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Metal—organic framework (MOF) materials have received
considerable attention as potential high-performance, multifunctional
molecular sorbents." The attention derives in part from their
typically very high internal surface areas, low densities, and
permanent microporosity. Also highly attractive is their (typically)
crystalline nature, a characteristic that ensures complete uniformity
of channel sizes (for a given MOF) and allows one to determine
the position of every atom composing the framework. In turn, the
detailed positional information allows for high-quality computa-
tional modeling of observed or anticipated sorption behavior.
Additionally, the hybrid nature of the materials facilitates immense
structural and chemical variety. Taken together, these features point
to the opportunity to initially design (and/or modify after synthesis?)
the steric and chemical properties of the pores in order to tune
host—guest interactions with sufficient precision to render the
sorbent materials highly functional for specialized applications such
as chemical separations, gas storage, and selective catalysis.

On the basis of both experimental and computational studies, it
has become increasingly clear that the presence of coordinatively
unsaturated metal centers can greatly enhance the performance of
MOFs in the above-mentioned applications.” The approaches to
introducing accessible metal centers include (a) exploitation of
incidental structural defects that leave metal-containing nodes
incompletely coordinated,* (b) use of metal complexes (porphyrins,
salens, etc.) as “organic” struts,’ (c) electrostatic encapsulation of
metal complexes or solvated (or unsolvated®) metal cations by
anionic frameworks,” (d) incorporation of metal-containing nodes
featuring thermally removable solvent molecules as ligands,® (e)
binding of metal salts to reactive sites (e.g., silver nitrate attachment
to strut alkyne functionalities),” and (f) photochemical attachment
of organometallic complexes to aromatic components of struts.'®

Here we discuss an attractive alternative approach based on
conversion of pendant alcohols to metal alkoxides (Scheme 1) and
investigate its application to reversible uptake of molecular hydro-
gen.'" In contrast to all of the above except (c), the pendant-alcohol
strategy readily allows for incorporation of alkali metal ions.
Lithium ions in particular have attracted considerable attention in
theoretical investigations of MOFs because of their potential for
engendering high heats of adsorption for H,.'?~ '3

We turned to the alkoxide approach after previously exploring
chemical reduction of MOF struts as a means of incorporating alkali
metal cations.'® While initial findings were encouraging (e.g.,
enhancements of H, uptake by up to 75%), limitations to the
reduction approach subsequently became evident, at least for the
MOFs examined. Briefly, it appears that the incorporated cations
(a) localize around carboxylates rather than the reduced portions
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Scheme 1. Metal Alkoxide Formation within a Porous Framework
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of the struts'® and (b) are largely shielded from direct interaction
with H,, exerting their effects instead by facilitating favorable
displacement of catenated frameworks. With these problems in
mind, we sought an alternative approach that would avoid catenation
and anchor ions far from carboxylates or nodes.

Catenation was addressed by using the recently developed “octa”-
oxygen ligand, L1."” In contrast to most other carboxylate ligands
used in pillared-paddlewheel structures, L1 often yields noncat-
enated structures. As Figure 1 shows, the combination of L1 with
a Zn(II) source and the diol-containing strut, L2, gives, after 2 days
of heating, colorless block crystals of 1, which we have termed
DO-MOF. Single-crystal X-ray measurements confirmed that 1
consists of only a single network containing large cavities with
readily accessible alcohol functionalities. Application of the
SQUEEZE routine in PLATON revealed a remarkable 76% solvent-
accessible void volume.'® Characterization by thermal gravimetric

Figure 1. (A) Chemical structures of L1 and L2 and the crystal structure
of 1 (DO-MOF). Gray, carbon; blue, nitrogen; red, oxygen; yellow
tetrahedra, zinc. Hydrogens and solvent molecules have been omitted for
clarity. (B) Packing diagram of 1 down the (left) a and (right) b axes.
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Table 1. Summary of Adsorption Properties of 1 and 1-M

BET surface

pore volume H, uptake (wt %) Qy (kJ/mol)

material M M/Zng* area (m%g) (cm3/g)° at 1 atm, 77 K at 0—1 atm solvent/M®
1 (DO-MOF) H* 2k 810 0.35 1.23 6.3—4.7 n/a
1-Liy20 Li* 0.20 & 0.01 840 0.46 1.32 6.3—6.6 0.40"
1-Lise? Lit 2.62 £0.05 270 0.20 0.77 5.6—0.5 0.13"
1-Mg 56 Mg>* 0.86 £+ 0.02 820 0.40 1.16 6.2—6.9 0.08¢
1-Mg; o2 Mgt 2.02 £0.02 510 0.29 1.01 7.3-5.0 1.10"

“ Determined via inductively coupled plasma analysis of dissolved samples. * From the crystal structure. ¢ Measured at P/P, ~ 0.95. ¢ Sample showed
substantial loss of crystallinity, suggesting degradation. “ Total number of residual solvent molecules per M atom, as determined by '"H NMR analysis of
the evacuated material (see the SI). /DMF + THF. ¢ DMF + THF + (methanol or methoxide). ”0.19 DMF + 0.04 THF + 0.88 (methanol or

methoxide).
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Figure 2. N, adsorption isotherms of 1, 1-Ligz, and 1-Mgpgs. Closed
symbols, adsorption; open symbols, desorption.

analysis [see the Supporting Information (SI)] gave a value of 55%.
Solvent loss ended at 150 °C, with degradation occurring only above
300 °C. N, adsorption (77 K) for the solvent-evacuated version of
1 yielded a type-I isotherm (Figure 2), indicating microporosity,
and a BET surface area of 810 m%g'® (Table 1).

Once we had established the structural stability of this large-
pore material, we set out to convert alcohol functionalities to lithium
alkoxides. After preliminary experiments indicated that harsh
reagents (e.g., methyllithium) degraded the MOF, we turned to a
much milder reagent, lithium #-butoxide.?® Exchange of hydroxyl
protons was achieved by replacing (via soaking) the initially present
guest solvent molecules (DMF) with more volatile THF molecules
and then stirring DO-MOF in an excess of Li"[O(CH3);7] in
CH;CN/THF (see the SI). The extent of lithium loading was
controlled by adjusting the stirring rate and time.

Samples of 1-Li were activated by heating at 200 °C under
reduced pressure for 24 h. '"H NMR (dissolved samples; Table 1)
established that activation removes nearly all of the solvent, while
N, adsorption measurements (Figure 2) showed that 1 remains
microporous after lithiation. At low loading [0.20 Li/Zn, (1-Lig )],
the MOF retains its sizable surface area (Table 1). However, in
the extreme of high loading (1-Li,ez), both the surface area and
micropore volume diminish. Additionally, crystallinity is lost. The
effects are tentatively ascribed to partial displacement of zinc by
lithium, as simple ROH to ROM conversion should limit the Li/
Zn, ratio to 2. Notably, no unreacted Li*[O(CH3); ] was detected.

As Figure 3 shows, low-pressure adsorption of H, by 1 is
reversible at 77 K and reaches 1.23 wt % at 1 atm (Table 1). 1-Ligzg
exhibits only slightly greater uptake (1.32 wt % at 1 atm).
Nevertheless, the increase corresponds to two additional H, per Li*.
This finding is broadly consistent with computational predictions
that an exposed lithium cation on carbon or MOF materials can
(depending on pressure) directly bind up to six H, molecules.?!
Unfortunately, extension of the measurements to the highly lithiated
sample (1-Li, ;) yielded inferior sorption behavior, provisionally
ascribed to partial framework degradation.

H, uptake was also examined at 87 K. Fits of 77 and 87 K
isotherms to a virial equation (see the SI) enabled pressure-
dependent isosteric heats of adsorption, Q. to be determined.??
As Figure 3B shows, unreacted 1 displays more-or-less “typical”
MOF behavior, i.e., a modest initial Qg value that decreases with
increasing H, sorption; this is expected if the first molecules to
enter the material bind at the sites offering the highest interaction
energy. Though the initial value (6.3 kJ/mol) is well below that
necessary for practical H, storage, on the basis of binding-relevant
factors such as pore size, 1 compares well to similarly structured
materials.'® 1-Lig o exhibits much more unusual behavior. While
the value of Qy at very low H, loading is similar to that for 1, it
increases at higher H, loading. While rare, behavior of this kind
has occasionally been described, most notably for a series of Ti(Ill)-
decorated porous silicas.* There the observation was rationalized
in terms of changes in the mode of binding to Ti(Ill) with increasing
number of hydrogens, with the change facilitated by the ability of
Ti(III) to engage in d-orbital-based Kubas interactions with H,.?*
In the case of 1-Li, the metals cannot deploy Kubas binding.
Nevertheless, they appear to engender specific interactions that are
absent in the parent MOF material.

Reasoning that replacement of Li™ by a more highly charged
cation might increase the heat of adsorption (for example, via greater
local field strength'® or enhancement of charge—quadrupole
interactions'*?%), we also examined Mg”>"-containing versions of
DO-MOF. These were prepared by reacting 1 with methanolic
solutions of Mg(OMe), and then activating as described above.
Materials containing either ~1 or ~2 magnesium ions per glycol
strut (1-Mgy.g6 or 1-Mg> 02, respectively) were obtained, depending
on the reaction conditions (see the SI).

1-Mgy 56 is assumed to contain individual dications that that are
bound to pairs of L2 alkoxide oxygens but are otherwise free of
ligands, consistent with '"H NMR data for the dissolved material
(Table S2 in the SI). Figure 3A shows that Mg?* incorporation has
surprisingly little effect on H, uptake at 77 K but does alter the
binding, eliciting the same unusual increase in Q with H; loading
as found for 1-Li. That the absolute Qy values are so similar for
1-Mgos6 and 1-Ligz, however, suggests that the presence of an
additional L2 alkoxide oxygen for Mg?* very effectively diminishes
the charge and/or field experienced by proximal H, molecules.

For the more highly loaded material 1-Mg; 2, we assume that
every L2 alkoxide site binds a dication independently (necessitating
a second charge-balancing anion for each Mg?", presumably a
methoxide anion). Repeated attempts to obtain single crystals after
magnesium functionalization (and thereby confirm the coordination)
were unsuccessful. Nevertheless, 'H NMR characterization of
dissolved samples (Table S2 in the SI) is consistent with retention
of ~1 methoxide per Mg**.

In contrast to the case of 1-Mgj s, the N>-accessible surface area
of 1-Mg,, is somewhat diminished relative to the parent MOF.
The H, uptake is also diminished (see Table 1 and the SI), and the
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Figure 3. (A) Low-pressure H, adsorption isotherms of 1, 1-Liy o, and
1-Mgjs6. Closed symbols, adsorption; open symbols, desorption. (B) H,
isosteric heats of adsorption of 1, 1-Liyzp, and 1-Mgy ss.

unusual increase of Qy with H, loading is absent in the more highly
metalated MOF. Evidently, the presence of ligands other than struts
is detrimental to the performance of added metal ions as sorption
sites. The appropriate use of diol-containing struts (as opposed to
monoalcohols) therefore appears to be an important design con-
sideration when using MOF-based alkoxides to incorporate dications.

In summary, we have introduced a noncatenated hydroxyl-
functionalized MOF and exchanged the hydroxyl protons for lithium
and magnesium cations via solution methods. At low to intermediate
levels of cation substitution, the activated metals appear to be naked,
apart from alkoxide (L2 strut) anchoring, resulting in unusual Qg
behavior and modest enhancement of H, sorption (~2 additional
H, per added Li* at 77 K and 1 atm). While the focus here has
been on metal ions that may improve hydrogen sorption, the strategy
may well prove to be a general one that is also suitable for metals
that facilitate chemical catalysis'' or separations. We are currently
investigating these possibilities as well as continuing investigations
of H, sorption.
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adsorption isotherms, details of isosteric heat of adsorption calculations,
and details of "H NMR analysis of evacuated 1 and 1-M. This material
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