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Greatly enhanced microporosity is obtained for the amorphous
porous polymers produced from the AICls-mediated coupling of
aromatic hydrocarbons by using dichloromethane as the reaction
solvent. A polymer of average BET surface area = 2435 m? g~* was
obtained reproducibly from 1,3,5-triphenylbenzene with the addi-
tional porosity being provided as ultramicroporosity as demonstrated
by very high CO, adsorption at 273 K/1 bar.

The potential for applications in gas storage, carbon capture,
adsorption, heterogeneous catalysis and molecular separations
has inspired intensive research activity focused on the synthesis
of microporous materials using molecular building units.*
From a structural perspective, there is an important distinction
between crystalline porous materials derived from molecular
precursors, such as the much-studied Metal Organic Frame-
works (MOFs), and amorphous materials that possess a broader
range of pore size. However, amorphous porous materials are
attractive because they can be prepared using a greater diversity
of chemistry and may offer enhanced stability as they do not
require crystallisation via reversible bond formation.> With
a few notable exceptions,® the generation of microporosity
within amorphous polymers relies on the formation of a rigid
and highly cross-linked network of covalent bonds. Among the
rapidly growing number of reported porous network polymers,
the Porous Aromatic Frameworks (e.g. PAF-1) and the
structurally related Porous Polymer Networks (e.g. PPN-4) are
particularly impressive with apparent Brunauer-Emmett-Teller
(BET) surface areas rivalling those of the most porous MOFs
(SAggr > 5000 m* g~ ').* PAFs and PPNs are prepared using the
highly efficient Yamamoto aryl-aryl coupling reaction, which
relies on the stoichiometric mediation of the expensive bis(1,5-
cyclooctadiene)nickel(0) reagent. In addition, network polymer
synthesis via Yamamoto coupling requires bromine-containing
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monomers which are either expensive to purchase or are prepared
using a multi-step synthesis, such as tetra-(4-bromophenyl)
methane.> However, for many of the proposed applications of
porous polymers, such as gas storage, water purification or carbon
capture, low-cost and large-scale manufacture are necessary to
provide competition with conventional inexpensive microporous
materials such as activated carbons."* Therefore, network forming
reactions that involve cheap monomers and reagents such as the
Friedel-Craft reaction’ or direct oxidative aryl-aryl coupling® (i.e.
the Scholl reaction®) are of interest. Unfortunately, to date, these
reactions have failed to provide highly porous network polymers.
Here we report a simple modification to an aromatic coupling
polymerisation that provides highly microporous polymers from
readily available and inexpensive starting materials and reagent.

As part of our on-going research programme on
triptycene-based porous polymers,'® we performed an acylation of
triptycene, following a literature procedure using acetyl chloride
and AICl; in DCM.™ An insoluble material was isolated from the
reaction that proved to be a network polymer with a surprisingly
high surface area (SAggr > 1000 m”> g~ '). Optimisation studies,
without acetyl chloride, gave polymer with SAger = 1750 m* g,
which is a significantly higher value than previously obtained from
polymers derived from triptycene using the Friedel-Craft reaction
(SAger = 1250-1430 m* g~ ')*” and is comparable to results
obtained using Yamamoto coupling of tribromo- or triiodo-tripty-
cenes (SAggr = 1300-1990 m* g~ 1).2

This result encouraged the polymerisation of a range of
readily available monomers, from which porous polymers had
previously been prepared, using these reaction conditions (i.e.
AlCl;, DCM at reflux). With the exception of tetraphenyl-
methane, highly porous polymers were obtained from each
monomer (Table 1; Fig. 1). Indeed, for biphenyl, 1,3,5-triphe-
nylbenzene (TPB), hexaphenylbenzene (HPB), spirobifluorene
(SBF) and tetraphenylporphyrin (TPP) the SAggr of the resulting
polymer was greater than those reported for the polymers
obtained previously from the same monomer using
Friedel-Craft or Scholl reactions (ESI Table S17). A particularly
impressive result was obtained from the polymer derived from
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Table 1 Properties of porous polymers prepared from given monomer using AlClsz in refluxing DCM as solvent (alternatively CHClz or DCE, if

stated)

Monomer® SAggr (m* g™ ) Viotal” (cm® g7) Vimiero® (cm® g71) CO, uptake? (mmol g™ %)
Triptycene 1750 1.0 0.6 5.8 [3.1]
TPB 2435 1.6 1.0 5.9 [3.6]
TPB (CHCI,) 1415 0.7 0.5 5.0 [3.2]
TPB (DCE) 725 0.7 0.2 1.7 [1.1]
Spirobifluorene 2035 1.0 0.7 5.8 [3.0]
HPB 1790 0.9 0.6 4.5 [2.7]
Biphenyl 1555 1.0 0.5 4.0 [2.7]
Biphenyl (CHCI,) 800 0.5 0.2 3.3 [2.4]
Biphenyl (DCE) 453 0.3 0.1 1.7 [1.1]
Triphenylene 1180 0.7 0.4 4.0 [2.9]
DPA 1020 0.6 0.3 3.2 [2.0]
TPP 905 0.4 0.3 2.5 [2.0]
TPM 125 0.2 0.0 2.0 [1.3]

“TPB = 1,3,5-triphenylbenzene; HPB = hexaphenylbenzene; TPP

tetraphenyl porphyrin; DPA = 9,10-diphenylanthracene; TPM =

tetraphenylmethane. ? Pore volume estimated from N, uptake at 77 K and P/P, = 0.98. © Micropore volume estimated from N, uptake at 77 K

and P/P, = 0.01. ¢ At 1 bar/273 K [1 bar/298 K].

TPB that demonstrated reproducibly a SAggr in the range
2328-2520 m” g~ ! greater than that of the equivalent porous
polymer prepared from tri-brominated TPB using Yamamoto
coupling (SAger = 1500-1870 m> g~*; ESI Table S11).** This
result allows access to an extremely porous polymer using cheap
AICI; as reagent and from a monomer that is both inexpensive
to buy and easily prepared on a large scale from acetophenone.™
Initial scale-up attempts showed that a 10 g batch of the TPB
polymer was readily obtained and demonstrated the same SAggr
as polymers from smaller (1 g) batches. The lack of success from
tetraphenylmethane is likely due its insolubility in DCM
combined with low reactivity due to relatively poorly activated
phenyl groups.

The greatly enhanced porosity of the TPB and biphenyl
network polymers - twice the SAggr of those reported in
previous studies of AlCl;-mediated polymerisation - is
surprising because the only difference is the use of DCM as
solvent instead of CHCl; (ESI Table S11).*#%* This prompted us
to perform a direct comparison of the effect of DCM with
commonly used CHCI; or dichloroethane (DCE) solvent on the
porosity of the resulting polymers from these two monomers
(Table 1). It was found that the SAggr values obtained from the
TPB and biphenyl polymers prepared using CHCI; as solvent
were similar to those from previous studies.**®* Reactions using
DCE as solvent produced polymer with only modest porosity.
Therefore, it appears that the choice of DCM as solvent provides
the dramatic enhancement of SAggr. Consequently, it was
important to determine whether DCM acts only as a solvent or
also provides methylene cross-links via a Friedel-Craft reaction.
The *C solid-state NMR spectrum of all the polymers prepared
using DCM shows a small peak between 30 and 40 ppm that
may indicate the presence of methylene cross-links, originating
from the DCM (ESI}). However, this peak is much smaller than
that found previously from a network polymer prepared from
a formal Friedel-Craft reaction between TPB and formyl
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dimethyl acetal as the methylene source.”” In addition, the
non-aromatic peaks observed for the TPB polymer are of
a similar size, relative to that of the much larger peak of the
aromatic carbons, to those previously observed from a TPB
network obtained using CHCl;.** Therefore, it appears that
network formation is predominately based on direct aryl-aryl
coupling via the Scholl reaction, however, it seems likely that
the DCM may contribute some cross-links to the network but
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Fig. 1 N, adsorption isotherms obtained at 77 K for porous polymers
derived from 1,3,5-triphenylbenzene (TPB, red), spirobifluorene (blue),
triptycene (green), biphenyl (orange), triphenylene (purple), 9,10-
diphenylanthracene (DPA, black), tetraphenylporphyrin (TPP, light
blue) and tetraphenylmethane (TPM, brown) using DCM and AlCls.
Note that the isotherm of hexaphenylbenzene (HPB) is superimpos-
able on that of triptycene and has been omitted for clarity (see ESIT).
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only to a similar extent as CHCl; or DCE. Therefore, the effect of
DCM in enhancing SAggr is predominately related to its role as
a solvent ensuring a more efficient network formation and/or
facilitating the generation of a more microporous structure by
behaving as a better porogen.'” Similarly large solvent effects on
SAger have been reported for other types of reactions to make
porous network polymers.”#*¢

The N, adsorption isotherms also provide information about
the pore size distribution within the porous polymers. For the
polymers derived from TPB, spirobifluorene and triptycene,
the relatively large uptake of N, at 77 K at low relative pressure
(P/Py < 0.01), demonstrates that micropores (<2 nm) contribute
a large portion (>60%) of the total pore volume (Table 1). The
absence of significant hysteresis between the adsorption and
desorption isotherms (ESIt) for all polymers, with the exception
of that from biphenyl, indicates both low degree of meso-
porosity and that the pore structure appears fixed on adsorption
of N, with no significant swelling.

CO, adsorption isotherms obtained at 273 K (ESI and Table
S171) also provide information on pore size distribution. Such
data are also useful as an indicator of the suitability of a poly-
mer for use in carbon capture using pressure-swing adsorptio-
n.*»?» CO, uptake for the triptycene, SBF and TPB network
polymers are all approximately 5.8 mmol g~ at 1 bar/273 K
(3.0-3.6 mmol g~ " at 1 bar/295 K), which is impressive in
comparison with other polymers derived from these building
units (ESI Table S11) and are similar to the best performing
network polymers (~6.0 mmol g ' at 1 bar/273 K and 3.6 mmol
g ' at 1 bar/295 K)."” The high uptake of CO, suggests that the
use of DCM provides additional porosity in the form of ultra-
micropores (i.e. pores of diameter less that 0.7 nm), which are
the physisorption sites for CO, at 273 K/1 bar. The porosity and
gas adsorption of the polymer derived from TPB is strikingly
similar to that of one of the best performing activated carbons
for CO, capture.*®

Despite the large number of reported porous polymers,
prepared using a wide variety of monomers and network-
forming reactions,” only a few demonstrate SAggy in excess of
2000 m? ¢~ ! and all of these require preparation from mono-
mers that need a multistep synthesis or expensive pre-
cursors.*®»#13b:17¢19 Thig work now allows access to highly
microporous network polymers, of surface areas in excess of
those of commercial activated carbons, from readily obtained
starting materials.
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