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Gas storage has risen to prominence in recent years owing to
the pressing need for solutions to mobile storage of alter-
native fuels, such as hydrogen™? or methane*™ and the
environmental importance of capturing carbon dioxide.”
The use of adsorbents has opened the possibility of high
volumetric and gravimetric capacities at low operating
pressures for these applications. In particular, the develop-
ment of metal-organic frameworks (MOFs)®l has been
especially significant, given their high surface areas and
periodic porosity, which satisfy the stipulated performance
criteria® for widespread application of these materials.1%11]
However, many MOFs have low physiochemical stability,
and others are limited in their gravimetric capacities by the
presence of heavy metal ions.!

Microporous organic polymers™ are attractive in off-
setting some of these issues, and a number of different classes
of networks have been reported, including covalent organic
frameworks (COFs)'* and those based on C—C, C—H, and C—
N bonds."™! COFs have achieved some of the highest surface
areas among the organic networks but also have limited
physicochemical stability. Many of the other organic networks
typically displayed lower surface areas until recently, when
Ben et al. developed materials with surface areas in excess of
those previously reported (Langmuir surface area of
7100 m*g~!).' Porous aromatic frameworks (PAFs)!¢!8l
have shown exceptional surface areas, resulting in gas
adsorption capacities as high as 158mgg' (H,, 77K,
90 bar), 389 mgg' (CH,, 295K, 55bar), and 2121 mgg"
(CO,, 295K, 50 bar).'¥ Furthermore, these aromatic net-
works possess outstanding thermal and hydrothermal stabil-
ity; however, they interact weakly with gases, which limits
both the operating temperature the and overall gas storage
capacity.’”! Previously reported methods for increasing
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adsorption enthalpy have included metalation, ! inter-
penetration,?'! optimization of pore size,>?? and pore infil-
tration with reactive species.”*”!

Herein we present a route for the lithiation of PAF-
1 (Li@PAF-1) that results in a reduced and consequently
activated PAF surface (Scheme 1), delivering a low-pressure
gas storage capacity increase of 22, 71, or 320 % for H,, CH,,
and CO, respectively, compared to the native PAF-1. This
increased capacity is due to enhanced adsorption enthalpies
of up to 3.5kJmol™" in the case of H, storage, with
enhancement continuing at high loadings owing to the
delocalized charged surface. Here we have developed a syn-
thetic method previously applied to conjugated microporous
polymers (CMP)!3 for attaining the challenging lithiated
PAF-1 system (see the Supporting Information). We have
comprehensively confirmed the reduction of the framework
with solid-state 'H, *C, °Li, and 'Li MAS NMR spectroscopy,
and the successful pore infiltration with complementary gas
adsorption micropore analyses and positron annihilation
lifetime spectroscopy (PALS). Mathematical predictions
using the TIMTAM model™ indicate the optimal pore
structure and Li loading content of the lithiated PAF
structures.
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Scheme 1. Synthetic route to Li-PAF-1. Lithiation of PAF-1 (blue struc-
ture) reduces the framework at the 7 groups, activating it for gas
storage.

Pore-size distribution analyses confirm that lithium ions
have been successfully incorporated within the pores of PAF-
1. DFT calculations based on Ar adsorption isotherms
(Figure 1) show a clear shrinkage in pores owing to the
incorporation of lithium ions and not of naphthalene, with
pore-size maxima shrinking from 14 A in PAF-1to 11 A in
5% _Li@PAF-1. This pore filling is further confirmed with the
PALS technique and atomistic simulation predictions (see the
Supporting Information).

Solid-state NMR analyses indicate that PAF-1 is reduced
by interaction with Li ions,® which are consequently bound
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Figure 1. Pore-size distribution of PAF-1 (blue), 1%_Li@PAF-1 (black),
and 5%_Li@PAF-1 (red) using results obtained from DFT fits to Ar
adsorption isotherm data at 87 K.

within the pores in an organometallic state as Li" (Figure 2).
Previously, microporous polymers have been lithiated under
more facile conditions,"* resulting in an increase in gas
storage capacities. Inspired by this approach, we adopted
higher reaction temperatures, resulting in the lithiative
reduction of PAF-1. The driving force for the reduced
framework is the induced dynamic vacuum and elevated
temperature conditions, forcing the removal of naphthalene
and leaving behind reactive lithium ions. This allows for the
unfavored reduction of the biphenyl system to proceed.
'"H NMR (Figure 2a) shows a clear upfield shift in the average
range of resonances for the aromatic protons in
5% _Li@PAF-1 relative to native PAF-1, which is indicative
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Figure 2. a) "H MAS NMR spectra of PAF-1 (red) and 5%_Li@ PAF-

1 (blue) with a spinning speed of 30 kHz and 7000 scans; b) 'H-"*C
CP/MAS NMR spectra of PAF-1 (blue) and 5% Li@PAF-1 (red) with
a spinning speed of 12 kHz and 15000 scans; c) °Li MAS NMR
spectrum of 5%_Li@PAF-1 with a spinning speed of 12 kHz and 5600
scans.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the increase in local electron density owing to the reduced
framework. The absence of naphthalene in both the 'H and
BCNMR spectra suggests complete activation for gas
adsorption analysis. The °Li spectrum (Figure 2c) shows
a peak at —2.91 ppm associated with organometallic Li*
bound to aromatic carbons by cation-m and charge-transfer
interactions, which balances the negative charge of the
reduced framework.[**2¥

To further understand the performance of these materials,
an atomistic simulation approach and a continuum modeling
approach were used to explore the hydrogen storage capacity.
Using the H,-PAF potential energies (see the Supporting
Information), H, uptakes at high pressure were calculated for
PAF-1 and 2% and 5%_Li@PAF-1. The topographically
integrated mathematical thermodynamic adsorption model
(TIMTAM) results for total H, adsorption at 77 K and 50 bar
(Figure 3) display a strong correlation with the original PAF-
1 experimental data””! and predict a significant increase in
storage capacity upon lithiation.

14 - PAF1
2wt %Li@PAF-1
12 ————————  5wWt%Li@PAF-1

Hydrogen Uptake (Wt%)

Pressure (Bar)

Figure 3. Computed high-pressure H, total uptake at 77 K using
experimental('’! (m), atomistic simulation (0), and TIMTAM results
(—). Inset: Log plot of the data from the original plot.

The TIMTAM approach can also be extended to inves-
tigate the optimal pore size for analogous PAF structures with
lithium. Mapping the potential energy landscape gives
a measure of the regions within the material in which gas
can be stored in a densely adsorbed phase relative to
compressed phases (Figure 4). Results indicate that the
diphenyl subunits formed within PAF-1 are closest to
delivering the optimal fractional free volume for adsorption
within linear linker moieties. This simulation indicates that
30% of the space within 5% _Li@PAF-1 will contain hydro-
gen in the dense adsorbed phase, which explains the excep-
tional adsorption.

Gas adsorption isotherms were collected for Ar, CH,,
CO,, and H, at either 77, 87,273, and 298 K for 0, 1, 2, 5, and
10 wt % Li loading. Prior to measurement, samples were fully
activated at 200°C under dynamic vacuum at 10~° Torr for
24 h to remove any remaining naphthalene residues, and to
fully complete the reductive lithiation.
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Figure 4. Fractional free volume for adsorption [%] calculated at 77 K,
using the TIMTAM method with varying cavity dimensions (See the
Supporting Information for details).

H, adsorption isotherms (Figure 5) collected at 77 K and
1.2bar exhibit a storage capacity of 2.7wt% for
5% _Li@PAF-1, which is amongst the highest reported for
adsorbent-based storage materials for any lithiated doped
material. Furthermore, H, adsorption experiments were
performed on unactivated lithiated PAF-1 and lithium
naphthalenide (Li*CHg~) for verification of observed
adsorption results (see the Supporting Information). We
observed the 5 %_Li@PAF-1 to have a 22 % increase over the
already large storage capacity found in PAF-1. In comparison,
the recently reported MOF [Cu(Me-4py-trz-ia)] exhibits
a low-pressure capacity of 3.07 wt%, with the maximum
storage at higher pressures is somewhat diminished (4.1 wt %,
30 bar), which is possibly due to the comparatively lower
surface area (see the Supporting Information).”

The high surface area of 5% _Li@PAF-1 (see the Sup-
porting Information) means that while the adsorption
capacity is exceptional at low pressures and amongst the
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Figure 5. Experimental H, adsorption (m) and desorption (0) iso-
therms of PAF-1 (blue) and the lithiated PAFs (1 %_Li@PAF-1, black;
2%_Li@PAF-1, green; 5%_Li@PAF-1, red) at 77 K. Inset: Heat of
adsorption H,q, [k] mol™'] versus quantity adsorbed n,4, [cm*g™" STP]
of H, at 77 K and 87 K.
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highest reported, it can also perform high capacity storage for
elevated pressure applications, with our simulations
(Figure 3) revealing a total uptake capacity of 11 wt%.
Enthalpy of adsorption measurements reveal the mechanism
for the enhanced adsorption capacity, with all of the lithiated
materials having a higher zero-coverage adsorption of
enthalpy (Figure 5, inset), with the maximum of 9 kImol™!
close to the typical values reported in other lithiated
adsorbents.®? 5% _Li@PAF-1 maintained a 2 kJmol ™! en-
hancement over the native PAF, even at higher coverage. The
reduced carbon framework in 5% _Li@PAF-1 will have
a delocalized anionic charge and as such will be more
attractive to hydrogen adsorption, similar to cationic point
charges seen with unsaturated metal centers.”

CO, uptakes at 273 K reveal a remarkable enhancement
in CO, capture capacities upon reduction by lithiation
(Figure 6). 5% _Li@PAF-1 has a CO, storage capacity of
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Figure 6. Experimental CO, adsorption (m) and desorption (O) iso-
therms of PAF-1 (blue) and the lithiated PAFs (1 %_Li@PAF-1, black;
2%_Li@PAF-1, green; 5%_Li@PAF-1, red) at 273 K.

8.99 mmolg' at 273 K and 1.22 bar, which is amongst the
highest reported for any material.”! Similarly, as found with
the H, uptakes, the relative high surface area of
5% _Li@PAF-1, means that saturation is not achieved until
much higher pressures, enhancing the overall capacity of the
material. This capacity largely comes about because of the
exceptionally sharp uptake at low pressures, which is indica-
tive of pseudo chemisorptive behavior between exposed Li*
sites and CO,. Indeed, isotherms recorded at 298 K have
confirmed exceptionally strong adsorption enthalpies at zero
coverage (see the Supporting Information). With higher Li
loading levels, a diminished gas uptake capacity was observed
owing to degradation of the sample and possibly the
agglomeration of lithium ions. This is somewhat expected,
as the maximum of one Li ion per phenyl ring is reached at
a Li loading level of 8 wt %.

In conclusion, guided by computational simulation,
a porous aromatic framework has been activated for gas
adsorption by reductive lithiation. 5% _Li@PAF-1 demon-
strates extremely large gas storage capacities for H,, CO,, and
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CH, (11.03 mmolg™, 77 K, 1.22 bar; 8.99 mmolg*, 273 K,
1.22 bar; 1.30 mmolg~', 273 K, 1.22 bar, respectively), and
these performances have been rationalized comprehensively
by a range of characterization and simulation techniques after
complete activation of the samples. The pore size of the
activated framework 5% _Li@PAF-1 is found to be optimal
for gas storage of H, at 77 K, and the exposed Li" sites exhibit
pseudo chemisorptive behavior to CO, at 273 K, resulting in
a 320 % capacity enhancement over the native PAF-1.
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