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Abstract

:

Alkyl-cyclohexanes can be considered as suitable model compounds to understand the thermochemistry of aromatic compounds and their hydrogenated counterparts discussed as Liquid Organic Hydrogen Carrier systems. Thermochemical measurements on these hydrogen-rich compounds are thwarted by complications due to the 99.9 % purity limitation and sample size specific to these methods. However, the data on vaporisation and formation enthalpies are necessary to optimize the hydrogenation/dehydrogenation processes. In this work, various empirical and theoretical methods are described to reliably assess the gas phase enthalpies of formation and vaporization enthalpies of alkyl-substituted cyclohexanes. The empirical and quantum-chemical methods have been validated against reliable literature data and provide reasonable estimates with an accuracy comparable to that of the experimental data. The liquid phase enthalpies of formation of differently shaped alkyl-cyclohexanes were derived and used to estimate the energetics of their dehydrogenation reactions. The influence of alkyl substituents on the reaction enthalpy is discussed. The vapour pressures of typical hydrogen-rich compounds at technically relevant temperatures were calculated and compared to vapour pressures of biodiesel fuels measured in this work using the static method.
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1. Introduction


Hydrogen storage technologies based on dehydrogenation and reversible hydrogenation of liquid organic compounds (LOHC) are considered promising for a future sustainable energy system [1]. LOHC systems are usually composed of aromatic molecules that are reversibly hydrogenated over a catalyst and under pressures of 8–50 bar. The release of hydrogen also takes place catalytically at temperatures of 220 to 340 °C and under hydrogen partial pressures from sub-atmospheric to 10 bar [2,3]. The key benefit of hydrogen storage in LOHC systems is that the hydrogen is stored within the liquid carrier, which has physical properties (viscosity, density, vapour pressure, etc.) which enable easy handling. Therefore, the LOHC compounds can be stored, transported and distributed using technologies similar to the current fuel infrastructure. The carrier itself is recovered after hydrogen release and can be utilized in further storage cycles.



Homocyclic molecules (i.e., without any heteroatom in the ring) have the advantage of high stability in the multicycle reaction process [4]. Coking might occur to a certain extent during dehydrogenation, but if the catalytic reaction is performed properly, this decomposition becomes negligible. Alkylation of these molecules can have a positive effect on their properties, such as a decreased melting point. Yet, substitution on the ring can also have impact on the reaction thermodynamic properties. The aim of this work is the systematic evaluation of the thermochemical data for fully hydrogenated LOHCs based on alkylated homocyclic structures. Experimental methods, backed by quantum chemical calculations for validation, have been applied to obtain a consistent database for a reliable comparison of the different types of molecules from this substance class with regard to their reaction thermodynamics. A significant part of this work deals with the energetics of vaporisation processes and absolute vapour pressures. This is not only indispensable for the development of chemical engineering for hydrogenation/dehydrogenation processes, but also for the storage and distribution of the hydrogen-rich LOHC. Indeed, low volatility of LOHC compounds is desired in order to reduce evaporation during dehydrogenation and mitigate safety risks.



In previous work, LOHC-systems composed of pairs of hydrogen-lean (aromatic) molecules and hydrogen-rich (aliphatic) molecules have been studied [5,6,7]. The thermodynamics of fully hydrogenated products have turned out to be very difficult to predict because of the high flexibility and complex conformational behavior. The main idea of this work is to study the structure-property relationships in the flexible cyclic aliphatic molecules and to develop empirical and theoretical methods to predict their thermodynamic properties. These findings will also be useful for verifying the reliability of existing data. On the other hand, these methods allow the assessment of properties for molecules that are required for the optimization of the hydrogenation/dehydrogenation processes but have not yet been subject to experimental investigation of their thermodynamic properties.




2. Methodology


The standard molar reaction enthalpies,    Δ r   H m o   , are one of the fundamentals of process optimization. The enthalpies of the dehydrogenation reactions are desired to be as low as possible to decrease the energy demand of hydrogen release [8]. The reaction takes place under pressure, and the reactants are liquids (except for hydrogen) under the reaction conditions. According to Hess’s Law, the liquid-phase standard molar enthalpies,    Δ f   H m o   (liq), of the reactants are required to calculate the dehydrogenation enthalpy for any hydrogen storage LOHC-system. As a matter of fact, the thermochemical properties of aromatic compounds as the hydrogen-lean counterpart to the LOHC systems have been intensively studied in the past [9]. In contrast, the partially and fully hydrogenated products–aliphatic cyclic molecules–have received far less attention. With increasing interest in these molecules as hydrogen-rich compounds of LOHC systems, the lack of thermodynamic data becomes problematic. Moreover, the available data are very inconsistent and questionable, which can lead to errors in process engineering. The following example shows the problematic current situation. Only recently an interesting LOHC system based on the eutectic mixture (diphenylmethane + biphenyl) leading to the liquid hydrogen carrier (dicyclohexylmethane + bicyclohexyl) was proposed [10]. We have extensively studied the thermochemistry of biphenyl and bicyclohexyl, and the data have proven to be reliable [11,12]. Therefore, there were no troubles in determining the enthalpy of dehydrogenation of bicyclohexyl [12]. However, one question remains to be answered reliably: What is the reaction enthalpy for dehydrogenation of dicyclohexyl-methane (see Figure 1)?



Consistent thermochemical data have also been reported in the literature for diphenyl-methane [13,14,15]. However, for dicyclohexylmethane three completely different    Δ f   H m o   (liq)-values are found in the most commonly used NIST-webbook [16]. The numerical results are given in Table 1.



The results calculated in Table 1 from the data available in the literature for the enthalpy of dehydrogenation,    Δ r   H m o   (liq)/H2, referred to 1 mole of hydrogen evolved, are not helpful in deciding whether adding diphenyl-methane to the biphenyl is a good idea or not. Indeed, for comparison, the energetic effect    Δ r   H m o   (liq)/H2 = 65.4 kJ·mol−1 was determined for bicyclohexyl [11,12]. So if the value    Δ r   H m o   (liq)/H2 = 153.4 kJ·mol−1 (see Table 1) is correct, the idea is questionable. However, if the value    Δ r   H m o   (liq)/H2 = 65.3 kJ·mol−1 (see Table 1) is correct, the total energy of dehydrogenation remains more or less the same for the mixture. The only question left to answer is which value is correct. Therefore, the main task of this study is to develop a straightforward algorithm that allows a reasonably accurate assessment of the liquid-phase standard molar enthalpies of formation of the hydrogen-rich compounds of given LOHC systems.



A textbook equation that relates the thermochemical properties relevant to this work is:


   Δ f   H m o     g  =  Δ f   H m o      liq   +  Δ l g   H m o   



(1)




where    Δ f   H m o   (g) is the gas-phase standard molar enthalpy of formation and    Δ l g   H m o    is the standard molar enthalpy of vaporisation. The    Δ f   H m o   (liq)-values are usually derived from combustion experiments, from solution calorimetry or from chemical equilibrium studies [20]. The    Δ l g   H m o   -values are usually directly measured calorimetrically or derived from the vapour pressure-temperature dependences [21]. There are at least two aggravating limitations related to the experimental thermochemical measurements. First, the purity of the samples is required to be better than 99.9 %. Secondly, the measurements are material-intensive. As a rule, about 5–10 g of the high-purity sample is needed to measure both contributors to Equation (1). Unfortunately, both of these limitations make systematic thermochemical studies with typical hydrogen-rich LOHC compounds not straightforward, since the most interesting samples are not commercially available. Moreover, for custom synthesis, sample purities are very difficult to achieve, even at levels of 95–98 %, since the naturally occurring cis- and trans-isomers of cyclic compounds are virtually impossible to separate. These apparent limitations force us to conclude that only structure-property correlations and theoretical methods could provide a remedy to obtain the reliable thermochemical data for the hydrogen-rich counterparts. In this work, the focus has been restricted to    Δ f   H m o   (liq) as a goal thermochemical property that is relevant to the energetics of hydrogen storage. In the first step, Equation (1) has been re-written as follows:


   Δ f   H m o      liq ,   298.15    K    =  Δ f   H m o      g ,   298.15    K    −  Δ l g   H m o      298.15    K     



(2)







The symbols for enthalpies have been extended to include temperatures, since it is common in thermochemistry to refer all enthalpies given in Equations (1) and (2) to an arbitrary but common reference temperature. In this work, T = 298.15 K was chosen as the reference temperature. Since all three enthalpies are related, in the second step a decision has to be made which enthalpies are better suited for structure-property correlations and theoretical methods. From a practical point of view, the gas phase enthalpies of formation are the best choice. The reason for this is that    Δ f   H m o   (g, 298.15 K)-values reflect the energy content of a single molecule flying freely in vacuum (or gas, but without interacting with other molecules). Therefore, the energetics of this single molecule is easy to understand and correlates with the peculiarities of its structure. In contrast, the    Δ f   H m o   (liq, 298.15 K)-values reflect not only the intrinsic energetics of the molecule but also the intensity of the intermolecular interactions in the liquid phase. Therefore, the interpretation of these combined intra- and inter-molecular interactions is still possible but is influenced by many factors, making it difficult to understand. The enthalpy of vaporisation accounts for the total amount of intermolecular interactions in the liquid phase. According to our experience [22], the    Δ l g   H m o   (298.15 K)-values are subject to a group additivity rule and different correlations with the structural elements. Therefore, to draw the conclusion for the second step, it makes sense to develop appropriate tools to correlate and predict the    Δ f   H m o   (g, 298.15 K) and    Δ l g   H m o   (298.15 K) and finally to calculate the    Δ f   H m o   (liq, 298.15 K)-values as their difference according to Equation (2). This guideline helps in following the logic of combining experimental methods for determining thermochemical properties with theoretical methods based on quantum-mechanics for validation as applied in this work.



2.1. Basics of the Group-Additivity Concept (“Centerpiece” Approach)


Group additivity (GA) methods are successfully used to predict both the gas-phase enthalpies of formation and vaporisation enthalpies [22]. The idea behind conventional GA methods is to split the experimental enthalpies of molecules into relatively small groups in order to obtain well-defined numerical contributions for them. The prediction then proceeds as construction of a framework of a desired model molecule from the appropriate number and type of these contributions. Comprehensive systems of group contributions (or increments) are developed, covering the main classes of organic compounds [22,23,24]. Admittedly, the applicability of GA in the case of cyclic molecules is limited. To overcome this limitation, various ring corrections are implemented in the GA parameterization; however, each correction term is specific only to a particular unsubstituted ring (e.g., for cyclobutane, cyclopentane, cyclohexane, etc.). However, any type of substitution significantly affects ring strain due to intense interactions of the substituent(s) with the ring. This general GA limitation cannot be overcome easily [25]; however, previous work with the hydrogen-rich LOHC compounds has shown that a variation of the GA method, referred to as the “centerpiece” approach [26,27], gives acceptable results for the gas phase enthalpies of formation and for vaporisation enthalpies of these technically important molecules. The idea of the “centerpiece” approach is to select a potentially large “centerpiece” molecule that has a reliable enthalpy and that can generally mimic the structure of the molecule of interest. Then the necessary groups or blocks are attached to the “centerpiece”, resulting in the construction of the desired molecule. A prerequisite for this method is that reliable experimental data are available for the selected “centerpiece” molecule.



For example, for dicyclohexyl-methane, either ethyl-cyclohexane or methyl-cyclohexane can be selected as the suitable “centerpieces”. The enthalpies of formation and enthalpies of vaporisations for both molecules are well-established [9]. The idea is illustrated in Figure 2, Figure 3 and Figure 4.



First, by cutting off the CH3 group from ethyl-cyclohexane and from methyl-cyclohexane, the two “fragments” needed to construct the dicyclohexyl-methane were derived (see Figure 2).



Second, both “fragments” are merged to give the desired molecule dicyclohexyl-methane (see Figure 3). Alternatively, the molecule dicyclohexyl-methane can be constructed from two “-(cyclohexane)” fragments and the methylene group (see Figure 4). The numerical values for the species involved in these calculations are given in Table S1 (electronic supporting materials).



The results obtained by both methods are essentially the same, e.g., the vaporisation enthalpy    Δ l g   H m o   (298.15 K) = 64.7 ± 1.0 kJ·mol−1 according to Figure 3 and    Δ l g   H m o   (298.15 K) = 64.5 ± 1.0 kJ·mol−1 according to Figure 4. Therefore, using the gas-phase enthalpy of formation of dicyclohexyl-methane,    Δ f   H m o   (g, 298.15 K) = −242.4 ± 2.0 kJ·mol−1 assessed as shown in Figure 3 with the corresponding    Δ l g   H m o   (298.15 K) = 64.7 ± 1.0 kJ·mol−1, the “empirical” liquid-phase enthalpy of formation was estimated to be    Δ f   H m o   (liq, 298.15 K) = −242.4 − 64.7 = −307.1 ± 2.2 kJ·mol-1, which was further re-calculated into    Δ r   H m o   (liq)/H2 = 67.3 kJ·mol−1 (see Table 1) for comparison with other values available from the literature data. These “empirical” results are now helping to resolve contradictions that are evident from the available data. Furthermore, the estimate value of    Δ r   H m o   (liq)/H2 = 67.3 kJ·mol−1 (see Table 1) could be considered more reliable than the value of    Δ r   H m o   (liq)/H2 = 65.3 kJ·mol−1 calculated from Ref. [18] (see Table 1), because of the questionable purity of the sample studied by Wise et al. [18].



To further validate the “centerpiece” approach by a more challenging task, the enthalpies of formation and enthalpies of vaporisation of the perhydro-dibenzyltoluene, which is the hydrogen-rich component of the LOHC system based on dibenzyltoluene (Marlotherm SH®) [25], have been calculated. Obviously 1,2,3-trimethylcyclohexane is the perfect “centerpiece” to start the calculations. The “fragment” required to construct perhydro-dibenzyltoluene was derived by splitting off two CH3 groups from 1,2,3-trimethylcyclohexane (see Figure 2). The desired molecule is built up by fusing this “centerpiece” with two “-CH2-(cyclohexane)” fragments (see Figure 5).



It was found that the vaporisation enthalpy    Δ l g   H m o   (298.15 K) = 90.9 ± 1.5 kJ·mol−1 estimated in this way agrees with the experimental value    Δ l g   H m o   (298.15 K) = 88.2 ± 1.5 kJ·mol−1 [25] within the experimental uncertainty. The “empirical” gas-phase enthalpy of formation of perhydro-dibenzyltoluene,    Δ f   H m o   (g, 298.15 K) = −380.9 ± 2.0 kJ·mol−1, assessed as shown in Figure 5, also agrees with the experimental value    Δ f   H m o   (g, 298.15 K) = −387.4 ± 7.7 kJ·mol−1, within the experimental uncertainty.



It should be mentioned that the conventional GA procedure really failed to correctly predict the energetics of perhydro-dibenzyltoluene properly: the values    Δ l g   H m o   (298.15 K) = 94.7 kJ·mol−1 and    Δ f   H m o   (g, 298.15 K) = −409.2 kJ·mol−1, as estimated in previous work [25], differ significantly from the experiment. The secret of the success of the “centerpiece” approach lies in the fact that the main energetic contribution(s) is already stored in the “centerpiece”(s) and the attached groups are precisely parameterized [21,22,23]. The “centerpiece” as a “pen and paper” approach is used frequently to quickly assess the quality of the available literature data, but also to estimate the “expected” value of the ongoing thermochemical experiment, and in this way to avoid possible systematic errors. However, in the 21st century, everyday laboratory work is unthinkable without modern quantum chemical methods.




2.2. Quantum Chemistry: From Doubts to Enthusiasm


Since 2012 [28] we have applied high-level quantum chemical methods to calculate the gas-phase enthalpies of formation of the hydrogen-lean and hydrogen-rich counterparts of LOHC systems. From this experience, there are few problems with the composite methods (G3MP2 and G4) when applied to the “relatively” large LOHC molecules containing at least 20−30 “heavy” atoms. The first is the time commitment, which is gradually becoming bearable (the G3MP2 calculations with perhydro-dibenzyltoluene in 2015 [25] took two months with the facilities of the University of Rostock computing center). The second issue is an ambiguity related to the choice of compounds for the different reaction types used to convert the H298 enthalpies to the standard molar enthalpies of formation. The details of this issue can be found elsewhere [29]. However, the years of “mutual validation” of the experimental and quantum chemical (theoretical) enthalpies of formation performed in our laboratory allowed the conclusion that only if both results agree within the combined uncertainties can the final result can be considered reliable. If this is not the case, the experimental efforts (additional purification of the sample, variation of experimental conditions) as well as computational work (search for possibly more stable conformers, use of another method) are continued. Furthermore, the independent structure-property correlations (e.g., the “centerpiece” approach) are involved to obtain an unbiased value for the property under investigation. To give an example of such a successful continuity: for perhydro-dibenzyltoluene, the experimental enthalpy of formation    Δ f   H m o   (g, 298.15 K)exp = −387.4 ± 7.7 kJ·mol−1 [25] was combined from the combustion experiments and the vapour pressure measurement, the empirical value    Δ f   H m o   (g, 298.15 K)emp = −380.9 ± 2.0 kJ·mol−1 (see above) was calculated according to the “centerpiece” approach, and finally the theoretical G3MP2 result    Δ f   H m o   (g, 298.15 K)theor = −379.7 ± 4.1 kJ·mol−1 was calculated earlier [25] and corrected in this work (as shown in Section 3.1). It is evident that all three values agree within their combined uncertainties, providing confidence in the thermochemical results for this compound. In this work, the G3MP2 method was applied to calculate the gas phase enthalpies of formation of differently shaped alkyl-substituted cyclohexanes (see Section 3.1) for “mutual validation” of the experimental and theoretical results useful for calculations of the hydrogen-rich LOHC components.




2.3. Empirical Correlations: Vaporisation Enthalpies vs. Kovats Retention Indices


Kovats retention indices are widely used in analytical chemistry to identify molecules in the reaction mixture. According to Kovats [30], the index of an analyte x is its relative time position between the nearest n-alkanes eluting immediately before and after a target analyte. The Kovats retention index, Jx, is calculated with help of retention times of n-alkanes used as standards [30,31]:


   J  x     =   lg    t x    − lg    t N      lg    t  N + 1     − lg    t N      × 100 + 100 N  



(3)




where x refers to the adjusted retention time t, 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.



The fundamental variable tracked in GC is the retention time, which is a strong function of the experimental conditions. However, the main idea of the Kovats index is to trap the analyte in the network of alkanes and to reduce this dependence on experimental conditions. The retention indices are usually given for non-polar and polar types of GC columns. It is well-known that the vaporisation enthalpies of structurally similar molecules show a linear dependence when correlated with retention indices:


    Δ l g   H m o   ( 298.15 K ) / ( kJ ·  mol  − 1   ) = A + B ×  J x   



(4)







This correlation can be used to estimate the vaporisation enthalpies of compounds for which the retention indices are available. Collections and compilations of Kovats indices are available and ready to use [31,32]. The correlation is good for both non-polar and polar columns [33]; however, the range of “similarly shaped” compounds is less specific and broader when the non-polar column is used. The experimental reproducibility of the retention index is usually very good (within a few units) when measured isothermally or with the temperature raising program. It is noticeable that the retention indices, measured on non-polar columns with different stationary phases, hardly differ. The fluctuations do not exceed 5–10 units when comparing the data at the same column temperature. This feature is particularly valuable for analyte identification. Temperature has a moderate effect on Jx, and even the Jx measured on the temperature program are not significantly different from isothermal results. For numerous individual compounds, it has been investigated how the fluctuations in the retention indices affect the vaporisation enthalpies derived from the linear relationships. It was found that fluctuations in Jx-values of 15–20 units caused the scatter in    Δ l g   H m o   (298.15 K)-values to be well below 1.5 kJ·mol−1, which is comparable to the experimental uncertainties of vaporisation enthalpies measured by conventional methods. Retention indices of alkyl-substituted cyclohexanes related to hydrogen storage were collected and used to correlate with vaporisation enthalpies in Section 3.2.




2.4. Empirical Correlations: Vaporisation Enthalpies vs. Normal Boiling Temperatures


The normal boiling temperatures, Tb, of chemicals are one of the mandatory physicochemical properties most frequently reported in the literature, as these values are measured by distillation and are traditionally used to identify compounds. The normal boiling temperatures, Tb, are directly related to the vaporisation enthalpies    Δ l g   H m o   (Tb), but the robust correlations with the    Δ l g   H m o   (298.15 K)-values are also known from the literature [34]. Such correlations are particularly successful for a series of structurally similar molecules and the linear dependence:


    Δ l g   H m o   ( 298.15 K ) / ( kJ ·  mol  − 1   ) = A + B ×  T b   



(5)




is usually established and used to estimate the vaporisation enthalpies of compounds for which the normal boiling temperatures are available in the literature [16,35].



Correlations of vaporisation enthalpies with the retention indices and with normal boiling temperatures are expected to provide the basis for evaluation of the    Δ l g   H m o   (298.15 K)-values related to hydrogen storage.





3. Results and Discussion


3.1. Quantum Chemistry: Theoretical Enthalpies of Formation


It is common practice to test any empirical or theoretical method against a set of reliable experimental data. There are fourteen gas-phase enthalpies of formation of alkyl-substituted cyclohexanes (see Table 2) in the most recognized compilation of thermochemical data by Pedley et al. [9].



This dataset was utilized to validate the results of the composite method G3MP2 [36]. Stable conformers were found by using a computer code named CREST (conformer-rotamer ensemble sampling tool) [37] and optimised with the B3LYP/6-31g(d,p) method [38]. The energies E0 and the enthalpies H298 of the most stable conformers were finally calculated by using the G3MP2 method implemented in the Gaussian Software [39].



The enthalpies H298 from the output files were converted into the theoretical gas-phase enthalpies of formation of alkyl-cyclohexanes using an atomisation (AT) reaction [29]. As can be seen from Table 2, the enthalpies of formation calculated by AT are slightly but systematically more negative. Such a feature of AT reactions is known [40], but this disadvantage can be easily removed by correcting the calculated results. The latter correction was derived from the correlation between experimental enthalpies of formation (see Table 2) and the    Δ f   H m o   (g, AT)G3MP2-values directly calculated via atomisation reaction:


   Δ f   H m o     g    theor  / kJ ·  mol  − 1   = 0.970 ×  Δ f   H m o      g ,    AT       G 3 MP 2   − 3.2    with     R 2  = 0.9998  



(6)







The theoretical    Δ f   H m o   (g)theor values of alkyl-cyclohexanes “corrected” in this way agree well with the experimental values (see Table 2, column 5). For most species involved in calculations in Table 2, the deviations between the experimental values and estimates are well below 1 kJ·mol−1, so it is reasonable to assess the real uncertainties of the G3MP2 calculated values to be ±2 kJ·mol−1.



It is now interesting to compare the gas-phase enthalpy of formation of dicyclohexyl-methane,    Δ f   H m o   (g, 298.15 K) = −242.4 ± 2.0 kJ·mol−1 determined as in Figure 3 with the corresponding result from quantum chemical calculations for this molecule:    Δ f   H m o   (g, 298.15 K) = −241.8 ± 2.0 kJ·mol−1 (see Table 3). The perfect agreement confirms the applicability of the two methods for molecules relevant to hydrogen storage.



In our experience, using the atomization reaction to derive the gas phase enthalpies of formation of H298 is an optimal way to get unbiased results, since using other types of different reactions is strongly influenced by the choice of molecules to set up the required reactions. Proper use of AT reactions, however, requires a representative set of similarly shaped molecules. For example, in Table 3 a series of alkylbenzenes with reliable experimental data have been compiled and their gas-phase enthalpies of formation by G3MP2 (see Table 3, column 2) are calculated.



For this set, too, the results calculated by G3MP2 are more negative than in the experiment, but to a much greater extent. Nevertheless, the correction of the calculated data by the simple linear equation:


   Δ f   H m o     g    theor  / kJ ·  mol  − 1   = 1.0003 ×  Δ f   H m o      g ,    AT       G 3 MP 2   + 8.4    with     R 2  = 0.9992  



(7)




gives a good agreement between theory and experiment. Therefore, we recommend the application of Equations (6) and (7) in combination with the AT reaction for a reliable G3MP2 calculation of gas-phase enthalpies of the hydrogen-rich and hydrogen-lean counterparts of the LOHC systems.



The “centerpiece” approach can also be applied to estimate the enthalpies of formation of the di- and tri-alkyl-substituted cyclohexanes, but there are two obvious limitations of this method with respect to these molecules. First, the calculations of cyclohexanes that are alkyl-substituted in 1,2-positions on the ring make no sense since steric repulsions from substituents placed in close proximity cannot be modeled by GA methods. Second, according to the textbook, the trans-isomers of cyclic molecules are usually more stable than cis-isomers, but the differences between trans- and cis-isomers also cannot be accounted for by most GA methods, including the “centerpiece” approach. However, for the technical calculations a dominance of the trans-isomers in the reaction mixtures of hydrogenation/dehydrogenation processes can be assumed. With this assumption, the “centerpiece” approach was applied to calculate the gas-phase enthalpies of formation of trans-alkyl-substituted cyclohexanes collected in Table 4.



As can be seen from Table 4, the “centerpiece” approach provides reasonable    Δ f   H m o   (g)-estimates of alkyl-cyclohexanes simply by using “pen and paper”.



The limitations of the “centerpiece” approach towards alkyl-cyclohexanes described above are also valid for calculations of their vaporisation enthalpies.However, reasonable    Δ l g   H m o   -estimates were obtained even for tri-alkyl-substituted cyclohexanes, as shown in Table 5.




3.2. Empirical Correlations to Assess Vaporisation Enthalpies of Alkyl-Cyclohexanes


Significantly more data on experimental vaporisation enthalpies of alkyl-cyclohexanes (see Table 6, Tables S3 and S4) are available compared to data on formation enthalpies (see Table 3). The fourteen enthalpies of vaporisation were taken from the comprehensive book by Majer and Svoboda [43]; the seven enthalpies of vaporisation were compiled from the original literature [44,45]; for four alkyl-cyclohexanes enthalpies of vaporisation were derived from experimental vapour pressures found in the literature (see Table S4). Kovats retention indices were taken from the original literature [46,47,48] (see Table S3), and normal boiling points were taken from online databases [16,49,50] (see Table S4). Results for correlations of experimental enthalpies of vaporisation versus Kovats retention indices and versus normal boiling temperature are shown in Table 6.



The vaporisation enthalpies    Δ l g   H m o   (298.15 K) and Kovats indices, Jx, on non-polar columns correlate according to the following equation:


   Δ l g   H m o      298.15    K    /   kJ ·  mol  − 1     = − 0.9 + 0.0485 × J x    with       R 2  = 0.998    



(8)







The vaporisation enthalpies    Δ l g   H m o   (298.15 K) and normal boiling temperatures, Tb, correlate according to the following equation:


   Δ l g   H m o      298.15    K    /   kJ ·  mol  − 1     = − 37.6 + 0.1927 × T b    with       R 2  = 0.989    



(9)







The “empirical” vaporisation enthalpies derived from Equation (8) (see Table S3, column 5) and from Equation (9) (see Table S4, column 5) agree well with the experimental values taken for correlations. Such good agreement can be considered as evidence of good consistency of the experimental data included in correlations. The results given in Tables S3 and S4 indicate that differences between experimental vaporisation enthalpies and “empirical” values calculated according to Equations (8) and (9) are mostly below 1.0 kJ·mol−1. Therefore, the uncertainties of the enthalpies of vaporisation, which are estimated from the empirical correlation of    Δ l g   H m o   (298.15 K) with the Kovats indices and with the normal boiling points, are evaluated with an uncertainty of ±1.5 kJ·mol−1. In addition, for the alkyl-cyclohexanes with known Jx and Tb, their vaporisation enthalpies were calculated using Equations (8) and (9) and significantly expand the database of molecules relevant to hydrogen storage.



Both of the empirical correlations proposed above require experimental input; therefore, predicting the enthalpy of vaporisation in the absence of these input data is not possible. In this case, empirical correlations based on the number of carbon atoms in the molecule might be helpful. For example, the simplest estimation procedure, linearity of    Δ l g   H m o    298.15    K      with the number of carbons, has been shown to provide a high degree of accuracy for the homologous series of n-alkanes [51]. However, compared to their linear isomers, the branched hydrocarbons all have lower vaporisation enthalpies [52]. To account for this peculiarity, a simple two-parameter equation was previously suggested [52,53]:


   Δ l g   H m o    298.15    K    = 4.69 ×   ν C − n C 4   + 1.3 n C 4 + 3.0  



(10)




where   ν C   denotes the total number of carbon atoms and   n C 4   the number of those that are quaternary. A good approximation to the experimental    Δ l g   H m o    298.15    K      can only be obtained from this two-parameter equation for the methyl- and ethyl-substituted cyclohexanes considered in this work (see Table S6). However, the iso-propyl and tert-butyl-substituted cyclohexanes are systematically overestimated by up to 9 kJ·mol−1 (see Table S7). To improve the quality of the prediction, it was decided to increase the number of parameters to account for the different types of carbon branching and the four-parameter equation:


   Δ l g   H m o    298.15    K    = 5.65 × n C 1 + 5.23 × n C 2 + 3.08 × n C 3 + 0.02 × n C 4  



(11)




fit significantly better versus the numbers n of primary   C 1  , secondary   C 2  , tertiary   C 3  , and quaternary   C 4  , carbon atoms (see Table S7). Even the prediction for the 1,3,5-tri-iso-propyl and 1,3,5-tri-tert-butyl-substituted cyclohexanes could be considered fair considering the simplicity of Equation (11). A quick review of Table S7 shows the average discrepancy for new Equation (11) of 1.1 kJ·mol−1 and calculated for old according to Equation (10) of 1.6 kJ·mol−1. This quantity is small enough for both equations that it could be assumed that both methods can be useful in predicting    Δ l g   H m o    298.15    K      for the “not-highly branched” alkyl-cyclohexanes in cases where experimental data do not exist.




3.3. Liquid-Phase Enthalpies of Formation and Thermodynamic Analysis of the Dehydrogenation/Hydrogenation of the Alkyl-Cyclohexane-Based LOHC Systems


Having established the consistency of the data sets for enthalpies of formation and vaporisation enthalpies for alkyl-cyclohexanes, it is now interesting to follow the influence of structure on the dehydrogenation enthalpy. The compilation of the data required for this analysis is given in Table 7.



Cyclohexane dehydrogenation is the least complicated example (see Figure 6).



Heat of reaction per mole of hydrogen is given in the last column of Table 7. As can be seen from this table, the    Δ r   H m o   /H2-values for the alkyl-substituted cyclohexanes are very close, considering the experimental uncertainties of the reaction enthalpies. The results for dimethyl and methyl-ethyl-substituted cyclohexanes are slightly lower, indicating a preference of these molecules for hydrogen release. The highly branched di-tert-butyl-cyclohexane also has a comparatively low reaction enthalpy. The lengthening of the alkyl chain does not affect the reaction enthalpy. In summary, this work can show systematically for the first time that the structure of the alkyl substituents and their position on the cyclohexane ring has very little effect on the    Δ r   H m o   /H2-values, but the reduction in reaction enthalpies from 205 to 187 kJ·mol-1 due to alkylation (see Table 7) can be important for technological aspects.




3.4. Absolute Vapour Pressures of Alkyl-Cyclohexane Based LOHC Systems


Enthalpy values of the substances are important for modeling of reaction equilibria of hydrogen uptake and release as well as energy demand of these reactions. However, a complete set of thermodynamic properties also includes the relevant phase change data such as vapour pressures. For instance, these data are highly relevant, as the reaction happens in a two-phase system and they determine how the individual compounds are distributed between liquid and vapour phase. Furthermore, they are highly relevant for the purification of hydrogen after release.



The experimental vapour pressures available in literature were approximated by the following equation [55]:


  R × ln (  p i  /  p  r e f   ) = a +  b T  +  Δ l g   C  p , m  o  × ln    T   T 0       



(12)




where R = 8.31446 J.K−1.mol−1 is the molar gas constant, the reference pressure,    p  r e f   = 1    Pa ,    and a and b are adjustable parameters; the arbitrary temperature T0 applied in Equation (12) was chosen to be T0 = 298.15 K and    Δ l g   C  p , m  o    (see Table S9) is the difference of the molar heat capacities of the gas and the liquid phases, respectively. Using the coefficients of Equation (12), the experimental absolute vapour pressures at 293 K, 323 K and 373 K were calculated for some alicyclic compounds that may be considered as hydrogen-rich LOHC components (see Table 8).



The selected temperatures are technically relevant for hydrogen storage. The results shown in Table 8 indicate that methyl- and ethyl-substituted cyclohexanes have relatively high vapour pressures at ambient temperatures, which affects the safe handling of these potentially interesting molecules for H2 storage. However, the di-tert-butyl-substituted cyclohexane has an even lower vapour pressure than typical fossil-derived diesel fuel. Moreover, dicyclohexyl-methane and perhydro-dibenzyltoluene have vapour pressures that are suitable for safe storage. Perhydro-dibenzyltoluene has a very low vapour pressure at all three temperatures, and these parameters are comparable to those for different types of biodiesel measured in this work by using static methods for comparison (see Table S10).





4. Conclusions


To overcome difficulties with experimental measurements, various empirical and theoretical methods have been proposed and tested to determine the gas-phase enthalpies of formation and vaporization enthalpies of alkyl-substituted cyclohexanes that represent possible hydrogen-rich organic molecules in LOHC systems for hydrogen storage. Both vaporisation and formation enthalpies are reliably predicted using the “centerpiece” approach. The vaporisation enthalpies correlate linearly with the retention Kovats indices, normal boiling points, and the number of carbon atoms in molecules. All three empirical methods are useful for expanding the database of available thermochemical data. The gas-phase formation enthalpies from the quantum chemical G3MP2 method agree very well with the reliable experimental data. This composite method is applicable even for relatively large molecules containing 20–25 heavy atoms. The liquid-phase enthalpies of formation of the hydrogen-rich counterparts of the LOHC systems were evaluated and used to calculate the dehydrogenation reaction enthalpies. The structure of the alkyl substituent was found to have virtually no effect on the heat of reaction, except for branched species. At technically relevant temperatures, di-tert-butyl-cyclohexane, dicyclohexyl-methane, and perhydro-dibenzyl-toluene have sufficiently low vapour pressures that are comparable to diesel fuel, while the vapour pressure of perhydro-dibenzyltoluene resembles that of typical biodiesel fuels.
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Figure 1. Reaction of dehydrogenation of dicyclohexyl-methane. 
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Figure 2. The development of the “centerpieces” for calculating the enthalpies of cyclic aliphatic hydrocarbons. 






Figure 2. The development of the “centerpieces” for calculating the enthalpies of cyclic aliphatic hydrocarbons.



[image: Hydrogen 04 00004 g002]







[image: Hydrogen 04 00004 g003 550] 





Figure 3. Calculating the enthalpy of formation or enthalpy of vaporisation of dicyclohexyl-methane using the “-CH2-(cyclohexane)” and “-(cyclohexane)” as the “centerpieces”. 
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Figure 4. Calculating the enthalpy of formation or enthalpy of vaporisation of dicyclohexyl-methane using the “-(cyclohexane)” as the “centerpiece”. 






Figure 4. Calculating the enthalpy of formation or enthalpy of vaporisation of dicyclohexyl-methane using the “-(cyclohexane)” as the “centerpiece”.



[image: Hydrogen 04 00004 g004]







[image: Hydrogen 04 00004 g005 550] 





Figure 5. Calculating the enthalpy of formation or enthalpy of vaporisation of perhydro-dibenzyl-toluene using “-diMe-(cyclohexane)-” as the “centerpiece”. 
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Figure 6. Reaction of dehydrogenation of cyclohexane. 
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Table 1. The reaction enthalpy of the dehydrogenation of dicyclohexyl-methane (see Figure 1), calculated from the data available in the literature at T = 298.15 K (p° = 0.1 MPa, in kJ·mol−1).






Table 1. The reaction enthalpy of the dehydrogenation of dicyclohexyl-methane (see Figure 1), calculated from the data available in the literature at T = 298.15 K (p° = 0.1 MPa, in kJ·mol−1).





	    Δ  f    H m o    (liq)

Dicyclohexyl-Methane
	    Δ  f    H m o    (liq)

Diphenyl-Methane
	    Δ  r    H m o    (liq) a
	    Δ  r    H m o    (liq)/H2b





	−824.0 [17]
	96.6 ± 0.8 [13,14,15]
	920.6
	153.4



	−295.0 [18]
	96.6 ± 0.8 [13,14,15]
	391.6
	65.3



	−375.1 [19]
	96.6 ± 0.8 [13,14,15]
	471.7
	78.6



	−307.1 ± 2.0 c
	96.6 ± 0.8 [13,14,15]
	403.7
	67.3







a Calculated according to Hess’s Law from the enthalpies of formation of the reactants given in this table. b The reaction enthalpy refers to 1 mole of hydrogen released by the dehydrogenation. c Calculated using the “centerpiece” approach (see text). Uncertainties are expressed as two times the standard deviation.
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Table 2. Comparison of experimental and G3MP2 calculated gas-phase enthalpies of formation for alkyl-cyclohexanes (at T = 298.15 K, p° = 0.1 MPa, in kJ·mol−1).






Table 2. Comparison of experimental and G3MP2 calculated gas-phase enthalpies of formation for alkyl-cyclohexanes (at T = 298.15 K, p° = 0.1 MPa, in kJ·mol−1).












	Compound
	    Δ  f    H m o    (g, AT)G3MP2a
	    Δ  f    H m o    (g)expb
	    Δ  f    H m o    (g)theorc
	Δ d





	cyclohexane
	−122.6
	−123.4 ± 0.8
	−122.1
	−1.3



	Me-cyclohexane
	−154.7
	−154.7 ± 1.0
	−153.3
	−1.4



	trans-1,2-di-Me-cyclohexane
	−182.8
	−179.9 ± 1.9
	−180.5
	0.6



	cis-1,2-di-Me-cyclohexane
	−175.9
	−172.1 ± 1.8
	−173.8
	1.7



	trans-1,3-di-Me-cyclohexane
	−179.3
	−176.5 ± 1.7
	−177.1
	0.6



	cis-1,3-di-Me-cyclohexane
	−186.7
	−184.6 ± 1.8
	−184.3
	−0.3



	trans-1,4-di-Me-cyclohexane
	−186.6
	−184.5 ± 1.8
	−184.2
	−0.3



	cis-1,4-di-Me-cyclohexane
	−179.4
	−176.6 ± 1.8
	−177.2
	0.6



	Et-cyclohexane
	−173.8
	−171.7 ± 1.6
	−171.8
	0.1



	n-Pr-cyclohexane
	−195.3
	−192.5 ± 1.0
	−192.6
	0.1



	n-Bu-cyclohexane
	−216.8
	−213.3 ± 1.3
	−213.5
	0.2



	n-Dec-cyclohexane
	−344.9
	−339.5 ± 2.5
	−337.8
	−1.7



	n-Dodec-cyclohexane
	−387.6
	−378.7 ± 3.7
	−379.2
	0.5



	trans-1,4-di-tBu-cyclohexane
	−330.5
	−323.2 ± 2.4
	−323.8
	0.6



	1,3,5-tri-Me-cyclohexane
	−218.8
	(−212.1 ± 3.2)
	−215.4
	



	n-Heptyl-cyclohexane
	−280.9
	(−289.2 ± 2.4)
	−275.7
	



	trans-4-Me-iPr-cyclohexane
	−229.7
	(−230.7 ± 3.2)
	−226.0
	



	1,2,3-trimethyl-cyclohexane
	−208.7
	
	−205.6
	



	dicyclohexyl-methane
	−246.0
	
	−241.8
	



	perhydro-dibenzyl-toluene
	−388.1 [25]
	−387.4 ± 7.7 [25]
	−379.7
	







a Calculated by G3MP2 and atomization reaction. b From Pedley et al. [9]. Uncertainties in this table are expressed as two times the standard deviation. The values given in brackets appear to be in error. c Calculated according to Equation (6). d Difference between column 3 and column 4.
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Table 3. Comparison experimental and G3MP2-calculated gas-phase enthalpies of formation alkyl-benzenes (at T = 298.15 K, p° = 0.1 MPa, in kJ·mol−1).
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	Compound
	    Δ  f    H m o    (g, AT)G3MP2a
	    Δ  f    H m o    (g)expb
	    Δ  f    H m o    (g)theorc
	Δ d





	toluene
	42.7
	50.4 ± 0.6
	51.1
	−0.7



	ethylbenzene
	23.2
	29.9 ± 1.1
	31.6
	−1.7



	n-propylbenzene
	0.5
	7.9 ± 0.8
	8.9
	−1.0



	iso-propylbenzene
	−3.9
	4.0 ± 1.0
	4.5
	−0.5



	n-butylbenzene
	−20.9
	−13.1 ± 1.1
	−12.5
	−0.6



	iso-butylbenzene
	−30.7
	−21.5 ± 1.3
	−22.3
	0.8



	tert-butylbenzene
	−31.9
	−23.7 ± 0.6 [41]
	−23.5
	−0.2



	sec-butylbenzene
	−28.4
	−17.4 ± 1.2
	−20.0
	2.6



	α-methylstyrene
	109.2
	119.0 ± 0.9 [42]
	117.6
	1.4







a Calculated by G3MP2 and atomization reaction. b From Pedley et al. [9]. Uncertainties in this table are expressed as two times the standard deviation. c Calculated according to Equation (7). d Difference between column 3 and column 4.
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Table 4. Calculation of the gas-phase enthalpies of formation,    Δ f   H m o   (g), of the alkyl-cyclohexanes using the “centerpiece approach” (at T = 298.15 K, p° = 0.1 MPa, in kJ·mol−1) a.






Table 4. Calculation of the gas-phase enthalpies of formation,    Δ f   H m o   (g), of the alkyl-cyclohexanes using the “centerpiece approach” (at T = 298.15 K, p° = 0.1 MPa, in kJ·mol−1) a.





	Trans-Alkyl-Cyclohexane
	    Δ  f    H m o    (g)CPb
	    Δ  f    H m o    (g) c
	Δ d





	1,4-diMe-cyclohexane
	−186.0 ± 2.0
	−184.5 ± 1.8 [9]
	1.5



	1,3,5-tri-Me-cyclohexane
	−217.3 ± 2.0
	−215.4 ± 2.0
	1.9



	3-Me-1-Et-cyclohexane
	−203.0 ± 2.0
	−203.2 ± 1.7 [9]
	−0.2



	1,3-di-iso-propyl-cyclohexane
	−264.6 ± 2.0
	−268.8 ± 2.0
	−4.2



	1,4-di-iso-propyl-cyclohexane
	−264.6 ± 2.0
	−267.8 ± 2.0
	−3.2



	1,3,5-tri-iso-propyl-cyclohexane
	−335.2 ± 2.0
	−338.5 ± 2.0
	−3.3



	1,3-di-tert-butyl-cyclohexane
	−321.8 ± 2.0
	−324.4 ± 2.0
	−2.6



	1,4-di-tert-butyl-cyclohexane
	−321.8 ± 2.0
	−323.8 ± 2.0
	−2.0







a The uncertainties are given as the twice standard deviation. b Calculated as the sum of the    Δ f   H m o   (g, cyclohexane) = −123.4 ± 0.8 kJ·mol−1 [9] and contributions    Δ f   H m o   (H → R) from Table S2. c Calculated by G3MP2 and atomization reaction, and corrected according to Equation (6). d Difference between columns 3 and 2 in this table.
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Table 5. Calculation of the enthalpies of vaporisation,    Δ l g   H m o   , of the alkyl-cyclohexanes using the “centerpiece” approach (at T = 298.15 K, in kJ·mol−1) a.
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	Trans-Alkyl-Cyclohexane
	    Δ  l   g    H m o    (CP) b
	    Δ  l   g    H m o    (exp)
	Δ c





	trans-1,4-di-Me-cyclohexane
	37.7 ± 1.5
	38.0 ± 0.2
	−0.3



	trans-4-Me-Et-cyclohexane
	42.9 ± 1.5
	44.3 ± 1.1
	−1.4



	1,4-di-Et-cyclohexane
	48.1 ± 1.5
	50.7 ± 1.1
	−2.6



	1,3,5-tri-Me-cyclohexane
	41.5 ± 1.5
	43.5 ± 1.5
	−2.0



	trans-4-Me-iPr-cyclohexane
	46.3 ± 1.5
	46.8 ± 1.5
	−0.5



	1,4-di-iPr-cyclohexane
	54.9 ± 1.5
	54.9 ± 1.5
	0.0



	1,3,5-tri-iPr-cyclohexane
	65.8 ± 1.5
	64.3 ± 1.5
	1.5



	trans-4-Me-tBu-cyclohexane
	49.3 ± 1.5
	51.3 ± 1.5
	−2.0



	trans-1,4-di-tBu-cyclohexane
	60.9 ± 1.5
	61.3 ± 1.5
	−0.4



	1,3,5-tri-tBu-cyclohexane
	74.8 ± 1.5
	71.9 ± 1.5
	2.9







a The uncertainties are given as the twice standard deviation. b Calculated as the sum of the    Δ l g   H m o    = 33.1 ± 0.2 kJ·mol−1 [43] for cyclohexane and contributions    Δ l g   H m o   (H → R) from Table S2. c Difference between columns 3 and 2 in this table.
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Table 6. Correlation of vaporisation enthalpies,    Δ l g   H m o   (298.15 K), of alkyl-cyclohexanes with their Kovats indices (Jx) and normal boiling temperatures (Tb).
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    Δ l g   H m o    (exp)

	
    Δ l g   H m o    (Jx) a

	
    Δ l g   H m o    (Tb) b

	
    Δ l g   H m o    (Average) c




	

	
kJ·mol−1

	
kJ·mol−1

	
kJ·mol−1

	
kJ·mol−1






	
cyclohexane

	
33.1 ± 0.2 [43]

	
32.6

	
-

	




	
Me-cyclohexane

	
35.4 ± 0.2 [43]

	
34.9

	
34.5

	




	
trans-1,2-di-Me-cyclohexane

	
38.4 ± 0.2 [43]

	
38.7

	
38.8

	




	
cis-1,2-di-Me-cyclohexane

	
39.7 ± 0.2 [43]

	
40.3

	
40.1

	




	
trans-1,3-di-Me-cyclohexane

	
39.2 ± 0.2 [43]

	
39.0

	
39.0

	




	
cis-1,3-di-Me-cyclohexane

	

	
37.8

	
38.2

	
38.0 ± 1.1




	
trans-1,4-di-Me-cyclohexane

	
38.0 ± 0.2 [43]

	
37.7

	
38.1

	




	
cis-1,4-di-Me-cyclohexane

	
39.1 ± 0.2 [43]

	
38.9

	
39.0

	




	
trans-2-Me-Et-cyclohexane

	

	
44.2

	
44.3

	
44.3 ± 1.1




	
cis-2-Me-Et-cyclohexane

	

	
44.6

	
44.9

	
44.8 ± 1.1




	
trans-3-Me-Et-cyclohexane

	

	
44.0

	
43.7

	
43.9 ± 1.1




	
cis-3-Me-Et-cyclohexane

	
44.7 ± 0.9 [Table S5]

	
43.2

	
43.5

	




	
trans-4-Me-Et-cyclohexane

	

	
43.4

	
43.8

	
43.6 ± 1.1




	
cis-4-Me-Et-cyclohexane

	

	
44.2

	
44.5

	
44.4 ± 1.1




	
Et-cyclohexane

	
40.6 ± 0.2 [43]

	
39.9

	
40.4

	




	
1,2-di-Et-cyclohexane

	

	
49.5

	
49.1

	
49.3 ± 1.1




	
1,3-di-Et-cyclohexane

	

	
48.4

	
48.3

	
48.4 ± 1.1




	
1,4-di-Et-cyclohexane

	

	
50.5

	
50.8

	
50.7 ± 1.1




	
i-Bu-cyclohexane

	
47.6 ± 0.2 [43]

	
47.8

	
48.0

	




	
n-Pr-cyclohexane

	
45.1 ± 0.2 [43]

	
44.9

	
45.2

	




	
1,3,5-tri-Me-cyclohexane

	
43.5 ± 1.5 [Table S5]

	
41.3

	
42.1

	




	
1,2,4,5-tetra-Me-cyclohexane

	

	
49.3

	
48.4

	
48.9 ± 1.1




	
penta-Me-cyclohexane

	

	
51.1

	
-

	
51.1 ± 1.5




	
hexa-Me-cyclohexane

	

	
56.9

	
-

	
56.9 ± 1.5




	
n-Bu-cyclohexane

	
49.4 ± 0.2 [43]

	
50.6

	
49.9

	




	
n-Pe-cyclohexane

	
53.9 ± 0.2 [43]

	
54.2

	
54.3

	




	
n-Hex-cyclohexane

	
59.0 ± 0.5 [44]

	
59.0

	
58.3

	




	
n-Hep-cyclohexane

	
63.7 ± 0.5 [44]

	
64.4

	
62.3

	




	
n-Oct-cyclohexane

	
69.8 ± 1.0 [45]

	
69.4

	
-

	




	
n-Dec-cyclohexane

	
78.8 ± 0.8 [44]

	
78.5

	
-

	




	
n-Dodec-cyclohexane

	
88.9 ± 0.8 [44]

	
87.5

	
-

	




	
n-tetra-Dec-cyclohexane

	
99.4 ± 1.0 [45]

	
99.9

	
-

	




	
iso-Pr-cyclohexane

	
44.0 ± 0.2 [43]

	
44.4

	
44.9

	




	
trans-2-Me-iPr-cyclohexane

	

	

	
48.0

	
48.0 ± 1.5




	
cis-2-Me-iPr-cyclohexane

	

	

	
48.0

	
48.0 ± 1.5




	
trans-3-Me-iPr-cyclohexane

	

	
48.0

	
47.4

	
47.7 ± 1.1




	
cis-3-Me-iPr-cyclohexane

	

	
49.4

	
47.6

	
48.5 ± 1.1




	
trans-4-Me-iPr-cyclohexane

	
46.8 ± 1.5 [Table S5]

	
48.4

	
47.9

	




	
cis-4-Me-iPr-cyclohexane

	

	

	
48.3

	
48.3 ± 1.5




	
1,2,3-tri-methyl-cyclohexane

	

	
42.3

	
43.1

	
42.7 ± 1.1




	
1,2-di-iPr-cyclohexane

	

	

	
54.9

	
54.9 ± 1.5




	
1,3-di-iPr-cyclohexane

	

	

	
54.9

	
54.9 ± 1.5




	
1,4-di-iPr-cyclohexane

	

	

	
54.9

	
54.9 ± 1.5




	
1,3,5-tri-iPr-cyclohexane

	

	

	
64.3

	
64.3 ± 1.5




	
1,2,4,5-tetra-iPr-cyclohexane

	

	

	
72.8

	
72.8 ± 1.5




	
t-Bu-cyclohexane

	
47.0 ± 0.2 [43]

	
47.8

	
48.1

	




	
2-Me-tBu-cyclohexane

	

	

	
50.5

	
50.5 ± 1.5




	
3-Me-t-Bu-cyclohexane

	

	

	
50.5

	
50.5 ± 1.5




	
trans-4-Me-tBu-cyclohexane

	

	
51.5

	
51.0

	
51.3 ± 1.1




	
cis-4-Me-tBu-cyclohexane

	

	
52.1

	
51.4

	
51.8 ± 1.1




	
1,2-di-tBu-cyclohexane

	

	

	
60.4

	
60.4 ± 1.5




	
1,3-di-tBu-cyclohexane

	
63.3 ± 2.6 [Table S6]

	
64.6

	
62.2

	




	
trans-1,4-di-tBu-cyclohexane

	

	

	
61.3

	
61.3 ± 1.5




	
cis-1,4-di-tBu-cyclohexane

	

	

	
61.8

	
61.8 ± 1.5




	
1,3,5-tri-tBu-cyclohexane

	

	

	
71.9

	
71.9 ± 1.5




	
dicyclohexyl-methane

	
64.5 ± 3.5 [Table S6]

	

	
63.8

	
63.9 ± 1.4 c








a From Table S3, calculated using Equation (8). Uncertainties are estimated to account for ±1.5 kJ·mol−1. b From Table S4, calculated using Equation (9). Uncertainties are estimated to account for ±1.5 kJ·mol−1. c Weighted average calculated from data given in columns 3 and 4. Uncertainties in this table are expressed as two times the standard deviation. Values in bold are recommended for thermochemical calculations (e.g., Table S7).
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Table 7. Calculation of the liquid phase enthalpies of formation,    Δ f   H m o   (liq), of the hydrogen-rich (HR) and hydrogen-lean (HL) counterparts of the LOHC systems based on alkyl-cyclohexanes (at T = 298.15 K, p° = 0.1 MPa, in kJ·mol−1) a.






Table 7. Calculation of the liquid phase enthalpies of formation,    Δ f   H m o   (liq), of the hydrogen-rich (HR) and hydrogen-lean (HL) counterparts of the LOHC systems based on alkyl-cyclohexanes (at T = 298.15 K, p° = 0.1 MPa, in kJ·mol−1) a.





	Compound
	    Δ  f    H m o    (liq)HRb
	    Δ  f    H m o    (liq)HLc
	    Δ  r    H m o    (liq) d
	    Δ  r    H m o    /H2e





	cyclohexane
	−156.4 ± 0.8
	49.0 ± 0.6
	−205.4 ± 1.0
	68.5



	Me-cyclohexane
	−190.1 ± 1.0
	12.4 ± 0.6
	−202.5 ± 1.2
	67.5



	trans-1,2-di-Me-cyclohexane
	−218.2 ± 1.9
	−24.4 ± 1.1
	−193.8 ± 2.2
	64.6



	cis-1,2-di-Me-cyclohexane
	−211.8 ± 1.8
	−24.4 ± 1.1
	−187.4 ± 2.1
	62.5



	trans-1,3-di-Me-cyclohexane
	−215.7 ± 1.7
	−25.4 ± 0.8
	−190.3 ± 1.9
	63.4



	cis-1,3-di-Me-cyclohexane
	−222.9 ± 1.8
	−25.4 ± 0.8
	−197.5 ± 2.0
	65.8



	trans-1,4-di-Me-cyclohexane
	−222.4 ± 1.8
	−24.4 ± 1.0
	−198.0 ± 2.1
	66.0



	cis-1,4-di-Me-cyclohexane
	−215.6 ± 1.8
	−24.4 ± 1.0
	−191.2 ± 2.1
	63.7



	trans-2-Me-Et-cyclohexane
	−240.2 ± 0.9
	−46.4 ± 1.0
	−193.8 ± 1.3
	64.6



	cis-2-Me-Et-cyclohexane
	−236.2 ± 1.0
	−46.4 ± 1.0
	−189.8 ± 1.4
	63.3



	trans-3-Me-Et-cyclohexane
	−247.1 ± 1.2
	−48.7 ± 1.1
	−198.4 ± 1.6
	66.1



	cis-3-Me-Et-cyclohexane
	−246.4 ± 0.9
	−49.8 ± 1.3
	−196.6 ± 1.6
	65.5



	trans-4-Me-Et-cyclohexane
	−238.9 ± 1.1
	−49.8 ± 1.3
	−189.1 ± 1.7
	63.0



	Et-cyclohexane
	−211.9 ± 1.6
	−12.3 ± 0.9
	−199.6 ± 1.8
	66.5



	n-Pr-cyclohexane
	−237.4 ± 1.0
	−38.3 ± 0.8
	−199.2 ± 1.3
	66.4



	1,3,5-tri-Me-cyclohexane
	−258.9 ± 2.3 f
	−63.4 ± 1.3
	−195.5 ± 2.6
	65.2



	n-Bu-cyclohexane
	−263.1 ± 1.3
	−63.2 ± 1.1
	−199.9 ± 1.7
	66.6



	n-Heptyl-cyclohexane
	−339.4 ± 2.3 f
	−140.9 ± 1.5 g
	−198.5 ± 2.7
	66.2



	n-Decyl-cyclohexane
	−418.2 ± 2.4
	−218.3 ± 2.3
	−199.9 ± 3.3
	66.6



	n-Dodecyl-cyclohexane
	−467.6 ± 3.6
	−269.7 ± 1.5 g
	−197.9 ± 3.9
	66.0



	trans-1,4-di-tBu-cyclohexane
	−384.5 ± 2.8
	−190.2 ± 2.0 [54]
	−194.3 ± 3.5
	64.8







a The uncertainties are given as the twice standard deviation. b Enthalpies of formation of fully hydrogenated species (HR = “hydrogen-rich”) from Pedley et al. [9]. c Enthalpies of formation of fully dehydrogenated species (HL = “hydrogen-lean”) from Pedley et al. [9]. d Calculated according to Hess´s Law for the hydrogenation reaction (see text). e Calculated per mole of the hydrogen. f Calculated from data given in Table 2 and Table 6. g Calculated using equation:    Δ f   H m o   (liq, 298.15 K)/(kJ·mol−1) = −25.76 × NC + 39.4 with (R2 = 0.9999) developed in Table S8.
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Table 8. Absolute vapour pressures p of hydrogen-rich counterparts of the LOHC system at selected temperatures.






Table 8. Absolute vapour pressures p of hydrogen-rich counterparts of the LOHC system at selected temperatures.





	Compound
	p/Pa at 293 K
	p/Pa at 323 K
	p/Pa at 373 K





	cyclohexane [56]
	10,224
	36,159
	170,862



	3-Me-ethyl-cyclohexane [Table S5]
	956
	4874
	35,685



	4-Me-iso-Pr-cyclohexane [Table S5]
	582
	3112
	24,136



	1,4-di-tBu-cyclohexane [Table S6]
	8.3
	89
	1578



	dicyclohexyl-methane [Table S6]
	4.4
	48.9
	960



	perhydro-dibenzyltoluene [24]
	0.0024
	0.08
	3.8



	soy methyl ester (SME) a
	0.007
	0.17
	9.5



	raps methyl ester (RME) a
	0.001
	0.04
	4.8



	biodiesel reference sample JRC a
	0.05
	0.76
	20.6



	fossil-derived diesel [57]
	53
	-
	-







a Reference samples from Joint Research Center of Institute for Reference Materials and Measurements (https://www.conffidence.eu/, accessed 6 December 2022) measured (see Table S10) using the static method for the EU Project “Metrology of biofuels” ENG-09 REG01 project.
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