small

e Metal-organic frameworks

Gas-Sorption Properties of Cobalt(ll)-Carborane-Based
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Coordination-polymer materials represent a rapidly growing
area in modern chemistry and materials science. These
structures can now be made in many forms, including
crystalline metal-organic frameworks (MOFS)[I] and well-
defined (in terms of size and shape) infinite-coordination-
polymer (ICP) nano- and microparticles.”! These materials
show promise in many applications, including catalysis,”®! gas
storage,!*l separation processes,’! ion exchange,® small-
molecule detection,””! drug delivery,® and optoelectronics.!
The properties of the coordination polymers and, therefore,
their potential for application can be highly dependent on bulk
and microscopic structure, yet little has been done to compare
and contrast one set of structures as a function of morphology
and particle size.

Thus far, much more attention has been devoted to the
study of crystalline macroscopic MOFs!'! than to other
potential morphologies?*! of coordination-polymer materials.
Indeed, only a handful of reports!?''™1? involve adsorption
studies of amorphous metal-organic microparticles, semicrys-
talline materials, and nanostructures. Interestingly however,
none of these studies address how the gas-sorption properties
of one class of coordination polymer depend on morphol-
ogy.[lz] Understanding the differences in the gas-uptake
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properties of materials with nearly identical chemical
compositions and similar metal-coordination environments
but different morphologies could provide insight into how one
can optimize a particle composition with respect to gas uptake
(both rate and capacity) and selectivity.

We recently reported a crystalline Zn'' carborane
based MOF (CB-MOF-1),*®! which was synthesized from
1,12-dihydroxycarbonyl-1,12-dicarba-closo-dodecaborane (1)
(p-CDCH,). Compound 1 and cobalt(Il) salts were used
successfully to synthesize three new coordination-polymer
materials simply by varying the reaction solvent and
temperature conditions. All of them have different morphol-
ogies, defined in part by different degrees of crystallinity — two
crystalline MOFs, isolated as blocklike single crystals 2 or
polycrystalline tetragonal microrods 3, and a less-crystalline
material in the form of agglomerates 4 (Figure 1).

The solvothermal reaction between 1 and cobalt nitrate
hexahydrate Co(NO3),-6H,O at 90 °C in DMF/EtOH (1:1)
over 24h led to the new crystalline MOF [Co4(OH),(p-
CDC);DMF;],, (2) in 70% yield (based on 1). Compound 2
was characterized by elemental analysis, TGA, FTIR, and
single-crystal X-ray diffraction studies (see Supporting
Information). The structure!™! of 2 consists of a node with
four Co' atoms bridged by two n’® hydroxy groups and
contains two 7'-DMF molecules at each Co' center. These
clusters are held together through neighboring Co" atoms
sharing one carboxylate from p-CDC?~, which is bound in an
n? fashion.

The microcrystalline rods [Co( p-CDC)(pyridine),(H,O)],,
(3) were prepared in 77% yield by heating a mixture of 1 and
Co(OAc),-4H,O (1:1 molar ratio) in 1-butanol/water/
pyridine at 95°C for 2.5h. This material was characterized
by scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), elemental analysis, thermogravi-
metric analysis (TGA), and Fourier-transform Infrared
spectroscopy (FTIR). Moreover, we used X-ray powder
diffraction (XRPD) methods to determine its crystal and
molecular structure (see Supporting Information and
Figure 2). The structure consists of Co' nodes in which
the metal ions exhibit cis-N,O,4 octahedral stereochemistry.
The coordination environment of each Co™ consists of four
ligated oxygen atoms derived from three carboxylate groups of
three different p-CDC ligands. One of these carboxylates is
bound in an n'-fashion to a single metal center, and the others
are bound in a bridging fashion to two different Co™ atoms.
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Figure 1. Synthetic scheme for: a) [Co,(OH),(p-CDC)3DMF,], (2), crystal
structure with coordinated solvents omitted for clarity; b) [Co(p-
CDQ)(pyridine),(H,0)], rods (3), and c) agglomerates 4.

The remaining two sites are occupied by n'-bound pyridine
moieties. The coordination modes of the p-CDC ligand
generate two distinct structural motifs, namely four- and
eight-membered rings, which reciprocally organize to yield
two, interpenetrated, polymeric networks. The channels in 3
are aligned along the crystallographic ¢ axis. They are filled
with water molecules and decorated with the pyridine
moieties, which are coordinated to the Co™ centers.

The agglomerates 4 were synthesized in 69% yield by
overnight diffusion of diethyl ether into a solution of 1 and
Co(OAc); - 4H,0 (1:1 molar ratio) in DMF. This approach is
similar to that used to prepare conventional coordination-
polymer particles./”? The agglomerates were characterized by

Figure 2. a) SEM image of 3, b) space-filling model of the extended
network without water/pyridine molecules, c) connectivity of Co"-Co"
secondary building unit cluster (pyridine carbon backbones are omitted
for clarity), and d) a channel within the 3D network.
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the same techniques used to characterize 3, and all data
suggest that 2-4 have the same basic connectivity with
different amounts of solvent and types of ancillary ligands
coordinated to the Co nodes (DMF or pyridine).

SEM images of the as-synthesized substances reveal
distinct differences in morphology. The agglomerates appear
as disordered 5-10-wm fused semispherical units with
rough surfaces. In contrast, the rods are dome-terminated
tetragonal prisms with smooth faces. They can be as long
as ~25um (see Supporting Information) and ~3 pm wide,
thus requiring powder and not single-crystal diffraction for
their structural characterization. On the macroscopic scale, 2
can be characterized as a series of much larger blocklike
crystals. Most importantly, all three materials retain their
apparent morphology upon thermally induced solvent
desorption.

We have evaluated the stability of the three compounds by
TGA (see Supporting Information). All exhibited relatively
high stability, showing no sign of framework decomposition
until ~400 °C. The agglomerates 4 begin to lose solvent at
110°C. In the case of the rods 3, two major weight-loss steps
were observed. One at 120-130 °C is assigned to the liberation
of water from the 1D channels and one of the two coordinated
pyridine moieties; the second, at ~250°C, is assigned to the
loss of the remaining coordinated pyridine.[zj] The thermal
behavior of species 3 has been further characterized by in situ
variable-temperature X-ray diffraction (TXRPD, see Sup-
porting Information). The experiments, carried out in the 30—
170 °C range, show an irreversible substantial change in the
unit cell parameters at 130°C. Notably, the tetragonal
symmetry is preserved, despite an 18% shrinkage of the
unit-cell volume. This transition correlates well with the first
mass loss observed in the TGA. Compound 2 also exhibits two
thermally induced mass changes, one at ~100°C assigned to
the loss of pore-filling solvent molecules and one at ~200°C
assigned to the loss of coordinated DMF. The remarkable
thermal stability of the frameworks 2—4 can be explained, in
part, by the high thermal stability of 1 and is consistent with
previous work on carborane organic polymers!'**! and metal-
based oligomers[l3b] as well as CB-MOF-1.14%!

All three morphologies have been studied by XRPD
(Figure 3). As expected, MOF 2 displays a strong diffraction
pattern, characteristic of a highly crystalline material. Its phase
purity was confirmed by comparison to the simulated XRPD
pattern, generated from the single-crystal data (see Supporting
Information). The rods 3 are also quite crystalline and phase-
pure. The agglomerates 4 exhibit a diffraction pattern of
modest quality, in contrast to 2 and 3. In light of this
experimental data, the agglomerates can be classified as
semicrystalline materials.

Nitrogen (N,) and carbon dioxide (CO,) adsorption
studies (Figure 4 and Supporting Information) of the three
materials were performed to probe their porosity. MOF 2,
after being placed under vacuum (for evacuation details
see Experimental Section) for 12h at 250°C, exhibited a
N, Brunauer, Emmett, and Teller (BET) surface area of
1080 m? g~ '. The N, BET areas for similarly activated 3 and
agglomerates were 351 and 20 m? g ', respectively.
Essentially, the agglomerates show no significant N, uptake.
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Figure 3. XRPD spectra of bulk MOF 2 (bottom), rods 3 (middle), and
agglomerates 4 (top).

Interestingly, the accessible surface area for the agglom-
erates 4 is highly probe-molecule dependent (Table 1). With
CO, and the nonlocal density functional theory (NLDFT)
method of analysis (see Supporting Information for CO,
isotherms), the surface area of the agglomerates is 240 m* g~ ..
In contrast, the crystalline materials 2 and 3 yield very similar
N,- and CO,-derived surface areas. One explanation for
this observation may be the slightly smaller kinetic diameter
for CO, relative to N,.[%! It may be that the pores in the
agglomerates (or their surface entrances) in 4 are small enough
to discriminate between the two gas molecules, whereas the
pores in 2 and 3 are too large to discriminate effectively.

Alternatively, the discrimination between N, and CO, by
agglomerates 4 may reflect the temperature difference in the
two surface-area-measurement experiments (77 K vs. 273 K),
rather than the slight probe-size difference. The higher
temperature in the CO, experiment will clearly impart greater
kinetic energy to the probe molecule as well as facilitate
distortion of pores that may otherwise be too narrow to allow
probe molecules to enter.['%°]

Pore-size distributions, which were obtained from analysis
of the low-pressure region of the N, isotherms, are
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Figure 4. Nitrogen adsorption isotherms for agglomerates & (red
triangles), rods 3 (green squares), and bulk MOF 2 (blue rhombuses).
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Table 1. Summary of carborane-Co" coordination-polymer materials
parameters obtained based on N,-, CO,-, and H,-adsorption measure-
ments

Material Surface Hydrogen Pore Pore
area®?’®  yptake! volume!! size distribution'®

2 1080/1150 181 0.42 4.9

3 351/350 75 0.14 5.0

4 20/240 70 0.01 6.3, 8.8

[a] N, BET surface area [m? g ] determined in relative pressure range
0.01<P/P, <0.05.

[b] CO, surface area [m? g '] calculated by NLDFT.

[clem® g7 ' at 77K and 1 atm.

[d][cm? g~ ] Saito—Foley method from N, isotherm.

[e] A, obtained by Horwath—Kawazoe method from N, isotherm.

summarized in Table 1. Both 2 and 3 feature very well-
defined pores that are ~5A in diameter, whereas the
agglomerates 4 show two broad distributions of pore
diameters, centered around 6.3 and 8.8 A. Notably, 2 and 3
exhibit type I isotherms, which are characteristic of micro-
porous materials.["!

The hydrogen-uptake properties of all the materials were
also measured, following treatment with heat and vacuum,
Figure 5. Whereas 2 has H,-uptake properties comparable to
the crystalline MOF materials, optimized for H27[10c] rods 3
and agglomerates 4 exhibit markedly lower but similar H,-
uptake properties. The pores of the agglomerate can
accommodate H, and CO, but not the larger kinetic
diameter N, (at least at 77 K). Interestingly, the rods, which
have a greater Nj-accessible surface area, still do not
significantly outperform the agglomerates in H, uptake (both
~75cm® g1). The observation that all three materials exhibit
sufficient porosity to sorb H, likely reflects both the small size
of the sorbate and the fact that at 77K, H, is well above its
critical point (32K, 1.3 MPa).

Consequently, pore blockage based on aggregation of
sorbate molecules at framework bottlenecks is not possible for
H,; on the other hand, bottleneck condensation of N, is, in
principle, possible. Recent computational studies by Frost
et al.l'>! show that at modest pressures, sorption of H, by
crystalline coordination polymers generally scales with the
internal surface area (and at higher pressures, with the pore
volume). From Table 1, the extent of H, uptake by the three
new materials correlates only crudely with internal surface
area. Several factors, such as pore volume, pore-wall
modification, and diameter of the pore entrance must be
taken into consideration. We suggest that an important
additional, but related, factor is crystallinity. All else being
equal, a material containing highly regular (i.e, efficiently
arranged) micropores should offer greater internal surface
area per unit mass than one featuring an irregular configura-
tion of micropores. The much larger N,- and CO,-accessible
surface areas for crystalline 2 and 3 versus the less-crystalline 4
support this notion. At the same time, a material such as 4
should contain a much broader range of pore sizes than an
analogous crystalline material.
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Figure 5. Hydrogen isotherm adsorption (solid) and desorption (empty)
for agglomerates 4 (red triangles), rods 3 (green squares), and bulk MOF
2 (blue rhombuses).

From these observations, one can conclude that “good”
hydrogen physisorption, at modest pressures, by a coordina-
tion polymer requires a combination of crystallinity, perma-
nent microporosity, and sizable internal surface area. There-
fore, reducing or eliminating one of these structural features,
observed through a change in morphology, may lead to
significant changes in adsorbate selectivity and extent of
uptake. Indeed, discrimination between N, and H, is clearly
observed in the agglomerates, which exhibit much higher
uptake of H, than of N,. Interestingly, the morphologies and
porosities of 2 and 3, and presumably 4, are strongly coupled
with their molecular structures. The solvents DMF, H,O, and
pyridine act as ancillary ligands that significantly affect the
type of framework that is formed.!"®! Indeed, although they are
ultimately removed prior to gas-sorption measurements, the
solvent molecules are responsible, in large part, for templating
the formation of the different porous structures observed
(Figures 1 and 2). On the other hand, if one considers gas
discrimination, nonclassical MOF materials (ICPs/**) 3 and 4
can be potentially exploited advantageously owing to their
variable pore sizes and corresponding apertures as well as
ultramicropores.

In conclusion, we have used the same metal ion and
organic ligand, but different reaction conditions and co-
solvents, to synthesize three morphologically different coor-
dination polymer materials. The three compounds, upon
thermal activation, display markedly different capacities and
selectivities toward H,, CO,, and N,. These differences can be
attributed to the structural differences between the materials,
which significantly influence their porosities, crystallinity, and
internal surface areas, and as a result, their adsorption
capabilities.

Experimental Section

Synthesis of 2 (Bulk MOF): A solution of cobalt(ll) nitrate
hexahydrate (Co(NOs), - 6H,0) (100 mg, 0.29 mmol) and p-CDCH,
(25 mg, 0.12 mmol) were dissolved in DMF/ethanol (1:1, 2.5 mL)

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

in a glass vial and then allowed to react at 90 °C for 24 h. MOF 2
was collected and washed with DMF in 70% yield (based on ligand
1). For gas-sorption studies, a sample was evacuated at 250 °C for
12h under dynamic vacuum at 107> Torr. TGA of the heat-
activated sample showed no solvent loss (except water). CHN
analysis of the activated sample confirmed significant loss
(>90%) of nitrogen from the as-synthesized sample, correspond-
ing to the removal of DMF. Data for the as-synthesized sample 2:
IR (neat): 685 (w), 771 (w), 674 (w), 737 (w), 783 (w), 845 (w),
1114 (W), 1150 (w), 1370 (s, br), 1640 (s, br), 2620 cm™? (m, br);
elemental analysis (as-synthesized sample): calcd for
C15H35B30C0,04, - 4DMF - H,0: C 22.68, H 4.92, N 4.41; found: C
22.21, H 5.06, N 4.56.

Synthesis of 3 (Rods): Solutions of cobalt(ll) acetate tetra-
hydrate (Co(OAc),-4H,0) (50 mg, 0.2 mmol) in deionized water
(2mL) and p-CDCH, (47 mg) in n-butanol (10 mL) were combined
in a glass vial. The reaction vial was heated for 1.5 h in an oven at
95 °C. Pyridine (0.5 mL) was added to the reaction solution while
hot, and the mixture was heated in an oven for another 1h at
90 °C, during which a precipitate formed. The solid was collected
and washed twice with methanol and recollected by centrifuga-
tion. The product was subsequently dried under vacuum at
ambient temperature to afford 3 as a pink solid (55mg; 77%
based on 1). For gas-sorption studies, a sample was evacuated at
300°C for 12 h under dynamic vacuum at 10~° Torr. TGA of the
heat-activated sample showed no solvent loss (except water). CHN
analysis of the activated sample confirmed significant loss
(>90%) of nitrogen content from the as-synthesized sample
(removal of pyridine). Data for the as-synthesized sample 3: IR
(neat): 698 (w), 737 (w), 778 (w), 1043 (w), 1071 (w), 1220 (w),
1375 (s, br), 1672 (s), 2610 (s, br), 2883 (w), 2940 (w),
2970cm™* (weak); elemental analysis (as-synthesized sample):
caled for C4H19B19C00, - 2pyridine-1H,0: C 36.13, H 4.76, N
6.02; found: C 35.97, H 4.64, N 5.91.

Synthesis of 4 (Agglomerates): Co(OAc),-4H,0 (100mg,
0.2 mmol) was dissolved in DMF (10 mL) with sonication. The
solution was mixed with dissolved p-CDCH, (95 mg, 0.2 mmol)
ligand in the same solvent (2 mL). Diethyl ether (3 mL) was layered
on top of this solution and allowed to diffuse slowly into the
reaction mixture, while stirring the bottom layer at 50 rpm with a
magnetic stirrer bar. After 12 h, the agglomerates were collected
by centrifugation and washed twice with methanol. The washed
particles were dried under vacuum at room temperature to afford
4 (90 mg; 69% based on 1) as apink powder. For gas sorption, a
sample was evacuated at 250 °C for 12 h under dynamic vacuum
at 107 Torr. TGA analysis of the heat-activated sample showed no
solvent loss (except water). CHN analysis of the activated sample
confirmed significant loss (>90%) of nitrogen from the as-
synthesized sample, corresponding to the removal of DMF. Data
for the as-synthesized sample 4: IR (neat): 737 (w), 783 (w), 852
(w), 1021 (m), 1132 (m), 1385 (s, br), 1602 (s), 1661 (m),
2620cm * (s, br); elemental analysis (as-synthesized sample):
caled for C1,H35B30C04014 - 2DMF - 2H,0: C 18.92, H 4.41, N 2.45;
found: C 19.20, H 4.47, N 2.89.

Keywords:

carboranes - gas separation - hydrogen storage -
coordination polymers - nanoporous materials
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