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Control over the surface functionality and microporosity in conjugated microporous polymers (CMPs)
has been achieved by the post-synthetic modification of amines into amides of with different alkyl
chains, one of which was chiral. The surface areas, pore volumes, carbon dioxide uptakes and isosteric
heat of adsorption for carbon dioxide can be rationally tuned.

© 2013 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Microporous organic polymers (MOPs) [1-3] are attracting
much interest currently because of their potential uses in catalysis
[4], gas storage [5], carbon dioxide capture [6—8], light harvesting
and photoluminescence [9—11], electrical energy storage [12], and
separation [13]. MOPs have potential advantages over many other
microporous materials because of the scope of synthetic diversity
[1-3,14—16], the attainment of ultrahigh surface areas [17—19], and
high physicochemical stabilities, especially towards water [17,19].
MOP-forming reactions tend to involve mild synthetic conditions,
which allows the incorporation of pendant functionalities such as
amines and alcohols [15,16] while maintaining high thermal sta-
bilities in the materials (up to around 500 °C) [11,17]. Such func-
tionalisation can prove more difficult in other materials, such as
metal-organic frameworks (MOFs), since polar groups such as
amines and acids can coordinate to the metal centres or be
incompatible with solvothermal reaction conditions [20]. One sub-
class of MOPs, known as conjugated microporous polymers (CMPs),
are formed using metal-catalysed cross-coupling chemistry, such
as the palladium-catalysed Sonogashira—Hagihara reaction, to
form networks with extended conjugation [21]. CMPs can have
apparent Brunauer—Emmett—Teller (BET) surface areas greater
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than 1000 m?/g [22], and the average pore size in the amorphous
networks can be tuned by varying the strut lengths of the mono-
mers [23]. We and others have shown that this type of chemistry is
suitable for the formation of networks containing a wide range of
functional groups [15,24,25].

The incorporation of new functional groups into MOFs by post-
synthetic modification (PSM) [20,26,27] has led to new functional
materials that can incorporate, for example, catalytic centres [28].
While there are a number of reports of PSM in MOFs [26,27], there
are few examples within the MOP literature [29—35]. Polymers of
intrinsic microporosity (PIMs) have been post-functionalised by
chemical hydrolysis of the pendant nitrile functionalities in the
soluble polymer PIM-1 to produce carboxylic acids [31,32]. Like-
wise, reactions with NaN3 forms tetrazole rings, and the derivatized
PIM shows increased selectively for the separation of CO,/N; [29].
An imine-based covalent organic framework (COF-300) has also
been post-synthetically modified by reduction of the imine bond to
an amine, followed by a reaction with acetic anhydride to form an
amide [30]. However, after reduction, the network did not maintain
its porosity. CMPs and COFs have been post-functionalised by thiol-
yne and thiol-ene chemistry, reacting at the alkyne groups of the
CMP or onto alkene groups on a COF [34—36] We have also post-
metallated bypridyl-containing CMPs to form metal-organic CMPs
(MO-CMPs) which have some resemblance to MOFs and which can
show catalytic activity [33].

Here, we report the post-synthetic modification of an amine-
functionalised CMP (CMP-1-NH3) [7] by reaction with a series of
anhydrides to produce amide-functionalised networks that retain
microporosity. We also explore the effect of the modification on the
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pore structure of the networks, as well as demonstrating that the
method opens up routes to new properties in MOPs, for example
the introduction of chirality.

2. Experimental
2.1. Materials

1,3,5-Triethynylbenzene and tetrakis(triphenylphosphine) palla-
dium(0) were purchased from Alfa-Aesar. All other chemicals were
purchased from Sigma—Aldrich with a purity of 97% or greater.

3. Methods
3.1. Gas sorption

All samples were heated to 120 °C for at least 12 h under dy-
namic vacuum before each gas sorption measurement. Nitrogen gas
sorption was performed using a Micromeritics ASAP 2020 instru-
ment at a temperature of 77.3 K. BET surface areas were calculated
over the relative pressure range 0.05—0.15 P/Py. Total pore volumes
were measured at 0.99 P/Py, while microporosity was estimated by
measuring the pore volume at a relative pressure of 0.1 P/Py. Dif-
ferential pore volumes were calculated using the NLDFT cylindrical
pore model for pillared clay, which was found to give the lowest
standard deviations when used for other CMP materials. CO; iso-
therms were measured at 273 K using a Micromeritics 2020 volu-
metric adsorption analyser. Temperatures were controlled using a
chiller/circulator. CO,/N, selectivies were calculated using the
Henry’s law constants method by measuring the slopes of the
isotherms [37].

3.2. Infra-red spectra

IR spectra were measured on a Bruker Tensor 27 using pressed
KBr discs.

3.3. Solid-state NMR

Solid-state NMR spectra were measured using a Bruker Avance
400 DSX spectrometer operating at 100.61 MHz for '3C and
400.13 MHz for 'H. 'TH—"3C cross-polarisation magic angle spinning
(CP/MAS) NMR experiments were carried out at an MAS rate of
10 Hz using zirconia rotors 4 mm in diameter. The 'H /2 pulse was
3.4 ps, and two-pulse phase modulation (TPPM) decoupling was
used during the acquisition. The Hartmann—Hahn condition was
set using hexamethylbenzene. The spectra were measured using a
contact time of 2.0 ms and a relaxation delay of 10.0 s. Typically,
3072 scans were accumulated. The values of the chemical shifts are

CMP-1-NH,

referred to that of TMS. The analysis of the spectra (deconvolution
and integration) were carried out using Bruker TOPSPIN software.

3.4. Synthesis of CMP-1-NH; network

1,3,5-Triethynylbenzene (600 mg, 4 mmol) and 2,5-dibromo-
aniline (1003 mg, 4 mmol) were added to a 100 mL Radleys reac-
tion flask fitted with a condenser and magnetic stirrer. The flask
was evacuated and backfilled with nitrogen three times before
anhydrous N,N’-dimethylformamide (6 mL) and anhydrous trie-
thylamine (6 mL) were added via a syringe. The solution was then
heated to 100 °C and tetrakis(triphenylphosphine)palladium(0)
(200 mg) and Cul (60 mg) were added as a slurry in N,N'-dime-
thylformamide (2 mL). The reaction was stirred at 100 °C under
nitrogen for 24 h after which the solid precipitate was washed with
hot N,N'-dimethylformamide and Soxhlet extracted with methanol
for 18 h. The insoluble brown powder was dried under vacuum at
70 °C for at least 12 h. Yield: 861 mg, 90% (theory 956 mg).
Microanalysis: C 78.18%, H 3.59%, N 2.62%.

3.5. Post-synthetic modification of CMP-1-NH; to CMP-1-AMD

CMP-1-NH; (119 mg, 0.5 mmol) was stirred in the neat anhy-
dride (2 mL) for 24 h at 30 °C, after which the solid was filtered off
and washed with CHCI3 to obtain brown powder. The product was
then dried in vacuo at 70 °C for at least 12 h. Yield: 65—85%.

4. Results and discussion

CMP-1-NH; was reported previously by our group [7] and was
formed by the Sonogashira—Hagihara palladium cross-coupling
reaction of 1,3,5-triethynylbenzene with 2,5-dibromoaniline
(Scheme 1).

Here, the network was re-synthesised, but on a larger scale than
that previously reported. The porosity of the network was charac-
terised by nitrogen gas adsorption/desorption at 77 K (Fig. 1). Large
amounts of nitrogen were adsorbed at low pressures, indicative of
adsorption into micropores, after which further filling of the larger
micropores and mesopores was observed. CMP-1-NH; showed a
hysteresis upon desorption, as reported previously [7]. The
apparent BET surface area of the network was calculated to be
656 m?/g over a relative pressure (P/Py) range of 0.05—0.15, com-
parable to that previously reported on a smaller scale (710 m?/g)
[26]. The total pore volume of the network (Vi) calculated at P/
Py = 0.99 to be 0.41 cm>/g. The pore volume at P/Py = 0.1 (V1) was
used as a qualitative measure of the degree of microporosity, and
was calculated for CMP-1-NH; to be 0.25 cm?/g. The micropore
volume as a fraction of the total pore volume (Vo 1/tot) was therefore
calculated to be 0.61. These pore volumes are very close to the
smaller scale which has Vot = 0.39, Vo1 = 0.24 and Vp1jtot = 0.62.

n=0CMP-1-AMD1
n=1CMP-1-AMD2
n=2 CMP-1-AMD3
n =3 CMP-1-AMD4
n =4 CMP-1-AMDS

o

Scheme 1. (i) Synthesis of CMP-1-NH;: Pd(PPhs)4, Cul, DMF, NEts, 100 °C, 24 h under N, atmosphere. (ii) Post-synthetic modification using anhydrides, n = 0-4 & 8 (i.e., C;—Cs &

Co): 24 h, 30 °C.
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Fig. 1. Nitrogen adsorption (closed symbols)/desorption (open symbols) isotherms for
CMP-1-NH, and the post-synthetically modified amides, CMP-1-AMD1—-CMP-1-
AMDS.

These data demonstrates the efficiency of the synthetic procedure
upon scale-up (to 0.86 g of polymer).

The reactivity of the amine functionality in the network was
exploited to further functionalise the polymer. Cohen’s group have
shown that it is possible to post-synthetically modify amino-
functionalised MOFs using amidation via reaction with anhy-
drides [38,39]. Using this methodology, they were able to introduce
different functional groups, whilst showing that access to the pores
is important for effective modification. Initially, the pendant
amine was reacted with acetic anhydride to form CMP-1-AMD1
(Scheme 1) by simply stirring in neat acetic anhydride for 24 h at
30 °C. The conversion of the amine to amide was confirmed using
FT-IR spectroscopy (Fig. 2), which showed the presence of a new
band at 1693 cm™', indicative of an amide carbonyl stretch.

In both spectra, the presence of the internal alkynes as well as a
smaller amount of terminal alkyne was observed at ca. 2195 and
2108 cm™ !, respectively, as shown for previous CMP materials [7].
Elemental analysis showed the nitrogen content was 2.62%, con-
firming the incorporation CMP-1-NH; of amine within the network
(Table S1). After post-synthetic modification with acetic anhydride,
the nitrogen content decreases to 2.27% due to the presence of the
amide group. SEM images of the networks show a rough-textured
morphology for both CMP-1-NH; and the modified network (see
Supporting information; Figs. S12 and S13), implying that amida-
tion does not result in any obvious morphological changes.

The amidation of the network was further confirmed by solid-
state 'H—13C CP/MAS NMR for CMP-1-NH, and CMP-1-AMD1
(Fig. 3). Loss of the amine resonance at 144.0 ppm (Fig. 3, bottom)
and the presence of additional peaks in the NMR spectrum for
CMP-1-AMD1 (Fig. 3, top) at 23.9 ppm due to the —CH3 carbon in
the amide and at 169.2 ppm due to the carbonyl —C=0 in the
amide group indicate that post-synthetic modification was suc-
cessful. All other peaks are consistent with previous networks
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Fig. 2. FT-IR spectra of CMP-1-NH, (black) and CMP-1-AMD1 (red). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

[15,16,23,40,41]. When using an analogous reaction to post-
synthetically modify a number of MOFs, Wang et al. showed that
the conversion was dependant on the alkyl chain length [38]. This
was explained in terms of access of the reagent to the pores. Here, it
is more difficult to measure conversions since the polymers cannot
be trivially decomposed to small molecules which can be analysed
by NMR or HPLC for example, as is the case for MOFs [38]. To probe
conversion, we relied on elemental analysis data, which we high-
light is difficult. It is known that many microporous polymers give
pore data here due to adsorbed gases and water vapour, as well as
residual end groups and potentially catalyst residues. As a result,
there are many examples where the measured elemental analysis
deviates from that expected. Nonetheless, here we have post-
functionalised one polymer. Hence, working from the values for
the parent polymer, we have estimated the conversions (Table S2,
Supporting Information). Here, we find that the conversions are
generally approximately 50% for CMP-1-AMD1 to CMP-1-AMD5.

200 180 160 140 120 100 80 60 40 20 0

ppm from TMS

Fig. 3. "H-"C CP/MAS NMR spectra of CMP-1-NH (bottom) and CMP-1-AMD1 (top). *
Indicate spinning side bands.
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Compared to the examples of MOFs [38], the conversion seems less
affected by chain length, which may represent the wider pore size
distribution of such polymers (see below) as compared to MOFs.

The porosity in CMP-1-AMD1 was examined using nitrogen
adsorption (Fig. 1) and the apparent BET surface area was calculated
to be 316 m?/g, lower than the parent amine network. This decrease
in surface area can be attributed to the partial filling of the pores in
the network by the amide functionalities, as also reported for MOFs
[42]. Similarly, decreases in nitrogen uptake by covalent organic
frameworks [43] and polymers of intrinsic microporosity [44] have
been reported when the constituents are functionalized by longer
alkyl chain. Commensurate with this decrease in surface area, both
the total and micropore volumes showed decreases to 0.21 and
0.12 cm®/g, respectively, while Vo Jtot Stayed, within error, the same
(0.59). The pore size distribution calculated from the nitrogen
adsorption isotherm using the NLDFT cylindrical pore model for
pillared clay [16] showed that the pores were centred below 2 nm,
and the amide-functionalised material can therefore still be classed
as microporous.

To further investigate the effect of the post-synthetic modifi-
cation on the porosity of the networks, CMP-1-NH; was reacted
with anhydrides of increasing chain lengths, up to hexanoic anhy-
dride (CMP-1-AMD5; chain length = Cs). In all cases, yields of be-
tween 65 and 85% were calculated after washing with CHCl3; to
remove any unreacted anhydride. In all cases, FT-IR spectra showed
the presence of the amide functionality at ca. 1680—1700 cm™ .
Elemental analysis shows a gradual decrease in nitrogen content
from 2.27% for CMP-1-AMD1 to 2.03% for CMP-1-AMDS5, as ex-
pected, as the chain length increases (Table S1).

As the alkyl chain length in the amide is increased, the apparent
BET surface area in the materials decreases systematically. CMP-1-
AMDS5 shows the lowest surface area in the series (37 m?/g, Fig. 4).
The pore volume in the post-synthetically modified networks also
decreases with increasing alkyl chain length, from 0.21 cm?/g for
CMP-1-AMD1 to 0.04 for CMP-1-AMD5. The pore volumes at P/
Py = 0.1 also show a systematic decrease from 0.12 to 0.01 cm?/g. In
fact, the microporosity of CMP-1-AMD5 is almost completely
removed by functionalisation with butyric anhydride. The ratio of
microporosity, Vo1, also reduces with alkyl chain length, from
61% for CMP-1-NH; to around 29% for CMP-1-AMD5. The calcu-
lated differential pore volumes (Fig. 5) show a decreasing in the
pore volume of modified structures compared to CMP-1-NHy,
indicative of the pores in the network being filled by the amide
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[ ] 3 SA

5 °° —a— Viot =

E 500 | IR —— Vo1 ro6 2

s —e— V0 1/Vtot E

S 400 - Py

3 o4 5

§ 300 2

>

@ 200 {| A oo 5

o ‘e
@ 100 -

0 Bl

0 1 2 3 4 5 6 7 8 9
Carbon Chain Length

Fig. 4. BET surface areas, total (red triangles) and micropore volumes (blue triangles)
and Voo (black circles) for CMP-1-NH; and CMP-1-AMDs 1-5 and -9. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 5. NL-DFT pore size distributions.

group. The filling of pores is more pronounced for longer amide
chain lengths, with CMP-1-AMD5 having no pores less than 1 nm.

We hypothesised that longer chain functionalisation may result
in only the larger pores being accessible as have been suggested
elsewhere [36]. To probe this, we synthesised CMP-1-AMD9 by re-
action of CMP-1-NH; with decanoic anhydride. Amidation was
again confirmed by the appearance of the amide C=O0 band at
1690 cm™! in the IR spectrum. The conversion was again estimated
from elemental analysis, and surprisingly was found to be higher
than for the shorter chain examples. However, again we highlight
the difficulties in using elemental analysis to calculate conversions.
The calculated BET surface area of the PSM network was found to be
68 m?/g, similar to CMP-1-AMD4 and CMP-1-AMD5. However, this
material was not microporous as can be seen from the nitrogen
isotherm (Fig. S1) and calculated pore size distribution (Fig. S4). It
therefore appears that this anhydride is still able to enter the pores,
although it is also possible that the drop in porosity is due to the
blockage of the larger pores at the surface of the material, and hence
a reduction in accessibility to the smaller pores in the bulk solid.

It was also possible to modify CMP-1-NH; with a chiral anhy-
dride, (S)-(+)-2-methylbutyric anhydride. Previously, chirality has
been difficult to achieve in CMPs, requiring the use of multistep
monomer synthesis [45] or a simple chiral monomer which resul-
ted however in a relatively low surface area network [46]. The
primary chain length of the chiral amide is the same length as for
CMP-1-AMD3. It might be expected therefore that the BET surface
area and pore volume for the chiral network would be similar, and
indeed the apparent BET surface area for the chiral network was
calculated to be 226 m?/g (c.f, 119 m?/g for CMP-1-AMD3). This
surface area is also similar to that measured for a chiral binaph-
thalene polyimide [42]. The FT-IR of the chiral network shows a
weaker amide bond (see Supporting Information Fig. S11) than
seen for the linear amides. It is possible that the more bulky chiral
amide is not able to functionalise as many of the amines in the
network as the corresponding linear amides, and hence the con-
version to the amide is lower, although absolute quantification was
not possible by IR.

In order to determine if the tuneable pore sizes in these net-
works could be used to control the adsorption of gases, carbon
dioxide isotherms were measured at 273 K and 298 K. As reported
previously, CMP-1-NH; had an uptake of 0.96 mmol/g at 298 K and
1.65 mmol/g at 273 K and 1 bar [7]. The amide-functionalised
network, CMP-1-AMD1, adsorbed less CO, at 273 K (1.51 mmol) but
similar amounts at 298 K (0.96 mmol/g). Further increases in the
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Fig. 6. Isosteric heats of adsorption for carbon dioxide.

amide chain length caused a further decrease in the quantity of CO,
adsorbed from 0.92 mmol/g and 1.46 mmol/g for CMP-1-AMD2 to
0.54 mmol/g and 0.87 mmol/g for CMP-1-AMD9 at 298 K and
273 K, respectively. The decrease in the amount of CO; adsorbed
correlates with the reduction of surface area and pore volumes. The
isosteric heats of adsorption were calculated from the CO; iso-
therms collected at these two temperatures (Fig. 6). A reduction in
isosteric heat was observed when going from the amine network to
amides, and all networks showed decrease in isosteric heats as a
function of increasing chain length. CO,/N; selectivities for the
networks at 298 K were also calculated by measuring the nitrogen
isotherms at 298 K and using the Henry’s law constants. In all cases,
the CO,/N, selectivity was between 8.5 and 12.0, a slight decrease
from 14.6 for the parent CMP-1-NH; (Table S2).

5. Conclusions

The post-synthetic amidation of CMPs has been demonstrated
for the first time. Control over the pore sizes and absolute surface
area is possible by amide formation using anhydrides with different
chain lengths. Chirality can also be incorporated in a simple way
without the need for complicated monomer synthesis. While the
synthesis of microporous networks via metal-catalysed coupling
chemistry allows the preparation of materials containing a wide
range of functional groups [15,16], not all groups are necessarily
tolerant to such metal catalysis routes. Hence, this post-
functionalisation strategy offers the potential to extend the range
of functionality in microporous polymers [38]. It has been shown
elsewhere that post-functionalisation can be used to add a range of
different functional groups to MOFs. It has also been shown that
this strategy can be used to multiple substituents [39]. Such pos-
sibilities also exist for our polymers. Likewise the demonstration
that pore sizes can be post-synthetically adjusted is interesting. The
pore size distributions for MOPs tend to be broader than those for
MOFs and other crystalline materials. Tuning post-synthetically
may open up opportunities to tune broad pore sizes for specific
applications, for example in adsorption and separations. In all of the
above, we highlight that the post-synthetic modification approach
should not be limited to amidation. Formation of imines for
example has been shown for related networks [30]. Likewise, we
have previously reported networks containing carboxylic acids,
which are again amenable to this approach.
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