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Abstract Based on Schiff base chemistry, crosslinked porous
organic aminal networks were prepared using acetic acid as a
catalyst. These Schiff base networks (SNWs) are polymeric
materials based on melamine and 5,5'-methylene-bis-
salicylaldehyde, with nitrogen contents as high as ca.
36 wt.%, which were characterized by FTIR spectroscopy,
elemental analysis, and '>C and '°N solid-state NMR spec-
troscopies. A series of polymer networks with different mo-
nomeric molar ratios and different amounts of added catalyst
were explored, in order to study their effect on the final
polymer structure, porosity and H, storage capacity. These
materials exhibit Brunauer-Emmett-Teller (BET) surface areas
up to ca. 526 m?/g, as measured by N, adsorption at 77 K, and
exhibit gravimetric storage capacities up to 2.57 wt.% at
20 bar and 77 K.
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Introduction

The widespread use of hydrogen as a fuel is limited by the lack
of convenient, cost-effective, and safe methods for H, storage
[1, 2]. The U.S. Department of Energy (DOE) targets for
onboard automotive hydrogen storage have slightly varied in
the last 13 years [1-3], the gravimetric and volumetric targets
for 2017 being defined as 5.5 wt.% and 40 g H,/L, respec-
tively [4]. These targets are very challenging because the
calculations of H, storage capacity involve pressure and tem-
perature. Generally, the H, capacity of a material increases
with increasing pressure and decreasing temperature, but the
uses of elevated pressure (with the necessary containment
technology) or low temperature (with the associated cooling
system) will generally increase the system cost and weight,
and hence will decrease the system efficiency.

Materials such as metal hydrides [2], zeolites [5, 6], metal-
organic frameworks (MOFs) [2], activated carbon [2, 7, 8],
carbon nanotubes [2, 9, 10], and porous polymers [2, 11-13]
have been among the most studied substances for hydrogen
storage. In particular, research in porous organic polymers
have been a very interesting topic in the recent years due to
the wide variety of applications including gas storage [11-15],
sorption of organic vapors [16, 17], gas separation [18], and
heterogeneous catalysis [19, 20]. They have several advan-
tages such as: a wide variety of organic reactions that can be
used to prepare and modify them, they are composed of light
elements such as C, H, N, and O, they avoid the inclusion of
high molecular weight metals, and they tend to be insensitive
to ambient air, easy to handle and mechanically stable [21].
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Various types of porous organic polymers have been de-
veloped for H, storage applications, including covalent organ-
ic frameworks (COFs), polymers of intrinsic microporosity
(PIMs), and hypercrosslinked polymers (HCPs) [21]. COFs
are composed of organic molecules linked together by means
of covalent bonds forming crystalline porous networks [11,
22] that may exhibit H, storage capacities up to 1.7 wt.% H; at
77 K, and 1 bar [23]. PIMs are polymers with a highly rigid
molecular structure, in which the pores are provided by the
macromolecular subunits that cannot pack space efficiently
[24], having been demonstrated to adsorb up to 2.7 wt.% H, at
77 K, and 10 bar [25]. HCPs represent a very important class
of organic polymer materials with high surface areas, in which
the permanent porosity is provided by the extensive chemical
crosslinking [12, 13, 26], and exhibiting hydrogen storage
capacities up to 3.7 wt.% at 77 K, and 15 bar [13].

Several methods have been established for the generation
of porous organic polymers, but most of them often rely on
expensive and complex building blocks and/or the need of
costly noble metal catalysts or strong Lewis acid catalysts [24,
27, 28]. Therefore, it is a great challenge to synthesize porous
organic polymers using cheap and simple processes.

Melamine (MA), 66 % N by mass, is a cheap triazine
compound used in many fields such as plastic, medicinal,
decorative, and paper industries. It also has been used to
produce N—enriched porous materials [15, 29-31] that can
be used in several applications including hydrogen storage.
In a recent work, Schwab et al. developed a new class of N—
enriched porous polymer networks, namely Schiff base net-
works (SNWs), with relative high surface area using a novel
one-pot method through Schiff base chemistry by condensa-
tion of MA with several aromatic aldehydes in dimethyl
sulfoxide (DMSO) [31]. They found that the produced poly-
mer structure was that of an aminal (—-HN—C-NH-) network
rather than an iminic (—C = N-) one. This can be understood
taking into consideration the chemistry of imines, in which an
imine double bond can further react with primary amines,
resulting in the production of aminal groups [32]. Significant
progress has been made in the development of organic net-
works through Schiff base chemistry using different kinds of
amine and aldehyde structures to produce a wide variety of
porous organic networks with different surface areas and
different applications [33-38]. Very recently, in 2014, Li
et al. reported the preparation of crystalline imine-linked
Schiff base polymers based on tetraphenyladamantane [39],
using the synthetic technique of Schwab et al. [31]. These
polymer networks exhibit BET surface areas and H, uptakes
of up to 1,045 m%/g and 1.26 wt.%, respectively, at 77 K and
1 bar [39].

The aim of the present work is the preparation of a new N-
enriched porous organic network through Schiff base chemis-
try, by a facile polycondensation reaction involving simple
chemical reagents, such as MA and 5,5'-methylene-bis-
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salicylaldehyde (DA), to be used for hydrogen storage. The
structures and properties of the resulting materials were sys-
tematically characterized by various adequate techniques. To
the best of our knowledge, this is only the second example
(besides that of Li et al. [39]) where a Schiff base network is
tested for hydrogen storage.

Experimental
General

Starting materials and solvents were obtained from commer-
cial sources (e.g. Alfa Aesar) and used as received without
further purifications. DMSO, used as solvent to prepare
SNWs, was dried as described by Armarego and Chai [40],
the DMSO being allowed to stand for a week with pre-
activated molecular sieves of type 4 A, and subsequently
distilled over CaH, under reduced pressure. The dry DMSO
was stored under nitrogen atmosphere.

All operations performed under nitrogen gas were carried
out using a dual vacuum/nitrogen line and standard Schlenk
techniques. Nitrogen gas was supplied in cylinders (Air
Liquide) and purified by passage through 4 A molecular
sieves.

The synthesized starting material (DA) was characterized
by solution Nuclear Magnetic Resonance (NMR) spectrosco-
py, the spectra being recorded on a Bruker Avance IT1 300 (‘H
and '*C) spectrometer. Spectra were referenced internally to
residual protio-solvent (‘H) or solvent ('*C) resonances and
are reported relative to tetramethylsilane (6=0). All chemical
shifts are quoted in 6 (ppm) and coupling constants given in
Hz. Multiplicities were abbreviated as follows: singlet (s) and
doublet (d). Elemental analyses were obtained from the
Instituto Superior Técnico elemental analysis services.

Synthesis of 5,5"-methylene-bis-salicylaldehyde (DA)

The synthesis of DA was adapted from a procedure described
in the literature [41]. To a solution of 17.2 mL (20 g,
0.163 mol) of salicylaldehyde in 12.5 mL of glacial acetic
acid (Ac), in which 1.75 g (0.019 mol) of trioxane was
dissolved, a mixture of 0.12 mL of concentrated sulfuric acid
and 0.6 mL of glacial acetic acid was added slowly with
magnetic stirring under nitrogen atmosphere, at a temperature
0f 90-95 °C. This temperature was maintained for 22 h, and
stirring continued over the whole reaction period. The reaction
mixture was allowed to stand in an ice bath overnight. The
deposited solid was filtered, and extracted twice with 25 mL
of petroleum ether. The isolated solid was then three times
ground with 20 mL of diethyl ether and the supernatant ether
solutions were decanted. Finally, the solid was recrystallized
from 40 mL of acetone. Yield, 9.41 g (45 %).
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FTIR (KBr, selected bands): v (cm™')=3,435 (m) (O-H);
2,925 (w), 2,850 (w) (C—H, methylene); 1,660 (s) (C=0);
1,600 (m), 1,588 (w), 1,447 (w) (C=C); 830 (w), 811 (w)
0(C-H, aromatic).

"H NMR (300 MHz, CDCls): 6=10.92 (s, 2H, OH), 9.85
(s, 2H, CH=0), 7.36 (d, *Juu=7.5 Hz, 2H, CH,CC(H)C),
7.33 (s, 2H, HOCCHCH), 6.95 (d, *Jyu=7.5 Hz, 2H,
HOCCHCH), 3.96 (s, 2H, CH,). *C{'H} NMR (75 MHz,
CDCl3): 6=196.56 (O=CH), 160.44 (HOC), 137.75
(CH,CCHCH), 133.37 (O=CHCCH), 132.11 (O=CHC),
120.64 (CH,C), 118.18 (HOCCH), 39.56 (CH,).

Elemental analysis: calcd (%) for C;sH,04: C 70.31, H4.72;
found: C 70.76, H 4.97.

Preparation of SNWs with different monomeric molar ratios

A Schlenk tube fitted with a condenser and a magnetic stir bar
was charged with DA (0.5 g, 2 mmol), MA (1.3, 4, 6, 8 or
14 mmol to produce SNW-Q, SNW-R, SNW-S, SNW-T or
SNW-U, respectively), dry DMSO (5 mL) and glacial acetic
acid (16 mmol). After degassing by nitrogen bubbling, the
mixture was heated to 180 °C for 72 h, under an inert atmo-
sphere, with continuous stirring. After cooling to room tem-
perature the precipitated network was isolated by filtration and
washed with acetone, ethanol and dichloromethane. The re-
maining solvent was removed under vacuum at 60 °C to
afford the materials as yellow powders. Yields: SNW-Q,
0.32 g; SNW-R, 1.14 g; SNW-S, 1.53 g; SNW-T, 1.97 g;
SNW-U, 2.94 g.

Preparation of SNWs with different DA to catalyst molar
ratios

The synthesis of this set of SNWs was performed as described
above, the amount of MA used being 0.5 g (4 mmol), whereas
the amounts of glacial acetic acid used were 1, 2, 4, 8, and
16 mmol to produce SNW-V, SNW-W, SNW-X, SNW-Y and
SNW-R, respectively. Yields: SNW-V, 1.21 g; SNW-W,
1.23 g; SNW-X, 1.27 g; SNW-Y, 1.18 g; SNW-R, 1.14 g.

Characterization of SNWs

Elemental analysis: C, H and N elemental analyses were
carried out by the elemental analysis services of the Instituto
Superior Técnico.

Fourier transform infrared (FTIR): Infrared spectra (4,000—
400 cm ') were recorded on a Jasco FT/IR-4100 instrument as
KBr pellets.

Solid state NMR: Solid-state NMR spectra were measured on
a TecMag/Bruker 300 “wide bore” spectrometer. For cross-
polarization magic angle spinning (CP-MAS) '*C NMR

spectrum, the employed frequency was 75.49 MHz, the magic
angle spinning rate was 3.8 kHz, the contact time was 3 ms,
the relaxation delay was 3 s, and the external reference used
was Glycine. For CP-MAS '’N NMR spectrum, the
employed frequency was 30.42 MHz, the magic angle spin-
ning rate was 3.8 kHz, the contact time was 3 ms, the relax-
ation delay was 3 s, and the external reference used was
Glycine. All spectra were acquired at room temperature. The
analysis of the spectra was carried out using Tecmag software.

Thermal gravimetric analysis of SNWs

Thermal gravimetric analysis (TGA) measurements were ex-
amined using a SDT 2960 Simultaneous DSC-TGA equip-
ment, from room temperature to 800 °C, and a heating rate of
10 °C min"', under N,.

Sorption isotherms: surface areas, total pore volumes,
and H,-uptakes

The specific surface area (BET) and total pore volume (PV) of
the polymers were determined from nitrogen adsorption iso-
therms, measured at 77 K, using a Quantachrome NOVA
Automated Gas sorbometer (NOVA 2200e). All samples were
degassed at 150 °C under dynamic vacuum overnight before
performing the tests.

The measurements of the hydrogen storage capacities of
samples were determined at 77 K, over a pressure range up to
20 bar, with an Intelligent Gravimetric Analyzer (IGA-003,
Hiden) that incorporates a microbalance capable of measuring
weights with a resolution of +0.2 ug. Degassing of all poly-
mers was performed at 150 °C under dynamic vacuum, over-
night, before performing the test.

Results and discussion
Synthesis of the dialdehyde

The monomeric dialdehyde, 5,5"-methylene-bis-salicylaldehyde
(DA), was prepared in 45 % yield, as reported in the
experimental section, by treating salicylaldehyde with
trioxane in acetic acid, in the presence of sulfuric acid as
catalyst. Using this procedure, proposed by Marvel and
Tarkoy [41], the yield of dialdehyde depends mainly on the
amount of sulfuric acid catalyst used, which can be under-
stood from the assumption that the salicylaldehyde to formal-
dehyde ratio must be very high in order to promote the
formation of dialdehyde instead of a polymeric product. It
has been shown that the rate of acid-catalyzed depolymeriza-
tion of trioxane to formaldehyde bears a close correlation to
the acid concentration of the reaction medium [42]. Thus, a
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low acid concentration keeps the ratio of salicylaldehyde to
formaldehyde favorable for the dialdehyde preparation.

Synthesis of the Schiff base networks (SNWs)

Melamine (MA) and DA were employed to prepare the target
SNWs by Schiff base polycondensation, using the procedure
described in the experimental part. The synthetic reaction used
to prepare MA-based porous polymers is depicted in
Scheme 1.

As the mechanism of Schiff base reaction involves a number
of reversible steps, the solvent used, DMSO, should be dried to
improve the reaction kinetics. Due to the intramolecular forces
between the neighboring hydroxyl and aldehyde groups, the
aldehyde group needs to be activated for Schiff base conden-
sation. Therefore, we chose acetic acid because of the mecha-
nism of DA activation proposed by Marvel and Tarkdy [42].

At high temperature, DMSO is thermally decomposed to
formaldehyde, dimethyl sulfide, methyl mercaptane and water
[43]. The formaldehyde produced can react with free amino

Scheme 1 Synthesis of SNWs
by Schiff base condensation of
MA and DA
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groups of MA to form methylol groups. These methylol
groups undergo condensation, especially at low DA:MA ra-
tios, forming crosslinks via two types of linkages: an ether
linkage and a methylene linkage, similar to those observed in
MA resins (Scheme 2) [44—46].

Structural analysis of SNWs

The conversion of the functional groups of the monomers, and
successful production of polymeric networks, was confirmed
by Fourier transform infrared (FTIR) spectroscopy. As shown
in Fig. 1, the absence or sharp decrease in the intensity of
bands attributed to the primary amine groups of MA at 3,469
and 3,419 cm™' (NH, stretching), and bands corresponding to
the formyl function of DA at 1,660 cm ' (C=0 stretching),
gives an indication of successful condensation reaction be-
tween amino and aldehyde groups. The broad band appearing
at 3,435 cm ' corresponds to O—H stretching of hydroxyl
group of DA that remained in the structure of the SNW
produced. The bands appearing at 2,925 and 2,850 cm™ ' are

N NH,
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N
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Scheme 2 Formation of
methylene and ether linkages
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attributed to C—H stretching of the methylene linkages of DA
that remained unchanged in the final SNW structure. The
presence of distinct bands attributed to triazine ring quadrant
stretching vibrations (1,540 cm™") and semi-circle stretching
vibrations (1,450 cm ') indicates the successful incorporation
of MA into the network structure [47]. Finally, the absence of
aromatic aldimine groups (Ar—-C=N-) in all SNWs produced
can be confirmed because no C=N stretching bands are
visible at 1,613-1,640 cm ™' [32, 34, 48].
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The required DA:MA molar monomeric ratio for complete
condensation of -NH, and ~CHO groups can be determined
by FTIR spectroscopy. The spectrum of the SNW obtained
with the highest DA:MA ratio (3:2) shows a strong band at
1,660 cm', which corresponds to unreacted C=0 groups,
meaning that the amount of MA added to the reaction is not
enough for complete condensation with DA units. As the
monomeric DA:MA ratio decreases (amount of MA used in
the reaction increases), the band at 1,660 cm ™' decreases and
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Fig. 1 FTIR spectra of DA and MA monomers (right) and of SNWs produced with different DA:MA molar ratios (left)
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disappears completely when the DA:MA molar ratio used in
the reaction becomes lower than 1:3. Therefore, we can assure
that the DA:MA molar ratio should be lower than 1:3 for
complete condensation between —NH, and —CHO groups.
The detailed analysis of the chemical structure of SNWs was
performed by *C and >N solid-state NMR spectroscopy due
to the poor solubility of SNW polymers in common solvents.
The CP-MAS "*C NMR spectrum of SNW-S is shown in
Fig. 2. The strong resonance at 166.7 ppm corresponds to the
aromatic carbons of the triazine ring. The resonance appearing
at 39.5 ppm can be attributed to the methylene linkage be-
tween the aromatic rings belonging to DA monomeric units.
The resonance at 54.1 ppm can be assigned to the tertiary
carbon atoms formed upon addition of the primary amine
groups of MA to the newly formed C=N bond leading to
aminal structures [32], but this peak is not very sharp because
the methylene linkage produced from the reaction of MA with
formaldehyde (Scheme 2, reaction ii) shows a resonance in the
region of 40-60 ppm [44, 49, 50]. The resonances in the
region of 115-140 ppm (plus the resonance at 151.9 ppm,
which is deshielded due to the presence of the adjacent O—H
group) are assigned to the aromatic carbons of the benzene
ring. The 60—80 ppm region corresponds to the carbon atoms
present in the methoxy functions, which are produced in the
reaction of MA with formaldehyde (Scheme 2, reactions i and
iii) [49-51]. The absence of a C=N resonance at 160 ppm
confirms the absence of imine bonds in the polymer structure
[34, 49]. Conversely, the absence of a carbonyl resonance at
194 ppm assures the absence of DA precursor in the final
product, indicating the complete condensation between —-CHO

Fig. 2 CP-MAS natural

abundance >*C NMR spectrum of HO 39.5 ppm
sample SNW-S. The asterisks

denote the rotational sidebands l

Aromatic carbons
115-140 ppm
Aromatic CH-OH
151.9 ppm

N N N

\?/ Yﬁiazine Ring
N \?% N 166.7 ppm

and —-NH, groups. In summary, the CP-MAS '>C NMR spec-
trum clearly indicates the formation of an aminal-linked net-
work instead of an imine-linked one, which is in good agree-
ment with the literature data concerning the aminal-linked
networks [31, 38].

The CP-MAS >N NMR spectrum of sample SNW-S is
shown in Fig. 3. The resonance at —280.6 ppm is assigned to
the secondary amine nitrogens present in the aminal structure
between triazine and aromatic rings. The resonance at
—204.2 ppm corresponds to the nitrogen atoms in triazine ring.
The assumption of aminal structure formation instead of imine
one is strongly supported by the absence of a resonance
typical of C=N imine nitrogens at ca.—55 ppm [31].

Effect of the variation of monomeric molar ratio on the SNW
structure

To study the effect of DA:MA molar ratio change on the
ultimate SNW structure, different SNW samples were pre-
pared with DA:MA ratios ranging from 1:2 to 1:7. The vari-
ation in composition, and thus the final structure can be
observed by performing elemental analyses (C, H, and N) to
all the SNW samples. As shown in Table 1, the nitrogen to
carbon atomic ratio (N:C) increases with a decrease in the
DA:MA monomeric ratio. This means that the higher the
amount of MA added to the reaction media, the more success-
ful inclusion of MA units into the polymer network. The
assumption of formation of different linkages (methylene
and ether linkages, Scheme 2) is strongly supported regarding
the complete condensation of -NH, (from MA units) and

N
OH )\ 39.5 ppm

NN

1n66.7 ppm )|\ )\
/
HN N N/®\O
N-CH,0 M
60-80 ppm
HO
N
HO N )\ N

N-CH-N (54.1 ppm)

N ?‘g&:ﬁqpeak N-CH,-N (40-60 ppm)
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Fig. 3 CP-MAS natural
abundance "N NMR spectrum of
sample SNW-S

-280.61 ppm

—\< HN—<\ N )
N

OH -204.14 ppm /

= O g

200

—CHO (from DA units) groups at DA:MA molar ratio below
1:3, as previously proved by the FTIR spectra taken at differ-
ent molar ratios, whereas the elemental analyses data show
that MA units are still merging into the SNW structure at
molar ratios below 1:3.

Thermal stability

Because the prepared porous materials must be outgassed
prior to surface area and H, uptake measurements, thermal
stability studies have been carried out. TGA curves of the
SNWs are displayed in Fig. 4. The polymers show a small
weight loss before 300 °C, and then a major decomposition
after 380 °C. The gradual mass loss before 300 °C can be
attributed to outgassing of moisture and solvent (DMSO)
trapped inside the networks, the dehydration between methylol
groups upon heating, and the post-polycondensation process

Table 1 Chemical elemental analyses of the SNW polymers resulting
from different DA:MA molar ratios

Sample DA:MA Elemental analysis N:C®
molar ratio * N % C% H %

SNW-R 1:2 23.55 46.43 5.01 0.51

SNW-S 1:3 26.23 43.73 5.12 0.60

SNW-T 1:4 30.34 4423 4.73 0.69

SNW-U 1:7 36.13 42.73 4.79 0.85

 Monomer molar ratio. ® Nitrogen to carbon atomic ratio

OHR1>':N_RZ \
AWVMJ“\M«LWWWW Vil

T T T

-100 -160 -220 -2 =340

of amine with formyl end groups that continue at high
temperature to react and expel water [52].

Porous properties and H, storage capacity of SNW materials

Generally, the incorporation of rigid moieties into network
structures is beneficial for permanent porosity generation in
polymers [25, 53, 54]. As the primary aim of this study was to
identify polymer networks with gravimetric hydrogen storage
properties, different reaction conditions, mainly monomeric
molar ratio and amount of catalyst, were explored to identify
the conditions for optimum pore structure and high specific
surface area to maximize hydrogen sorption properties
(Table 2, entries 1-10). These results show that the synthesis
conditions have a great influence on the quantity of hydrogen
adsorbed by the material. However, the specific surface areas

100 -
il — SNW-R
80 - SNWLS
_ —— SNWT
2 60 ——SNW-U
=
=
2
T 40
=
20 -
0

0 100 200 300 400 500 600 700 800 900
Temperature (°C)
Fig. 4 TGA curves of SNW polymers
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Table 2 Synthesis conditions,

surface areas, and gravimetric H, Entry no.  Sample DAMA?®  DA:Ac® BETsurfice PV °(cm®g)  H, uptake (1/20 bar)

uptakes for SNWs area (m’/g) (Wt.%)
1 SNW-Q 3:2 1:8 138.7 0.17 0.38/0.73
2 SNW-R 1:2 1:8 177.1 0.35 0.46/1.06
3 SNW-S 1:3 1:8 379.5 0.53 0.64/1.86
4 SNW-T 1:4 1:8 297.5 0.34 0.54/1.64
5 SNW-U 1.7 1:8 163.6 0.29 0.41/1.06
6 SNW-V 1:2 2:1 252.7 0.46 0.52/1.32

a .

Monomers molar ratio 7 SNW-W 12 1:1 3135 041 0.63/1.73

(Dialdehyde to Melamine).

Dialdehyde to Catalyst (Acetic 8 SNW-X 1:2 12 301.9 0.48 0.57/1.69

acid) molar ratio. © Total pore 9 SNW-Y 1:2 1:4 2222 0.38 0.51/1.25

volume calculated from nitrogen 10 SNW-Z 13 1:1 525.8 0.64 0.82/2.57

adsorption at P/P,=0.95

of SNWs of this work are somewhat lower than those reported
by Schwab et al. [31].

The porous properties of the SNW materials were ana-
lyzed, after degassing the corresponding samples at 150 °C
under dynamic vacuum, by nitrogen adsorption-desorption
isotherms (Fig. 5), whereas the hydrogen storage capacity of
each network sample was determined from hydrogen sorption
isotherms at 77 K and pressures up to 20 bar (Fig. 6).

As shown in Fig. 5, the SNW samples present type IV
isotherms, which are characteristic of mesoporous adsorbents,
being associated with capillary condensation occurring in
mesopores [55].

The H, sorption isotherms of SNW samples are represent-
ed in Fig. 6, and show good reversibility and absence of
hysteresis. It is also clear that H, uptake does not approach
saturation even at a pressure of 20 bar, implying that even

450 1

——SNW-Q
——SNW-R

= = SNW-S
& 50 ——SNWAT
= 7 — x
= SNW-U
= -SNW-Y
D 300
T ——SNW-W
Q — -
S 250 SNW-X
£ ——SNW-Y
= 3
S 200 =IViES
>
®
2 150
—_
o
S
< 100

50

0 , ; : : )

0 0.2 04 0.6 0.8 1
Relative pressure (P/P,)

Fig. 5 Nitrogen adsorption-desorption isotherms observed for the SNW
samples. Solid lines for adsorption and dotted lines for desorption
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greater uptake capacities are possible at more elevated
pressures.

To study the monomeric molar ratio effect, many SNW
networks with different DA:MA ratios were explored. As
indicated in Table 2, entries 1-5 (and shown in Fig. S1 in
Electronic Supplementary Material), when the DA:MA molar
ratio decreases the BET surface area together with the total
pore volume (PV) increase up to ca. 379 m?*/g and ca.
0.53 cm’/g, respectively, which corresponds to a DA:MA ratio
of 1:3 (entry 3). A decrease in the DA:MA ratio below 1:3
(entries 4 and 5) sharply decreases the BET surface area. This

—o—SNW-Q
—=—SNW-R
- SNW-S
—a—SNW-T
—&—SNW-U
—o—SNW-Y
—o—SNW-W
SNW-X
—o—SNW-Y
g SNW-Z

2.5 A

H, Uptake (wt. %)
P

05 &

0 T T T T T T T T T )
0 5 10 15 20 25

Pressure (bar)

Fig. 6 Gravimetric H, sorption isotherms observed for the SNW
samples up to 20 bar at 77 K. Solid markers for adsorption and
hollow markers for desorption
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Fig. 7 Plot of the hydrogen 0.9 1
uptake at 1 bar/77 K versus the
apparent BET surface area of the
SNW samples

0.8 1

0.7 1

0.6 A

0.5 A

0.4 1

0.3 1

0.2 1

H, Uptake at 1 bar/77 K (wt. %)

0.1 A

dramatical change can be understood on the basis of the
occurrence of SNW structural changes with DA:MA molar
ratio. As previously proved through the comparison of FTIR
spectra and elemental analyses values for different SNW sam-
ples produced from different DA:MA ratios, the condensation
of DA and MA units is completed at DA:MA ratio equal to
1:3 and, below this value, the MA units keep merging
into the SNW structure mainly by forming methylene
and ether linkages (Scheme 2). Therefore, as the
DA:MA ratio decreases from 3:2 to 1:3, more rigid
benzene spacer groups (from DA units) are introduced
into the network to effectively enhance the porosity and
surface area by increasing the network rigidity. When the
DA:MA molar ratio decreases to values below 1:3, at which
complete condensation of MA and DA units occurs, no further
benzene rings are introduced, and MA units are merged into
the structure mainly by methylene and ether linkages, leading
to a decrease in the surface area of SNW for two reasons. First,
methylene and ether linkages are very flexible, thus the net-
work rigidity will decrease. Second, introducing more
MA units leads to the presence of more amine-terminated
groups, which can easily form hydrogen bonds between the
MA-based molecules.

To study the effect of the catalyst amount, many SNW
samples were prepared with different DA:Ac molar ratios
(Table 2, entries 2 and 6-9). As indicated in Table 2 (and
shown in Fig. S2 in Electronic Supplementary Material), the
optimum molar MA:Ac ratio was obtained in the range 0.5 to
1. DA:Ac ratios above this range led to a decrease in the
surface area, whereas lower ratios were detrimental to surface
area in the resulting network.

Generally, the maximum hydrogen uptake at 77 K for differ-
ent porous materials is correlated with the specific surface area. It
has been proved that for all the classes of porous materials, the
maximum H, uptake is linearly correlated with the apparent
BET surface area [8, 56-59]. But in many cases, especially with
high BET surface area values (>1,000 m%/g), this correlation

100 200 300 400 500 600
BET Surface Area (m?/g)

shows a great scatter, and BET surface area is a poor descriptor
for H, uptake values [13, 60, 61]. In our study, as shown in
Fig. 7, we found that a very good linear correlation exists for all
data (entries 1-10 of Table 2), suggesting that BET surface arca
is a good descriptor for the H, uptake capacity of these materials.

Finally, the sample SNW-Z (Table 2, entry 10) was pre-
pared according to the procedure described for the SNW
synthesis in the experimental part, using now the optimum
conditions (DA:MA monomeric molar ratio of 1:3, and
DA:Ac molar ratio of 1:1) in order to give the highest surface
area of ca. 526 m*/g and hydrogen uptake of 2.57 wt.%, at
77 K and 20 bar.

Conclusions

New SNW porous polymers were prepared, based on Schiff
base chemistry, which possess several unique characteristics: a
facile one-pot synthesis; cheap and simple monomers and
catalyst; high nitrogen content (up to ca. 36 wt.%); high thermal
stability; and exhibiting gas sorption properties. Several char-
acterization techniques (FTIR spectroscopy, >C and '*N solid
state NMR spectroscopies, and elemental analysis) were used to
prove the aminal structure of the synthesized networks with
formation of minor methylene and ether linkages.

We have demonstrated that the porosity and hydrogen
uptake capacity of these polymers are strongly affected
by the monomeric molar ratio and the amount of acidic
catalyst used. The newly synthesized polymers exhibit
moderate surface areas up to ca. 526 m?/g and moderate
hydrogen uptake capacities of 0.82 and 2.57 wt.%, at 77 K,
and at 1 and 20 bar, respectively.

The only example known to date of Schiff base networks
(SNWs) for H, storage applications was reported very recently
by Li et al. [39], the corresponding crystalline imine-linked
networks showing BET surface areas up to 1,045 m%/g, and H,
uptakes of 1.26 wt.% at 77 K, and 1 bar. The H, uptake values

@ Springer
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obtained by the aminal-linked networks prepared in the present
work are very similar to those claimed by Li et al. despite
possessing smaller surface areas.
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