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A microporous hypercrosslinked polymer resin was synthesized

and shown to adsorb 3.04 wt.% hydrogen at 77 K and 15 bar;

this represents the highest level of hydrogen adsorption yet

observed for an organic polymer.

The widespread use of hydrogen as a fuel is limited presently by

the lack of a convenient, safe, and cost-effective method of H2

storage.1 A large number of materials have been investigated as

physisorptive H2 adsorbents including carbon,2 zeolites,3 and

metal–organic frameworks (MOFs).4–6 None of these materials

meets the current criteria of size, recharge kinetics, cost, and safety

required for use in transportation systems. The storage of

hydrogen in porous materials by physisorption is very challenging

because of the fundamentally weak interactions which exist

between gas and sorbent at temperatures well above the critical

temperature for H2 (2240.17 uC). This has prompted researchers

to develop MOFs with extremely high internal surface areas4,6 or

which exhibit kinetic trapping behaviour.5

During the course of this study, it was reported that organic

‘‘polymers of intrinsic microporosity’’ (PIMs) adsorb around 1.5–

1.7 wt.% H2 at 77 K and 10 bar.7 While this is far from the US

Department of Energy target of 6.5 wt.% by mass, organic

polymers may prove to be attractive as H2 adsorbents because, like

‘‘covalent organic frameworks’’,8 they can be composed entirely of

light elements. There are also a number of well-developed routes to

produce organic polymers with high thermal and chemical

stabilities. An additional advantage associated with organic

polymers—for example, with respect to carbon2—is the very

broad scope for synthetic variation of both chemical functionality

and structural topology. A significant challenge, however, is the

relatively limited number of synthetic routes to access organic

polymers with high surface areas (> 1000 m2/g) and pores in the

micropore (ideally ultramicropore) range. PIMs form microporous

solids with internal surface areas in the range 500–900 m2/g as a

result of their rigid and contorted molecular structures.7,9

Hypercrosslinked polymers represent another class of predomi-

nantly microporous organic materials which can exhibit high

surface areas.10 Unlike solution-processable PIMs, the permanent

porosity in hypercrosslinked materials is a result of extensive

crosslinking reactions which prevent the polymer chains from

collapsing into a dense, non-porous state. The most well-studied

hypercrosslinked materials are ‘‘Davankov-type’’ resins10,11 which

are prepared by post-crosslinking of polystyrenic networks. These

materials can exhibit apparent BET surface areas as high as

2090 m2/g 12 and have been used as sorbents for organic vapours,13

for the recovery of organic compounds from water,14 and in

chromatography.15

In our study, a hypercrosslinked polystyrene material was

synthesized by suspension polymerisation of vinylbenzyl chloride

followed by a Friedel–Crafts-type post-crosslinking in dichloro-

ethane at 80 uC using FeCl3 as the catalyst (Fig. 1).{16

The hypercrosslinked polymer was recovered in the form of

spherical beads with diameters in the range 50–200 mm. The

apparent Brunauer–Emmett–Teller (BET) surface area for the

polymer was found to be 1466 ¡ 11 m2/g, as measured by

nitrogen adsorption at 77 K (Langmuir surface area = 2138 m2/g).§

The apparent BET value is high for an organic polymer7 but

somewhat lower than the highest surface area (2090 m2/g)

described thus far for Davankov-type resins.12 Fig. 2 shows the

nitrogen adsorption and desorption isotherms for the polymer.

The adsorption isotherm can be classified as Type 1B and is

consistent with a material which is substantially microporous.17
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Fig. 1 Preparation of hypercrosslinked styrenic polymer from poly-

(vinylbenzyl chloride) gel-type resin precursor. This highly simplified

scheme shows a ‘‘double’’ crosslink formed by internal electrophilic

addition;12 a variety of crosslink structures will exist in the actual material.

Fig. 2 Nitrogen adsorption isotherm (filled symbols) and desorption

isotherm (open symbols) at 77 K.
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Fig. 3 shows the apparent micropore size distribution for the

sample as calculated by the Horvath–Kawazoe method (carbon

slit-pore model).18 The hypercrosslinked polymer has a median

pore diameter of 0.789 nm and a relatively broad micropore size

distribution. The micropore volume for the hypercrosslinked

polymer at a nitrogen partial pressure (P/P0) of 0.053 was

determined as 0.48 cm3/g – that is, substantially higher than most

classes of porous organic polymers but somewhat lower than the

micropore volume that can be achieved in certain carbons2,19 and

MOFs.4–6

The hydrogen sorption properties of this polymer at 77 K were

investigated by gravimetric analysis (Hiden Isochema IGA).§

Given the significant scope for misleading measurement errors in

H2 sorption measurements, the analysis was repeated several times

over a variety of pressure ranges. The H2 sorption analyses for the

hypercrosslinked polymer were also interspersed with analyses of

samples of known H2 sorption capacity (e.g., activated carbon) to

ensure that the system was operating correctly. Repeat determina-

tions showed that the H2 sorption measurement for the polymer

was very reproducible (see Fig. S1). Fig. 4 shows the H2 adsorption

isotherms (filled symbols) and desorption isotherms (open

symbols) for two separate samples of the hypercrosslinked polymer

at 77 K, up to a maximum H2 pressure of 15 bar.

At a pressure of 15 bar, the polymer was found to adsorb

3.04 wt.% H2 at 77 K. In comparison with the PIM materials

reported recently,7 this hypercrosslinked polymer adsorbs signifi-

cantly larger quantities of H2 at 77 K, particularly at pressures of

> 5 bar. For example, at 10 bar the hypercrosslinked polymer

adsorbs around 2.75 wt.% H2 in comparison with 1.70 wt.%

reported for the highest sorbing PIM material (sample CTC).7 At a

pressure of 1 bar, however, the difference is small; the

hypercrosslinked polymer adsorbs 1.28 wt.% H2 whereas PIMs

were reported to adsorb 1.04–1.43 wt.%.7 The desorption

isotherms shown in Fig. 4 show a weak hysteresis which was

found to be reproducible and inherent to the hypercrosslinked

polymer sample. In principle the hysteresis could be due to sample

contamination (e.g., sorption of less volatile molecules such as

H2O) but control experiments suggested that this was not the

case." Extensive washing and Soxhlet extraction of the sample also

failed to eliminate the hysteresis, suggesting that it does not arise

from contamination of the sample with, for example, entrained

iron salts arising from the FeCl3 catalyst. This weak hysteresis

might be explained by the tortuosity and pore size distribution of

the micropores in the polymer network, although no such

observation was made for PIM samples7 which, presumably, also

possess a relatively broad distribution of tortuous micropores.

Fig. 5 shows a comparison of the gravimetric H2 sorption data

for the hypercrosslinked polymer, an activated carbon (AC)

sample, and a large-pore MOF (C) material of framework

composition Ni3(btc)2(3-pic)6(pd)3 (where btc = 1,3,5-benzenetri-

carboxylate, 3-pic = 3-picoline and pd = 1,2-propanediol).5,20 In

general, the sorption capacities for the three materials appear to

scale broadly with the apparent BET surface areas, although the

total adsorption of AC up to 5 bar is somewhat higher than the

hypercrosslinked polymer (see also Fig. S3 for comparison with

other materials).

The H2 sorption capacity measured for the hypercrosslinked

polymer at 1 bar is comparable with that reported for active

carbon samples of equivalent surface area; for example, a Norit

Darco KB sample with an apparent BET surface of 1462 m2/g and

a micropore volume of 0.42 cm3/g was reported to adsorb

1.32 wt.% H2 (146 cm3 (STP)/g) at 77 K and 1 bar19 in comparison

with 1.28 wt.% H2 for the hypercrosslinked polymer (1466 m2/g;

micropore volume = 0.48 cm3/g). These two carbon-based

materials have very similar BET surface areas and micropore

Fig. 3 Micropore size distribution for the hypercrosslinked polymer

calculated by the Horvath–Kawazoe method (carbon-slit pore model).

Fig. 4 Gravimetric H2 adsorption isotherms (filled symbols) and

desorption isotherms (open symbols) at 77 K for hypercrosslinked

polymer. Datasets represented by square and circle symbols correspond

to fresh samples measured on separate occasions to demonstrate

reproducibility, see also Fig. S1.

Fig. 5 Gravimetric H2 adsorption isotherms at 77 K for large pore MOF

(circles, BET SA = 930 m2/g),5 hypercrosslinked polymer (squares, BET

SA = 1466 m2/g) and activated carbon (diamonds, BET SA = 1348 m2/g).

Closed and open symbols for MOF and hypercrosslinked materials

represent independent repeat analyses to 5 bar and 15 bar, respectively.
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volumes and this appears to be reflected by the H2 sorption

capacities. Our results also suggest that hypercrosslinked polymers

sorb similar quantities of H2 in comparison with MOF materials

of comparable BET surface areas, at least at 77 K. For example,

the MOF sample IRMOF-13 reported recently21 adsorbs around

2.75 wt.% H2 at 15 bar and 77 K. IRMOF-13 has a similar BET

surface area (1551 m2/g)22 to our hypercrosslinked polymer, the

latter of which adsorbs 3.04 wt.% H2 under equivalent conditions.

An advantage of the MOF route is the very high surface area

which can be achieved in these materials (e.g., apparent BET

surface areas of 3409 m2/g for sample IRMOF-20).21,22 Our

preliminary data suggest that the H2 sorption capacity per unit

BET surface area for hypercrosslinked polymers is comparable

with MOFs, and that similar storage densities might be achievable

if strategies can be devised to tailor the surface area and pore

dimensions in these polymers.

In summary, our results indicate that hypercrosslinked organic

polymers could represent a promising new class of H2 sorbent. We

have shown that a hypercrosslinked polystyrene material can

adsorb 2.75 wt.% H2 at 77 K and 10 bar which is about 60%

higher than the best-performing organic polymer reported thus

far.7 Hypercrosslinked polymers and PIMs are, as yet, a long way

from meeting the US Department of Energy target of 6.5 wt.%

sorption by mass. Nonetheless, the synthetic methodology for

hypercrosslinked polymers is extremely versatile:10 for example,

one can envisage designing microporous networks based around a

very broad range of aromatic molecules. It should therefore be

possible to access new, high surface area microporous materials via

this route which are composed entirely of light elements (C, H, N,

O, etc.). The investigation of alternative carbon-based structures is

timely, not least because recent theoretical analysis suggests that it

may be extremely difficult to achieve practical levels of H2 delivery

using carbon itself (including carbon nanotubes) as a sorbent.23

We are currently attempting to introduce custom-designed

molecular sorption sites for H2 (and other gases such as CH4)

into these materials in order to significantly enhance the potential

gas delivery capacity.
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{ (i) Synthesis of gel-type precursor:16 The gel-type precursor resin was
obtained by free radical suspension polymerisation. The monomer phase
consisted of vinylbenzyl chloride (VBC, Aldrich, 30 : 70 w/w mixture of
p-VBC and m-VBC isomers, 98 wt.%, 39.10 g), divinylbenzene (DVB,
Aldrich, 80% grade, 2 wt.%, 0.80 g), and 2,29-azobis(isobutyronitrile)
(AIBN, 0.5 wt.% based on monomers). The aqueous phase consisted of
distilled water (1000 cm3), poly(vinyl alcohol) (7.5 g, 88% hydrolyzed,
Mw = 88,000 g/mol) and sodium chloride (33 g). The organic phase was
suspended in the aqueous phase at 80 uC and stirred at 425 rpm under N2

using a rotary impeller. After 6 h, the beads were filtered, washed three
times with water, methanol, and diethyl ether, and dried under reduced
pressure for 24 h at 50 uC. (ii) Hypercrosslinking reaction: The DVB–VBC
gel-type precursor resin (2.5 g) was swollen in 1,2-dichloroethane (DCE,
40 cm3) under N2 for 1 h. Ferric chloride (FeCl3, 2.61 g) in DCE (40 cm3)
was added to the solution which was then heated at 80 uC for 18 h. The
resulting hypercrosslinked beads were filtered and washed three times with
water, methanol and diethyl ether followed by drying for 24 h at 50 uC.
§ (i) Polymer surface areas and pore size distributions were measured using
the BET method with a Micromeritics ASAP 2010 nitrogen adsorption
analyzer. Samples were outgassed for 3 h at 120 uC under a N2 flow before

analysis. (ii) H2 sorption studies were carried out using a Hiden Isochema
(Warrington, UK) Intelligent Gravimetric Analyser (IGA) equipped with a
micro-gram balance and 2, 100 and 20000 mbar barotron pressure
transducers. Hydrogen gas of purity 99.9995% (N5.5) was obtained from
BOC gases, and passed through a liquid-nitrogen trap prior to admittance
into the IGA sample chamber. All admittance pipe work was thoroughly
decontaminated under high vacuum for a minimum of 20 h prior to the
admission of any gas into the system. All isotherm data points were fitted
by the IGASwin systems software v.1.03.84 (Hiden Isochema 2002) using a
linear driving force model, and all data corrected for buoyancy effects
using the true density for the polymer as measured by helium pycnometry
(1.34 ¡ 0.02 g/cm3; see Fig. S4 for discussion). The samples were activated
by outgassing under high dynamic vacuum (1027 mbar) at 160 uC until a
constant mass had been reached, typically overnight.
" No such hysteresis was observed for activated carbon samples which
were interspersed between sorption measurements for the hypercrosslinked
polymer, nor did the hysteresis decrease after prolonged activation of the
polymer sample at 150 uC/1027 mbar. The hysteresis was much less
pronounced for adsorption/desorption runs up to lower pressures (1 bar,
see Fig. S2), perhaps supporting the hypothesis that it is kinetic in origin.
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