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Abstract

In this contribution, we report the hydrogenation enthalpy direct measurement of well-studied
Ligquid Organic Hydrogen Carriers (LOHC) (Dibenzyltoluene, N-Ethylcarbazole, 2-Octanone)
and of a new LOHC (Acetophenone) by differential scanning calorimetry (DSC) under H»
pressure. The obtained hydrogenation enthalpies showed good correlation with DFT
predictions and the literature. Moreover, multistep hydrogenation processes were investigated,
evidencing that transfer hydrogenation occurred during the reaction. The study of bifunctional
LOHC such as acetophenone and its derivatives showcased the potential of direct enthalpy
measurement for rapid LOHC screening. Besides, a DFT correction factor for this specific
bifunctional LOHC class was experimentally obtained, enabling more precise DFT predictions
for similar systems. Kinetic parameters such as the activation energies for the catalytic
Ru/Al;O3 system were also determined to be in the 45-60 kJ/mol range, compatible with the
H, adsorption on the Ru surface. The detrimental effect of steric hinderance was also
observed. Finally, the reaction order in H, was experimentally estimated to ~1 for all of the
studied LOHCs.
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Highlights

o Direct LOHC hydrogenation enthalpy measurement by DSC under H, pressure.
o Enabling of rapid screening of new potential bifunctional LOHC systems.

e Mechanistic study of multistep hydrogenation processes.

e Correction of the liquid phase enthalpy DFT prediction by an experimental factor.
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o Kinetic parameters (activation energy, reaction order) obtained from the same data.

Keywords

e DFT modelling

e DSC

¢ Hydrogenation

e LOHC (liguid organic hydrogen carrier)
o Enthalpy

Acronyms table

TERM ACRONYM
1-Cyclohexylethanol CHEA
1-Phenylethanol PEO
Acetophenone APO
Acetylcyclohexane ACH
2-Octanone 2-0C
Dibenzyltoluene DBT
N-Ethylcarbazole NEC
Benzophenone BPO
2-Methylacetophenone 2Me-APO
4-Methylacetophenone 4Me-APO
2,2,2-Trifluoroacetophenone 3F-APO
Activation energy Ea
Degree of hydrogenation DoH
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Introduction

The implementation of low-carbon intermittent energies in our energy mixes necessitates the
development of massive energy storage to accommodate for the upcoming offer-demand
energy incompatibilities.> One of the current envisioned solutions is based on the conversion
of excess renewable energy into hydrogen (Hz). However, its low volumetric density in gaseous
phase at normal conditions of temperature and pressure limits its large-scale deployment.
Thus, facilitating H, storage has been a challenge over the past decades.® The liquid organic
hydrogen carrier (LOHC) technology stores and unloads H; through a cycle of hydrogenation
and dehydrogenation catalytic reactions performed on a liquid organic framework that can
easily and safely be stored and transported.*

One of the key parameters of the system is its reaction enthalpy that directly impacts the LOHC
storage energy efficiency. Numerous studies aimed at reducing this enthalpy and most work
in this direction was achieved by modelling the enthalpy of a LOHC couple by Density
Functional Theory (DFT).>® However, direct experimental validation has been scarce as
enthalpies of formation were usually derived from combustion calorimetry experiments.’ Direct
reaction calorimetry was previously used to follow the hydrogenation of nitroaromatics and
heteroaromatics as well as heterogeneously-catalyzed enantioselective hydrogenation,®® but
no work was directly related to the LOHC technology. Calorimetry in combination with
computational studies was mostly used to uncover phase change thermodynamics, and
numerous articles published by the Verevkin group reported their properties such as the
enthalpy of fusion, enthalpy of vaporization, enthalpy of combustion and heat capacity.01!

From this consideration, the development of a direct and accurate enthalpy measurement
methodology is still required to this date. To address this shortcoming, we looked at similar
hydrogen storage systems like metal hydrides. There, two main techniques were developed to
measure the reaction enthalpy: Pressure Composition Temperature (PCT) with a Sieverts
apparatus®? and high-pressure Differential Scanning Calorimetry (DSC)*314,

PCT experiments consist in the estimation of the pressure equilibrium plateau for a given
temperature by adding controlled small aliquots of H. to the system. This technique is widely
used by the metal hydrides community as the sample preparation can easily be achieved in
oxygen-free conditions.’® However, it presents some intrinsic limitations such as indirect
enthalpy measurement, irreproducibility due to uncontrolled H, leaks, plateau hysteresis
between hydrogenation and dehydrogenation as well as susceptibility to phase change due to
volume modification.*®” Hence, our conclusion is that this technique is not suitable for LOHC
applications.

Conversely, Differential Scanning Calorimetry (DSC) under H, pressure was used to directly
measure the reaction enthalpy of metal hydrides systems for both hydrogenation and
dehydrogenation in static and dynamic temperature modes.**** The conclusion of these
articles stated that “Present results clearly demonstrate that a pressure DSC is available as a
rapid and convenient experimental means for assessing hydrogen absorption and desorption
properties of hydrogen storage materials”.'* To our knowledge, no article reported the study of
a LOHC system by pressure DSC for either the hydrogenation or the dehydrogenation.

So far, DSC was used to study the transfer hydrogenation from a metal hydride to a LOHC
under He at atmospheric pressure in dynamic temperature mode.'® Another example reported
the study of the hydrogenation enthalpy of nitroaromatics to aminoaromatics in isothermal
conditions by DSC.*®

In this contribution, we propose to study different benchmark LOHC systems as well as new
potential LOHC to assess their hydrogen adsorption properties by the H, pressure DSC
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methodology in a dynamic temperature mode and to compare the obtained results with DFT
calculations.

Results and discussion

1) Hydrogenation enthalpy measurement of state-of-the art LOHCs
a. 2-octanone (2-OC)

Hydrogenation enthalpy measurement by DSC was first tested with the conversion of 2-
octanone to 2-octanol in presence of a 5%Ru/Al,O; catalyst under 5 bar H,. The corrected
heat flow values divided by the LOHC weight at different heating rates are presented in Figure
1. The peak area for each heating rate as a function of the time (Figure S1 in the ESI) afforded
the reaction enthalpy.
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Calculated
Experimental liquid
Heating Average DFT gas phase phase
Degree of Enthalpy calculated
rate Hydrogenation | (k/mol Hz) enthalpy enthal enthalpy from enthalpy
(°C/min) ydrog 2 (kJ/mol Hz) K/ IF:—){ the literature from the
(kd/mol Hz) (kJ/mol Hz) literature
(kJ/mol Hz)
2 97% -58.6
5 97% -57.6 -59.2+2.0 -53.4 -52.97 -68.3+0.3
7.5 98% -61.5

Figure 1 - Corrected heat flow values obtained for the DSC measurement of 2-octanone with 5%Ru/Al203 under
5 bar H: at different heating rates, derived hydrogenation enthalpy and its comparison with DFT calculated values
and the literature.

A significant difference was noticed between our experimental and predicted values. Such gap
was attributed to the limited accuracy of DFT calculations to model liquid phase interactions,
in particular, in the presence of hydrogen bonds. Hence, our DFT enthalpy value was closely
matching the experimental gas phase enthalpy value from the literature.?® As the
hydrogenation reaction occurred in liquid phase, the Hess law approach afforded a better
approximation by using the vaporization enthalpies already reported in the literature.?2?
Nevertheless, this approximation did not perfectly match the DSC enthalpy value, possibly due
to the cumulative errors or the partial evaporation of the LOHC, although no noticeable
evaporation was observed due to a similar weight of the DSC system before and after the
reaction and no endothermic peak was visible by DSC. Overall, the relative error between our
DSC value and the liquid phase enthalpy is roughly 6.5%, which showcases the accuracy of
the chosen characterization method. These relative error values are on-par with those of metal
hydrides.*

b. Example of a liquid LOHC: Dibenzyltoluene (DBT)

Following these promising results, different state-of-the art LOHCs were tested by the DSC
method. Dibenzyltoluene (DBT) is one of the most studied LOHC in the literature and its
hydrogenation enthalpy was reported as - 71 kJ/mol H, derived from the calorimetric
measurements of its enthalpies of combustion and vaporization.?® Direct DSC hydrogenation
at 10 bar H; in presence of 5%Ru/Al,O3; was performed. The DSC heat flow values presented
two step hydrogenation process (a fused two-peak curve) as shown in Figure 2 and Figure S2
in the ESI.

5%RU/ALO3
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Figure 2 - Corrected heat flow values obtained for the DSC measurement of dibenzyltoluene with 5%Ru/Al.O3 under
10 bar Hz at different heating rates and their comparison with DFT calculated values and the literature.

The hydrogenation enthalpy was measured by simultaneously integrating both peaks, leading
to an average enthalpy of - 68.9 + 1.4 kJ/mol H,. This value was in good agreement with the
previously reported hydrogenation enthalpy values (-71 kJ/mol Hz) and our own DFT
calculated enthalpy value of - 67 kJ/mol Hz, showing the applicability of the DSC and DFT
approach for homocyclic LOHC systems.

In the literature, the hydrogenation kinetics of DBT were reported to first start on the external
cycles before the internal cycle.?* This is in good agreement with our double exothermal peak
observation in DSC measurements. Thus, a peak deconvolution by Gaussian curve fitting was
performed to verify this hypothesis. The area of each peak was obtained and their ratio was
compared as presented in Figure 3 and Figure S3 in the ESI.
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Figure 3 - Peak deconvolution for Dibenzyltoluene by gauss fitting (2°C/min heating rate), peak areas and ratio.

Assuming that a similar heat would be produced during the hydrogenation of any aromatic
cycle, peak 1 was assigned to the heat produced by the hydrogenation of the two external
rings while peak 2 was assigned to the heat produced by the hydrogenation of the internal ring.
In this case, the peak area ratio should theoretically be equal to 2. Here, the peak area ratio
values were close to 2, especially for higher heating rates. For lower heating rates, the
increased ratio might be linked to the proton transfers between the external and internal rings
of DBT. As a conclusion, the DSC method confirmed the DBT hydrogenation as a two-step
process with visible transfer hydrogenation at lower heating rates. The influence of the
temperature and/or kinetics on the transfer hydrogenation reaction was also exhibited, which
might also pave the way to efficient design of transfer hydrogenation catalysts.

c. Example of a solid LOHC: N-Ethylcarbazole (NEC)

N-Ethylcarbazole is a LOHC that has the particularity of being solid at room temperature.
However, as its enthalpy is advantageous (51 kJ/mol Hz) compared to the other state-of-the
art LOHC molecules and as its melting point is rather low (68 °C), NEC has been widely studied
in the literature.®

However, its enthalpy measurement by DSC is incidentally complicated by its fusion. Indeed,
the melting of a solid is usually an endothermic process while the hydrogenation of LOHC is
exothermic. Hence, the separate evaluation of the fusion enthalpy is necessary to obtain an
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accurate hydrogenation enthalpy value in the case of a partial overlap of both processes as it
was observed in our case (see Figure S4 in the ESI).

Successive heating and cooling cycles under 5 bar N> were performed to obtain an enthalpy
of fusion of 14.3 + 0.2 kJ/mol (see Figure S5 in the ESI). This value was used for the calculation
of the hydrogenation enthalpy (AHnyq) as it was in good agreement with previous work reported
in the literature: 15.10 + 0.40 kJ/mol®® and 16.55 + 0.17 kJ/mol®.

The combination of the hydrogenation and fusion enthalpies (AHcomb) Was measured under an
H, atmosphere. Then, the fusion enthalpy (AHws) was added to the obtained value as
presented in Figure 4 and Figure S6 in the ESI.
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Figure 4 - Corrected heat flow values obtained for the DSC measurement of N-ethylcarbazole with 5%Ru/Al.O3
under 5 bar Hz at different heating rates, obtention of the hydrogenation enthalpy from the combined enthalpy
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(AHcomb) and fusion enthalpy (AHws) and comparison with the hydrogenation enthalpy (AHhyd) reported in the
literature.

Here, the hydrogenation enthalpy value (-49.2 kJ/mol Hz) was in good agreement with our DFT
calculations (-51.7 kJ/mol H,) and the reported values in the literature (-51 kJ/mol Hy),
highlighting the method applicability for solid LOHCs.

The DSC peak was broad, which might originate from a multistep process like previously
presented for DBT. Indeed, similar to DBT, NEC hydrogenation was reported in the literature
as a multistep process where the hydrogenation occurs first on the external 6-membered rings
before the internal 5-membered ring as shown in Figure 5 and Figure S7 in the ESI.?’

Ve ) s )

— | S
O " O T
NEC 8H-NEC 12H-NEC
Heating rate Peak 1 area Peak 2 area Peak 1/Peak 2 area
(°C/min) (mWh/mg) (mWh/mg) ratio
1 0.196+0.001 0.108+0.001 1.815+0.026
2 0.215+0.001 0.129+0.001 1.667+0.018
3 0.204+0.001 0.146+0.001 1.397+0.017

Figure 5 - Hydrogenation mechanism, peak area and ratio obtained from peak deconvolution by gauss fitting.

However, the peak area ratio was closer to 1.7 than 2 at low heating rate and decreased to 1.4
at high heating rate. This shift could be explained by the incomplete conversion of the 8H-NEC
intermediate to 12H-NEC (DoH=70-78%). To verify this hypothesis, NEC hydrogenation at
higher pressures was performed as presented in Figure 6 and Figure S8 in the ESI.
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Figure 6 - Effect of the pressure on the Degree of Hydrogenation, the hydrogenation enthalpy and the peak area
ratio during the hydrogenation of N-Ethylcarbazole at 2 °C/min. N/A: not applicable.

Interestingly, the peak ratio stayed stable up to 10 bar H,, but instead of converging to 2, the
peak ratio increased to roughly 5 at 30 bar and no second peak was observed at 50 bar. It is
possible that, as the H, pressure increases, the hydrogenation kinetics would accelerate for
both steps, merging them into one at higher pressures. Moreover, the peak ratio of 5 obtained
at 30 bar was probably inflated due to the difficulty to deconvolute very close peaks, explaining
the deviation from the theoretical value of 2. As expected, the DSC hydrogenation enthalpy
was mostly constant on a wide range of pressures, indicating the limited influence of the
pressure on the hydrogenation enthalpy. In conclusion, the H pressure could modify the profile
of the hydrogenation kinetics steps and harnessing these results might facilitate the
understanding of kinetics to design more efficient hydrogenation reactors.

d. Measure of the hydrogenation enthalpy for new LOHCs: the case of the 1-
cyclohexylethanol/acetophenone (CHEA/APO) couple and its intermediates
acetylcyclohexane (ACH) and 1-phenylethanol (PEO)

We previously reported the 1-cyclohexylethanol/acetophenone (CHEA/APO) couple as a
potential ketone/aromatic bifunctional LOHC and described its thermodynamic profile by DFT
calculations.? In this contribution, we aimed to verify the predictive power of DFT with regards
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to this potential LOHC couple and in particular to estimate its accuracy with regard to the
ketone and aromatic functions by using acetylcyclohexane (ACH) and 1-phenylethanol (PEO)
respectively, as presented in Figure 7 and Figure S9 in the ESI.
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Figure 7 - Comparison of the hydrogenation enthalpy (AHnyd) obtained by DSC measurements of acetophenone
(APO), acetylcyclohexane (ACH) and 1-phenylethanol (PEO) with 5%Ru/Al20z at 2 °C/min under 5 bar Hz, and their
comparison with values from DFT calculations and the literature. All degree of hydrogenation were superior to 99%
with less than 10% dehydration products present at the end of the reaction.

Here, APO and PEO hydrogenation enthalpies were predicted by DFT with an acceptable error
below 8%. On the contrary, ACH, that represents the hydrogenation of the ketone function,
exhibited an increased error of 11.6%. As it was the case for 2-OC, such variation was
hypothesized to be caused by the limited accuracy of DFT calculations for intermolecular
interactions happening in the liquid state. The comparison of each chemical function with the
reference structures like isopropanol/acetone and methylcyclohexane/toluene allowed for the
comparison of their hydrogenation enthalpy in liquid and gas phase.?*-*2 Here, the difference
between the gas and liquid phases was more prominent for the isopropanol/acetone couple
with a difference of 15 kJ/mol compared to the methylcyclohexane/toluene couple that
exhibited a difference of only 1.4 kJ/mol. Therefore, LOHCs containing the ketone function
would require a more suitable solvation model to fine-tune the liquid phase enthalpy prediction
potential of DFT.

Interestingly, a two-step process was also hypothesized for this LOHC due to the presence of
different chemical functions. Peak deconvolution analysis in the 3-9 bar H, pressure range is
presented in Figure 8 and Figure S10 in the ESI. Less than 10% of dehydration were also
present at the end of the reaction but no other exothermic peak (dehydration) or endothermic
peak (evaporation) was observed by DSC. Moreover, reduction of the final temperature from
150 °C to 100 °C further diminished the dehydration below 5%, indicating that the measured
enthalpy corresponded to the hydrogenation of APO.

OH OH
fast slow
—_— — -
Hz Hz
APO PEO CHEA
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Figure 8 - Effect of the pressure on the Degree of Hydrogenation and the peak area ratio during the hydrogenation
of acetophenone at 2 °C/min.

Here, the two-step hydrogenation of APO was less distinguishable as no clear shoulder was
present on the corrected heatflow curves. In addition, the peak asymmetry that was visible at
lower pressures completely disappeared once above 5 bar H,. Concomitantly, the peak ratio
rapidly diminished from 4.3 to roughly 3, the ideal ratio value for APO. These results indicate
either similar step kinetics or rapid transfer hydrogenation reaction depending on the pressure.
Indeed, proton transfer could not be excluded as it was observed during the dehydrogenation
of CHEA to APO at atmospheric pressure in our previous study.?

e. Experimental vs computational enthalpy of Acetophenone derivatives

Over the years, numerous articles have linked the hydrogenation enthalpy value to electronic
effects arising from substituents linked to aromatic structures.>532 Here, the experimental
contributions of the substituents on the hydrogenation enthalpy of acetophenone derivatives
were compared with the calculated values obtained by DFT as presented in Figure 9. The
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hydrogenation enthalpy of all structures was obtained by following the procedure for liquid
LOHC with the exception of benzophenone (BPO) whose enthalpy was obtained by following
the procedure for solid LOHC. The BPO fusion enthalpy was measured under 5 bar N;
(18.2 kJ/mol with a peak temperature of 53.3 °C), in good agreement with the fusion enthalpy
already reported in the literature (18.81 kJ/mol at 48.05 °C).3*

OH APO: X=H and Y=Me

S%RU/AL;O4 BPO: X=H and Y=Ph
| =R v  bar - Y 2Me-APO: X=o-Me and Y=Me
%,f arfz / 4Me-APO" X=p-Me and Y=Me
2 . 3F-APO: X=H and Y=CF3

B Measured enthalpy
{— Measured enthalpy = Calculated enthalpy

- - - Linear fit N
4Q

-657 Slope: 0.996+0.064 .

Intercept: -1.89+4.22 .~

] R2=0.98 ) 1 ame-aro
-70 - L7 [ ]

’

Measured enthalpy (kJ/mol H,)

7’ e O
. <hORE
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Calculated enthalpy (kJ/mol H,)

Figure 9 - Comparison of the DFT calculated and DSC measured enthalpies.

As expected, comparatively to APO, the methyl derivatives 2Me-APO and 4Me-APO exhibited
a lower exothermic hydrogenation enthalpy due to donor inductive effects to the aromatic cycle
while the alpha-trifluoro derivative 3F-APO had a more exothermic enthalpy due to attractive
inductive effects. BPO should have exhibited less exothermic enthalpy value if the aromatic
delocalization was increased. Here, a more exothermic enthalpy value indicated that
aromatization did not happen, probably due to the twisted configuration of the molecule.*®
While the measured enthalpies closely matched the calculated enthalpies, their values were
always slightly overestimated by DFT. Interestingly, all APO derivatives were aligned and a
linear fit showed a slope of roughly 1, parallel to the measured=calculated curve. This result
shows that the error might be attributed to similar factors for all structures. Most importantly,
the intercept of the linear fitting (-1.89+4.22 kJ/mol H.) could then be used as a DFT correction
factor accounting for the liquid state interactions in the case of APO derivatives. Although the
number of points is limited and the intercept error is significant, this methodology provides an
experimental procedure to correct the predicted enthalpy value for a specific LOHC class.
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2) Activation energy measurement for various LOHCs on 5%Ru/Al,O; catalyst

Activation energy (E.) is a key parameter to study a system kinetics and to further improve
design of catalysts. In our experimental conditions, only a thin liquid LOHC film was present at
the catalyst surface. Moreover, no stirring was provided in the crucible, leaving all molecular
movements to thermal agitation. Thus, the developed DSC system was more akin to a biphasic
gas/solid system than a triphasic gas/liquid/solid system. From this consideration, we
hypothesized that this system behaved similarly to metal hydride systems. Activation energy
measurement for metal hydrides can be performed by following the Kissinger equation (2).3°

The activation energy of each studied system is presented in Figure 10.

10

=) s Toeakseemm—— 1°C/min 2
£ Exo s L T i R*=0.99 | 566
= 8- —— 5°C/min
E
z 4l Toeak:cimin) r-10.5 __
S Te
& Slope = -E,/R =
§ 4 Tpeak(t°Crmin) r-11.0 %
ks
£ 2 L-11.5
o
o Pre——= : . : ; : . : -12.0
25 50 75 100 125 150 0.0027 0.0028 0.0029 0.0030  0.0031
Sample temperature (°C) 1T, (K™
Activation energy
Molecule R2
(kJ/mol)
2-0C 47.4+£3.0 0.99
DBT first peak 50.3£2.8 0.99
DBT second peak 46.3£2.5 0.99
NEC 48.4+6.8 0.96
APO 48.4+0.9 0.99
ACH 50.4£1.7 0.99
PEO 47.2+0.9 0.99
2Me-APO 61.3+0.8 0.99
4Me-APO 53.6+£2.0 0.99
BPO 55.4+1.6 0.98
3F-APO 51.344.3 0.98

Figure 10 - Methodology to obtain the activation energy for each molecule. The presented heat flow values and
linear regression were obtained for acetophenone.

All activation energies for the 5%Ru/Al.O; catalyst ranged from 45 to 60 kJ/mol. This energy
range was reported as typical activation energies for “catalytic hydrogenation processes
carried out under kinetics control”.*” Moreover, experiments reporting the hydrogenation of
pentanal on a Ru surface indicated that these energies could be mainly linked to the H»
adsorption activation energy on a Ru surface (48.6 kJ/mol) while the hydrogenation.3®
Furthermore, liquid/solid mass transfer limitations could be excluded as the activation energies
were significantly higher than 10-15 kJ/mol.*®

Surprisingly, the activation energy for hydrogenation of the DBT external cycles was slightly
higher than that of DBT internal cycle hydrogenation. However, the difference was limited and
within the measurement error. Finally, the activation energies of APO and its derivatives
coincided with the values reported in the literature for the partial and complete hydrogenation
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of p-isobutylacetophenone with Ru/Al.O3 (42-57 kJ/mol).*® The activation energy of APO was
also constant in the 5-9 bar H, range (see Figure S11 in the ESI). In addition, steric hindrance
effects were observed on the APO derivatives: 2Me-APO presented a higher activation energy
than 4Me-APO, implying that the o-methyl position might disfavor the binding of the LOHC on
the active site more than the p-methyl position.*142 Similarly, steric hinderance due to the group
in a of the ketone also increased the activation energy, suggesting that the accessibility of the
ketone function was also primordial to lower the activation energy.

3) Reaction order in Hy

Determining the reaction order of a reaction is key to design a chemical process. While it can
be obtained by carrying experimental plans such as modifying the reactants concentrations,
the DSC methodology capitalizes on the same experimental data previously used for enthalpy
measurement and activation energy to access the reaction order in H,. Indeed, the peak
asymmetry (i.e. the ratio between the difference of the endset temperature with the peak
temperature and the difference of the peak temperature with the onset temperature as
presented in equation (4) and Figure S16 in the ESI) is directly linked to the reaction order in
H..%¢ The average reaction order for each molecule is presented in Figure 11 and Figure S12
in the ESI.

‘- Reaction order in H,

-—

(&)

o
1

Reaction order in H,

Figure 11 - Average reaction order for each studied molecule.

The reaction order in Hz for DBT could not be fully calculated as the presence of two fused
peaks limited the extraction of the peak temperatures to the first peak only (see Figure S13 in
the ESI). Usually, the average reaction order in H, was close to 1, which was also reported for
the hydrogenation of Benzene to Cyclohexane as well as NEC.43-%°

However, as presented in Figure 12 and in Figure S14 in the ESI, a more in-depth analysis
revealed that the reaction order was dependent on the heating rate with lower n values at low
heating rates although n should be independent from the heating rates as described by
Kissinger’s theory.*® These results show that the Kissinger’s overall reaction order approach
might not be suitable for multistep hydrogenation processes where transfer hydrogenation
reactions can take place.
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Figure 12 — Dependence of the reaction order in Hz to the heating rate for benzophenone.

Moreover, the reaction order in H, was also dependent on the pressure due to the presence
of two peaks at lower pressures. However, the sense of variation was different for NEC and
APO, possibly due to the position of the second smaller peak. Indeed, in the case of NEC, the
smaller peak induced a peak asymmetry at higher temperatures as presented in Figure 6 and
Figure S8 in the ESI, while the opposite was observed for APO as presented in Figure 8 and
ESI S10. Therefore, the overall sense of variation of the reaction order shift was inversed for
NEC and APO as presented in Figure S14 in the ESI. Finally, considering that all double peaks
could be well-fitted by a pair of symmetric gaussian curves (Rz>0.99), the relative observed
asymmetry was attributed to the presence of two reactions with a reaction order of 1 in Ha.

Conclusion

Here, we reported the direct hydrogenation enthalpy measurement of well-known LOHCs
(Dibenzyltoluene, N-Ethylcarbazole), molecules reported in the literature (2-Octanone) and
new LOHC structures (Acetophenone and its derivatives) by Differential Scanning Calorimetry
under H; pressure. The obtained hydrogenation enthalpies showed a good correspondence
with our Density Functional Theory predictions as well as available data in the literature.
Moreover, this methodology allowed to study multistep hydrogenation processes, in particular
for Dibenzyltoluene, N-Ethylcarbazole and Acetophenone. It was also evidenced that transfer
hydrogenation occurred during the reaction. The study of new bifunctional LOHC such as
Acetophenone and its derivatives showcased the implementation of direct enthalpy
measurement for rapid screening of new potential LOHC systems. In addition, a DFT correction
factor for a specific LOHC class was experimentally obtained, enabling future more precise
DFT predictions for similar bifunctional systems. Kinetics parameters could simultaneously be
extracted. In particular, activation energies for the catalytic Ru/Al,O3 system were obtained in
the 45-60 kJ/mol range, compatible with the H, adsorption on the Ru surface. Moreover, the
detrimental effect of steric hinderance due to the presence and position of a methyl group on
the cycle as well as groups in alpha of the carbonyl was observed. Finally, the reaction order
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in H; for the hydrogenation was experimentally estimated to ~1 for all LOHCs. Nevertheless,
the determination of the reaction order in H, was complicated in the case of simultaneous
hydrogenation processes and showed a dependency on heating rates and H. pressure.

In this contribution, all experiments were performed with a 5%Ru/Al,O3 catalyst. Further work
could be pursued with different catalysts, supports and catalyst loadings to evaluate their
impact on the activation energy. More work is also required to fully understand the dependency
of the reaction order in H- to the system parameters.

The presented results showcase the efficiency of the DSC methodology to rapidly obtain both
thermodynamic and kinetic parameters for LOHC systems, facilitating the research of
hydrogen storage materials.

Experimental
1.1. Materials

Acetophenone (99%, ref. A10701-1L, Lot STBH8205), 1-Phenylethanol (98%, ref. P 13800-
25g, Lot SHBL4921), Benzophenone (99%, ref. B 3300-500g-A, Lot BCCF2030) and 2-
Octanone (98%, ref. W280208-1KG-K, Lot STBH7791) were purchased from Sigma-Aldrich.
Acetylcyclohexane (96%, ref. 11490077, Lot 10234443) was bought from Fisher-Bioblock. 4-
Methylacetophenone (96%, ref. A14469, Lot 10229719) and 9-N-Ethylcarbazole (99%, ref.
A11653, Lot 10218667) were purchased from Alfa-Aesar. Dibenzyltoluene Jarytherm®
(isomers mixture, ref. 083549-31) was bought from Arkema. 2-Methylacetophenone (98% ref.
126160250, Lot A0419778), 2,2,2-Trifluoroacetophenone (99%, ref. 148350250, Lot
A0431102) were purchased from Acros Organics.

Reduced 5wt.% Ru/Al;O; was supplied by Sigma-Aldrich (ref: 439916-25g). The lot
n°03116CN was used for all of the experiments related to acetophenone, acetylcyclohexane
and 1-phenylethanol while the lot "°MKCQ9888 was used for the rest of the molecules.

1.2. Methods
1.2.1. Sample preparation for liquid LOHC molecules

The sample was prepared by introducing circa 25 mg of LOHC in a small DSC crucible. Control
of the added LOHC weight between experiments (0.1 mg) was required to ensure
reproducible results. Then, circa 75 mg of the Ru/Al.O; catalyst was added on top of the LOHC.
The DSC crucible screw pitch was coated with Cu-based grease before connection to the DSC
apparatus. The system was purged under vacuum (-1 bar rel.), then under H, (9 bar rel.). A
leak detection was operated to verify the sealing. Finally, the system was vented to 0 bar rel.

1.2.2. Sample preparation for solid/near-liquid LOHC molecules

The solid LOHC and catalyst were weighted then grounded together to form a uniform solid
mixture of known composition. Then, circa 90 mg of the solid mixture was introduced in the
DSC cell. Control of the added solid mixture weight between experiments (0.1 mg) was
required to ensure reproducible results. The DSC crucible screw pitch was coated with Cu-
based grease before connection to the DSC apparatus. The system was purged under vacuum
(-1 bar rel.), then under H, (9 bar rel.). A leak detection was operated to verify the sealing.
Finally, the system was vented to O bar rel.

To improve the contact between the LOHC and the catalyst, the solid mixture was heated up
to 100 °C under 5 bar N2 to achieve the fusion of the LOHC and its dispersion by capillarity in
the pores of the catalyst. The system was then cooled to 10 °C and purged under vacuum to
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remove N from the system. An estimation of the fusion enthalpy of solid LOHC was obtained
after performing this procedure three times.

1.2.3. Classic DSC heating program

All DSC results were obtained on a Setaram Sensys EVO DSC apparatus with dedicated gas
control panel and special sample holder designed to handle 400 bar maximal pressure at
600 °C. Heat flow calibration of DSC was performed by melting reference indium compound.
Starting temperature for all measurement was set to 10 °C. Then, the H, pressure was
regulated to the chosen value (between 5 and 50 bar) with the system kept at isobaric condition
during the experiment.

In a classic heating program, the DSC samples holders were heated from 10 to 150 °C at a
2 °C/min rate. Blank tests were performed under similar heating profiles.

The DSC data presented in this work had its background subtracted before being analyzed by
the software Proteus.

1.2.4. Post experiment

At the end of the experiment, the DSC cell was purged under vacuum before being
disconnected from the apparatus. The grease was removed with a tissue and the weight of the
cell containing the reactant and the catalyst was measured. Then, the cell was cleaned with
Acetone (10 mL) under sonication. The Acetone solution was filtered on a syringe filter (0.2 um
pore diameter) to remove the catalyst before GC-MS analysis (see 1.2.5). The DSC cell was
sonicated three times with clean Acetone until no more catalyst was found in the Acetone
solution. After drying the DSC cell with compressed air, the cleaned-up cell weight was
measured to verify that no LOHC or catalyst was left in the cell.

1.2.5. GC-MS analysis

Identification and composition of the reaction crude mixtures were performed by a 7820A
Agilent GC-MS (5977E MSD) with a 7693A Autosampler. The column was a 30 m, 0.25 mm
diameter, 0.5 pm film HP-INNOWAX. Helium was used as the carrier gas (1 mL/min).
acetophenone (APO), acetylcyclohexane (ACH), 1-cyclohexylethanol (CHEA), 1-
phenylethanol (PEO), ethylbenzene (EB) and ethylcyclohexane (EC) were calibrated to obtain
the response factor of the equipment. Unavailable chemicals (e.g. 2-methyl-1-
cyclohexylethanol) were supposed to have a response factor similar to that of already
calibrated akin or related products (e.g. 1-cyclohexylethanol). To perform the analysis, 0.5 mL
of the acetone solution were diluted with 1.5 mL of an acetonitrile solution containing 0.25%vol.
3-octanone as an internal standard. A split ratio of 1:20 was applied to the 1 pL injection. The
heat program was: initial oven temperature 50 °C, final oven temperature 260 °C for 7 min,
program rate 45 °C/min.

1.2.6. Definition of the Degree of Hydrogenation (DoH)

The degree of hydrogenation is used during the hydrogenation to quantify the amount of H;
stored by the system. Hydrogenation coefficients detailed in the Figure S15 in the ESI are used
to qualify the amount of hydrogen stored by the hydrogenation of the APO system. For the
CHEA/APO couple, the DoH is calculated by the equation (1):

Quantity of H, stored _ Zi(CH;i X mol%i)

DoH = - - =
Maximum theoretical H, amount 4

(1)

1.2.7. Activation energy
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The activation energy in a dynamic system was obtained by using the Kissinger equation that
is derived from Arrhenius’ law as presented by the equation (2).%¢

B Eq
(ag) =~ e @

With g the heating rate (K/min), T,, the peak temperature (K), E, the activation energy (J/mol),
R the ideal gas constant (8.314 J/K/mol) and « the integration constant.

1.2.8. Reaction order in H>

The reaction order in H, was obtained by first supposing that the reaction was similar to a
“solid+ gas - solid” type reaction with its reaction rate given by the equation (3).

r = k[H,]"[LOHC]* 3)

With r the reaction rate, k the rate constant, n the reaction order in H, and x the reaction order
in LOHC. Analytical development linking the peak shape to the reaction order in H, was
performed by Kissinger as presented in Figure S16 in the ESI.%® The reaction order in H, is
calculated by the equation (4).

a T —T
n = 1.265%5 with § = — = —cndset  “peak @
b Tpeak - Tonset

The peak, onset and endset temperatures were obtained by the analysis with the software

Origin. The Tonset and Tenaset Values are found at the intersection between the baseline and the
tangents at the peak inflexion points.

1.2.9. DFT

All computations have been performed with the Gaussian 16 Rev C.01 suite, using the hybrid
meta-GGA functional M06-2X and the basis set 6-311+G(2d,p) for elements. Such parameters
are known to predict accurately the thermochemistry of main-group compounds in the ground-
state as well as polyenes systems.*® Each structure is solvated in Acetophenone using the
SMD model which is recommended to compute thermochemical parameters. Frequency
calculations were performed on the optimized structures using the same parameters; all
structures were verified to possess no imaginary frequencies. All computed structures are
grouped in Figure S17 in the ESI.
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