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Abstract: Aromatic esters such as phenyl acetates are of interest as promising liquid organic hydrogen
carriers (LOHCs) due to the presence of double bonds. However, the key factor for the development
of green hydrogen fuel is the production of LOHCs from renewable sources. Since the synthesis
and isolation of such esters is a complex task, understanding the relationship between the chemical
structures of aromatic esters and their thermodynamic properties is of great importance for their
further practical use as LOHCs. Obtaining reliable thermodynamic and thermochemical properties
of phenyl and benzyl phenyl acetates formed the basis of this work. Vapour pressures, enthalpies
of vaporisation, and enthalpies of formation were systematically studied. An approach based on
the structure-property correlation was used to confirm these quantities. Additionally, the high-level
quantum-chemical method G4 was used to estimate the enthalpy of formation in the gas phase. The
final stage was the assessment of the energetics of chemical reactions based on aromatic esters and
their partially and fully hydrogenated analogues.

Keywords: hydrogen storage; liquid organic hydrogen carriers; vapour pressure; enthalpy of vaporisation;
enthalpy of formation; structure-property correlations; quantum-chemical calculations

1. Introduction

Hydrogen has attracted a lot of attention as a carbon-neutral energy resource, but
the development of safe and efficient hydrogen storage and transport remains a major
challenge. The development of efficient hydrogen storage technology is therefore currently
an important focus of research. Increasing the hydrogen-storage capacity while reducing
energy consumption is an important task for hydrogen-storage technology. Liquid organic
hydrogen carrier (LOHC) systems based on reversible catalytic hydrogenation and de-
hydrogenation reactions using aromatic compounds have shown great potential for the
efficient and stable storage and transport of hydrogen [1]. LOHC technologies, as a good
alternative to green hydrogen, are expected to be an important element in a future carbon-
neutral economy. Admittedly, any molecule that contains a double bond in its structure
can be considered a potential component of the LOHC system. Therefore, the development
of basic practical and thermodynamic criteria for analysing the performance of LOHC
systems for the efficient storage and release of hydrogen in various technical applications is
essential. One of the desired criteria is that the LOHC should preferably be produced from
renewable sources, e.g., biomass [2,3]. For example, even if the development of practicable
biorefinery routes for the valorisation of lignocellulose into usable products remains a
challenge, numerous effective catalytic processes have already been developed for the
production of bio-aromatic esters [4]. This makes aromatic esters attractive as a possible
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component of the LOHC system derived from renewable sources. Therefore, a general
understanding of the relationships between the chemical structures of aromatic esters and
their thermodynamic properties is essential for their practical use. The focus of this study
is on the thermodynamic feasibility of hydrogenation/dehydrogenation processes using
aromatic esters as seminal LOHC materials. However, kinetics and catalysis are also im-
portant for practical applications, especially considering that the use of oxygen-containing
molecules carries the risk of catalyst deactivation. The latter aspects will be investigated in
the upcoming studies in our laboratory.

This work is an extension of our previous study on alkyl benzoates as potential
LOHC components [5]. Experimental and computational studies were performed on the
hydrogenation reactions of the esters shown in Figures 1 and 2.
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phenyl cyclohexaneacetate [351874-85-6].

cyclohexyl cyclohexaneacetate [500696-30-0].

Figure 1. System I: structures of phenyl 2-phenylacetate and hydrogenated phenyl 2-phenylacetates

studied in this work.
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benzyl 2-phenylacetate [102-16-9].

cyclohexylmethyl 2-phenylacetate [10397-53-2].
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benzyl 2-cyclohexylacetate [77100-94-8].

cyclohexylmethyl 2-cyclohexylacetate [86328-74-7].

Figure 2. System II: structures of benzyl 2-phenylacetate and hydrogenated benzyl 2-phenylacetates
studied in this work.

The literature data collected in this work, together with the complementary mea-
surements and quantum chemical calculations, have contributed to the thermodynamic
analysis of the reactions taking place in both LOHC systems. The detailed workflow of
the thermodynamic analysis is presented in the Electronic Supporting Information (ESI).
It is based on quantifying and analysing the enthalpic and entropic contributions to the
Gibbs-Helmholtz equation according to the following equation:

AGS = AHS, — T x ASS = —RT x InK, (1)
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with A, Gy, = the standard molar Gibbs energy of the reaction; A, Hy, = the standard molar
enthalpy of the reaction, A,Sy, = the change in the standard molar entropy of the reaction,
and K, = the gas-phase thermodynamic equilibrium constant. If the reaction takes place in
the liquid phase, K, in Equation (1) is replaced by K, = the liquid-phase thermodynamic
equilibrium constant. The equilibrium constants are directly related to the yield of the
reaction product: with the equilibrium constants being >1, the already acceptable yields at
a particular temperature are expected.

The enthalpic, A,HY,, and entropic, A,Sg,, contributions to the desired chemical are
derived according to Hess’s Law from the experimental data on the enthalpies of formations
and entropies of the corresponding reactants. It is obvious that the scope of molecules of
interest for hydrogen storage is much larger than the amount of experimental data available
for reliable thermodynamic analysis. Therefore, a reasonable combination of experimental
and empirical methods should be applied to analyse the potential of LOHC components
from a thermodynamic point of view. Together with the experimental methods, quantum
chemical (QC) calculations and various types of structure—property correlations help to
assess the properties of molecules and reveal the general trends necessary to develop the
thermodynamic criteria for successful candidates for LOHC.

Admittedly, the QC calculations are referred to the ideal gas state. However, most
industrial chemical reactions take place in the liquid phase. In order to convert the QC
results to the liquid phase, data on the thermodynamics of the phase transitions and the
vapour pressure of the reactants are therefore required. The corresponding thermodynamic
properties are linked according to the following equation:

A¢HS, (liq) = A¢HY (g) — APHY, )

where A¢Hy, (liq) is the liquid-phase standard molar enthalpy of formation, A¢Hy, (g) is the
gas-phase standard molar enthalpy of formation, and A;‘; H}, is the standard molar enthalpy
of vaporisation. The liquid and gas phase entropies are linked using the following equation:

Sm(liq) = Sp(g) — APSH, ©)

where 59, (liq) is the liquid-phase standard molar entropy, Sg,(g) is the gas-phase entropy,
and AFS& is the standard molar entropy of vaporisation.

According to the thermodynamic workflow (see the details in ESI), AfHg (lig), A?Hgl,
and SY, (liq) should therefore be derived for all reactants shown in Figures 1 and 2 in order
to perform the thermodynamic analysis of their hydrogenation reactions. Since the syn-
thesis and purification of most of the compounds shown in Figures 1 and 2 is not trivial, a
combination of QC, experimental, and empirical methods was used to gain reliable thermo-
dynamic data, which are essential for the optimisation of the hydrogenation reactions. We
used the thermodynamic workflow, which consists of the following three steps.

- Step I firstly, the high-level QC method was used to obtain the A¢Hp, (g) and S5, (g)-values.

- Step II: the absolute vapour pressures of the reactants were taken from the literature
or measured. The various empirical methods were used to evaluate and validate the
AlgHg1 and A?S?n values.

- Step III: the liquid-phase properties A¢Hy (liq) and S9,(liq) were derived from the
results of the first and second steps. These results were used to calculate the A,HY, (lig),
A58 (lig), and A,G2,(liq) of a desired reaction, and all three variables were analysed.

2. Experimental and Theoretical Methods

The sample of phenyl 2-phenylacetate used in this work was of commercial origin (see
Table S1). The absolute vapour pressures above the liquid sample were measured using the
transpiration method. The standard molar enthalpy of vaporisation was derived from the
temperature dependence of the vapour pressures. A concise description of the method and
the required details are given in ESL
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For quantum chemical calculations, the software Gaussian 16 series [6] was used.
The most stable conformer of each ester was found using a computer program CREST
(conformer—rotamer ensemble sampling tool) [7], and the Hygg-values were calculated using
the G4 method [8] under assumption of “rigid rotator-harmonic oscillator”. The total Hpgg-
values were finally converted to the gas-phase standard molar enthalpies, A¢HY, (g, 298 K)ac,
and discussed. The S7, (g, 298 K)qc values were calculated according to Equation (1) using
Hjgg and Gpog from the output file.

3. Results and Discussion
3.1. Step I: The Gas-Phase Enthalpies of Formation from Quantum-Chemical Calculations

The most stable conformers for the esters were localised using the computer code
CREST and further optimised using the B3LYP/6-31g(d,p) method [9]. The structures of
the most stable conformers of phenyl 2-phenylacetate and benzyl 2-phenylacetate and their
hydrogenated products calculated using the G4 method are shown in Figure 3.

The general atomisation (AT) reaction:

CHnOy=m xC+nxH+kxO (4)

was used to convert the total Hygg-values available directly from the output file to the
standard molar enthalpies of formation A¢Hp, (g, 298 K)aT. The results of the quantum-
chemical calculations are compiled in Table 1.
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cyclohexyl 2-phenylacetate [42288-75-5].

Figure 3. Cont.
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benzyl 2-phenylacetate [102-16-9].

Jd

cyclohexylmethyl 2-cyclohexylacetate [86328-74-7].

Figure 3. Structure of the most stable conformer of phenyl 2-phenylacetate and benzyl 2-phenylacetate

and their hydrogenated products, calculated with the G4 method.
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Table 1. Correlation of the G4 calculated and experimental gas-phase enthalpies of formation AfHp, (g)
at T =298 K and p° = 0.1 MPa of aromatic ester (in kJ-mol~1).

Ester, CAS A¢Hp, (8)aT * A¢HY (@exp ° A¢Hp, (8)oc ¢ Ad
phenyl 2-phenylacetate, [722-01-0] —161.2 —159.0

cyclohexyl 2-phenylacetate, [42288-75-5] —388.6 —385.6

phenyl cyclohexaneacetate, [351874-85-6] —369.0 —366.0

benzyl 2-phenylacetate, [102-16-9] —192.8 —190.4
cyclohexylmethyl 2-phenylacetate, [10397-53-2] —405.0 —401.9

benzyl 2-cyclohexylacetate, [77100-94-8] —399.3 —396.2

methyl benzoate, [93-58-3] —278.7 —2745 £ 0.7 [5] —276.1 1.6
ethyl benzoate, [93-89-0] —312.0 —309.6 £ 2.9 [5] —309.2 —-04
propyl benzoate, [2315-68-6] —332.5 —331.3 £ 5.1 [5] —329.7 -1.6
butyl benzoate, [136-60-7] —353.6 —351.8 £ 2.9 [5] —350.7 —-1.1
methyl 2-methylbenzoate, [89-71-4] —305.6 —301.5 + 1.9 [10] —302.9 1.4
methyl 3-methylbenzoate, [99-36-5] —-312.7 —309.6 + 1.6 [10] —309.9 0.3
methyl 4-methylbenzoate, [99-75-2] —313.6 —308.7 £ 1.6 [10] —310.8 2.1
phenyl acetate, [122-79-2] —2749 —2742 +1.5[11] —272.3 -1.9
phenyl benzoate, [93-99-2] —142.7 —140.8 +2.4[12,13] —140.5 -0.3
cyclohexyl benzoate, [2412-73-9] —369.9 —366.9
cyclohexanecarboxylic acid phenyl ester, [3954-12-9] —344.9 —342.0

benzyl benzoate, [120-51-4] —-172.0 —169.6
cyclohexylmethyl benzoate, [14135-40-1] —383.6 —380.6
cyclohexanecarboxylic acid benzyl ester, [22733-94-4] —376.1 —373.1

2 Calculated according to the atomisation reaction Equation (4). P Experimental values were taken from the
literature. ¢ Calculated according to Equation (5), developed from data in this table. ¢ Difference between columns
3 and 4. Values in bold were recommended for thermochemical calculations.

However, the AT method must be corrected using a linear correlation between
the A¢HR (g, 298 K)ar-values and the experimental enthalpies of formation, A{HY (g,
298 K)exp, of a number of molecules containing similar functional groups (as the reac-
tants in Figures 1 and 2) with reliable experimental data on alkyl benzoates (see Table 1).
The following linear correlations were determined:

AfHS, (8) g /KI-mol ™! = 0.9966 x AfHY, (g) op + 1.7 with R* = 0.9994 (5)

with a very high correlation coefficient R? = 0.9994, which confirms the high consistency
of the data used for this structure—property correlation. This equation was used to obtain
the “corrected” G4-results for phenyl and benzyl 2-phenylacetates and their partially
hydrogenated products (see Figures 1 and 2).

It turned out that the aliphatic esters exhibit the own correlation, which was developed
using the reliable data for series of alkyl acetates and series of methyl alkanoates collected
in Table 2.

The following linear correlation was developed for the aliphatic saturated esters:

AfHS (8) g /KI-mol ! = 0.9998 x AgHS (8) xr — 124 with R? = 0.9977 (6)

Also for these series, a very good correlation coefficient R? = 0.9977 proves the high con-
sistency of the data involved in the correlation. This equation was used to obtain the “cor-
rected” G4-results for the fully hydrodenatd products of phenyl and benzyl 2-phenylacetates
(see Figures 1 and 2).

The gas-phase standard molar enthalpies, A¢Hy, (g)qc, of phenyl and benzyl 2-phenyla-
cetates and their partially and fully hydrogenated products (see Figures 1 and 2) obtained
in this step are now ready for thermochemical calculations in further steps.
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Table 2. Correlation of the G4 calculated and experimental gas-phase enthalpies of formation AfHp, (g)
of cyclic aliphatic esters at T = 298.15 K and p° = 0.1 MPa (in kJ-mol™1).

Ester, CAS AHR(@aT?  AHR(@exp®  AHR(RoC € Ad
cyclohexyl cyclohexaneacetate, [500696-30-0] —595.2 —589.6
cyclohexylmethyl 2-cyclohexylacetate, [86328-74-7] —609.1 —603.1
cyclohexanecarboxylic acid cyclohexyl ester, [15840-96-7] —570.9 —566.1
cyclohexanecarboxylic acid cyclohexylmethyl ester, [2611-02-1] —584.5 —579.2

methyl acetate, [79-20-9] —411.6 —4119 £+ 1.6 —411.6 -0.3
ethyl acetate, [141-78-6] —443.5 —4441 £ 0.6 —442.5 -1.6
ethyl propionate, [105-37-3] —465.1 —463.6 + 0.8 —463.5 -0.1
isopropyl acetate, [108-21-4] —482.2 —481.7 £ 0.8 —480.0 -17
n-butyl acetate, [123-86-4] —485.2 —485.6 £ 0.7 —482.9 -2.7
methyl pentanoate, [624-24-8] —475.9 —471.2 + 0.9 —473.9 2.7
methyl hexanoate, [106-70-7] —497.4 —492.0 £+ 1.0 —494.8 2.8
methyl heptanoate, [106-73-0] —515.7 —514.2 £ 0.9 —512.5 -1.7
methyl octanoate, [111-11-5] —537.4 —533.1+ 1.0 —533.6 0.5
methyl nonanoate, [1731-84-6] —555.7 —5543 + 1.5 —551.3 -3.0
methyl decanoate, [110-42-9] —580.8 —574.0+ 1.8 —575.7 1.7

2 Calculated according to the atomisation reaction Equation (4). ® From Ref. [14]. ¢ Calculated according to
Equation (6) developed from data in this table. The cyclic aliphatic esters required for the discussion are given in
bold. 4 Difference between column 3 and 4 in this table.

3.2. Step II: Vaporisation Thermodynamics
3.2.1. Experimental Absolute Vapour Pressures

The vapour pressures, p;, of benzyl 2-phenylacetate measured at different tempera-
tures T using the transpiration method were approximated by the following equation:

b T
R-In(pi/pref) =a+ T + A?Cﬁmln(%) (7)
where a and b are adjustable parameters, the arbitrary temperature Ty = 298 K,
R = 8.314462 J-K~1-mol ! is the molar gas constant, and the reference pressure p.f = 1 Pa,
and A?Cl‘;,m = Cglm(g) — Cg/m(liq) is the difference between the standard molar heat capaci-

ties of the gaseous Cp 1(g) and the liquid phase C§ 1,(liq), respectively. The Afcg,m—values
used in Equation (7) are given in Table S2. The experimental absolute vapour pressures
and the approximation parameters of Equation (7) are given in Table 3.

The only systematic investigation of the vapour pressures of phenyl 2-phenylacetate
and benzyl 2-phenylacetate available in the literature was carried out by Stryjek et al. [15]
using ebulliometry (see Table S3). In this work, the absolute vapour pressures above the
liquid sample of benzyl 2-phenylacetate were measured in the temperature range between
325.7 K and 371.7 K (see Table S3). A direct comparison with the vapour pressures measured
by Stryjek et al. [15] is not possible, as these were measured in the significantly higher
temperature range of 426.5 K to 521.5 K (see Figure S1).

It turned out that there are no systematic vapour pressure measurements for hydro-
genated phenyl and benzyl 2-phenylacetates in the literature. However, in our previous
work we have shown that the individual experimental boiling temperatures at different
pressures can be found in the literature, and in many cases, a reasonable trend can even
be derived from such raw data. In fact, these boiling points (BP) usually originate from
the distillation of reaction mixtures after synthesis and not from specific physico-chemical
investigations. The temperatures are usually in the range of a few degrees, and the pres-
sures are measured with uncalibrated manometers. Nevertheless, the BP data for benzyl
2-phenylacetate compiled in Table 54 agree very well with the available vapour pressures in
the temperature range from 402 K to 593 K (see Figure S1). This good agreement prompted
us to collect the boiling points at reduced pressures for phenyl and benzyl 2-phenylacetates
and their hydrogenated products (see Table 54) in order to evaluate the vaporisation
thermodynamics for these compounds.
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Table 3. Absolute vapour pressures p and standard thermodynamic functions of vaporisation
obtained by the transpiration method.

T/ m/ V(Ny) ¢/ Flow/ p! u(p)/ AlgH?n/ Af’an/
K? mg P dm? dm3-h-1 Pad Pa¢ kJ-mol—1 J-K-1.mol-1
benzyl 2-phenylacetate [102-16-9];
A?Hr?n(298 K) = 88.2 4 0.7 kJ.mol~;
APS3 (298 K) =164.9 £ 1.5] K -mol1;
APG,(298 K) =39.1 + 0.1 kJ.mol !
ln(p/pref) = 34R£ - 1131%’14546 - %ln%; Pref = 1Pa
325.7 0.37 14.64 5.12 0.29 0.01 85.9 157.8
3294 0.33 9.392 5.12 0.40 0.02 85.6 156.6
3325 0.32 6.831 5.12 0.54 0.02 85.4 155.8
337.1 0.37 5.379 5.12 0.80 0.03 85.0 154.5
338.4 0.35 4.525 5.12 0.89 0.03 84.9 154.2
341.3 0.42 4.184 5.12 1.15 0.03 84.6 153.4
344.8 0.51 3.757 5.12 1.55 0.04 84.3 152.5
349.6 0.45 2.135 5.12 241 0.07 83.9 151.7
352.8 0.50 1.878 5.12 3.09 0.08 83.7 150.8
3574 0.54 1.409 5.12 4.39 0.11 83.3 149.6
361.3 0.77 1.494 5.12 5.96 0.17 82.9 148.7
367.2 1.04 1.281 5.12 9.38 0.26 82.5 147.5
371.7 1.52 1.281 5.12 13.63 0.37 82.1 146.8

2 Saturation temperature measured with the standard uncertainty (u(T) = 0.1 K). b Mass of transferred sample
condensed at T = 243 K. ¢ Volume of nitrogen (1(V) = 0.005 dm?) used to transfer m (u(m) = 0.0001 g) of the
sample. Uncertainties are given as standard uncertainties. d Vapour pressure at temperature T, calculated from
the m and the residual vapour pressure at the condensation temperature calculated by an iteration procedure.
¢ Standard uncertainties were calculated with u(p;/Pa) = 0.005 + 0.025(p;/Pa) for pressures below 5 Pa, and
u(p;/Pa) = 0.025 + 0.025(p; /Pa) for pressures from 5 to 3000 Pa. The standard uncertainties for T, V, p, m, are
standard uncertainties with 0.683 confidence levels. Uncertainty of the vaporisation enthalpy U(AerOn) is
the expanded uncertainty (0.95 level of confidence) calculated according to procedure described elsewhere.
Uncertainties include uncertainties from the experimental conditions and the fitting equation, vapour pressures,
and uncertainties from adjustment of vaporisation enthalpies to the reference temperature T = 298 K.

3.2.2. Experimental Standard Molar Enthalpies of Vaporisation

The standard molar enthalpies of vaporisation of phenyl and benzyl 2-phenylacetates
and their hydrogenated products at temperatures T were derived from the temperature de-
pendence of vapour pressures approximated by Equation (7) using the following equation:

ASHR(T) = —b+ AfCp oy x T (8)

where b is one of the adjustable parameters of Equation (7). The standard molar vaporisation
entropies at temperatures T were also derived from the temperature dependences of vapour
pressures (approximated by Equation (7)) as follows:

APSm(T) = APHR /T + R x In(p;/ p°) ©)

with p° = 0.1 MPa.

The vaporisation enthalpies AlgHg1 (298 K) at the reference temperature T = 298 K of
the phenyl and benzyl 2-phenylacetates and their hydrogenated products were calculated
using Equations (7) and (8) with the Afcg,m—values from Table S2. The uniformly treated
results are summarised in Table 4 for comparison.

The vaporisation enthalpy AigHgl(298 K) = (88.2 & 0.7) k]-mol~! (see Table 3) was
derived for benzyl 2-phenylacetate from the transpiration measurements. This result agrees
(within the limits of their combined uncertainties) with the result by Stryjek et al. [15],
A%H&(Z% K) = (89.7 & 3.1) kJ]-mol~! (see Table 4), estimated in this work using their
original data from Table S3. The result A%H&(Z% K) = (87.5 & 3.5) k]-mol ! (see Table 4),
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which was derived from the BP data for this compound (see Table S4), also supports the
results of the systematic vapour pressure studies very well.

Table 4. Compilation of the enthalpies of vaporisation, A%Hﬁl, of phenyl 2-phenylacetate and benzyl
2-phenylacetate their hydrogenation products (in kJ-mol~1) 2.

Compounds Method 2 T-Range/K A;gHngav A%Hﬁ’nz% KP Ref
phenyl 2-phenylacetate E 404.5-525.4 69.1+£13 81.7 £2.8 [15]
[722-01-0] BP 418-590 703 £2.5 85.8 +4.0 Table S4
CP 845+ 1.5 Figure S2
Jx 859+ 15 Table 5
849+t11° average
cyclohexyl 2-phenylacetate CP 809+ 15 Figure S4
[42288-75-5] BP 356-612 694+ 15 82.3+3.0 Table S4
SP 80.8 +1.5 Table 7
81.0+1.0°¢ average
phenyl cyclohexaneacetate CP 795+17 Figure S5
[351874-85-6] BP 368-591 65.7+1.9 79.1+33 Table S4
SP 824420 Table 9
805+ 1.2°¢ average
cyclohexyl cyclohexaneacetate CP 76.0 £ 1.7 Figure S6
[500696-30-0] SP 82.4+20 Table 8
805+ 1.2°¢ average
benzyl 2-phenylacetate E 426.5-521.5 753 £1.2 89.7 £ 3.1 [15]
[102-16-9] BP 402-593 715 £15 875+ 35 Table S4
T 325.7-371.7 84.1+05 882 +£07 Table 1
Ccp 89.3+15 Figure 2
Jx 879+ 15 Table 5
88.4 0.6 ¢ average
cyclohexylmethyl 2-phenylacetate CP 845+ 15 Figure S4
[10397-53-2] SP 844+ 15 Table 7
845+ 1.1°¢ average
benzyl 2-cyclohexylacetate CP 86.4 1+ 1.7 Figure S5
[77100-94-8] SP 85.4+2.0 Table 9
86.0 = 1.3°¢ average
cyclohexylmethyl 2-cyclohexyl- CP 81.6 =17 Figure S6
acetate, [86328-74-7] SpP 80.9 £ 1.5 Table 8
81.2+1.1° average

2 Methods: n/a = method was not available; T = transpiration method; ], = from correlation with Kovats indices;
BP = estimated from boiling points at different pressures (see Table S4) using Equations (7) and (8); CP = estimated
using the “centerpiece” approach (see text); SP = estimated using the structure—property correlations for the parent
compounds (see text). b Vapour pressures available in the literature were treated using Equations (7) and (8) with
help of heat capacity differences from Table S2 to calculate the enthalpies of vaporisation at 298 K. Uncertainties
of the vaporisation enthalpies U(A% HY,) are the expanded uncertainties (0.95 level of confidence). They include
uncertainties from the fitting equation and uncertainties from temperature adjustment to T = 298 K. Uncertainties
in the temperature adjustment of vaporisation enthalpies to the reference temperature T= 298 K are estimated
to account for 20% of the total adjustment. ¢ Weighted mean value (uncertainties were taken as the weighting
factor). Value given in brackets was excluded from averaging. Values given in bold are recommended for further
thermochemical calculations.

The vaporisation enthalpy AigHI?n(298 K) = (85.8 & 4.0) k]-mol~! (see Table 4) was
derived for phenyl 2-phenylacetate from the BP data in Table S4. This result agrees
(within the limits of their combined uncertainties) with the result by Stryjek et al. [15],
AI‘;H&(Z% K) = (81.7 + 2.8) kJ- mol ! (see Table 4), estimated in this work using their origi-
nal data from Table S3. Such good agreement between the vaporisation enthalpies derived
from BP data and those measured in systematic studies using established methods has
underlined the practical importance of BP data for cases where conventional method data
are not available in the literature.



Hydrogen 2024, 5

653

The lack of thermodynamic data for phenyl and benzyl 2-phenylacetates and their
hydrogenated products prompted the additional validation of the A?H&(Z% K) results
compiled in Table 4 by using the structure—property correlations as follows.

3.2.3. Validation of Enthalpies of Vaporisation by Empirical Correlations: Kovats Indices Jx

The Kovats retention index [16] is a value derived from the retention times measured
in gas chromatography (GC). It is generally responsible for the intensity of the specific
interaction between the stationary liquid phase of the GC and the compound that moves
through the column with the aid of the gas flow. Therefore, the Kovats index is commonly
linked to the enthalpy of vaporisation. It was observed that the A;D’ H? (298 K)-values in a
series of similarly structured compounds often correlate linearly with the Kovats indices.
The Kovats indices, J, for a series of aromatic esters on low-polar column SE-30, were taken
from the literature [17,18] and correlated with their A;é Hg, (298 K), as shown in Table 5.

Table 5. Correlation of vaporisation enthalpies, A?H&(Z% K), of aromatic esters with their Kovats
indices (Jy).

Compound T ? APHY, (298 Kexp P APHY, (298 K) g © Ad
kJ-mol—1 kJ-mol—1 kJ-mol—1

phenyl methanoate, 1864-94-4] 980 52.9 4+ 0.7 [19] 53.0 -0.1
phenyl propanoate, [637-27-4] 1151 60.3 + 1.4 [20] 60.1 0.2
benzyl methanoate, [104-57-4] 1058 57.3 + 1.4 [20] 56.2 1.1
benzyl acetate, [140-11-4] 1154 60.9 + 0.7 [21] 60.2 0.7
benzyl propanoate, [122-63-4] 1245 64.2 + 1.0 [21] 63.9 0.3
benzyl butanoate, [103-37-7] 1337 68.1 + 0.6 [21] 67.8 0.3
ethyl benzoate, [93-89-0] 1171 60.0 + 0.4 [5] 60.9 -0.9
propyl benzoate, [2315-68-6] 1268 64.4 + 0.8 [5] 64.9 —-0.5
butyl benzoate, [120-51-4] 1365 68.7 £ 0.7 [5] 68.9 —-0.2
n-pentyl benzoate, [2049-96-9] 1466 72.0 + 0.6 [5] 73.1 —-1.1
n-hexyl benzoate, [6789-88-4] 1567 76.0 + 0.8 [5] 77.3 -1.3
n-heptyl benzoate, [7155-12-6] 1667 82.7 + 2.1 [5] 814 1.3
n-octyl benzoate, [94-50-8] 1765 85.0 = 0.7 [5] 85.5 —-0.5
n-nonyl benzoate, [5451-95-6] 1866 89.5 + 0.7 [5] 89.7 —-0.2
n-decyl benzoate, [36685-97-9] 1965 93.5 + 0.7 [5] 93.8 -0.3
n-undecyl benzoate, [6316-30-9] 2066 97.7 + 0.7 [5] 97.9 —-0.2
n-dodecyl benzoate, [2915-72-2] 2168 102.0 + 0.7 [5] 102.2 —-0.2
n-tridecyl benzoate, [29376-83-8] 2266 106.6 £ 0.7 [5] 106.2 0.4
n-tetradecyl benzoate, [70682-72-3] 2368 110.7 + 0.7 [5] 1104 0.3
n-pentadecyl benzoate, [102702-75-0] 2468 115.9 £29[5] 114.6 1.3
n-hexadecyl benzoate, [22485-54-7] 2567 118.5 £ 3.0 [5] 118.7 -0.2
n-heptadecyl benzoate, [103167-99-3] 2677 122.9 + 3.7 [5] 123.2 —-0.3
phenyl 2-phenylacetate, [722-01-0] 1772 85.9

benzyl 2-phenylacetate, [102-16-9] 1818 87.9

phenyl benzoate, [93-99-2] 1604 78.8

benzyl benzoate, [120-51-4] 1736 84.3

2 Kovats indices, ]y, on the standard low-polar column SE-30 [17,18]. b Experimental results from Table 2 (values
given in bold). © Calculated using Equation (10) with the assessed expanded uncertainty of £1.5 kJ-mol~!
(0.95 level of confidence, k = 2). The aromatic esters required for the discussion are given in bold ¢ Difference
between column 3 and 4 in this table.

The A?H&(Z% K)-values of these esters show a very good linear correlation with the
corresponding J,-values:

ABHS, (298 K) / (k].morl) = 12.38 + 0.0414 x J, with (R2 = 0.9990) (10)
The “empirical” enthalpies of vaporisation derived from Equation (10) for this ester

series agree well (see Table 4, column 4) with the experimental values determined in the
recent literature [5]. This good agreement indicates that the enthalpies of vaporisation



Hydrogen 2024, 5

654

estimated with Equation (10) for phenyl 2-phenylacetate, benzyl 2-phenylacetate, as well
as for phenyl benzoate and benzyl benzoate, can also be considered reliable. The estimates
according to Equation (10) are labeled as Jy-values in Table 4 and show good agreement
with the values derived by other methods.

3.2.4. Validation of Enthalpies of Vaporisation via Structure-Property Correlations:
“Centerpiece” Approach

Before the vaporisation enthalpies of the phenyl 2-phenylacetate and benzyl 2-phenylacetate
(and their hydrogenated products) summarised in Table 4 can be recommended for further
thermochemical calculations, empirical methods based on structure—property correlations
should be used to validate these results. The benefit of empirical methods is that they are
developed from reliable and consistent experimental data. If the new results are consistent
with the already known trends, they are considered validated and can be integrated into
the network of reliable data. If the new results show significant deviations, the reason for
such specific behavior should be reasonably explained or the measurements should be
considered as questionable.

The group-additivity method (GA) is one of the modifications of the structure-property
correlations. The conventional GA method essentially consists of splitting the experimental
enthalpies of the molecules into the smallest possible groups (increments) and calculating
the numerical values of the increments from the matrix of reliable data. The estimation is
then made by assembling a framework of the desired model molecule from the correspond-
ing number and type of increments.

It is known that conventional GA methods have difficulties with large molecules, as
the uncertainties will naturally increase with the growing number of increments used to
construct the framework. To overcome this drawback, the GA method can be modified by
taking a structurally similar molecule (the so-called “centerpiece”) with a well-established
thermodynamic property as a starting point to construct the framework of the desired
molecule when only the small additional contributions are gradually attached to this
“centerpiece” [22].

The basic idea of this approach is illustrated in Figure 4 using calculations for phenyl

@‘

2-phenylacetate and benzyl 2-phenylacetate.
o > UL @ 5

GH; = Ay \’ CH,CH; — CH, Ph

Figure 4. Calculation the enthalpies of vaporisation, A?H&(Z% K), of phenyl 2-phenylacetate (left)
and benzyl 2-phenylacetate (right) using methyl benzoate or ethyl benzoate as the “centerpiece”.

For phenyl 2-phenylacetate, the choice of a potentially large “centerpiece” molecule
that has a known enthalpy and can generally mimic its structure is obvious: it is methyl 2-
phenylacetate [101-41-7] with the vaporisation enthalpy Alg HS,(298 K) = 60.9 + 1.4 kJ-mol !
(see Table S5). To construct phenyl 2-phenylacetate from methyl 2-phenylacetate, we need
to cut off the methyl group and attach the phenyl substituent (see Figure 4). The enthalpic
contribution for this exchange, CH3 — Ph =23.5 kJ-mol~!, was derived from the differences
in the enthalpies of vaporisation of phenyl acetate and methyl acetate, as shown in Figure 5.

The resulting enthalpy of vaporisation of phenyl 2-phenylacetate, calculated according
to Figure 52, APH$,(298 K) = (60.9 + 23.5) = 84.5 + 1.5 kJ-mol~?, helps to reconcile the
experimental result, A;‘;H&(298 K) = 81.7 4 2.8 k]-mol~! (see Table 4), by Stryjek et al. [15]
and the vaporisation enthalpy, A%Hgl(z% K) = (85.8 + 4.0) kJ-mol ! (see Table 4), derived
from the BP data (see Table 54).
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& _cH = ¢ /©
H3C/ \O/ 3 ch/ \O

32.3+0.2 CH; — Ph 55.8+0.3

0 253 O

> L
H3C)J\O/\CH3 HaC o/\©
356£02  CH,CHy— CH,Ph 60907

Figure 5. Calculation of Aig Hp, (298 K). Development of the contribution CHz — Ph for the exchange
of the methyl group in the methyl benzoate with the phenyl substituent (first row). Development
of the contribution CH,CHj — CHj,Ph for the exchange of the ethyl group in the ethyl benzoate
with the benzyl substituent (second row). The auxiliary experimental data for esters are compiled in
Table S5. All values are shown in kJ-mol 1.

Similarly, ethyl 2-phenylacetate [101-97-3] with the vaporisation enthalpy
AFHI%(Z% K) = 64.0 + 1.4 kJ-mol~! (Table S5) was used as the “centerpiece” for benzyl
2-phenylacetate. To model the benzyl 2-phenylacetate from the ethyl 2-phenylacetate, the
ethyl group was cut off, and the benzyl substituent was appended instead (see Figure 4). The
enthalpic contribution for this exchange, CH,CH3; — CH,Ph =25.3 kJ-mol~!, was derived
from the differences in the enthalpies of vaporisation of benzyl acetate and ethyl acetate, as
shown in Figure 5. The resulting enthalpy of vaporisation of benzyl 2-phenylacetate, calcu-
lated according to Figure 4, AI‘;H&(298 K) = (64.0 + 25.3) = 89.3 + 1.5 k]-mol ! (see Figure 52),
agrees (within the combined uncertainties) with the experimental result, Af HR.(298K) =
88.2 + 0.7 kJ-mol~! (see Table 4), obtained in this work using the transpiration method,
with the experimental result, A?H&(Z% K) = 89.7 + 3.1 kJ-mol ! (see Table 4) by Stryjek
et al. [15] and the vaporisation enthalpy AIO’H&(Z% K) = (87.5 & 3.5) k]-mol ! (see Table 4)
derived from the BP data (see Table S4).

The same path was chosen for the prediction of the enthalpies of vaporisation of the
hydrogenated 2-phenylacetate. For example, to create cyclohexyl 2-phenylacetate from
methyl 2-phenylacetate, the methyl group was cut off, and the cyclohexyl (cH) substituent
was attached instead (see Figure 6).

UL
o)

0
i ©\i0© *@Qio

CH; —» cH

\) CH,CH; — CH,cH

Figure 6. Calculation of the enthalpies of vaporisation, Aig HY, (298 K), of cyclohexyl 2-phenylacetate
(left) and cyclohexylmethyl 2-phenylacetate (right) using methyl 2-phenylacetate or ethyl 2-
phenylacetate as the “centerpiece”.

The enthalpic contribution for this exchange, CH3; — c¢H = 20.0 k]-mol’l, was de-
rived from the differences in the enthalpies of vaporisation of cyclohexyl acetate and
methyl acetate, as shown in Figure S3. The resulting enthalpy of vaporisation of cyclo-
hexyl 2-phenylacetate, calculated according to Figure 6, A?Hgl(z% K) = (60.9 + 20.0) =
80.9 & 1.5 kJ-mol~! (see Figure S4), agrees with the results (see Table 4) obtained in this
work using other methods.
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To make cyclohexylmethyl 2-phenylacetate from ethyl 2-phenylacetate, the ethyl
group was cut off, and the methylene-cyclohexyl (CH; — CHycH = 20.5 kJ-mol 1) sub-
stituent was attached instead (see Figure 6). The enthalpy of vaporisation of cyclohexyl-
methyl 2-phenylacetate, calculated according to Figure 6, A% H? (298 K) = (64.0 + 20.5) =
84.5 4+ 1.5 kJ-mol ! (see Figure 54), agrees with the result (see Table 4) obtained in this
work using a different method.

The estimation of the vaporisation enthalpies of phenyl and benzyl cyclohexaneacetates
was based on the corresponding enthalpies of vaporisation of methyl 2-cyclohexylacetate
[14352-61-5] and ethyl 2-cyclohexylacetate [5452-75-5] and the contributions CH3 — Ph and
CH,CHj3 — CH,Ph in Figure 5. The algorithm of the calculations is shown in Figure S5.

The enthalpies of vaporisation of fully hydrogenated aromatic esters were derived as
shown in Figure 7, where the contributions CH3 — cH and CH3 — CHycH were derived

O
- Q2 O)0uX > O,

as shown in Figure S3.

CH,CH; — CH,cH

Figure 7. Calculation of the enthalpies of vaporisation, A?H&(Z% K), of cyclohexyl cyclohexaneac-
etate (left) and cyclohexylmethyl cyclohexaneacetate (right) using methyl 2-cyclohexylacetate [14352-
61-5] and ethyl 2-cyclohexylacetate [5452-75-5] as the “centerpiece”.

The calculations and the results are shown in Figure S6. The “empirical” Aig HY (298 K)-
values for phenyl and benzyl 2-phenylacetates and their hydrogenated products estimated
using the “centrepiece” approach are labelled as CP in Table 4 and compared with the
results of other methods. As can be seen from this table, the CP results are in very good
agreement with those of the conventional methods. To increase confidence, the weighted
average A?H&(Z% K)-values were calculated for each ester and recommended for further
thermochemical calculations.

3.2.5. Validation of Enthalpies of Vaporisation via Structure-Property Correlations:
Correlation of the Parent Structures

It is evident that the phenyl ring-containing esters studied in this work are structurally
interrelated (see Figures 1 and 2). Structure—property correlations are an effective tool to
establish the consistency of experimental data in the set of structurally parent molecules.
In this work, we correlated the experimental A%Hron(298 K)-values for phenyl-substituted
benzoates (Ph-B) with the experimental vaporisation enthalpies for the series of cyclohexyl
benzoates (Ch-B) and cyclohexyl cyclohexane carboxylates (Ch-Ch). The experimental data
used for these correlations are compiled in Table 6.

The results of the correlation of vaporisation enthalpies between phenyl-substituted
benzoates and cyclohexyl benzoates are shown in Table 7.

A very good linear correlation was found for this structurally related series:

APHS,(Ch — B)/k-mol ™! = 0.8713 x APHS,(Ph — B) +7.4 with (R? = 0.9984)  (11)

The very high correlation coefficient R? can be considered as evidence of the general
consistency of the enthalpies of vaporisation for both series evaluated in Table 4.

The results of the correlation of the enthalpies of vaporisation between phenyl-
substituted benzoates and fully hydrogenated benzoates are presented in Table 8.
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Table 6. Correlation of vaporisation enthalpies, AFH&, of phenyl-substituted benzoates (Ph-B)
and their partly hydrogenated products: cyclohexyl benzoates (Ch-B) and cyclohexyl cyclohexane

carboxylates (Ch-Ch) (at T = 298 K and in kJ-mol~1).

Ph-B APHY, Ch-B APHY, Ch-Ch APHY,
0 O (e}
788 + 1.5 74.8 + 2.4 70.8 + 2.3
o [Table 5] o [Table S4] o [Table S4]
0 0 0
o 843+ 15 o 795+ 28 o 77.6 + 3.4
@ [Table 5] /\O [Table S4] AO [Table S4]
@\jl /@ 849 + 1.1 @ 812+152 O 79.4 + 152
o [Table 4] [Table 4] o [Table 4]
OQ 884+ 1.1 oJij 845+ 15 0\/0 864+ 1.7
m [Table 4] [Table 4]

T

[Table 4] m
o)

2 The weighted average value from the BP and CP entries in Table 4.

Table 7. Correlation of vaporisation enthalpies, A%H;;, of phenyl-substituted benzoates (Ph-B) and

their partly hydrogenated products cyclohexyl benzoates (Ch-B) (at T = 298 K and in kJ-mol~1).

Ph-B APHS, (exp) @ APHY, (exp) APHY, (est) ® Ac
2 O O
@o 788 £ 15 @ 74.8 +2.4 74.7 0.1
O (0]
@%@ 843+ 15 @o@ 79.5 + 2.8 80.2 —0.7
o 0
849 4+ 1.1 812+15 80.8 0.4
o 0
Ov@ 884+ 1.1 OQ 845+15 84.4 0.1

Y

SR

2 Taken from Table 6. ° Calculated according to Equation (11), with the assessed expanded uncertainty of
+1.5 kJ-mol ! (0.95 level of confidence, k = 2). ¢ Difference between columns 4 and 5 in this table.

A good linear correlation was also developed for this structurally related series:

ABHS,(Ch — Ch) /KJ-mol ™' x ABHS,(Ph — B) — 15.9 with (RZ = 0.9689) (12)

and the high correlation coefficient R? proves the good quality of the data involved in
this type of correlation. The results of the correlation of the A*lg H? (298 K)-values between
cyclohexyl-substituted benzoates and phenyl-substituted cyclohexyl esters are presented
in Table 9.
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Table 8. Correlation of vaporisation enthalpies, A;‘; Hp,, of phenyl-substituted benzoates and their
partly hydrogenated products phenyl cyclohexanecarboxylates (Ph-Ch) (at T =298 K and in kJ-mol ).

Ph-B

A;C”H"m(exp) a Ch-Ch AfH?n(exp) a Af’H:’n(est) b A€

@i(@

? )
788 + 1.5 O)ko 76.5 + 3.2 70.4 04

Shas

0
843+ 15 O)‘\o/\o 828+ 15 76.4 0.2

AL

O
849+1.1 m /O 794 £1.5 771 —1.1
O

mu@

884 £1.1 mO\Q 86.4 £ 1.7 80.9 0.7
O

2 Taken from Table 6. P Calculated according to Equation (12), with the assessed expanded uncertainty of
+1.5 kJ-mol~! (0.95 level of confidence, k = 2). € Difference between columns 4 and 5 in this table.

Table 9. Correlation of vaporisation enthalpies, A%Hron, of cyclohexyl-substituted benzoates (Ph-B)
and phenyl-substituted cyclohexyl esters (Ph-Ch) (at T = 298 K and in kJ-mol~1).

Ch-B

ASHS, (exp) ? Ph-Ch APHY, (exp) APHE, (est) b Ac

@ﬁoﬁ

i /©
76.5 + 3.2
74.8 + 2.4 O/mo [Table S4] 76.5 0.0

0

o)
79.5 + 2.8 O)ko“© 828 +154d 80.8 2.0

AL

0
812£15 m /@ 794+15¢€ 82.4 -3.0
0}

SR

o

o\/© 864+ 1.7
845+ 15 O/\g [Table 4] 85.4 1.0

2 Taken from Table 6. P Calculated according to Equation (13), with the assessed expanded uncertainty of
+2.0 kJ-mol~! (0.95 level of confidence, k = 2). < Difference between columns 4 and 5 in this table. 9 Estimated
using the “centerpiece” approach. ¢ The weighted average value from the BP and CP entries in Table 4.

For this structurally related series, only the following sufficiently good correlation
was derived:

APHS, (Ph — Ch)/KJ-mol ™! = 0.9163 x APHY(Ch — B) + 80 with (R2 = 0.7590) (13)

and the reason for this is rather the large uncertainties of some entries considered in
correlations (see Table 9). The results of the validation of the enthalpies of vaporisation
performed in Section 3.2.5 are recorded as SP (structural property) values in Table 4. They
are in good agreement with the results obtained using other methods.
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3.2.6. Entropies of Vaporisation and Absolute Entropies in Gaseous and Liquid State

The liquid-phase entropies of the reactants (see Figures 1 and 2) are required as input
for the Gibbs—Helmholtz equation to calculate the reaction entropies A,Sy, (lig, 298 K). The
liquid-phase S, (lig, 298 K)-values were determined using Equation (3). The standard
molar entropies of vaporisation, AIO’S&(298 K), were calculated according to Equation (9)
using the vapour pressure-temperature dependences from Tables 3 and S4 (see Table 10,
column 2). The gas-phase 57,(g, 298 K)-values were calculated using the G4 method (see
Table 10, column 3).

Table 10. Compilation of the standard molar entropies of vaporisation, AISS?W and the absolute
standard molar entropies, S, (g or liq), of compounds of interest for this work (all values at T = 298 K
inJ-mol~1.K~1).

Compound, [CAS] ABSS, 2 S%(g) P S9.(lig) ©
phenyl 2-phenylacetate [722-01-0] 160.6 515.4 354.8
cyclohexyl 2-phenylacetate [42288-75-5] 153.4 528.3 374.9
phenyl cyclohexaneacetate [351874-85-6] 149.3 527.9 378.6
cyclohexyl cyclohexaneacetate [500696-30-0] 150.0 546.7 396.7
benzyl 2-phenylacetate [102-16-9] 163.3 550.9 387.6
cyclohexylmethyl 2-phenylacetate [10397-53-2] 158.3 566.1 407.8
benzyl 2-cyclohexylacetate [77100-94-8] 158.3 555.3 397.0
cyclohexylmethyl 2-cyclohexylacetate [86328-74-7] 158.3 579.4 421.1
phenyl benzoate [93-99-2] 150.4 467.6 317.2
cyclohexyl benzoate [2412-73-9] 146.8 487.2 340.4
cyclohexanecarboxylic acid phenyl ester [3954-12-9] 148.2 496.7 348.5
cyclohexanecarboxylic acid cyclohexyl ester [15840-96-7] 142.4 520.0 377.6
benzyl benzoate [120-51-4] 156.4 498.1 341.7
cyclohexylmethyl benzoate [14135-40-1] 151.2 516.6 365.4
cyclohexanecarboxylic acid benzyl ester [22733-94-4] 150.0 532.2 382.2
cyclohexanecarboxylic acid cyclohexylmethyl ester [2611-02-1]  150.7 558.1 407.4
benzene, [71-43-2] 173.3 [23]
cyclohexane, [110-82-7] 298.2 [23] —203.9 [23]
toluene, [108-88-3] 221.0 [23]
methyl cyclohexane, [108-87-2] 343.2 [23] 247.9 [23]
methyl benzoate, [93-58-3] 121.5 [5] 391.0 269.5
cyclohexanecarboxylic acid methyl ester, [4630-82-4] 120.4 4242 303.8
ethyl benzoate, [93-89-0] 132.6 [5] 418.8 286.2
cyclohexanecarboxylic acid ethyl ester, [3289-28-9] 127.2 451.8 342.6

2 From the vapour pressure measurements compiled in Table 3 and Table S4. Values given in italics were assessed.
P Calculated with the G4 method [8]. © Calculated according to Equation (3) using entries from columns 2 and 3
from this table.

The resulting absolute standard molar entropies, Sy, (liq, 298 K), of the aromatic and
aliphatic esters are given in Table 10, column 4. With the very consistent sets of enthalpies of
vaporisation and absolute entropies in the liquid phase from Table 10 evaluated in Table 4,
the second step is complete, and they can now be combined with the gas phase formation
enthalpies, A¢HY,(g), from the first step to determine the liquid phase formation enthalpies
of the reactants shown in Figures 1 and 2.

3.3. Step I1I: Thermodynamic Analysis of the Hydrogenation Reactions of Aromatic Esters
3.3.1. Liquid-Phase Enthalpies of Formation and Liquid-Phase Reaction Enthalpies

The A¢HY, (liq, 298 K)-values of the reactants shown in Figures 1 and 2 were calculated
according to Equation (2), and the results are listed in Table 11 (last column).

The enthalpies of formation of the aromatic esters in the liquid phase determined in
Table 11 must also be validated before they can be used for the thermodynamic analysis of
the hydrogenation reactions.
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Table 11. Calculation of the empirical liquid-phase enthalpies of formation, A¢Hg, (liq)emp, from the
quantum-chemical results, A¢Hp (g)qc, and enthalpies of vaporisation, AigHgl, available for phenyl
benzoate, benzyl benzoate, and their hydrogenated products (T =298 K, p° = 0.1 MPa, in kJ-mol ).

Ester AfH‘g-l (g)QC a AlgH;)n b Alet.)n(liq)emP ¢
phenyl 2-phenylacetate [722-01-0] —159.0 £ 3.5 849 +11 —243.9 +£3.7
cyclohexyl 2-phenylacetate [42288-75-5] —385.6 £ 3.5 81.0£+1.0 —466.6 + 3.6
phenyl cyclohexaneacetate [351874-85-6] —366.0 £3.5 80.5+1.2 —446.5 £ 3.7
cyclohexyl cyclohexaneacetate [500696-30-0] —589.6 + 3.5 76.6 £1.1 —666.2 + 3.7
benzyl 2-phenylacetate [102-16-9] —1904 £ 3.5 884 +1.1 —278.8 £ 3.6
cyclohexylmethyl 2-phenylacetate [10397-53-2] —401.9 £35 845+1.1 —486.4 £ 3.7
benzyl 2-cyclohexylacetate [77100-94-8] —396.2 + 3.5 86.0+ 1.3 —482.2 +3.7
cyclohexylmethyl 2-cyclohexylacetate [86328-74-7] —603.1 £3.5 81.2+1.1 —684.3 £ 3.7

a From Tables 1 and 2. ® From Table 4. ¢ Difference between columns 2 and 3 in this table.

3.3.2. Correlation of Enthalpies of Formation of the Parent Structures

The structure—property correlations are also effective in determining the consistency
of the enthalpies of formation, A¢Hy, (g, 298 K), in the set of structurally parent molecules.
Similar to the correlations shown in Section 3.2.5 for the vaporisation enthalpies, here,
we correlated the A¢HJ (lig, 298 K)-values for phenyl-substituted benzoates (Ph-B) with
the enthalpies of formation for the series of phenyl-substituted cyclohexane esters (Ph-Ch)
shown in Table 12.

Table 12. Correlation of enthalpies of formation, A¢Hy, (liq), of phenyl-substituted benzoates and
their partly hydrogenated products: phenyl-substituted cyclohexane esters (Ph-Ch) (at T = 298 K and
in kJ-mol~1).

Ph-B A¢HY, (lig) 2 Ph-Ch A¢HY, (liq) @ A¢HS, (lig)est © A€
2 O . )
@% —219.3+ 3.8 O)ko —4185+47 —419.1 0.6
o 0
d&@ —253.9 + 35 O)J\o/\© —455.9 + 3.8 —456.0 0.1
o) o}
—2439 4+ 3.7 —4465 + 3.7 —4453 -12
o o}
Ov© —278.8 +3.6 0\/© —4822 437 —482.6 0.4

(T

2 Taken from Table 11 and Table S6. P Calculated according to Equation (14) with the assessed expanded
uncertainty of £3.5 kJ-mol~1 (0.95 level of confidence, k = 2). < Difference between columns 4 and 5 in this table.

An almost perfect linear correlation was found for these structurally related series:

AHS (lig, Ph — Ch)/ (kJ-mol™1) = 1.0669 x A:HZ (lig, ChB) — 185.1 with ( R? = 0.9991 (14)
m(liq m(liq

The results of the correlation of the enthalpies of formation, A¢Hy, (lig, 298 K), of
cyclohexyl-substituted benzoates (Ch-B) and their fully hydrogenated products cyclohexyl
cyclohexanecarboxylates (Ch-Ch) are presented in Table 13.
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Table 13. Correlation of enthalpies of formation, AfHp, (lig), of cyclohexyl-substituted benzoates (Ch-
B) and their fully hydrogenated products cyclohexyl cyclohexanecarboxylates (Ch-Ch) (at T = 298 K
and in kJ-mol~1).

Ch-B A¢HY, (lig) 2 Ch-Ch A¢HS, (liq) @ A¢HS, (liq)est® Ac

8 () 2 1)
@o —441.7 4+ 4.2 O/U\o —636.9 +4.2 —637.2 0.3

0 0
@om —460.1 + 4.5 O)%/\O —655.8 + 4.9 —657.1 13
o) 0
—466.6 + 3.6 66624 3.7 —664.1 21
o) o)

OMO 4864 +3.7 0\/0 6847 +3.7 —685.5 0.8
©) )

2 Taken from Table 11 and Table S6. ® Calculated according to Equation (15) with the assessed expanded
uncertainty of £3.5 kJ-mol = (0.95 level of confidence, k = 2). ¢ Difference between columns 4 and 5 in this table.

For this structurally related series, a slightly less good correlation was derived:

A¢HS,(liq, Ch — Ch)/ (k]~mol_1) = 1.0797 x A¢H2 (liq, ChB) — 160.3 with (R2 = 0.9944) (15)

The final results of the validation of the enthalpies of formation, A;H§, (lig, 298 K),
with the correlations between the similarly shaped molecules performed in this section
ensure the consistency of the data obtained from quantum chemical calculations, and the
results summarised in Tables 11 and S6 can be recommended for further thermochemical
calculations, as shown in the following section.

3.3.3. Energetics of Hydrogenation Reactions Based on Aromatic Esters

Admittedly, the hydrogenation reactions are highly exothermic, which is why the
reaction enthalpies in the liquid phase, A,HY, (liq), are important for safety reasons and
for temperature management in systems for hydrogen storage with aromatic esters. The
network of hydrogenation reactions taking place in System I (see Figure 1) is shown

in Figure 8.
'l'ﬂ/v \.
o O

fo,

. e\ / N
% 0] A
o 6‘(\ \
6‘2 \‘5) 1’\9
O

Figure 8. The network of hydrogenation reactions taking place in System I. The calculations are
shown in Table S7.
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The enthalpies of reactions I-1 to I-5 shown in Figure 8 were derived according to
Hess’s Law using the standard molar enthalpies of formation, A¢Hp, (liq)emp, of the reac-
tion participants estimated in Table 11. The energetics of the reactions shown in Figure 8
are expressed in two ways: as total hydrogenation enthalpy and as reaction enthalpy
(in brackets) in relation to the amount of hydrogen released (kJ-mol~!/¢p). The second
way enables a comparison of the enthalpy values of LOHC systems with different stoi-
chiometries. As shown in Figure 8, the hydrogenation of phenyl 2-phenylacetate is highly
exothermic and amounts to up to —422.3 kJ-mol~! (see reaction I-5 in Figure 8) for the
complete hydrogenation of the double bonds in phenyl 2-phenylaceate, so this energy must
be taken into account for proper temperature regulation in a chemical reactor. Interestingly,
the energetics of the hydrogenation of both phenyl rings in phenyl 2-phenylacetate are
significantly different. Indeed, the hydrogenation enthalpy of the phenyl ring linked via
the CH, to the carbonyl side (Ring 1) is clearly lower at —202.6 kJ-mol~! (see reaction I-2 in
Figure 8) compared to —222.7 k]-mol~! (see reaction I-1 in Figure 8) of Ring 2 connected
directly to the oxygen. This trend is also maintained during the second hydrogenation step:
—199.6 kJ-mol~! (see reaction I-3 in Figure 8) for Ring 1 and —219.7 kJ-mol~! (see reaction
I-4 in Figure 8) for Ring 2. The reason for this is a possible conjugation of the electrons of the
m-system of the benzene ring with electrons of the oxygen, which makes the hydrogenation
of Ring 2 more difficult. This explanation can also be confirmed by comparison with the
energetics of the hydrogenation of benzyl 2-phenylacetate shown in Figure 9.

%o, \
) / o
Ve, 0 q}\,e
% 0 W

Figure 9. The network of hydrogenation reactions taking place in System II. The calculations are
shown in Table S57.

In fact, Ring 2 in benzyl 2-phenylacetate is separated from the oxygen by the methylene
group so that conjugation is no longer possible, as is the case with phenyl 2-phenylacetate.
As a consequence, the reaction enthalpies for the stepwise hydrogenations of both rings
in benzyl 2-phenylacetate are quite similar (see reactions II-1 to II-4 in Figure 9). The
complete hydrogenation of all double bonds in benzyl 2-phenylacetate (System II) is also
less energetically demanding, with —405.5 k]-mol~! (see reaction II-5 in Figure 9) compared
to —422.3 kJ-mol ! (see reaction I-5 in Figure 8) in System 1. From a practical point of view,
this means that LOHC System II is more effective than System I.

The analysis of the hydrogenation enthalpies of Systems I and II in the unit k]-mol ! /1,
reveals that they are very similar and lie between —66.1 and —74.3 kJ-mol ™! /11, (see
Figures 8 and 9). However, the enthalpies of the complete hydrogenation of phenyl 2-
phenylacetate —70.3 kJ-mol~! /1, (see Figure 8) and —67.6 kJ-mol !/, (see Figure 9)
of benzyl 2-phenylacetate are quite comparable to those typical for LOHC reaction en-
thalpies of benzene (—68.5 kJ-mol ™! /1) [24] and toluene (—67.5 kJ-mol~! /) [24]. Ad-
mittedly, the lower the value of the hydrogenation/dehydrogenation enthalpy, the more
effective the LOHC pair is for practical applications [25]. In this context, the commer-
cially available thermofluids Marlothem LH® (—63.5 kJ-mol~! /11, [25]), Marlotherm SH®
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(—65.4 kJ-mol~! /i [25]), and biphenyl (—65.4 kJ-mol~! /1 [26]) are slightly better than
the phenyl and benzyl 2-phenylacetates investigated in this work.

In order to generalise the conclusions derived for the energetics of aromatic esters
with two phenyl rings around the ester group, the thermodynamic properties of phenyl
benzoate and its hydrogenated products (System III in Figure 10) and benzyl benzoate
and its hydrogenated products (System IV in Figure 11) were obtained and compared
with those of the phenyl and benzyl-2-phenylacetates (and their hydrogenated products)
studied in this work.

aas o

phenyl benzoate [93-99-2]. cyclohexyl benzoate [2412-73-9].

OAOJQ OAOQ

cyclohexanecarboxylic acid phenyl ester [3954-12-9]. cyclohexanecarboxylic acid cyclohexyl ester [15840-96-7].

Figure 10. System III: structures of phenyl benzoate and hydrogenated phenyl benzoates.

@**ﬁ@ 0

benzyl benzoate [120-51-4]. cyclohexylmethyl benzoate [14135-40-1].
cyclohexanecarboxylic acid benzyl ester [22733-94-4]. cyclohexanecarboxylic acid cyclohexylmethyl ester [2611-02-1].

Figure 11. System IV: structures of benzyl benzoate and hydrogenated benzyl benzoates.

In this context, it was interesting to understand how much the hydrogenation en-
thalpies of the aromatic esters differ when only one phenyl ring is attached to the ester
group. This can be achieved via comparison with the data for System V, which contains
methyl and ethyl benzoates and their hydrogenated products (see Figure 12).

@)
O/CHa ©)L o ¢
methyl benzoate [93-58-3]. ethyl benzoate [93-89-0].
o
i :/ ‘O/ CH3 : : / \ /\
methyl cyclohexanecarboxylate [4630-82-4]. ethyl cyclohexanecarboxylate [3289-28-9].

Figure 12. System V: structures of methyl and ethyl benzoates and their hydrogenated products.

The “corrected” quantum-chemical gas-phase enthalpies of formation, A¢HS, (g, 298 K)ca,
of the reactants of Systems III to V were calculated using the G4 method (Tables 1 and 2).
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They were recalculated to the liquid-phase enthalpies of formation, A¢Hy, (lig, 298 K), via
the enthalpies of vaporisation, A%H&(Z% K), which are given in Tables 6 and 9. The
A¢HY, (lig, 298 K)-values were calculated according to Equation (2), and the results are listed
in Table S6 (last column). The complete compilation of the reaction enthalpies for systems I
to V is shown in Table 14, column 1.

Table 14. Calculation of the liquid phase thermodynamic properties for reactions for LOHC systems I to V.

Ra AHS, P AS, € ACYH L ¢ ALGY ¢ AGY f A.GY, 8
(298 K) (298 K) (298 K) (298 K) (400 K) (500 K)
kJ-mol—1 J-mol—1.K-1 J-mol-1.K-1 kJ-mol—1 kJ-mol—1 kJ-mol—1

I-1 —222.7 —-371.9 —65.8 —-111.8 -73.0 —-329

I-2 —202.6 —368.2 —65.8 —-92.8 —54.4 —14.7

1-3 —199.6 —370.2 —65.8 —89.2 —50.6 -10.7

I-4 —219.7 —-373.9 —65.8 —108.2 —69.2 —28.9

15 —4223(~211.15)F  —742.2 (-371.1)h ~131.6 —201.0 ~1236 438

II-1 —207.6 —371.8 —65.8 —96.7 —57.9 —-17.9

I1-2 —203.4 —382.6 —65.8 —89.3 —494 —8.3

1I-3 —-197.9 —378.7 —65.8 —85.0 —45.5 —4.7

I1-4 —202.1 —367.9 —65.8 —924 —54.0 —14.3

115 —405.5 (—202.8) " —750.6 (—375.3) " ~131.6 ~181.7 ~103.4 —226

I1I-1 —2224 —368.8 —56.2 —-112.4 —74.1 —34.7

1-2 —199.2 —360.7 —56.2 —-91.6 —54.1 —15.6

111-3 —195.2 —354.8 —64.6 —89.4 —524 —-14.1

11-4 —218.4 —362.9 —64.6 —110.2 —72.3 —33.2

1-5 —417.6 (—208.8) —723.7 (—361.9) —122.0 —201.8 —126.4 —48.7

V-1 —206.2 —368.3 —65.8 —96.4 —-57.9 —18.2

Iv-2 —202.0 —351.5 —65.8 —97.2 —60.5 —224

Iv-3 —195.7 —350.0 —65.8 —90.8 —54.8 —-16.9

1v-4 —199.9 —366.8 —65.8 —-90.5 —-52.2 —-12.7

V-5 —4019(—201.0)" 7184 (-359.2)h ~1316 —1877 —1127 ~35.1

V-1 —2054 —-361.4 —66.5 —97.6 -59.9 —20.8

V-2 —203.1 —365.1 —59.7 —94.2 —56.2 —-17.1

V-3 —202.4 —357.7 —56.2 —95.7 —58.5 —20.3

V-4 —204.6 —335.6 —60.3 —104.5 —69.5 —33.3

2 The reactions are shown in Figures 8, 9 and S7-S9. ® Calculated according to Equation (2) from the standard
molar enthalpies of formation of the reactants from Tables 11 and S6. ¢ Calculated according to Equation (3) from
the standard molar entropies of the reactants from Table 10. 4 Difference in the standard molar heat capacities of
reactants calculated from the values in Table S2. ¢ Calculated according to Equation (1) from the results given in
columns 2 and 3 and referenced to 298 K. f Calculated according to Equation (1) from the results given in columns
2 and 3 and adjusted to 400 K according to Kirchhoff s Law (see ESI). & Calculated according to Equation (1) from
the results given in columns 2 and 3 and adjusted to 500 K according to Kirchhoff ‘s Law (see ESI). ! The property
is related to the full hydrogenation of one phenyl ring.

It was found that the reaction enthalpies, A Hg, (lig, 298 K), for most of the hydrogena-
tion reactions summarised in Table 14 generally have the same level of ~—200 kJ-mol~},
regardless of the position of the phenyl ring relative to the ester group. Moreover, the
reaction enthalpies of the aromatic esters containing one and two phenyl substituents also
hardly differ within their uncertainties. The only exceptions are reactions I-1, I-4, III-1, and
III-4 (highlighted in bold in Table 14), in which Ring 2 is directly connected to the oxygen
of the ester group. The possible reason for this increased reaction enthalpy has already
been discussed above. These two important observations greatly facilitate the reliable
assessment of the energetics of the hydrogenation reactions of bio-based aromatic esters as
potential candidates for LOHC systems.

3.3.4. Liquid-Phase Reaction Entropies

The reaction entropies, A,59,(liq, 298 K), which were calculated for Systems I to V
according to the Hess” Law from the absolute entropies of reactants (see Table 10), are
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summarised in Table 14, column 3. It turned out that the A,Sg, (lig, 298 K)-values for
all the hydrogenation reactions considered in Table 14 are generally between —350 and
—370]-mol~1.K~!, irrespective of the position of the phenyl ring relative to the ester
group and the number of phenyl substituents in the aromatic ester. Considering that
the uncertainties of the A, S35, (lig, 298 K)-values are estimated to be 10-15 J-mol~1.K~1, it
is reasonable to assume the rough estimate A,S9,(lig, 298 K) = —360 J-mol~'-K~! for all
thermodynamic calculations of hydrogenation reactions with aromatic esters. Similar to
our conclusion for the reaction enthalpies, the standardisation of the reaction entropy to
the simple constant considerably facilitates the reliable assessment of the thermodynamics
of the hydrogenation reactions of bio-based aromatic esters as potential candidates for

LOHC system:s.

3.3.5. Gibbs Energies and Thermodynamic Analysis of the Hydrogenation Reaction

Both the enthalpic (Table 14, column 2) and entropic (Table 14, column 3) contribu-
tions were used to calculate the standard Gibbs molar energies for the hydrogenation
reactions of the aromatic esters according to Equation (1). The results for the A,G,(liq)-
values at three temperatures 298 K, 400 K, and 500 K are given in Table 14 (columns
5-7). In the hydrogenation reactions of the aromatic esters, all A,Gg, (lig, 298 K)-values are
around —100 kJ-mol ! and decrease drastically with increasing temperature (the equations
for the temperature adjustment are given in ESI). The hydrogenation and dehydrogena-
tion reactions are reversible, so the temperature dependencies of the A,Gy, (lig)-values
determined in this work for the hydrogenation process will be identically large for the
dehydrogenation process (albeit with the opposite sign!) and can be used to optimise the
hydrogenation/dehydrogenation equilibrium, which is important for the development of
advanced hydrogen-capture-and-release technologies using bio-based aromatic esters as
promising LOHC compounds.

4. Conclusions

Molar enthalpies of vaporisation of aromatic esters were determined based on vapour
pressure data. The obtained sets of thermodynamic properties of phase transitions were
consistent with the values of the enthalpy of formation and additionally confirmed using
empirical and quantum-chemical methods. As a result, values were obtained that were rec-
ommended for further theoretical and technological calculations. The obtained enthalpies
of formation in the liquid phase of aromatic esters and their hydrogenated analogues were
used to evaluate hydrogenation reactions and were further compared with other hydrogen
carriers. It was found that most hydrogenation reactions, in general, have the same level
regardless of the position of the phenyl ring relative to the ester group, which is approx-
imately —200 k] mol~!. However, it is worth noting that the enthalpy of hydrogenation
of the phenyl ring bound via CH, to the carbonyl group is 20 k] mol~! lower than that
of the phenyl ring bound directly to oxygen. Aromatic esters and their hydrogenation
products have suitable energy (see Table S8), which allows them to be considered promising
participants in reactions associated with hydrogen storage.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /hydrogen5030034/s1, Figure S1: Comparison of vapor pres-
sures over the liquid sample of benzyl 2-phenylacetate: o—this work, transpiration (see Table 1);
e—ebulliometry (see Table S3); A—boiling points at reduced pressures from Table S4; Figure S2:
Calculation the enthalpies of vaporisation, A%H&(298.15 K), of phenyl 2-phenylacetate (first row)
and benzyl 2-phenylacetate (second row) using the methyl 2-phenylacetate or ethyl 2-phenylacetate
as the “centerpiece”. The auxiliary experimental data for esters are compiled in Table S5. All
values in kJ-mol~!; Figure S3: Calculation of Aig’ Hp,(298.15 K). Development of the contribution
CHj3—cH for the exchange of the methyl group in the methyl benzoate with the cyclohexyl sub-
stituent (first row). Development of the contribution CH,CH3;—CHycH for the exchange of the
ethyl group in the ethyl benzoate with the methylene-cyclohexyl substituent (second row). The
auxiliary experimental data for esters are compiled in Table S5. All values in kJ-mol~!; Figure S4:
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