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Much effort has been invested in studying the gas sorption
properties of various classes of microporous materials such as
zeolites,[' activated carbon materials,”! carbon nanotubes,
polymers of intrinsic microporosity,*! and coordination poly-
mers.”] At a time in the early 1990s when few coordination
polymers had been deliberately constructed and character-
ized, their ability to sorb gases was a reasonable expectation.
The first experimental measurements that heralded great
promise of coordination polymers as materials for useful gas
storage were reported by Kitagawa and co-workers in 1997.1
Subsequently, gas sorption by coordination polymers (more
recently rebranded metal-organic frameworks (MOFs) by
some) has become an intensively studied area.” Low density
is a most desirable characteristic of any gas storage material
intended for mobile applications, and materials based on
“light” metals (such as Li, Mg, and Al) are obvious targets for
exploration.”®! We report herein the synthesis, structure(s),
and sorption properties of a simple salt of Li*, lithium
isonicotinate, which has a microporous structure and shows
reversible gas uptake and release.

Well-formed  crystals of  composition  [(Li")-
(C¢H,NO,)]-0.5DMF (where CgH,NO,™ is the isonicotinate
anion, 1) can be readily obtained from DMF solution.”! The
structure, which was determined by single-crystal X-ray
diffraction, consists of a 3D [(Li")(C,H,NO,)]

N network that contains microchannels occupied by
N DMF molecules.'”! All the isonicotinate units are
| equivalent, and are associated with four Li*
N centers, which are also all equivalent, and each
1 associates with four isonicotinate anions. The

structure can be readily envisaged in terms of

[(Li*)(CqH,NO, )] chains (see Figure 1a), that are
linked together by Li*-N interactions into 2D sheets (see
Figure 1b). The sheets in turn are linked together by Li*-N
interactions to form the 3D network (see Figure 1¢). As can
be seen in Figure 1a, each chain consists of alternating four-
membered rings (LiOLiO) and eight-membered rings (LiO-
COLiOCO). The N centers of half of the pyridine units that
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a)

Figure 1. The structure of [Li*(CH,NO,7)]-0.5 DMF. a) [Li" (CsH,NO, )]
chains. b) The association of chains to form sheets. c) The association
of sheets to form the 3D framework, seen here looking down the
channels. C black, O red, N blue, Li purple. Equivalent sheets of the
type shown in (b) can be seen here in roughly the horizontal and
vertical planes. Hydrogen atoms have been omitted for clarity.
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project out from the chain seen in Figure 1a interact with the
Li* centers of the two adjacent chains to form the sheet. The
remaining pyridine units (those not involved in the formation
of the sheets) interact with the Li* centers in adjacent sheets
to generate the 3D network seen in Figure 1c. Sheets such as
that in Figure 1b can in fact be discerned in two distinct
planes inclined to each other; any particular chain is shared by
two equivalent sheets, as can be seen in Figure 1c. Disordered
DMF molecules, which were modeled over four orientations,
occupy the channels. The DMF can be removed from the
channels to generate a material that sorbs gases as described
below.

Procedures similar to that used to obtain the DMF
solvated compound afford crystals of compositions [(Li*)-
(C¢H,NO,)]-0.5CsH,NO (CsHgNO = N-methylpyrrolidi-
none) and [(Li")(CqH,NO,)]-0.5C,H,NO (C,HoNO = mor-
pholine) in a form suitable for X-ray diffraction studies.
Although the morpholine and N-methylpyrrolidinone sol-
vates crystallize in space groups that are different to that of
the DMF solvate (see the Supporting Information), the same
network topology is seen in all three; however there are some
minor differences in geometry. The morpholine and N-
methylpyrrolidinone molecules are located in the channels.
While the morpholine is disordered, the N-methylpyrrolidi-
none is ordered.

All three compounds exhibit high thermal stability upon
desolvation. Thermogravimetric analysis of the DMF solvate
indicate that solvent loss (caled 22.1 %, found 21.1 % ) occurs
in the range 25-141°C. No further mass loss is apparent until
approximately 370°C, whereupon decomposition occurs.
Similar TGA traces are found with the morpholine (caled
25.2, found 24.9 %) and N-methylpyrrolidinone (calcd 27.8,
found 27.6%) solvates. Details of the thermogravimetric
analysis are presented in the Supporting Information.

The dimensions of the approximately rectangular chan-
nels, defined by the van der Waals surfaces of the framework
atoms are approximately 4x5.5 A. Following removal of
DMF under vacuum at a temperature of 110 °C, the ability of
the residue to sorb hydrogen was examined at 77 K using a
volumetric method. The isotherm for this sorption process,
which is presented in Figure 2, shows an increase in the
amount of hydrogen sorbed as the pressure is increased to
approximately 640 kPa, when the H, uptake is 86 mL H, (at
standard temperature and pressure, STP) per gram of
compound. This uptake corresponds to two H, molecules
per unit cell—the same guest/host ratio as present in the
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Figure 2. |sotherms for hydrogen sorption at 77 (A) and 87 K (o). The
isotherms show the surface excess, not the absolute amount of H,
sorbed.
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solvated compound. This result is consistent with the reason-
able expectation from the crystallographic analysis that at
least one hydrogen molecule will occupy the space vacated by
a single solvent molecule. As the pressure is increased further,
a slight dip is apparent in the isotherm. This is a commonly
observed phenomenon with high pressure measurements, and
arises from the fact that the measurement indicates the
surface excess, a value that is an underestimate of the total
sorption.'!l The desorption isotherm follows a similar return
path; however some hysteresis is apparent. The isosteric heat
of H, sorption was calculated by fitting a virial-type thermal
adsorption equation to the 77 K and 87 K surface excess
sorption data. The results indicate a relatively high value of
9.9 kJmol ' at zero loading. This value drops to 8.9 kI mol ' at
50% loading and finally to 6.5 kJmol™' at close to the
maximum loading achieved. Coordination networks (or
MOFs) that exhibit hydrogen sorption typically have heat of
sorption values in the range 5-7 kJmol ™!, and a small number
have values that exceed 9kJmol.[>" Champness,
Schroder, and co-workers recently reported two coordination
polymers that exhibit heat of adsorption values for H, of 9.0
and 10.1 kIJmol™".[®! The higher of the two values was
attributed to a Li—H, interaction that involves an “exposed”
Li* ion; the other compound contained no lithium. The Li*
ion of lithium isonicotinate is surrounded roughly tetrahe-
drally by one nitrogen and three oxygen centers and therefore
appears inaccessible to H,; it does seem unlikely that the
relatively high value of 9.9 kImol ! we observe is due to some
direct interaction between Li* and H,. High values for heat of
adsorption have been attributed previously to small pore sizes
and our relatively high value may have a similar origin.['>1>1¢]
An H, binding energy in the range 15-20kJmol™' is
commonly recognized as desirable for useful room-temper-
ature hydrogen storage.>1*!71 Whilst our value falls short of
this ideal, our results provide considerable encouragement
that compounds of this type may prove useful.

The sorption of nitrogen, methane, and carbon dioxide
was also investigated. The sorption results for all gases are
presented in Table 1. The Brunauer—-Emmett-Teller (BET)
surface area determined on the basis of N, sorption at 77 K is
190 m?g~". The sorption and desorption isotherms are pre-
sented in the Supporting Information. Significant hysteresis
was apparent for hydrogen and nitrogen sorption at 77 K. We

Table 1: Gas sorption studies of lithium isonicotinate.

Gas TIK] Amount sorbed Pressure  Heat of sorption
[mL (STP) g~ "]/molecules  [kPa] (at zero loading)
per unit cell [k} mol™]
H, 77 85.6/1.97 641.3 9.9
87 80.3/1.86 1141
N, 77 60.9/1.40 98.6 18.8
87 53.2/1.22 200.3
CO, 258 82.6/1.69 2163 349
273.2 74.1/1.51 3016
298.2 64.8/1.24 2775
CH, 258 62.0/1.37 3040 17.7
273.2 58.1/1.26 3040
298.2 48.7/0.99 3047
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can only speculate as to the origin of the hysteresis, but it may
be a consequence of the narrow channels that lead to sluggish
diffusion of the sorbed gas molecules. Such explanations have
been offered to explain hysteresis in other coordination
networks.!'®!

In conclusion, we have described the first example of a
simple lithium salt with a microporous structure capable of
hysteretic reversible sorption of a number of gases. The
results provide proof-of-concept that simple salts of light-
weight cations together with appropriately chosen organic
anions are capable of reversible gas sorption. Whilst lithium
isonicotinate shows only modest gas-sorbing capacities, the
gas binding energies are encouragingly high. It would be
worthwhile to explore templates larger than the DMF,
morpholine, and N-methylpyrrolidinone used here, which
may generate [(Li")(CqH,NO, )] frameworks of different
topologies with larger channels. Moreover, many potentially
effective anions other than the isonicotinate ion used here can
be readily envisaged. We anticipate that the system described
here may be the first example of a new class of microporous,
gas-sorbing Li" salts.
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