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Carbon—-carbon coupling is a basic design principle for the synthesis of porous organic polymers, which are
widely used in gas adsorption/separation, photocatalysis, energy storage, etc. However, the C(sp®)-C(sp?)
coupling reaction to construct porous organic polymers remains an important yet elusive objective due to
its low reactivity and unknown side reactions. Herein, we report that nickel bis(1,5-cyclooctadiene)
(Ni(COD),), which was a famous catalyst for C(sp?)-C(sp?) coupling reactions, enables highly efficient
C(sp®)-C(sp®) homo-coupling reactions to construct porous linear crystalline polymers and flexible
three-dimensional porous aromatic frameworks (PAFs) under mild reaction conditions. The resulting
linear polymers generated with dibromomethyl arenes have good crystallinity and high melting points
(T = 286 °C) due to controllability of reaction sites. Furthermore, the PAFs (PAF-64, PAF-65 and PAF-
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methane-storage capacity (up to 313 cm® cm™3) because of their flexible frameworks. This work sheds

DOI: 10.1039/d4sc01289% new light on the construction of novel porous polymers through C(sp*)—C(sp®) coupling reactions and
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Introduction

Over the past few decades, multitudinous porous organic
polymers (POPs) have been developed through transition-metal
catalyzed carbon-carbon coupling reactions of C(sp®) or C(sp).
POPs always possess rigid structures, high surface area and
excellent stability and can be widely applied in various fields
including molecule adsorption/separation, photo/electro catal-
ysis, energy storage, and environmental remediation." For
instance, porous aromatic frameworks (PAF-1) synthesized by
C(sp®)-C(sp®) coupling polymerization exhibited exceptionally
high surface area and outstanding gas storage.> Subsequently,
the prevailing covalent C(sp)-C(sp) bond connecting the whole
framework leads to a porous polymer network (PPN-1) with high
thermal and chemical stabilities.®> And then some porous poly-
mers constructed by using C(sp?)-C(sp) cross-coupling have
also been reported, such as CMPs, PAF-26, PAF-28.*"° However,
C(sp®)-C(sp®) coupling to construct POPs has not yet been re-
ported,” although the Tan group reported a group of hyper-
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the development of methane-storage materials.

cross-linked microporous polymers (HCPs) that prepared by
Friedel-Crafts reactions of arenes with dihaloalkanes (con-
structed using C(sp®)-C(sp”) bonds).® Note that the Wurtz
reaction and Grignard coupling using transition-metal systems
have been applied to catalyzed C(sp®)-C(sp®) coupling
reactions.’™* However, they are often limited to small molecule
reactions due to their harsh reaction conditions or low activity
or inevitable side reactions.”™ Although some C(sp*)-C(sp?)
coupling reactions also worked in the presence of transition-
metal catalysts (Ni, Co, Cu, and Fe) and a suitable metallic
reductant (Zn and Sm), very few direct coupling polymerizations
have been implemented owing to the lower reactivity of C(sp®).**
To date, the low reactivity of C(sp®) remains a big barrier that
prevented the area of C(sp®)-C(sp®) coupling polymerization
from blossoming.

On the other hand, natural gas, comprising primarily
methane, has been considered a “clean fuel” to promote global
environmental sustainability away from petroleum-based fuels
to a green, low-carbon energy future. Compared with the
traditional strategy of liquefied or compressed natural-gas
storage, an adsorbed natural gas (ANG) storage system is
a promising technology that uses nanoporous materials as
adsorbents."*"” To date, numerous efforts have been made by
designing new porous materials with ultrahigh porosity (such
as MOFs) or pressure-triggered flexible frameworks,*** but
mostly fall short of the US Department of Energy targets for
methane (0.5 g g, 263 cm® cm™*).%*5 Moreover, natural gas
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inevitably contains small amounts of H,0, H,S, CO,, and other
impurities, which can attack ANG adsorbents and affect
methane storage. Despite several recent achievements,'>®
development of novel porous polymers with both high
methane-storage capacity and excellent structural stability for
ANG technology is still of great importance.

In this paper, a highly efficient C(sp®)-C(sp®) coupling poly-
merization catalyzed by Ni(COD), was developed. When dibro-
momethyl arenes were used as monomers, porous linear
polymers could be synthesized, and they showed good crystal-
linity and high melting points. With a switch to the monomers
of tri-/tetra-bromomethyl aromatics, flexible PAFs with high
surface area and good resistance to acids/alkalis were achieved.
Moreover, these flexible frameworks exhibited a high volu-
metric working capacity (5-100 bar) of 313 cm® cm ™ for
methane, which is 19% higher than the US DOE target (263 cm®
em ).

Results and discussion

The homocoupling of 4-bromomethylbiphenyl was used first as
the model reaction for the study of the feasibility and location of
the C(sp®)-C(sp®) coupling reaction (Fig. 1a). By using the
Ni(COD), system, a high conversion of 98% was achieved within
5 h, which is much higher than that by the NiCl, system and Cul
system (Fig. 1b). "H and '>C NMR spectra of the obtained 1,2-
bis(diphenyl) ethane confirmed that the reaction successfully
occurred (Fig. 1d). The single crystal structure of 1,2-bis(di-
phenyl) ethane (CCDC: 2300607) further proved that the
carbon-carbon coupling reaction takes place precisely at the C-
Br bond instead of random reaction sites (C-Br bond and C-H
bond on the aromatic ring) in the Friedel-Crafts reaction
(Fig. 1c).>*?® We assess the current state of the art and
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summarize key transition-metal catalyst ~mechanistic
studies.® ™% In general, the reaction involves two steps:
metallic reductants (generate reducing agents from metal
halides) and organometallic nucleophiles (perform coupling).
Although the reductant triggers the slow formation of organo-
metallic nucleophiles, the “indirect” delivery offers a low and
constant concentration of the nucleophilic species that couldn't
afford enormous coupling polymerization conditions. Mean-
while, the less electrophilic [Ni]® catalyst, Ni(COD),, which
served as a catalyst with bromomethyl aromatics for the C(sp®)-
C(sp®) coupling reaction, directly triggers the formation of
organometallic nucleophiles instead of an excess of metallic
reductants (such as Sm, Mg, and Zn) to generate reducing
agents. Finally, an efficient and fast catalytic system was
developed to achieve the C(sp*)-C(sp?) coupling polymerization
(Scheme 1).

Inspired by the above results, we tried the C(sp®)-C(sp?)
coupling polymerization of dibromomethyl arenes, such as 1,2-
bis(bromomethyl) benzene, 1,3-bis(bromomethyl) benzene, 1,4-
bis(bromomethyl) benzene and 4,4’-bis(bromomethyl)
biphenyl. To our delight, all polymerizations proceeded
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Scheme 1l The proposed carbon-carbon coupling mechanisms using
the NiCl, or Ni(COD), system.
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Fig.1 Small molecule model reaction. (a) Synthesis of 1,2-bis(diphenyl) ethane. (b) Comparisons for the preparation of 1,2-bis(diphenyl) ethane
with different catalytic systems. (c) X-ray single crystal structure of 1,2-bis(diphenyl) ethane. (d) *H NMR spectrum (above) and **C NMR spectrum

(below) of 1,2-bis(diphenyl) ethane (CDCls, 25 °C).
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Fig.2 Synthesis of linear polymers. (a) The synthetic route of P2 to produce the linear structure. (b) Monomer structures of P1, P3, and P4. (c) The

molecular packing model of P2.

smoothly with high conversion. Four new linear polymers,
including poly(1,2-bis(bromomethyl) benzene) (P1), poly(1,3-
bis(bromomethyl) benzene) (P2), poly(1,4-bis(bromomethyl)
benzene) (P3) and poly(4,4’-bis(bromomethyl) biphenyl) (P4),
were achieved, as shown in Fig. 2. It should be noted that the
obtained polymers can be considered linearly alternating
copolymers of ethylene and benzene/biphenyl, which have
hardly been synthesized by traditional polymerization methods.
The structures of these polymers were well characterized using
the corresponding 'H NMR spectra and FTIR spectra, which

demonstrated that all C-Br bonds converted to C-C bonds
(Fig. S1-S4t and 3h). Owing to the introduction of a phenyl
group in the main chain, these linear polymers exhibited
excellent thermal stability by thermogravimetric analysis under
Ny (Td,10% 10ss > 420 °C) (Fig. S51). Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images
showed that P1 and P2 presented layer structures while the
morphology of P3 and P4 switched to particles (Fig. S6-S97).
Moreover, these linear polymers possessed good crystallinity
which was verified by powder X-ray diffraction (PXRD)
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Fig. 3 (a) XRD patterns of the linear polymers. (b—e) N, adsorption—des

time (min)

orption isotherms and corresponding pore size distributions measured at

77 K for P1 (b), P2 (c), P3 (d) and P4 (e). (f) DSC curve of P3. (g) GPC curve of P2. (h) *H NMR spectrum of P2 (CDCls, 25 °C).
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measurement. As shown in Fig. 3a, distinct crystallization peaks
(12°-27°) were observed for P1, P2, P3 and P4. The good crys-
tallization could also be proved by the high melting point (286 °
C) and crystallization temperature (247 °C) of P3 (Fig. 3f).
Fortunately, from the high-resolution TEM (HRTEM) images of
these linear polymers (Fig. S6-S9t), we captured an interplanar
spacing of 0.43 nm for P1, 0.56 nm for P2, 0.42 nm for P3, 0.39
nm for P4, which are in good agreement with the corresponding
XRD patterns from the Bragg formula. The molecular weight of
the obtained polymer could be measured by GPC. The molec-
ular weight is about 1.0 x 10" Da for P2 (Fig. 3g), suggesting that
one polymer chain of P2 contained about 96 monomeric units.
Furthermore, N, adsorption and desorption isotherms at 77 K
suggest that all polymers have porous structures due to the
bending and stacking of flexible polymer chains. Both P1 and
P2 are quasi-type Hz adsorption curves, indicating that they
have lamellar structures. As for P3 and P4, quasi-type I
adsorption curves are presented, indicating that both of them
have microporous structures, and the microporous absorption
is gradually increased from 3.5 to 10.3 cm® g~ " at a low relative
pressure of P/P, (<0.001). Calculated from the isotherms, the
Brunauer-Emmett-Teller surface area (Sggr) of polymers
changed from 92 m® ¢~ ' (P1), 180 m® ¢"* (P2), and 64 m* g "
(P3) to 93 m* g~ " (P4) (Fig. 3b-e). Pore size distributions
calculated by the quenched-solid density functional theory
(QSDFT) method demonstrate the transition of polymer struc-
tures from mesoporous (P1 and P2) to microporous (P3 and P4).
Therefore, the resultant novel linear polymers of P1-P4 were
endowed with good crystallinity, high melting points, good
thermostability and porosity.

The successful C(sp®)-C(sp®) coupling polymerizations of
dibromomethyl arenes motivate us to explore the Ni(COD),-
catalyzed polymerizations of tri-/tetra-bromomethyl arenes,
such as 1,3,5-tri-bromomethyl benzene, 1,2,4,6-tetra-bromo-
methyl benzene and tetrakis(4-(bromomethyl) phenyl)methane.
Compared with HCPs synthesized by Friedel-Crafts reactions of
arenes with dihaloalkanes, these polymerizations could
produce three-dimensional flexible porous polymers with well-
defined structures through precise C(sp®)-C(sp*) coupling that
might show great advantages in gas adsorption and separation.
Moreover, these porous polymers may possess higher porosity
and greater spatial extensibility than the linear polymers
because of the more alkane reaction sites (C-Br) in these
monomers. Meanwhile, for the monomers of tri-/tetra-bromo-
methyl arenes, the large rotation freedom of saturated alkanes
and benzene rings can endow the porous polymers with good
structural flexibility (see experimental procedures in the ESIT).
As illustrated in Fig. 4, three novel PAFs (PAF-64, PAF-65 and
PAF-66) have been achieved with high conversion by using the
Ni(COD), catalytic system. The FTIR spectra of these PAFs have
been obtained as shown in Fig. S14.F The bands associated with
C-Br vibrations at 586 cm ', 603 cm ', and 621 cm ™' in the
monomers were no longer present in PAF-64, PAF-65 and PAF-
66, respectively, and the stretching vibration of C-H bonds of
alkanes at ~2980 cm ™' was obviously strengthened in these
PAFs. These results primarily indicated that the C(sp*)-C(sp?)
cross-coupling polymerizations have successfully occurred.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The chemical structures of PAF-64, PAF-65 and PAF-66 were
further characterized using the solid-state >*C NMR spectra, as
shown in Fig. 4b-d. Taking PAF-66 as an example, the intense
signals at approximately 6 = 146, 139 and 128 ppm can be
assigned to the carbon atoms of the benzene ring, while the
relatively weak signal at 6 = 65 ppm can be assigned to the
quaternary carbon atom that is connected to four phenyl groups
and the signal at 6 = 38 ppm is attributed to the alkyl carbon
(Fig. 4d). The pore structures of the three porous polymers were
investigated by physical nitrogen sorption. Their adsorption
and desorption isotherms are shown in Fig. 4e-g, which are
typical quasi-type I adsorption curves. The uptakes in the three
isotherms increase gradually at low relative pressures of P/P,
(=0.01), indicating that the microporous structures are gradu-
ally increasing. Increasing Brunauer-Emmett-Teller surface
areas (Sger) are achieved: 147 m>g %, 347 m*g " and 390 m* g *
for PAF-64, PAF-65 and PAF-66, respectively. To the best of our
knowledge, PAF-66 possesses much higher specific surface area
than the previous analogues (37 m> g~ ' and 2.5 m®> g7)
prepared by the reaction of tetraphenylmethane with dichloro-
methane/1,2-dichloroethane.”®*® The pore size distributions
were calculated using the quenched-solid density functional
theory (QSDFT) method. PAF-64 has a mesoporous structure
(2.8 nm, 4.6 nm, 7.1 nm), and PAF-65 has a microporous-
mesoporous structure (1.7 nm, 3.9 nm, 4.0 nm). PAF-66 has
mainly a microporous structure (1.23 nm). This might be
because more reaction sites effectively occupy pore space,
causing a smaller pore in the polymer. On the other hand, with
the increase in freedoms or flexibility in monomers, the poly-
merization process can move towards the energy optimal
direction, and finally a more regular pore structure and higher
surface areas can be obtained. Besides, no distinct diffraction
peaks were detected except for a broad peak for PAF-64 and PAF-
65 by powder X-ray diffraction (PXRD) measurement (Fig. S151),
indicating their amorphous structures. Interestingly, another
broad peak at 7°-11.2° for PAF-66 was observed and corre-
sponded to 0.79-1.26 nm from the Bragg formula, which is in
agreement with a pore size of 1.23 nm. SEM and TEM images
show that the three PAFs are composed of spherical particles
with 10-100 nm diameters (Fig. S16t1). Thermogravimetric
analysis shows that the synthesized polymers exhibit excellent
thermal stability, T4 100 10ss > 442 °C (Fig. $171). In addition, it
was found that these PAFs have good resistance to acids and
alkalis detected by infrared spectroscopy (Fig. S18t1). The
excellent structure features of these flexible PAFs inspire us to
explore them for high pressure methane storage.

ANG technology is a viable alternative to traditional liquefied
or compressed natural-gas storage. It's worth noting that
working capacity (deliverable capacity) is crucial instead of total
adsorption capacity in the performance evaluation of adsor-
bents for ANG storage systems. Working capacity is defined as
the amount of gas released from the maximum adsorption
pressure (i.e., 100 bar) to the minimum desorption pressure
(generally, 5 bar). Obviously, the working capacity is less than
the storage capacity.” Methane adsorption for the three flexible
porous polymers (PAF-64, PAF-65 and PAF-66) was measured at
273 K and 288 K using a next generation gravimetric sorption

Chem. Sci., 2024, 15, 10830-10837 | 10833
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Fig. 4 Synthesis and characterization of flexible porous polymers. (a)

NMR spectra of PAF-64 (b), PAF-65 (c) and PAF-66 (d). N, adsorption—

distributions for PAF-64 (e), PAF-65 (f) and PAF-66 (g).

analyzer (XEMIS). We also explored the relationship between
surface areas/flexibility and CH, uptake. The results showed
that all polymers displayed a considerable adsorption capacity
for CH, at 273 K and a lower CH, uptake due to the exothermic
process at 288 K. To further investigate the gas-matrix inter-
action, CH, adsorption enthalpy (—14.7 k] mol ') of PAF-66 was
obtained (Fig. S197), which was in line with the simulated result
(Fig. S24at). As illustrated in Fig. 5a, b and S20,7 methane
absorption increased evenly to 100 bar for all PAFs without
reaching saturation, and they showed the characteristics of
flexible porous polymers.>® Since the adsorption processes are
carried out under constant temperature conditions, any change
in finite charge (chemical adsorption) or in the pore structure
(gate-opening behaviour) will cause a sudden change in the
adsorption curve. Thus, for the PAFs, increasing pressure
extends the space volume of flexible polymers, and they showed
a pressure-triggered structure (swelling behavior), which was
further confirmed using the theoretical calculations (Fig. S257).
Furthermore, these PAFs also showed a swelling behavior when
placed in organic solvent (THF) as shown in Fig. S21.t The
volume expands 2-3 times compared with the original. Their

10834 | Chem. Sci, 2024, 15, 10830-10837

The synthetic pathway to produce the porous polymers. Solid-state B¢
desorption isotherms measured at 77 K and the corresponding pore size

adsorption capacities range from 6.8 g g~ '(PAF-64) and 8.3g g
(PAF-65) to 9.8 g g ' (PAF-66) depending on different flexibil-
ities. Thus, PAF-66 has the highest adsorption capacity among
the three PAFs and this further confirms that the adsorption
capacity is mainly determined using flexibility.

Flexible PAF-64, PAF-65 and PAF-66 show an outstanding
gravimetric working capacity (5-100 bar) of 0.32g g *,0.38gg ™"
and 0.46 g g ', respectively at 273 K. PAF-66 possesses the
highest CH, uptake owing to its more flexible sites compared to
PAF-64 and PAF-65. Meanwhile, PAF-66 is comparable with
other previously reported adsorbents for ANG technology
(Fig. 5d).'7'824263134 Interestingly, we found that the CH,
uptake of these PAFs is consistent with the specific surface area
and flexibility. Based on bulk tap density of PAF-64 (0.46 g
cm ®), PAF-65 (0.47 g cm ®) and PAF-66 (0.50 g cm °)
(Fig. S227), all PAFs showed a high volumetric working capacity
(5-100 bar) of 206 cm® em 2, 255 cm® em™* and 313 em® cm 3,
respectively. This flexible PAF-66 is comparable with other best-
performing adsorbents, such as COP-150 (294 cm® ecm ™, 273 K,
100 bar),>* NU-111 (267 cm® cm ™ ?, 240 K, 65 bar)*® and Co(bdp)
(220 cm® em ™2, 273 K, 65 bar).’® To our knowledge, PAF-66 (313

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Gravimetric methane adsorption isotherms (a) and volumetric methane adsorption (b) of PAF-64, PAF-65 and PAF-66 at 273 K. (c)

Comparison of gravimetric methane working capacities with those
capacities with those of some adsorbents.

em® cm™?) shows the highest value of volumetric working
capacity among the reported porous materials, 19% above the
US DOE target (263 cm® em ) (Fig. 5e). Undoubtedly, these
flexible PAFs generated by C(sp®)-C(sp®) coupling polymeriza-
tion show flexible adsorptive behavior and are excellent ANG
materials owing to their high methane-adsorption and
outstanding structural stability.

Conclusions

In summary, we have developed novel and highly efficient
C(sp®)-C(sp®) coupling reactions by using Ni(COD), systems
and produced linear crystalline polymers and flexible PAFs with
well-defined structures. The linear crystalline polymers with
high melting points and moderate porosity can be regarded as
alternating copolymers of ethylene and benzene, which are
hardly obtained by traditional polymerization methods.

© 2024 The Author(s). Published by the Royal Society of Chemistry

of some adsorbents. (d) Comparison of volumetric methane working

Moreover, the flexible PAFs stemmed from tri-/tetra-bromo-
methyl arenes show high surface area and excellent acid/alkali
stability and thermostability. Remarkably, these PAFs exhibit
high methane-storage capacity because of their flexible frame-
works. Especially for PAF-66, the highest volumetric working
capacity of 313 cm® em ™ for methane was achieved, which is
much higher than the US DOE target. It is indisputable that the
flexible PAFs are viable adsorbents for natural gas. This study
opens up a new avenue for the construction of porous polymers
by high efficient C(sp*)-C(sp®) coupling and provides a feasible
strategy for the design of high-capacity methane storage
materials.
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