the trend similar to that of 1,2-alkanediols applies to amino 

alcohols: the strongest intra-HB is in 2-amino-ethanol. However, already in 2-amino-1-propanol, 

the CH3 group, which is located in the close proximity of the amino-group, reduces the strength of 

the intra-HB for steric reasons. Similar to 1,2-alkanediols, an attachment of the next alkyl 

fragments to 2-amino-ethanol does not have the same effect as with the first substitution. As a 

consequence, the vaporization enthalpies of 2-amino-ethanol and 2-amino-1-propanol are out of 

the linear correlation shown in Figure 29. The linearity of the chain length dependence of the 

enthalpy of vaporization begins with 2-amino-1-butanol. Such a peculiar energetic behaviour that 

has been observed in amino alcohols can now explain the trial and error observed with three 

“centerpieces” shown in Figure 28. Indeed, using 2-aminoethanol and 2-amino-1-propanol to 

predict the enthalpy of vaporization of 2-amino-1-butanol could be considered as a typical “error”, 

as both molecules have much more individual characteristics than is applicable for group 

additivity. In contrast, using the 2-amino-1-pentanol as the “centerpieces” is optimal for the 

prediction, since according to the Figure 29, this molecule is already out of perturbation specific 

for the smaller homologues. 

Another important factor for the selection of the “centerpiece” molecule is illustrated in 

Figure 30. Let us try to predict vaporization enthalpies of two branched aminoalcohols: enthalpies 

of 2-(dimethyl-amino)-1-propanol and 1-(dimethyl-amino)-2-propanol starting from ∆l
g
𝐻m

o (298.15 

K) = 47.1±0.1 kJ·mol-1 [127] of 2-(dimethyl-amino)-ethanol as the “centerpiece” molecule. In both 

cases only replacement the CH2 group with the CH group and adding the contribution for the CH3 

group as it shown in Figure 30 is required. In both cases, however, the "additive" results do not 

agree with the experimental values evaluated in Table 30. 
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The obvious reason for the observed disagreement is the appearance of steric repulsions 

between substituents, since they occur in close proximity on the small skeleton. Due to these 

repulsions the tightness of the packaging of the molecules in the liquid is unique for each type of 

branching. Therefore, the correct selection of the “centerpiece” molecule is hardly possible.  

The consequence for proper use of the "centerpiece" approach is that the small branched 

molecules and molecules with strong steric interactions (e.g. 2-amino-2-methyl-1-propanol) must 

be excluded from application. Nonetheless, the "centerpiece" approach with different types of 

organic and metal-organic compounds is tested by our group. The reliable results have been 

already obtained for aldehydes and esters [128], substituted benzenes [25,38], and for tris(beta-

diketonato)iron complexes [129]. 

In summary, the compilation of experimental results evaluated in Table 30 made it possible 

to validate three different approaches (SF, Tb, and “centerpiece”) in order to reliably assess the 

∆l
g
𝐻m

o (298.15 K) values for organic and metal-organic compounds. 

Chapter 6 Evaluation of vaporization thermodynamics of pure aminoalcohols 

6.1. Introduction 

 The CO2 capture and sequestration processes have been widely reported to reduce 

emissions to the atmosphere, using systems based on solid sorbents, ionic liquids, advanced 

membrane, porous materials, amines, and aminoalcohols [130]. The amino alcohols that are 

practically used in CO2 capture processes after combustion are mono-, di-, tri-ethanolamine, and 

N-methyl-di-ethanolamine. It is therefore desirable to synthesize new amino alcohols that 

incorporate the benefits of amine mixtures in the same molecule or that could provide new 

materials for mixing in a formulated solvent [131]. Synthetic approaches based on rational 

molecular design allow for a systematic modification of the structure of aminoalcohols by an 

appropriate placement of substituent functional groups, especially the hydroxyl function, relative 

to the position of the amino group [131,132]. The performance of these modified and branched 

aminoalcohols in aqueous solutions with regard to the solubility of CO2 is significantly higher than 

that of conventional amino alcohols [131]. Admittedly, knowledge of reliable thermodynamic data 

is generally essential for the design and development of new synthetic routes [133]. In this paper 

we studied the series of aminoalcohols shown in Figure 31.  
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2-amino-2-methyl-1-
propanol 

3-(dimethyl-amino)-1-
propanol 

1-(dimethyl-amino)-2-
propanol 

Figure 31. Aminoalcohols studied in this work using the transpiration method. 

  

  
2-(ethyl-amino)-1-ethanol 2-(iso-propyl-amino)-1-ethanol 

 

 

 
3-(diethyl-amino)-1-propanol n-alkanol-amines 

Figure 32. Aminoalcohols evaluated in this work: 2-(ethyl-amino)-1-ethanol, 2-(iso-propyl-
amino)-1-ethanol, 3-(diethyl-amino)-1-propanol, and n-alkanol-amines with n = 1 – 4 (or 3-

amino-1-propanol, 4-amino-1-butanol, 5-amino-1-pentanol, 6-amino-1-hexanol). 

 

 

 

  

2-(n-propyl-amino)-ethanol 2-(n-butyl-amino)-ethanol 2-(t-butyl-amino)-ethanol 

 

 

 

  

1-amino-2-methyl-2-propanol 4-amino-4-methyl-2-pentanol 2-amino-3-methyl-1-butanol 

  

 

1-amino-3-methyl-2-butanol 2-amino-4-methyl-1-pentanol  

Figure 33. Aminoalcohols with the known Tb-values, which were used in this work to predict 
∆ 𝐻 (298.15 K). 

They are used as individual compounds as well as synthetic formulations consisting of 

mixtures of amino alcohols and some chemical additives. The advantages that can be derived from  

aminoalcohols mixtures are also limited to commercially available individual aminoalcohols. 
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The focus of this work was on vapour pressures measurements and the standard molar vaporization 

enthalpies, ∆ 𝐻 (298.15 K). In addition, vapour pressures of differently structured amino alcohols 

available in the literature (Figure 32) were collected and evaluated. We used different empirical 

and structure-property correlation methods for validation and evaluation of new and available 

experimental results. The evaluated ∆ 𝐻 (298.15 K)-values were correlated with the normal 

boiling temperatures, Tb, of aminoalcohols. A robust linear correlation was established for primary 

and secondary aminoalcohols. The tertiary aminoalcohols exhibit their own line.  

We collected the Tb-values for the branched alkyl-substituted aminoalcohols (Figure 33) and 

predicted their vaporization enthalpies using the developed correlations. We collected the Tb-

values for the branched alkyl-substituted amino alcohols (Figure 33) and predicted their enthalpies 

of vaporization based on the correlations developed. 

6.2. Results and discussion 

6.2.1. Absolute vapour pressures and thermodynamics of vaporization 

Experimental data on the vapor pressures for 2-amino-2-methyl-1-propanol have been 

presented in Chapter 7. The primary experimental results on 3-(dimethyl-amino)-1-propanol, and 

1-(dimethyl-amino)-2-propanol from the transpiration method are summarized in Table E.2. 

The vapour pressures over the liquid sample of 1-(dimethyl-amino)-2-propanol were 

measured for the first time. In contrast, the vapour pressures measurements over the liquid 2-

amino-2-methyl-1-propanol have been a popular endeavor in the past [134–138].  

The available vapour pressures for 3-(dimethyl-amino)-1-propanol, measured by 

ebulliometry [139] and with the static method [137] are significantly different (Figure F. 1). 

However, our new transpiration results are more in line with the ebulliometric results, even if the 

temperature ranges of the two studies are very different (Figure F. 1). This apparent disagreement 

led us to look for additional data that would help resolve the observed contradictions. As a matter 

of fact, SciFinder [122] compiles experimental boiling temperatures at various pressures. The 

accuracy of this data is questionable as it comes from the distillation of a compound after its 

synthesis and not from special physico-chemical studies. However, the numerous data on boiling  

temperatures at standard pressure, as well as at reduced pressures provide at least a reliable level 

of the experimental vapour pressures and a reliable trend of the dependence of the vapour pressure 

temperature. As can be seen in Figure F. 1, the boiling points taken from SciFinder agree well with 

the ebulliometric and transpiration results, but not with those from the static method. After have 

resolved contradictions observed for for 3-(dimethyl-amino)-1-propanol in this way, we have 
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systematically collected the data available in SciFinder for amino alcohols, which are shown in 

Figure 31 - Figure 33. These data were used to derive vaporization enthalpies of aminoalcohols 

(Table 32). The compilation of the standard molar enthalpies of vaporization of aminoalcohols at 

the reference temperature T = 298.15 K, calculated according to Equation 8 is given in Table 32. 

6.2.2. Evaluation of available vaporization enthalpies  

As can be seen from Table 32, the vaporization enthalpies, ∆ 𝐻 (298.15 K), derived from 

vapour pressures measured by the conventional methods, as well as those derived from the 

SciFinder data are in good agreement for aminoalcohols compiled in this table. Such a good 

agreement has reinforced usefulness of the experimental boiling temperatures reported at different 

pressures compiled by the SciFinder for evaluation of the scarce thermodynamic data.  

Table 32. Compilation of the standard molar enthalpies of vaporization ∆ 𝐻  of substituted 
aminoalcohols. 

Compound Ma T- range ∆ 𝐻 (Tav) ∆ 𝐻 (298.15 K) Ref.  

  K kJ·mol-1 kJ·mol-1  
2-amino-ethanol [141-43-5] T   59.6±0.3 [122] 
2-(ethyl-amino)-ethanol  SF 351-443 53.3±4.9 60.0±5.0 this work 
[110-73-6] T 282.5-321.3 60.8±0.3 61.0±0.4 [122] 
 S 243.1-308.1 62.5±0.1 60.8±0.2 [140] 
    60.8±0.2  average 
2-(iso-propyl-amino)-ethanol S 248.1-308.1 64.6±0.1 62.9±0.2 [140] 
[109-56-8] S 298.1-342.9 61.5±0.1 63.1±0.3 [140] 
 E 363.2-438.2 52.1±0.4 60.0±0.5 [141] 
    62.7±0.2  average 
2-amino-2-methyl-1-propanol (liq) SF 342-440 56.4±0.6 62.9±0.8 [134] 
[124-68-5] E 373.3-436.9 53.6±0.1 61.4±0.6 [135] 
 E 364.1-425.5 55.2±0.4 62.1±0.7 [136] 
 S 293.3-373.0 60.3±0.3 62.6±0.4 [137] 
 E 347.5-452.0 54.9±0.3 62.0±0.6 [138] 
 T 306.3-333.7 60.5±0.3 62.1±0.5 [134] 
 Jx   61.9±1.0 [134] 
 T 290.3-333.4 61.5±0.2 62.3±0.3 this work 
    62.2±0.2  average 
2-amino-2-methyl-1-propanol (cr) T 274.4-288.2 67.3±0.6 67.0±1.1 this work 
3-(dimethlyamino)-1-propanol SF 341-438 46.7±0.7 53.4±0.8 this work 
[3179-63-3] S 283.2-373.1 56.6±1.5 58.6±1.6 [137] 
 E 352.3-433.7 47.6±0.2 54.5±0.5 [139] 
 T 275.6-319.3 55.1±0.2 54.9±0.3 this work 
    54.8±0.2  average 
3-(diethlyamino)-1-propanol SF 335-463 54.4±4.6 63.5±4.7 this work 
[622-93-5] E 353.9-442.2 53.4±0.5 62.1±0.7 [139] 
    62.2±0.8   
3-amino-1-propanol E 348.2-368.2 58.5±2.7 62.3±2.8 [142] 
[156-87-6] E 372.3-459.0 56.2±0.1 63.5±0.6 [143] 
 T 288.3-321.7 62.3±0.4 62.7±0.5 [122] 
 SF 333-461 56.6±1.2 62.9±1.3 [134] 
 T 287.2-328.2 61.7±0.1 62.2±0.3 [134] 
 Jx   63.3±1.0 [134] 
    62.3±0.3  
4-amino-1-butanol SF 328-481 61.9±2.8 69.7±2.9 [134] 
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[13325-10-5] Jx   68.5±1.0 [134] 
 T 288.2-329.2 68.1±0.3 68.8±0.4 [134] 
    68.8±0.4  average 
5-amino-1-pentanol SF 352-495 64.2±1.3 74.7±1.5 [134] 
[2508-29-4] Jx   72.3±1.0 [134] 
 T 292.0-333.1 71.1±0.2 72.3±0.3 [134] 
    72.4±0.3   
6-amino-1-hexanol SF 393-508 62.6±1.9 76.3±2.1 [134] 
[4048-33-3] Jx   77.0±1.0 [134] 
    76.9±0.9   
1-(dimethylamino)-2-propanol T 276.4-306.7 45.8±0.2 45.3±0.3 this work 
[108-16-7]      

a Techniques: T = transpiration method; Jx – from correlation of experimental vaporization enthalpies with Kovats´s 
indices; S = static method; E = ebulliometry; n/a = method is not available; SF - from experimental boiling 
temperatures reported at different pressures compiled by the SciFinder [122]. 

Additional validation of the ∆ 𝐻 (298.15 K)-values collected in Table 32 was conducted in our 

recent work using chromatographic retention indices for aminoalcohols [134]. We derived reliable 

linear correlation between vaporization enthalpies and Kovats´s indices, Jx, of aminoalcohols. The 

“theoretical” results derived from this correlation are given in Table 32 and designated as Jx. These 

results are valuable to support the level of enthalpy of vaporization derived from other methods, 

especially in cases where data are scarce (e.g. for 4-amino-1-butanol, 5-amino-1-pentanol, and 6-

amino-1-hexanol). The experimental and “theoretical” vaporization enthalpies derived for each 

amino-alcohol are given in Table 32. From this table can be seen, that for every compound 

agreement among ∆l
g
𝐻m

o (298.15 K-values, which were derived in different ways, all lie within the 

assigned error bars. To get more confidence and reliability, we calculated the weighted average 

(the uncertainty was used as a weighing factor) for most of aminoalcohols given in Table 32. 

6.2.3. Correlation of vaporization enthalpies with normal boiling temperatures 

The relation of vaporization enthalpy to boiling point is a well-established phenomenon 

and Trouton’s rule is the best evidence of this. According to our experience, the amino alcohols 

are thermally stable compounds, that boil between 430 K and 530 K [48,78,144], depending on 

their size and structure. The variety of aminoalcohols structures feasible for synthesis and CO2 

capture, as well as the scarce thermodynamic data have prompted us to correlate ∆l
g
𝐻m

o (298.15 K)-

values evaluated in this work (Table 32) with the normal boiling temperatures, Tb, which can easily 

be found in the literature  [48,78,144]. Provided that a reliable correlation can be found, enthalpies 

of vaporization of numerous aminoalcohols can be assessed by means of their boiling points. The 

compilation of the correlated data is given in Table 33 and Table 34. 
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Table 33. Correlation of vaporization enthalpies ∆l
g
𝐻m

o (298.15 K) of primary and secondary 
aminoalcohols with their Tb normal boiling temperatures. 

  Tb
 a ∆l

g
𝐻m

o (298.15 K)exp
b ∆l

g
𝐻m

o (298.15 K)calc
c  

CAS Compound K kJ·mol-1 kJ·mol-1 kJ·mol-1 
96-20-8 2-amino-1-butanol 451 64.4±0.3 [134] 63.6 0.8 
78-96-6 1-amino-2-propanol 433 59.2±0.4 [134] 59.7 -0.5 
13552-21-1 1-amino-2-butanol 442 63.6±0.3 [134] 61.6 2.0 
133325-10-5 4-amino-1-butanol 479 68.8±0.4 69.8 -1.0 
2508-29-4 5-amino-1-pentanol 495 72.4±0.3 73.2 -0.8 
4048-33-3 6-amino-1-hexanol 508 76.9±0.9 76.1 0.8 
124-68-5 2-amino-2-methyl-1-propanol 440 62.2±0.2 61.2 1.0 
109-83-1 2-(methyl-amino)-ethanol 431 57.7±0.2 [122] 59.3 -1.6 
110-73-6 2-(ethyl-amino)-ethanol 443 60.8±0.2 61.8 -1.0 
109-56-8 2-(iso-propyl-amino)-ethanol 446 62.7±0.2 62.5 0.2 

a Normal boiling temperatures are from [48,78,144], b values evaluated in Table 32 or taken from literature, c calculated 
using Equation 58. 

Table 34. Correlation of vaporization enthalpies ∆l
g
𝐻m

o (298.15 K) of tertiary aminoalcohols with 
their Tb normal boiling temperatures. 

  Tb
 a ∆l

g
𝐻m

o (298.15 K)exp
b ∆l

g
𝐻m

o (298.15 K)calc
c  

CAS Compound K kJ·mol-1 kJ·mol-1 kJ·mol-1 

108-01-0 2-(dimethyl-amino)-ethanol 407 47.1±0.1 [122] 46.8 0.3 

100-37-8 2-(diethyl-amino)-ethanol 436 52.6±0.2 [122] 53.9 -1.3 

108-16-7 1-(dimethylamino)-2-propanol 397 45.3±0.3 44.9 0.4 

3179-63-3 3-(dimethlyamino)-1-propanol 437 54.8±0.2 54.6 0.2 

622-93-5 3-(diethlyamino)-1-propanol 463 62.2±0.8 61.5 0.7 
a Normal boiling temperatures are from [25,48,78], b values evaluated in Table 32 or taken from literature, c Calculated 
using Equation 58. 
For the set containing tertiary aminoalcohols (Table 34), the linear correlation was as follows 

(kJ·mol-1):  

                                    ∆l
g
𝐻m

o (298.15 K) = -61.1 + 0.2650×Tb with (R2 = 0.986)  (59) 

As can be seen from Table 33 and Table 34, the results calculated from the two correlations with 

the boiling temperatures agree well with those derived from other methods. Such good agreement 

can be seen as evidence of the internal consistency of the experimental data on the ∆l
g
𝐻m

o (298.15 

K) evaluated in this work (Table 32). From Table 33 and Table 34 it can be seen that differences 

between experimental and calculated according to Equation 58 and Equation 59 values are mostly 

below 2 kJ·mol-1. Consequently, the uncertainties of enthalpies of vaporization which are 

estimated from the correlation ∆l
g
𝐻m

o (298.15 K) – Tb, are weighted with ±1.5 kJ·mol-1.  
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6.2.4. Prediction of vaporization enthalpies of branched aminoalcohols with the help of 

normal boiling temperatures and group additivity 

Having established correlations between vaporization enthalpies of aminoalcohols and 

their boiling points, we decided to apply these correlations to predict data for a set of branched 

species collected in Table 35.  

Table 35. Compilation of the standard molar enthalpies of vaporization ∆ 𝐻  of branched alkyl-
substituted aminoalcohols. 

Compound Ma T- range ∆ 𝐻 (Tav) ∆ 𝐻 (298.15 K) 
  K kJ·mol-1 kJ·mol-1 
2-(n-propyl-amino)-ethanol  SF 364-473 55.5±1.1 64.8±1.3 
[16369-21-4] Tb 463.2  66.2±1.5 
 Add   65.3±1.5 
    65.4±0.8  
2-(n-butyl-amino)-ethanol SF 364-478 56.2±1.6 66.4±1.9 
[111-75-1] Tb 478.2  69.5±1.5 
 Add   69.8±1.5 
    68.9±0.9 c 
2-(t-butyl-amino)-ethanol SF 340-450 54.9±1.5 63.0±1.6 
[4620-70-6] Tb 449.7  63.4±1.5 
 Add   62.9±1.5 
    63.1±0.9  
1-amino-2-methyl-2-propanol SF 338-424 50.9±0.5 56.6±0.7 
[2854-16-2] Tb 424  57.7±1.5 
    56.8±0.6  
4-amino-4-methyl-2-pentanol SF 344-448 50.7±0.6 58.9±0.8 
[4404-98-2] Tb 448  62.9±1.5 
    59.8±0.7 
2-amino-3-methyl-1-butanol SF 348-459 58.1±2.1 66.1±2.2 
[16369-05-4] Tb 459  65.4±1.5 
 Add   68.0±1.5 
    66.6±1.0  
1-amino-3-methyl-2-butanol SF 349-467 52.2±1.8 (60.4±1.9) 
[17687-58-0] Tb 467  67.1±1.5 
 Add   68.0±1.5 
    67.6±1.1  
2-amino-4-methyl-1-pentanol SF 371-467 63.6±2.0 73.8±2.1 
 Add   72.5±1.5 
    73.0±1.2  

a Techniques: SF - from experimental boiling temperatures reported at different pressures compiled by the SciFinder 
[34]; Tb – from correlation of experimental vaporization enthalpies with the normal boiling temperatures; Add – 
estimated using group-additivity. 

Using the Tb-values available in the literature [48,78], the vaporization enthalpies were 

estimated with Equation 58 and given in Table 35. The advantage of this set is that not only Tb-

values have been found in the literature, but also a sufficient amount of boiling temperatures at 

reduced pressures compiled by SciFinder. We approximated the latter values with Equation 2 and 

calculated the ∆ 𝐻 (298.15 K) for comparison with those obtained from the ∆l
g
𝐻m

o (298.15 K) – 

Tb correlation (Table 35). As can be seen from this table, the agreement between the Tb and SF 
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estimates, with the exception of 1-amino-3-methyl-2-butanol, is fair, which gives confidence to 

the empirical methods applied for the prediction. 

Taking into account very uncertain sources for boiling temperatures, which were compiled 

from SciFinder and internet sources [48,78], we nevertheless decided to validate the ∆ 𝐻 (298.15 

K)-estimates in Table 35 using group additivity. In our most recent work [25,38] we develop a 

“centerpiece” approach that is closely related to the conventional group-contribution methods 

[1,81]. In the latter methods the molecule of interest is collected completely from well-defined 

group contributions. The idea of this “centerpiece” approach is to select a “core” molecule that 

may possibly close mimic the structure of the molecule of interest, but the selected “centerpiece” 

molecule has the well-established thermodynamic properties. Different substituents can be 

attached (or subtracted) to this "centerpiece" in different positions. The visualisation of the 

“centerpiece” approach is given in Figure 34.  

   

Figure 34. Calculations of vaporization enthalpies of 2-(n-propyl-amino)-ethanol, 2-(t-butyl-
amino)-ethanol, and 2-amino-4-methyl-1-pentanol using the “centerpiece” approach. 

Indeed, starting from the vaporization enthalpy of 2-(ethyl-amino)-ethanol ∆l
g
𝐻m

o (298.15 K) = 

60.8±0.2 kJ·mol-1 evaluated in Table 32, it is easy to estimate the vaporization enthalpy of 2-(n-

propyl-amino)-ethanol (Figure 34, left) simply by adding the CH2-contribution (Table 36). The 

calculation of the vaporization enthalpy of 2-(t-butyl-amino)-ethanol is relatively more 

sophisticated and requires three iterations given in Figure 34 (middle).  

Another “centerpiece” is better suited for a proper estimation of the vaporization enthalpy 

of 2-amino-4-methyl-1-pentanol (Figure 34, right). The structurally parent “centerpiece” is the 2-

amino-1-butanol [96-20-8] with the vaporization enthalpy ∆l
g
𝐻m

o (298.15 K) = 64.9±0.3 kJ·mol-1 

evaluated in our recent work [134]. Only two contributions (CH) and (CH3) have to be added to 

this value in order to obtain the desired enthalpy of vaporization of 2-amino-4-methyl-1-pentanol 

(Figure 34, right). The enthalpic contributions required for the “centerpiece” approach and used 

for calculations of the “Add”-values are compiled in Table 36. Following this pattern, the 

∆l
g
𝐻m

o (298.15 K) –values for the branched aminoalcohols were estimated and designated in Table 
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35 as “Add”. It makes oneself conspicuous, that the all “Add”- values are in a good agreement 

with the Tb and SF estimates (Table 35). 

Table 36. Group-additivity values i for calculation of enthalpies of vaporization, ∆ 𝐻 (298.15 
K), of alkanes, amines, and aminoalcohols at 298.15 K (in kJ mol-1) [81,95,145]. 

 ∆ 𝐻 (298.15 K)
 i  
Alkanes  
С-(С)(H)3 6.33 
С-(С)2(H)2 4.52 
С-(С)3(H) 1.24 
С-(С)4 -2.69 
Amines  
С-(N)(С)(H)3 6.33 
С-(N)(С)(H)2 2.9 
С-(N)(С)2(H) -2.0 
С-(N)(С)3 -7.7 
N-(C)(H)2 18.0 
N-(C)2(H) 12.6 
N-(C)3 4.9 
Alcohols  
С-(O)(С)(H)3 6.33 
С-(O)(С)(H)2 4.7 
С-(O)(С)2(H) 1.3 
С-(O)(С)3 -3.8 
HO-(C) 31.5 

In summary, the compilation of the experimental results evaluated in Table 32 made it 

possible to validate three different approaches (SF, Tb, and “centerpiece”) in order to reliably assess 

the ∆l
g
𝐻m

o (298.15 K) values for amino alcohols, required for the heat management of the CO2 

capture processes. 

Chapter 7 Paving the way to the sustainable hydrogen storage: 
thermochemistry of aminoalcohols as precursors for the liquid organic 

hydrogen carriers 
7.1. Introduction 

The reversible hydrogenation/dehydrogenation reactions of small aromatic molecules have 

attracted a great deal of interest in recent years due to their potential application in the development 

of liquid organic hydrogen carriers (LOHCs). The idea behind the LOHC is that the hydrogen is 

stored in a molecule that contains double bonds via a catalytic reaction. The hydrogen accumulated 

in this way can be released at any time and at any location via a catalytic dehydrogenation reaction. 

In this context, chemical hydrogen storage and transport systems are of great interest. These should 
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make it possible to store significant amounts of hydrogen and to release pure hydrogen on demand. 

However, finding affordable but efficient hydrogen storage systems remains a challenge for the 

upcoming hydrogen economy. In our recent studies [146,147], we have shown that alkyl-

substituted pyrazines can be considered as a seminal LOHCs, provided that efficient, large-scale 

synthesis of these compounds is developed.  

The methods of making pyrazine derivatives are limited. In industry, substituted pyrazines 

are synthesized by the catalytic condensation of ethylenediamine with vicinal diols such as 

propylene glycol [148]. A very simple and environmentally friendly method for the preparation of 

substituted pyrazines has been reported just recently [149]. A highly selective formation of 2,5-

alkyl-substituted pyrazines was achieved by base-metal catalysed dehydrogenative self-coupling 

of 2-aminoalcohols. There are two crucial advantages of the latter method. The first one is that the 

replacement of noble-metal-based catalysts by catalysts based on low-toxicity, earth-abundant 

base metals is a significant for development of the cost-effective homogeneous catalysis. The 

second advantage is that there are enough effective methods of 2-aminoalcohols synthesis from 

cheap and readily available starting materials that opens up a promising routes towards sustainable 

production of aminoalcohols from renewable sources. For example, an efficient and 

environmentally benign method of coupling reaction of amino acids with aldehydes or ketones to 

synthesise various aminoalcohols at room temperature is described [150]. Taking into account both 

advantages of alkyl-pyrazine synthesis from aminoalcohols, such protocol can be considered as 

very suitable for the further development of large-scale commercial processes. 

    

1-amino-2-alcohols 2-amino-1-alcohols n-alkanol-amines 2-amino-2-methyl-
1-propanol 

    
Figure 35.  Aminoalcohols studied in this work: 1-amino-2-alcohols with R = alkyl C1-C6; 2-

amino-1-alcohols with R = alkyl C1-C6; n-alkanol-amines with n = 1 – 4 (or 3-amino-1-
propanol, 4-amino-1-butanol, 5-amino-1-pentanol, 6-amino-1-hexanol); 2-amino-2-methyl-1-

propanol. 

Another area of application also motivated this study. Aminoalcohols are easily complexed 

with various transition metals. Such complexes are broadly used in different fields: catalysis, 

inhibitors, electroplating, and dyes [151]. Moreover, these features are successfully used to obtain 

a wide range of volatile organometallic compounds that are used as precursors in chemical vapor 

deposition or atomic layer deposition technologies to provide inorganic materials of various types 
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and compositions [152,153]. From this point of view, amino alcohols can be used both as 

independent ligands [154] and, what has proven to be more valuable, as additional co-ligands 

[152,153]. Since the numerous settings can be varied (type, number and position of the substituents 

in the carbon skeleton and length of the carbon chain), these ligands give related complexes 

additional possibilities to control thermal stability and volatility. Admittedly, knowledge of 

reliable thermodynamic data in general is essential for the design and development of new 

compounds and technologies. In this paper we studied the series of aminoalcohols shown in Figure 

35. The focus of this work was on vapour pressures measurements and the standard molar 

vaporization enthalpies, ∆ 𝐻 (298.15 K). We used different empirical and structure-property 

correlations method for validation and evaluation of new experimental results.  

Moreover, in order to fulfil the expectation that thermodynamic data on aminoalcohols can 

be useful for optimization of alkyl-pyrazines (as seminal liquid organic hydrogen carriers) 

synthesis, we used new data in combination with our previous thermochemical data on alkyl-

pyrazines to calculate energetics of dehydrogenative self-coupling of 2-aminoalcohols.  

7.2. Results and discussion 

7.2.1. Absolute vapour pressures and thermodynamics of vaporization 

The primary experimental results on vapour pressures for 2-amino-2-methyl-1-propanol, 

1-amino-2-propanol, 4-amino-1-butanol, and 5-amino-1-pentanol from the transpiration method 

are summarized in Table G.2. 

The vapour pressures for 1-amino-2-butanol, 4-amino-1-butanol, and 5-amino-1-pentanol 

were measured for the first time. Vapour pressures measurements on 2-amino-2-methyl-1-

propanol have been a popular endeavor in the past [135–138,155]. As can be seen from Figure G. 

1, the vapour pressures available for the 2-amino-2-methyl-1-propanol, measured by the 

ebulliometry and static method are remarkably consistent. The main motivation for carrying out 

the new measurements was to investigate possible peculiarities of aminoalcohols under the 

conditions of the transpiration experiments. Our new transpiration results are in agreement with 

the static results reported by Belabbaci et al. [137] in the comparable temperature range (Figure 

G. 1). No specifics were observed which gives confidence in using the transpiration method for 

this class of compound. 

The complete lack of data for 1-amino-2-butanol, 4-amino-1-butanol, and 5-amino-1-

pentanol prompted us to use experimental boiling temperatures at different pressures compiled by 

SciFinder [34]. The accuracy of this data is questionable as it comes from the distillation of a 
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compound after its synthesis and not from special physico-chemical studies. However, the 

numerous data on boiling temperatures at standard pressure, as well as at reduced pressures provide 

at least a reliable level of the experimental vapour pressures and a reliable trend of the dependence 

of the vapour pressure temperature. For example, in Figure G. 1 for 2-amino-2-methyl-1-propanol 

the boiling points at different pressures compiled by SciFinder are in fair agreement with the 

precise ebulliometric and static measurements. In this work for the sake of comparison, we have 

systematically collected the data available in SciFinder for aminoalcohols presented in Figure 35. 

The comparisons of our new results with those of SciFinder are shown in Figure G. 2 - Figure G. 

5.  To our surprise, the agreement observed for 2-amino-1-butanol (Figure G. 2), 3-amino-1-

propanol (Figure G. 3), 4-amino-1-butanol (Figure G. 4), and 5-amino-1-pentanol (Figure G. 5) 

can be considered sufficient to obtain the reliable trend of the temperature dependencies of the 

vapour pressures. The SciFinder data involved in data acquisition are summarized in Table G. 3. 

Vapour pressures for 1-amino-2-propanol are available from the static method [155] and from the 

compilation by Stephenson and Malanowski [43]. The significant disagreement is shown in Figure 

G. 6. Unfortunately, the compilation by Stephenson and Malanowski [43] provides only the 

Antoine approximation coefficients. Information on the method and purity of the compound is 

missing and the reason for the disagreement observed for 1-amino-2-propanol cannot be explained.  

Table 37. Compilation of the standard molar enthalpies of vaporization ∆ 𝐻  of aminoalcohols. 

Compound, CAS Ma T- range ∆ 𝐻 (Tav) ∆ 𝐻 (298.15 K) 
  K kJ·mol-1 kJ·mol-1 
2-amino-ethanol [141-43-5] T   59.6±0.3 [122] 
2-amino-1-propanol SF 353-449 53.4±1.2 59.9±1.3 
[6168-72-5] Jx   59.7±1.0 
 Nc   59.7±1.0 
    59.7±0.6 c 
2-amino-1-butanol SF 324-452 57.5±1.1 64.0±1.2 
[96-20-8] T 278.3-333.9 64.9±0.3 65.2±0.4 [155] 
 Jx   64.3±1.0 
 Nc   64.5±1.0 
    64.9±0.3  
2-amino-1-pentanol Jx   68.7±1.0 
[16369-14-5] Nc   69.4±1.0 
    69.1±0.7  
2-amino-1-hexanol SF 371-464 64.1±1.5 74.3±1.6 
[5665-74-7] Jx   73.2±1.0 
 Nc   74.2±1.0 
    73.8±0.7  
2-amino-1-heptanol [74872-95-0] Nc   79.0±1.0 
2-amino-1-octanol [16369-15-6] Nc   83.8±1.0 
2-amino-2-methyl- SF 342-440 56.4±0.6 62.9±0.8 
1-propanol E 373.3-436.9 53.6±0.1 61.4±0.6 [135] 
[124-68-5] E 364.1-425.5 55.2±0.4 62.1±0.7 [136] 
 S 293.3-373.0 60.3±0.3 62.6±0.4 [137] 
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 E 347.5-452.0 54.9±0.3 62.0±0.6 [138] 
 T 306.3-333.7 60.5±0.3 62.1±0.5 
 Jx   61.9±1.0 
    62.2±0.2  
1-amino-2-propanol n/a 306-431 51.0±1.5 (55.5±1.6) [43] 
[78-96-6] S 326.8-372.9 56.3±0.1 59.3±0.4 [155] 
 Jx   59.2±1.0 
    59.2±0.4  
1-amino-2-butanol SF 348-443 55.9±0.7 62.8±0.9 
[13552-21-1] T 278.3-318.2 63.8±0.3 63.7±0.4 
 Jx   63.8±1.0 
    63.6±0.3  
1-amino-2-pentanol SF 348-469 59.3±5.2 67.8±5.3 
[5343-35-1] Jx   68.2±1.0 
 GA   68.4±1.0 
    68.3±0.7  
1-amino-2-hexanol [72799-62-3] GA   73.2±1.0 
1-amino-2-heptanol [51411-48-4] GA   78.0±1.0 
1-amino-2-octanol [4255-35-0] GA   82.8±1.0 
3-amino-1-propanol E 348.2-368.2 58.5±2.7 62.3±2.8 [142] 
[156-87-6] E 372.3-459.0 56.2±0.1 63.5±0.6 [143] 
 T 287.2-328.2 61.7±0.1 62.2±0.3 [155] 
 SF 333-461 56.6±1.2 62.9±1.3 
 Jx   63.3±1.0 
    62.3±0.3  
4-amino-1-butanol SF 328-481 61.9±2.8 69.7±2.9 
[13325-10-5] T 288.2-329.2 68.1±0.3 68.8±0.4 
 Jx   68.5±1.0 
    68.8±0.4  
5-amino-1-pentanol SF 352-495 64.2±1.3 74.7±1.5 
[2508-29-4] Jx   72.3±1.0 
 T 292.0-331.1 71.1±0.2 72.3±0.3 
    72.4±0.3  
6-amino-1-hexanol SF 393-508 62.6±1.9 76.3±2.1 
[4048-33-3] Jx   77.0±1.0 
    76.9±0.9  

a Techniques: T = transpiration method; Jx – from correlation of experimental vaporization enthalpies with Kovats´s 
indices; S = static method; E = ebulliometry; n/a = method is not available; SF - from experimental boiling 
temperatures reported at different pressures compiled by SciFinder [34]; Nc – from correlation of experimental 
vaporization enthalpies with the number of C-atoms in the molecule; GA – the appropriate number of contributions 
[CH2] = 4.8 kJ·mol-1 was added to the experimental vaporization enthalpy of 1-amino-2-butanol, as the representative 
of the homologous series of 1-amino-2-alkanol. 

The compilation of the standard molar enthalpies of vaporization of aminoalcohols at the 

reference temperature T = 298.15 K, calculated according to Equation 8 is given in Table 37. 

As can be seen from Table 37, the vaporization enthalpies, ∆ 𝐻 (298.15 K), derived from 

vapour pressures measured by the conventional methods as well as those derived from the 

SciFinder data are in good agreement for 2-amino-1-butanol, 2-amino-2-methyl-1-propanol, 1-

amino-2-butanol, 4-amino-1-butanol, and 5-amino-1-pentanol. Such a good agreement has 

reinforced valuability of the experimental boiling temperatures compiled by the SciFinder for the 

evaluation of the scarce thermodynamic data. Nevertheless, the additional validation of 
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vaporization enthalpies, ∆ 𝐻 (298.15 K), which were derived for aminoalcohols in Table 37, is 

necessary. 

7.2.2. Kovats´s retention indices for validation of experimental vaporization 

enthalpies 

In this work we measured Kovats´s indices for aminoalcohols in the temperature range 

from 363K to 393 K with the capillary column DB-1 (Table G. 4). In addition, some literature data 

available on the retention indices for aminoalcohols on DB-1 [156] were taken for correlation with 

the ∆l
g
𝐻m

o (298.15 K)-values evaluated in this work (Table 37). The results of this correlation are 

given in the Table 38. 

Table 38. Correlation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of aminoalcohols with their 
Kovats´s indices (Jx). 

  Jx
 a ∆l

g
𝐻m

o (298 K)exp
b ∆l

g
𝐻m

o (298 K)calc
c  

CAS Compound  kJ·mol-1 kJ·mol-1 kJ·mol-1 

141-43-5 2-amino-ethanol 698 [156] 59.6 59.4 0.2 

6168-72-5 2-amino-1-propanol 704 59.9 59.7 0.2 

96-20-8 2-amino-1-butanol 809 64.9 e 64.3 0.6 

16369-14-5 2-amino-1-pentanol 907 - 68.7 - 

5665-74-7 2-amino-1-hexanol 1009 74.3 73.2 1.1 

124-68-5 2-amino-2-me-1-propanol 755 [156] 62.1 d 61.9 0.2 

      

78-96-6 1-amino-2-propanol 693 59.3 59.2 0.1 

13552-21-1 1-amino-2-butanol 797 63.7 d 63.8 -0.1 

5343-35-1 1-amino-2-pentanol 897 [156] 67.8 68.2 -0.4 

      

156-87-6 3-amino-1-propanol 785 [156] 62.2 d 63.3 -1.1 

133325-10-5 4-amino-1-butanol 904 [156] 68.8 68.5 0.3 

2508-29-4 5-amino-1-pentanol 988 [156] 72.3 72.3 0.0 

4048-33-3 6-amino-1-hexanol 1094 [156] 76.3 77.0 -0.7 
a Kovats´s indices at 393 K, Jx, on the standard non-polar column DB-1 measured in this work, b data from Table 37, 
c Calculated with Equation 60, d experimental data measured by using the transpiration method (Table 37). 

It is known, that the ∆l
g
𝐻m

o (298.15 K)-values correlate linearly with Kovats`s indices in 

various homologous series of alkanes, alkylbenzenes, aliphatic ethers, alcohols, or in a series of 

structurally similar compounds [157]. As anticipated, the following linear correlation was obtained 

when the ∆l
g
𝐻m

o (298.15 K)-values are correlated with Jx-values for the structurally parent set of 

aminoalcohols collected in Table 38: 

                          ∆l
g
𝐻m

o (298.15 K) /(kJ·mol-1) = 28.5 + 0.0443×Jx  with (R2 = 0.992)       (60) 

The vaporization enthalpies derived from the correlations with Kovats´s indices (Table 38) are in 

a good agreement with those obtained by the transpiration method (Table 37). Such good 
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agreement can be seen as additional validation of the experimental data measured in this work by 

using the transpiration method (Table 37). It can be seen from Table 38, that differences between 

experimental and calculated according to Equation 60 vaporization enthalpies are mostly below 1 

kJ·mol-1. Hence, the uncertainties of enthalpies of vaporization which are estimated from the 

correlation the ∆l
g
𝐻m

o (298.15 K) - Jx are evaluated with ±1.0 kJ·mol-1.  

7.2.3. Chain-length dependence for validation of experimental vaporization enthalpies 

Admittedly, the ∆l
g
𝐻m

o (298.15 K)-values correlate linearly with the number of C-atoms 

within the homologues series of organic compounds [157]. For example, n-alkanes with the chain-

length NC = 2 to 11 exhibit the following linear dependency (in kJ·mol-1): 

 ∆l
g
𝐻m

o (298.15 K) = 1.03 + 5.06×NC      (with R2 = 0.9982) (61) 

Also n-alkanols with the chain-length NC = 2 to 11 obey the following linear dependency (in 

kJ·mol-1): 

 ∆l
g
𝐻m

o (298.15 K) = 33.2 + 4.74×NC       with (R2 = 0.9983) (62) 

Another example, n-alkylamines with the chain-length NC = 2 to 11 show their own linear 

dependence (in kJ·mol-1): 

 ∆l
g
𝐻m

o (298.15 K) = 16.5 + 4.82×NC       with (R2 = 0.9993) (63) 

The data included in these correlations are summarized in Table G. 5.  

It is evident from Equation 61-63 that the (CH2)-contribution to the ∆l
g
𝐻m

o (298.15 K)-value in n-

alkanes (5.06 kJ·mol-1) is slightly higher compared to those in n-alkanols (4.78 kJ·mol-1) or in n-

alkylamines (4.82 kJ·mol-1). Are aminoalcohols something special in regard to the chain-length 

dependence?  

Table 39. Correlation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of 2-amino-1-alcohols with the 
chain length (NC).  

CAS Compound NC ∆l
g
𝐻m

o (298 K)exp
a ∆l

g
𝐻m

o (298 K)calc
b  

6168-72-5 2-amino-1-propanol 3 59.9 59.7 0.2 
96-20-8 2-amino-1-butanol 4 64.9 64.5 0.4 
16369-14-5 2-amino-1-pentanol 5 - 69.4 - 
5665-74-7 2-amino-1-hexanol 6 74.3 74.2 0.1 
74872-95-0 2-amino-1-heptanol 7 - 79.0 - 
16369-15-6 2-amino-1-octanol 8 - 83.8 - 

a Experimental data from Table 37, b calculated with Equation 64. 

The evaluated in this work ∆l
g
𝐻m

o (298.15 K)-data on 2-amino-1-alkanols are collected in 

Table 39. The chain-length dependence developed for this series is given by the following equation 

(in kJ·mol-1): 
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 ∆l
g
𝐻m

o (298.15 K) = 45.3 + 4.81×NC         with (R2 = 0.9998) (64) 

It is quite obvious that the (CH2)-contributions to the ∆l
g
𝐻m

o (298.15 K) derived for n-

alkanols, n-alkyl-amines, and 2-amino-1-alkanols are hardly distinguishable. This observation can 

serve as a valuable indicator of internal consistency of our new experimental results. Moreover, 

the (CH2)-contribution of 4.8 kJ·mol-1 can be also propagated to the series of on 1-amino-2-

alkanols, where the reliable experimental ∆l
g
𝐻m

o (298.15 K)-values are known only for 1-amino-2-

propanol and 1-amino-2-butanol (Table 37). In order to assess the vaporization enthalpies for 1-

amino-2-alkanols with the chain-length NC = 5 to 8, the contribution (CH2) = 4.8 kJ·mol-1 was 

subsequently added staring from the experimental value ∆l
g
𝐻m

o (298.15 K) = 63.7±0.4 kJ·mol-1 of 

1-amino-2-butanol (Table 37). The ∆l
g
𝐻m

o (298.15 K)-values for 1-amino-2-alkanols calculated in 

this additive manner are given in Table 37 and Tables G.1, G.5, G.6 and designated as “GA” (or 

calculated by the Group-Additivity).  

Contrary to our expectations, the very good (∆l
g
𝐻m

o (298.15 K) - NC) correlation was also 

obtained for the series n-alkanol-amines (3-amino-1-propanol, 4-amino-1-butanol, 5-amino-1-

pentanol, and 6-amino-1-hexanol): 

 ∆l
g
𝐻m

o (298.15 K) = 48.6 + 4.76×NC         with (R2 = 0.9998) (65) 

The experimental data used for correlation are compiled in Table G. 6. The presence of the strong 

intra-molecular hydrogen bonding in 3-amino-1-propanol, and the absence of such a feature in 4-

amino-1-butanol, 5-amino-1-pentanol, and 6-amino-1-hexanol are known [158]. To our surprise 

however, the vaporization enthalpy of 3-amino-1-propanol correlates perfectly with the species 

with the longer chain between amino and hydroxyl groups. Perhaps this observation might be 

explained by the significant prevalence of the inter-molecularly bound species compared to the 

intra-molecularly bound species in the liquid aminoalcohols. 

7.2.4. Evaluation of available vaporization enthalpies  

Information on ∆ 𝐻m
o (liq, 298.15 K) for eighteen aminoalcohols has been collected in Table 

37. Unfortunately, most of these compounds are not commercially available in sufficient quantities 

for vapour pressure measurements using conventional techniques (ebulliometry, statics, 

transpiration, etc.). In order to obtain information about vaporization thermodynamics of a possibly 

broad scope of aminoalcohols structures, we applied the empirical method (∆l
g
𝐻m

o (298.15 K) - NC 

correlation), structure-property relationships (∆l
g
𝐻m

o (298.15 K) - NC correlations), as well as the 

GA procedure (development of the suitable CH2-contribution). The experimental and “theoretical” 

vaporization enthalpies derived for each amino-alcohol are given in Table 37. From this table can 
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be seen, that for every compound agreement among ∆l
g
𝐻m

o (298.15 K)-values, which were derived 

in different ways, all lie within the assigned error bars. To get more confidence and reliability, we 

calculated the weighted average (the uncertainty was used as a weighing factor) for most of 

aminoalcohols given in Table 37. These values are highlighted in bold and are recommended for 

thermochemical calculations. 

7.2.5. Energetics of dehydrogenative coupling reactions of aminoalcohols leading to 

alkyl-pyrazines 

The promising environmentally friendly dehydrogenative coupling of 2-aminoalcohols to 

form 2,5-disubstituted symmetrical pyrazines homogeneously catalyzed by a Mn-pincer complex 

was reported by Daw et al. [149]. The typical reactions R1 to R3 are given in Figure 36. A 

particular attraction of these reactions is that two molecules of aminoalcohols will release three 

molecules of H2 and only water if 2,5-di-alkyl-substituted pyrazines can be obtained. The synthesis 

is carried out at 423 K with a conversion of 99% and an isolated yield of up to 95%. 

The enthalpies of reactions, ∆ 𝐻m
o (liq, 298.15 K), were calculated according to the Hess´s 

Law with help of standard molar enthalpies of formation, ∆ 𝐻m
o (liq, 298.15 K), of reactions R1-R3 

participants. The gas phase enthalpies of formation, ∆ 𝐻m
o (g, 298.15 K), of numerous 

aminoalcohols were recently estimated using the high-level quantum-chemical composite method 

G4 [159]. These values for 2-amino-1-propanol, 2-amino-1-butanol, and 2-amino-1-pentanol 

(Table G. 7), have been combined with the ∆l
g
𝐻m

o (298.15 K)-values for these aminoalcohols 

evaluated in this work (Table 37). The resulting liquid phase enthalpies of formation, ∆ 𝐻m
o (liq, 

298.15 K), are given in Table 41. The ∆ 𝐻m
o (liq, 298.15 K)-values for alkyl-pyrazines were 

evaluated in our recent works [146,147] and they are given in Table 40, column 3.   

 

Figure 36. Dehydrogenative coupling reactions of aminoalcohols leading to alkyl-pyrazines. 
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Table 40. Energetics of R1 – R3 dehydrogenative coupling reactions of aminoalcohols at T = 
298.15 K (p° =0.1 MPa) (in kJ·mol-1). 

Reaction ∆ 𝐻m
o (AA) 

a ∆ 𝐻m
o (AP) b ∆ 𝐻m

o c 
R1 -300.8±3.7 67.0±2.0 97.0±4.2 
R2 -325.7±3.6 25.8±3.0 104.8±4.7 
R3 -353.4±3.8 -28.6±3.0 106.6±4.8 

a Data for aminoalcohols from Table G.7, b data for alkyl-pyrazines from Table G. 8, c calculated according to the 
Hess´s Law applied to reactions R1 – R3 and ∆ 𝐻m

o (liq, H2O) = (-285.83 ± 0.04) kJ·mol-1 [32].  

The resulting reactions R1-R3 enthalpies, ∆ 𝐻m
o (298.15 K), calculated using the Hess´s Law are 

given in Table 40, column 4. Surprisingly, it has turned out that the dehydrogenative coupling 

reactions of aminoalcohols are strongly endothermic with the reaction enthalpies at the level of 

100 kJ·mol-1. This aspect must be taken into account when optimizing the synthetic conditions. 

The energetic effects of all three reactions are not very different, but the slight dependence on the 

chain length does not seem to be important within the experimental error bars. 

Table 41. Reaction enthalpies of hydrogenation/dehydrogenation of pyrazine derivatives, at T = 
298.15 K in kJ·mol-1 [146,147]. 

Compounds  ∆ 𝐻m
o (liq)a ∆ 𝐻m

o /H2
b 

pyrazine  -178.7 -59.7 

methyl-pyrazine  -173.2 -57.7 

2,3-dimethyl-pyrazine  
-161.6 -53.9 

2,5-dimethyl-pyrazine  -163.9 -54.6 

tri-methyl-pyrazine  -155.0 -51.7 

tetra-methyl-pyrazine  
-145.4 -48.5 

a Calculated according to the Hess´s Law applied to chemical reaction, e.g. for pyrazine C4H4N2(liq) + 3 H2 (g) = 
C4H10N2(liq), b reaction enthalpy per mole of hydrogen in kJ·mol-1/H2 

In our recent works [146,147], we have shown that pyrazine and alkyl substitute pyrazines 

can be considered as prospective candidates for LOHC. The energetics of 

hydrogenation/dehydrogenation of pyrazine derivatives is significantly lower compared to other 

seminal LOHC candidates. For example, for 2,5-dimethyl-pyrazine, the reaction enthalpy per mole 

of hydrogen ∆ 𝐻m
o  = -54.6 kJ·mol-1/H2 (Table 40) is considerably lower than those for the 

commercially available biphenyl with ∆ 𝐻m
o  = -64.6 kJ·mol-1/H2 [160] or commercial thermofluids 

based on benzyltoluenes (Marlothem LH®) and dibenzyltoluenes (Marlotherm SH®) (-63.5 

and -65.4 kJ·mol-1/H2, respectively) [161]. Moreover, the reaction enthalpy for 2,5-dimethyl-

pyrazine is comparable with enthalpy of hydrogenation of N-ethyl-carbazole (-50.5 kJ·mol-1/H2) 
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[161–163]. It has also been found that a consequent methylation of the pyrazine ring (methyl, 

dimethyl, trimethyl, and tetramethyl) decreases even more significantly (Table 41) the liquid phase 

reaction enthalpy per mole of hydrogen (from -59.7 kJ·mol-1 observed for unsubstituted pyrazine 

to -48.5 kJ·mol-1 for tetra-methyl-pyrazine) [146,147]. 

Chapter 8 Thermochemical properties and dehydrogenation thermodynamics 
of indole derivates 

8.1. Introduction 

Liquid Organic Hydrogen Carrier (LOHC) are a promising way of storing hydrogen by 

reversible, catalytic hydrogenation of an aromatic compound. The hydrogen-rich form of an 

LOHC is the corresponding alicyclic component, which can be stored stably at ambient conditions. 

For dehydrogenation, i.e. hydrogen release, the hydrogenated LOHC is heated to temperatures of 

usually 250 to 310 °C [164]. In this reaction, hydrogen is set free and the aromatic form of the 

carrier is recovered for further storage cycles. To enable dehydrogenation at lower temperatures, 

there are two main options. First, the partial pressure of hydrogen can be reduced, either by 

lowering total pressure or by dilution with an inert gas. Second, the heat of reaction for the 

endothermic reaction can be lowered. Thus, LOHC materials with lower enthalpy of reaction for 

dehydrogenation are needed. Nitrogen-containing aromatic systems turn out to be very promising 

in this regard [165].  

N-ethyl carbazole has drawn much attention in recent years as a nitrogen-containing 

LOHC. An alternative to carbazole-type LOHCs are indoles. A carbazole molecule can basically 

be understood as an indole molecule with four additional carbon atoms, forming a further 

six-membered ring fused with the indole molecule. Hence, indole and its derivatives cannot only 

be used as a LOHC material itself, as it is frequently proposed [166–169], but can also serve as 

model components for understanding the chemistry of carbazole-type LOHCs [170]. 

The dehydrogenation of per-hydrogenated indole (H8-indole) proceeds via two main steps: 

first, dehydrogenation to indoline and, second, dehydrogenation to indole (Figure 37): 

 

Figure 37. Reaction scheme for the dehydrogenation of H8-indole 
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Stopping the reaction at the stage of indoline would still provide 75 % of the total stored hydrogen, 

but to recover everything the reaction has to proceed to indole. The question, if the indoline is 

dehydrogenated further to indole or if first further H8-indole is dehydrogenated, before 

dehydrogenation of indoline starts, is not solely governed by catalysis, but also by the reaction 

thermodynamics. 

In this study, measurements of the thermochemical properties of indole and its partially 

(indoline) and fully (H8-indole) hydrogenated derivatives are reported. From the difference in 

these substance properties, particularly the reaction enthalpies, conclusions on the 

thermodynamics of the reaction network can be drawn. To enhance the scope and improve the 

understanding of the model component indole as a basis for carbazole-type LOHCs, the evaluation 

also includes the methylated derivatives with the methyl group on the carbon-atom next to the 

nitrogen-atom. 

8.2. Results and discussion 

8.2.1. Heat capacity measurements 

Heat capacities for the indole derivatives, except for 2-methylindole were measured for the 

first time. The only available for comparison data set was on 2-methylindole measured with help 

of the high-precision cryogenic adiabatic calorimetry [171]. The maximum deviation of our data 

from the literature is 1,5% in the temperature range from 240 up to 294 K, but such deviation of 

the DSC results from the adiabatic calorimetry results is typical. The heat capacities for the indole 

derivatives derived in this work are given in Table H. 1 and Table H. 2. The heat capacities at the 

reference temperature T = 298.15 K (Table 42) have been used for the temperature adjustments of 

experimental vaporization enthalpies as follows. 

Table 42. Compilation of data on molar heat capacities 𝐶p,m
o (g, cr or liq) and heat capacity 

differences ∆cr,l
g

𝐶p,m
o  (in J.K-1.mol-1) at T = 298.15 K. 

Compounds 𝐶p,m
o (g) a 𝐶p,m

o (cr) −∆cr
g

𝐶p,m
o b 𝐶p,m

o (liq) −∆l
g
𝐶p,m

o b 
indole (cr) 120.9 162.2 c 25.1(41.3) 208.9 d - 
indoline (liq) 
 

127.5 - - 
219.5 c 

213.3 [172] 
67.7(92.0) 

H8-indole (liq) 151.5 - - 242.3 c 73.6(93.0) 
2-methyl-indole (cr) 146.1[171] 175.5 [171] e 27.1(29.4) 224.6 [171] 69.0(78.5) 
  179.9 c    
2-methyl-indoline (liq) 174.0 - - 251.3 c 75.9(77.3) 
2-methyl-H8-indole (liq) 178.6 - - 266.5 c 79.9(84.4) 

a Calculated in this work using RRHO approach of statistical thermodynamics [173], b calculated according to the [27] 
by using experimental heat capacities 𝐶p,m

o (cr or liq), c measured with DSC, d calculated by the group-contribution 
procedure developed by Acree and Chickos [27], e measured with the adiabatic calorimeter [171]. 
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8.2.2. Vapor pressures and thermodynamics of sublimation /vaporization 

Experimental vapor pressures measured at different temperatures by the transpiration 

method, coefficients a and b of Equation 2, as well as values of ∆ , 𝐻 (T) and ∆ , 𝑆 (T) are 

given in Table 43. The method for calculating the combined uncertainties of the 

vaporization/sublimation enthalpies includes uncertainties from the experimental conditions of 

transpiration, uncertainties in vapor pressure and uncertainties due to the temperature adjustment 

to T = 298.15 K as described elsewhere [75,76,174].  

The compilation of available standard molar vaporization/sublimation enthalpies for the 

indole derivatives is given in Table 44. Vapor pressures and vaporisation enthalpies of H8-indole, 

2-methyl-indoline, and 2-methyl-H8-indoline have been measured for the first time. Vapor 

pressures and sublimation/vaporization enthalpies of the indole and indoline were frequently 

reported in the literature (Table 44). For the sake of comparison, the reported in the literature 

enthalpies of vaporisation/sublimation of indole derivatives were adjusted to the reference 

temperature T = 298.15 K by using the ∆ , 𝐶 , –values given in Table 42 in the same way as our 

own transpiration results.  

Table 43.  Results from the transpiration method: coefficient a and b of Equation 2, standard molar 
sublimation/vaporization enthalpies ∆ , 𝐻 , standard molar sublimation/vaporization entropies 

∆ , 𝑆 , and standard molar sublimation/vaporization Gibbs energies ∆ , 𝐺  at the reference 
temperature T = 298.15 K.  

 a b -∆ , 𝐶 ,
a 

JK-1mol-1 

∆ , 𝐻 b 

kJmol-1 

∆ , 𝑆 c 

JK-1mol-1 

∆ , 𝐺  

kJmol-1 
indole (cr) 283.3 -82861.1 25.1 75.4±1.3 162.5±2.4 26.9±0.04 
indoline (liq) 290.8 -80648.7 67.7 60.5±0.6 127.4±1.6 11.5±0.20 
H8-indole (liq) 293.7 -75474.3 73.6 53.5±0.7 124.4±1.6 16.5±0.06 
2-methyl-indole (cr) 304.5 -93204.6 27.1 85.1±1.2 181.7±1.4 31.0±0.04 
2-methyl-indoline (liq) 307.7 -85660.1 75.9 63.0±0.4 136.1±0.8 11.6±0.20 
2-methyl-H8-indole (liq) 311.3 -81609.0 79.9 57.8±0.8 135.6±1.8 17.3±0.06 

a Calculated according to the procedure developed by Acree and Chickos  by using experimental heat capacities 
𝐶p,m

o (cr or liq) from this table, b calculated by Equation 8, c calculated by Equation 9. 

For the indole, except for one extremely high [175] and one extremely low [176] value, 

other available sublimation enthalpies from the Knudsen-effusion and from the transpiration 

method are in a good agreement (Table 44). Moreover, the recently developed indirect method 

based on the high-precision solution calorimetry results [177,178], also provides the sublimation 

enthalpy of indole in close agreement with the conventional methods (Table 44). To get more 

confidence, we have derived a weighted average from the ten entries for the sublimation enthalpy 

of indole, and the result is ∆cr
g

𝐻m
o (298.15 K) = 75.0±0.4 kJmol-1.  
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The vaporization enthalpy of the indoline measured in this work is within the combined 

uncertainty of those measured in our lab previously [179] (Table 44), as well as from the result 

measured by using the “vacuum sublimation” drop microcalorimetric method [180]. We have 

derived the weighted average from the tree entries for the vaporisation enthalpy of indoline, and 

the result is ∆l
g
𝐻m

o (298.15 K) = 60.7±0.5 kJmol-1. 

Table 44. Compilation of available enthalpies of sublimation/vaporization ∆ , 𝐻 . 

Compound/CAS Methoda T- range ∆ , 𝐻 (Tav) ∆ , 𝐻 (298.15 K) Ref. 
  K kJ·mol-1 kJ·mol-1  
indole (cr) K 283-328 74.9±2.0 75.1±2.0 [181] 
 VG 283-301 70.0±2.0 (69.9±2.0) [176] 
 K 291.8-319.1 74.2±2.8 74.4±3.0 [42] 
 K 298-315 95.0±4.0 (95.1±4.0) [175] 
 K 275-303 77.8±3.4 77.6±3.4 [182] 
 K 275.2-291.1 78.4±2.2 78.0±2.8 [180] 
 T 290.4-325.2 73.7±0.8 74.0±1.2 [179] 
 SC   75.0±2.0 [177] 
 SC   75.0±1.7 [178] 
 SC   75.3±1.7 [178] 
    74.9±0.6 Table 45 
 T 293.1-323.2 75.1±0.7 75.4±1.3 this work 
    75.0±0.4  average 
indoline (liq) DC 329.1 65.6±0.6 61.9±1.9 [180] 
 E 380.9-547.3 50.9±0.2 61.6±1.7 [172] 
 T 280.6-338.3 60.3±0.4 61.0±0.8 [179] 
 T 288.7-335.2 59.6±0.5 60.5±0.6 this work 
    60.8±0.9 c average 
H8-indole (liq) T 277.9-329.2 53.3±0.4 53.5±0.7 this work 
2-methyl-indole (cr) DC 360.1 91.7±1.0 87.6±2.4 [171,183] 
    85.5±1.0 Table 45 
 T 298.3-330.1 84.7±0.4 85.1±1.2 this work 
    85.5±0.7  average 
2-methyl-indole (liq) IP 340.0-430.0 66.3±0.2 72.1±1.0 [171,172] 
 E 427.3-595.0 58.0±0.2 72.2±2.2 [171,172] 
    72.1±0.9  average 
2-methyl-indoline (liq) T 283.2-333.0 62.4±0.3 63.0±0.4 this work 
2-methyl-H8-indole (liq) T 275.1-313.2 58.2±0.6 57.8±0.8 this work 

a Techniques: DC = drop calorimetry; T = transpiration method; K = Knudsen effusion method; SC = method based 
on solution calorimetry; VG = viscosity gauge; IP = inclined piston method; E = Ebulliometry. 

The value ∆cr
g

𝐻m
o  = 65.6±0.6 kJmol-1 at 329.1 K was directly determined for 2-methyl-

indole with a drop microcalorimetric technique, combined with an enthalpy for the gas phase of 

∆ .  
.  𝐻 (g) estimated with the group-contribution method of Stull et al. [77]. Chirico et 

al. [171] recalculated their value to be 87.6± 2.4 kJmol-1 at 298.15 K by including the enthalpy 

for the gas phase computed with the quantum-chemical methods, rather than the very approximate 
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group-contribution method. The latter value is in agreement with our new transpiration result 

∆cr
g

𝐻m
o (298.15 K) = 85.1±1.2 kJmol-1 within the combined experimental uncertainties (Table 44).  

8.2.3. Thermodynamics of solid-liquid, solid-gas, and liquid-gas phase transitions 

2-Methyl-indole is crystalline at room temperature. The consistency of enthalpies of 

sublimation, vaporization and fusion for this compound was established as follows. Indeed, for 

indole, the sublimation enthalpy ∆cr
g

𝐻m
o (298.15 K) = 75.4±1.3 kJmol-1 was measured using 

transpiration below the melting point (Table 44) and the vaporization enthalpy ∆l
g
𝐻m

o (298.15 K) = 

65.3±0.6 kJmol-1 was derived from vapor pressures measured above the melting point in our 

previous work [179] (Table 45). The consistency of phase transitions available for the indole can 

be easily established and the experimental enthalpy of fusion for this compound ∆cr
l 𝐻m

o (298.15 K) 

= 9.6±0.4 kJmol-1 (Table 45) as follows: 

                                           ∆cr
g

𝐻m
o (298.15 K, indole) = 65.3 + 9.6 = 74.9±0.7 kJmol-1                  (66) 

This estimate is in a good agreement with the transpiration experiment ∆cr
g

𝐻m
o (298.15 K) = 

75.4±1.3 kJmol-1 (Table 44) 

Table 45. Thermodynamics of phase transitions of indoles (in kJmol-1). 

Compounds Tfus, K ∆ 𝐻   
at Tfus 

Ref ∆ 𝐻  a ∆ 𝐻  b ∆ 𝐻   

  298.15K 
1 2 3 4 5 6 7 

indole 325.9 10.6±0.5  [184]    
 326.3 10.9±0.5 [185]    
 325.9 10.6±0.2 [179]    
 325.5 12.1±1.0 [177]    
 325.7 10.9±0.3 this work    
 325.9 10.7±0.2  average 9.6±0.4 65.3±0.6[179] 74.9±0.7 
2-methylindole 329.4 15.7±1.0 [186]    
 332.0 14.84±0.03 [171]    
 331.1 14.7±0.2 this work    
 332.0 14.8±0.1 average 13.4±0.4 72.1±0.9 85.5±1.0 

a The experimental enthalpies of fusion ∆ 𝐻  measured at Tfus were adjusted to 298.15 K with help of the equation 
[27]:  ∆cr

l 𝐻m
o (298.15 K)/(J·mol-1) = ∆cr

l 𝐻m
o (Tfus/K) – (∆cr

g
𝐶p,m

o -∆l
g
𝐶p,m

o )×[(Tfus/K) – 298.15 K], b from Table 44. 

In this way we also validated the phase transition data available for 2-methylindole as 

follows. The consistent vaporization enthalpies for this compound were measured by Chirico et al. 

[171] by using the inclined-piston manometry and ebulliometry (Table 44). The fusion enthalpy is 

evaluated in Table 45: 

      ∆cr
g

𝐻m
o (298.15 K, 2-methylindole) = 72.1 + 13.4 = 85.5±1.0 kJmol-1                     (67) 

This indirect result is in agreement with the transpiration experiment ∆cr
g

𝐻m
o (298.15 K) = 85.1±1.2 

kJmol-1 and with those from the drop microcalorimetric technique ∆cr
g

𝐻m
o (298.15 K) = 87.6±2.4 
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kJmol-1 (Table 44). The agreement of data on indole and 2-methyl-indole supports the consistency 

of the solid-liquid, solid-gas, and liquid-gas phase transitions derived for these compounds in this 

work. 

8.2.4. Validation of experimental vaporization enthalpies of indole derivatives with help 

of the structure-property relationships 

Having in mind, that the vaporisation enthalpies of H8-indole, 2-methyl-indoline, and 2-

methyl-H8-indoline have been measured for the first time, any kind of validation for these new 

data is highly desired. Structure-property relationships are always helpful in this context. 

 

 

  

Figure 38. Validation of experimental vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of indole 
derivatives with help of the comparison with similarly shaped cyclic hydrocarbons: series indane 

– indoline (left) and series cyclopentane – pyrrolidines (right). All data are given in kJmol-1. 

It is reasonable to find out parallels between vaporization enthalpies in series of 

experimental vaporization enthalpies derived in this work for indole derivatives with the 

vaporization enthalpies of similarly shaped cyclic hydrocarbons given in Figure 38. As expected, 

for the series indane – indoline derivatives (Figure 38, left) the differences in ∆l
g
𝐻m

o (298.15 K) of 

indane and indoline, as well as for 2-methyl-indane and 2-methyl-indoline are perfectly the same. 

Also for the series cyclopentane – pyrrolidines (Figure 38, right) the differences in ∆l
g
𝐻m

o (298.15 

K) between cyclopentane and pyrrolidine is exactly the same as the difference between methyl-

cyclopentane and methyl-pyrrolidine. For the pair octahydro-1H-indene – H8-indole the difference 

of vaporization enthalpies shows the same level of 8 kJmol-1. Hence, these quantitatively logical 

structure-property relationships between hydrocarbons and the parent molecules with inserted 

nitrogen atom can be considered as a strong evidence of consistency for vaporization enthalpies 

evaluated in this study. 
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8.2.5. Combustion calorimetry: standard molar enthalpies of formation 

Specific energies of combustion cu° were measured in series of five experiments for each 

compound. Table H. 6 and Table H. 7 list results of combustion experiments for indole derivatives. 

Auxiliary data required for the reduction of the combustion results are presented in Table H. 4, 

Table H. 5  that list results of a typical combustion experiment for each compound. Combustion 

results for cu° and ∆ 𝐻m
o  are reported in Table H. 6 and Table H. 7, where these refer to the 

reactions: 

indole: C8H7N(cr) + 9.75×O2(g) = 8×CO2(g) +3.5×H2O(liq) + 0.5 N2(g)                                  (68)  

indoline: C8H9N(liq) + 10.25×O2(g) = 8×CO2(g) +4.5×H2O(liq) + 0.5 N2(g)                            (69) 

H8-indole: C8H15N(liq) + 11.75×O2(g) = 8×CO2(g) +7.5×H2O(liq) + 0.5 N2(g)       (70) 

2-methyl-indole: C9H9N(cr) + 11.25×O2(g) = 9×CO2(g) +4.5×H2O(liq) + 0.5 N2(g)                (71) 

2-methyl-indoline: C9H11N(liq) + 11.75×O2(g) = 8×CO2(g) +5.5×H2O(liq) + 0.5 N2(g)          (72) 

2-methyl-H8-indole: C9H17N(liq) + 13.25×O2(g) = 8×CO2(g) +8.5×H2O(liq) + 0.5 N2(g)       (73) 

The ∆ 𝐻m
o (cr or liq)-values of indole derivatives were obtained (Table 46) applying the Hess´s Law 

to Equations 68-73 with help of recommended by CODATA data [32]; uncertainties are calculated 

according to the guidelines developed by Olofsson [187]. The compilation of thermochemical 

results derived in this work is given in Table 46.  

Table 46. Compilation of thermochemical data for indole derivatives at T=298.15 K (p°=0.1 MPa, 
in kJ·mol-1). 

compound ∆ 𝐻m
o (cr,l) ∆ 𝐻m

o (cr,l) ∆ , 𝐻m
o a ∆ 𝐻m

o (g)exp ∆ 𝐻m
o (g)theor

b 

1  2 3 4 5 
indole (cr) -4278±30 [188] (130±30)    
 -4265±4 [189] (117±5)    
 -4240.5±5.0 [175] 92.0±5.1    
 -4235.0±0.7 [190] 86.5±1.3    
 -4236.0±1.4 [179] 87.6±1.8    
 -4235.8±1.3 [this work] 87.3±1.6    
  87.2±0.9  75.0±0.4 162.2±1.0 160.9±1.5 
indoline (liq) -4492.4±2.2 [180] 58.1±2.4    
 -4497.7±2.0 [79] 63.4±2.2    
 -4494.0±1.0 [172] 59.7±1.5    
 -4493.6±1.3 [this work] 59.3±1.7    
  60.0±0.9  60.8±0.9 120.8±1.3 117.5±1.4 
H8-indole (liq) -5174.3±1.5 [this work] -117.5±1.8 53.5±0.7 -64.0±1.9 -63.1±1.4 
2-methyl-indole (cr) -4865.6±2.4 [183] 37.7±2.7    
 -4864.8±1.1 [171] 36.9±2.6    
 -4862.6±1.5 [this work] 34.8±1.9    
  36.1±1.3  85.5±0.7 121.6±1.5 121.3±2.0 
2-methyl-indoline -5130.8±1.5 [this work] 17.2±1.9 63.0±0.4 80.2±1.9 80.3±1.6 
2-methyl-H8-indole -5814.1±1.8 [this work] -157.1±2.1 57.8±0.8 -99.3±2.2 -99.5±1.3 

a From Table 44,b averaged quantum-chemical results from G4, G3MP2, and CBS-APNO calculations (Table 47). 
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Berthelot and Andre [188] were the first to determine the enthalpy of combustion of indole. 

Stern and Klebs [189] determined the enthalpy of combustion of indole in the crystalline state at 

298.15 K. Both results are significantly more negative than all later determinations. Zimmerman 

and Geisenfelder [175] reported thermochemical data for a large number of the nitrogen containing 

compounds. However, purities of their samples are ill defined and we ascribed to the combustion 

enthalpy measured in their work a generous uncertainty of ± 5 kJ·mol-1. Good [190] from one of 

the most experienced Bartlesville laboratory performed combustion experiments with a sample of 

purity 99.90 mol percent. The value determined by Good is in accord with our recent as well as 

with the new combustion result measured for the indole in the current study (Table 46). 

The enthalpy of combustion for indoline in the liquid state was determined earlier by 

Ribeiro da Silva et al. [180], as well as in our previous study [79]. Both these values were in fair 

agreement within the combined experimental uncertainties (Table 46). Our new combustion 

enthalpy value agrees well with both previous results and corresponds to the place in between. 

The enthalpy of combustion for 2-methylindole in the crystalline state was determined 

previously by Ribeiro da Silva et al. [183]  and by Chirico et al. [171]. Their values agree well 

with that obtained here (Table 46). In order to get more confidence, we have derived the weighted 

average values for indole, indoline, and 2-methyl-indole (Table 46) and recommended them for 

further thermochemical calculations. Combustion experiments with H8-indole, 2-methyl-indoline, 

and 2-methyl-H8-indole were performed for the first time and results are compiled in Table 46. 

8.2.6. Gas-phase standard molar enthalpies of formation: experiment and theory 

The experimental gas-phase standard molar enthalpies of formation ∆ 𝐻m
o (g)exp are derived 

from experimental results on vapor pressure measurements and results from combustion 

calorimetry according to common thermochemical equations:  

          ∆ 𝐻m
o (g, 298.15 K)exp = ∆cr

g
𝐻m

o (298.15 K) + ∆ 𝐻m
o (cr, 298.15 K)exp  (74) 

           ∆ 𝐻m
o (g, 298.15 K)exp = ∆l

g
𝐻m

o (298.15 K) + ∆ 𝐻m
o (liq, 298.15 K)exp    (75) 

Results obtained with help Equations 74 and 75 are given in Table 46, column 5. Since 

thermochemical data on three indole derivatives were measured for the first time, we used the 

high-level quantum-chemical calculations to support the reliability of our new results.  

Search for structures of the stable conformations was performed using the UFF 

method [36]. Optimization of conformers was performed by using G3MP2. Structures of main 

conformers were identified with the Amsterdam Density Functional (ADF) program [36] with help 

of M06L/TZ2P and M06/QZ4P methods. Basis sets were built with Slater-type orbital functions. 
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Harmonic frequencies were calculated with help of M06L/TZ2P method. Enthalpies H298 of the 

most stable conformers for each compound (Figure 39) were calculated by using and G4 G3MP2, 

and SBS-APNO methods.  

Structure Name Figures Structure Name Figures 

 

Indole 

 
 

Indoline 

 

 

H8-

Indole 

 
 

2-

Methyl-

Indole 

 

 

2-

Methyl-

Indoline 
 

 

H8-2-

Methyl-

Indole 

 

Figure 39. The most stable conformers of indole derivatives. 

The H298-values have been converted to the standard molar enthalpies of formation ∆ 𝐻m
o (g, 

298.15 K)theor using the atomization (AT), as well as using the “well-balanced reactions” 

(WBR) [96]. For the WBR method we designed 5-6 reactions for each indole derivative (Table H. 

9 - Table H. 14). Using reliable experimental gas-phase enthalpies of formation ∆ 𝐻m
o (g, 298.15 

K) of the reference compounds (Table H. 15), the theoretical gas phase enthalpies were calculated. 

Results of quantum-chemical calculations are summarized in Table 47. 

Table 47. Experimental and theoretical gas-phase enthalpies of formation ∆ 𝐻m
o (g) at T = 298.15 

K (p° = 0.1 MPa) for indole derivatives as calculated by different methods (in kJ·mol-1). 

compound 
Exp.a 

G4 
ATb 

G4 
WBRc 

G3MP2 
ATb 

G3MP2 
WBRc 

CBS-APNO 
WBRc 

∆ 𝐻m
o (g)theor

 d 

indole 162.2±1.0 160.4±3.5 161.0±1.3 158.8±4.1 160.9±1.1 161.2±2.0 160.9±1.5 
indoline 120.8±1.3 117.6±3.5 117.3±1.4 116.0±4.1 117.7±1.1 117.6±1.3 117.5±1.4 
H8-indole -64.0±1.9 -63.5±3.5 -64.1±1.6 -60.5±4.1 -63.3±1.2 -62.7±1.1 -63.1±1.4 
2-methyl-indole 121.6±1.5 120.2±3.5 121.7±1.8 118.9±4.1 121.8±1.6 120.7±2.7 121.3±2.0 
2-methyl-indoline  80.2±1.9 79.4±3.5 80.1±1.4 78.0±4.1 80.5±1.3 80.7±1.7 80.3±1.6 
2-methyl-H8-indole -99.3±2.2 -100.4±3.5 -100.4±1.5 -97.3±4.1 -99.6±1.2 -99.1±1.0 -99.5±1.3 

a From Table 46, b Calculated by the G4 or G3MP2, c Calculated by the G4, G3MP2, and CBS-APNO, d 

Calculated for each compound as the weighted average from columns 3 to 7 from this Table. 

In our recent work we systematically use the G4 and the G3MP2 methods for 

thermochemical calculations [30,59–61,79,179]. As it quite apparent from Table 47, the G4 

theoretical values ∆ 𝐻m
o (g, 298.15 K)theor are practically indistinguishable from the experimental 
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results, regardless of atomization or WBR procedure is applied. Table 47 also demonstrates that 

the G3MP2 theoretical values ∆ 𝐻m
o (g, 298.15 K)theor calculated according to the WBR are also in 

good agreement with the experimental values ∆ 𝐻m
o (g, 298.15 K)exp. The CBS-APNO results 

derived with help of the WBR are also in very good agreement with the experimental values 

∆ 𝐻m
o (g, 298.15 K)exp. 

8.2.7. Validation of experimental enthalpies of formation of indole derivatives with help 

of structure-property relationships 

Even having remarkable agreement between the experimental and theoretical ∆ 𝐻m
o (g, 

298.15 K)-values, the additional validation of the evaluated results with help of structure-property 

relationships is desired. For this purpose, in Figure 40 we separated the studied compounds in to 

vertical lines: the line indole → indoline → H8-indole, as well as the line 2-methyl-indole → 2-

methyl-indoline → 2-methyl-H8-indole. Both lines represent virtual hydrogenation reactions. At 

a first glance we would expect that introduction of the methyl substituent into the five-membered 

ring (left line) could hardly change the energetics of these virtual hydrogenation reactions in 

comparison to the methylated indole derivatives (right line). 

 

Figure 40. Virtual hydrogenation reactions of indole derivatives. The experimental values 
∆ 𝐻m

o (g, 298.15 K)exp are taken from Table 46 and they are given in kJ·mol-1. 

Indeed, as it can be seen on Figure 40, the hydrogenation enthalpies presented by arrows 

from the top (indole) to the bottom (H8-indole) in the left line are indistinguishable (within the 

experimental uncertainties) from analogous reactions presented in the right line. Moreover, the 
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enthalpic effect from introduction of the methyl-substituent to the species given in the left line 

(indole → indoline → H8-indole) is also remarkably constant for the indole (40.6±1.8 kJmol-1) 

and indoline (40.7±2.3 kJmol-1). This enthalpic effect is slightly lower (35.3±2.9 kJmol-1) for the 

pair H8-indole to 2-methyl-H8-indole, but this light decrease could be explained by appearing of 

the ring-strains in both aliphatic cyclic compounds, which are usually very specific for each cyclic 

specie. 

The good agreement observed among the theoretical and experimental 

∆ 𝐻m
o (g, 298.15 K)-values for indole derivatives, as well as the logical structure-property 

relationships demonstrated on Figure 40 can be considered as an evidence of the internal 

consistency of thermochemical results evaluated in this work (Table 46). This can be 

recommended now as reliable benchmark properties for further thermochemical calculations of 

hydrogenation/dehydrogenation reactions involving these compounds. 

8.2.8. Standard molar thermodynamic functions of indole derivatives 

The possibility to assess the ideal gas and condensed phase properties of organic 

compounds is of importance for material sciences, engineering, and biochemistry. The basic 

thermodynamic equation for the Gibbs free energy: 

                                                ∆ 𝐺m
o = ∆ 𝐻m

o  - T×∆ 𝑆m
o      (76) 

is responsible for the quick appraisal of feasibility of chemical processes. Hence, it is highly 

desirable to assess values of ∆ 𝐻m
o  and ∆ 𝑆m

o   from the experiments, computations, or combining 

theoretical and experimental methods. 

8.2.8.1. Computation of heat capacities and entropies for the ideal-gas state 

The ideal gas state thermodynamic properties including heat capacity, absolute entropy of 

individual compounds and equimolar racemic mixtures for molecules with stereo isomers were 

calculated with “rigid rotator harmonic oscillator” approach [173].  

The complete results from computation of heat capacities and entropies for the ideal-gas 

state are given for each compound in Table H. 16 - Table H. 21, as well as the values referenced 

to the T= 298.15 K are compiled in Table 44, Table 48 and Table 49. The thermodynamic 

properties for indole, indoline, and H8-indole were previously calculated by Steele and Chirico 

[172]. The entropies for indole agree within 0.2% at 300 K, in case of indoline deviation does not 

exceed 2%. The results for H8-indole were estimated by using additive scheme and can be used 

only as rough estimation.  
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The values of entropy in the ideal gas state 𝑆 (g, 298.15 K) can be now used for calculation 

of standard molar thermodynamic functions of formation of the indole derivatives as follows. 

8.2.8.2. Standard molar thermodynamic functions of formation 

Table 48. Thermodynamic properties of indole derivatives (in JK-1mol-1 at T = 298.15 K). 

Compound ∆ , 𝑆  a 𝑆 (g)b 𝑆 (cr,l)c 
 exp. calc. calc. 

indole (cr) 162.5±2.4 332.3 169.8 
indoline (liq) 127.4±1.6 342.8 215.4 
H8-indole (liq) 124.4±1.6 385.5 247.3 
2-methyl-indole (cr) 181.7±1.4 368.8 [171] 187.1 
2-methyl-indoline (liq) 136.1±0.8 405.0 263.1 
2-methyl-H8-indole (liq) 135.6±1.8 406.1 269.2 

a From Table 44, b calculated using the RRHO approach [173], c calculated as sum of 𝑆 (g) from this table and entropy 
of sublimation/vaporization ∆ , S (298.15 K). 

The standard molar entropies 𝑆 (cr/l, 298.15 K), of indole derivatives (Table 45) were 

calculated by the subtracting of the contribution ∆ , 𝑆  from the entropy in the ideal gas state 

𝑆 (g, 298.15 K) derived in previous section. Numerical values of molar entropies 𝑆 (cr,l, 298.15 

K) for the indole derivatives are given in Table 48, last column. 

Table 49.  Experimental standard molar thermodynamic properties of indoles at T = 298.15 K. 

Compound State ∆ 𝐻m
o  a ∆ 𝑆m

o  ∆ 𝐺m
o  𝑆  b 𝐶 ,

 c 

  kJ·mol-1 JK-1mol-1 kJ·mol-1 JK-1mol-1 JK-1mol-1 
indole cr 87.2±0.9 -428.7 215.0 169.8 162.2 
 gas 162.2±1.0 -266.2 241.6 332.3 120.9 
indoline liq 60.2±1.2 -513.7 213.3 215.4 219.5 
 gas 120.8±1.3 -386.3 236.0 342.8 127.5 
H8-indole liq -117.5±1.8 -873.3 142.9 247.3 242.3 
 gas -64.0±1.9 -735.1 155.2 385.5 151.5 
2-methyl-indole cr 36.1±1.3 -550.1 200.1 184.7 [171] 175.5 [171] 
 gas 121.6±1.5 -366.0 230.7 368.8 [171] 146.1 [171] 
2-methyl-indoline liq 17.2±1.9 -602.2 196.8 263.1 251.3 
 gas 80.2±1.9 -460.3 217.4 405.0 174.0 
2-methyl-H8-indole liq -157.1±2.1 -987.7 137.4 269.2 266.5 
 gas -99.3±2.2 -850.8 154.4 406.1 178.6 

a from Table 46, b, from Table 48, c From Table 42. 

The standard molar entropies of formation, ∆ 𝑆m
o , in the gas and in the condensed (cr or liq) 

phase were calculated on the basis of reaction 77: 

                          a Cgraphite + (b/2) H2(g) + (c/2) N2(g) = CaHbNc (g or cr or liq)                   (77) 

using the 𝑆 -values given in Table 45 and the values of entropy of formation for Cgraphite 

(5.74±0.13) JK-1mol-1, for H2(g) (130.52±0.02) JK-1mol-1, and for N2(g) (191.61±0.01) JK-

1mol-1 recommended by Chase [144].  
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Values of the standard Gibbs energies of formation, ∆ 𝐺m
o , were estimated from the values 

of ∆ 𝐻m
o , and ∆ 𝑆m

o  (Table 48). The standard molar thermodynamic functions in the condensed and 

in the gas phase collected in Table 48 can be used for optimization of technology for the 

industrially important hydrogenation/dehydrogenation reactions, as well as for validation of 

theoretical and empirical methods for prediction of thermodynamic properties. 

8.2.9. Thermodynamics of hydrogen release and uptake 

The reaction equilibria of hydrogenation and dehydrogenation are governed by the Gibbs 

energy of reaction ∆ 𝐺. Hydrogenation reaction of different aromatics mainly differ in terms of 

the enthalpic contribution to the Gibbs energy of reaction, while the entropic contributions are 

usually quite similar. Complete hydrogenation of indole is accompanied by a heat release of 

∆ 𝐻m
o  = -56.6 kJ mol-1(H2) (for 2-methyl indole a value of -55.2 kJ mol-1(H2) is derived; note: all 

reaction enthalpies are reported relative to 1 mol hydrogen, not 1 mol indole). Thus, hydrogenation 

of indole is significantly less exothermal than hydrogenation of homocyclic LOHCs like 

dibenzyl toluene with a reaction enthalpy of -68.1 kJ mol-1(H2). This has tremendous 

consequences on hydrogen release. Due to the lower reaction enthalpy, dehydrogenation of 

8H-indole is possible at much lower temperatures. 

However, there are certain differences. Most important in this regard is the stepwise nature 

of the reaction. The dehydrogenation of H8-indole to indoline has a reaction enthalpy of 

61.6 kJ mol-1(H2) (59.8 kJ mol-1(H2) for 2-methyl-H8-indole). Enthalpy of reaction for further 

dehydrogenation of indoline to indole is only 41.3 kJ mol-1(H2) (41.4 kJ mol-1(H2) for 2-methyl-

indoline). This corresponds to a significant difference in the Gibbs energies of reaction. While 

dehydrogenation of H8-indole to indoline is accompanied with a Gibbs energy change of 

25.6 kJ mol-1(H2) at standard conditions and is thus still clearly limited by reaction equilibrium, 

dehydrogenation of indoline to indole only requires a change in Gibbs energy of 5.5 kJ mol-1(H2). 

Therefore, dehydrogenation of indoline to indole is thermodynamically possible at temperatures 

slightly above ambient. Under reaction conditions for H8-indole dehydrogenation, indoline is 

thermodynamically quite unstable.  
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APPENDIX 
A. Supporting information to Chapter 1. 

Table A. 1. Compilation of data on molar heat capacities 𝐶p,m
o (cr, liq) and differences ∆cr,l

g
𝐶p,m

o  of 

substituted acetophenones in J.K-1.mol-1 at T = 298.15 K. 

compound 𝐶p,m
o (cr) ∆cr

g
𝐶p,m

o   𝐶p,m
o (liq)  ∆l

g
𝐶p,m

o  

methylacetophenone 194.7 -30.0 237.0 -72.2 
ethylacetophenone 221.6 -34.0 268.9 -80.5 
cyanoacetophenone 199.7 -30.7 252.0 -76.1 
acethoxyacetophenone 236.9 -36.3 300.9 -88.8 

Table A. 2. Results of transpiration method: absolute vapor pressures 𝑝 , standard (𝑝 = 0.1 MPa) 
molar vaporization/sublimation enthalpies ∆ , 𝐻  and standard molar vaporization/sublimation 

entropies ∆ , 𝑆 .  

T/ 
Ka 

m/ 
mgb 

V(N2)c / 
dm3 

Ta/ 
Kd 

Flow/ 
dm3·h-1 

p/ 
Pae 

u(𝑝 )/ 
Paf 

∆ , 𝐻 (T)/ 

kJmol-1 

∆ , 𝑆 (T)/ 

JK-1mol-1 

2-methyl-acetophenone: ∆ 𝐻 (298.15 K) = (59.30.4) kJ.mol-1 

ln (𝑝 /𝑝 ) =
299.7

𝑅
−

80827.5

𝑅𝑇
−

72.2

𝑅
ln

𝑇

298.15
;   𝑝 = 1 Pa 

293.3 0.31 0.275 294.4 1.10 20.84 0.55 59.65 132.9 
298.3 0.48 0.275 294.6 1.10 31.84 0.82 59.29 131.8 
303.1 0.71 0.275 294.5 1.10 47.29 1.21 58.94 130.8 
308.1 2.14 0.602 294.6 1.20 64.87 1.65 58.58 129.1 
312.8 2.08 0.401 294.8 1.20 94.91 2.40 58.25 128.4 
295.2 0.38 0.286 293.4 1.07 24.22 0.63 59.52 132.4 
290.2 0.38 0.447 294.3 1.07 15.74 0.42 59.87 133.5 
285.6 0.41 0.699 294.5 1.05 10.81 0.30 60.21 134.9 
300.0 2.03 1.017 294.6 2.77 36.52 0.94 59.16 131.4 
306.2 1.96 0.621 294.6 1.06 57.71 1.47 58.72 129.8 
312.7 2.01 0.390 294.8 1.06 93.95 2.37 58.25 128.3 
319.6 2.14 0.266 295.2 1.06 146.79 3.69 57.75 126.5 
326.2 3.43 0.266 295.9 1.06 235.90 5.92 57.27 125.3 
332.7 5.24 0.266 295.3 1.06 359.44 9.01 56.81 123.9 

3-methyl-acetophenone: ∆ 𝐻 (298.15 K) = (59.80.4) kJ.mol-1 

ln (𝑝 /𝑝 ) =
296.4

𝑅
−

81354.1

𝑅𝑇
−

72.2

𝑅
ln

𝑇

298.15
;   𝑝 = 1 Pa 

285.5 0.32 1.032 295.0 5.75 2.69 0.17 60.74 131.7 
290.4 0.34 0.718 295.0 8.68 2.69 0.24 60.39 130.3 
295.2 0.50 0.683 297.1 13.45 2.73 0.36 60.04 129.3 
298.1 0.33 0.353 294.0 17.21 1.06 0.46 59.83 128.7 
300.6 0.78 0.683 298.4 21.11 2.73 0.55 59.65 128.1 
303.2 0.91 0.683 299.3 24.65 2.73 0.64 59.46 127.1 
303.2 0.37 0.280 294.9 24.38 1.12 0.64 59.46 127.0 
308.1 0.50 0.252 299.0 36.56 1.01 0.94 59.11 126.1 
312.7 1.92 0.689 296.9 51.25 1.12 1.31 58.78 125.0 
319.5 2.07 0.466 298.8 82.21 1.12 2.08 58.29 123.4 
326.5 2.10 0.298 296.4 129.37 1.12 3.26 57.78 121.7 
333.2 3.18 0.280 296.2 208.70 1.12 5.23 57.30 120.6 
334.0 3.33 0.280 296.4 218.52 1.12 5.48 57.24 120.5 
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4-methyl-acetophenone: ∆ 𝐻 (298.15 K) = (61.60.3) kJ.mol-1 

ln (𝑝 /𝑝 ) =
299.8

𝑅
−

83131.5

𝑅𝑇
−

72.2

𝑅
ln

𝑇

298.15
;   𝑝 = 1 Pa 

302.6 1.41 1.413 294.5 1.07 18.30 0.48 61.28 131.0 
303.6 0.46 0.441 294.5 1.06 19.19 0.50 61.22 130.5 
304.6 1.57 1.388 296.0 2.97 20.79 0.54 61.14 130.2 
306.6 1.83 1.383 296.2 1.06 24.35 0.63 61.00 129.8 
308.5 1.52 0.968 297.2 2.90 29.00 0.75 60.86 129.5 
309.5 1.56 0.942 295.8 2.97 30.45 0.79 60.79 129.1 
312.5 1.53 0.730 295.4 1.83 38.44 0.99 60.57 128.4 
316.5 1.61 0.562 294.6 1.05 52.22 1.33 60.28 127.7 
318.4 2.23 0.674 293.9 1.06 60.24 1.53 60.14 127.2 
320.4 1.52 0.404 295.2 1.05 68.70 1.74 60.00 126.7 
323.4 3.27 0.727 295.6 1.06 82.33 2.08 59.78 125.8 
324.4 1.45 0.298 294.4 0.99 88.76 2.24 59.71 125.6 
329.3 1.75 0.249 294.4 0.99 128.01 3.23 59.36 124.9 
334.3 2.54 0.264 295.7 1.05 176.54 4.44 59.00 123.8 
339.3 4.28 0.330 296.7 0.99 237.67 5.97 58.63 122.6 
344.3 5.78 0.330 297.9 0.99 322.09 8.08 58.28 121.6 
349.3 7.62 0.330 297.8 0.99 423.64 10.62 57.91 120.4 
354.2 10.05 0.330 297.9 0.99 558.24 13.98 57.56 119.4 

2-cyano-acetophenone: ∆ 𝐻 (298.15 K) = (72.90.4) kJ.mol-1 

ln (𝑝 /𝑝 ) =
309.8

𝑅
−

95544.7

𝑅𝑇
−

76.1

𝑅
ln

𝑇

298.15
;   𝑝 = 1 Pa 

322.9 0.18 1.186 295.8 2.74 2.63 0.07 70.97 132.1 
325.3 0.18 1.004 297.6 2.87 3.13 0.08 70.79 131.3 
325.3 0.18 1.004 297.3 2.87 3.08 0.08 70.79 131.2 
328.2 0.19 0.852 298.3 2.84 3.90 0.10 70.57 130.6 
329.2 0.19 0.770 296.4 2.43 4.23 0.11 70.50 130.4 
330.0 0.19 0.730 295.6 2.74 4.41 0.12 70.43 130.1 
332.1 0.18 0.601 297.0 1.03 5.20 0.16 70.27 129.6 
333.2 0.19 0.555 296.4 1.08 5.77 0.17 70.19 129.5 
336.1 0.17 0.412 297.4 1.03 7.06 0.20 69.97 128.7 
339.9 0.20 0.358 297.3 1.08 9.64 0.27 69.68 128.1 
341.1 0.16 0.258 297.7 1.03 10.45 0.29 69.59 127.8 
346.0 0.67 0.770 297.6 1.08 14.92 0.40 69.21 126.8 
352.9 0.63 0.466 298.5 1.08 22.99 0.60 68.69 125.0 
360.1 0.69 0.323 298.3 1.08 36.57 0.94 68.14 123.4 
366.9 0.90 0.269 297.9 1.08 57.34 1.46 67.62 122.2 
372.4 1.25 0.269 297.2 1.08 78.82 2.00 67.21 121.1 

3-cyano-acetophenone: ∆ 𝐻 (298.15 K) = (72.90.) kJ.mol-1 

ln (𝑝 /𝑝 ) =
332.1

𝑅
−

106212.7

𝑅𝑇
−

30.7

𝑅
ln

𝑇

298.15
;  𝑝 = 1 Pa 

318.4 0.13 3.559 299.8 2.85 0.64 0.02 96.44 203.5 
323.8 0.13 1.898 298.8 2.85 1.20 0.03 96.27 203.1 
328.3 0.28 2.395 299.7 3.59 2.03 0.06 96.13 203.0 
330.4 0.13 0.898 300.6 3.59 2.56 0.07 96.07 202.8 
332.5 0.14 0.759 296.1 2.85 3.03 0.08 96.01 202.2 
333.2 0.18 0.958 300.0 3.59 3.26 0.09 95.98 202.2 
336.3 0.14 0.513 300.7 1.14 4.63 0.12 95.89 202.2 
338.2 0.30 0.898 299.5 3.59 5.64 0.17 95.83 202.1 
341.4 0.13 0.304 300.3 1.14 7.50 0.21 95.73 201.5 
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348.2 0.24 0.285 300.4 1.14 14.54 0.39 95.52 200.9 
350.7 0.30 0.280 299.7 1.12 18.70 0.49 95.45 200.8 
354.8 0.45 0.285 300.5 1.14 27.41 0.71 95.32 200.4 
360.3 0.73 0.280 300.0 1.12 44.76 1.14 95.15 200.0 
362.3 0.40 0.133 300.8 1.14 51.48 1.31 95.09 199.5 

4-cyano-acetophenone: ∆ 𝐻 (298.15 K) = (87.70.7) kJ.mol-1 

ln (𝑝 /𝑝 ) =
313.7

𝑅
−

96872.9

𝑅𝑇
−

30.7

𝑅
ln

𝑇

298.15
;   𝑝 = 1 Pa 

303.2 0.14 5.398 296.6 3.00 0.46 0.02 87.57 186.6 
306.3 0.14 3.599 296.8 3.00 0.64 0.02 87.47 186.2 
308.2 0.16 3.249 295.2 3.00 0.82 0.03 87.41 186.3 
312.2 0.14 1.849 297.0 3.00 1.25 0.04 87.29 185.8 
313.2 0.10 1.230 296.0 3.08 1.37 0.04 87.26 185.6 
316.2 0.14 1.200 297.2 3.00 1.95 0.05 87.17 185.5 
318.1 0.12 0.854 297.2 3.01 2.30 0.06 87.11 185.1 
318.2 0.12 0.923 295.8 3.08 2.29 0.06 87.11 185.0 
320.2 0.14 0.800 296.6 3.00 2.95 0.08 87.04 185.2 
323.1 0.17 0.753 297.4 3.01 3.91 0.10 86.96 184.8 
327.1 0.16 0.476 297.8 1.10 5.76 0.17 86.83 184.3 
328.0 0.14 0.367 294.0 1.10 6.25 0.18 86.80 184.2 
329.2 0.13 0.311 299.6 1.10 6.94 0.20 86.77 184.0 
331.1 0.63 1.281 296.2 3.08 8.37 0.23 86.71 183.9 

4-cyano-acetophenone: ∆ 𝐻 (298.15 K) = (72.10.4) kJ.mol-1 

ln (𝑝 /𝑝 ) =
31081

𝑅
−

94819.2

𝑅𝑇
−

76.1

𝑅
ln

𝑇

298.15
;  𝑝 = 1 Pa 

333.2 0.16 0.330 299.6 1.10 8.41 0.24 69.47 130.5 
334.1 0.56 1.053 295.2 1.02 9.01 0.25 69.40 130.3 
337.2 0.64 0.951 296.8 1.02 11.41 0.31 69.16 129.7 
338.2 0.23 0.321 299.6 1.10 12.19 0.33 69.09 129.4 
340.1 0.60 0.713 296.6 1.02 14.28 0.38 68.94 129.1 
343.2 0.33 0.330 300.4 1.10 17.29 0.46 68.71 128.2 
344.1 0.61 0.560 296.8 1.02 18.52 0.49 68.64 128.0 
346.2 0.65 0.510 297.0 1.02 21.57 0.56 68.48 127.6 
349.1 0.62 0.408 297.0 1.02 26.00 0.67 68.26 126.9 
354.2 0.62 0.289 297.2 1.02 36.63 0.94 67.87 125.9 
359.2 0.75 0.255 296.6 1.02 49.89 1.27 67.49 124.7 
364.3 1.03 0.255 297.3 1.02 69.03 1.75 67.10 123.7 
369.2 1.41 0.255 297.4 1.02 94.27 2.38 66.73 122.8 

Table A. 3. Compilation of boiling points at reduced pressures from the distillation data available 
in the literature [34].  

2-Et-acetophenone  3-Et-acetophenone  4-Et-acetophenone  
T/K p/Pa T/K p/Pa T/K p/Pa 

357.2 800 386.2 1867 367.2 533 

372.2 1733 387.2 2000 371.2 667 

377.2 2266 389.2 1867 385.2 1466 

377.2 2133 391.2 2000 387.2 1333 

381.2 2400 416.2 5308 398.2 2666 

381.2 2666 517.2 101325 403.2 3066 

388.2 3333   423.2 6533 
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389.2 4000   518.2 101325 

391.2 3866     
 

Figure A. 1. Temperature dependence of 
available vapor pressures for 4-

methylacetophenone: ○ - this work, 
transpiration; ▲ – Knudsen method [42]; ● – 

method is not available [43]. 

Figure A. 2. Temperature dependence of 
available vapor pressures for 2-

ethylacetophenone: ○ - boiling temperatures at 
reduced pressures [34]; ● - [43]. 

 

Figure A. 3. Temperature dependence of 
available vapor pressures for 3-

ethylacetophenone: ○- boiling temperatures 
at reduced pressures [34]; ● – [44]. 

Figure A. 4. Temperature dependence of 
available vapor pressures for 4-

ethylacetophenone: ○- boiling temperatures at 
reduced pressures [34]; ● - [44]. 
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Figure A. 5. Typical thermogram of 4-methylacetophenone. 

Table A. 4. Experimental thermochemical data at T = 298.15 K (p° = 0.1 MPa) for reference 
compounds (in kJ·mol-1). 

 ∆ 𝐻m
o (liq) ∆ 𝐻m

o  ∆ 𝐻m
o (g) 

benzene 49.0±0.9 [49] 33.9±0.1 [49] 82.9±0.9 [49] 
methylbenzene 12.0±1.1 [49] 38.1±0.1 [49] 50.1±1.1 [49] 
ethylbenzene -12.3±0.9 [115] 42.2±0.1 [191] 29.9±0.9 
cyanobenzene 164.60.7[143] 51.10.1[143] 215.70.7 
acetophenone -142.5±1.0 [192] 55.4±0.3 [50] -87.1±1.0 
phenyl acetate -334.8±0.9 [193] 59.0±0.3 [53] -275.8±1.0 

 

B. Supporting information to Chapter 2 

Table B. 1.  Compilation of data on molar heat capacities 𝐶p,m
o (cr or liq) and heat capacity 

differences ∆cr,l
g

𝐶p,m
o  (in J.K-1.mol-1) at T = 298.15 K for the methoxy-substituted benzenes. 

Compounds 𝐶p,m
o (cr)a −∆cr

g
𝐶p,m

o  b 𝐶p,m
o (liq) a −∆l

g
𝐶p,m

o  b 
1,2,3-trimethoxybenzene 243.3 c 37.2 335.7 97.9 
1,2,4-trimethoxybenzene 243.3 37.2 335.7 97.9 
1,3,5-trimethoxybenzene 243.3 37.2 335.7 97.9 
3,4,5-trimethoxytoluene 270.9 41.4 364.1 105.2 

Table B. 2. Compilation of data on molar heat capacities 𝐶p,m
o (cr or liq) (in J.K-1.mol-1) at T = 

298.15 K for 1,2,3-trimethoxybenzene. 

T, K 𝐶p,m
o (cr)a T, K 𝐶p,m

o (liq) 

238 201.86 286 233.98 

241 203.33 296 238.98 

246 206.31 291 235.94 

251 209.40 335 343.11 
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↑ exo
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256 212.56 337 343.65 

261 216.16 340 344.66 

266 219.67 343 345.62 

271 222.89 346 346.61 

276 226.60 349 347.49 

281 230.43   
a The experimental data were fitted with 𝐶p,m

o (cr)/R = 0.0311 + 4.734×10-4(T/K) from 238 to 296 K (with R = 8.314462 

J.K-1.mol-1), 𝐶p,m
o (cr, 298.15 K) = 240.9 J.K-1.mol-1 

Table B. 3. Results from the transpiration method: absolute vapour pressures pi, standard molar 
sublimation/vaporization enthalpies ∆ , 𝐻  and standard molar sublimation/vaporization 

entropies ∆ , 𝑆 . 

T/ 
Ka 

m/ 
mgb 

V(N2)c / 
dm3 

Ta/ 
Kd 

Flow/ 
dm3·h-1 

𝑝 / 
Pae 

u(𝑝 )/ 
Paf 

∆ / 𝐻 (T)/ 

kJmol-1 

∆ / 𝑆 (T)/ 

JK-1mol-1 

1,2,3-trimethoxybenzene, ∆ 𝐻 (298.15 K) = (92.4  0.7) kJ.mol-1 

ln(𝑝 /𝑝 ) =
348.4

𝑅
−

103491.0

𝑅𝑇
−

37.2

𝑅
ln

𝑇

298.15
 

288.2 2.25 102.929 295.6 2.57 0.32 0.01 92.8 216.7 
291.2 1.67 51.023 295.6 2.59 0.48 0.02 92.7 216.4 
294.3 1.51 31.166 295.6 2.59 0.71 0.02 92.5 215.9 
297.2 1.19 16.662 295.6 2.59 1.05 0.03 92.4 215.7 
300.3 0.69 6.734 295.6 2.59 1.49 0.04 92.3 215.1 
303.2 0.97 6.561 295.6 2.59 2.17 0.06 92.2 214.9 
306.3 1.22 5.784 295.6 2.59 3.08 0.08 92.1 214.3 
308.3 1.50 5.525 295.6 2.59 3.95 0.10 92.0 214.2 
310.3 1.45 4.144 295.6 2.59 5.11 0.15 91.9 214.2 
312.3 1.35 3.151 295.6 2.59 6.24 0.18 91.9 213.7 
314.3 1.19 2.245 295.6 2.59 7.78 0.22 91.8 213.5 

1,2,3-trimethoxybenzene, ∆ 𝐻 (298.15 K) = (73.0  0.5) kJ.mol-1 

ln(𝑝 /𝑝 ) =
348.3

𝑅
−

102212.3

𝑅𝑇
−

97.9

𝑅
ln

𝑇

298.15
 

318.1 1.09 1.360 295.5 2.59 11.75 0.32 71.1 148.2 
321.2 1.50 1.425 295.5 2.59 15.33 0.41 70.8 147.3 
324.3 1.45 1.079 295.5 2.59 19.61 0.52 70.5 146.3 
327.2 1.70 0.993 295.5 2.59 25.06 0.65 70.2 145.6 
331.2 2.25 0.950 295.5 2.59 34.56 0.89 69.8 144.5 
334.3 2.58 0.863 295.5 2.59 43.68 1.12 69.5 143.6 
337.3 2.51 0.691 295.5 2.59 53.13 1.35 69.2 142.5 
340.2 3.09 0.691 295.5 2.59 65.35 1.66 68.9 141.6 
343.1 2.88 0.518 295.5 2.59 81.25 2.06 68.6 140.9 
346.3 2.25 0.324 295.5 2.59 101.3 2.56 68.3 140.0 

1,2,4-trimethoxybenzene, ∆ 𝐻 (298.15 K) = (75.7  0.5) kJ.mol-1 

ln(𝑝 /𝑝 ) =
350.8

𝑅
−

104844.6

𝑅𝑇
−

97.9

𝑅
ln

𝑇

298.15
 

309.7 0.73 3.788 293.8 3.99 2.81 0.08 74.5 153.5 
314.1 0.77 2.649 294.4 3.97 4.22 0.11 74.1 152.1 
319.2 0.69 1.527 294.9 3.98 6.56 0.19 73.6 150.5 
324.2 0.64 0.945 294.9 2.98 9.89 0.27 73.1 148.9 
329.1 0.73 0.704 294.7 2.01 15.16 0.40 72.6 147.6 
329.2 1.04 1.000 301.2 3.00 15.48 0.41 72.6 147.7 



 

127 
 

329.2 0.79 0.751 300.8 3.01 15.66 0.42 72.6 147.8 
332.1 0.74 0.560 297.0 1.98 19.33 0.51 72.3 146.7 
332.1 0.77 0.616 301.8 1.48 18.53 0.49 72.3 146.3 
334.2 0.76 0.503 295.0 2.01 21.91 0.57 72.1 145.8 
335.2 0.82 0.497 301.4 1.99 24.52 0.64 72.0 145.8 
338.2 0.77 0.381 300.9 1.00 29.91 0.77 71.7 144.7 
339.2 0.70 0.314 294.7 0.99 32.47 0.84 71.6 144.5 
341.2 0.75 0.296 300.3 0.99 37.54 0.96 71.4 143.8 
342.1 1.37 0.496 298.2 0.99 40.83 1.05 71.4 143.7 
344.1 0.80 0.248 294.7 0.99 46.72 1.19 71.2 143.0 
344.1 0.81 0.254 300.6 0.98 47.66 1.22 71.2 143.2 
345.2 1.03 0.298 298.1 0.99 51.15 1.30 71.1 142.8 
347.1 0.99 0.248 295.0 0.99 58.21 1.48 70.9 142.2 
348.2 1.08 0.247 297.0 0.99 64.30 1.63 70.8 142.1 
350.1 1.19 0.231 294.8 0.99 75.17 1.90 70.6 141.8 

1,3,5-trimethoxybenzene, ∆ 𝐻 (298.15 K) = (90.3  0.5) kJ.mol-1 

ln(𝑝 /𝑝 ) =
333.9

𝑅
−

101366.0

𝑅𝑇
−

37.2

𝑅
ln

𝑇

298.15
 

288.0 0.67 72.497 296.3 4.78 0.13 0.01 90.7 202.4 
296.3 0.56 21.351 296.3 4.78 0.39 0.01 90.3 201.3 
298.7 0.63 18.288 296.3 5.08 0.51 0.02 90.3 200.9 
303.2 0.83 13.801 296.3 5.08 0.88 0.03 90.1 200.4 
304.2 1.03 15.750 296.3 6.30 0.96 0.03 90.1 200.0 
307.2 0.90 9.450 296.3 6.30 1.40 0.04 89.9 199.9 
308.2 0.49 4.741 296.3 5.08 1.52 0.04 89.9 199.5 
311.4 1.23 7.770 296.3 6.30 2.31 0.06 89.8 199.6 
314.4 1.10 5.145 296.3 6.30 3.12 0.08 89.7 199.0 
316.5 0.90 3.330 296.3 3.77 3.96 0.10 89.6 198.8 
317.4 1.19 4.148 296.3 6.30 4.21 0.11 89.6 198.4 
319.5 1.11 2.953 296.3 3.77 5.50 0.16 89.5 198.6 
320.2 1.24 3.150 296.3 6.30 5.79 0.17 89.5 198.3 
323.2 1.24 2.310 296.3 6.30 7.89 0.22 89.3 197.9 
325.5 1.75 2.513 296.3 3.77 10.18 0.28 89.3 197.8 
326.2 1.10 1.470 296.3 6.30 10.93 0.30 89.2 197.8 

1,3,5-trimethoxybenzene, ∆ 𝐻 (298.15 K) = (68.7  0.4) kJ.mol-1 

ln(𝑝 /𝑝 ) =
329.3

𝑅
−

97850.6

𝑅𝑇
−

97.9

𝑅
ln

𝑇

298.15
 

330.5 0.57 0.512 296.2 1.06 16.36 0.43 65.5 125.7 
331.2 0.62 0.539 296.2 1.06 16.92 0.45 65.4 125.4 
333.5 0.69 0.504 296.2 1.06 20.11 0.53 65.2 124.8 
336.3 0.81 0.477 296.2 1.06 24.78 0.64 64.9 124.1 
337.3 1.13 0.636 296.2 1.06 25.96 0.67 64.8 123.6 
339.4 0.83 0.406 296.2 1.06 30.02 0.78 64.6 123.0 
341.4 0.98 0.415 296.2 1.06 34.42 0.89 64.4 122.5 
342.3 1.12 0.451 296.2 1.06 36.26 0.93 64.3 122.1 
345.3 0.79 0.265 296.2 1.06 43.89 1.12 64.1 121.2 
346.3 1.09 0.336 296.2 1.06 47.52 1.21 64.0 121.1 
348.3 0.84 0.230 296.2 1.06 53.37 1.36 63.8 120.4 
350.3 1.23 0.292 296.2 1.06 61.68 1.57 63.6 120.0 
351.4 1.01 0.230 296.2 1.06 64.54 1.64 63.5 119.5 
354.4 0.93 0.173 296.2 1.06 78.50 1.99 63.2 118.8 
355.4 1.44 0.247 296.2 1.06 85.01 2.15 63.1 118.7 
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357.5 1.13 0.177 296.2 1.06 93.91 2.37 62.9 117.9 
359.4 1.52 0.212 296.2 1.06 104.8 2.65 62.7 117.4 
360.6 1.38 0.177 296.2 1.06 113.9 2.87 62.6 117.1 
363.6 1.59 0.177 296.2 1.06 131.7 3.32 62.3 116.1 
364.3 1.70 0.177 296.2 1.06 140.9 3.55 62.2 116.2 
366.6 1.82 0.168 296.2 1.06 158.1 3.98 62.0 115.4 
368.5 1.90 0.159 296.2 1.06 174.5 4.39 61.8 114.9 
369.3 1.87 0.150 296.2 1.06 182.1 4.58 61.7 114.6 
371.4 2.17 0.150 296.2 1.06 211.1 5.30 61.5 114.4 
372.4 2.11 0.141 296.2 1.06 218.5 5.49 61.4 114.0 
374.3 2.15 0.129 296.2 1.06 243.6 6.11 61.2 113.5 
375.3 2.34 0.133 296.2 1.06 257.6 6.47 61.1 113.3 

3,4,5-trimethoxytoluene, ∆ 𝐻 (298.15 K) = (77.7  0.5) kJ.mol-1 

ln(𝑝 /𝑝 ) =
366.9

𝑅
−

109273.7

𝑅𝑇
−

105.8

𝑅
ln

𝑇

298.15
 

327.2 2.90 3.413 294.8 4.45 15.99 0.42 74.7 155.5 
329.2 2.69 2.691 296.4 4.25 18.92 0.50 74.4 154.9 
331.1 2.68 2.277 295.0 4.27 22.15 0.58 74.2 154.3 
334.1 2.81 1.851 294.6 4.44 28.60 0.74 73.9 153.4 
336.5 2.70 1.545 294.2 4.64 32.78 0.84 73.7 152.2 
339.1 2.74 1.257 295.2 4.71 41.12 1.05 73.4 151.7 
342.0 1.96 0.711 293.4 2.13 51.58 1.31 73.1 150.8 
343.9 2.72 0.865 295.0 2.08 59.30 1.51 72.9 150.2 
346.4 2.61 0.671 295.4 2.01 73.23 1.86 72.6 149.7 
348.9 3.30 0.719 297.6 2.16 87.32 2.21 72.4 148.9 
352.1 2.72 0.474 294.6 1.24 107.7 2.72 72.0 147.7 
355.0 2.88 0.420 298.4 1.68 130.4 3.29 71.7 146.8 
358.1 2.60 0.308 295.4 1.23 158.9 4.00 71.4 145.8 
360.9 2.62 0.254 296.4 1.02 194.9 4.90 71.1 145.1 
364.2 3.12 0.241 295.2 1.00 243.6 6.12 70.7 144.2 
366.2 3.51 0.239 295.6 0.99 276.3 6.93 70.5 143.7 

Table B. 4. Thermochemical Data at T = 298.15 K (p° = 0.1 MPa) for reference compounds (in 
kJ·mol-1). 

 ∆ 𝐻m
o (liq) ∆ 𝐻m

o  ∆ 𝐻m
o (g) 

benzene 49.0±0.9 [49] 33.9±0.1 [49] 82.9±0.9 [49] 
toluene 12.0±1.1 [49] 38.1±0.1 [49] 50.1±1.1 [49] 
methoxybenzene -117.1±1.4 [194] 46.4±0.3[194] -70.7±1.4[194] 
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Table B. 5. All results for combustion experiments at T = 298.15 K (p° = 0.1 MPa) of the methoxy 
substituted benzenes. 

 1,2,3-trimethoxy 
benzene (cr) 

1,2,4-trimethoxy 
benzene (liq) 

3,4,5-trimethoxy 
toluene (liq) 

 28633.2 28640.8 30018.3 
 28617.4 28649.1 30020.6 
 28631.6 28631.5 30002.9 
 28620.0 28640.3 30014.5 
 28610.2 28621.4 30025.5 
   30034.9 

cu°(cr or liq)/(J·g-1)  -28622.5±4.4 -28636.6±4.7 -30019.5±4.4 

∆ 𝐻m
o (cr or liq)/(kJmol-1) -4817.7±1.8 -4820.1±1.9 -5475.0±2.0 

∆ 𝐻m
o (cr or liq)/(kJmol-1) -438.9±2.1 -436.5±2.2 -460.9±2.4 

Table B. 6. Experimental and theoretical gas-phase enthalpies of formation ∆ 𝐻m
o (g) at T = 298.15 

K (p° = 0.1 MPa) for substituted benzenes as calculated by G4 method (in kJ·mol-1). 

compound Exp.a G4  G4  
  AT calc-exp AT(corr) b calc-exp 
1,2,3-trimethoxybenzene -346.0±2.0 -355.1 9.1 -351.8 5.8 
1,2,4-trimethoxybenzene -360.6±2.3 -364.0 3.4 -360.7 0.1 
1,3,5-trimethoxybenzene -381.6±3.2 -385.2 3.6 -382.0 0.4 
3,4,5-trimethoxytoluene -383.2±2.5 -386.6 3.4 -383.4 0.2 

a From Table 15, b calculated by the G4 according to the standard atomization procedure [100], c results from 

atomization reactions were corrected with help of following equation: ∆ 𝐻m
o (g)theor/ kJ.mol-1 = 1.0023 × ∆ 𝐻m

o (g, AT) 
+4.1 with R2 = 0.9992. 

Table B. 7. Experimental and theoretical gas-phase enthalpies of formation ∆ 𝐻m
o (g) at T = 298.15 

K (p° = 0.1 MPa) for substituted benzenes as calculated by G3MP2 method (in kJ·mol-1). 

compound Exp.a G3MP2  G3MP2  
  AT calc-exp AT(corr) b calc-exp 
1,2,3-trimethoxybenzene -346.0±2.0 -356.6 10.6 -350.2 4.2 
1,2,4-tr-methoxybenzene -360.6±2.3 -366.2 5.6 -359.8 -0.8 
1,3,5-trimethoxybenzene -381.6±3.2 -387.3 5.7 -381.1 -0.5 
3,4,5-trimethoxytoluene -383.2±2.5 -388.5 5.3 -382.3 -0.9 

a From Table 15, b calculated by the G3MP2 according to the standard atomization procedure [195], c results from 

atomization reactions were corrected with help of following equation: ∆ 𝐻m
o (g)theor/ kJ.mol-1 = 1.0064 × ∆ 𝐻m

o (g, AT) 
+8.7 with R2 = 0.9993. 

Table B. 8. Experimental and theoretical gas-phase enthalpies of formation ∆ 𝐻m
o (g) at T = 298.15 

K (p° = 0.1 MPa) for substituted benzenes as calculated by G4MP2 method (in kJ·mol-1). 

compound Exp.a M06/QZ4P  M06/QZ4P  
  AT calc-exp AT(corr) b calc-exp 
1,2,3-trimethoxybenzene -346.0±2.0 -359.8 13.8 -348.3 2.3 
1,2,4-trimethoxybenzene -360.6±2.3 -370.3 9.7 -358.5 -2.1 
1,3,5-trimethoxybenzene -381.6±3.2 -393.9 12.3 -381.5 -0.1 

a From Table 15, b calculated by the M06/QZ4P according to the standard atomization procedure [196], c results from 

atomization reactions were corrected with help of following equation: ∆ 𝐻m
o (g)theor/ kJ.mol-1 = 0.9739 × ∆ 𝐻m

o (g, AT) 
+2.1 with R2 = 0.9992 
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Figure B. 1. Well-balanced reactions for trimethoxybenzenes. 

 

 
 

Figure B. 2. Well-balanced reaction for 3,4,5-trimethoxytoluene. 

Table B. 9. Standard molar enthalpy of formation 1,2,3-trimethoxybenzene, ∆ 𝐻m
o (g), kJmol-1, 

reaction R1. 

Method ∆ 𝐻m
o (g)  

(AT)  
∆ 𝐻m

o (g) 
Reaction R1 

∆ 𝐻m
o (g)  

Reaction enthalpy R1 
G4 -355.1 -352.2 -25.7 
G3MP2 -356.6 -351.5 -26.4 
M06/QZ4P -359.8 -349.3 -28.6 

Table B. 10. Standard molar enthalpy of formation 1,2,4-trimethoxybenzene, ∆ 𝐻m
o (g), kJmol-1, 

reaction R2. 

Method ∆ 𝐻m
o (g)  

(AT)  
∆ 𝐻m

o (g) 
Reaction R2 

∆ 𝐻m
o (g)  

Reaction enthalpy R2 
G4 -364.0 -361.0 -16.9 
G3MP2 -366.2 -361.1 -16.8 
M06/QZ4P -371.3 -360.8 -17.1 
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Table B. 11. Standard molar enthalpy of formation 1,3,5-trimethoxybenzene, ∆ 𝐻m
o (g), kJmol-1, 

reaction R3. 

Method ∆ 𝐻m
o (g)  

(AT)  
∆ 𝐻m

o (g) 
Reaction R3 

∆ 𝐻m
o (g)  

Reaction enthalpy R3 
G4 -385.2 -382.3 4.4 
G3MP2 -387.3 -382.2 4.3 
M06/QZ4P -393.9 -383.4 5.5 

Table B. 12. Standard molar enthalpy of formation 3,4,5-trimethoxytoluene, ∆ Hm
o (g), kJmol-1, 

reaction R4.  

Method ∆ 𝐻m
o (g)  

(AT)  
∆ 𝐻m

o (g) 
Reaction R4 

∆ 𝐻m
o (g)  

Reaction enthalpy R4 
G4 -386.6 -381.8 -27.7 
G3MP2 -388.5 -381.2 -27.4 
G4MP2 -381.6 -382.1 -28.3 

Table B. 13. Parameters for the development of “theoretical framework” substituents on the 
“centerpieces” for calculation of ∆ 𝐻m

o (g) of substituted benzene derivatives at 298.15 K (in 
kJmol-1). 

Centerpiece molecules  ∆ 𝐻m
o (g) H(H→R) 

benzene  82.9±0.9  
toluene 50.1±1.1 -32.8 
methoxybenzene  -70.7±1.4 -153.6 
“theoretical framework”  ∆ 𝐻m

o (g) Summation: 
dimethoxy-benzene -224.3 82.9 + (-153.6)×2 
trimethoxybenzene -377.9 82.9 + (-153.6)×3 
trimethoxy-toluene -410.7 82.9 + (-153.6)×+(-32.8) 
methoxy toluene -103.5 82.9 + (-153.6) + (-32.8) 

Table B. 14. Parameters for pairwise nearest and non-nearest neighbour interactions of 
substituents on the “centerpieces” for calculation of ∆ 𝐻m

o (g) of substituted benzenes at 298.15 K 
(in kJmol-1). 

Compounds  ∆ 𝐻m
o (g)  Pairwise interactions 

   CH3O - CH3O 
1,2-dimethoxybenzene -210.0±2.4 (-210.0+224.3) 14.3 
1,3-dimethoxybenzene -224.8±2.6 (-224.8+224.3) -0.5 
1,4-dimethoxybenzene -216.9±2.4 (-216.8+224.3) 7.4 

 
 

  CH3O - CH3 
2-methoxytoluene -106.6±1.6 (-106.6+103.5) -3.1 
3-methoxytoluene -102.6±5.0 (-102.6+103.5) 0.9 
4-methoxytoluene -99.0±2.0 (-99.0+103.5) 4.5 
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Table B. 15. Analysis of the total amount of pairwise nearest and non-nearest neighbour 
interactions of substituents on the “centerpieces” in terms of ∆ 𝐻m

o (g) for trimethoxy substituted 
benzenes at 298.15 K (in kJmol-1). 

Compound  ∆ 𝐻m
o (g)  

Actual amount of  
interactions 

Theoretical  
amount of interactions c

1  2 3 4 5 
1,2,3-trimethoxybenzene -350.6±2.4 (-350.6+377.9) = 27.3 28.1 -0.8 
1,2,4-trimethoxybenzene -360.3±1.6 (-360.3+377.9) = 17.6 21.2 -3.6 
1,3,5-trimethoxybenzene -382.1±1.2 (-382.1+377.9) = -4.2 -1.5 -2.7 
3,4,5-trimethoxytoluene -382.1±1.2 (-382.1+377.9) = 28.6 34.4 -5.8 

Table B. 16. Parameters for the development of “theoretical framework” substituents on the 
“centerpieces” for calculation of ∆ 𝐻  of substituted benzenes at 298.15 K (in kJmol-1). 

Centerpiece molecules  ∆ 𝐻  H(H→R) 
benzene  33.9±0.1  
toluene  38.1±0.1 4.2 
methoxybenzene  46.4±0.3 12.5 

“theoretical framework”  ∆ 𝐻  Summation: 
dimethoxy-benzene 58.9 33.9 + (12.5)×2 
trimethoxybenzene 71.4 33.9 + (12.5)×3 
trimethoxy-toluene 75.6 33.9 + (12.5)×3 + (4.2) 
methoxy toluene 50.6 33.9 + (12.5) + (4.2) 

Table B. 17. Parameters of pairwise nearest and non-nearest neighbour interactions of substituents 
on the “centerpieces” for calculation of ∆ 𝐻  of substituted benzenes at 298.15 K (in kJmol-1). 

  ∆ 𝐻   Pairwise interactions 
   CH3O - CH3O 
1,2-dimethoxybenzene 64.5±0.3 (64.5 - 58.9) 5.6 
1,3-dimethoxybenzene 59.7±0.2 (59.7 - 58.9) 0.8 
1,4-dimethoxybenzene 61.6±0.2 (61.6 - 58.9) 2.7 

 
 

  CH3O - CH3 
2-methoxytoluene 50.2±0.4 (50.2 - 50.6) -0.4 
3-methoxytoluene 52.8±0.5 (52.8 - 50.6) 2.2 
4-methoxytoluene 53.3±0.4 (53.3 - 50.6) 2.7 

Table B. 18. Analysis of the total amount of pairwise nearest and non-nearest neighbour 
interactions of substituents on the “centerpieces” in terms of ∆ 𝐻  for trimethoxy substituted 
benzenes at 298.15 K (in kJmol-1). 

Compound  ∆ 𝐻   
Actual amount of  

interactions 
Theoretical  

amount of interactions  
1  2 3 4 5 

1,2,3-trimethoxybenzene 73.0±0.5 (73.0 - 71.4) = 1.6 12.0 -10.4 
1,2,4-trimethoxybenzene 75.7±0.5 (75.7 - 71.4) = 4.5 9.1 -4.6 
1,3,5-trimethoxybenzene 68.7±0.4 (68.7 - 71.4) = -2.7 2.4 -5.1 
3,4,5-trimethoxytoluene 77.7±0.5 (77.7 - 75.6) = 2.1 19.1 -17.0 
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C. Supporting information to Chapter 3 

Table C. 1. Heat capacity of 1,3-dimethoxy-2-propanol. 

T, K Cp
o
m, J·K-

1·mol-1 
232.1 246.6 

233.1 247.0 

234.1 247.4 

235.1 247.7 

236.1 248.1 

237.1 248.4 

238.1 248.7 

239.1 248.9 

240.1 249.3 

241.1 249.6 

242.1 250.0 

243.1 250.2 

244.1 250.5 

245.1 250.9 

246.1 251.1 

247.1 251.5 

248.1 251.9 

249.1 252.2 

250.1 252.6 

251.1 252.9 

252.1 253.3 

253.1 253.6 

T, K Cp
o
m, J·K-

1·mol-1 
254.1 253.9 

255.1 254.3 

256.1 254.6 

257.1 254.8 

258.1 255.2 

259.1 255.6 

260.1 255.9 

261.1 256.2 

262.1 256.5 

263.1 256.8 

264.1 257.1 

265.1 257.6 

266.1 257.8 

267.1 258.2 

268.1 258.5 

269.1 258.9 

270.1 259.3 

271.1 260.1 

272.1 259.7 

273.1 260.3 

274.1 260.4 

275.1 260.7 

276.1 261.0 

T, K Cp
o
m, J·K-

1·mol-1 
277.1 261.4 

278.1 261.9 

279.1 262.3 

280.1 262.7 

281.1 263.0 

282.1 263.4 

283.1 263.8 

284.1 264.2 

285.1 264.5 

286.1 264.9 

287.1 265.3 

288.1 265.6 

289.1 265.9 

290.1 266.3 

291.1 266.8 

292.1 267.2 

293.1 267.5 

294.1 267.9 

295.1 268.2 

296.1 267.8 

297.1 269.0 

298.1 269.4 

299.1 269.7 

T, K Cp
o
m, J·K-

1·mol-1 
300.1 270.1 

301.1 270.4 

302.1 270.9 

303.1 271.2 

304.1 271.6 

305.1 271.9 

306.1 272.3 

307.1 272.7 

308.1 273.1 

309.1 273.5 

310.1 273.8 

311.1 274.1 

312.1 274.4 

313.1 274.8 

314.1 275.2 

315.1 275.5 

316.1 275.9 

317.1 276.2 

318.1 276.7 

319.1 277.0 

320.1 277.3 
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Table C. 2. Heat capacity of 1,3-diethoxy-2-propanol. 

T, K Cp
o
m, J·K-

1·mol-1 
232.6 323.7 

233.6 324.0 

234.6 324.3 

235.6 324.7 

236.6 325.1 

237.6 325.5 

238.6 325.9 

239.6 326.2 

240.6 326.6 

241.6 327.0 

242.6 327.3 

243.6 327.7 

244.6 328.1 

245.6 328.4 

246.6 328.8 

247.6 329.2 

248.6 329.6 

249.6 330.1 

250.6 330.4 

251.6 330.8 

252.6 331.1 

253.6 331.5 

T, K Cp
o
m, J·K-

1·mol-1 
254.6 331.9 

255.6 332.3 

256.6 332.7 

257.6 332.9 

258.6 333.3 

259.6 333.8 

260.6 334.1 

261.6 334.5 

262.6 335.0 

263.6 335.3 

264.6 335.8 

265.6 336.1 

266.6 336.5 

267.6 337.1 

268.6 337.4 

269.6 337.9 

270.6 338.3 

271.6 339.2 

272.6 339.1 

273.6 339.4 

274.6 339.7 

275.6 340.4 

T, K Cp
o
m, J·K-

1·mol-1 
276.6 340.6 

277.6 341.1 

278.6 341.6 

279.6 341.9 

280.6 342.4 

281.6 343.0 

282.6 343.5 

283.6 343.8 

284.6 344.3 

285.6 345.1 

286.6 345.2 

287.6 345.4 

288.6 345.9 

289.6 346.3 

290.6 346.6 

291.6 347.0 

292.6 347.5 

293.6 347.8 

294.6 348.2 

295.6 348.2 

296.6 347.1 

297.6 348.9 

T, K Cp
o
m, J·K-

1·mol-1 
298.6 349.2 

299.6 349.7 

300.6 349.8 

301.6 350.2 

302.6 350.7 

303.6 351.1 

304.6 351.4 

305.6 351.8 

306.6 352.2 

307.6 352.6 

308.6 353.0 

309.6 353.4 

310.6 353.8 

311.6 354.3 

312.6 354.8 

313.6 355.2 

314.6 355.6 

315.6 356.1 

316.6 356.7 

317.6 357.2 

318.6 357.6 

319.6 358.3 
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Table C. 3.  Heat capacity of 1,3-bis-2, 2, 2-trifluoroethoxy-2-propanol. 

T. K Cp
o
m. J·K-

1·mol-1 

235.4 407.03 

235.9 407.15 

236.9 407.58 

237.9 407.98 

238.9 408.43 

239.9 408.86 

240.9 409.48 

241.9 409.70 

242.9 410.09 

243.9 410.50 

244.9 410.92 

246.1 411.42 

247.1 411.81 

248.1 412.38 

249.1 412.88 

250.1 413.38 

251.1 413.73 

252.1 414.10 

253.1 414.49 

254.1 414.92 

255.1 415.29 

256.1 415.68 

257.1 416.09 

258.1 416.50 

259.1 416.87 

260.1 417.47 

261.1 417.80 

262.1 418.20 

263.1 418.60 

264.1 419.13 

T. K Cp
o
m. J·K-

1·mol-1 

265.1 419.54 

266.1 419.96 

267.1 420.37 

268.1 420.83 

269.1 421.31 

270.1 421.77 

271.1 422.16 

272.1 422.63 

273.1 423.08 

274.1 423.49 

275.1 423.94 

276.1 424.36 

277.1 424.76 

278.1 425.29 

279.1 425.68 

280.1 426.10 

281.1 426.47 

282.2 426.75 

283.2 426.71 

284.2 427.66 

285.2 428.28 

286.2 428.67 

287.2 428.89 

288.2 429.30 

289.2 429.71 

290.2 430.11 

291.2 430.49 

292.2 430.91 

293.2 431.34 

294.2 431.75 

T. K Cp
o
m. J·K-

1·mol-1 

295.2 432.12 

296.2 432.52 

297.2 432.89 

298.2 433.31 

299.2 433.74 

300.1 434.05 

301.2 434.77 

302.2 434.60 

303.2 434.41 

304.2 434.66 

305.2 434.96 

306.2 435.37 

307.2 435.76 

308.2 436.14 

309.3 435.44 

310.2 437.46 

311.2 437.78 

312.2 438.16 

313.2 438.52 

314.2 438.92 

315.2 439.28 

316.2 439.63 

317.2 440.02 

318.2 440.53 

319.2 440.80 

320.2 441.09 

321.2 441.42 

322.2 441.84 

323.2 442.19 

324.2 442.48 

T. K Cp
o
m. J·K-

1·mol-1 

325.1 442.98 

326.2 443.62 
327.2 444.02 

328.2 444.32 

329.2 444.79 

330.2 445.11 

331.2 445.55 

332.2 445.83 

333.2 446.15 

334.2 446.56 

335.2 446.97 

336.2 447.18 

337.2 447.52 

338.2 447.98 

339.2 448.26 

340.2 448.52 

341.2 448.98 

342.2 449.35 

343.2 449.65 

344.2 449.95 

345.2 450.11 

346.2 450.60 

347.2 450.81 

348.2 451.09 

349.2 451.42 

350.0 451.90 
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Table C. 4. Heat capacity of 1,3-diisopropoxy-2-propanol. 

T, K Cp
o
m, J·K-

1·mol-1 
314.0 412.4 

315.0 412.8 

316.0 413.4 

317.0 413.9 

318.0 414.5 

319.0 415.1 

320.0 415.6 

321.0 416.1 

322.0 416.6 

323.0 417.2 

324.0 417.7 

325.0 418.2 

326.0 418.6 

327.0 418.9 

328.0 419.3 

329.0 419.8 

T, K Cp
o
m, J·K-

1·mol-1 
330.0 420.4 

331.0 420.8 

332.0 421.2 

333.0 421.7 

334.0 422.1 

335.0 422.5 

336.0 422.7 

337.0 423.2 

338.0 423.8 

339.0 424.4 

340.0 424.8 

341.0 425.3 

342.0 425.7 

343.0 426.1 

344.0 426.4 

345.0 426.8 

T, K Cp
o
m, J·K-

1·mol-1 
346.0 427.4 

347.0 428.0 

348.0 428.4 

349.0 428.9 

350.0 429.3 

351.0 429.6 

352.0 430.1 

353.0 430.7 

354.0 431.2 

355.0 431.7 

356.0 432.1 

357.0 432.5 

358.0 432.9 

359.0 433.4 

360.0 433.8 

361.0 434.2 

T, K Cp
o
m, J·K-

1·mol-1 
362.0 434.6 

363.0 435.1 

364.0 435.4 

365.0 435.8 

366.0 436.2 

367.0 436.5 

368.0 436.9 

369.0 437.4 

370.0 437.7 

371.0 438.1 

372.0 438.5 

373.0 438.8 

374.0 439.1 

375.0 439.5 

376.0 439.9 

377.0 440.2 

Table C. 5. Heat capacity of 2, 5, 9, 12-tetraocatridecan-7-ol. 

T, K Cp
o
m, J·K-

1·mol-1 
312.0 462.5 

313.0 462.9 

314.0 463.2 

315.0 463.5 

316.0 463.9 

317.0 464.2 

318.0 464.5 

319.0 464.9 

320.0 465.3 

321.0 465.5 

322.0 465.9 

323.0 466.2 

324.0 466.6 

325.0 467.0 

326.0 467.4 

327.0 468.2 

328.0 468.4 

329.0 468.6 

330.0 469.0 

331.0 469.4 

332.0 469.8 

T, K Cp
o
m, J·K-

1·mol-1 
333.0 470.1 

334.0 470.5 

335.0 471.1 

336.0 471.7 

337.0 472.0 

338.0 472.4 

339.0 472.9 

340.0 473.2 

341.0 473.5 

342.0 473.9 

343.0 474.4 

344.0 474.8 

345.0 475.1 

346.0 475.5 

347.0 475.8 

348.0 476.3 

349.0 476.6 

350.0 477.1 

351.0 477.6 

352.0 477.9 

353.0 478.2 

T, K Cp
o
m, J·K-

1·mol-1 
354.0 478.5 

355.0 479.0 

356.0 479.4 

357.0 479.9 

358.0 480.3 

359.0 480.7 

360.0 481.3 

361.0 481.7 

362.0 482.1 

363.0 482.6 

364.0 483.0 

365.0 483.6 

366.0 484.0 

367.0 484.5 

368.0 484.8 

369.0 485.3 

370.0 486.0 

371.0 486.4 

372.0 486.8 

373.0 487.3 

374.0 487.6 

T, K Cp
o
m, J·K-

1·mol-1 
375.0 488.0 

376.0 488.7 
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Table C. 6.  Results from the transpiration method: absolute vapour pressures pi, standard molar 
vaporization enthalpies ∆ 𝐻  and standard molar vaporization entropies ∆ 𝑆 . 

T/ 
Ka 

m/ 
mgb 

V(N2)c / 
dm3 

Ta/ 
Kd 

Flow/ 
dm3·h-1 

𝑝 / 
Pae 

u(𝑝 )/ 
Paf 

∆ 𝐻 (T)/ 
kJmol-1 

∆ 𝑆 (T)/ 
JK-1mol-1 

1,3-dimethoxy-2-propanol: ∆ 𝐻 (298.15 K) = (58.0  0.5) kJ.mol-1 

ln(𝑝 /𝑝 ) =
.

−
.

−
.

ln
.

; 𝑝 = 1 Pa 

277.7 0.90 1.086 297.5 1.63 17.48 0.46 59.7 142.9 
282.6 0.88 0.679 298.1 1.63 27.18 0.70 59.3 141.4 
288.0 0.86 0.407 298.1 1.63 44.15 1.13 58.8 140.0 
293.4 5.09 1.524 296.7 3.05 68.98 1.75 58.4 138.5 
295.6 4.60 1.179 297.4 3.54 80.72 2.04 58.2 137.7 
301.2 2.82 0.482 296.7 0.96 120.61 3.04 57.8 135.9 
302.8 4.94 0.742 297.2 0.99 137.27 3.46 57.6 135.6 
307.8 4.45 0.450 296.8 0.96 203.36 5.11 57.2 134.4 
308.6 5.88 0.562 297.9 0.96 215.39 5.41 57.2 134.2 
310.2 5.48 0.478 295.9 0.99 234.71 5.89 57.0 133.5 
314.4 5.12 0.321 297.0 0.96 327.15 8.20 56.7 132.7 
315.3 5.37 0.321 297.3 0.96 343.40 8.61 56.6 132.4 
321.2 6.65 0.257 297.3 0.96 530.04 13.28 56.1 131.2 
328.7 11.09 0.257 297.5 0.96 881.06 22.05 55.5 129.6 

1,3-diethoxy-2-propanol: ∆ 𝐻 (298.15 K) = (61.8  0.4) kJ.mol-1 

ln(𝑝 /𝑝 ) =
.

−
.

−
.

ln
.

; 𝑝 = 1 Pa 

278.4 1.55 3.807 295.5 2.86 6.92 0.20 63.8 149.5 
283.2 1.62 2.474 295.6 2.86 11.04 0.30 63.3 147.9 
288.3 1.43 1.380 295.8 2.86 17.36 0.46 62.8 145.9 
291.0 1.67 1.296 299.8 2.88 21.88 0.57 62.5 144.9 
293.5 0.84 0.501 298.0 1.00 28.02 0.73 62.3 144.2 
298.5 1.90 0.749 291.7 1.05 41.55 1.06 61.8 142.2 
299.4 1.63 0.621 295.7 1.55 43.75 1.12 61.7 141.7 
300.7 1.62 0.551 298.0 1.00 49.40 1.26 61.6 141.4 
305.0 1.32 0.313 292.7 1.07 69.59 1.76 61.1 139.9 
307.7 2.59 0.501 298.0 1.00 86.62 2.19 60.8 139.1 
314.3 3.46 0.393 297.1 1.07 146.54 3.69 60.2 137.2 
314.4 2.96 0.340 293.8 1.07 143.45 3.61 60.2 136.9 
314.6 2.17 0.251 298.1 1.00 144.59 3.64 60.1 136.8 
320.6 3.95 0.286 294.7 1.07 228.12 5.73 59.5 135.1 
321.3 4.01 0.276 298.2 1.00 242.74 6.09 59.5 135.0 
327.4 6.21 0.286 296.2 1.07 359.35 9.01 58.8 132.9 
328.4 6.20 0.267 298.4 1.00 386.96 9.70 58.7 132.7 
335.0 9.71 0.267 298.6 1.00 605.56 15.16 58.1 130.9 

1,3-di-isopropoxy-2-propanol: ∆ 𝐻 (298.15 K) = (66.7  0.3) kJ.mol-1 

ln(𝑝 /𝑝 ) =
.

−
.

−
.

ln
.

; 𝑝 = 1 Pa 

281.8 0.94 3.336 296.4 3.03 3.97 0.10 68.58 159.1 
286.9 1.15 2.528 295.4 3.03 6.40 0.18 67.99 156.7 
291.0 1.22 1.820 293.9 3.03 9.33 0.26 67.51 154.9 
297.8 1.19 0.897 295.7 2.99 18.52 0.49 66.72 152.6 
298.7 1.16 0.819 295.4 1.82 19.85 0.52 66.61 152.1 
299.6 1.33 0.848 295.3 2.99 21.92 0.57 66.50 151.9 
304.5 1.21 0.518 295.3 1.55 32.57 0.84 65.94 149.8 
304.5 1.21 0.513 294.9 1.06 32.86 0.85 65.93 149.8 
304.6 0.81 0.342 298.6 1.08 33.37 0.86 65.93 149.9 
306.5 1.29 0.455 294.5 0.97 39.53 1.01 65.71 149.2 
310.4 1.14 0.301 295.7 1.06 53.04 1.35 65.26 147.5 
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313.4 1.12 0.227 295.2 0.97 68.34 1.73 64.91 146.6 
314.3 1.87 0.360 299.8 1.08 73.24 1.86 64.80 146.2 
320.3 1.98 0.244 295.5 0.97 113.22 2.86 64.11 143.8 
321.0 3.20 0.360 299.8 1.08 125.35 3.16 64.02 143.8 
327.0 3.58 0.270 298.1 1.08 185.74 4.67 63.32 141.4 
327.1 3.38 0.244 295.7 0.97 193.11 4.85 63.31 141.6 
333.8 5.93 0.270 298.2 1.08 307.78 7.72 62.53 139.3 
334.1 5.59 0.244 296.1 0.97 319.47 8.01 62.50 139.3 

2,5,9,12-tetraoxatridecan-7-ol: ∆ 𝐻 (298.15 K) = (85.8  0.4) kJ.mol-1 

ln(𝑝 /𝑝 ) =
.

−
.

−
.

ln
.

; 𝑝 = 1 Pa 

318.0 0.37 7.109 296.5 3.09 0.61 0.02 83.2 161.7 
326.0 0.46 4.224 296.8 3.09 1.29 0.04 82.2 158.5 
332.9 0.45 2.267 297.1 3.09 2.37 0.06 81.3 155.6 
334.7 0.44 1.855 296.4 3.09 2.78 0.07 81.0 154.9 
339.9 0.47 1.236 297.6 3.09 4.49 0.12 80.4 153.2 
346.9 0.50 0.773 297.2 3.09 7.70 0.22 79.5 150.3 
355.6 0.74 0.583 296.1 1.09 15.06 0.40 78.3 147.1 
362.6 0.88 0.419 296.2 1.09 24.89 0.65 77.4 144.5 
367.6 1.00 0.328 296.2 1.09 36.05 0.93 76.8 142.9 
371.6 1.26 0.310 296.3 1.09 47.91 1.22 76.3 141.7 

1,3-bis-(2,2,2-trifluoroethoxy)-2-propanol: ∆ 𝐻 (298.15 K) = (71.6  0.3) kJ.mol-1 

ln(𝑝 /𝑝 ) =
.

−
.

−
.

ln
.

; 𝑝 = 1 Pa 

278.5 0.62 3.964 295.9 2.97 1.52 0.04 74.06 173.7 
284.0 0.77 2.626 295.9 2.97 2.82 0.08 73.38 171.3 
291.4 0.77 1.189 296.2 2.97 6.27 0.18 72.48 168.3 
293.8 0.37 0.450 295.0 1.08 7.83 0.22 72.17 167.0 
294.6 2.86 3.256 294.3 2.96 8.41 0.24 72.08 166.6 
298.6 0.78 0.587 296.2 1.76 12.83 0.35 71.59 165.3 
300.2 0.67 0.432 294.4 1.08 14.84 0.40 71.39 164.5 
303.1 2.86 1.431 295.7 2.96 19.20 0.51 71.04 163.2 
307.5 1.38 0.450 294.7 1.08 29.28 0.76 70.49 161.6 
314.6 2.56 0.450 295.7 1.08 54.63 1.39 69.61 158.8 
321.6 2.69 0.270 295.5 1.08 95.49 2.41 68.75 156.0 
328.4 4.42 0.261 295.3 1.08 161.85 4.07 67.91 153.3 

Table C. 7.  Absolute vapor pressures p, standard (𝑝  = 0.1 MPa) molar vaporization enthalpies, 
∆ 𝐻 , and standard (𝑝  = 0.1 MPa) molar vaporization entropies, ∆ 𝑆  obtained by the static 
method. 

T a/ 
K 

p/ 
Pa 

u(p)b / 
Pa 

∆ 𝐻 (𝑇)c / 
kJmol-1 

∆ 𝑆 (𝑇) / 
JK-1mol-1 

1,3-diethoxy-propane-2-ol ∆ 𝐻 (298.15 K) = (61.40.2) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

278.4 6.96 7.0 -0.05 63.41 148.2 
278.4 6.94 6.9 -0.07 63.41 148.2 
280.8 8.77 8.8 -0.07 63.17 147.3 
280.8 8.79 8.8 -0.05 63.17 147.3 
283.2 11.08 11.1 -0.02 62.93 146.5 
285.7 14.00 14.0 0.00 62.68 145.6 
285.7 13.94 13.9 -0.06 62.68 145.6 
288.1 17.45 17.5 -0.02 62.43 144.8 
290.5 21.71 21.7 -0.01 62.19 143.9 
290.5 21.80 21.8 0.06 62.18 144.0 
293.0 26.93 26.9 -0.02 61.94 143.1 
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295.4 33.26 33.3 0.09 61.69 142.3 
295.4 33.20 33.2 0.03 61.69 142.3 
297.8 40.92 40.9 0.18 61.44 141.4 
300.3 50.14 50.1 0.32 61.20 140.6 
300.3 49.91 49.9 0.01 61.19 140.6 
302.7 60.91 60.9 0.33 60.95 139.8 
305.1 73.84 73.8 0.51 60.71 139.0 
305.1 73.66 73.7 0.27 60.71 139.0 
307.6 89.38 89.4 0.48 60.45 138.2 
310.0 107.73 107.7 0.85 60.21 137.4 
310.0 107.41 107.4 0.45 60.21 137.4 
313.2 136.06 136.1 0.76 59.89 136.4 
313.2 135.72 135.7 0.42 59.89 136.3 

315.6 162.30 162.3 0.95 59.64 135.6 

315.6 161.73 161.7 0.38 59.64 135.6 

318.0 193.06 193.1 1.04 59.40 134.8 
318.0 192.42 192.4 0.13 59.39 134.8 

320.5 228.53 228.5 0.62 59.15 134.0 

320.5 228.14 228.1 0.07 59.15 134.0 

322.9 270.61 270.6 0.99 58.90 133.2 
322.9 270.28 270.3 0.48 58.90 133.2 

325.3 316.82 316.8 -0.06 58.66 132.5 

325.4 317.09 317.1 -0.42 58.65 132.4 

327.8 373.72 373.7 0.96 58.41 131.7 
327.8 372.38 372.4 -0.62 58.40 131.7 

330.2 436.10 436.1 -0.19 58.16 130.9 

330.2 437.13 437.1 0.28 58.16 130.9 
332.6 508.95 509.0 0.45 57.91 130.2 
332.6 508.04 508.0 -1.10 57.91 130.2 
335.1 591.98 592.0 -0.46 57.67 129.5 
335.1 590.52 590.5 -2.66 57.66 129.4 
337.5 686.62 686.6 -0.40 57.42 128.7 
337.5 685.39 685.4 -2.88 57.42 128.7 
339.9 792.69 792.7 -2.31 57.17 128.0 
339.9 791.68 791.7 -3.79 57.17 128.0 
342.3 913.53 913.5 -2.87 56.93 127.3 
342.4 912.54 912.5 -6.01 56.93 127.2 
344.8 1051.21 1051.2 -4.82 56.68 126.5 
344.8 1048.43 1048.4 -8.82 56.68 126.5 
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Figure C. 1. Temperature dependence of 
vapor pressures for 1,3-di-ethoxy-2-propanol: 
○ – transpiration, this work; ● – static method, 

this work. 

Figure C. 2. Temperature dependence of 
vapor pressures for 1,3-di-isopropoxy-2-

propanol: ○ – this work; ● – static method 
[86]. 

 
Figure C. 3. Temperature dependence of vapor pressures for 1,3-bis(2,2,2-trifluoroethoxy)-2-

propanol: ○ – this work; ● – static method [86]. 

Table C. 8. Compilation of experimental vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), from the 
literature used in the research. 

CAS Compound Name ∆ 𝐻 (exp) Ref. 

109-86-4 CH3-O-CH2CH2-OH 2-methoxyethanol 45.2±0.2 [91] 

110-80-5 CH3-CH2-O-CH2CH2-OH 2-ethoxyethanol 48.2±0.2 [91] 

109-59-1 (CH3)2CH-O-CH2CH2-OH 2-isopropoxyethanol 50.1±0.1 [91] 

111-76-2 CH3-(CH2)3-O-CH2CH2-OH 2-n-butoxyethanol 56.1±0.2 [91] 

7580-85-0 (CH3)2CH-O-CH2CH2-OH 2-tertbutoxyethanol 52.8±0.6 [91] 

111-77-3 CH3-O-CH2CH2-O-CH2-CH2-OH 3,6-dioxa-1-heptanol 52.8±0.6a [197] 

75-89-8 CF3CH2-OH 2,2,2-trifluoroethanol 44.0±0.5 [198] 

374-01-6 CF3CH(CH3)-OH 1,1,1-trifluoro-2-propanol 44.8±0.5 [198] 

76-37-9 CHF2-CF2CH2-OH 2,2,3,3-tetrafluoro-1-propanol 53.6±0.5 [198] 

422-05-9 CF3-CF2CH2-OH 2,2,3,3,3-pentafluoro-1-propanol 44.4±0.5 [198] 

333-36-8 CF3-CH2-O- CH2-CF3 2,2,2-trifluoroethyl ether  35.2±0.2 [199] 
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Table C. 9.  Compilation of available vaporization enthalpies ∆ 𝐻  of auxiliary compounds. 

Compound Methoda T- range ∆ 𝐻 (Tav) ∆ 𝐻 (298.15 K)b Ref. 
  K kJ·mol-1 kJ·mol-1  
3,6-dioxa-1-
heptanol 

Ebulliometry 385.5-466.2 51.3±0.3 61.2±0.6 
[197] 

bis(2,2,2-
trifluoroethyl) ether 

Static 283.2-336.9 34.5±0.1 35.2±0.2 
[199] 

 Table C. 10.  Correlation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of alkoxyethanols with 
their Tb normal boiling points.  

R-O-CH2-CH2-OH Tb
a ∆ 𝐻 (exp)

b ∆ 𝐻 (calc)
c   

Me 397.2 45.2 45.4 -0.2 
Et 408.8 48.2 48.1 0.1 
iPr 417.6 50.1 50.2 -0.1 
Bu 441.5 56.6 55.8 0.8 
tBu 428.1 52.8 52.7 0.1 
CH3OCH2 466.1 61.2 61.6 -0.4 

a Boiling pints, Tb, [48], b data from Table C. 7, c calculated using equation: ∆l
g
𝐻m

o (298.15 K) /(kJ·mol-1) = -
48.2+0.2356×Tb with (R2 = 0.995).  

 
Figure C. 4.  Estimation of group-additivity contribution for the CF3[C] group based on 

experimental vaporization enthalpy of 2,2,2-trifluoroethyl ether (Table C. 8) and increments 
listed in Table 27 (data are in kJ·mol-1) 

Table C. 11.  Formula, density (T = 293 K), and massic heat capacity Cp (T = 298.15 K), of the 
materials used in the present study.  

Compounds Formula Water content  cp
 

  ppm g·cm-3 J·K-1 g-1 
1,3-dimethoxy-2-propanol C5H12O3 156 1.001 [86] 2.24 
1,3-diethoxy-2-propanol C7H16O3 110 0.95 [200] 2.36 
1,3-diisopropoxy-2-propanol C9H20O3 111 0.91 [87] 2.30 
2,5,9,12-tetraoxatridecan-7-ol C9H20O5 286 1.039a 2.19 
polyethylene b CH1.93  0.92 2.53 
cotton b CH1.774O0.887  1.50 1.67 

a [34], b data  from [201]: specific energy of combustion cu°(cotton) = -16945.2 J·g-1; u(cu°) = 4.2 J·g-1. The specific 
energy of combustion cu°(polyethylene) = -46357.3 J·g-1; u(cu°) = 3.6 J·g-1  
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Table C. 12. Results for combustion experiments at T = 298.15 K (p° = 0.1 MPa) for the glycerol 
ethers. 

 1,3-dimethoxy-2-
propanol 

1,3-diethoxy-2-
propanol 

1,3-diisoproxy-2-
propanol 

2,5,9,12-
tetraoxatridecan-7-ol 

 25640.3 29444.9 32033.0 26098.9 

 25635.4 29452.5 32022.2 26102.7 

 25664.5 29439.5 32030.9 26092.6 

 25627.2 29454.8 32028.8 26098.4 

 25636.7 29440.4 32058.2 26120.8 

cu°(liq) /(J·g-1)  25640.8±6.3 29446.4±3.1 32034.6±6.2 26102.7±4.8 

∆ 𝐻m
o (liq) /(kJmol-1) -3084.4±1.6 -4370.2±1.6 -5654.9±2.5 -5442.1±2.3 

∆ 𝐻m
o (liq) /(kJmol-1) -598.1±1.8 -671.1±1.6 -745.0±2.8 -957.8±2.6 

Table C. 13. Experimental gas-phase enthalpies of formation, ∆ 𝐻m
o (g)exp, used for correlation with 

the G4MP2-theoretical results, ∆ 𝐻m
o (g)AT, calculated according to the atomization procedure, at 

298.15 K (in kJ·mol-1).  

CAS Compounds 
∆ 𝐻m

o (g)A

T
 a 

∆ 𝐻m
o (g)exp ∆ 𝐻m

o (g)ATcorr
 

b 
 

109-87-5 dimethoxymethane -349.3 -348.2±0.8 [94] -351.0 2.8 

534-15-6 1,1-dimethoxyethane -388.5 -389.7±0.8 [202] -390.3 0.6 

110-71-4 1,2-dimethoxyethane -342.8 -342.8±0.7 [203] -344.5 1.7 

126-84-1 2,2-diethoxypropane -496.4 -495.3±0.2 [94] -498.3 3.0 

149-73-5 trimethoxymethane -529.8 -530.8±2.3 [94] -531.8 1.0 

122-51-0 triethoxymethane -623.7 -630.6±1.5 [94] -625.8 -4.8 

1445-45-0 1,1,1-trimethoxyethane -568.1 -570.8±1.6 [94] -570.2 -0.6 

24823-81-2 1,1,1-trimethoxypropane -589.9 -589.9±1.9 [94] -592.0 2.1 

142-96-1 butylmethylether -257.3 -258.3±1.2 [94] -258.9 0.6 

111-43-3 dipropylether -292.7 -293.1±0.9 [94] -291.9 -1.2 

142-96-1 dibutylether -330.3 -332.9±1.0 [94] -332.0 -0.9 

1850-14-2 tetramethoxymethane -726.1 -727.3±1.5 [94] -728.4 1.1 
623-69-8 1,3-dimethoxy-2-propanol -538.4  -540.4  
4043-59-8 1,3-diethoxy-2-propanol -606.8  -608.9  
13021-54-0 1,3-diisopropoxy-2-propanol -677.3  -679.5  
130670-52-9 2,5,9,12-tetraoxatridecan-7-ol -863.5  -866.0  
691-26-9 1,3-bis(2,2,2-trifluoroethoxy)-2-

propanol -1895.2  -1899.2  
a Calculated by the G4MP2 method according to the standard atomization procedure [99], b results from atomization 

reactions were corrected with: ∆ 𝐻m
o (g)theor/kJ.mol-1 = 1.0015 × ∆ 𝐻m

o (g, AT) - 1.2 with R2 = 0.9998.  
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Table C. 14.  Experimental gas-phase enthalpies of formation, ∆ 𝐻m
o (g)exp, used for correlation 

with the G4-theoretical results, ∆ 𝐻m
o (g)AT, calculated according to the atomization procedure, at 

298.15 K (in kJ·mol-1). 

CAS Compounds ∆ 𝐻m
o (g)AT

 a ∆ 𝐻m
o (g)exp ∆ 𝐻m

o (g)ATcorr
 b  

109-87-5 dimethoxymethane -353.9 -348.2±0.8  [94] -350.7 -2.5 

534-15-6 1,1-dimethoxyethane -393.5 -389.7±0.8 [202] -390.1 -0.4 

110-71-4 1,2-dimethoxyethane -347.2 -342.8±0.7 [203] -344.0 -1.2 

126-84-1 2,2-diethoxypropane -502.5 -495.3±0.2 [94] -498.7 -3.4 

149-73-5 trimethoxymethane -537.3 -530.8±2.3 [94] -533.4 -2.6 

122-51-0 triethoxymethane -631.9 -630.6±1.5 [94] -627.7 2.9 

1445-45-0 1,1,1-trimethoxyethane -576.4 -570.8±1.6 [94] -572.4 -1.6 

24823-81-2 1,1,1-trimethoxypropane -598.6 -589.9±1.9 [94] -594.5 -4.6 

142-96-1 butylmethylether -259.5 -258.3±1.2 [94] -256.6 1.7 

111-43-3 dipropylether -292.7 -293.1±0.9 [94] -289.7 3.4 

142-96-1 dibutylether -332.5 -332.9±1.0 [94] -329.3 3.6 

100-66-3 methoxybenzene -71.3 -70.7±1.4 [194] -69.1 1.6 

103-73-1 ethoxybenzene -105.8 -101.6±1.2 [202] -103.4 -1.8 

578-58-5 2-methylmethoxybenzene -107.7 -106.6±1.6 [30] -105.3 1.3 

104-93-8 4-methylmethoxybenzene -103.1 -99.3±2.0 [30] -100.7 -1.4 

994-05-8 tertamylether -304.3 -301.5±1.7 [94] -301.2 0.3 

8021-39-4 2-methoxyphenol -251.1 -247.3±1.8[54] -248.2 -0.9 

91-16-7 1,2-dimethoxybenzene -211.2 -206.0±3.1[54] -208.5 -2.5 

123-91-1 1,4-dioxane -317.8 -315.3±0.8 [202] -314.7 0.6 

110-88-3 1,3,5-trioxane -471.0 -465.9±0.4[202] -467.4 -1.5 

108-20-3 diisopropylether -321.5 -319.5±1.4 [94] -318.4 1.1 

616-38-6 dimethylcarbonate -573.6 -570.7±0.6 [204] -569.6 1.1 

105-58-8 diethylcarbonate -640.6 -637.9±0.9 [204] -636.4 1.5 

96-49-1 ethylenecarbonate -512.5 -510.7±0.9 [204] -508.7 2.0 

108-32-7 propylenecarbonate -556 -553.9±0.8 [204] -552.1 1.8 

4437-85-8 butylenecarbonate -578.3 -576.7±1.2 [204] -574.3 2.4 
623-69-8 1,3-dimethoxy-2-propanol -544.2  -540.3  
4043-59-8 1,3-diethoxy-2-propanol -613.1  -609.0  
13021-54-0 1,3-diisopropoxy-2-propanol -684.2  -679.8  
130670-52-9 2,5,9,12-tetraoxatridecan-7-ol -874.1  -869.0  
691-26-9 1,3-bis(2,2,2-trifluoroethoxy)-2-propanol -1904.9  -1896.2  
109-86-4 2-methoxyethanol -373.2  -369.9  
110-80-5 2-ethoxyethanol -407.3  -403.9  

109-59-1 2-isopropoxyethanol -441.5  -438.0  

111-77-3 diethyleneglycolmonomethyl ether -540.1  -536.2  
a Calculated by the G4 method according to the standard atomization procedure [100], b results from atomization 

reactions were corrected with help of following equation: ∆ 𝐻m
o (g)theor/ kJ.mol-1 = 0.9965 × ∆ 𝐻m

o (g, AT) + 2.0 with 
R2 = 0.9998.  
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Figure C. 5.  Well-balanced reactions (1-3) for calculations of standard enthalpy of formation of 

1,3-dimethoxy-2-propanol. 

Table C. 15. Thermochemical data at T = 298.15 K (p° = 0.1 MPa) for reference compounds (in 
kJ·mol-1). 

 ∆ 𝐻m
o (g) 

methanol -201.5±0.3 [202] 
ethane -83.8±0.4 [202] 
dimethylether -184.1±0.5 [202] 
methylpropylether -238.2±0.7 [202] 
2-methoxyethanol -369.9±1.0 [203] 
1,2-dimethoxyethane -409.7±0.5a 

a Average value calculated from [205] and [206]. 

Table C. 16. Standard enthalpy of formation of 1,3-dimethoxy-2-propanol, ∆ 𝐻m
o (g, 298.15 K) 

kJmol-1. 

method ∆ 𝐻m
o (g) 

(AT) 
∆ 𝐻m

o (g) 
(AT)corr 

∆ 𝐻m
o (g) 

Reaction R1 
∆ 𝐻m

o (g) 
Reaction R2 

∆ 𝐻m
o (g) 

Reaction R3 
∆ 𝐻m

o (g) 
(WBL) 

G4 -544.2 -540.3 -544.1 -540.3 -537.5 -540.6±1.9 

G4MP2 -538.4 -540.4 -544.0 -539.3 -536.9 -540.1±2.1 

G3MP2 -540.7 -540.9 -543.8 -540.9 -537.5 -540.7±1.8 

 
 

method ∆ 𝐻m
o (g) 

Reaction enthalpy R1 
∆ 𝐻m

o (g) 
Reaction enthalpy R2 

∆ 𝐻m
o (g) 

Reaction enthalpy R3 
G4 -0.9 16.0 8.9 

G4MP2 -1.0 15.0 8.3 

G3MP2 -1.2 16.6 8.9 
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D. Supporting information to Chapter 4 

Table D. 1. Thermochemical data for dihydro-levoglucosenone (cyrene) and levoglucosenone at 
T=298.15 K (p°=0.1 MPa, in kJ·mol-1). 

compound ∆ 𝐻m
o (l,cr) ∆ 𝐻m

o (l,cr) ∆ , 𝐻m
o a ∆ 𝐻m

o (g)exp ∆ 𝐻m
o (g)theor

b 

1 2 3 4 5 6 
cyrene (liq) -3006.7±1.5 c -497.7±1.7 61.6±0.4 -436.1±1.7 -437.1±2.1 
levoglucosenone (liq) -2835.3±1.2 c -383.3±1.5 64.5±1.0 -318.8±1.8 -318.8±2.1 
levoglucosan (cr) -2839.8±5.0 [207] -950.4±5.1    
 -2831.7±1.0 [208] -958.5±1.3    
 -2831.1±2.0 [209] -959.1±2.1    
 -2833.4±2.9 [210] -956.8±3.0    
  -958.1±1.0 c 127.7±2.8 -830.4±2.9 -831.8±2.7 

a From [111], b theoretical value calculated as the average from G3MP2, and G4MP2 and G4 results [111], c measured 
in [111].  
 

E. Supporting information to Chapter 7 

Table E. 1. Compilation of data on molar heat capacities 𝐶p,m
o  and differences ∆l

g
𝐶p,m

o  of 

aminoalcohols, in J.K-1.mol-1, at 298.15 K.  

compound 𝐶p,m
o (liq) −∆l

g
𝐶p,m

o  a 
DL-2-amino-1-butanol 13054-87-0 235.4 71.8 
1-(dimethylamino)-2-propanol [108-16-7] 238.8 72.7 
2-(dimethylamino)-1-propanol [15521-18-3] 238.8 72.7 
2-(phenyl-amino)-ethanol [122-98-5] 286.3 85.0 
2-(benzyl-amino)-ethanol [104-63-2] 318.2 93.3 
2-(dimethyl-amino)-ethanol 205.1 [1]  
108-01-0 211.0 [2]  
2-(diethyl-amino)-ethanol 278.3 [1]  
100-37-8 280.6 [3]  

Table E. 2. Results of transpiration method for aminoalcohols: absolute vapor pressures p, 
standard (𝑝  = 0.1 MPa) molar vaporization enthalpies and standard (𝑝  = 0.1 MPa) molar 
vaporization entropies. 

T/ 
Ka 

m/ 
mgb 

V(N2)c / 
dm3 

Ta/ 
Kd 

Flow/ 
dm3·h-1 

p/ 
Pae 

u(p)/ 
Paf 

∆ , 𝐻 (T) 

kJmol-1 

∆ , 𝑆 (𝑇) 

JK-1mol-1 

DL-2-amino-1-butanol [13054-87-0]: ∆ 𝐻 (298.15 K) = (65.50.5) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

303.2 1.45 1.073 295.8 1.31 37.34 0.96 65.1 149.2 
308.3 1.79 0.898 295.8 1.31 55.13 1.40 64.8 147.7 
313.4 2.20 0.712 295.8 1.31 85.45 2.16 64.4 146.8 
318.2 2.71 0.613 295.8 1.31 121.7 3.1 64.0 145.5 
323.4 2.33 0.350 295.8 1.31 183.5 4.6 63.7 144.5 
328.4 3.25 0.339 295.8 1.31 263.4 6.6 63.3 143.4 
333.5 3.66 0.274 295.8 1.31 367.6 9.2 62.9 142.2 
328.4 3.25 0.339 295.8 1.31 263.4 6.6 63.3 143.4 
333.5 3.66 0.274 295.8 1.31 367.6 9.2 62.9 142.2 

1-(dimethyl-amino)-2-propanol [108-16-7]: ∆ 𝐻 (298.15 K) = (45.70.3) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

276.2 5.73 0.396 295.7 0.91 367.1 9.2 47.3 124.6 
276.3 6.28 0.432 295.7 1.00 369.1 9.3 47.3 124.5 
276.3 6.23 0.422 295.7 0.97 374.1 9.4 47.3 124.6 
277.7 6.28 0.389 295.7 0.93 407.0 10.2 47.2 124.1 
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277.7 5.43 0.335 295.7 0.91 408.0 10.2 47.2 124.1 
279.2 5.33 0.292 295.7 0.97 456.2 11.4 47.1 123.8 
279.3 5.53 0.305 295.7 0.91 454.1 11.4 47.1 123.6 
280.7 5.58 0.273 295.7 0.91 508.1 12.7 46.9 123.4 
281.9 6.93 0.305 295.7 0.91 562.7 14.1 46.9 123.2 
282.3 6.18 0.268 295.7 0.97 570.3 14.3 46.8 123.0 
282.3 6.03 0.267 295.7 0.91 559.6 14.0 46.8 122.8 
284.1 6.68 0.251 295.7 0.91 652.9 16.3 46.7 122.6 
284.7 7.30 0.267 295.7 0.92 671.7 16.8 46.7 122.3 
285.2 5.23 0.187 295.7 0.93 686.6 17.2 46.6 122.1 
285.2 6.58 0.236 295.7 0.91 683.2 17.1 46.6 122.0 
286.3 10.43 0.340 295.7 1.00 749.1 18.8 46.5 121.9 
287.2 6.18 0.190 295.7 0.91 790.9 19.8 46.5 121.6 
287.7 6.63 0.198 295.7 0.92 814.6 20.4 46.4 121.5 
288.2 6.03 0.175 295.7 0.91 836.9 20.9 46.4 121.3 
289.1 9.18 0.249 295.7 1.00 894.9 22.4 46.3 121.1 
289.1 9.43 0.257 295.7 1.00 889.8 22.3 46.3 121.1 
290.1 6.38 0.160 295.7 0.91 965.0 24.1 46.3 120.9 
291.2 5.93 0.140 295.7 0.93 1022.9 25.6 46.2 120.5 
291.2 6.33 0.152 295.7 0.91 1008.1 25.2 46.2 120.4 
294.2 5.93 0.114 295.7 0.91 1250.2 31.3 46.0 119.8 
297.2 6.89 0.107 295.7 0.92 1538.7 38.5 45.7 119.3 
300.2 12.69 0.163 295.7 0.93 1842.2 46.1 45.5 118.5 
303.2 14.44 0.152 295.7 0.91 2233.4 55.9 45.3 117.9 
306.2 12.06 0.107 295.7 0.92 2645.6 66.2 45.1 117.1 
308.2 13.61 0.107 295.7 0.92 2972.9 74.3 44.9 116.6 

2-(phenyl-amino)-ethanol [122-98-5]: ∆ 𝐻 (298.15 K) = (82.30.4) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

308.1 1.34 73.79 293.8 4.31 0.32 0.01 81.4 159.2 
311.1 1.88 78.96 293.8 4.31 0.42 0.02 81.2 158.2 
314.1 1.36 41.85 293.8 4.31 0.58 0.02 80.9 157.5 
317.2 1.38 30.36 293.8 4.31 0.81 0.03 80.7 156.9 
320.1 1.43 25.05 293.8 4.31 1.02 0.03 80.4 155.7 
321.1 1.50 23.11 293.8 4.31 1.16 0.03 80.3 155.7 
324.1 2.05 24.62 293.8 4.31 1.48 0.04 80.1 154.7 
327.2 1.91 17.37 293.8 4.31 1.96 0.05 79.8 153.8 
330.2 1.91 12.92 293.8 4.31 2.63 0.07 79.6 153.3 
333.1 1.50 7.968 293.8 4.31 3.35 0.09 79.3 152.5 
336.2 1.51 6.173 293.8 4.31 4.37 0.11 79.1 151.7 
338.2 0.82 2.871 293.8 4.31 5.07 0.15 78.9 151.0 
338.2 1.84 6.481 293.8 4.52 5.06 0.15 78.9 151.0 
341.2 1.77 4.747 293.8 4.52 6.66 0.19 78.6 150.5 
344.4 2.29 4.810 293.8 4.31 8.49 0.24 78.4 149.6 
348.5 1.41 2.082 293.8 4.31 12.02 0.33 78.0 148.8 

2-(benzyl-amino)-ethanol: ∆ 𝐻 (298.15 K) = (84.50.4) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

302.2 0.98 68.47 294.0 4.47 0.23 0.01 84.1 170.5 
305.1 1.15 59.23 294.0 4.36 0.31 0.01 83.8 169.5 
308.1 1.64 58.81 294.0 4.50 0.45 0.02 83.6 168.9 
311.1 1.04 28.56 294.0 4.36 0.59 0.02 83.3 167.6 
314.0 1.09 22.31 294.0 4.36 0.79 0.02 83.0 166.7 
317.1 1.93 29.33 294.0 4.50 1.06 0.03 82.7 165.7 
319.0 1.06 12.90 294.0 4.50 1.33 0.04 82.5 165.4 
321.0 0.77 7.682 294.0 4.47 1.63 0.05 82.4 164.9 



 

147 
 

323.1 0.76 6.323 294.0 4.36 1.95 0.05 82.2 164.2 
326.1 1.15 7.195 294.0 4.36 2.58 0.07 81.9 163.3 
329.1 1.37 6.541 294.0 4.36 3.39 0.09 81.6 162.4 
331.1 0.94 3.655 294.0 4.47 4.16 0.11 81.4 162.0 
332.1 1.30 4.724 294.0 4.36 4.46 0.12 81.3 161.6 
335.1 1.05 2.907 294.0 4.36 5.83 0.17 81.0 160.8 
338.2 0.97 2.035 294.0 4.36 7.71 0.22 80.8 160.1 
341.2 0.91 1.526 294.0 4.36 9.65 0.27 80.5 159.0 
344.4 1.08 1.381 294.0 4.36 12.62 0.34 80.2 158.2 

 
Figure E. 1. Temperature dependence of vapor pressures for the 2-(benzyl-amino)-ethanol: ○ – 
transpiration [this work]; ● –static method [123];  - from experimental boiling temperatures 

reported at different pressures compiled by SciFinder [34]. 

Table E. 3. Absolute vapor pressures p, standard (𝑝  = 0.1 MPa) molar vaporization enthalpies, 
∆ 𝐻 , and standard (𝑝  = 0.1 MPa) molar vaporization entropies, ∆ 𝑆 , derived from boiling 
temperatures at different pressures compiled by SciFinder [34]. 

T/K p/Pa ∆ 𝐻 (𝑇)/kJmol-1 ∆ 𝑆 (𝑇)/JK-1mol-1 

1-(dimethylamino)-2-propanol [108-16-7]: ∆ 𝐻 (298.15 K) = (47.30.7) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; p0 = 1 Pa 

333 9333 44.7 114.5 
336 9333 44.5 112.7 
343 11999 44.0 110.6 
343 11999 44.0 110.6 
397 101325 40.1 101.0 
398 101325 40.0 100.8 
398 101058 40.0 100.8 
398 102658 40.0 100.9 
398 102658 40.0 100.9 
399 101325 39.9 100.1 
399 101325 39.9 100.1 
399 101058 39.9 100.1 
399 101325 39.9 100.1 
400 101325 39.9 99.7 
400 101325 39.9 99.7 
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2-(dimethylamino)-1-propanol [15521-18-3]: ∆ 𝐻 (298.15 K) = (51.60.7) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; p0 = 1 Pa 

341 5066 48.5 117.3 
342 5066 48.4 116.7 
342 5066 48.4 116.7 
418 101325 42.9 102.7 
418 101991 42.9 102.7 
418 101325 42.9 102.7 
418 101325 42.9 102.7 
419 101325 42.8 102.5 
421 101325 42.7 101.4 
421 101991 42.7 101.5 
421 101325 42.7 101.4 
423 101325 42.5 100.5 

2-(phenyl-amino)-ethanol [122-98-5]: ∆ 𝐻 (298.15 K) = (83.61.6) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; p0 = 1 Pa 

383 133 76.3 144.2 
384 133 76.3 143.5 
407 400 74.3 136.6 
408 400 74.2 135.9 
429 1600 72.4 134.4 
430 1600 72.4 133.8 
431 1000 72.3 129.3 
432 2400 72.2 136.0 
433 2400 72.1 135.4 
433 1000 72.1 128.2 
440 2533 71.5 131.9 
443 2533 71.2 130.2 
449 2533 70.7 126.9 
449 2533 70.7 126.9 
461 4000 69.7 124.4 
548 102125 62.3 113.9 
550 102125 62.2 113.1 
553 101325 61.9 112.2 
553 100658 61.9 112.0 
555 101325 61.7 111.3 
558 101325 61.5 110.2 
558 100658 61.5 110.2 
559 101325 61.4 109.9 
560 101325 61.3 109.5 

2-(benzyl-amino)-ethanol [104-63-2]: ∆ 𝐻 (298.15 K) = (92.43.7) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; p0 = 1 Pa 

379 67 84.8 162.9 
380 67 84.7 162.1 
383 67 84.5 159.6 
384 67 84.4 158.8 
391 133 83.7 159.0 
391 133 83.7 159.0 
410 667 81.9 158.1 
414 667 81.6 155.3 
421 1733 80.9 158.4 
422 1733 80.8 157.7 
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426 1600 80.4 154.4 
429 2266 80.2 155.3 
429 2400 80.2 155.8 
429 1600 80.2 152.4 
431 2266 80.0 154.0 
434 2266 79.7 152.1 
437 2933 79.4 152.3 
437 2933 79.4 152.3 
562 101325 67.8 120.7 

Table E. 4. Group-additivity values i for calculation of enthalpies of vaporization, ∆ 𝐻 (298.15 
K) of alkanes, amines and aminoalcohols at 298.15 K (in kJ mol-1) [81,95,145]. 

 ∆ H (298.15 K)
Groups a i  
Alkanes  
С-(С)(H)3 6.33 
С-(С)2(H)2 4.52 
С-(С)3(H) 1.24 
С-(С)4 -2.69 
Amines  
С-(N)(С)(H)3 6.33 
С-(N)(С)(H)2 2.9 
С-(N)(С)2(H) -2.0 
С-(N)(С)3 -7.7 
N-(C)(H)2 18.0 
N-(C)2(H) 12.6 
N-(C)3 4.9 
Alcohols  
С-(O)(С)(H)3 6.33 
С-(O)(С)(H)2 4.7 
С-(O)(С)2(H) 1.3 
С-(O)(С)3 -3.8 
HO-(C) 31.5 
Alkylbenzenesb  
Сb-(Сb)2(H) 5.65 
Сb-(Сb)2(C) 3.44 
С-(Сb)(C)(H)2 3.79 
С-(Сb)(C)2(H) -0.03 
Сb-(Сb)2(H) -3.83 

a The designation of groups is given according to the Benson´s original book [1], b The contribution for the phenyl 
substituent was calculated as follows: C6H5 = 5× [Сb-(Сb)2(H)] + [Сb-(Сb)2(C)] = 31.7 kJ mol-1. 
 
Table E. 5. Compilation of the standard molar enthalpies of vaporization ∆ 𝐻 (298.15 K) of 
aminoalcohols [134] 

Amino-alcohol/CAS ∆ 𝐻 (298.15 K) 
2-amino-ethanol [141-43-5] 59.6±0.3 
2-amino-1-propanol [6168-72-5] 59.7±0.6 
2-amino-1-butanol [96-20-8] 64.9±0.3 
2-amino-1-pentanol [16369-14-5] 69.1±0.7 
2-amino-1-hexanol [5665-74-7] 73.8±0.7 
2-amino-1-heptanol [74872-95-0] 79.0±1.0 
2-amino-1-octanol [16369-15-6] 83.8±1.0 
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F. Supporting information to Chapter 6 

 

Figure F. 1. Temperature dependence of vapour pressures for the 3-(dimethylamino)-1-propanol: 
○ – transpiration [this work]; Δ –static method [137]; ● - ebulliometry [139];  - from 

experimental boiling temperatures reported at different pressures compiled by SciFinder [34]. 

Table F. 1. Compilation of data on the standard molar heat capacities 𝐶p,m
o  and differences ∆l

g
𝐶p,m

o  
of aminoalcohols, in J·K-1·mol-1, at 298.15 K.  

compound 𝐶p,m
o (liq) −∆l

g
𝐶p,m

o  a 
2-(ethyl-amino)-ethanol [110-73-6] 228.2 [1] 69.9 
2-(iso-propyl-amino)-ethanol [109-56-8] 258.9 [2] 77.9 
2-amino-2-methyl-1-propanol [124-68-5] 236.1 [1] 72.1 
3-(dimethlyamino)-1-propanol [3179-63-3] 245.3 74.4 
3-(diethlyamino)-1-propanol [622-93-5] 309.1 90.9 
3-amino-1-propanol [156-87-6] 201.0 [3] 62.8 
4-amino-1-butanol [13325-10-5] 241.9 73.5 
5-amino-1-pentanol [2508-29-4] 273.8 81.8 
6-amino-1-hexanol [4048-33-3] 305.7 90.1 
1-(dimethylamino)-2-propanol [108-16-7] 238.8 72.7 
2-(n-propyl-amino)-ethanol [16369-21-4] 260.7 78.4 
2-(n-butyl-amino)-ethanol [111-75-1] 292.6 86.7 
2-(t-butyl-amino)-ethanol [4620-70-6] 280.7 83.6 
1-amino-2-methyl-2-propanol [2854-16-2] 230.0 70.4 
4-amino-4-methyl-2-pentanol [4404-98-2] 287.3 85.8 
2-amino-3-methyl-1-butanol [16369-05-4] 260.8 78.4 
1-amino-4-methyl-2-pentanol [17687-58-0] 260.8 78.4 
2-amino-4-methyl-1-pentanol [502-32-9] 292.7 86.7 
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Table F. 2. Results of transpiration method for aminoalcohols: absolute vapour pressures p, 
standard (𝑝  = 0.1 MPa) molar vaporization enthalpies and standard (𝑝𝐨 = 0.1 MPa) molar 
vaporization entropies. 

T/ 
Ka 

m/ 
mgb 

V(N2)c / 
dm3 

Ta/ 
Kd 

Flow/ 
dm3·h-1 

p/ 
Pae 

u(p)/ 
Paf 

∆ , 𝐻 (T) 

kJmol-1 

∆ , 𝑆 (𝑇) 

JK-1mol-1 

2-amino-2-methyl-1-propanol [124-68-5] (liq): ∆ 𝐻 (298.15 K) = (62.30.3) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

290.3 1.06 0.996 295.3 0.891 29.5 0.8 62.9 149.1 
291.3 1.09 0.915 295.3 0.891 33.1 0.8 62.8 149.0 
292.3 0.87 0.664 295.3 0.891 36.1 0.9 62.7 148.7 
294.3 1.64 1.069 295.3 0.891 42.4 1.1 62.6 148.1 
294.3 0.95 0.605 295.3 0.891 43.5 1.1 62.6 148.3 
297.3 1.08 0.546 295.3 0.891 54.6 1.4 62.4 147.4 
299.3 1.19 0.490 295.3 0.880 66.9 1.7 62.2 147.2 
302.3 1.33 0.446 295.3 0.880 82.5 2.1 62.0 146.1 
305.3 1.85 0.470 295.3 0.880 108.3 2.7 61.8 145.7 
308.4 1.80 0.366 295.3 0.880 135.8 3.4 61.6 144.8 
313.5 2.24 0.300 295.3 0.880 205.1 5.1 61.2 143.8 
318.3 3.19 0.300 295.3 0.880 291.8 7.3 60.9 142.7 
323.3 3.63 0.249 295.3 0.880 400.6 10.0 60.5 141.3 
328.6 3.20 0.146 295.3 0.880 598.9 15.0 60.1 140.4 
333.4 4.03 0.139 295.3 0.880 792.9 19.8 59.8 139.1 

2-amino-2-methyl-1-propanol [124-68-5] (cr)g: ∆ 𝐻 (298.15 K) = (67.01.1) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

274.4 0.82 3.592 295.3 0.830 6.46 0.19 67.4 165.6 
276.2 0.87 3.102 295.3 0.880 7.89 0.22 67.4 165.5 
279.2 0.92 2.353 295.3 0.891 10.92 0.30 67.3 165.4 
281.3 0.99 2.059 295.3 0.830 13.35 0.36 67.3 165.1 
282.2 0.96 1.811 295.3 0.891 14.70 0.39 67.3 165.1 
283.0 5.22 9.337 295.3 0.891 15.54 0.41 67.3 164.8 
283.8 1.01 1.632 295.3 0.840 17.22 0.46 67.3 165.0 
285.3 1.03 1.419 295.3 0.891 20.13 0.53 67.2 164.9 
288.2 1.15 1.191 295.3 0.880 26.78 0.69 67.2 164.7 

3-(dimethyl-amino)-1-propanol [3179-63-3]: ∆ 𝐻 (298.15 K) = (54.90.3) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

275.6 2.65 2.020 294.0 1.01 32.4 0.8 56.6 138.6 
275.7 2.09 1.599 294.0 1.01 32.2 0.8 56.6 138.4 
277.6 2.32 1.515 294.0 1.01 37.5 1.0 56.4 137.8 
277.7 2.32 1.481 294.0 1.01 38.3 1.0 56.4 137.8 
279.7 2.14 1.178 294.0 1.01 44.2 1.1 56.3 137.0 
281.6 2.20 1.027 294.0 1.01 52.1 1.3 56.1 136.5 
283.6 2.50 0.960 294.0 1.01 62.8 1.6 56.0 136.2 
285.7 2.07 0.690 294.0 1.01 72.2 1.8 55.8 135.3 
288.7 2.38 0.606 294.0 1.01 94.3 2.4 55.6 134.8 
291.7 2.43 0.488 294.0 1.01 119.0 3.0 55.4 133.9 
298.0 2.25 0.278 294.0 1.01 192.7 4.8 54.9 132.4 
301.0 3.03 0.303 294.0 1.01 238.0 6.0 54.7 131.5 
304.0 2.76 0.219 294.0 1.01 299.7 7.5 54.5 130.9 
307.0 3.51 0.221 294.0 1.02 375.7 9.4 54.3 130.3 
308.2 4.11 0.236 294.0 1.01 413.0 10.3 54.2 130.1 
309.9 5.01 0.255 294.0 1.02 464.7 11.6 54.0 129.7 
310.2 3.26 0.168 294.0 1.01 457.8 11.5 54.0 129.4 
311.0 29.45 1.418 294.0 2.43 491.1 12.3 54.0 129.3 
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313.3 2.88 0.118 294.0 1.01 576.4 14.4 53.8 128.8 
314.0 27.79 1.094 294.0 2.43 599.7 15.0 53.7 128.6 
316.3 2.99 0.101 294.0 1.01 697.6 17.5 53.6 128.1 
319.3 2.99 0.084 294.0 1.01 835.8 20.9 53.3 127.3 

1-(dimethylamino)-2-propanol [108-16-7]: ∆ 𝐻 (298.15 K) = (45.30.3) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

276.4 5.68 0.382 295.6 0.79 378 9.5 46.8 123.1 
278.4 5.68 0.329 295.6 0.79 434 11 46.7 122.6 
280.4 5.73 0.289 295.6 0.79 494 12 46.6 121.9 
282.3 6.00 0.263 295.6 0.79 565 14 46.4 121.4 
284.4 5.79 0.217 295.6 0.79 657 16 46.3 120.9 
285.3 5.89 0.211 295.6 0.79 687 17 46.2 120.6 
286.3 5.79 0.190 295.6 0.79 744 19 46.1 120.4 
287.3 5.62 0.171 295.6 0.79 804 20 46.1 120.2 
288.3 5.79 0.164 295.6 0.79 858 21 46.0 120.0 
289.3 5.84 0.155 295.6 0.81 913 23 45.9 119.7 
290.5 8.17 0.203 295.6 0.76 973 24 45.8 119.3 
291.7 5.95 0.135 295.6 0.81 1064 27 45.7 119.0 
293.4 8.06 0.165 295.6 0.76 1175 29 45.6 118.5 
294.7 6.22 0.115 295.6 0.81 1300 32 45.5 118.4 
296.4 8.38 0.140 295.6 0.76 1435 36 45.4 117.9 
298.7 6.22 0.088 295.6 0.81 1686 42 45.2 117.5 
299.3 8.27 0.114 295.6 0.76 1721 43 45.2 117.2 
300.7 6.44 0.081 295.6 0.81 1883 47 45.1 116.9 
302.3 8.87 0.102 295.6 0.76 2063 52 45.0 116.5 
303.7 6.38 0.067 295.6 0.81 2228 56 44.9 116.1 
305.3 8.54 0.083 295.6 0.76 2433 61 44.7 115.7 
306.7 7.79 0.067 295.6 0.81 2701 67 44.6 115.6 

Table F. 3. Absolute vapor pressures p, standard (𝒑𝐨 = 0.1 MPa) molar vaporization enthalpies, 
∆𝐥

𝐠
𝑯𝐦

𝐨 , and standard (𝒑𝐨 = 0.1 MPa) molar vaporization entropies, ∆𝐥
𝐠
𝑺𝐦

𝐨 , derived from boiling 
temperatures at different pressures compiled by SciFinder. 

T/K p/Pa ∆ 𝐻 (𝑇)/kJmol-1 ∆ 𝑆 (𝑇)/JK-1mol-1 

2-(ethyl-amino)-ethanol [110-73-6]: ∆ 𝐻 (298.15 K) = (60.05.0) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

351 1333 56.4 124.6 
351 3600 56.4 132.9 
353 1333 56.2 123.3 
353 3600 56.2 131.6 
375 13332 54.7 129.0 
375 13332 54.7 129.0 
376 13332 54.6 128.5 
376 13332 54.6 128.5 
442 101325 50.0 113.2 
443 101325 50.0 113.0 
443 101325 49.9 112.8 

3-(dimethyl-amino)-1-propanol [3179-63-3]: ∆ 𝐻 (298.15 K) = (53.40.8) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

341 2400 50.2 116.0 
341 2666 50.2 116.9 
342 2400 50.1 115.4 
346 4400 49.8 117.9 
349 4800 49.6 116.7 



 

153 
 

349 4400 49.6 116.0 
354 4800 49.2 113.7 
370 11332 48.0 111.6 
373 11332 47.8 109.9 
385 19998 46.9 108.3 
386 19998 46.8 107.8 
433 101325 43.3 100.1 
436 101325 43.1 98.9 
437 101325 43.1 98.7 
437 101325 43.0 98.5 
437 101325 43.0 98.5 
437 101325 43.0 98.5 
438 101325 42.9 98.1 

3-(diethyl-amino)-1-propanol [622-93-5]: ∆ 𝐻 (298.15 K) = (63.54.7) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

335 133 60.2 124.5 
337 133 60.0 122.9 
351 1600 58.7 132.8 
353 2000 58.5 133.2 
355 2666 58.4 134.2 
357 2666 58.2 132.8 
357 2666 58.2 132.8 
358 3733 58.1 134.8 
358 2666 58.1 132.0 
358 2666 58.1 132.0 
358 2666 58.1 132.0 
359 2666 58.0 131.3 
361 3733 57.8 132.7 
363 3200 57.6 130.1 
363 2666 57.6 128.6 
365 3333 57.4 129.1 
377 2133 56.4 117.4 
379 2133 56.2 116.2 
395 9333 54.7 118.8 
462 101325 48.6 105.3 
463 101325 48.6 105.1 
463 101325 48.5 104.9 

2-(n-propyl-amino)-ethanol [16369-21-4]: ∆ 𝐻 (298.15 K) = (64.81.3) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

364 1467 59.6 128.6 
365 1467 59.5 127.9 
368 1733 59.3 127.3 
370 1733 59.1 126.0 
378 4000 58.5 127.9 
380 4000 58.3 126.7 
472 101325 51.1 108.4 
472 101325 51.1 108.4 
472 101325 51.1 108.4 
473 101325 51.1 108.2 
473 101325 51.1 108.0 

2-(n-butyl-amino)-ethanol [111-75-1]: ∆ 𝐻 (298.15 K) = (66.41.9) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

364 1467 60.7 131.5 
365 1467 60.6 130.8 
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368 1733 60.3 130.1 
370 1733 60.1 128.8 
472 101325 51.3 108.8 
472 101325 51.3 108.8 
472 101325 51.3 108.7 
473 101325 51.3 108.5 
478 101325 50.8 106.3 

2-(tert-butyl-amino)-ethanol [4620-70-6]: ∆ 𝐻 (298.15 K) = (63.01.6) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

340 667 59.4 133.1 
340 667 59.4 133.1 
345 1867 59.0 137.9 
354 2133 58.3 132.5 
357 2666 58.0 132.3 
363 3333 57.5 130.1 
365 3333 57.3 128.8 
449 101325 50.3 112.1 
449 101325 50.3 112.1 
450 101325 50.3 111.9 
450 101325 50.2 111.7 
450 101325 50.2 111.7 

1-amino-2-methyl-2-propanol [2854-16-2]: ∆ 𝐻 (298.15 K) = (56.60.7) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

338 2400 53.8 128.0 
341 3333 53.6 129.0 
342 3333 53.5 128.0 
422 100658 47.9 113.4 
423 101591 47.8 113.1 
423 101325 47.8 113.0 
423 101325 47.8 113.0 
423 100658 47.8 113.0 
424 101591 47.7 112.8 
424 101325 47.7 112.8 
424 101325 47.7 112.8 

4-amino-4-methyl-2-pentanol [4404-98-2]: ∆ 𝐻 (298.15 K) = (58.90.8) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; p0 = 1 Pa 

344 1600 54.9 125.1 
345 2000 54.8 126.3 
345 1600 54.8 124.4 
348 2000 54.6 124.5 
348 2000 54.6 124.2 
348 2133 54.6 124.7 
349 2000 54.5 123.8 
354 3200 54.0 124.0 
356 3200 53.9 122.6 
447 101325 46.1 103.1 
448 101325 46.0 102.9 
448 101325 46.0 102.7 

2-amino-3-methyl-1-butanol [16369-05-4]: ∆ 𝐻 (298.15 K) = (66.12.2) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

348 1067 62.2 140.9 
350 1067 62.1 139.5 
361 1467 61.2 134.3 
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363 1333 61.0 132.2 
454 101325 53.9 118.8 
454 95992 53.9 118.3 
459 101325 53.5 116.6 
459 95992 53.5 116.2 

1-amino-3-methyl-2-butanol [17687-58-0]: ∆ 𝐻 (298.15 K) = (60.41.9) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

349 1200 56.4 124.7 
350 1200 56.3 124.0 
351 1333 56.2 124.2 
354 1333 56.0 122.1 
463 101325 47.4 102.5 
467 101325 47.1 101.0 

2-amino-4-methyl-1-pentanol [502-32-9]: ∆ 𝐻 (298.15 K) = (73.82.1) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

371 1467 67.4 146.6 
467 101325 59.1 126.7 

 
G. Supporting information to Chapter 7 

Table G. 1. Compilation of data on molar heat capacities 𝐶p,m
o  and differences ∆l

g
𝐶p,m

o  of 
aminoalcohols, in J.K-1.mol-1, at 298.15 K.  

compound 𝐶p,m
o (liq) −∆l

g
𝐶p,m

o  a 

2-amino-ethanol [141-43-5] 166.6 [211] 53.9 

2-amino-1-propanol [6168-72-5] 203.5 63.5 

2-amino-1-butanol [96-20-8] 235.4 71.8 

2-amino-1-pentanol [16369-14-5] 267.3 80.1 

2-amino-1-hexanol [5665-74-7] 299.2 88.4 

2-amino-2-methyl-1-propanol [124-68-5] 236.1 [211] 72.1 

1-amino-2-propanol [78-96-6] 205.0 [212] 63.5 

1-amino-2-butanol [13552-21-1] 235.4 71.8 

1-amino-2-pentanol [5343-35-1] 267.3 80.1 

3-amino-1-propanol [156-87-6] 201.0 [212] 62.8 

4-amino-1-butanol [13325-10-5] 241.9 73.5 

5-amino-1-pentanol [2508-29-4] 273.8 81.8 

6-amino-1-hexanol [4048-33-3] 305.7 90.1 
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Figure G. 1. Temperature dependence of vapour pressures over the 2-amino-2-methyl-1-
propanol: ○ - this work, transpiration; ● – ebulliometry [135]; × – ebulliometry [138]; Δ – 

ebulliometry [136]; □ – static [137];  – from experimental boiling temperatures reported at 
different pressures compiled by SciFinder [34]. 

Table G. 2. Results of transpiration method for aminoalcohols: absolute vapour pressures p, 
standard (𝑝  = 0.1 MPa) molar vaporization enthalpies and standard (𝑝  = 0.1 MPa) molar 
vaporization entropies. 

T/ 
Ka 

m/ 
mgb 

V(N2)c / 
dm3 

Ta/ 
Kd 

Flow/ 
dm3·h-1 

p/ 
Pae 

u(p)/ 
Paf 

∆ 𝐻 (T) 
kJmol-1 

∆ 𝑆 (𝑇) 
JK-1mol-1 

2-amino-2-methyl-1-propanol [124-68-5]: ∆ 𝐻 (298.15 K) = (62.10.5) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

306.3 2.71 0.641 296.2 0.92 116.83 2.95 61.5 144.7 
309.4 3.10 0.580 296.2 0.92 147.45 3.71 61.3 143.9 
312.4 3.22 0.466 296.2 0.92 190.61 4.79 61.1 143.4 
315.5 3.13 0.366 296.2 0.92 235.35 5.91 60.8 142.5 
318.5 3.87 0.366 296.2 0.92 291.12 7.30 60.6 141.8 
321.6 3.60 0.275 296.2 0.92 360.99 9.05 60.4 141.0 
324.6 3.75 0.229 296.2 0.92 450.61 11.29 60.2 140.5 
327.7 3.81 0.191 296.2 0.92 548.71 13.74 60.0 139.7 
330.7 4.20 0.168 296.2 0.92 685.81 17.17 59.7 139.2 
333.7 3.90 0.130 296.2 0.92 823.41 20.61 59.5 138.5 

1-amino-2-butanol [13552-21-1]: ∆ 𝐻 (298.15 K) = (63.70.4) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

278.3 0.95 3.665 295.6 2.75 7.29 0.21 65.1 154.9 
283.2 0.85 2.016 295.7 2.75 11.72 0.32 64.8 153.6 
283.7 1.01 2.346 295.8 2.56 12.00 0.33 64.8 153.2 
288.2 1.02 1.535 296.1 2.56 18.56 0.49 64.4 152.2 
290.2 1.19 1.493 295.8 2.56 22.20 0.58 64.3 151.6 
293.2 1.06 0.958 295.8 2.87 30.55 0.79 64.1 151.3 
295.2 1.30 1.024 295.1 2.56 35.11 0.90 63.9 150.5 
298.2 1.11 0.640 295.8 2.56 47.89 1.22 63.7 150.1 
298.3 1.06 0.626 296.2 1.98 46.71 1.19 63.7 149.8 

3

4

5

6

7

8

9

10

11

12

13

0,0021 0,0026 0,0031

ln
(P

/P
a

)

K/T
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301.2 1.70 0.795 296.3 2.81 59.02 1.50 63.5 149.0 
303.4 1.79 0.702 295.8 2.81 70.33 1.78 63.3 148.4 
303.6 1.46 0.572 295.8 2.54 70.63 1.79 63.3 148.2 
303.7 1.66 0.636 296.2 2.54 72.03 1.83 63.3 148.4 
305.2 1.13 0.375 296.6 1.02 83.78 2.12 63.2 148.2 
308.2 0.85 0.229 296.0 0.92 102.04 2.58 63.0 147.2 
308.2 0.98 0.252 296.1 1.01 107.38 2.71 63.0 147.6 
308.2 2.68 0.702 296.0 2.81 105.45 2.66 63.0 147.4 
313.2 1.26 0.229 296.2 0.92 152.28 3.83 62.6 146.1 
313.2 1.47 0.252 296.1 1.01 161.67 4.07 62.6 146.5 
318.2 2.13 0.252 295.9 1.01 232.87 5.85 62.3 145.3 

4-amino-1-butanol [13325-10-5]: ∆ 𝐻 (298.15 K) = (68.80.4) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

288.2 0.40 5.017 294.8 2.69 2.21 0.06 69.6 152.3 
291.3 0.41 3.808 294.8 2.69 2.95 0.08 69.3 151.3 
294.1 0.41 2.945 294.8 2.64 3.80 0.10 69.1 150.5 
297.3 0.42 2.198 294.8 2.64 5.28 0.16 68.9 149.9 
298.2 0.41 2.047 294.8 2.67 5.51 0.16 68.8 149.3 
300.2 0.39 1.582 294.8 2.64 6.86 0.20 68.7 149.1 
303.2 0.54 1.691 294.8 2.67 8.86 0.25 68.5 148.2 
304.2 0.44 1.275 294.8 2.64 9.49 0.26 68.4 147.8 
305.2 0.42 1.081 294.8 2.70 10.57 0.29 68.3 147.7 
306.1 0.44 1.063 294.8 2.71 11.37 0.31 68.2 147.5 
308.2 0.43 0.887 294.8 2.66 13.44 0.36 68.1 146.8 
308.2 0.43 0.878 294.8 2.70 13.58 0.36 68.1 146.9 
309.3 0.41 0.769 294.8 2.71 14.65 0.39 68.0 146.5 
311.2 0.42 0.653 294.8 2.70 17.49 0.46 67.9 146.2 
312.3 0.42 0.608 294.8 2.70 18.92 0.50 67.8 145.8 
313.3 0.56 0.709 294.8 2.66 21.68 0.57 67.7 146.0 
315.2 0.40 0.449 294.8 2.70 24.32 0.63 67.6 145.2 
318.4 0.58 0.486 294.8 2.65 32.63 0.84 67.3 144.8 
321.3 0.53 0.359 294.8 2.70 40.71 1.04 67.1 144.0 
324.3 0.59 0.314 294.8 2.70 51.50 1.31 66.9 143.4 
327.2 0.63 0.270 294.8 2.70 64.65 1.64 66.7 142.8 
329.2 0.74 0.270 294.8 2.70 75.34 1.91 66.5 142.4 

5-amino-1-pentanol [2508-29-4]: ∆ 𝐻 (298.15 K) = (72.30.3) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; pref = 1 Pa 

292.0 1.86 48.97 295.9 5.16 0.91 0.03 72.8 152.8 
294.2 1.29 27.27 295.9 4.96 1.13 0.03 72.6 152.1 
295.2 2.08 40.08 295.9 4.96 1.24 0.04 72.5 151.7 
296.7 1.17 19.33 295.9 5.16 1.45 0.04 72.4 151.4 
297.3 2.23 34.71 295.9 4.96 1.53 0.04 72.3 151.2 
299.7 1.39 17.01 295.9 5.16 1.95 0.05 72.1 150.6 
301.2 2.71 29.84 295.9 4.96 2.17 0.06 72.0 149.9 
305.2 2.53 18.47 295.9 2.31 3.26 0.09 71.7 149.1 
308.7 1.49 8.162 295.9 5.16 4.35 0.11 71.4 147.9 
311.7 1.29 5.388 295.9 2.31 5.70 0.17 71.2 147.1 
314.7 1.66 5.311 295.9 2.31 7.47 0.21 70.9 146.4 
317.7 1.44 3.541 295.9 2.31 9.68 0.27 70.7 145.6 
321.8 1.31 2.234 295.9 5.16 14.01 0.38 70.3 144.8 
322.8 0.76 1.231 295.9 2.31 14.76 0.39 70.3 144.3 
325.0 1.30 1.718 295.9 5.16 18.04 0.48 70.1 144.0 
327.9 1.29 1.347 295.9 2.31 22.79 0.59 69.8 143.3 
329.9 1.50 1.375 295.9 5.16 26.01 0.68 69.7 142.6 
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329.9 1.50 1.375 295.9 5.16 26.01 0.68 69.7 142.6 
333.0 1.66 1.203 295.9 5.16 32.95 0.85 69.4 141.8 
333.1 1.59 1.116 295.9 2.31 33.91 0.87 69.4 142.0 

 
Table G. 3. Vapor pressures p, standard (𝑝  = 0.1 MPa) molar vaporization enthalpies, ∆ 𝐻 , and 
standard (𝑝  = 0.1 MPa) molar vaporization entropies, ∆ 𝑆  obtained by the approximation of 
data collected from SciFinder [34]. 

T/ K p/Pa ∆ 𝐻 (𝑇) /kJmol-1 ∆ 𝑆 (𝑇) /JK-1mol-1 

2-amino-1-propanol [6168-72-5]: ∆ 𝐻 (298.15 K) = (59.91.3) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

353 2000 56.4 127.1 
371 5999 55.2 125.4 
446 101325 50.5 113.3 
448 101325 50.4 112.7 
449 101325 50.3 112.1 

1-amino-2-butanol [13552-21-1]: ∆ 𝐻 (298.15 K) = (62.80.9) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

348 1600 59.2 135.7 
350 1600 59.1 134.3 
355 2666 58.7 135.1 
356 2666 58.6 134.5 
441 101325 52.5 119.2 
441 95992 52.5 118.7 
442 101325 52.4 118.7 
443 101325 52.4 118.3 
443 95992 52.4 117.8 

1-amino-2-pentanol [5343-35-1]: ∆ 𝐻 (298.15 K) = (67.85.3) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

348 467 63.8 138.6 
353 533 63.4 136.0 
356 1333 63.2 141.4 
469 101325 54.1 115.6 

2-amino-1-butanol [96-20-8]: ∆ 𝐻 (298.15 K) = (64.01.2) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

324 267 62.1 142.3 
325 267 62.0 141.5 
344 1067 60.7 138.5 
351 1333 60.2 135.4 
353 1333 60.0 134.0 
353 1067 60.0 132.2 
355 1333 59.9 132.7 
360 2400 59.5 134.2 
360 2400 59.5 134.2 
449 101325 53.1 118.4 
451 101325 53.0 117.5 
451 101325 53.0 117.5 
452 101325 52.9 117.1 

2-amino-1-hexanol [5665-74-7]: ∆ 𝐻 (298.15 K) = (74.31.6) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

371 1600 67.9 148.5 
463 98658 59.7 128.9 
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464 101325 59.7 128.9 

3-amino-1-propanol [156-87-6]: ∆ 𝐻 (298.15 K) = (62.91.3) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

333 267 60.7 133.0 
333 400 60.7 136.3 
354 1600 59.4 133.3 
356 1600 59.3 132.0 
358 1333 59.1 129.2 
358 1733 59.1 131.4 
358 1333 59.1 129.2 
358 1600 59.1 130.7 

358 1600 59.1 130.7 
360 1733 59.0 130.1 
363 1333 58.8 126.1 
368 3333 58.5 130.7 
371 4266 58.3 130.9 
372 2666 58.3 126.4 
376 4266 58.0 128.0 
385 5333 57.4 124.8 
386 5333 57.4 124.2 
458 101325 52.9 115.5 
459 101325 52.8 115.1 
460 101325 52.7 114.7 
461 101325 52.7 114.5 
461 101325 52.7 114.3 

4-amino-1-butanol [13325-10-5]: ∆ 𝐻 (298.15 K) = (69.72.9) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

328 40 67.5 140.8 
331 40 67.3 138.2 
343 667 66.4 151.9 
345 667 66.3 150.4 
368 1333 64.6 139.6 
368 1333 64.6 139.6 
368 667 64.6 133.8 
373 1333 64.2 136.2 
377 1333 63.9 133.6 
377 2000 63.9 137.0 
378 1333 63.9 133.0 
380 1867 63.7 134.5 
380 1333 63.7 131.7 
382 1867 63.6 133.2 
383 2400 63.5 135.0 
383 2400 63.5 134.8 
475 101325 56.7 119.5 
477 101325 56.6 118.7 
479 101325 56.4 117.9 
480 100658 56.4 117.4 
481 100658 56.3 117.0 

5-amino-1-pentanol [2508-29-4]: ∆ 𝐻 (298.15 K) = (74.71.5) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

352 133 70.3 144.7 
354 133 70.2 143.1 
378 1067 68.2 142.6 
380 1333 68.0 143.1 
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381 1067 68.0 140.5 
383 1333 67.8 141.0 
385 1333 67.6 139.7 
387 1733 67.5 140.5 
388 1733 67.4 139.9 
392 2400 67.1 140.0 
392 2266 67.1 139.5 
393 2266 67.0 138.9 
395 2133 66.8 137.1 
395 2400 66.8 138.1 
398 2266 66.6 135.7 
399 2866 66.5 137.0 
401 2866 66.3 135.8 
494 101325 58.7 118.9 
494 99992 58.7 118.8 
495 101325 58.7 118.7 
495 101325 58.6 118.5 

6-amino-1-hexanol, 4048-33-3 (SF): ∆ 𝐻 (298.15 K) = (76.32.1) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

396 1600 67.5 136.0 
399 1867 67.2 135.3 
400 1867 67.1 134.7 
403 2000 66.9 133.4 
410 2666 66.2 131.4 
412 2666 66.1 130.2 
508 101325 57.4 113.1 

2-amino-2-methyl-1-propanol [124-68-5]: ∆ 𝐻 (298.15 K) = (62.90.8) kJ.mol-1 

ln (𝑝/𝑝 ) =
.

−
.

−
.

ln
.

 ; 𝑝 = 1 Pa 

342 1333 59.8 138.8 
343 1333 59.7 138.1 
345 1867 59.6 139.5 
349 1867 59.3 137.0 
349 2266 59.3 138.3 
349 1867 59.3 136.7 
351 2266 59.1 136.9 
361 4000 58.4 135.0 
363 4000 58.3 133.7 
431 101325 53.4 123.9 
436 101325 53.0 121.6 
437 101325 53.0 121.4 
438 101325 52.9 121.0 
438 101325 52.9 120.7 
439 101325 52.8 120.5 
439 101325 52.8 120.5 
440 101325 52.7 119.9 
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Figure G. 2.Temperature dependence of vapor 
pressures over the 2-amino-1-butanol: ○ – 
transpiration [155]; ● – from experimental 
boiling temperatures reported at different 

pressures compiled by SciFinder [34]. 

Figure G. 3. Temperature dependence of vapor 
pressures over the 3-amino-1-propanol: ○ – 

transpiration [155]; ● – boiling points at different 
pressures compiled by SciFinder [34]; Δ – 
ebulliometry [142]; □ – ebulliometry [143]. 

 
Figure G. 4. Temperature dependence of vapor 
pressures over the 4-amino-1-butanol: ○ – this 

work, transpiration; ● – boiling points at different 
pressures compiled by SciFinder [34]. 

Figure G. 5. Temperature dependence of vapor 
pressures over the 5-amino-1-pentanol: ○ – this 

work, transpiration; ● – boiling points at different 
pressures compiled by SciFinder [34]. 

 
Figure G. 6. Temperature dependence of vapor pressures over the 1-amino-2-propanol: ○ - static [155]; ● – 

method is not available [43]. 

1

3

5

7

9

11

0,0021 0,0031

ln
(P

/P
a

)

K/T

1

3

5

7

9

11

13

0,0018 0,0028

ln
(P

/P
a

)

K/T

0

2

4

6

8

10

12

0,002 0,0025 0,003 0,0035

ln
(P

/P
a

)

K/T

-1

1

3

5

7

9

11

0,002 0,0025 0,003 0,0035

ln
(P

/P
a

)

K/T

5
6
7
8
9

10
11
12

0,0022 0,0032

ln
(P

/P
a

)

K/T



 

162 
 

Table G. 4. Kovat´s indices, Jx, of aminoalcohols measured on columns DB-1.  

CAS Compound Jx Jx Jx Jx 
T, K  363 373 383 393 
6168-72-5 2-amino-1-propanol 702 702 703 704 
96-20-8 2-amino-1-butanol 806 807 808 809 
16369-14-5 2-amino-1-pentanol 904 905 906 907 
5665-74-7 2-amino-1-hexanol 1005 1006 1007 1009 
78-96-6 1-amino-2-propanol 691 691 692 693 
13552-21-4 1-amino-2-butanol 794 795 796 797 

Table G. 5. Compilation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of n-alkanes, n-alcohols, n-
alkylamines used for correlations with the chain length (in kJ·mol-1). 

compound ∆ H (298.15 K) a compound ∆ H (298.15 K) a compound ∆ H (298.15 K) a 
  methanol 37.83 methylamine 23.85 
ethane  ethanol 42.5 ethylamine 26.7 
n-propane 16.25 1-propanol 47.5 n-propylamine 31.3 
n-butane 22.4 1-butanol 52.4 n-butylamine 35.7 
n-pentane 26.75 1-pentanol 56.9 n-pentylamine 40.1 
n-hexane 31.7 1-hexanol 61.1 [213] n-hexylamine 45.1 
n-heptane 36.7 1-heptanol 66.8 [213] n-heptylamine 50.0 
n-octane 41.5 1-octanol 70.1 [213] n-octylamine 54.6 
n-nonane 46.4 1-nonanol 76.9 [213] n-nonylamine 60.0 
n-decane 51.4 1-decanol 80.9 [213] n-decylamine 64.9 
n-undecane 56.4 1-undecanol 84.7 [213] n-undecylamine 70.0 

a From compilation by Majer and Svoboda [191]. 

Table G. 6. Compilation of vaporization enthalpies, ∆l
g
𝐻m

o (298.15 K), of aminoalcohols used for 
correlations with the chain length (in kJ·mol-1). 

CAS compound NC ∆ H (298.15 K) a 

78-96-6 1-amino-2-propanol 3 59.3 
13552-21-1 1-amino-2-butanol 4 63.7 
5343-35-1 1-amino-2-pentanol 5 68.2 
72799-62-3 1-amino-2-hexanol 6 73.2 
51411-48-4 1-amino-2-heptanol 7 78.0 
4255-35-0 1-amino-2-octanol 8 82.8 
156-87-6 3-amino-1-propanol 3 62.2 
133325-10-5 4-amino-1-butanol 4 68.8 
2508-29-4 5-amino-1-pentanol 5 72.3 
4048-33-3 6-amino-1-hehxanol 6 76.9 

a From Table 37. 

Table G. 7. Thermochemical data at T = 298.15 K (p° =0.1 MPa) for aminoalcohols (in kJ·mol-
1). 

Compounds ∆ 𝐻m
o (g)G4

a ∆ 𝐻m
o   ∆ 𝐻m

o (liq)b  
2-amino-1-propanol -241.1±3.5 59.7±1.2 -300.8±3.7 
2-amino-1-butanol -261.3±3.5 64.9±0.6 -325.7±3.6 
2-amino-1-pentanol -353.4±3.5 69.1±1.4 -353.4±3.8 

a Data from reference [159], b data from Table 37.  
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Table G. 8. Thermochemical data at T = 298.15 K (p° =0.1 MPa) for pyrazine derivatives available 
in the literature [146,147] (in kJ·mol-1). 

Compounds ∆ 𝐻m
o (liq) 

methyl-pyrazine 118.7±3.5 
ethyl-pyrazine 98.1±2.1 
n-propyl-pyrazine 66.5±3.6 
2,5-di-methyl-pyrazine 67.0±2.0 
2,5-di-ethyl-pyrazine 25.8±3.0 
2,5-di-n-propyl-pyrazine -28.6±3.0 

 
H. Supporting information to Chapter 8 

Table H. 1.Compilation of data on molar heat capacities 𝐶p,m
o (cr or liq) (in J.K-1.mol-1) at T = 

298.15 K for indole, indoline, and 8H-indole.  

 indole  indoline  8H-indole 

T, K 𝐶p,m
o (cr or liq) T, K 𝐶p,m

o (liq) T, K 𝐶p,m
o (liq) 

solid  liquid  liquid  

240 121.99 236 202.16 259 238.14 

244 124.57 238 202.70 261 238.08 

249 118.24 243 203.88 266 238.04 

254 118.26 248 205.19 271 238.24 

259 133.68 253 206.48 276 238.49 

264 137.55 258 207.94 281 238.93 

269 140.55 263 209.29 286 240.47 

274 143.70 268 210.68 291 241.03 

279 147.32 273 212.07 296 241.74 

284 150.58 278 213.63 301 243.09 

289 154.22 283 215.11 307 244.16 

294 158.13 288 216.58 311 244.79 

298 162.15 293 218.04 316 246.36 

314 178.41 298 219.50 321 248.25 

318 181.83 303 221.02 326 249.16 

liquid  308 222.67 331 250.20 

341 207.03 313 224.22 336 251.80 

343 207.87 318 225.72 341 253.57 

345 208.51 323 227.13 346 255.39 

347 209.29 328 229.02 350 256.66 

349 210.18 333 230.57   

  338 232.10   

  343 233.61   

  348 235.14   
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Table H. 2. Compilation of data on molar heat capacities 𝐶p,m
o (cr or liq) and heat capacity 

differences ∆l
g
𝐶p,m

o  (in J.K-1.mol-1) at T = 298.15 K for 2-methyl-indole, 2-methyl-indoline and 2-
methyl-8H-indole. 

 2-Me-indole  2-Me-indoline  2-Me-8H-indole 

T, K 𝐶p,m
o (cr or liq) T, K 𝐶p,m

o (liq) T, K 𝐶p,m
o (liq) 

solid  liquid  liquid  

240 143.34 235 231.49 237 249.63 

244 145.64 240 233.03 242 250.36 

249 148.48 245 234.58 247 251.31 

254 151.33 250 236.18 252 252.42 

259 154.25 255 237.63 257 253.63 

264 157.51 260 239.27 262 254.89 

269 160.14 265 240.78 267 256.19 

274 162.79 270 242.33 272 257.65 

279 165.96 275 243.75 277 258.99 

284 168.69 280 245.43 282 260.69 

289 171.91 285 247.03 287 262.43 

294 174.77 290 248.58 292 264.29 

299 178.47 295 250.12 297 266.16 

304 184.03 300 251.61 302 268.01 

309 189.86 305 253.49 307 270.09 

313 196.09 310 255.02 312 272.37 

  315 256.53 317 274.62 

  320 258.09 322 277.02 

  325 259.56 327 279.20 

  330 261.55 332 281.86 

  335 263.29 337 284.34 

  340 264.96 342 286.91 

  345 266.48 347 289.49 

  349 267.71 350 291.02 

Table H. 3. Results from the transpiration method: absolute vapour pressures pi, standard molar 
sublimation/vaporization enthalpies ∆ , 𝐻  and standard molar sublimation/vaporization 

entropies ∆ , 𝑆 . 

T/ 
Ka 

m/ 
mgb 

V(N2)c / 
dm3 

Ta/ 
Kd 

Flow/ 
dm3·h-1 

𝑝 / 
Pae 

u(𝑝 )/ 
Paf 

∆ / 𝐻 (T)/ 

kJmol-1 

∆ / 𝑆 (T)/ 

JK-1mol-1 

indole, ∆ 𝐻 (298.15 K) = (75.4  1.3) kJ.mol-1 

ln(𝑝 /𝑝 ) =
283.3

𝑅
−

82861.1

𝑅𝑇
−

25.1

𝑅
ln

𝑇

298.15
 

293.1 0.22 4.081 294.5 2.95 1.14 0.03 75.5 163.0 
298.3 0.23 2.442 294.6 2.93 1.93 0.05 75.4 162.5 
301.2 0.22 1.866 296.9 0.99 2.53 0.07 75.3 162.0 
303.2 0.22 1.465 295.4 2.93 3.18 0.08 75.3 162.1 
306.2 0.37 1.856 292.8 2.93 4.15 0.11 75.2 161.7 
308.2 0.24 0.977 295.1 2.93 5.18 0.15 75.1 161.7 
313.1 0.29 0.733 296.6 2.93 8.26 0.23 75.0 161.4 
318.2 0.30 0.496 295.7 0.99 12.79 0.34 74.9 160.8 
321.2 1.41 1.784 296.3 0.99 16.67 0.44 74.8 160.6 
323.2 0.23 0.248 295.9 0.99 19.91 0.52 74.7 160.5 
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indoline. ∆ 𝐻 (298.15 K) = (60.5  0.6) kJ.mol-1 

ln(𝑝 /𝑝 ) =
290.8

𝑅
−

80648.7

𝑅𝑇
−

67.7

𝑅
ln

𝑇

298.15
 

288.7 1.51 6.000 296.5 3.60 5.27 0.16 61.1 129.8 
293.8 1.27 3.333 296.5 2.50 7.94 0.22 60.8 128.3 
296.6 1.22 2.500 296.5 2.50 10.12 0.28 60.6 127.8 
300.5 1.10 1.667 296.5 2.50 13.69 0.37 60.3 126.8 
305.2 1.48 1.542 296.5 2.50 19.91 0.52 60.0 125.7 
308.5 1.43 1.173 296.5 2.01 25.33 0.66 59.8 124.9 
315.2 2.47 1.208 296.5 2.50 42.34 1.08 59.3 123.6 
320.5 1.96 0.670 296.5 2.01 60.62 1.54 59.0 122.4 
325.6 2.76 0.670 296.5 2.01 85.18 2.15 58.6 121.3 
328.2 2.30 0.462 296.5 1.32 103.02 2.60 58.4 120.9 
333.1 3.54 0.510 296.5 1.53 143.61 3.62 58.1 120.0 
335.2 3.05 0.383 296.5 1.15 164.25 4.13 58.0 119.6 

 

8H-indole, ∆ 𝐻 (298.15 K) = (53.5  0.7) kJ.mol-1 

ln(𝑝 /𝑝 ) =
293.7

𝑅
−

75474.3

𝑅𝑇
−

73.6

𝑅
ln

𝑇

298.15
 

277.9 1.60 1.210 293.5 3.03 26.74 0.69 55.0 129.6 
281.9 1.62 0.857 293.7 3.03 38.02 0.98 54.7 128.6 
283.3 3.00 1.462 293.5 3.03 41.06 1.05 54.6 128.0 
288.6 3.55 1.109 293.6 3.03 63.54 1.61 54.2 126.7 
292.7 3.42 0.775 294.0 1.72 87.16 2.20 53.9 125.7 
295.3 3.65 0.650 293.6 1.03 110.65 2.79 53.7 125.4 
299.4 6.67 0.918 294.0 1.72 142.71 3.59 53.4 124.0 
302.3 3.89 0.445 293.2 1.03 171.48 4.31 53.2 123.1 
305.6 5.40 0.482 294.2 1.07 220.17 5.53 53.0 122.5 
310.6 4.98 0.321 294.5 1.07 304.07 7.63 52.6 121.2 
311.9 4.23 0.250 294.2 1.07 331.19 8.30 52.5 120.9 
318.0 7.74 0.303 294.3 1.07 498.16 12.48 52.1 119.6 
319.6 8.92 0.321 294.6 1.07 542.84 13.60 52.0 119.2 
324.7 12.31 0.321 294.3 1.07 745.85 18.67 51.6 118.1 
329.2 16.36 0.321 294.7 1.07 990.49 24.79 51.2 117.3 

 

2-methyl-indole, ∆ 𝐻 (298.15 K) = (85.1  1.2) kJ.mol-1 

ln(𝑝 /𝑝 ) =
304.5

𝑅
−

93204.6

𝑅𝑇
−

27.1

𝑅
ln

𝑇

298.15
 

298.3 0.14 6.687 294.7 2.95 0.38 0.01 85.1 181.6 
301.3 0.14 4.769 296.2 2.95 0.54 0.02 85.0 181.4 
303.1 0.07 2.105 293.4 2.94 0.66 0.02 85.0 181.2 
305.2 0.13 2.852 296.1 2.95 0.85 0.03 84.9 181.2 
308.1 0.13 2.154 294.3 2.94 1.14 0.03 84.9 180.8 
310.2 0.13 1.721 297.0 2.95 1.44 0.04 84.8 180.7 
313.0 0.15 1.469 295.4 2.94 1.92 0.05 84.7 180.3 
318.1 0.15 0.881 294.9 2.94 3.21 0.09 84.6 179.9 
323.1 0.12 0.435 295.5 1.00 5.23 0.16 84.4 179.4 
325.1 0.14 0.418 296.5 1.00 6.33 0.18 84.4 179.3 
328.0 0.16 0.351 295.7 1.00 8.45 0.24 84.3 179.0 
329.0 0.20 0.393 296.0 1.00 9.36 0.26 84.3 179.1 
330.1 0.14 0.259 296.3 1.00 10.43 0.29 84.3 179.0 

 

2-methyl-indoline, ∆ 𝐻 (298.15 K) = (63.0  0.4) kJ.mol-1 

ln(𝑝 /𝑝 ) =
307.7

𝑅
−

85660.1

𝑅𝑇
−

75.9

𝑅
ln

𝑇

298.15
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283.2 0.41 2.557 295.4 2.95 2.99 0.08 64.2 140.0 
285.2 0.48 2.508 295.6 2.95 3.60 0.09 64.0 139.4 
288.1 0.47 1.819 295.5 2.95 4.76 0.12 63.8 138.6 
292.1 0.50 1.353 295.6 3.01 6.89 0.20 63.5 137.7 
293.1 0.59 1.475 294.4 2.95 7.39 0.21 63.4 137.3 
296.1 0.56 1.052 297.0 3.01 9.98 0.27 63.2 136.8 
298.1 0.58 0.934 295.4 2.95 11.48 0.31 63.0 136.1 
303.1 0.43 0.451 296.0 1.00 17.72 0.47 62.7 134.9 
308.1 0.46 0.318 295.8 1.00 26.57 0.69 62.3 133.7 
313.1 0.53 0.251 295.9 1.00 38.95 1.00 61.9 132.4 
318.0 1.36 0.451 296.2 1.00 55.84 1.42 61.5 131.2 
323.2 1.31 0.301 296.6 1.00 80.31 2.03 61.1 129.9 
328.1 1.54 0.251 296.7 1.00 113.76 2.87 60.8 128.8 
333.0 2.13 0.251 296.8 1.00 157.47 3.96 60.4 127.7 

 

2-methyl-8H-indoline, ∆ 𝐻 (298.15 K) = (57.8  0.8) kJ.mol-1 

ln(𝑝 /𝑝 ) =
311.3

𝑅
−

81609.0

𝑅𝑇
−

79.9

𝑅
ln

𝑇

298.15
 

275.1 0.30 0.432 295.8 1.00 12.78 0.34 59.6 142.2 
278.1 1.85 1.987 294.7 2.98 16.85 0.45 59.4 141.3 
280.2 0.37 0.333 295.9 1.00 20.28 0.53 59.2 140.7 
283.2 0.44 0.299 296.1 1.00 26.41 0.69 59.0 139.8 
287.1 1.50 0.749 296.1 1.00 35.82 0.92 58.7 138.4 
287.1 2.16 1.041 295.8 0.99 37.13 0.95 58.7 138.7 
288.2 1.94 0.864 296.5 3.05 40.17 1.03 58.6 138.2 
289.2 1.65 0.661 296.4 0.99 44.68 1.14 58.5 138.1 
290.1 1.72 0.628 294.2 0.99 48.67 1.24 58.4 138.0 
292.1 1.36 0.429 295.3 0.99 56.21 1.43 58.3 137.3 
292.2 1.64 0.516 296.4 1.00 56.65 1.44 58.3 137.2 
293.1 1.63 0.479 294.2 0.99 60.29 1.53 58.2 136.9 
295.1 1.59 0.396 295.4 0.99 71.18 1.80 58.0 136.4 
297.2 1.20 0.251 294.8 1.00 84.65 2.14 57.9 135.9 
297.2 1.60 0.349 296.8 1.00 81.62 2.07 57.9 135.6 
300.1 1.69 0.281 296.1 0.99 106.94 2.70 57.6 135.2 
302.1 1.77 0.251 294.8 1.00 124.70 3.14 57.5 134.6 
303.1 2.26 0.299 296.6 1.00 134.23 3.38 57.4 134.3 
308.1 2.71 0.250 296.8 1.00 192.75 4.84 57.0 133.0 
313.2 4.04 0.251 295.2 1.00 283.28 7.11 56.6 131.9 

Table H. 4. Formula, density (T = 293 K), and massic heat capacity Cp (T = 298.15 K), of the 
materials used in the present study. a 

Compounds Formula  cp
 

  g·cm-3 J·K-1 g-1 
indole (cr) C8H7N 1.19 [190] 1.39 
indoline (liq) C8H9N 1.06 [214] 1.84 
8H-indole (liq) C8H15N 1.07 [215] 1.94 
2-methyl-indole (cr) C9H9N 1.07 [171] 1.37 
2-methyl-indoline (liq) C9H11N 0.99c 1.89 
2-methyl-8H-indole (liq) C9H17N 0.89 c 1.91 
polyethylene  CH1.93 0.92 2.53 
cotton  CH1.774O0.887 1.50 1.67 

a Data for density and specific heat capacity of auxiliary materials are from our previous work [216]: specific energy 
of combustion cu°(cotton) = -16945.2 J·g-1; u(cu°) = 4.2 J·g-1. The specific energy of combustion 
cu°(polyethylene) = -46357.3 J·g-1; u(cu°) = 3.6 J·g-1. 
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Table H. 5. Results for typical combustion experiments at T = 298.15 K (p° = 0.1 MPa). 

 indole indoline 8H-indole 2-Me-indole 2-Me-indoline 2-Me-8H-indole 

m (substance) /g 0.306886 0.343793 0.304871 0.439951 0.272299 0.206533 
m'(cotton) /g 0.002179 0.002165 0.002289 0.002717 0.002313 0.002411 
m''(polyethylene)/g 0.237376 0.218594 0.253545 - 0.341354 0.371671 
Ti 298.14613 298.14697 298.12980 298.14910 298.15741 298.13478 
Tf 299.76760 299.76241 299.82245 299.32132 298.15741 299.92875 
Tc /K 1.49562 1.56304 1.64719 1.10527 1.78026 1.74863 
calor)·(-Tc) /J -22136.75 -23134.65 -24380.14 -16359.13 -26349.68 -25881.49 
cont)·(-Tc) /J -23.60 -25.90 -27.62 -16.64 -30.06 -29.44 
Udecomp HNO3 /J 28.67 29.27 26.28 26.88 25.68 22.10 
Ucorr /J 9.77 9.03 7.24 8.48 9.50 7.84 
-m'·cu' /J 36.92 36.69 38.79 46.04 39.19 40.85 
-m''cu' /J 11004.13 10133.43 11753.66 - 15824.25 17229.66 
cu° /(J·g-1) -36128.4 -37674.2 -41269.2 -37036.8 -38491.2 -41690.9 

Table H. 6. All results for combustion experiments at T = 298.15 K (p° = 0.1 MPa) for the 
crystalline compounds indole and 2-methyl-indole. 

 indole 2-Me-indole 
 36128.4 37036.8 
 36144.4 37036.4 
 36126.6 37023.1 
 36129.9 37046.0 
 36128.0 37039.3 

cu°(cr) /(J·g-1) a -36131.5±3.3 -37036.8±3.7 

∆ 𝐻m
o (cr) /(kJmol-1)b -4235.8±1.3 -4862.6±1.5 

∆ 𝐻m
o (cr) /(kJmol-1)b 87.3±1.6 34.8±1.91 

Table H. 7. All results for combustion experiments at T = 298.15 K (p° = 0.1 MPa) for the liquid 
indole derivatives. 

 indoline H8-indole 2-Me-indoline 2-Me-H8-indole 
 37674.2 41269.2 38491.2 41690.9 
 37670.9 41266.9 38481.0 41700.3 
 37663.9 41260.8 38473.8 41680.4 
 37674.2 41253.1 38475.7 41693.8 
 37683.1 41252.3 38481.7 41683.3 
cu°(liq) /(J·g-1)  -37673.3±3.1 -41260.5±3.5 -38480.7±3.0 -41689.7±3.6 

∆ 𝐻m
o (liq) /(kJmol-1) -4493.6±1.3 -5174.3±1.5 -5130.8±1.5 -5814.1±1.8 

∆ 𝐻m
o (liq) /(kJmol-1) 59.3±1.7 -117.5±1.8 17.2±1.9 -157.1±2.1 
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Table H. 8. Correlation of vaporization enthalpies ∆l
g
𝐻m

o (298.15 K) of cyclic alkanes and aromatics 
with their Kovats´s indices Jx.  

 Jx
 a ∆l

g
𝐻m

o (298.15 K)exp ∆l
g
𝐻m

o (298.15 K)calc
b  

  kJ·mol-1 kJ·mol-1 kJ·mol-1 
cyclopentane 568 28.7±0.1 [191] 28.7 0.0 

methyl-cyclopentane 634 31.8±0.1 [191] 31.6 0.2 

indane 1015 49.0±0.2 [79] 48.5 0.5 

2-methyl-indane 1085 
 

51.6±1.0 
 

indene 1036 50.3±0.2 [179] 49.4 0.9 

2-methyl-indene 1067 
 

50.8±1.0 
 

cis-octahydro-1H-indene 980 46.0±1.3 [115] 46.9 -0.9 

trans-octahydro-1H-indene 950 44.7±1.3 [115] 45.6 -0.9 

pyrrolidine  37.5±0.2 [115]   

2-methyl-pyrrolidine  40.6±1.0 [115]   
a Data on standard non-polar columns [78], b Calculated using the following equation:  ∆l

g
𝐻m

o (298.15 K) /(kJ·mol-1) = 
3.5+0.0443×Jx with (R2 = 0.993). 
 
Table H. 9. Reactions and reaction enthalpies calculated by using quantum-chemical methods for 
indole. 

1.1 
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The enthalpy of formation of Indole ∆ 𝐻m
o (g, 298.15 K), kJ/mol 

method (AT) Reaction 1.1 Reaction 1.2 Reaction 1.3 Reaction 1.4 Reaction 1.5* 
G4 160,4 160,4 160,6 158,7 166,1 159,0 
G3MP2 158,8 160,4 160,9 158,4 165,0 160,0 
CBS-APNO  157,0 157,3 161,2 168,2 162,1 

* In reaction (1.5) instead of the experimental value 0
298Hf  N-methyl-methaneimine value was used by 

G4 (AT) method. 
 
The enthalpies of hypothetical reactions involving Indole ∆ 𝐻m

o  (g, 298.15 K), kJ/mol 
∆ 𝐻m

o  (g, 298.15 K) Reaction 1.1 Reaction 1.2 Reaction 1.3 Reaction 1.4 Reaction 1.5 
G4 86,4 78,9 -20,3 -31,0 -43,1 
G3MP2 86,4 78,6 -20,0 -29,9 -44,2 
CBS-APNO 89,8 82,2 -22,8 -33,1 -46,3 

Table H. 10. Reactions and reaction enthalpies calculated by using quantum-chemical methods 
for indoline. 
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The enthalpy of formation of Indoline ∆ 𝐻m
o (g, 298.15 K), kJ/mol 

method (AT) Reaction 2.1 Reaction 2.2 Reaction 2.3 Reaction 2.4 Reaction 2.5 
G4 117,6 115,1 121,6 117,8 118,4 113,5 
G3MP2 116,0 115,4 120,4 119,1 118,5 114,9 
CBS-APNO  114,2 120,7 118,9 119,4 114,6 

The enthalpies of hypothetical reactions involving Indoline ∆ 𝐻m
o  (g, 298.15 K), kJ/mol 

∆ 𝐻m
o  (g, 298.15 K) Reaction 2.1 Reaction 2.2 Reaction 2.3 Reaction 2.4 Reaction 2.5 

G4 47,9 11,7 -15,5 -18,0 -12,5 
G3MP2 47,6 12,9 -16,8 -18,1 -13,9 
CBS-APNO 48,8 12,6 -16,6 -19,0 -13,6 

 

Table H. 11. Reactions and reaction enthalpies calculated by using quantum-chemical methods 
for 8H-indole. 

3.1 

 
3.2 

 
3.3 

 
3.4 

 
 

The enthalpy of formation of H8-Indole ∆ 𝐻m
o (g, 298.15 K), kJ/mol 

method (AT) Reaction 
3.1 

Reaction 
3.2 

Reaction 
3.3 a 

Reaction 
3.3 b 

Reaction 
3.4 

G4 -63,5 -67,5 -63,6 -59,9 -61,4 -68,0 
G3MP2 -60,5 -66,7 -61,6 -60,4 -62,1 -65,8 
CBS-
APNO 

 -65,4 -61,0 -60,2 -61,5 -65,3 

a – from a reaction involving cis-octahydro-1-indene, b – from a reaction involving trans-octahydro-1-indene. 
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The enthalpies of hypothetical reactions involvingH8-Indole, ∆ 𝐻m
o  (g, 298.15 K) kJ/mol 

∆ 𝐻m
o  (g, 298.15 K) Reaction 3.1 Reaction 3.2 Reaction 3.3 

a 
Reaction 3.3 

b 
Reaction 3.4 

G4 24,5 -25,0 5,8 2,9 -21,9 
G3MP2 23,7 -27,0 6,3 3,6 -24,1 
CBS-APNO 22,4 -27,6 6,1 3,0 -24,6 

a – from a reaction involving cis-octahydro-1-indene, b – from a reaction involving trans-octahydro-1-indene. 

Table H. 12. Reactions and reaction enthalpies calculated by using quantum-chemical methods for 
2-methyl-indole. 

4.1 

 
4.2 

 
4.3 

 
4.4 
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The enthalpy of formation of2-Methyl-Indole ∆ 𝐻m
o (g, 298.15 K), kJ/mol 

method (AT) Reaction 
4.1 

Reaction 
4.2 

Reaction 
4.3 

Reaction 
4.4 

Reaction 
4.5 

Reaction 
4.6 

G4 120,2 119,6 120,6 127,8 119,7 120,6 117,2 
G3MP2 118,9 119,0 121,4 127,1 120,4 121,1 118,4 
CBS-
APNO 

 121,0 116,6 128,7 122,2 115,2 115,2 

The enthalpies of hypothetical reactions involving2-Methyl-Indole ∆ 𝐻m
o  (g, 298.15 K), kJ/mol 

∆ 𝐻m
o  (g, 298.15 K) Reaction 

4.1 
Reaction 

4.2 
Reaction 

4.3 
Reaction 

4.4 
Reaction 

4.5 
Reaction 

4.6 
G4 -13,4 98,0 -27,4 -34,0 103,9 73,3 
G3MP2 -12,8 97,2 -26,7 -34,7 103,4 72,1 
CBS-APNO -14,8 102,0 -28,3 -36,5 109,3 75,3 

Table H. 13. Reactions and reaction enthalpies calculated by using quantum-chemical methods for 
2-methyl-indoline. 
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The enthalpy of formation of2-Methyl-Indoline ∆ 𝐻m
o (g, 298.15 K), kJ/mol 

method (AT) Reaction 
5.1 

Reaction 
5.2 

Reaction 
5.3 

Reaction 
5.4 

Reaction 
5.5 

Reaction 
5.6 

G4 79,4 77,3 78,0 80,1 80,7 84,2 76,8 
G3MP2 78,0 77,9 77,9 81,6 81,6 83,3 77,6 
CBS-
APNO 

 76,1 77,1 80,9 84,2 83,1 78,4 

The enthalpies of hypothetical reactions involving2-Methyl-Indoline ∆ 𝐻m
o  (g, 298.15 K), kJ/mol 

∆ 𝐻m
o  (g, 298.15 K) Reaction 

5.1 
Reaction 

5.2 
Reaction 

5.3 
Reaction 

5.4 
Reaction 

5.5 
Reaction 

5.6 
G4 48,2 52,8 -15,3 -46,0 12,0 -13,5 
G3MP2 47,6 52,9 -16,8 -46,9 12,9 -14,3 
CBS-APNO 49,4 53,7 -16,1 -49,5 13,1 -15,1 

Table H. 14. Reactions and reaction enthalpies calculated by using quantum-chemical methods 
for 2-methyl-8H-indole. 
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The enthalpy of formation of 8H-2-Methyl-Indole ∆ 𝐻m
o (g, 298.15 K), kJ/mol 

method (AT) Reaction 6.1 Reaction 6.2 Reaction 6.3 a Reaction 6.3 b Reaction 6.4 
G4 -100,4 -104,0 -100,1 -98,0 -96,5 -103,4 
G3MP2 -97,3 -103,0 -97,9 -98,3 -96,7 -101,9 
CBS-
APNO 

 -102,2 -97,7 -98,2 -97,0 -100,3 

a – from a reaction involving trans-octahydro-1-indene, b – from a reaction involving cis-octahydro-1-indene. 

The enthalpies of hypothetical reactions involving 8H-2-Methyl-Indole ∆ 𝐻m
o  (g, 298.15 K), kJ/mol 

∆ 𝐻m
o  (g, 298.15 K) Reaction 

6.1 
Reaction 

6.2 
Reaction 

6.3 a 
Reaction 

6.3 b 
Reaction 

6.4 
G4 23,5 -26,0 2,0 4,9 -24,2 
G3MP2 22,5 -28,2 2,3 5,1 -25,7 
CBS-APNO 21,7 -28,4 2,2 5,4 -27,3 

a – from a reaction involving trans-octahydro-1-indene, b – from a reaction involving cis-octahydro-1-indene. 

Table H. 15. Reference values for ∆ 𝐻m
o  (g, 298.15 K) used for calculation reaction enthalpies in 

Table H. 9- Table H. 14 with help of quantum-chemical methods.  

 structure CAS compound formula ∆ 𝐻m
o (g, 298.15 K) Ref 

1 CH3-CH2-CH3 74-98-6 propane C3H6 -104.7 ± 0.5 [115] 

2 

 

95-13-6 indene  C9H8 160.7 ± 1.3 [179] 

3 CH3-NH-CH3 124-40-4 dimethylamine C2H7N -18.6 ± 0.8 [115] 
4 CH3-CH2-CH2-CH3 106-97-8 butane  C4H10 -125.6 ± 0.7 [115] 

5 

 

106-49-0 
4-amino- 
toluene 

C7H9N 57.0 ± 1.3 [217] 

6 CH3-NH-CH2-CH3 624-78-2 
N-methyl-
ethanamine 

C3H9N -46.8 ± 2.0 [218] 

7  74-85-1 ethene C2H4 52.5 ± 0.4 [115] 

8 

 

109-97-7 1-H-pyrole C4H5N 108.3 ± 0.4 [115] 

9 

 

71-43-2 benzene C6H6 82.6 ± 0.7 [115] 

10 
 

142-29-0 cyclo-pentene C5H8 33.9 ± 1.4 [115] 

11 

 

496-11-7 indane C9H10 60.7 ± 1.8 [79] 

12  1761-67-7 
N-methyl-

methanimine 
C2H5N  G4(AT) 

13 

 

62-53-3 aniline C6H7N 87.1 ± 1.0 [115] 

14  74-84-0 ethane C2H6 -83.8 ± 0.4 [115] 

15 

 

123-75-1 pyrrolidine C4H9N -3.4 ± 0.8 [115] 
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16 
 

287-92-3 cyclopentane C5H10 -76.4 ± 0.8 [115] 

17  115-07-1 propene C3H6 20.0 ± 0.8 [115] 

18 
 

110-82-7 cyclohexane C6H12 -123.4 ± 0.8 [115] 

19 

 

108-91-8 
cyclohexyl- 

amine 
C6H13N -103.9 ± 1.3 [219] 

20 
 

4551-51-3 
cis-octahydro-

1H-indene 
C9H16 -127.1 ± 2.0 [115] 

3296-50-2 
trans-octahydro-

1H-indene 
C9H16 -131.5 ± 2.2 [115] 

21 

 

108-88-3 toluene C7H8 50.4 ± 0.6 [115] 

22 

 

119-64-2 tetraline  C10H12 26.0 ± 2.0 [115] 

23 

 

612-17-9 
1,4-dihydro-
naphtalene 

C10H10 138.4 ± 1.6 [201] 

24  74-82-8 methane CH4 -74.4 ± 0.4 [115] 

25 

 

765-38-3 
2-methyl-
pyrrolidine 

C5H11N -40.9 ± 1.6 [220] 

26 
 

693-89-0 
1-methyl-

cyclopentene 
C6H10 -3.8 ± 0.7 [115] 

Table H. 16. Thermodynamic properties of indole in the ideal gas state. 

T. K 𝑆 . J K-1 mol-1 𝐶 . J K-1 mol-1 . J K-1 mol-1 − . J K-1 mol-1 

50 226.9 34.4 33.4 193.5 

100 253.3 44.0 36.0 217.3 

150 273.8 59.0 41.0 232.8 
200 293.3 78.0 47.8 245.5 

273.15 322.2 109.8 60.1 262.1 
298.15 332.3 120.9 64.7 267.6 

300 333.1 121.7 65.1 268.0 

320 341.2 130.4 68.9 272.3 

340 349.4 139.0 72.8 276.6 
360 357.6 147.3 76.7 280.9 
380 365.7 155.4 80.6 285.1 
400 373.9 163.2 84.6 289.4 
420 382.1 170.8 88.5 293.6 
440 390.2 178.0 92.4 297.8 
460 398.2 184.9 96.3 302.0 
480 406.2 191.5 100.1 306.2 
500 414.2 197.8 103.9 310.3 
520 422.1 203.8 107.6 314.5 
540 429.9 209.5 111.3 318.6 
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560 437.6 215.0 114.9 322.7 
580 445.2 220.2 118.4 326.8 
600 452.8 225.2 121.9 330.9 

Table H. 17. Thermodynamic properties of indoline in the ideal gas state. 

T. K 𝑆 . J K-1 mol-1 𝐶 . J K-1 mol-1 . J K-1 mol-1 − . J K-1 mol-1 

50 228.5 36.7 34.0 194.6 
100 257.7 49.2 38.4 219.3 

150 280.4 64.6 44.5 236.0 

200 301.5 83.4 51.8 249.7 
273.15 332.2 115.8 64.5 267.7 
298.15 342.8 127.5 69.3 273.5 

300 343.6 128.4 69.6 274.0 

320 352.2 137.8 73.6 278.6 

340 360.8 147.1 77.7 283.2 

360 369.5 156.2 81.8 287.7 
380 378.2 165.1 85.9 292.3 
400 386.9 173.7 90.1 296.8 
420 395.6 182.1 94.3 301.3 
440 404.2 190.2 98.5 305.8 
460 412.8 198.0 102.6 310.2 
480 421.4 205.5 106.7 314.7 
500 430.0 212.7 110.8 319.1 
520 438.4 219.5 114.9 323.5 
540 446.8 226.1 118.9 328.0 
560 455.2 232.5 122.8 332.4 
580 463.4 238.5 126.7 336.7 
600 471.6 244.3 130.5 341.1 

Table H. 18. Thermodynamic properties of racemic equimolar mixture of (R-,S-), (R-,R-), (S-,R-
), (S-,S-) enantiomers of H8-indole in the ideal gas state. 

T. K 𝑆 . J K-1 mol-1 𝐶 . J K-1 mol-1 . J K-1 mol-1 − . J K-1 mol-1 

50 246.7 43.9 36.8 209.9 
100 282.5 61.3 43.5 239.0 

150 310.8 79.3 51.2 259.6 

200 336.3 99.6 59.8 276.5 
273.15 372.9 137.1 74.4 298.5 
298.15 385.5 151.5 80.0 305.6 

300 386.4 152.5 80.4 306.0 

320 396.7 164.4 85.1 311.6 

340 407.0 176.3 89.9 317.1 

360 417.4 188.2 94.9 322.5 
380 427.9 200.0 99.9 328.0 
400 438.5 211.6 105.0 333.4 
420 449.0 222.9 110.2 338.9 
440 459.7 234.0 115.4 344.3 
460 470.3 244.7 120.6 349.7 
480 480.9 255.1 125.8 355.1 
500 491.6 265.2 131.0 360.5 
520 502.2 274.9 136.2 366.0 
540 512.7 284.3 141.3 371.4 
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560 523.2 293.3 146.4 376.8 
580 533.6 302.0 151.4 382.2 
600 544.1 310.0 156.4 387.7 

Table H. 19. Thermodynamic properties of 2-methyl-indole in the ideal gas state from reference 
[171]. 

T. K 𝑆 . J K-1 mol-1 𝐶 . J K-1 mol-1 
. . J K-1 mol-1 

298.15 368.8 146.1 0.000 
300 369.8 147.0 0.9063 
320 379.5 156.5 10.33 

340 389.3 165.9 19.21 

360 399.1 175.1 27.62 
380 408.8 184.1 35.62 
400 418.4 192.8 43.26 
420 428.1 201.3 50.59 

440 437.6 209.4 57.62 

460 447.1 217.2 64.39 

480 456.5 224.7 70.91 
500 465.8 231.9 77.21 
520 475.0 238.8 83.29 
540 484.2 245.4 89.18 
560 493.2 251.8 94.87 
580 502.2 257.8 100.4 
600 511.0 263.7 105.7 
620 519.7 269.3 110.9 
640 528.4 274.6 116.0 
660 536.9 279.8 120.8 
680 545.3 284.7 125.6 
700 553.6 289.5 130.2 

Table H. 20. Thermodynamic properties of equimolar racemic mixture of R- and S- enantiomers 
of 2-methyl-indoline in the ideal gas state. 

T, K 𝑆 , J K-1 mol-1 𝐶 , J K-1 mol-1 , J K-1 mol-1 − , J K-1 mol-1 

50 247.7 47.3 37.0 210.7 
100 286.1 67.0 45.9 240.2 

150 317.7 91.1 56.6 261.1 

200 347.5 117.8 68.4 279.0 
273.15 390.4 159.7 87.2 303.2 
298.15 405.0 174.0 93.9 311.1 

300 406.0 175.0 94.4 311.7 

320 417.7 186.2 99.7 318.0 

340 429.3 197.1 105.1 324.2 

360 440.9 207.6 110.5 330.3 
380 452.4 217.8 115.9 336.5 
400 463.8 227.6 121.3 342.5 
420 475.1 236.9 126.5 348.6 
440 486.4 245.8 131.8 354.6 
460 497.5 254.3 136.9 360.6 
480 508.5 262.5 142.0 366.5 
500 519.3 270.2 146.9 372.4 
520 530.1 277.6 151.8 378.3 
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540 540.7 284.6 156.6 384.1 
560 551.2 291.3 161.3 389.9 
580 561.5 297.8 165.9 395.6 
600 571.7 303.9 170.4 401.3 

Table H. 21. Thermodynamic properties of racemic equimolar mixture of (R-,S-), (R-,R-), (S-,R-
), (S-,S-) enantiomers including (R-, S- enantiomers of C2 position) of H8-2-methyl indole in the 
ideal gas state. 

T, K 𝑆 , J K-1 mol-1 𝐶 , J K-1 mol-1 , J K-1 mol-1 − , J K-1 mol-1 

50 260.5 46.7 38.6 221.9 
100 299.5 69.3 47.1 252.4 

150 332.2 93.9 57.5 274.7 

200 362.7 119.5 68.7 294.0 
273.15 406.1 162.6 86.7 319.4 
298.15 421.0 178.6 93.3 327.7 

300 422.2 179.8 93.8 328.3 

320 434.2 193.0 99.3 334.9 

340 446.3 206.1 104.9 341.4 

360 458.4 219.2 110.6 347.8 
380 470.6 232.1 116.4 354.2 
400 482.9 244.8 122.2 360.6 
420 495.1 257.3 128.1 367.0 
440 507.4 269.3 134.0 373.4 
460 519.6 281.0 139.9 379.7 
480 531.8 292.4 145.7 386.1 
500 544.0 303.3 151.6 392.4 
520 556.1 313.9 157.4 398.7 
540 568.1 324.1 163.1 405.0 
560 580.1 333.9 168.8 411.3 
580 591.9 343.3 174.4 417.6 
600 603.7 352.4 179.9 423.8 

 
 


