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A new borazine-linked polymer featuring chlorine-decorated cavities, BLP-10(Cl), has been prepared

by the thermal decomposition of benzidine–boron trichloride in toluene under refluxing conditions.

BLP-10(Cl) exhibits a moderate Langmuir surface area (1308 m2 g�1) and one of the highest CO2/CH4

selectivities (28.3) by porous materials at 1.0 bar and 273 K. Computational studies revealed that H2,

CO2, and CH4 interact more favorably with the borazine unit with isosteric heats of adsorption of 7.46,

28.3, and 20.2 kJ mol�1, respectively. These values are in good agreement with experimental data

collected by using the virial method. Results from this study suggest that including highly polarizable

and halogenated building units into the framework of porous architectures can significantly enhance

their performance in gas separation applications.
Introduction

There has been a great interest in the development of new

materials and technologies that allow for selective CO2 capture

and sequestration (CCS) from flue gas and natural gas which has

a direct impact on the environment and economy.1,2 In partic-

ular, the removal of CO2 from natural gas would increase the

energy density of the latter and enhance its conversion to

hydrogen fuel.3 Given the relatively small and similar kinetic

diameter of the CH4 and CO2 molecules, their efficient separa-

tion remains a nontrivial task. Among the emerging methods for

addressing such a challenge is the use of highly porous archi-

tectures with a predefined pore structure and functionality as in

the case of porous organic polymers,4 zeolitic imidazolate

frameworks (ZIFs),5 and metal–organic frameworks (MOFs).6

In contrast to membrane technology which operates based on

size exclusion and gas permeability, porous materials in general

facilitate gas separation by their preferential adsorptive proper-

ties that can be accessed through pore functionalization. In

addition, the incorporation of polarizable building blocks into

the backbone of such materials has shown enhanced gas uptake.7

Similarly, fluorinated polymers with their highly polar C–F

bonds remain among the best performing organic membranes in

CO2 separation as a result of their high hydrophobicity, high

fractional free volume, and the dipole–quadrupole interaction

between C–F and CO2.
8 Along these lines, we have recently

reported on the use of a new class of porous polymers termed
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borazine-linked polymers (BLPs) in small gas (H2, CO2, and

CH4) storage.
9 The backbone in these polymers features H-, Cl-,

and Br-decorated borazine building units. The adsorptive

properties of BLPs are altered by the polarizable nature of the

borazine units and the associated substituent on boron which, in

this study, seems to be decisive in attaining a very high CO2/CH4

selectivity. We report herein a synergistic study involving

experiment and theory on the synthesis and characterization of

a new borazine-linked polymer, BLP-10(Cl), and investigate its

performance in small gas storage and separation.
Experimental section

Materials and methods

All starting materials and solvents were obtained from Aldrich

Inc. and used without further purification unless otherwise

noted. Benzidine was sublimed prior to use. Dichloromethane

was dried by distillation from calcium hydride, and toluene was

dried by distillation from sodium. All air-sensitive samples and

reactions were handled under a nitrogen atmosphere using glo-

vebox or Schlenk line techniques. Elemental microanalysis was

performed at the Midwest Microlab, LLC. FT-IR spectra were

obtained as KBr pellets using a Nicolet Nexus 670 FT-IR spec-

trometer. 11B and 13C solid-state NMR spectra were recorded at

ambient temperature on a Tecmag-based NMR spectrometer

operating at a H-1 frequency of 363MHz, a contact time of 1 ms,

and a delay of three seconds for the CPMAS experiment. All

samples were spun at 7.0 kHz. SEM imaging was carried out by

dispersing the activated sample onto a sticky carbon surface

attached to a flat aluminum sample holder. The sample was then

gold coated using an ElectronMicroscopy Sciences 550� Sputter

Coater at 1� 10�1 mbar of pressure in a nitrogen atmosphere for
This journal is ª The Royal Society of Chemistry 2012
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Scheme 1 Synthesis of BLP-10(Cl) from the in situ thermal decompo-

sition of benzidine–boron trichloride in toluene and scanning electron

microscopy (SEM) image of the as-prepared polymer (inset).

Fig. 1 FT-IR spectra (A) of BLP-10(Cl) with its amine starting material;
13C CP-MAS solid-state (B) and 11B NMR spectra (C) of BLP-10(Cl).

Asterisks represent spinning side bands.
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120 seconds while maintaining 20 mA of current. The sample was

analyzed on a Zeiss EVO XVP Scanning Electron Microscope

using an SEI detector with accelerating voltages ranging from

10 kV to 20 kV. Thermogravimetric analysis was carried out

using a TA Instruments TGA Q5000 analyzer with 50 mL plat-

inum pans and a ramp rate of 5 K min�1 under a nitrogen

atmosphere. Porosity and gas sorption experiments were

collected using a Quantachrome Autosorb 1-C volumetric

analyzer using adsorbates of UHP grade. In a typical experiment,

a sample of BLP-10(Cl) (�60 mg) was loaded into a 9 mm bulb

cell (acquired from Quantachrome) of known weight and

degassed at 80 �C for 18 hours on the analyzer. The degassed

sample was refilled with helium, weighed precisely, and then

transferred back to the analyzer. The temperatures for adsorp-

tion measurements were controlled by using a refrigerated bath

of liquid nitrogen (77 K), liquid argon (87 K), or a temperature

controlled water bath (273 K and 298 K).

Synthetic aspects

BLP-10(Cl) was synthesized by dissolving benzidine (0.30 g,

1.63 mmol) in 60 mL of dry dichloromethane under a nitrogen

atmosphere. While stirring at �78 �C, 5.0 mL of 1 M boron

trichloride (5.0 mmol) in dichloromethane was added. After 30

minutes of stirring, all of the dichloromethane was removed

under reduced pressure and replaced with 60 mL of dry toluene.

The mixture was refluxed overnight and taken into a glovebox.

The white solid was filtered over a medium glass frit and rinsed

with dry dichloromethane. The product was soaked in dry

dichloromethane for 24 hours at which point the solvent was

decanted, and fresh, dry dichloromethane was replenished.

Decantation and addition of fresh solvent was repeated once

more. The resulting solid was filtered over a medium glass frit,

then activated at 80 �C under reduced pressure (1.0 � 10�5 torr)

for 18 hours to afford BLP-10(Cl) (0.42 g, 94% based on the

amine) as a white solid. Anal. calcd for C36H24B6N6Cl6: C, 52.84;

H, 2.96; N, 10.27. Found: C, 52.92; H, 3.40; N, 10.37%.

Results and discussion

Synthesis and characterization of BLP-10(Cl)

BLP-10(Cl) was synthesized according to the methods we

reported recently by the thermal decomposition of benzidine–

boron trichloride in toluene under refluxing conditions (Scheme

1). The polymer was isolated as a white powder in very good yield

upon purification by washing with dichloromethane and acti-

vation at 80 �C and 1.0 � 10�5 torr. Based on PXRD and

scanning electron microscopy studies, BLP-10(Cl) exists as an

amorphous polymer with irregular particles about 100–300 nm in

size (Scheme 1, inset).

To assess the connectivity and geometry about the boron

centers, spectral and analytical measurements were performed.

The FT-IR spectra (Fig. 1A) show significant depletion of the

amine N–H stretching and bending bands around 3400 and

1600 cm�1, respectively, indicating consumption of the amine

sites of benzidine. Additionally, the new bands �1490, 1400, and

820 cm�1 are almost identical to those we observed for other

BLPs9 and are consistent with the formation of the B3N3 ring.
10

Solid-state magic angle spinning (MAS) NMR data for 11B and
This journal is ª The Royal Society of Chemistry 2012
13C (Fig. 1B and C) also support the formation of the B3N3 ring

and the inclusion of the biphenyl linker, respectively, into the

framework of BLP-10(Cl). The 11B NMR signal at 18.1 ppm is

close to the values recorded for tri-coordinated boron sites (25 to

40 ppm) and are in sharp contrast to tetra-coordinated sites

(0 to �45 ppm).11 The slight upfield shift is most likely due to the

strength of the magnetic field applied (8.5 T). In addition to the

spectral data, microelemental analysis of an activated sample

further supports the composition of the titled polymer (anal.

calcd for C36H24B6N6Cl6: C, 52.84%; H, 2.96%; N, 10.27%.

Found: C, 52.92%; H, 3.40%; N, 10.37%). Thermogravimetric

analysis (TGA) of an activated BLP-10(Cl) under a flow of

nitrogen shows a major weight loss �33 wt% at 150 �C which is
J. Mater. Chem., 2012, 22, 13524–13528 | 13525
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consistent with the thermal behavior of the recently reported

halogen-decorated BLPs.9a

Porosity and gas storage studies

The porous nature of BLP-10(Cl) was investigated using nitrogen

porosity measurements (Fig. 2A). The N2 isotherm exhibits Type

I behavior which is indicative of its microporous nature. The

minor hysteresis of the desorption branch is consistent with the

fine powdery nature of this polymer. The large increase in uptake

near P/Po ¼ 1 bar is the result of nitrogen condensation in

macro- and meso-porous interparticulate cavities. The Langmuir

surface area (1308 m2 g�1) and BET surface area (924 m2 g�1)

were calculated from the N2 adsorption branch (P/Po ¼ 0.1 to

0.3) utilizing the Autosorb 1 Version 1.55 software package

provided by Quantachrome Instruments. The pore size distri-

bution (PSD) was estimated using NLDFT and found to be

centered around 1.3 nm while the pore volume was calculated at

P/Po ¼ 9.0 (0.67 cm3 g�1). These porosity parameters are

similar to those reported for analogous BLPs (SABET ¼ 1200 to

1800 m2 g�1), crystalline 2D COFs such as COF-1 (711 m2 g�1,

0.9 nm),12 CTF-1 (791 m2 g�1, 1.2 nm)13 and other organic

polymers such as CMPs, PIMs, and POFs.4

As we have stated above, the inclusion of polarizable building

units that feature polar boron–halide bonds (i.e. B–Cl) as in the

case of chlorine-decorated B3N3 into the framework of porous

architectures is expected to enhance their affinity to polarizable

gas molecules and those that have a strong quadrupole moment

like CO2. In particular, the selective uptake of CO2 over CH4 or

N2 may arise from enhanced CO2-framework interactions

through the dipole–quadrupole interactions.7 Therefore,

tailoring such properties at the molecular level into porous

organic polymers can have a tangible impact on their perfor-

mance in gas storage and separation. Accordingly, once the

permanent porosity of BLP-10(Cl) was established, we decided

to evaluate its potential in H2, CO2, and CH4 storage and
Fig. 2 Gas uptake isotherms for BLP-10(Cl), N2 (A), H2 (B), CO2 (C),

and CH4 (D); sorption (filled) and desorption (empty).

13526 | J. Mater. Chem., 2012, 22, 13524–13528
calculated their respective heats of adsorption. The hydrogen

uptakes at 77 K (1.3 wt%) and 87 K (0.9 wt%) (Fig. 2B) are

similar to those of related BLPs (0.68–1.30 wt%),9 crystalline 2D

COFs such as COF-1 (1.28 wt%),12 CTF-1 (1.55 wt%),13

nitrogen-linked nanoporous networks of aromatic rings

(0.01–0.85 wt%),14 polymers of intrinsic microporosity (PIMs)

(0.74–1.83 wt%),15 hypercrosslinked polymer networks synthe-

sized by the self-condensation of bischloromethyl monomers

(0.89–1.69 wt%),16 and amorphous porous aromatic frameworks

(PAF-1, 1.5 wt%).17

The CO2 isotherms for BLP-10(Cl) also exhibit good uptakes

reaching 119 mg g�1 (273 K) and 62 mg g�1 (298 K). These

uptakes are comparable to the values reported for COFs,7 imine-

lined organic cages,18 ZIFs,5 and diimide polymers19 but are less

than that for BILPs20 and CO2-selective MOFs.21 In contrast to

the CO2 and H2 uptakes, the CH4 isotherms for BLP-10(Cl)

reveal a very low methane uptake of only 3.0 mg g�1 (273 K) and

2.0 mg g�1 (298 K) as illustrated in Fig. 2D. The methane uptake

is significantly lower than reported values for porous materials in

general: COFs, MOFs, ZIFs, and organic polymers.22 Such a low

uptake is possibly the result of the unfavorable interaction of the

polar pore walls with the nonpolar methane molecules; never-

theless, the great difference in CO2 and CH4 uptakes prompted

us to consider BLP-10(Cl) in a CO2/CH4 selectivity study as we

outline below.

To determine the affinity of the BLP-10(Cl) framework to

hydrogen, carbon dioxide, and methane, we calculated the isos-

teric heat of adsorption (Qst) for each gas using the virial

method.23 The hydrogen Qst at zero-coverage was 7.5 kJ mol�1

which ranks well among the values reported for many organic

polymers such as COFs (6.0–7.0 kJ mol�1),12 PAF-1 (4.6 kJ

mol�1),17 polyimide networks (5.3–7.0 kJ mol�1),24 and PPNs

(5.5–7.6 kJ mol�1)25 and is only slightly lower than that for BILPs

(7.9 kJ mol�1)20 and BPL carbon (8.0 kJ mol�1).12 The zero-

coverage Qst values for CO2 and CH4 were calculated from

isotherms collected at 273 and 298 K and found to be 28.3 kJ

mol�1 and 20.2 kJ mol�1, respectively, which are surprisingly high

for purely organic materials.4c The higher affinity for CO2 over

CH4 may result from the non-polar nature of CH4 whereas CO2

possesses a quadrupole moment that contributes positively

towards the CO2/CH4 selectivity by BLP-10(Cl).
Theoretical investigations

To gain insight into the gas–polymer interactions and particu-

larly the interaction of gas molecules with borazine rings, we

performed computational investigations for H2, CO2, and CH4,

the methodological details of which are included in the ESI†. In

the case of a dihydrogen molecule interacting with a chlorinated

borazine, the H2 is bound molecularly with a bond length of

0.75 �A and at a distance of 2.76 �A from the boron site. CO2 and

CH4, on the other hand, interact with the central ring system of

borazine at a distance of 3.12 �A and 3.33 �A respectively. The

bond length between the carbon and oxygen atoms of CO2 is

1.16 �A while the distance between the carbon and hydrogen of

CH4 is 1.10 �A. Fig. 3 illustrates the optimized geometries

obtained from M06, one of the three functionals investigated.

The geometries obtained at the B3LYP and SVWN level of

theory are given in the ESI†.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Optimized geometries of (a) H2, (b) CO2, and (c) CH4 adsorbed

onto chlorinated borazine calculated from the M06/6-311 + G* level of

theory. Bond lengths are in �A. Front and side views are given on the left

and right panel respectively. The blue, pink, green, grey, white, and red

colors stand for N, B, Cl, C, H, and O atoms, respectively.

Fig. 4 IAST-calculated graphs for CO2/CH4 (top) and CO2/N2 (bottom)

in BLP-10(Cl).
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The binding affinities of all gases with the chlorinated borazine

rings obtained from M06 calculations, summarized in Table 1,

agree well with experimental data collected from pure gas

component isotherms. Noteworthy is the binding affinities

calculated at the SVWN level of theory which agree best with the

experimental results, even though this functional does not take

into account van der Waals’ interactions. In contrast, the results
Table 1 Comparison of calculated binding affinity of CO2, H2 and CH4 to

Clusters Expt. (kJ mol�1)
B3LYP/6-31
G* (kJ mol�

CB–H2 7.46 �2.33
CB–CO2 28.28 —*
CB–CH4 20.2 �0.22

a CB represents the chlorinated-borazine ring. *Since the B3LYP results for H

This journal is ª The Royal Society of Chemistry 2012
obtained using B3LYP do not show any binding which demon-

strates the importance of taking into account dispersive forces

while dealing with weakly bound systems. The theoretical

investigations also indicate that all of the gas molecules prefer-

entially interact with the borazine ring rather than the phenyl

substituent of the nitrogen atoms, which highlights the signifi-

cance of including polarizable building blocks in adsorbent

materials.
Gas selectivity studies

A closer look at the initial slopes for CO2, N2, and CH4 sorption

uptakes indicates that BLP-10(Cl) has a noticeable affinity for

CO2 over N2 and CH4 at very low pressure (P/Po ¼ 0.1); as

a result, we conducted selectivity studies by the ideal adsorbed

solution theory (IAST),26 which calculates the system’s gas

selectivity capabilities of theoretical gas mixtures utilizing the

pure component isotherms in Fig. 2. It should be noted that even

though IAST calculations are performed on experimental

isotherms, their selectivity results represent theoretical values

that might deviate from practical applications. Regardless, the

results of these calculations are illustrated in Fig. 4. The selec-

tivity of CO2 over N2 at 1.0 bar does not exceed 12 until the bulk

phase molar ratio of N2 is over 0.95. In fact, the selectivity does

not reach any appreciable levels at even the more favorable low

pressures until the bulk phase molar ratio of N2 approaches 1.

These values are several times lower than what has been found

for a myriad of compounds including Bio-MOF-11,10
CB with experimental valuesa

1 +
1)

M06/6-311 +
G* (kJ mol�1)

SVWN/6-311 +
G* (kJ mol�1)

9.05 10.39
15.46 25.95
20.22 20.30

2 and CH4 were unphysical, we did not repeat the calculations for CO2.

J. Mater. Chem., 2012, 22, 13524–13528 | 13527
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noncovalent porous materials (NPMs),27 and BILP-1.20

However, the selectivity for CO2 over CH4 is quite significant. At

1.0 bar for a 50/50 mixture of CO2 and CH4, the selectivity of

BLP-10(Cl) is 28.3. Even at greater molar ratios of methane, as

would be the case in natural gas (typically about 80%), the CO2/

CH4 selectivity is still over 24 at 1.0 bar while the shape of the

curve suggests that this value would increase with increasing

pressure. This selectivity exceeds the values reported for acti-

vated carbons (2.5),28 ZIFs (ZIF-100, 5.9; ZIF-95, 4.3)5 BILPs

(8.1–9.6)20 and is slightly higher than that for PIMs29 and

TZPIMs.30 Additionally, BLP-10(Cl)’s selectivity matches the

values for the most CO2/CH4 selective MOFs.31 As a result,

BLP-10(Cl) is one of the most CO2/CH4 selective porous poly-

mers to date.

Since the validity of IAST calculations is dependent on the

ideality of the polymer,32 we sought to confirm our results by also

calculating selectivity by the initial slopes of the isotherms. The

resulting selectivities for both CO2/CH4 (19) and CO2/N2 (16) are

in good agreement with the IAST values at low pressure. Despite

the amorphous nature of BLP-10(Cl), the narrow pore size

distribution of the polymer (Fig. S9, ESI†) limits the heteroge-

neity of the pores thus resulting in comparable selectivity

calculation results from IAST and the initial slopes. Gas uptake

measurements were successfully reproduced from samples

prepared by two independent syntheses and further confirmed

the selectivity values reported in this study. As we have

mentioned earlier, having numerous B–Cl bonds projecting into

the pores and the polarizable nature of borazine rings are the

most likely reasons behind the observed CO2/CH4 selectivity.

However, given the amorphous nature of the titled polymer, we

cannot exclude other factors that may also contribute to this

selectivity, which can include solid-state packing and pore

topologies that may favor the binding of CO2 over CH4.

Conclusions

In conclusion, we have demonstrated that a one-pot synthesis of

a new borazine-linked polymer from the thermolysis reaction of

benzidine–boron trichloride in toluene provides a new material

with a very high CO2/CH4 selectivity (28). This study highlights

the impact of the chemical composition in metal-free polymers

on their subsequent use in gas storage and purification and can

provide a new approach to develop new materials with even

higher selectivity. High pressure data are being collected to

investigate selectivity as a function of pressure.
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