
A triptycene-based polymer of intrinsic microposity that displays
enhanced surface area and hydrogen adsorption

Bader S. Ghanem,a Kadhum J. Msayib,a Neil B. McKeown,*a Kenneth D. M. Harris,a Zhigang Pan,a

Peter M. Budd,*b Anna Butler,b James Selbie,b David Bookc and Allan Waltonc

Received (in Cambridge, UK) 29th September 2006, Accepted 30th October 2006

First published as an Advance Article on the web 15th November 2006

DOI: 10.1039/b614214a

A novel triptycene-based polymer of intrinsic microporosity

(Trip-PIM) displays enhanced surface area (1065 m2 g21) and

reversibly adsorbs 1.65% hydrogen by mass at 1 bar/77 K and

2.71% at 10 bar/77 K.

Polymers of intrinsic microporosity (PIMs) are rigid and contorted

macromolecules, wholly composed of fused-ring components,

which form microporous organic materials due to their inability to

pack space efficiently.1 PIMs combine high internal surface areas

with the synthetic diversity of polymers and can be used for a wide

range of applications including heterogeneous catalysis,2 mem-

brane separations3 and the adsorption of organic compounds.4 Of

interest is the possibility of using such materials for the low-

pressure adsorption of molecular hydrogen (H2) to address the

‘grand challenge’5 of finding a safe and efficient storage material

for vehicular use.6 To date, many types of microporous materials

(i.e. zeolites, carbons)7 have been examined for H2 physisorption

with the best results being obtained from carbons of very high

surface area (.2500 m2 g21).8,9 Inorganic coordination polymers,

especially the highly porous metal-organic-frameworks (MOFs),

have also demonstrated real potential for H2 storage.10,11

However, purely organic polymers have only very recently been

considered as candidate materials for H2 storage but are attractive

because they are composed only of relatively light elements (e.g. C,

H, N, O).12

Recently, we reported the H2 adsorption properties at 77 K of

three PIMs (PIM-1; HATN-network and CTC-network; Fig. 1),

all of which display moderate Brunauer–Emmett–Teller (BET)

surface areas in the range 750–850 m2 g21.6 Hydrogen uptake for

these materials was encouraging with, at best, 1.4% by mass

adsorbed at 1 bar and 1.7% by mass at 10 bar. Subsequently,

Cooper and co-workers described the H2 adsorption properties of

a ‘Davankov-type’ hypercrosslinked resin, prepared by the

Friedel–Crafts alkylation of chloromethylated polystyrene beads.13

This material, of BET surface area 5 1466 m2 g21, adsorbs a

comparable amount of H2 to the PIMs at 1 bar (1.27% by mass)

but a significantly greater amount at 10 bar (2.75% by mass).

Almost concurrently, the group of Svec and Fréchet published the

H2 adsorption characteristics of both a range of commercially

available hypercrosslinked resins (surface areas up to 1200 m2 g21)

and a specially prepared hypercrosslinked polystyrene of very high

surface area (1930 m2 g21), with the latter displaying a H2 uptake

of 1.4% by mass at 1 bar/77 K.14 A comparison of the micropore

size distributions derived from low pressure nitrogen adsorption

data confirms that the three PIM materials have a greater

predominance of ultramicropores (i.e. ,0.7 nm) which accounts

for their similar adsorption of H2 at low pressure (1 bar) despite

possessing much lower BET surface areas than the hypercros-

slinked polymers. However, in order to approach the US

Department of Energy’s much stated 2010 target of a storage

system containing 6% H2 by mass, it will be necessary to obtain

PIMs with much greater porosity, as demonstrated by larger

surface areas and pore volumes, whilst retaining their ultramicro-

porous structure.

As part of a programme to establish the structure–property

relationships for PIMs, triptycene was identified as an interesting

structural building block due to its rigid, fused-ring skeleton and

three-fold symmetry. Indeed, the unique shape of triptycene results

in what has been termed ‘internal molecular free volume’15 and

Swager’s group has used this concept to introduce and explain

some impressive mechanical and electronic properties of tripty-

cene-containing materials.16

PIM synthesis is carried out using dibenzodioxane formation (a

double aromatic nucleophilic substitution) between catechol- and

o-difluorobenzene-containing monomers to form the required

fused-ring linkage. Therefore, a suitable triptycene derivative for

incorporation into a PIM network is 9,10-diethyl-2,3,6,7,12,13-

hexahydroxytriptycene 1, which is readily prepared from the
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Fig. 1 N2 adsorption (r) and desorption (e) isotherms at 77 K for

Trip-PIM.
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Diels–Alder reaction between 9,10-diethyl-2,3,6,7-tetramethoxy-

anthracene and 4,5-dimethoxybenzyne (prepared in-situ from 4,5-

dimethoxyanthralinic acid), followed by demethylation of the

triptycene product using BBr3.
17 Polymerisation was achieved by

the reaction between 1 and commercially available 2,3,5,6-

tetrafluoroterephthalonitrile (Scheme 1) to give, after washing

with a variety of solvents and drying in vacuo, the triptycene

network PIM (Trip-PIM) in quantitative yield. The insoluble

yellow powder was characterised by IR spectroscopy and

elemental analysis, which from the lack of residual fluorine

(ca. 0.8%), indicates an efficient network formation. Powder X ray

diffraction confirmed that the material is non-crystalline.

Nitrogen adsorption measurements at 77 K (Fig. 1) indicate that

the BET surface area for Trip-PIM is 1064 m2 g21 – higher than

for any previously prepared PIM.18 The adsorption isotherm

displays remarkably distinct hysteresis extending to low partial

pressures between the adsorption and desorption cycles. This

indicates that there is activated adsorption arising either from a

swelling of the polymer matrix or from the restricted access of

nitrogen molecules to pores due to blocking at narrow openings.

Analysis of the low-pressure nitrogen adsorption data by the

Horvath–Kawazoe method19 indicates that the pore size distribu-

tion within Trip-PIM is strongly biased towards sub-nanometre

pores (Fig. 2).

Consideration of a molecular model of a fragment of Trip-PIM

(Fig. 3) reveals a possible explanation for the enhanced porosity.

The triptycene component clearly provides the necessary non-

linearity required for microporosity, a role performed by the spiro-

centre in PIM-1 and the HATN-PIM, or the bowl-shaped subunit

in the CTC-network (linear polymers composed of fused rings

generally assemble into densely packed, non-porous solids).

However, it also encourages the growth of the polymer within

the same plane with the exposed faces of the ribbon-like struts,

between the bifurcating triptycenes, oriented perpendicular to the

plane of the polymer. The effective blocking of close, face-to-face

association between these fused-ring struts may help to further

frustrate space-efficient packing of the macromolecules leading to

greater microporosity.

Complementary H2 adsorption measurements were performed

at 77 K for Trip-PIM using both gravimetric analysis (Hiden IGA-

1), over the pressure range 0 to 15 bar, and volumetric analysis

(Micromeritics ASAP 2020), over the range 0 to 1 bar.20 For the

gravimetric analysis, the buoyancy correction required to take into

account the mass of hydrogen displaced by the sample at a given

pressure was calculated using a density of 1.4 g ml21, which was

based upon helium pyconometry measurements. Highly consistent

results were obtained for both types of measurement as shown in

Fig. 4. In addition, the adsorption is completely reversible which is

consistent behaviour with that expected for the physisorption of

H2 on a microporous material.

The H2 uptake at 1 bar/77 K is 1.65% by mass, which is

significantly higher relative to that of all previously reported

organic polymers (Table 1). It is particularly noteworthy that,

under these conditions, Trip-PIM adsorbs more H2 than a hyper-

crosslinked polymer with a BET surface area of 1930 m2 g21.14

This reflects the large proportion of sub-nanometre pores

accessible to H2 (Fig. 2). However, H2 adsorption at 10 bar/77 K

Scheme 1 Synthesis of the triptycene-based PIM (Trip-PIM). Reagents

and conditions: (i) K2CO3, DMF, 80 uC.

Fig. 2 Pore size distribution for Trip-PIM derived from low-pressure N2

adsorption showing the predominance of sub-nanometre pores.

Fig. 3 Space-filling model of a fragment of Trip-PIM to illustrate its

planar, bifurcated ribbon-like structure.

Fig. 4 H2 adsorption isotherms of Trip-PIM at 77 K obtained using two

separate runs (0–1 bar and 0–15 bar) for gravimetric analysis. The inset

shows data from volumetric analysis (0–1 bar). There is no significant

hysteresis observed during desorption cycles (not shown).
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(2.71% by mass) is very similar to that found for the

hypercrosslinked styrene of BET surface area 1466 m2 g21 and

at high pressures uptake is greater on this hypercrosslinked

material (ca. 3% at 15 bar/77 K).13 Even at low pressures, the

values of H2 uptake for Trip-PIM fall short in comparison with

those of the best performing carbons (e.g. ca. 3% by mass at 1 bar)8

or MOFs (ca. 2.5% by mass at 1 bar)11,21 but they perform well in

comparison to any type of microporous material of a similar

surface area. Hence the challenge is to further increase the

accessible surface area and pore volume of PIMs without losing

their micropore size distribution profile, which is so beneficial to

low-pressure H2 adsorption. Work is in progress to achieve these

aims via the incorporation of appropriate structural components

and by exploiting polymer processing techniques.

We thank the EPSRC (grants EP/D074312/1 and GR/T24289)

for funding.
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