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Abstract: Recently, there have been numerous efforts to develop hydrogen-rich organic materials
because hydrogen energy is emerging as a renewable energy source. In this regard, we designed and
prepared four new materials based on N-alkyl-bis(carbazole), 9,9'-(2-methylpropane-1,3-diyl)bis(9H-
carbazole) (MBC), 9,9’-(2-ethylpropane-1,3-diyl)bis(9H-carbazole) (EBC), 9,9’-(2-propylpropane-1,3-
diyl)bis(9H-carbazole) (PBC), and 9,9’-(2-butylpropane-1,3-diyl)bis(9H-carbazole) (BBC), to investi-
gate their hydrogen adsorption/hydrogen desorption reactivity depending on the length of the alkyl
chain. The gravimetric densities of MBC, EBC, PBC, and BBC were 5.86, 5.76, 5.49, and 5.31 H, wt
%, respectively, again depending on the alkyl chain length. All materials showed complete hydro-
genation reactions under ruthenium on an alumina catalyst at 190 °C, and complete reverse reactions
and dehydrogenation reactions were observed under palladium on an alumina catalyst at <280 °C.
At this temperature, all the prepared compounds were thermally stable, and no decomposition
was observed.

Keywords: hydrogen storage; carbazole; catalytic hydrogenation/dehydrogenation

1. Introduction

Research on renewable energy has received considerable attention owing to fossil fuel
depletion and global warming. Some renewable energies include hydrogen, wind power,
hydropower, geothermal energy, bioenergy, and solar energy. Among them, hydrogen en-
ergy is the most promising alternative to replace fossil fuels because of its abundant
reserves, extensive sources, and high energy density [1-4].

Hydrogen storage methods can be classified into physical and chemical methods.
Physical methods include use of high-pressure tanks [5] or cryogenic environments [6].
A significant amount of hydrogen can be stored in high-pressure storage tanks, similar to
the storage of natural gas. However, this method has some disadvantages, such as low
volumetric capacity and high compression energy. Meanwhile, although the cryogenic
storage method provides a high volumetric capacity, it consumes more energy to maintain
cryogenic temperatures, which makes it challenging to apply in practice.

Chemical storage via catalytic hydrogenation of small unsaturated organic molecules
has been considered an alternative option [7,8]. Initially, the research was focused on cy-
cloalkane compounds such as cyclohexane [9] and methylcyclohexane [10]. They can act as
hydrogen storage materials by using catalytic reaction pairs through the dehydrogenation
of cycloalkanes and hydrogenation of corresponding aromatics [11-13]. However, dehydro-
genation of cycloalkanes is kinetically and thermodynamically difficult; it requires highly
active catalysts and high temperatures. These harsh conditions can lead to undesirable
side reactions that can be detrimental to proton exchange membrane fuel cells, which are
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critically dependent on the purity of hydrogen gas and the material reversibility for hy-
drogen storage [8]. To solve this problem, heteroatoms such as nitrogen and oxygen were
introduced into aromatic molecules. With this strategy, dehydrogenation enthalpy is greatly
reduced, and hydrogen can be released in a relatively suitable temperature range [14,15].
To date, N-ethylcarbazole (NEC) is one of the most studied materials for small organic
compound-based chemical hydrogen storage. It has a high gravimetric density of 5.7 H, wt
%, and its hydrogenation [16-18] and dehydrogenation [19-26] reactions can proceed under
mild conditions without any side reactions. However, the melting point of NEC is 69 °C,
which requires additional heat to ensure that the reaction mixture maintains liquid form in
real applications. In addition, since the dehydrogenation reaction is an endothermic reac-
tion, a significant amount of heat is required to generate H; gas. In this regard, this field of
research has recently focused on the integration of fuel cells in the liquid organic hydrogen
carrier system [27-29]. Namely, the high-temperature waste heat of fuel cells can be used
to heat the dehydrogenation reactor. For example, waste heat generated by solid oxide
fuel cell is about 300 °C, which is enough to use for the dehydrogenation reaction. For this
application, the storage material should exhibit high thermal stability [30]. Unfortunately,
the thermal stability of NEC is insufficient because it decomposes at 180 °C [31]. Therefore,
there is a need to find new hydrogen storage materials with high thermal stability.

In this work, four new materials based on N-alkyl-bis(carbazole) were designed
and prepared to investigate their hydrogen adsorption/hydrogen desorption reactivity
depending on the length of the alkyl chains. The synthesis of the designed materials was op-
timized, and their structural analyses were performed to investigate the structure-property
relationship. Detailed thermal properties were analyzed by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) measurements, and their hydrogena-
tion/dehydrogenation reactions were examined, which showed that these materials are
promising candidate materials for hydrogen storage.

2. Experimental Section
2.1. General Information

All experiments were carried out with nitrogen purge using the Schlenk technique.
Tetrahydrofuran (THF) was freshly distilled over sodium and benzophenone. 'H and 13C
NMR spectra were recorded on a Bruker Fourier 300 MHz spectrometer operated at 300.1
and 75.4 MHz, respectively. 'H and 13C NMR chemical shifts were measured in CDCl3 and
referenced to the relative peaks of CHCl3 (7.26 ppm for 'H NMR) and CDCl; (77.16 ppm
for 13C NMR). Lithium aluminum hydride, diethyl 2-ethyl malonate, diethyl 2-propyl
malonate, diethyl 2-butyl malonate, 4-toluenesulfonyl chloride, 2-methyl-1,3-propanediol,
carbazole, sodium hydroxide, ruthenium on alumina, and palladium on alumina were
purchased from Aldrich or Tokyo Chemical Industry (TCI) and used without further
purification. Starting compounds, alkyl diols (1b—1d), were prepared by the reduction of
carbonyl in the presence of LiAlH, as a reducing reagent in high yield [32].

2.2. Synthesis

Alkyl diols (1b-1d) LiAlH, (30 mmol) was placed in a two-necked flask under nitro-
gen atmosphere. Then, THF (150 mL) was added carefully. Alkyl ethylmalonate (20 mmol)
was added dropwise at 0 °C. The resulting mixture was stirred at room temperature
overnight and then refluxed for an additional 24 h. After cooling to 0 °C, the reaction
mixture was quenched with 15% NaOH. Aluminum salt was filtered, and the filtrate was
concentrated under reduced pressure using a rotary evaporator. The residue crude product
was used for the next step without further purification.

2-Methylpropane-1,3-diyl bis(4-methylbenzenesulfonate) (2a) Pyridine (50 mL),
1a (20 mmol), and 4-toluenesulfonyl chloride (60 mmol) were stirred under nitrogen
atmosphere. The mixture was reacted at room temperature for 16 h. The reaction mixture
was quenched with 6 M HCl and extracted with ethyl acetate. The organic layer was
evaporated under reduced pressure. The crude product was purified by silica gel column
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chromatography using ethyl acetate/n-hexane (v/v = 1:3) as an eluent. The product was
a white solid. Yield: 68%. 'H NMR (300 MHz, CDCls): § 7.75 (d, 4H, ] = 6.6 Hz), 7.36 (d,
4H, | = 8.1 Hz), 3.94-3.83 (m, 4H), 2.46 (s, 6H), 0.92 (d, 3H, | = 7.2 Hz).
2-Ethylpropane-1,3-diyl bis(4-methylbenzenesulfonate) (2b) This compound was
prepared using the same procedure as that used for obtaining 2a except for using 1b
instead of 1a. Yield: 53%. 'H NMR (300 MHz, CDCl3): 6 7.52 (d, 4H, ] = 6.6 Hz), 7.36 (d,
4H, | = 8.1 Hz), 3.96-3.91 (m, 4H), 2.45 (s, 6H), 1.28-1.23 (m, 2H) 0.79 (t, 3H, | = 7.53 Hz).
2-Propylpropane-1,3-diyl bis(4-methylbenzenesulfonate) (2c) This compound was
prepared using the same procedure as that used for obtaining 2a except for using 1c instead
of 1a. Yield: 54%. 'H NMR (300 MHz, CDCl3): 6 7.74 (d, 4H, ] = 6.6 Hz), 7.36 (d, 4H,
] =7.8 Hz), 3.98-3.86 (m, 4H), 2.45 (s, 6H), 1.21-1.16 (m, 2H) 0.82 (t, 3H, | = 6.9 Hz).
2-Butylpropane-1,3-diyl bis(4-methylbenzenesulfonate) (2d) This compound was
prepared using the same procedure as that used for obtaining 2a except for using 1d
instead of 1a. Yield: 54%. 'H NMR (300 MHz, CDCls): § 7.75 (d, 4H, ] = 6.6 Hz), 7.36 (d,
4H, | =7.8 Hz), 3.98-3.86 (m, 4H), 2.46 (s, 6H), 1.24-1.11 (m, 2H) 0.81 (t, 3H, ] = 6.9 Hz).
9,9’-(2-Methylpropane-1,3-diyl)bis(9H-carbazole) (MBC) 9H-Carbazole (13.3 mmol),
2a (6.06 mmol), and NaOH (72.6 mmol) were stirred under nitrogen atmosphere. Acetone/H;O
(v/v=10:1) was then added. The reaction mixture was kept at room temperature for 30 min
and was refluxed for 72 h. After cooling to room temperature, the reaction mixture was
quenched with water and extracted with dichloromethane. The organic layer was filtered
and concentrated under reduced pressure. The mixture was purified by flash column
chromatography using dichloromethane/n-hexane (v/v = 1:1). The product was a white
solid. (R¢ = 0.4). Yield: 60%. 'H NMR (300 MHz, CDCl3): J 8.11 (d, 4H, | = 7.2 Hz), 7.38
(t, 4H, ] = 7.2 Hz), 7.24-7.20 (m, 8H), 4.23 (m, 4H), 3.08 (m, 1H), 1.06 (d, 3H, | = 6.6 Hz);
13C NMR (MHz, CDCl;): & 140.60, 125.86, 122.98, 120.54, 119.17, 108.79, 47.21, 34.57,
17.33. HRMS (FAB) calcd for CygHy4 N> (388.1939); found 388.1942, elemental anal. calcd:
CogHoyN»: C, 86.56; H, 6.23; N, 7.21. Found: C, 86.58; H, 6.22; N, 7.20.
9,9’-(2-Ethylpropane-1,3-diyl)bis(9H-carbazole) (EBC) This compound was prepared
using the same procedure as that used for obtaining MBC except for using 2b instead of 2a.
Yield: 60% "H NMR (300 MHz, CDCl;): 6 8.11 (d, 4H, ] = 7.5 Hz), 7.35 (t, 4H, ] = 8.1 Hz),
7.21(t,4H, ] = 6.9 Hz), 7.09 (d, 4H, ] = 8.1 Hz) 4.38-4.08 (dq, 4H, ] = 7.8 Hz), 2.88 (m, 1H),
1.58-1.53 (m, 2H), 1.05 (t, 3H, ] = 7.5 Hz); '3C NMR (MHz, CDCl3): 6 140.61, 125.86, 122.97,
120.53, 119.14, 108.74, 45.10, 40.50, 24.38, 11.41. HRMS (FAB) calcd for CooHpsIN; (402.2096);
found 402.2098, elemental anal. caled: Co9HygN»: C, 86.53; H, 6.51; N, 6.96. Found: C, 86.56;
H, 6.54; N, 6.98.
9,9’-(2-Propylpropane-1,3-diyl)bis(9H-carbazole) (PBC) This compound was pre-
pared using the same procedure as that used for obtaining MBC except for using 2c
instead of 2a. Yield: 47% "H NMR (300 MHz, CDCl;): 6 8.10 (d, 4H, ] = 7.2 Hz), 7.37 (t, 4H,
J=72Hz), 723 (t,4H, ] =6.9 Hz), 7.09 (d, 4H, | = 8.1 Hz) 4.38 (dq, 4H, | = 7.8 Hz), 2.97
(m, 1H), 1.55-1.48 (m, 2H), 0.80 (t, 3H, | = 3.0 Hz); 13C NMR (MHz, CDCls): § 140.63,
215.86, 122.96, 120.52, 119.13, 108.72, 45.45, 38.91, 33.77, 20.13, 14.43. HRMS (FAB) calcd for
C3oHpgN»y (416.2252); found 416.2256, elemental anal. caled: C39HygN»: C, 86.50; H, 6.78; N,
6.72. Found: C, 86.52; H, 6.76; N, 6.75.
9,9’-(2-Butylpropane-1,3-diyl)bis(9H-carbazole) (BBC) This compound was prepared
using the same procedure as that used for obtaining MBC except for using 2d instead of 2a.
Yield: 52% "H NMR (300 MHz, CDCl3): 6 8.09 (d, 4H, ] = 6.6 Hz), 7.37 (t, 4H, ] = 6.0 Hz),
7.23 (t,4H, | = 7.8 Hz), 7.08 (d, 4H, | = 8.4 Hz) 4.394.05 (dq, 4H, | = 7.2 Hz), 2.95 (m,
1H), 1.51-1.22 (m, 6H), 0.78 (t, 3H, ] = 7.2 Hz); 13C NMR (MHz, CDCl3): § 140.62, 125.84,
122.96,120.51, 119.12, 108.73, 45.44, 39.04, 31.35, 29.04, 23.06, 14.00. HRMS (FAB) calcd for
C31H39N3 (430.2409); found 430.2411, elemental anal. calcd: C31H39Ny: C, 86.47; H, 7.02; N,
6.51. Found: C, 86.45; H, 7.06; N, 6.54.
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2.3. TGA and DSC Measurements

TGA measurements were recorded using a TGA/DSC 1 (Mettler-Toledo Inc., Colum-
bus, Ohio, United States) thermogravimetric analyzer. TGA was conducted several times,
and the data were confirmed. The sample was loaded into a weight-tared alumina pan
and gated at a rate of 5 °C/min from 25 to 180 °C under flowing nitrogen (50 mL/min).
The thermal properties were measured using DSC (Pyris Diamond DSC; Perkin Elmer).
A heating rate of 10 °C/min was used to melt the compound, followed by cooling to room
temperature at a high cooling rate of 40 °C/min.

2.4. Catalytic Hydrogenation Reaction

Hydrogenation method 1 A mixture of 3.0 g of sample and 0.3 g of ruthenium on
alumina (5 wt %) were placed in a batch reactor. Hydrogen gas was purged into the reactor
and stabilized for 30 min. The temperature of the stabilized reactor was increased. If the
temperature satisfied the condition, the pressure was adjusted to 70 bar to perform the
hydrogenation reaction. When the pressure in the reactor decreased, the pressure in the
reactor was increased to 70 bar. The reaction was terminated when the pressure of the
reactor was no longer reduced.

Hydrogenation method 2 A mixture of 5.0 g of sample and 0.5 g of ruthenium on
alumina (5 wt %) were placed in a batch reactor. The reactor was connected to a reference
cell, and a hydrogen valve was attached between the reactor and reference cell to control the
hydrogen pressure. The hydrogen pressure of the reactor was set to 70 bar, and the reference
cell pressure was set to 100 bar in a constant-temperature bath (20 °C). After removing the
constant-temperature water bath from the reactor, the reaction temperature was raised to
190 °C. When the pressure decreased below the initial pressure in the reactor, the hydrogen
valve was quickly opened to fill the hydrogen gas to the initial pressure from the reference
cell. When the reaction reached equilibrium, the reactor was cooled to room temperature.
The hydrogen pressure of the reactor was adjusted to a pre-reaction pressure of 70 bar.
The yield of the hydrogenation reaction was calculated by the pressure difference.

2.5. Catalytic Dehydrogenation Reaction

Dehydrogenation method (I) Here, 0.11 g of palladium on alumina (5 wt %) catalyst
was placed in a 50 mL three-necked round flask. The reactor was purged with nitrogen to
remove air. The MFM (mass-flow meter) was run to confirm the stabilization of nitrogen.
After raising the temperature to the value required by the reaction, a fully hydrogenated
sample was injected into the flask. While monitoring the MFM graph, the reaction was ter-
minated if no more hydrogen gas was released. Dehydrogenation of all fully hydrogenated
samples was complete within 2 h. The mixture was characterized by 'H NMR.

Dehydrogenation method (II) A mixture of 0.2 g of palladium on alumina (5 wt %)
and 1.0 g of a fully hydrogenated sample was placed in a 50 mL three-necked round flask.
The reactor was purged with nitrogen to remove air. The nitrogen gas valve was closed,
and the reaction temperature was increased. The release of hydrogen in the reactor was
confirmed by MFM. After 1 h, if no hydrogen was released, the reaction was stopped.
The mixture was characterized by 'H NMR.

3. Results and Discussion
3.1. Synthesis

Scheme 1 shows the synthetic procedure for the designed compounds. Initially,
2-ethyl-1,3-propanediol (1b), 2-propy-1,3-propanediol (1c), and 2-butyl-1,3-propanediol
(1d) were prepared by reducing the starting malonates, diethyl 2-ethyl malonate, di-
ethyl 2-propyl malonate, and diethyl 2-butyl malonate, respectively, as described pre-
viously [32]. The resulting intermediate compounds, 2-methylpropane-1,3-diyl-bis(4-
methylbenzenesulfonate) (2a), 2-ethylpropane-1,3-diyl-bis(4-methylbenzenesulfonate) (2b),
2-propylpropane-1,3-diyl-bis(4-methylbenzenesulfonate) (2c), and 2-butylpropane-1,3-diyl-
bis(4-methylbenzenesulfonate) (2d), were prepared by reacting with the corresponding
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alkyl diols (1a-1d) with 4-toluenesulfonyl chloride in a modest yield. The final prod-
ucts, MBC, EBC, PBC, and BBC, were synthesized by the following method: substitution
reactions of alkyl tosylates (2a—2d) with 9H-carbazole were carried out under reflux con-
ditions in a mixed solvent of acetone/water in the presence of sodium hydroxide as a
base. After the reaction, the final products were further purified by column chromatog-
raphy. Structural analysis and purities of the final products were confirmed by 'H and
13C NMR spectroscopy, mass spectroscopy, and elemental analysis (summarized in the
Experimental Section).

o o \©\ Va A /©/
LiAlH, TsCl S

N )H/u\ A > HO OH ——— VAN A
o X © THF, 80 °C /\R(\ pyridine, rt O/ o i\ o \o
R =CHg, 1a R =CHg, 2a
CH,CHs, 1b CHyCHs, 2b
CH,CH,CHs, 1c CH,CH,CHa, 2¢
CH,CH,CH,CH3, 1d CH,CH,CH,CHj, 2d
H
(0] O, I N
¢ % . 2 NaoH ___ O N N O
7 o 0"\ acetone/H,0 /ﬁ/\
o] 2
/1/\ © 60 °C O R O
R = CHy, MBC
CH,CH,, EBC

CH,CH,CHj, PBC
CH,CH,CH,CH3, BBC

Scheme 1. Synthetic procedures for MBC, EBC, PBC, and BBC.

3.2. Thermal Properties

The thermal stabilities of MBC, EBC, PBC, and BBC were measured using TGA and
DSC, as summarized in Table 1 and the results are shown in Figure 1. The thermal decom-
position temperatures (T4) of MBC, EBC, PBC, and BBC were 344, 343, 347, and 364 °C,
respectively. As seen, thermal stabilities increased with increasing alkyl chain length,
and their higher thermal stabilities compared to that of NEC (T4 = 180 °C) [31] can be
attributed to symmetric geometries and increased molecular weight. It should be noted
that the enhanced thermal stability is important for real applications in hydrogen stor-
age systems because the generated thermal heat in the fuel cell is generally higher than
300 °C. Since the thermal stability of all prepared compounds satisfies this requirement,
it is expected that these materials can be used in fuel cell systems. The melting points were
analyzed by DSC. For this purpose, samples were subjected to a nitrogen gas purge and
measured at a heating rate of 10 °C min~!. The melting points of MBC, EBC, PBC, and BBC
were 154, 187, 200, and 198 °C, respectively, as shown in Figure 1b. The melting points in-
creased rather than decreased as the length of the alkyl chains increased. This phenomenon
can be explained by the existence of a plane of symmetry in all prepared compounds and
the influence of 7—7 stacking between carbazole groups. In addition, all compounds might
be compacted in the form of spheres due to free rotation, thereby reducing the surface area
and increasing the melting point.

3.3. Catalytic Hydrogenation Reactions

For hydrogenation reactions, each compound was added into a batch reactor in the
presence of ruthenium on alumina catalyst, and the reaction mixture was heated at a
constant temperature of 190 °C for 24 h under a hydrogen pressure of 60-70 bar. The re-
actions for all compounds were completed within 7 h. Ruthenium on alumina was used
as the catalyst because it has been reported that other catalysts produced side products,
while ruthenium on alumina resulted in selective reaction without any stereoisomers [19].
After the hydrogenation reactions, the structures of the products MBC-H, EBC-H, PBC-H,
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and BBC-H were analyzed by 'H NMR, as shown in Figures S9-S12. For all compounds,
the signals between 7 and 8 ppm, attributed to protons in the aromatic rings, completely
disappeared, and only aliphatic proton peaks at 0.5-3.0 ppm were observed, indicating that
carbazole groups were converted into dodecahydro-carbazole. The gravimetric densities
were calculated from the difference in the reference cell pressure when the temperature
and pressure were adjusted before and after the hydrogen reactions. As a result, the gravi-
metric densities of MBC-H, EBC-H, PBC-H, and BBC-H were calculated as 5.92 + 0.24,
5.81 4+ 0.24,5.34 + 0.24, and 5.61 £ 0.24 H, wt %, respectively, as summarized in Table 2.

Table 1. Relevant properties of MBC, EBC, PBC, and BBC.

MBC EBC PBC BBC
Structure of Hy-lean form /\(\ /\(\ /\? /\g\
Structure of Hy-rich form %ﬁ/\g %/\Cg %Tg %/\gg
154 187 200 198

Melting points of Hp-lean form (°C)

Decomposition temperature of
Hy-lean form (°C) 344 343 347 364
Hp capacity (wt %) 5.86 5.67 5.49 5.31
(@)

——EBC

wt %

1004 ——PBC | g0 —BBC
80-{ T,=364°C
60-{
®
B 40
20
04
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)
——MBC \(
r T T T T T T 1
50 75 100 125 150 175 200 225
——EBC
L
€
5 r T T T T T T 1
< 50 75 100 125 150 175 200 225
£
]
° PBC
c
w
r T T T T T T 1
50 75 100 125 150 175 200 225
BBC r
r T T T T T T 1
50 75 100 125 150 175 200 225

Temperature (°C)

Figure 1. (a) Thermogravimetric analysis (TGA) and (b) differential scanning calorimetry (DSC)
diagrams for MBC, EBC, PBC, and BBC.
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Table 2. Catalytic hydrogenation of MBC, EBC, PBC, and BBC.
Reaction Feed Catalyst o . o
Catalyst Condition ()/LOHC (g) Ideal wt % Experimental wt %
o 5.86 wt % 592 £ 0.24 wt %
MBC Ru/Al,O3 190°C/24h 0.30/3.00 0.187 g 0.189 = 0.008 g
o 5.67 wt % 5.81 £ 0.24 wt %
EBC Ru/AlL,O3 190°C/24 h 0.30/3.01 0.181g 0.185 = 0.008 g
o 5.49 wt % 534 +0.24 wt %
PBC Ru/AlO3 190°C/24h 0.30/3.01 0.174 g 0.170 + 0.008 g
o 5.31 wt % 5.61 £+ 0.24 wt %
BBC Ru/Al,O3 190 °C/24h 0.42/4.25 0254 g 0.269 = 0.008 g

3.4. Catalytic Dehydrogenation Reactions

To determine the optimal conditions for the dehydrogenation reaction, the optimum
dehydrogenation temperature was determined by a temperature ramping test. Because the
hydrogenation reaction rate of EBC-H was the highest, the temperature ramping test was
typically performed using EBC-H. As shown in Figure 2, the ramping test showed that the
dehydrogenation reaction temperature was greater than 200 °C.

50 400

—HZ Flow rate

—_ H2 Volume
401 L300
£ —
£ Z
Q 301
o | N
-~ 200 o
2 S
S 204 2

200 °C =
E) 1 240 °C 100 >N
L 10- \ \ I
IN
] I -0
0- : . T .

T T T T I
0 20 40 60 80 100 120 140 160
Time (min)
Figure 2. Representative temperature ramping test for dehydrogenation of EBC.

The dehydrogenation reaction (I) was carried out at 240, 260, and 280 °C. Palladium
on alumina catalyst was chosen because this catalyst is known to be the best catalyst
for dehydrogenation for carbazole-based compounds [33]. When injecting a fully hydro-
genated EBC-H sample at 240 °C, the rate of hydrogen release was 60 cc/min. As shown
in Figure 3a, an exponential hydrogen release was observed within 20 min, and the rate
of hydrogen release decreased after 20 min. After the evolution of hydrogen gas ceased,
the mixture was analyzed by 'H NMR. As shown in Figure S13, the generation of a signifi-
cant number of peaks attributed to aromatic ring protons of carbazole was observed, but the
peaks attributed to protons of cyclic alkanes were still observed between 0 and 3 ppm.
This means EBC-H was not completely dehydrogenated at 240 °C. When the dehydrogena-
tion reaction proceeded at 260 °C for 30 min, the hydrogen release rate was 100 cc/min. 'H
NMR spectra of the reaction residues showed that the intensities of aliphatic proton peaks at
0-3 ppm were significantly reduced, as shown in Figure S14. However, peaks attributed to
protons of cyclic alkanes were still observed, indicating that the dehydrogenation reaction
was not completed yet. Finally, the dehydrogenation reaction temperature was increased
to 280 °C. At this temperature, the hydrogen atoms were exponentially released within
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H, Flow (cc/min)

10 min and the hydrogen release rate was calculated to be 150 cc/min. 'H NMR spectra
of the reaction residues showed that the peaks attributed to the protons of cyclic alkanes
at 0-3 ppm completely disappeared, and only peaks attributed to protons of the bridged
alkyl chain were observed, as shown in Figure S15. According to the dehydrogenation
method (), it was confirmed that the rate of hydrogen release and the amount of hydrogen
increased as the reaction temperature was increased.

0 20 40 60 80
Time (min)

(b) (©)
m—rr— 120 100 250 100
—H Volume % —— H, Flow rate ——H, Flow rate
|, Volume % 1004 H} Volume % — H2 Volume %
80 80 2004 80
o < | P N
o 5 E 2z S
2 g 60 © = J iy
> § ‘ s % 150 60 ‘>3
2 o g & 5
Mo Jud r40 o g 100+ 40 §
2 40 < 2 °
2 5 [ o o
b2o . 21 b2o T T 50 20 T
T
0 o 0 0

Lo J
100 120 0 20 40 60 80 100 120 140 160 0 10 20 30 40
Time (min) Time (min)

Figure 3. Dehydrogenation reaction kinetics of EBC-H at (a) 240, (b) 260, and (c) 280 °C.

Finally, the dehydrogenation method (II) was applied to confirm the complete dehy-
drogenation of all compounds at 280 °C. A fully hydrogenated sample and palladium on
alumina were added to a flask and the reaction proceeded for 30 min at 280 °C. 'H NMR
spectra of the reaction residues showed that the aliphatic proton peaks between 0 and
3 ppm completely disappeared and only peaks attributed to the protons of the original
carbazole aromatic rings were observed between 7 and 8 ppm, as shown in Figures 516-518,
indicating complete dehydrogenation of MBC-H, PBC-H, and BBC-H.

4. Conclusions

Four new compounds based on carbazole, MBC, EBC, PBC, and BBC, were designed
and prepared to investigate their reactivity of hydrogen adsorption and desorption depend-
ing on the alkyl chain length. The gravimetric densities of MBC, EBC, PBC, and BBC were
5.86,5.76, 5.49, and 5.39 H, wt %, respectively. The synthetic method for preparing these
materials was optimized, and their chemical properties were characterized using 'H and
13C NMR spectrometry, mass spectrometry, and elemental analysis. All prepared materials
had higher thermal stabilities than that of the reference material, NEC, which indicates
that these materials are promising hydrogen storage materials for applications in fuel cell
systems. The hydrogenation reactions were successfully demonstrated in a batch reactor
with ruthenium on alumina as a catalyst at 190 °C within 24 h. Reversible reactions were
also successfully demonstrated for all hydrogenated materials. Complete dehydrogenation
reactions were demonstrated within 10 min in the presence of palladium on alumina as
a catalyst at 280 °C. With the advantages of reversible hydrogenation and dehydrogenation
reactions of MBC/MBC-H, EBC/EBC-H, PBC/PBC-H, and BBC/BBC-H, along with high
thermal stabilities, it is anticipated that these materials are promising hydrogen storage
materials for real applications in fuel cells. Among them, EBC would be the best material
due to having the highest reaction rate and a relatively high gravimetric density.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-434
4/11/1/123/s1, Figure S1: 3C NMR of MBC; Figure S2: 1*C NMR of EBC; Figure S3: 13C NMR of
PBC; Figure S4: 13C NMR of BBC; Figure S5: 'H NMR of MBC; Figure S6: 'H NMR of EBC; Figure S7:
'H NMR of PBC; Figure S8: 'H NMR of BBC; Figure S9: 'H NMR after catalytic hydrogenation of
MBC; Figure S10: I'H NMR after catalytic hydrogenation of EBC; Figure S11: TH NMR after catalytic
hydrogenation of PBC; Figure S12: 'H NMR after catalytic hydrogenation of BBC; Figure S13: 'H
NMR of the resulting dehydrogenated products for EBC-H at 240 °C; Figure S14: I'H NMR of the
resulting dehydrogenated products for EBC-H at 260 °C; Figure S15: 'H NMR of the resulting
dehydrogenated products for EBC-H at 280 °C; Figure S16: ' H NMR after catalytic dehydrogenation
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of MBC-H at 280 °C; Figure S17: 'H NMR after catalytic dehydrogenation of PBC-H at 280 °C;
Figure S18: 'H NMR after catalytic dehydrogenation of BBC-H at 280 °C.
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