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A series of hypercrosslinked polymer networks has been synthesized by the self-condensation of
bischloromethyl monomers such as dichloroxylene (DCX);dig(chloromethyl)-1,tbiphenyl (BCMBP),
and 9,10-bis(chloromethyl)anthracene (BCMA). These materials are predominantly microporous and exhibit
Brunauer-Emmett-Teller (BET) surface areas of up to 1904/ghas measured by MNdsorption at 77.3
K (Langmuir surface area 2992 n#/g). Networks based on BCMBP exhibit a gravimetric storage capacity
of 3.68 wt % at 15 bar and 77.3 K, the highest yet reported for an organic polymer. The micro- and
mesostructure of the networks is explained by a combination of solid-state NMR, gas sorption
measurements, pycnometry, and molecular simulations. The isosteric heat of sorptignoforthése
materials is found to be in the range 8.5 kJ/mol. A molecular model is presented fg-BCX network
that simulates well certain key physical properties such as pore volume, pore width, absolute density,
and bulk density. This model also predicts the isotherm shape and isosteric heatsfuption at 77.3
and 87.2 K but overestimates the absolute degree aptdke, most likely because of a degree of occluded,
inaccessible porosity in the real physical samples.

Introduction

The widespread use of hydrogen as a fuel is limited
presently by the lack of a convenient, safe, and cost-effective

method of H storag€e- A large number of materials have
been investigated as physisorptive &tlsorbents, including
polymers, carboA;* fullerenes and nanotubégeolites?®
and metatorganic frameworks (MOFS).* None of these
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materials meets the current criteria of size, recharge kinetics,
cost, and safety required for use in transportation systems.
The 2010 Department of Energy (DOE) gravimetric and
volumetric storage targets fortdre 6.0 wt % and 45 g #
L, respectively. These targets are extremely challenging,
particularly because they are system targets; that is, calcula-
tions of storage capacity should include pressure containment,
valves, cooling systems, etc. As such, gravimetric capacities
significantly greater than 6.0 wt % solely on the basis of the
storage material would likely be required. The use of elevated
pressures (and the necessary containment technology) or low
temperatures (with the associated cooling systems) will
generally increase system weights and exacerbate this
problem. Moreover, there is an important distinction between
storage capacity and delivery capacity, the latter of which is
by definition lowert®

The storage of hydrogen in porous materials by phys-
isorption is made difficult by the fundamentally weak
interactions that exist between gas and sorbent at
temperatures well above the critical temperature for H

Sudan, P.; Mauron, P.; Kiyobayashi, T.; Emmenegger, C.; Schlapbach, (—240.17°C). Substantial storage at moderate temperatures

L. Int. J. Hydrogen EnergR002 27, 203.

(6) Zecchina, A.; Bordiga, S.; Vitillo, J. G.; Ricchiardi, G.; Lamberti, C.;
Spoto, G.; Bjorgen, M.; Lillerud, K. Rl. Am. Chem. So2005 127,
6361.

(7) (@) Rosi, N. L.; Eckert, J.; Eddaoudi, M.; Vodak, D. T.; Kim, J.;
O’Keeffe, M.; Yaghi, O. M.Science2003 300, 1127. (b) Chen, B.
L.; Ockwig, N. W.; Millward, A. R.; Contreras, D. S.; Yaghi, O. M.
Angew. Chem., Int. EQ005 44, 4745. (c) Rowsell, J. L. C.; Yaghi,
O. M. Angew. Chem., Int. ERO05 44, 4670. (d) Fletcher, A. J.;
Thomas, K. M.; Rosseinsky, M. J. Solid. State Chen2005 178
2491. (e) Frost, H.; Duren, T.; Snurr, R. @.Phys. Chem. BR006G
110 9565. (f) Sun, D. F.; Ma, S. Q.; Ke, Y. X,; Collins, D. J.; Zhou,
H. C.J. Am. Chem. So2006 128 3896.

(8) Wong-Foy, A. G.; Matzger, A. J.; Yaghi, O. M. Am. Chem. Soc.
2006 128 3494.

10.1021/cm070356a CCC: $37.00

(9) Zhao, X. B.; Xiao, B.; Fletcher, A. J.; Thomas, K. M.; Bradshaw, D.;

Rosseinsky, M. JScience2004 306, 1012.

(10) Lin, X.; Jia, J. H.; Zhao, X. B.; Thomas, K. M.; Blake, A. J.; Walker,
G. S.; Champness, N. R.; Hubbestey, P.; SchrodeAmdgew. Chem.,
Int. Ed. 2006 45, 7358.

(11) SurbleS.; Millange, F.; Serre, C.; Dan, T.; Latroche, M.; Bourrelly,
S.; Llewellyn, P. L.; Feey, G.J. Am. Chem. So2006 128 14889.

(12) Ma, S. Q.; Zhou, H. CJ. Am. Chem. So006 128 11734.

(13) Feey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, F.; Dutour, J.;
Surble S.; Margiolaki, |.Science2005 309, 2040.

(14) Feey, G.; Latroche, M.; Serre, C.; Millange, F.; Loiseau, T.; Percheron-
Guegan, A.Chem. Commur2003 2976.

(15) Bhatia, S. K.; Myers, A. LLangmuir2006 22, 1688.

© 2007 American Chemical Society

Published on Web 03/23/2007



H Storage in Microporous Hypercrosslinked Organic Networks Chem. Mater., Vol. 19, No. 8, 2083

is hard to achieve because the isosteric heat of adsorptiorare a class of microporous solids with surface areas in the
for hydrogen on most carbonaceous materials is much toorange 508-1064 n¥/g, which results from their rigid and
low (5—10 kJ mol™). For this reason, hydrogen physisorp- contorted molecular structurés?* Recently, PIMs have
tion has usually been investigated at 77.3 K, a temperaturebeen demonstrated to adsorb around-1LY wt % H, at
which is commensurate with isosteric heats of adsorption in 77.3 K and 1 bar and up to 2.71 wt % at 10 B&

this rangéet® The maintenance of such low temperatures and Hypercrosslinked polymers represent another class of pre-
the associated system weight implications offer substantial dominantly microporous organic materials that can exhibit
practical challenges. This has prompted researchers tohigh surface area8.2® The permanent porosity in hyper-
investigate, for example, “spillover” mechanisthsr MOFs crosslinked materials is a result of extensive chemical cross-
that exhibit kinetic trapping behavidrEven if low temper- links that prevent the polymer chains from collapsing into a
atures are employed, a generic challenge to physisorptivedense, nonporous state.The most well-studied hyper-
H, storage is the very high surface areas that are required incrosslinked materials are “Davankov-tyg&resins?>28
order to approach the DOE targets. For example, if one which are prepared by post-cross-linking of polystyrenic
assumes 2D hexagonal close packing of Lenndahes networks and can exhibit apparent BET surface areas as high
dihydrogen on activated carbon, then the molecular area canas 2090 /g.3® We have shown recently in a brief com-
be estimated as 0.0956 Af It follows that a maximum munication that hypercrosslinked polystyrene (BET surface
specific B capacity of 3.47 105 g Hy/m? substrate would ~ area= 1466 nf/g) can reversibly adsorb up to 3.04 wt %
be obtainable and hence a physical surface area of 1789 m H, at 77 K and 15 bat* Germain et al. described similar
would be required to achieve the DOE gravimetric target of low-pressure sorption properties for a hypercrosslinked
6.0 wt % as the saturation pressure is approached. As pointegolystyrene materi& and much lower kKistorage capacities
out by Bhatia and Myer¥, “idealized” slit pore carbon has for a range of commercially available macroporous polymer
a calculated surface area in excess of this value (26&9)m  sorbents.

but the maximum potential Hdelivery (as opposed to In this study, we describe an alternative route to producing
storage) still falls short of the 6.0 wt % gravimetric target, microporous organic polymers based on the step growth
even in this idealized case. It is therefore clear that extremely polycondensation of dichloroxylene (DCX)and other
high internal physical surface areas are a prerequisite for H bischloromethyl monomers. We show that materials with
storage by physisorption, at least in the absence of othervery high surface areas~(900 nt/g BET; ~3000 nf/g
potential mechanisms such as kinetic trapgifigis problem Langmuir) can be obtained by varying the structure of the
has been addressed most successfully via the use of MOFmonomer. The resulting materials can adsorb up to around
materials in which very high surfaces areas (greater than than3.7 wt % H at 77 K and 15 bar. We have used a combination
4000 nt/g as calculated by Nsorption using the Langmuir  of solid-state NMR, gas sorption measurements, and atom-
model}” have been achieved. A major advantage is that the istic simulations to rationalize the surface area, pore size,
pore structure in MOFs can be fine-tuned in order to and H sorption properties of these polymers. We believe
maximize H storage densit{¥® Recently, MOFs have that this flexible methodology represents an important

exhibited storage capacities of more than 6.0 wt %0H advance for the future design of purely organic sorbents with
the basis of the material weight at 77.3 K at elevated enhanced gas storage capacities and for a range of other
pressures (2090 bar)810 applications.

Porous organic polymers possess a number of potential

advantages as sorbents fos storage. First, polymers can  (21) Eugdf-t{v‘-: (r?hl?nceméghs'; Mgkhseefrié g&t’\/'z%%eown, N. B.; Msayib,
. . . J., lattershall, C. em. Commu .
be composed solely of I|.ght elements. S_econd,. there exist &2y Budd, P. M.; McKeown, N. B.; Fritsch, D. Mater. Chem2005 15,
large number of synthetic routes by which a wide range of 1977.
; i ; At (23) Ghanem, B. S.; Msayib, K. J.; McKeown, N. B.; Harris, K. D. M.;
functionalities can'be.lntrod'uc.:'ed, for e_xample, moieties that pan. 2. Budd P. M.. Butler, A Selbie, J.. Book. D.. Walton, A.
could enhance kbinding affinities!® Third, polymers are a Chem. Commur2007, 67.

scalable technology and there are already examples of(24) McKeown, N. B.; Gahnem, B.; Msayib, K. J.; Budd, P. M.; Tattershall,
| ins f ti C. E.; Mahmood, K.; Tan, S.; Book, D.; Langmi, H. W.; Walton, A.
systems (e.g., macroporous polymer resins 1or separa |0ns) Angew. Chem., Int. EQ006 45, 1804.

that are produced commercially on a large scale. A less (25) ((s)) ngankov, V. A.; Tsyurupa, M. FReaCE Polym199Q 13, 27.

; ; ; Sidorov, S. N.; Bronstein, L. M.; Davankov, V. A.; Tsyurupa, M.
obvious a_dvantage is that p‘?r‘?us organic polymers C_an be P.; Solodovnikov, S. P.; Valetsky, P. M.; Wilder, E. A.; Spontak, R.
produced in a molded “monolithic” forA?:2°This may avoid J. Chem. Mater1999 11, 3210.
volumetric storage issues relating to the packing of porous (26) Davankoy, v A Rogozhin, S.V.; Tsyurupa, M. P. U.S. Patent
par_ticulate materials. A significant drawback i_s the very (27) Tsyurupa, M. P.; Davankov, V. AReact. Funct. Polym2002 53,
limited number of routes to produce predominantly mi- ) 1T93- VP Davankov. V. /& . POl
croporous organic polymers with high specific surface areas ?8) Jyurupa. M. P.; Davankov, V. AReact. Funct. Polym2006 66

(>1000 ni/g). “Polymers of intrinsic microporosity” (PIM%) (29) (a) Davankov, V. A.; Pastukhov, A. V.; Tsyurupa, M. R.Polym.
Sci., Part B: Polym. Phys200Q 38, 1553. (b) Pastukhov, A. V.;
Tsyurupa, M. P.; Davankov, V. Al. Polym. Sci., Part B: Polym.

(16) Li, Y. W.; Yang, R. T.J. Am. Chem. So2006 128 8136. Phys.1999 37, 2324.
(17) Rowsell, J. L. C.; Yaghi, O. MJ. Am. Chem. So2006 128 1304. (30) Ahn, J. H.;Jang, J. E.; Oh, C. G.; Inm, S. K.; Cortez, J.; Sherrington,
(18) Lee, H.; Choi, W. I.; Ihm, JPhys. Re. Lett. 2006 97, 056104. D. C. Macromolecule006 39, 627.
(19) (a) Cooper, A. |.; Holmes, A. BAdv. Mater.1999 11, 1270. (b) Hebb, (31) Lee, J. Y.; Wood, C. D.; Bradshaw, D.; Rosseinsky, M. J.; Cooper,
A. K.; Senoo, K.; Bhat, R.; Cooper, A. Chem. Mater.2003 15, A. . Chem. Commur2006 2670.
2061. (32) Germain, J.; Hradil, J.; Feaet, J. M. J.; Svec, Ehem. Mater2006
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Experimental Section metrically up to 1.13 bar (Micromertics 2420) or gravimetrically
(see below§?!
Chemicals. Vinylbenzyl chloride (VBC, Aldrich, 30:70 w/w Helium Pycnometry. It is challenging to accurately measure

mixture of p-VBC and mVBC isomers), divinyloenzene (DVB,  the true (or “absolute”) density for microporous materials of this
Aldrich, 80% grade), poly(vinyl alcohol) (PVA 88% hydrolyzed, type. The technique of helium pycnometry is problematic because
My = 31 000-50 000 g/mol), dichloroxyleneof, m-, p-DCX, of the difficulties involved in adequately purging high-surface-area
Aldrich, >98%), 4,4-bis(chloromethyl)-1,%biphenyl (BCMBP, sorbents in the pycnomet& We overcame this by loading the
Aldrich, 95%), and bis(chloromethyl) anthracene (BCMA, ABCR sample after thorough degassing while still hot and allowing the

GmbH & Co., 95%) were all used as received. 'A20bis- sample to cool in the pycnometer under a flow of heli#m this
(isobutyronitrile) (AIBN, Fisher) was recrystallized from methanol way, we achieved good reproducibility for the true density
prior to drying under reduced pressure. measurement.

Synthesis of Hypercrosslinked Polymers(a) HCPVBC “Da- Gravimetric Sorption Measurements. The gravimetric hydro-

vanka Resins"3! (i) Synthesis of gel-type precursor: The gel- 9en sorption studies were carried out using a Hiden Isochema
type precursor resin was obtained by free radical suspension(Warrington, U. K.) Intelligent Gravimetric Analyzer (IGA)
polymerization. The monomer phase consisted of vinylbenzyl €duipped with a microgram balance and 2, 100, and 20 000 mbar

chloride (VBC, Aldrich, 30:70 w/w mixture gf-VBC andm-VBC barotron pressure transducers. Temperature control was via a
isomers, 98 wt %, 39.10 g), divinylbenzene (DVB, Aldrich, 80% furnace for desolvation of the porous polymeric materials and by
grade, 2 wt %, 0.80 g), and 2;azobis(isobutyronitrile) (AIBN, immersion of the reaction chamber into liquid nitrogen contained

0.5 wt % based on monomers). The aqueous phase consisted of? & cryogenic vessel during isotherm measurement. Samples were
distilled water (500 cr), poly(vinyl alcohol) (3.75 g, 88% placed into a stainless steel mesh bucket and covered with a small
hydrolyzedM,, = 31 000-50 000 g/mol) and sodium chloride (16.5 amount of quartz wool to prevent sample displacement from the
g). The organic phase was suspended in the aqueous phase at gaolder when gas was admitted into the chamber. All samples were
°C by stirring at 425 rpm under Nusing a rotary impeller. After activated by outgassing at 18C under a high dynamic vacuum

6 h, the beads were filtered; washed three times with water, (1 x 10°7 mbar) until a constant mass had been reached; typically
methanol, and diethyl ether; and dried under reduced pressure foroVermight. Mass losses for the samples tested were in the range
24 h at 50°C. (i) Hypercrosslinking reaction: The DVBVBC 1.5-3.6%. Hydrogen gas of purity 99.9995% (N5.5, research grade)
gel-type precursor resin (2.5 g) was swollen in 1,2-dichloroethane SuPPlied by BOC gases was used for this study. All admittance
(DCE, 40 crd) under N for 3 h. Ferric chloride (FeGl 2.61 g) in pipe work was thoroughly decontaminated under a high dynamic
DCE (40 cnd) was added to the solution, which was then heated vacuum prior to the admission of any gas, and the gas was passed
at 80°C for 18 h. Alternatively, the reaction was heated to tgo ~ though a coil of total lengit 3 m immersed in liquid nitrogen. An

for 1 h using a microwave-accelerated reaction system (CEM corp activated carbon standard of known surface area and hydrogen
USA) at 1200 W. The resulting hypercrosslinked beads were filtered SOTPtion properties was used to validate all measurement protocols.
and washed three times with water, methanol, and diethyl ether All isotherm data points were fitted by the IGASwin systems

followed by drying for 24 h at 56C. Elemental analysis (HCPvBC ~ Software v.1.03.84 (Hiden Isochema 2002) using a linear driving
resin, 1657 Alg): C, 87.01; H, 6.34: Cl, 3.54. force model, and all data were corrected for buoyancy effects using

the density of the materials determined from helium pycnometry
measurements.

Isosteric Heats of Sorption.Heats of adsorption were deter-
mined from hydrogen adsorption isotherms up to a pressure of 1.13
bar at both liquid nitrogen (77.3 K) and argon (87.2 K) temperatures
using a Micromeritics ASAP 2420 instrument and the standard
calculation routines in the Datamaster offline data reduction
software (Micromeritics).

Solid-State NMR. Solid-state NMR spectra were measured on
a Bruker Avance 400 DSX spectrometer operating at 100.61 MHz

(b) Polycondensation of Bis(chloromethyl) Monomers (DCX,
BCMBP, or BCMA).To a solution of monomer(s) in anhydrous
dichloroethane (DCE, 10 mL), a DCE solution of Fe@hs added
under nitrogen. The resulting mixture was heated using either
standard thermal heating (sampB&&-49) or a microwave reactor
(Explorer or MARS systems; CEM corporation, USA, samples
1-27) while stirring at 100 or 8C0C, respectively. The resulting
brown precipitate was washed once with water, three times with
methanol (until the filtrate was clear), and with diethyl ether
fol!owed by d.rylng for ?4 h at 60C. Ty.plcal elemt'ental ana!. FOr  for 13C and 400.13 MHz fofH. tH—13C cross polarization magic
21 C, 81.'96’ H 5.38; Cl, 5.24. '.:043' C, 87.24; H, 5.16; Cl, . angle spinning (CP/MAS) NMR experiments were carried out at
5.00.Caution: Frledel—_Crafts chemistry can be strongly exot.hermlc MAS of 8.0 kHz using zirconia rotors 4 mm in diameter. TOSS
and can lead to rapid temperature ramps. These reactions can pulse sequence was used for the acquistfofine IH /2 pulse

ge_nerate very subs_tantial pressure if carr'ied (_)Ut in sealed was 3.3us and TPPM decouplifgwas used during the acquisition.
microwave tubes; th'_s Sho“"? be done only in suitably PreSSUre~ rne Hartmana-Hahn condition was set using hexamethylbenzene.
rated apparatus equped with pressure sensors and appropriate The spectra were measured using a contact time of 2.0 ms and
safety release mechanisms. relaxation delay of 5.0 s. Typically, 1024 scans were accumulated.
Sorption Isotherms: Surface Areas, Pore Sizes and H The3C{1H} MAS NMR spectra were measured at a MAS rate of
Uptakes. The dry state polymer surface areas and pore size 8 kHz using TPPM decoupling. THEC /2 pulse was 3.%s. The
distributions were measured using either a Micromeritics ASAP spectra were measured using a recycle delay of 15.0 s. Typically,
2420 or ASAP 2020 adsorption analyzer. Samples were degassedl024 scans were accumulated. The values of chemical shift are
for 10 h at 110°C before analysis. Apparent surface areas were referred to TMS. The analysis of the spectra (deconvolution and
measured using either the Brunau&mmett-Teller (BET) or integration) was carried out using Bruker TOPSPIN software.
Langmuir method at 77.3 K. We also assessed the apparent surface
area by application of the Langmuir equation to the hydrogen (33) Mauguet, M. C.; Montillet, A.; Comiti, JJ. Mater. Sci.2005 40,
adsorption isotherms measured at 77.3 K over the pressure range ~ 747. ) o ) )
0.15-1.13 bar. This may avoid problems associated the overestima-(34) Schmidt-Rohr, K.; Spiess, H. Wiultidimensional Solid-State NMR
; . . and PolymersAcademic Press: London, 1994.
tion of surface areas as a result of condensation efiN (35) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin,
micropores’? Hydrogen adsorption isotherms were measured volu- R. G.J. Chem. Phys1995 103 6951.
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Figure 1. Monomers used for the synthesis of the hypercrosslinked polymer networks. DCX: Dichloroxylene (ortho-, meta-, and para-isomers). BCMBP:
4,4-Bis(chloromethyl)-1,tbiphenyl. BCMA: Bis(chloromethyl)anthracene.

Atomistic Simulations and DFT Calculations. Molecular degree of condensation (i.e., crosslinking) achieved with
models for polymer networks were generated using the Materials o-DCX, as determined by solid-state NMR (see below). In
Studio Modeling 4.0 package (Accelrys Inc., San Diego, CA, 2005). generaj, botim-DCX andp_Dcx gave rise to materials with
The Polymer Building tool was used to construct the networks and quite similar BET surface areas under comparable reaction
the models were fully relaxed using the Discover molecular oo iiinns There was no clear evidence for any “synergistic”
mechanics and dynamics simulation module with the COMPASS monomer compositions that produced materials with sig-
forcefield3® The Amorphous Cell module was used to combine . . P P . 9

nificantly higher surface areas than the respectivBCX

these fragments with periodic boundary conditions applied. Hy- .
drogen sorption isotherms were calculated using the Sorption @1d P-DCX homopolymers. As might be expected, the

module within Materials Studio. The Universal forcefield was used Surface area in the materials increased with increasing
at a medium-quality calculation level. DFT calculations were reaction time, up to a maximum after 60 mi@5(-27),
performed using the VASP computer code with the standard set of presumably because the crosslinking density was maximized
ultra-soft pseudopotentials supplied. Exchange and correlatin wereat this point. Increasing the monomer concentration much
treated with the PW91 GGA approximation. The Brillouin zone above 6-7.5% w/v £8—33) slightly decreased the surface
was sampled via a & 3 x 3 Monkhorst-Pack k-point mesh, with  area in the resulting materials, although this effect was small,

a plane wave cutoff energy of 340 eV. quite in contrast to macroporous polymer monoliths based
) . on vinyl monomers where the surface area may be very
Results and Discussion sensitive to monomer concentratit#°Last, it was shown

Dichloroxylene (DCX) Networks. The FriedelCrafts- that the optimum Fe@lratio was in the range OJEZ mol/
catalyzed self-condensation pfdichloroxylene p-DCX) mol based on the monomei3x-41). Catalyst ratios below

was first described by Tsyurupa and Davankbwt was this range led to decreased yields and surface areas, whereas

reported that materials with BET surface areas of-90000 much higher catalyst concentrations were detrimental to
m2g could be obtained by using SnGls the catalyst and surface area in the resu_lting.polymers. Stud?es on the
that these materials were swellable in toluene, methanol, and ©Producibility of the reaction (i.e., repeat reactions under
heptané’ No other characterization data was provided apart (N€ Same condition®1-24) showed some variation in both
from BET surface areas in this brief report. We have explored Yi€ld and surface area, possibly because of the propensity
the use ofp-DCX, mDCX, ando-DCX (Figure 1) as self- for these exothermic reactions to form “hot spots” and the
condensing monomers for the preparation of high-surface-general di_fficulty in controlling this on a _sr_r?all test scale
area polymer networks for+torage (Table 1). Anhydrous (<2 g solids). By contrast, the reproducibility of the gas
iron trichloride (FeCl) was used throughout as the Friedel ~ SCTPtion measurements was found to be excell&@%);
Crafts catalyst because it shows good activity for the as such, we are confident that the variation in the materials

preparation of hypercrosslinked polymers from poly(vinyl Properties for21-24 arises from small variations in the
benzylchloride) (PVBC) precursof$3! A wide range of reaction conditions and not from measurement variability.
reaction conditions was explored (Tablelt:24) in order The highest BET surface area obtained for the DCX materials

to identify materials with optimized pore structures and H Was 1431 Mg (6, p-DCX homopolymer); the equivalent
sorption properties. Overall, materials with BET surface areas Langmuir surface area (calculated bysérption) was 2281

2
in the range 6061400 nf/g were obtained using microwave

heating to complete the polycondensation reaction2d). *H—C CP/MAS NMR for DCX Networks. Solid-state
We evaluated the neat, m-, ando- isomers of DCX as NMR was used to investigate the molecular structure of these

well as mixtures of these isomers with the aim of identifying PCX networks. Figure 2 shows a series'f-'*C CP/MAS

compositions with optimized pore size distributions that NMR spectra for materia—6 as synthesized from-DCX,
maximize H sorption properties. A number of basic trends TTDCX, andp-DCX, respectively. All spectra show three
were identified. The incorporation ofDCX was consistenty ~ Main peaks at ca. 35.9, 130.0, and 137.1 ppm. These can be
detrimental to the generation of surface area in these 2SSigned by comparison with literature on hypercrosslinked
materials, both when used individually or in mixtures with polystyrené7 as arising from the met_hylene_llnkers in the
the p- and m- isomers. This is associated with the lower material (35.9 ppm), the non-substituted (i.e., hydrogen-

(37) Law, R. V.; Sherrington, D. C.; Snape, C. E.; Ando, I.; Kurosu, H.
(36) Sun, HJ. Phys. Chem. B998 102 7338. Macromolecules996 29, 6284.
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Table 1. Synthesis Conditions, Surface Areas, and Gravimetric {HUptakes for Hypercrosslinked Polymers

H, uptake
monomer FeCk t 0-DCX mDCX p-DCX yield BET SA Langmuir SA Langmuir SA (1.13 bar/77.3K)
(Wiv%) (mol)P (min)> (mol)d (mol)d (mol) BCMBP BCMA (%) (m%g)  (N2)(mZg)  (Hz) (m&g)? (wt %)"
1 25 1 60 1 0 0 30 600 924 498 0.89
2 25 1 60 0 1 0 59 1097 1707 806 1.37
3 25 1 60 0 0 1 60 1045 1608 798 1.35
4 125 1 60 1 0 0 59 896 1393 781 1.37
5 125 1 60 0 1 0 64 1377 2196 969 1.61
6 125 1 60 0 0 1 63 1431 2281 999 1.66
7 25 3 60 1 0 0 55 777 1200 675 1.19
8 25 3 60 0 1 0 60 1098 1716 925 1.59
9 25 3 60 0 0 1 66 963 1455 801 1.38
10 25 3 60 0 0.5 0.5 63 1131 1764 878 1.50
11 125 3 60 1 0 0 64 750 1142 659 1.18
12 12.5 3 60 0 1 0 74 1279 2026 832 141
13 125 3 60 0 0 1 70 1172 1788 832 1.42
14 125 3 60 0 0.5 0.5 60 1220 1946 827 1.40
15 25 2 60 0 0 1 61 1182 1820 824 141
16 25 2 60 0.5 0.5 0 58 1317 2020 873 1.48
17 125 2 60 0.5 0 0.5 62 1177 1903 811 1.39
18 7.5 1 60 0 0.5 0.5 48 1313 2022 853 1.44
19 7.5 3 60 0 1 0 72 1209 1884 842 1.42
20 75 3 60 0.5 0 0.5 68 1069 1636 795 1.36
21 7.5 2 60 0.33 0.33 0.33 65 1347 2068 930 1.56
22 7.5 2 60 0.33 0.33 0.33 34 1032 1596 827 1.42
23 75 2 60 0.33 0.33 0.33 63 1137 1832 773 1.32
24 7.5 2 60 0.33 0.33 0.33 65 1058 1670 769 1.30
25 4.0 1 20 0 0 1 57 1199 1881 879 1.47
26 4.0 1 40 0 0 1 63 1324 2027 998 1.67
27 4.0 1 60 0 0 1 62 1370 2096 1013 1.69 (3.18)
28 6.25 1 1080 0 0 1 63 1197 1833 924 1.56
29 125 1 1080 0 0 1 64 816 1260 655 1.14
30 25 1 1080 0 0 1 64 930 1300 708 1.23
31 50 1 1080 0 0 1 66 826 1157 616 1.06
32 100 1 1080 0 0 1 69 890 1360 882 1.52
33 160 1 1080 0 0 1 67 815 1274 738 1.29
35 3.75 0.05 1080 0 0 1 26 1062 1635 643 1.10
36 3.75 0.1 1080 0 0 1 35 1052 1621 651 1.10
37 3.75 0.2 1080 0 0 1 48 1169 1797 773 1.30
38 3.75 0.5 1080 0 0 1 60 1379 2128 933 1.56
39 3.75 1 1080 0 0 1 64 1391 2131 948 1.58
40 3.75 2 1080 0 0 1 65 1365 2098 932 1.56
41 3.75 3 1080 0 0 1 73 1215 1860 844 1.42
42 10.70 1 1080 0 100 74 1874 2957 1002 1.56
43 9.93 1 1080 25 75 70 1904 2992 1033 1.61 (3.68)
44 9.07 1 1080 50 50 71 1786 2756 1035 1.62
45 8.31 1 1080 75 25 67 1612 2476 1014 1.63
46 11.80 1 1080 0 100 55 921 1402 808 141
47 10.70 1 1080 25 75 52 1069 1620 870 1.48
48 9.65 1 1080 50 50 43 1057 1616 852 1.43
49 8.52 1 1080 75 25 55 1262 1933 856 1.44

apDCX = Dichloroxylene; BCMBP= 4,4-bis(chloromethyl)-1,%biphenyl; BCMA = bis(chloromethyl)anthracen&Molar ratio with respect to monomer;
reaction solvent was 1,2-dichloroethane in all ca$8amplesl—27 were polymerized using microwave heating (2@) and sample28—49 using conventional
heating (8C°C). 4 Molar ratio with respect to other monomefDetermined gravimetrically after washing and dryihgive-point BET values? Calculated
over the H pressure range 0.+3..13 bar." Determined volumetrically using a Micromeritics 2420 analyzer. Figures in parentheses determined gravimetrically
at 15 bar using a Hiden Isochema Intelligent Gravimetric Analyz8nncentrations calculated on a relative molar basis for the comonomers and catalyst,
hence small variations in w/v % monomer concentrations.

bearing) aromatic carbons (130.0 ppm), and the substituteddefined by théH—13C distances and mobility of a particular
aromatic carbons (137.1 ppm), respectively. The minor functional group®® While preliminary studies of théH—
resonance at ca. 42.1 ppm is attributable to the@groups. 13C CP/MAS kinetics for polymer8 and4 revealed faster
Such resonances are additionally broadened because of th€P kinetics for the non-substituted aromatic peaks, maximum
13C—3537C| residual dipolar coupling, which is not completely intensity for both aromatic resonances was achieved after
averaged out under MA%. From peak intensities, it is  1.0—-1.5 ms contact time. Moreover, both resonances showed
possible to define a ratio, S/INS, to describe the ratio of the very similarH relaxation times in the rotating frani@The
substituted and non-substituted aromatic carbons in theS/NS ratio was therefore determined frérh—23C CP/MAS
structure. One should be aware that the-*C CP/MAS NMR spectra measured at contact time of 2.0 ms and can
NMR spectra, in general, are not quantitative as the efficiency be considered at least semiquantitave. It is also important to
of CP depends on the strength'ef—1°C dipolar couplings  note that the S/NS ratios derived from th&—13C CP/MAS
NMR spectra are in good agreement with the values

(38) Thomas, B.; Paasch, S.; Steurnagel, S.; Eichel&adkd State Nucl.
Magn. Res2001, 20, 108. (39) Kolodziejski, W.; Klinowski, JChem. Re. 2002 102, 613-628.
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materials would be rather high they are microporous-
and therefore that the contribution of monoreacted chlorom-
ethyl-bearing monomer units at the polymer surface might
be significant. Because any monoreacted chloromethyl-
bearing monomer units would contribute S/K3).5 to the
overall ratio (for example, the bottom left unit in Figure 3b),
it would therefore be necessary that a significant number of
aromatic units bear more than three substituents in order to
achieve an average S/NS ratio greater than 1. This can be
achieved in a variety of ways; for example, by the formation
of double methylene bridges (Figure 3B)by multiple
Friedel-Crafts substitution reactions on individual aromatic
rings, or by internal cyclization reactions within the network,
each of which will increase the S/NS ratio. It is therefore
likely that the molecular structure of these polymers is much
more complex than the idealized scheme presented in Figure
3a, although the elucidation of such fine structural details
for amorphous networks of this type represents a major
analytical challenge.

4,4-Bis(chloromethyl)-1,1-biphenyl (BCMBP) Net-
works. In general, the incorporation of rigid moieties into
network structures is beneficial for the generation of
permanent microporosity both in polym&rs! and in
MOFs’~14We therefore investigated an “extended” variant

Ar(non-H)

300 250 200 150 100 50 0 .50 of DCX 4,4’-bis(chIoromethyl)-l,’lbiphenyl (BCMBP; Fig-
ure 1), as a monomer for microporous network formation.
ppm from TMS Both homopolymer networks of BCMBR2) and copolymer
Figure 2. *H—3C CP/MAS NMR spectra of porous polymets -6 (MAS networks withp-DCX (43—45) were produced. Polymer

rate 8 kHz, contact time 2.0 ms). Signals marked * can be assigned to networks based on BCMP had significantly higher BET
spinning side bands. . .
surface areas than any of the materidls41) synthesized

determined from thé*C{H} MAS NMR spectra (data not using the three isomers of DCX. The BET surfa_ce area for
shown). For5 and6, S/NS was determined to be 1.14 and 42 (produced from 100% BCMBP) was determined to be
1.15, respectively. This is consistent with a condensed 1874 n¥/g (Langmuir surface area N= 2957 nt/g); that
network where, on average, the number of substituted IS, more than 400 ffg higher than the most porous DCX-
aromatic carbons is slightly greater than the number of non- Pased networks. Interestingly, this effect was observed in
substituted carbons; that is, a highly condensed network SyStéms in which BCMBP was the minority component; for
structure. By contrast, S/NS fdrwas found to be 0.78; a  €xampleA5exhibited a BET surface area of 1612/geven
SINS value of less than 1 indicates a polymer where therethough just 25% mol/mol BCMBP was used with respect to
are fewer substituted aromatic carbons than non-substituted®>PCX (75% mol/mol). BCMBP “builds in” a rigid para
aromatic carbons. This implies a much less highly condenseddeometry between neighboring aryl rings and it s likely that
network, and we suggest that it is this reduced level of this enhances.the.degree of accessible porosity. This il-
crosslinking (and hence reduced network rigidity) that leads lustrates the prime importance of monomer design: whereas
to the lower surface areas observed for samples derived fromf€action conditions clearly exert an influence (samples
0-DCX. It is likely thato-DCX is prevented from realizing ~ 1~41), all of the BCMBP-containing network#§-45) had

a more fully condensed network for steric reasons. An S/NS higher BET surface areas than the most porous DCX-based
ratio of precisely 1 would indicate a network where, on Samples.

average, one new carbon bond is made to each aromatic ring 9,10-Bis(chloromethyl)anthracene (BCMA) Networks.

in order to achieve an equal number of substituted and By contrast, a structurally related rigid fused-ring monomer,
unsubstituted aromatic carbons. This situation could arise BCMA (Figure 1a), did not lead to enhanced BET surface
(Figure 3a) in a hypothetical “infinite network” in which the areas. The homopolymer of BCMALG, exhibited a BET
contribution to the S/NS ratio of any monoreacted chlorom- surface area (921 #uy) that was lower than observed for
ethyl-bearing monomer units at the surface periphery of the most of the DCX networksl(~41). Copolymers witlp-DCX
molecule is ignored. In reality, this simple description cannot (47—49) exhibited higher BET surfaces areas with the largest
account for the properties of these materials; €8l surface area being observed for the minimum BCMA
resonances are observed in the NMR and elemental analysisncorporation 49, 1262 n#t/g). It may be that the structure
for m-DCX andp-DCX polymers showed residual chlorine of BCMA is akin to ortho substitution on either side of a
contents of around 5% that can be ascribed to unreactedp-DCX monomer and that similar steric effects come into
chloromethyl functionalitied” Moreover, it would be ex-  play as invoked foro-DCX, above. These data further
pected that the surface to volume ratio for these network highlight the fact that relatively small changes to monomer
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(a) (b)
CH, CH2>— 4<CH2 CH, CH, ch,
n

CHy CH,
Cl

CH, CH, CH,

Cl

CH,

Figure 3. (a) Hypothetical idealize@-DCX network structure, which is consistent withttld—13C CP/MAS NMR ratio of substituted to non-substituted
aromatic carbons (S/NS) of 1. Each aromatic unit bears precisely three substituents (as denoted by the numerals) if the peripheral termiiggdareds are
(i.e., an “infinite” network is assumed). (b) Hypothetical fragment of a peRICX network, which is also consistent with S/NS1 and an average aromatic
functionality of 3. This fragment contains both a double methylene bridge (which increases the average value of S/NS) and a monoreacted terméttalichlo
unit (which decreases the average S/NS ratio).

1.8

structure can lead to large differences in the porous properties;\g (a) .

of the resulting materials. s 16 .. ‘;‘ e .
Gas Sorption Properties.A primary aim of this study & ‘. IR *

was to identify polymers with enhanced gravimetrig H @ 147 L -:','” .

storage properties. All sample$<49) were characterized = 4, -~ °

with respect to BET and Langmuir surface areas usiag N M -

as the sorbate molecule (Table 1). In addition, thedtption S

isotherm was measured volumetrically for every sample up;. 08 4 * .

to a pressure of 1.13 bar at 77.3 K. Figure 4a shows a plot & '

of the maximum H uptake observed (77.3 K, 1.13 bar) =, 06 ¢

versus the apparent BET surface area for samptetd. In T 04

general, the Kisorption was found to increase with apparent
BET surface area, although the correlation was weak (Figure
4a). In fact, these data show that apparent BET surface are: Apparent BET surface area (m’/g)
is quite a poor descriptor for the;Horption properties for 1.8 - b

1-49. For example, it was found that polymers with very ( )
similar BET surface areas (e.g8 and 35) exhibited
maximum H sorption values which differed by 50% or more.
Similarly, samples could be identified with apparent BET
surface areas that differed by more than 80%gnand yet
which gave rise to very similar maximunyiptakes (e.g.,

8 and43). An even more exaggerated trend was observed
when the maximum H uptake was plotted against the
Langmuir surface area as calculated fromddrption data
(see the Supporting Information, Figure S1). Other authors 06 - .-
have noted in studies involving activated carlfdtisat BET -
surface areas do not correlate very well withutake and 04 - ' ' ' ' '

that micropore volume, for example, may be a better 200 400 600 800 1000 1200
descriptor. The BET method is known to give rise to inflated Langmuir surface area (m°/g) - hydrogen isotherm

surface areas for materials that are substantially mi- Figure 4. (a) Hydrogen uptake at 1.13 bar/77.3 K as a function of apparent

1 i i i BET surface area for a series of hypercrosslinked polymers: dichloro-
Cmporoug; for an array of samples with varying pore size (xylene) (DCX) networks]1—41 (black symbols); bis(chloromethyl)biphenyl

distributions (see below), this eﬁ?Ct might well be expected (BcMBP) networks 42—45 (red symbols); bis(chloromethyl)anthracene
to cause the scatter observed in Figure 4a. Moreover, as(BCMA) networks,46—49 (blue symbols); hypercrosslinked poly(vinyl-

; ; ; benzyl chloride) (HCPVBC) “Davankov resins” (green symbols). (b)
pomted out by Germain et &F.it has been SqueSt@dhat Hydrogen uptake at 1.13 bar/77.3 K as a function of the Langmuir surface

hypercrosslinked polymers may swell in liquid nitrogen; area as calculated from the;Hsotherm for the same series of hyper-
again, any swelling would be expected to depend strongly crosslinked polymers (samples labeled as in part a). Dashed line shows

on the physical level of crosslinking in the sample, thus 'inear fit (% = 0.9927) for the combined DCX datast-41.
introducing a further potential source of variability. A

400 600 800 1000 1200 1400 1600 1800 2000

H, uptake 1.13bar / 77.3 K (wt. %)
.

possible solution here is to evaluate surface areas using gases
in the supercritical staté and to use monolayer-based

(40) Nijkamp, M. G.; Raaymakers, J.; van Dillen, A. J.; de Jong, K. P.
Appl. Phys. A: Mater. Sci. Procesg001, 72, 619.

(41) Rouqueol, F.; Roquerol, J.; Sing, Kdsorption by Powders and (42) Aranovich, G. L.; Donohue, M. 0. Colloid Interface Sci1997, 189,
Porous SolidsAcademic Press: London, 1999. 101.
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Langmuir assumption®. Germain et al. showed recently 4 1

for a range of commercial polymer resins and hyper- 35 4 . g 8"

crosslinked polystyrene materials that surface areas calculated :.-.a | o e ."B'-f g

from the application of the Langmuir equation to, H 3 3 _'__‘§_'.§ e

isotherms at 77.3 K were much lower than the corresponding & 2.5 1 B

N, BET surface areas. Similarly, Zhao et al. have demon- 'g_ 2 | gfi

strated linear Langmuir graphs for;lén activated carbon 5 15 g-;/.

at 77.3 K in the pressure range 016 bar? We have also g ;.

obtained linear Langmuir graphs fiir-49 at 77.3 K over a E

similar hydrogen pressure range (see the Supporting Infor- * 05 4/

mation, Figure S2). Figure 4b shows a plot of the maximum "

H, uptake observed (77.3 K, 1.13 bar) versus the surface 0 ' ' ' '
0 4000 8000 12000 16000

area as calculated by applying the Langmuir equation to the 5
H, adsorption isotherms (in the range 0-1613 bar) for (mbar)

samplesl—49. A very good linear correlation exists for all Figure 5. 'Gravimetric H adsorption isotherms (filled symbols) and
desorption isotherms (open symbols) for hypercrosslinked polymer networks

of these data, suggesting that this Langmuir surface area isyp to 15 bar and 77.3 Kp-Dichloroxylene network ¢-DCX), 27 (black
a much better descriptor for the, Hptake capacity for these  symbols; max. uptake: 3.18 wt %); BCMBPp-DCX copolymer network,
materials. Indeed, the data of Germain e&#ll on a similar 43 (red symbols; max. uptake= 3.68 wt %); hypercrosslinked poly-

. . . . . vinylbenzyl chloride) (HCPVBC) “Davankov resif'(green symbols; BET
line (see the Supporting Information, Figure S3), shifted guréce aé; 1657),,22/9,; max. Lptakez 3_17\,\,t0/f,§‘. Y

perhaps to reflect the slightly higher maximurg ptessure using volumetric methods (Table 1) and this gravimetric

(1.2 bar) employed in that study. Of course, both the H . . . !
. . technigue. The maximum gravimetric; biptake observed
uptake at 1.13 bar and the Langmuir plot are derived from under these conditions was 3.68 wt 43(Figure 5). Material

the same so.rpt|0n dat_asetS; as such, a correlation would be43was derived from BCMCP and exhibited both the highest
expected. It is not obvious, however, that all samples would

S . i BET surface area of all the samples studied (1984and
fall on a common line in this plot unless the, Idorption . .
. . the second-highest Langmuir surface area as calculated from
isotherms were all of very similar shapes or all samples were the H isotherm (1033 Rig). This represents the largesi H
at saturation (unlikely at 1.13 bar). Indeed, the plot illustrates 9 P 9

that the HCPVBC and BCMBP samples fall slightly below umpetzzgl,srzegr?geig ggcyfa;]if?]re??h:r:n?ggh?nfxigggmj E’;\ ?(lg_
the fitted regression line for the DCX materials; this is a o g b

conseence e DCX sampesacsoring meathwer 1SPO1% PEOUS 1r 01 peremsnied pobsurens
pressures due to the preponderance of ultramicropores and " P . o
; . all materials, although there was evidence for hysteresis in
relative absence of supermicropores and mesopores (se : . .
. : . . e isotherms (Figure 5), especially for theDCX-based
discussion below). This effect is even more pronounced at

S material,27. Previously, we tentatively ascribed this phe-
lower pressures where the poly(DCX) sbrption isotherms nomenon in hypercrosslinked poly(vinylbenzyl chloride)
are initially steeper and then cross those measured for the yp polyviny y

HCPVBC and BCMBP materials. From the gradient of the (HCPVBC). materials to a degree of kinetic trapping in t_he
. . - o . tortuous micropore network. These new data support this
linear fit shown in Figure 4b, it is possible to calculate an

average specific Heapacity of 1.53x 105 g Hy/m? for interpretation, because the hysteresis is greatest for samples
these DCX-based polymers on t.he basis of this Langmuir (e.g.,27) with the smallest average pore widths (see below).

surface area. This does not represent the maximum saturation The_ pore s_tructure_: 27, 43 and_a HCPVBC. sample was
capacity for these materials but is rather the specific capacity'rllz\./esug'gte(l\;ln ﬁeta" by ﬁ\la dlsorEtlon/ gesg_rpt_lon at 77'.3 Kh
per unit surface area under these particular conditions (1.13( \gure ) All three mater_|a s snowed a |st|n.ct _step In the
bar/77.3 K). Taking that into account, the value compares .N2 isotherm (up to approximately 200 &g STP; Figure 6,

well with other measures of ;tapacity for materials such Itrcl)se;)sZtolrm?i/orr?Ii?\t%?cfgezfgé:ﬁ/r? ;e?-rle)lz;[ic\)/r(;esrzzrslilrgi
as activated carbon where 2.2 105 g H)/m? was 9 P P 9 P ’

reported®*There are limitations, however, to the Langmuir however, the isotherms for the three materials differed quite

model; it is most valid for absolute adsorption isotherms (as markedly. The Nisotherm for the HCPVBC sample is very

opposed to excess adsorption measurements) at relatively low imilar to that reported by 8sand by other¥ and can be

pressures and at temperatures well above the critical tem_class!ﬂed as Typ_e 1Bl,w_h|ch IS consistent \.N'th a material
perature for H(—240.17°C)#* It is therefore not reasonable that_|s sgbstanhally microporous. Th_e _|sotherm shows
to use this model to extrapolate to higher pressure behavior relatively little hysteresis and is broadly similar, for example,
particularly at a temperature of 77.3 “K.We therefore ’to_ N isoth(_erms reported for certain polyme_rs of intrinsic
investigated the K uptake of these materials at higher microporosity (e.g., CTC-network-PIM}.Sorption analysis

. . . - for 27 (produced fromp-DCX) also revealed a micropore
pressures (up to 15 bar) by using a gravimetric sorption S L
analyzer (Figure 533t Very good agreement (within ex- step at lowP/P,, but this isotherm exhibits greater Type Il

perimental error) was found between sorption data obtainedCharaCter "."”d d|splays pronounced pore ﬂ”m.g (up-2900
cm?g) at high relative pressures, consistent with the presence

43) I S H- K Y K. Bradiev. K. Gabriel J. C. Bold S of larger pores that allow unrestricted multilayer adsorption.
( )Co',;m{unéooﬁofz‘g Sag, radiey. (6 Gabriel, J. . Bold State oy 3 small degree of hysteresis was observed upon
(44) Benard, P.; Chahine, Rangmuir2001, 17, 1950. desorption (Figure 6). The isotherm fef3 (based on
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Figure 6. Nitrogen adsorption isotherm (filled symbols) and desorption

isotherm (open symbols) at 77.3 K:Dichloroxylene network g-DCX), 44
27 (black symbols); BCMBR)-DCX copolymer network43 (red symbols);
hypercrosslinked poly(vinylbenzyl chloride) (HCPVBC) “Davankov re¥in”
(green symbols). Inset shows the detail of the adsorption isotherm for the 2 |

three samples in the low-pressure regime. ol 1
BCMBP) was also broadly Type Il in nature but with % 0 .
evidence of some Type IV character. A much larger E ¢ 5
hysteresis loop was apparent at high relative pressures forae |

this sample. The presence of larger pores and a bimodal 2 1
microporous-mesoporous pore size distribution for samples 3]

27 and43can be rationalized by the mode of synthesis. The
microporosity in the HCPVBC sample was generated by
hypercrosslinking of a solvent-swollen, single-phase, lightly -

crosslinked gel. It is known that phase separation does notFigure 7. (a) Micropore size distributions for the polymers calculated by
the Horvath-Kawazoe method (carbon slit pore modehDichloroxylene

occur in these reactioffs® and that the porosity formed is  eqwork p-DCX), 27 (black symbols); BOMBRFDCX copolymer network,
essentially molecular in character, that is, microporous. 43(red symbols); hypercrosslinked poly(vinylbenzyl chloride) (HCPVBC)
Application of the Barrett Joyner-Halenda (BJH) methdél “Davankov resin®? (green symbols). (b) Density functional theory (DFT)

. . . calculation of potential energy for dihydrogen between two parallel benzene
to the isotherm for the HCPVBC material showed very little rings as a function of the €C spacing between the rings. Inset shows H
contribution from mesopores (see the Supporting Informa- between benzene rings separated by 7.2 A.
tion, Figure S4). By contrast, bo27 and 43 were synthe-
sized by condensation polymerization starting with a homo- cumulative BJH pore volumes for pored..7 nm (Table 2}/
geneous solution of monomer and catalyst followed by phaselt is unlikely that meso- and macroporosity makes a
separation and the precipitation of a highly porous powder. significant contribution to the uptake and such pores may
As such,27 and43 did not originate from a homogeneous therefore be detrimental to the overall volumetric storage
gel phase. It is likely that microgel particles are formed in capacity. The porous properties2i, 43, and the HCPVBC
the first instance and that successive aggregation of thesgnaterial are summarized in Table 2. The sample based on
smaller particles leads to the porous precipitated powdersBCMBP, 43, displayed the highestHiptake at 15 bar (3.68
obtained'® Mesopores (or even macropores) may arise from wt %); this sample was also found to have the highest
the interstitial voids between these primary partiéfs.  micropore volume (Table 2), whether measured from the N
Analysis by FE-SEM supports this hypothesis; the morphol- sorption isotherm aP/P, = 0.053 (0.633 crtig) or from
ogies observed fo27 and 43 differ from that exhibited by density functional theory (DFT) calculations for pores smaller
the HCPVBC material and there is clear evidence of porosity than 2 nm (0.54 c#ig).*® The micropore size distributions
on the >20 nm length scale for the materials that were for the three samples, as calculated using the Horvath
produced by precipitation polycondensation (see the Sup-Kawazoe (HK) method;3!*°are shown in Figure 7a. The
porting Information, Figure S5). This was confirmed by BJH
analysis for27 and 43, which showed a distribution of  (47) There is evidence for limited large micropore/small mesopore character
mesopores and (fo27) macropores {50 nm; see the  1ChVEC o anae o wn e e Supporng biomar
Supporting Information, Figure S4). This distinction between 10 nm either by gas sorption or by FE-SEM analysis (see the

HCPVBC and sample®7 and 43 is illustrated by the Supporting Information, Figure S5). - .
(48) The broad trends in micropore size are similar for both methods; in
particular, 27 shows an ultramicropore “spike” in the distribution
(45) Barrett, E. P.; Joyner, L. G.; Halenda, PJPAmM. Chem. S0d.951], centered at around 0.5 nm in both Horvattawazoe and DFT slit
73, 373. pore analyses.
(46) Sherrington, D. CChem. Commurl998 2275. (49) Horvath, G.; Kawazoe, KI. Chem. Eng. Jpril983 16, 470.
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Figure 8. Volumetric H, adsorption isotherms up to 1.13 bar at 77.3 K.

Pressure (mbar)

p-Dichloroxylene networkg-DCX), 27 (black symbols); BCMBR-DCX
copolymer network43 (red symbols); hypercrosslinked poly(vinylbenzyl
chloride) (HCPVBC) “Davankov resift (green symbols).
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Figure 9. Isosteric heats of sorption for dihydrogen on hypercrosslinked
polymers.p-Dichloroxylene network §-DCX), 27 (black symbols); BC-
MBP/p-DCX copolymer network43 (red symbols); hypercrosslinked poly-
(vinylbenzyl chloride) (HCPVBC) “Davankov resif (green symbols).

corresponding median pore widths are listed in Table 2. All N, adsorption at very low relative pressurédR, < 1 x
three polymers show a distribution of micropores in the range 104, Figure S9). These data may also suggest, however,
0.4—-1.4 nm when HK analysis was applied, although it that some of the pores RV are too small to allow favorable
should be noted that the slit pore assumptions of the HK interactions with H (see Figure 7b) or indeed small enough
model may be tenuous for these systems. As such, pore siz¢o size-exclude gases such asd\¥ even H itself.

distributions were also calculated using DFT metRd(toth
cylindrical and slit pore models; see the Supporitng Informa- samples was calculated as a function gfddverage from
comparison of the adsorption isotherms at 77.3 and 87.2 K
identical trends were observed using DFT treatments. The (Figure 9)}7:52 Overall, the heat of sorption was found to
median pore widths (Table 2) for the samples were in the range between around 6 and 7.5 kJ/mol. These values are
range 0.70.9, nm which is close to the optimal pore similar to those measured for a number of M&F3and
dimensions cited recently for the hydrogen sorption by for mesoporous ordered carbdfighe highest average heat
copper-based MOFsand for other micro- and mesoporous of sorption was observed f&7 (around 7.25 kJ/mol over
sorbentd. Interestingly, we have performed DFT calculations this coverage range); this may reflect the preponderance of
for dihydrogen between two parallel benzene rings (Figure ultramicropores in this sample (median pore wietty.384

7b), which suggest that the spacing between the rings thatnm) and the possibility for favorable interactions of with
leads to the lowest potential energy is around 0.72 nm, in more than one pore wall (Figure 7b).

broad agreement with other calculations and measurements Atomistic Simulation of Polymer Structure and Gas

tion, Figures S6S8). In general, similar although not

for graphene sheétsand for sandwiched corannuletelhe

samples27 (produced fronp-DCX) had a higher proportion
of ultramicropores €0.7 nm) than HCPVBC 043, both as

micropore volume for27 is somewhat lower than for

and crosses the isotherms for HCPVBC aRlat higher

0.45 nm) is also evident in pore size distributions 2@r as

calculated by DFT methods (see the Supporting Information,

The isosteric heat of sorption for dihydrogen on these

Sorption. Amorphous microporous materials present a
micropore size distribution was not identical for the three particular challenge in terms of gaining a molecular-level
understanding of the nature of the pore structure and
interactions of gases such as Within these pores. This is
calculated by HK and DFT methods. Even though the total because there a very few direct probes for the detailed
molecular structure of these polymers. It is not possible, for
HCPVBC or43, the preponderance of these ultramicropores example, to determine that the structure by X-ray diffraction
leads to enhanced ;Hiptake at lower pressures for this as is done for crystalline materials such as MOR4&1752
sample. This is evidenced by the fact that the volumetsic H Moreover, techniques such as solid-state NMR (see above)
sorption isotherm foR7 is steeper in the low-pressure range can give details regarding functionality and connectivity but
can only give information on the average topologies of these
relative pressures (Figure 8). The existence of these ultra-complex macromolecules. We have therefore employed
micropores (which peak in the HK distribution at around atomistic simulations in combination with detailed physical
characterization in order to better understand these materials.

A series of models was constructed using Materials Studio

Figure S6) and is manifested in a semilogarithmic plot of Modeling 4.0 to describe the structure of polyn2@r(based
on p-DCX). This software package has been used previously
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Table 2. Porosity Data for Selected Hypercrosslinked Polymer Networks

Wood et al.

micropore volume

micropore volume

median pore width

cumulative pore volume

(cmd/g; P/Po = 0.053} (cm¥/g; <2 nm, DFTY (nmy (cm®g; BJH,>1.7 nm}
27 0.494 0.46 0.738 2.646
HCPVBC 0.598 0.51 0.868 0.739
43 0.633 0.54 0.888 2.798

aDetermined from the adsorption branch of thegisbtherm at 77.3 KP Slit pore model used in DFT calculatiorfsAs calculated using the Horvath
Kawazoe method.

Table 3. Experimental and Simulated Physical Properties fopp-DCX Network, 27

surface area  absolute density  bulk density micropore volume median pore width H, uptake
(m?/g) (glcn®) (glcn®) (cmd/g) (nm) wt % Cl (wt %)
experiment27 1370 1.28 0.78 (0.42) 0.494 (0.46) 0.738 5.24 1.69
p-DCX mode? 2519 1.23 0.73 0.551 0.3-1.0 5.50 5.3F
PS mode! 833 1.14 1.08 0.074 1.2%

a Apparent surface area, five-point BET using &k the sorbate at 77.3 KMeasured by helium pycnometryCalculated using methods described in
ref 28; figure in parentheses determined by Hg intrusion porosiméBgtermined from the Mat isotherm aP/Po = 0.053; figure in parentheses determined
by slit-pore DFT calculation® Calculated using the HorvattKawazoe method.Measured volumetrically at 77.3 K and 1.13 b&All properties calculated
using Materials Studio 4.0.Connolly surface area; probe radies1.82 A.i Calculated using the occupied and unoccupied volumes in the amorphous
simulation cell Estimated from slices of the simulated pore structure, FigureXQalculated using the Sorption module in Materials Studio 4.0 (1.13 bar,
77.3 K).

to model H adsorption/desorption in magnesitfnand in polymer, including contributions from any Hg-inaccessible
zeolites® as well as gas permeation through microporous mesopores or occluded porosifyAn alternative estimate
membrane&® to elucidate the structure of intercalated of the bulk density of the microporous polymer domains
silicates3” and ion exchange in zeolite béfaThe models  (excluding the effects of any mesoporosity) can be gained
were built in several stages; first, a repeating unit for the from the relationshipNo = 1/papp — 1/pw, WhereW is the
polymer was defined. Solid-state NMR ferDCX-based specific pore volumepay, is the apparent (or bulk) density,
polymers (see above) showed that, on average, each aromatignd py is the true (or absolute) densi/If W, is assumed
group bears approximately three substituents. To achieve thiso be the micropore volume (0.494 &) and the absolute
ratio, we constructed a dimer @DCX as based on the  density, p,, is 1.28 g/cr, then the bulk density of the
repeat unit shown in Figure 3a. As outlined above, this is mjcroporous domains can be calculated to be 0.78 3/cm
likely to be an overly simplistic view of the bonding in these \we consider this latter figure to be more reasonable as a
materials but the approach facilitate_s the iterative b_uilding “target” bulk density for the simulatiorf§,and the value

of a range of structures. THeDCX dimer was combined  a5rees well with the measured bulk densities for a series of

using the Polymer Building tooI_in Materials Studio to create exclusively microporous hypercrosslinked polystyrenes, which
clusters of polyg-DCX) covering a range of molecular ¢4/ in the range 0.740.91 g/cnd.28

weights. All of these models were fully relaxed using the
g y 9 A model was selected from a number of candidates that

Discover molecular mechanics and dynamics simulation X o
module using the COMPASS forcefieléiThe Amorphous ~ 92V€ the best overall agreement with the characterization data

Cell module was then used to combine these relaxed clusterdOr the physical sample (Table 3). This particular model was
in various ratios to produce a range of amorphous simulation onstructed from a combination of poyDCX) clusters
cells, each of which had periodic boundary conditions and containing 500 carbon atoms and 60 carbon atoms,
can be considered as a unit in an infinite three-dimensional 'éSpectively, in a 2:3 ratio. The model was again fully
lattice. Two additional characterization methods were used elaxed using the Discover module and the COMPASS
to help construct the models. First, elemental analysis for forcefield to ensure that the cell parameters and hence
27 showed the composition to be C, 81.96; H, 5.38; Cl, 5.24. the density remained constant. A Connolly surféceas

As such, the target for residual unreacted chloromethyl created for the model using the Atom, Volumes and Surface
groups in the model was set to achiev® wt % chlorine module in Materials Studio using a coarse grid resolution
loading. A second important input parameter was the “target” and a Connolly radius set to 1.82 A (the kinetic radius
bulk density for the model because this defines, to a large of N2).

degree, the pore volume in the resulting simulation. The

skeletal density 027 was measured by mercury porosimetry (sg) These DCX-based materials are not exclusively microporous but

to be 0.42 g/crh Because mercury porosimetry does not
measure pores smaller than about 7 inthis can be
considered to be a measure of the bulk density for the

(54) Liang, J. JAppl. Phys. A: Mater. Sci. Proces®005 80, 173.

(55) Vitillo, J. G.; Ricchiardi, G.; Spoto, G.; Zecchina, Rhys. Chem.
Chem. Phys2005 7, 3948.

(56) Yin, K. L.; Xu, D. J.Chem. Eng. Commur200§ 193 1678.

(57) Capkova, P.; Pospisil, M.; Weiss, Z. Mol. Model.2003 9, 195.

(58) Sun, P. P.; Deore, S.; Navrotsky, Microporous Mesoporous Mater.
2006 91, 15.

contain pores in the range-Z nm (see Figure 7a and the Supporting
Information, Figure S4) that would be inaccessible to Hg porosimetry
and will therefore lower the skeletal density as measured by this
technique, even if perfect pore connectivity and a lack of any occluded
porosity is assumed (the latter would reduce the measured density
still further). As such, this measured density of 0.42 g/eeflects
the nature of the mesostructured sample but represents a significant
underestimate for our atomistic simulations which deal only with the
microporous domains. In practice, it proved very difficult to construct
chemically plausible models with simulated bulk densities of less than
about 0.5-0.6 g/cn¥; this supports the notion that the low porosimetry
value stems from mesoporosity.

(60) Connolly, M. L.Sciencel983 221, 709.
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Figure 10. (a—c) Molecular simulation op-DCX network and (d) H sorption properties. (a) Simulated pghyDCX) network, Connolly surface area

2519 n#¥/g, simulated micropore volume 0.551 cni/g. Dimension of simulation box (the “amorphous ce#)3.3175 nm (also see the Supporting Information,

Figure S11). (b) Three-dimensional array of eight amorphous cells with periodic boundary conditions. A Connolly surface is shown in blue/gmay. (c) T
dimensional “slice” through an array of amorphous cells in the simulated pore structure. The occupied and unoccupied volumes are shown in red and blue
respectively (also see slices in 3D, the Supporting Information, Figure S15). (d) Snapshatayptibn in the simulated pore structure at 1.1 bar/77 K. The
density field of the adsorbedsHnolecules is shown in red/orange (also see density map, the Supporting Information, Figure S17).

The physical characteristics of the polymer, both measuredvolume of 0.074 crfig were calculated from the simulation.
and simulated, are summarized in Table 3. In general, theThis clearly results from occluded free volume rather than
model predicts the absolute density, the bulk density, and interconnected micropores (see the Supporting Information,
the micropore volume relatively well. The model slightly Figure S11).
underestimates the absolute and bulk densities and overes- Figure 10 shows a series of visualizations generated from
timates the micropore volume. This can be explained to somethe polyf-DCX) model. A space-filling representation of
degree by the fact that the simulation ascribes surface areaghe amorphous cell is shown in Figure 10a (see the
and pore volume to areas within the cell that are clearly Supporting Information, Figure S13 for expanded figure with
occluded and not connected to the rest of the pore structureConnolly surface). A 2« 2 x 2 array of amorphous cells is
(see the Supporting Information, Figure S10). Such occluded shown in Figure 10b. This illustrates how an interconnected
free volume would reasonably be expected to occur within micropore structure can be simulated by packing these
these polymerd2728but would not be accessible to sorbate amorphous cells with periodic boundary conditions. Figure
gases such as NH, or even He in gas sorption and 10c shows a two-dimensional “slice” through the simulated
pycnometry measurements. The Connolly surface area (251%ore structure (the unoccupied pore volume is colored
m?/g) was found to be much greater than the experimental blue). The model simulates the pore micropore dimensions
BET value (1370 rfig) but closer to the Langmuir surface quite well; the majority of the pore channels are between
area (2096 #ig). Similar comparisons have been made for 0.3 and 2.0 nm in width. Figure 10c demonstrates the
MOF samples where the Connolly surface area has also beempresence of pockets of occluded volume (also see the
shown to be double the measured BET surface area in someSupporting Information, Figures S10 and S15) as well as
cases’ The overestimation of surface area and pore volume interconnected micropores. As mentioned above, this
was also rationalized by constructing a model for atactic model simulates only microporosity in the material and
polystyrene (bulk density 1.05 g/ém which is in reality does not account for meso- or macroporosity; indeed, N
nonporous and has no permanent interconnected poresorption analysis shows (see the Supporting Information,
structure! A Connolly surface area of 833%g and a pore  Figure S4) that there are mesopores2n with widths
that are larger than the dimensions of the simulation cell
(61) The polystyrene model was constructed from atactic chains of 20 repeat(3.318 nm).

units. The amorphous cell was built with 10 chains per unit cell packed Hydrogen sorption isotherms were calculated at 77.3 and

to a target density of 1.05 g/én{the bulk density of amorphous ) 3 - =6
polystyrene). 87.2 K for this model using the Sorption module within
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Materials Studio. The Universal forcefield was used at a 1.8

medium-quality calculation level. Figure 10d shows a __ (a) 77 K wo2®
visualization of the H sorption in the material at 1.1 bar & 161 dr = 0.305 ﬁ!pli%;

and 77.3 K (the average positions of the fidolecules are g 1.4 4 4

shown in orange/red). The sorption simulation predicts a total ' 12 . 3

H, uptake of 5.4 wt % at 1.1 bar, much higher than the E ’ amAEnA
experimentally determined value fa#7 of 1.69 wt %. This 2 1 - g mES =

can be explained, at least in part, by the over-prediction of & :ﬁ?’ . B o 87 K

surface area and the simulated sorption efiid areas of > 08 1 o !P.n_:.‘d & = 0.285
occluded volume that would not be accessible in the actual .g 061 * D‘.." '
polymer (see the Supporting Information, Figure S10). %" . =

Indeed, nonporous atactic polystyrene was modeled to have 0.4 10,3.

a H, uptake of 1.23 wt % under these conditions (Table 3; 02 4°

the Supporting Information, Figure S11) when in reality, the 4

degree of sorption would be expected to be negligible. Surble 0 ' ' ' ' ' '
et al'! have recently modeled the;ldorption properties of 0 02 0'4Prese?ﬁsre (b:f’? 1 12
MIL-102, a chromium carboxylate MOF, and found a very

good fit with the experimental isotherm when a scaling A 5

factor, @, of 0.76 was applied to take into account inacces- 08 (b) 'ﬂ

sible pores and nonporous defects. As subhiepresents {'}_

the ratio of the experimental to the theoretical pore voldine. 0.7 1 3“{

In our simulation, it is also possible to fit the shape of the ';l ¢

sorption isotherms (Figure 11a) at both 77.3 and 87.2 K, 08 1 ;'

but more dramatic scaling factors are requirdd = 0.305; 0.5 - oY

dg7x = 0.285). One contribution to this low value is the E F\DJ T

significant degree of “false sorption” in occluded pores in 0.4 - rﬁ E"?i;

the simulation, as mentioned above. It is also possible that _ |

larger tracts of micropore volume may be disconnected and 03 ?H

occluded in the physical sample, including pores with lengths g2 2 ]

that exceed the dimensions of the amorphous cell employed JLFF{ b
here. We believe that it is the overestimation of pore 0.1 - J \
connectivity and accessibility (arising in part from the 0 - 3 I‘E{m , , ‘ . ' J‘-"q_..mg

relatively small simulation box and periodic boundary
conditions) that accounts for the artificially high sorption in
this model, rather than, for example, a gross misrepresenta- Energy (kJ/mol)
tion of the pore size distribution (cf. Figures 7a and 10c). Figure 11. (a) Measured (closed circles) and simulated (open circles) H
When scaled, the shape of the simulated isotherms agree%orption isotherms at 77 K (blue) and 87 K (red). A scaling faclyrhas

. . een applied to the simulated data in each case. (b) Simulated distribution
very well with the experimental data at both 77.3 and 87.2 ¢, sorption energies in the polymer network (7.3 K, 1.1 bar). jFagis
K (Figure 11a). In keeping with this, the simulation predicts represents a distribution function, PE, which is a measure of the probability
the sorption enthalpy quite well (Figure 11b). The peak in of a sorbate molecule being at a given sorption energy.
the simulated distribution of Hpolymer interaction energies  in the samples that arises from the application of the BET
is centered around 7.5 kJ/mol in comparison with a measuredmodel.
isosteric heat of adsorption f@7 of between 7 and 7.5 kJ/
mol (Figure 9). The simulation does not predict any high- Discussion
energy binding sites{15 kJ/mol or greater), which is This study provides a number of important insights into
consisterf with the fact that these polymers exhibit i the design of microporous organic polymers and the
negligible H uptake at ambient temperature, at least up to optimization of H uptake in such materials. Hyper-
1.13 bar. It should be noted that the value used for the ¢rosslinked polystyrene materials have been known for some
scaling factor,®, of approximately 0.3 was an arbitrary  time?’28and even commercialized in some fornfatsut the
figure that was chosen to give the best fit between the ynusual properties of these materials (permanent microporos-
experimental and simulated isotherms. Tids value is ity detailed molecular structure, significant swellability in
significantly lower than the ratio of the experimental and thermodynamically bad solvents for the polymer network)
simulated micropore volumes (0.89) or the ratio of the N are only partially understood. In particular, the molecular
BET surface area and the modeled Connolly surface areanature of the porosity in such materials has been difficult to
(0.55). The value ofb is closer to the ratio of the Langmuir  study directly; solid-state NMR has provided detailed
surface area (as calculated from the isbtherm) and the  information regarding the bonding in such polymers, but this
modeled Connolly surface area (0.39); again, this is consis-is not readily translated into a 3-dimensional structural model.
tent with a significant overestimation of physical surface area 1*°Xe NMR was employed to study hypercrosslinked pol-

18 16 14 12 10 8 B -4 2 0
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yarylcarbinols3? and two potential models were proposed associated with physisorptive,ttorage is the very low-

to account for the swelling behavior of these materials. Model temperature that is required and the associated system weight
1 (supported by the NMR evidence) assumed highly implications. The current absence of materials that exhibit
crosslinked microgel particles connected by flexible linkers, much higher isosteric heats (more that0 kJ/mol) over a
whereas Model 2 assumed a more homogeneous morpholbroad range of kicoverage severely limits the applicability
ogy % Our atomistic simulations show clearly that it is of such technologie¥, and researchers have investigated,
difficult to construct a “homogeneous” model that gives rise for example, “spillover” mechanisms as one potential solu-
to pores in the 0.51 nm range. By contrast, a network of tion.1® We are currently extending our simulation approaches
chemically linked microgel particles (Model 1) can explain to encompass molecular modeling of interactions of dihy-
quite well the physical characteristics of these polymers. This drogen with a range of organic functionalities using MP2
study also shows, for the first time, that materials synthesized methodologies. Our aim is to design high-energy sorption
by the polycondensation of bischloromethyl monomers may sites that might subsequently be incorporated into polymer
have some advantages (both in terms of synthetic versatility networks of the type described here. The design of such
and absolute surface areas) over more standard “Davankov{functionality is a very challenging goal, although the
type” resing?’:28.30.37t is also clear that the polycondensation synthetic versatility of organic polymer chemistry and the
route produces mesostructure as a result of a heterogeneousbustness of these networks to a wide range of reaction
aggregation process; this may be a strong advantage for someonditions both augur well for the inclusion of potential
applications (hierarchical porosity, improved mass transport) “binding units”.

but a potential disadvantage in others (e.g., reduced volu-

metric gas storage capacity). The majority of hyper- Conclusions and Outlook
crosslinked polymers have been synthesized from a limited . .
range of monomers such as styr&#é and vinylbenzyl There are, at present, very few synthetic routes that exist

chloride3® We show here that just small changes to the to produce microporous organic polym_ers with high surface
monomer structure can have a dramatic influence on the@reas ¢ 1000 nf/g) composed solely of light elemerfts>%

microporosity of the polymers- the rigid biphenyl mono- We demonstrate here that the self-condensation of bischlo-
mer, BCMBP, produced materials with significantly higher romethyl monomers such as DCX and BCMBP can lead to

BET surface areas and,Hiptakes than any of the DCX- Materials with enhanced gas storage properties. We have
based polymers. demonstrated that the porosity in these polymers is controlled

not only by the level of cross-linking but also by subtle
changes in the design of the rigid monomer unit, much as
observed for MOFs. As such, we believe that careful design
of monomer geometry has equal importance for these
amorphous systems. Moreover, we have shown for the first
time that atomistic simulation is a useful tool that can aid
the understanding of the structure and gas sorption properties
for amorphous microporous materials. A number of other
linking chemistries might be considered in the future in
addition to FriedetCrafts coupling provided that the
networks are designed to have sufficient rigidity to allow
for permanent microporosity. It is interesting to speculate
as to whether amorphous, disordered systems of this type
can ultimately compete in terms of surface area and pore

In terms of absolute gravimetric ;Hiptake, these new
hypercrosslinked polymers significantly outperform other
organic polymers reported thus faf*31-32at pressures of
10 bar or more but fall short of the highest uptakes reported
for MOF$1013and certain very high surface area activated
carbong’® Our leading material43) shows a gravimetric H
uptake (3.68 wt %) at 77.3 K and 15 Bdnhis is broadly
comparable with, for example, Al(OH)bdc (3.8 wt %)
IRMOF-6 (~4.2 wt %)% and CuL! (~3.9 wt %})° but
significantly lower than MOF-177~5.5 wt %}¥ or CwlL?
(~5.75 wt %) Our simulations suggest that there may be
substantial “unrealized” micropore volume in these polymers,
and we are currently evaluating methods to maximize pore

connectivity. One potential strategy (based on the comparison 7 .
betweerp-DCX and BCMBP) is to synthesize more extended volume with highly ordered structures such as MOFs. It is
certainly the case that the pore size distribution in these

bichloromethyl monomers based, for example, on terphenyl . ) o )
y P pheny organic polymer networks is more statistical in nature. This

r quaterphenyl moieties. Such approaches, coupled with th .
orquaterphenyl moieties Such app oaches, co pled . edoes not mean, however, that systems cannot be designed
fact that these materials are comprised solely of light

elements, could significantly enhance the gravimetric H ;Oaf?g\\llvefor?IacrOFI)i?:;?[ioSr:ieSS:irfSUtler]ssttg;t ZreOil:ﬁrfelear;ﬂ):e-
uptake in these materials. PP 9 ge.

. , , ments and simulations suggest that there is unutilized
A more challenging problem is presented by the relatively micropore volume in the polymer networks and the maxi-

low heats of sorption exhibited by the polymers-(65 kJ/ i7ation of pore connectivity is an important future target.

mol). Although somewhat higher enthalpies have been ¢ s is achieved, then we believe amorphous microporous
observed for certain MOF%and carbons, a generic limitation 5y mers are synthetically versatile systems that can compete
with ordered structures in terms of “atom efficiency” in

(62) yvrbg\éeCdé '\fic.c%ﬂ’ EbF'Ei‘éVeesbSéiré n?'h%éeffé?;?? Iiég'[:,ong' H. creating micropore volume. Additional practical advantages

(63) Te'xier-MarildoI;i, N.;gI’Den’tzer, Jj; Piquero, T; Saadaliah, S.; David, are robustness and Scalab'“ty; these materials have gOOd
P.; Vix-Guterl, C.Carbon2004 42, 2744, thermal stability, excellent chemical robustness (e.g., to

(64) We have not characterized the tiptake for our materials at pressures
greater than 15 bar, although we extrapolate from our sorption data
that the excess gravimetricoHiptake for43 at a pressure of 50 bar (65) Cote, A. P.; Benin, A. I.; Ockwig, N. W.; O’'Keeffe, M.; Matzger, A.
might fall in the range 4.64.5 wt % at 77.3 K. J.; Yaghi, O. M.Science2005 310, 1166.
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strong acids and bases), and are quite readily produced on a Supporting Information Available: Langmuir plots (H
large scale. isotherms), BJH pore size distributions, DFT pore size distributions,
electron micrographs, and expanded images of simulations.
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