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We report here the carbon dioxide sorption properties for a series of conjugated microporous polymer

(CMP) networks. These CMP materials incorporate a range of chemical functionalities including

carboxylic acids, amines, hydroxyl groups, and methyl groups. The carboxylic acid functionalised

network, rather than its amine analogue, shows the highest isosteric heat of sorption for CO2. This

supports recent computational predictions for metal–organic frameworks and suggests that acid-

functionalised frameworks could outperform more widely studied amine sorbents in CO2 capture and

separation application.
Introduction

The capture of carbon dioxide produced via the burning of fossil

fuels is an important challenge for society.1,2 Carbon dioxide

capture in porous adsorbents is one possible approach. The ideal

properties for a CO2 adsorbent will depend on the intended point

of use. In pre-combustion capture of CO2 from syngas (H2, CO2

and CO), or from natural gas reserves, the gas stream contains

approximately 35.5% CO2 and requires materials to be used at

relatively high temperatures and pressures. For post-combustion

capture, the CO2 percentage in the gas stream is lower (15–16%)

and there is also a higher percentage of water vapour. As such,

long-term hydrolytic stability is a consideration. Many different

materials have been investigated for carbon capture and storage

(CCS). Amine-containing solvents have been explored for some

years,3 but recycling these materials on a large scale for use in

power plants may require 20–40% of the energy produced. This,

in turn, has been estimated by some authors to increase the cost

of energy production by 70%.2 Other materials investigated as

sorbents include supported amines,4–7 carbon-based sorbents,8–10

zeolites11–13 and supported carbonates.14

Microporous organic polymer networks15 combine high

surface areas16 with good physicochemical stability and potential

for synthetic diversification. Microporous polymer networks

have been the investigated for applications such as catalysis,17,18

gas separation18,19 and gas storage,18,20–26 For example, the

storage of hydrogen gas has been reported for a number of

microporous materials21,22,27–31 although the volume of gas stored

at room temperature is still far below the US Department of

Energy targets.32 By contrast, CO2 gas interacts more strongly

with most sorbents and displays isosteric heats of sorption in the

broad range required for sorption close to ambient temperature.
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CO2 sorption properties have been reported for a range of high

surface area materials33 under varying conditions of temperature

and pressure. For example, CO2 uptake in metal–organic

frameworks (MOFs) is often reported at high pressures (10–50

bar)34–37 —that is, under conditions which are more relevant to

pre-combusion capture.33 The post-combusion capture of CO2

might be problematic for some MOFs due their relative hydro-

lytic instability38 although zeolitic imidazolate frameworks

(ZIFs),39–41 for example, are moisture stable and show good CO2

uptake at atmospheric pressure. As an example, ZIF-78 has an

uptake of 2.3 mmol g�1 CO2 at 298 K and 1 bar.39,42 Microporous

organic polymers can also exhibit good physicochemical

stability. It was shown recently that highly porous polyphenylene

networks (SABET > 5000 m2 g�1) can be boiled in water for a week

with no loss of porosity.16 There are, however, relatively a few

reports of CO2 capture in microporous polymers16,22,43 and those

studies, too, have mainly focused on high pressure sorption

conditions.

For post-combustion CO2 capture at ambient pressure,

materials with very high surface areas may not be optimal.44

Rather, increasing the heat of adsorption through the introduc-

tion of tailored binding functionalities could have more potential

to increase the amount of gas adsorbed. Moreover, the ability to

tune isosteric heats of sorption through chemical synthesis offers

the potential to optimize the adsorption and desorption profiles

of the sorbent in order to reduce energy consumption in pressure-

swing or temperature swing processes.45 Recently, Torrisi et al.

calculated the isosteric heats of sorption for CO2 in functional-

ised MOFs and suggested that the sorption enthalpy might be

modified by choice of the functional group in the organic linker.46

They predicted that the incorporation of a carboxylic acid group

would lead to the highest isosteric heat, challenging the current

research emphasis in the literature regarding amine groups for

CO2 capture.3,47–49 The synthetic incorporation of free acid

functionalities, however, might be problematic in some MOF

systems due to the propensity for these groups to coordinate with

metals. On the other hand, we have previously reported the
Chem. Sci., 2011, 2, 1173–1177 | 1173
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Fig. 1 Nitrogen adsorption (closed)/desorption (open) isotherms (77 K)

for CMP-1 (black), CMP-1-(CH3)2 (green), CMP-1-(OH)2 (orange),

CMP-1-NH2 (blue) and CMP-1-COOH (red) each offset by 100 cm3 g�1

for clarity.
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synthesis of a number of functionalised conjugated microporous

polymer (CMP) networks50–54 synthesised via palladium

catalysed Sonogashira–Hagihara cross-coupling reactions. These

networks can be synthesised with a wide range of pendant

functionalities52,55 and with moderate to high Brunauer–

Emmett–Teller (BET) surface areas. We report here the synthesis

of two new networks which incorporate primary amine and

carboxylic acid groups, respectively. We compare the isosteric

heats and CO2 uptakes for these polymers in addition to other

functionalised CMPs and discover a surprisingly close correla-

tion between our materials and the aforementioned computa-

tional predictions for MOFs,46 suggesting perhaps a design

principle which spans more than one class of material.

Results and discussion

Two novel functionalised conjugated polymer networks were

synthesised using the Sonogashira–Hagihara palladium cata-

lyzed cross-coupling reaction of 1,3,5-triethynylbenzene with

either 2,5-dibromobenzoic acid or 2,5-dibromoaniline to yield

the corresponding carboxylic acid- and amine-functionalized

CMP networks, CMP-1-COOH and CMP-1-NH2, respectively

(Scheme 1).

The polymers were isolated as brown powders and analysed by

FT-IR spectroscopy to show the presence of the acid and amine

functionalities (Fig. S8†). A broad peak at 3421 cm�1 for CMP-1-

COOH shows the presence of O–H in the acid together with

a strong carbonyl stretch at 1707 cm�1. The N–H bonds in CMP-

1-NH2 give rise to bands at 3466 and 3376 cm�1. Both networks

show the presence of C^C functionalities at 2196 cm�1 as well as

a smaller peak at 2107 and at 3294 cm�1 showing terminal alkyne

groups (Fig. S8†). Further analysis of the networks by TGA

showed that the networks were thermally stable to around 300 �C

(see Fig. S1, Supporting Information†). The networks are also

insensitive to treatment with water. Scanning electron micros-

copy showed that the powder morphology was similar to that

reported for other CMP networks.55,56

The CMP networks were analysed by nitrogen gas sorption.

Adsorption/desorption isotherms (each offset for clarity by

100 cm3 g�1, Fig. 1. For non-offset data, see Fig. S2†) were

collected at 77 K and showed a mainly Type I shape with high gas

uptake at low pressures for networks CMP-1, CMP-1-NH2 and

CMP-1-COOH with slight a slight hysteresis and Type IV

isotherms with H2 hysteresis for networks CMP-1-(CH3)2 and

CMP-1-(OH)2 as classified by IUPAC.57 The Brunauer–

Emmett–Teller surface areas (SABET) were calculated from the

adsorption branch of the nitrogen isotherms over a relative
Scheme 1 Synthesis of functionalised CMPs using (i) DMF, NEt3,

Pd(PPh3)4, CuI, 100 �C, 72 h.

1174 | Chem. Sci., 2011, 2, 1173–1177
pressure range of P/P0 ¼ 0.01–0.1 and were found to be 522 and

710 m2 g�1 for CMP-1-COOH and CMP-1-NH2 respectively.

Micropore volumes were calculated using the t-plot method to be

0.16 and 0.24 cm3 g�1, while the total pore volumes of the two

networks were 0.30 and 0.39 cm3 g�1. The surface areas and pore

volumes of the five networks are compared in Table 1. CMP-1-

COOH and CMP-1-NH2 have the two lowest BET surface areas

in this series. To estimate the contribution of microporosity to

the total porosity in the networks, we have calculated the ratio of

V0.1/VTot, the ratio of the pore volume at P/P0 ¼ 0.10 to the total

pore volume at P/P0 ¼ 0.99. CO2 gas sorption measurements

were also obtained for the five networks at both 273 K and

298 K. The non-functionalised CMP-1 network showed the

highest volumetric CO2 uptake at 298 K, adsorbing 1.18 mmol

g�1 of CO2 at 1 bar. The dihydroxy network adsorbed less CO2

(1.07 mmol g�1 at 1 bar), despite exhibiting a higher surface area

and pore volume. The dimethyl network, CMP-1-(CH3)2,

showed the lowest uptake of CO2 (0.94 mmol g�1), despite having

a higher surface area than CMP-1. As a comparison, BPL carbon

(SABET ¼ 1150 m2 g�1; a common reference material for CO2

uptake) exhibits an uptake of 1.9 mmol g�1. at 1 bar and

298 K.39,42 As an additional reference, the covalent organic

framework, COF-102 (SABET ¼ 3620 m2 g�1) shows the highest

CO2 uptake among COFs at a pressure of 55 bar and 298 K,22

however the CO2 uptake at 1 bar and 273 K is 1.56 mmol g�1

—that is, less than the lowest uptake observed in this CMP series

(CMP-1-COOH ¼ 1.60 mmol g�1; see Fig S3, Supporting

Information† for data collected at 273 K). We can therefore

conclude that the CO2 uptake in these networks at lower pres-

sures is not dependant soley on the surface area or pore volume.

It would seem that the different chemical functional groups, as

well as pore size, have a large effect on the uptake of gas in this

pressure-temperature regime.

The isosteric heats of adsorption were calculated from the CO2

isotherms measured at 273 K and 298 K.20,26 The experimental

isosteric heats showed the following order in terms of appended

functional groups (Fig. 2d): –COOH > (OH)2 > NH2 > H >

(CH3)2 at least for adsorbed gas quantities greater than 0.2 mmol

g�1. At low absorption values, CMP-1-COOH shows a heat of
This journal is ª The Royal Society of Chemistry 2011

https://doi.org/10.1039/c1sc00100k


Table 1 Surface areas and pore volumes for CMP networks

Network Ra R0a SABET (m2 g�1)b Vmicro (cm3 g�1)c Vtotal (cm3 g�1)d V0.1/tot

CMP-1e H H 837 0.32 0.45 0.71
CMP-1-COOH COOH H 522 0.22 0.30 0.73
CMP-1-NH2 NH2 H 710 0.27 0.39 0.69
CMP-1-(CH3)2

e CH3 CH3 899 0.34 0.75 0.45
CMP-1-(OH)2

e OH OH 1043 0.40 0.71 0.56

a R and R0 from Scheme 1. b Calculated over the relative pressure range P/P0¼ 0.01–0.1. c Pore volume at P/P0¼ 0.1. d Total pore volume (P/P0¼ 0.99).
e From ref. 56
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adsorption reaching 33 kJ mol�1, dropping to around 27 kJ mol�1

at a pressure of 1 bar — that is, substantially higher than the less

polar CMP materials in this series. The variation in CO2 sorption

could potentially also arise from a difference in pore size distri-

bution, with small pore sizes known to increase the heat of

adsorption.31 Some differences in the pore size distribution were

measured with N2 as the probe gas (Fig. S4†). However, using

CO2 (which allows measurement of the smaller pores)58,59 the

pore size distributions for all of these materials were found to be

bimodal and very similar (Fig. S5†).
Fig. 2 (a) Calculated CO2 isotherms at 298 K for substituted MIL-53 frame

networks. (c) Calculated isosteric heats of adsorption for CO2 in substituted

networks. Colour-coding is as follows: unsubstituted networks (black); –(CH

This journal is ª The Royal Society of Chemistry 2011
As noted above, recent computational studies for a range of

functionalised MOFs based on MIL-53 predicted that functional

group modification would increase the amount of CO2 captured

by the network.46 The calculations suggested that polar groups

were effective in increasing CO2 capture, while bulky non-polar

groups had a negative impact. It was predicted that the isosteric

heat of adsorption would be highest for the carboxylic acid

functionalised MIL, with the isosteric heats for the series to be in

the order –COOH > –(OH)2 > –NH2 > –(CH3)2 > non-func-

tionalized. For the carboxylic acid case, the CO2 was stabilised in
works, redrawn from ref. 46 and (b) measured CO2 isotherms for CMP

MIL-53 frameworks, redrawn from ref. 46 and (d) measured for CMP

3)2 (green); –(OH)2 (orange); –NH2 (blue) and –COOH (red).

Chem. Sci., 2011, 2, 1173–1177 | 1175
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the adsorption site by the presence of interactions from neigh-

bouring carbonyl groups. Despite the fact that our CMP

networks are quite different materials (amorphous not crystal-

line; covalent not metal–organic), we observed essentially the

same trends in isosteric heats as predicted for the MIL-53

analogues46 (cf., Fig. 1c & 1d), thus supporting these calculations

and perhaps suggesting a design principle which holds for more

than one class of material. While it is not possible to fully

deconvolute the effects of pore size (Fig. S4†) from functional

group effects, our data corroborate the fundamental computa-

tional conclusion46 that carboxylic acid functionalities are a good

target for CO2 capture materials. At this stage, we cannot say

whether the adsorbed CO2 binds cooperatively to more than one

–COOH group in the CMP network, as postulated for the MIL-

53 system,46 since we do not have an unambigous structure model

for these amorphous networks. It is likely however that there is

a broader distribution of sorption sites in these amorphous

networks, with varying propensities for multiple guest binding,

and this may in part account for the broader range of isosteric

heats as a function of coverage (Fig. 2d) for the experimental

measurements with respect to the calculations which refer to

perfectly ordered crystalline solids (Fig. 2c).46

By comparison with other materials, the heats of adsorption

measured experimentally for CMP-1-COOH (32.6–26.1 kJ

mol�1) are 15–20% higher than those reported by Lu et al.43 for

the network PPN-1. These values are also higher than activated

carbon, but lower than some MOF networks. For example, one

of the highest reported heats of adsorption for CO2 in MOFs

(90 kJ mol�1) occurs in the material HCu[(Cu4Cl)3(BTTri)8(en)5]

where a exposed metal centre binds to an ethylene diamine ligand

which in turn binds to the CO2.60 This binding may in fact be too

strong for capture applications and might translate to a large

energetic penalty. Another material with a high heat of adsorp-

tion for CO2 is MIL-100, which contains open metal centres and

exhibits a sorption enthalpy of 62 kJ mol�1 at low coverage.36 By

contrast, the carbon material, BPL carbon, exhibits an isosteric

heat of 24.3 kJ mol�1.61
Conclusions

We show here that chemical composition, much more than

surface area, dictates the CO2 uptake for polymer networks at

low pressures (1 atm) and close-to-ambient temperatures. The

ability to fine-tune CO2 affinity in this way is of potential value

for both CCS as well as applications such as gas separation. Our

results validate previous computational predictions for MOF

materials,46 suggesting that such ab initio computational studies

have translational value within this class of materials. Our

results, along with these previous calculations, also suggest that

we should consider polar acidic functionalities in microporous

frameworks and that such functionalities, as demonstrated here,

might outperform aromatic amine functionalities for CO2

sorption.
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