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Crystalline metal-organic frameworks (MOFs)1 have emerged
as attractive materials for a remarkably wide range of potential
applications, including chemical separations,2 size-selective mo-
lecular catalysis,3 and chemical fuel storage and release.4 Among
the materials properties favoring these particular applications are
permanent microporosity and large internal surface areas. Unfor-
tunately, the surface areas attained experimentally are often less
than anticipated from computational studies or single-crystal X-ray
structural studies.5 Furthermore, they can differ substantially from
laboratory to laboratory. The dispartities and discrepancies have
most often been attributed to channel collapse upon solvent removal
or channel blockage due to solvent retention.6 In many instances,
porosity can be recovered and surface areas can be increased by
exchanging the MOF-incorporated solvent remaining from synthesis
for a lower boiling point solvent and then removing the solvent
under relatively mild conditions.7 Nevertheless, in our experience,
and presumably that of others, the liquid solvent exchange strategy
still occasionally fails to elicit MOF microporosity or, more
commonly, succeeds in enabling access to the internal surface area
of a given MOF, but to a lesser extent than anticipated from
computations.

Here we report on a very promising alternative approach entailing
processing of solvent-containing MOF materials with liquid and
supercritical carbon dioxide. To illustrate, we report the behavior
of two new MOFs as well as two previously described materials.
In all four cases the materials comprise dicarboxylated organic
ligands as struts and Zn(II)-containing clusters as nodes. As shown
below, the new approach is capable of very substantially enhancing
access to MOF internal surface area, relative to treatments entailing
either (a) thermally assisted evacuation of the solvent used for
synthesis (DMF or DEF) (“conventional activation”) or (b) liquid
solvent exchange (e.g., DMF S CHCl3; DEF S THF) followed
by pore evacuation at moderate temperature (DMF ) dimethyl-
formamide, DEF ) diethylformamide, THF ) tetrahydrofuran).

As detailed in the Supporting Information (SI), the first of the
four investigated materials was obtained by solvothermal synthesis
from a DEF solution of ZnNO3 ·6H2O and a napthalenediimide-
containing ligand, 1. Figure 1 shows several views of the resulting
channel-containing material, 5.8 The nodes of 5 consist of Zn4O
clusters, coordinated by carboxylates in both a mono- and bidentate
fashion. Each node is also coordinated by one water and two DEF
molecules. In contrast to the cubic frameworks typically obtained
with these clusters, the unusual coordination produces a canted
rhombohedral framework. The single-crystal X-ray structure indi-

cates, as expected, that the channels of “as-synthesized” 5 are fully
occupied, presumably by disordered DEF.

A similar solvothermal synthesis in DMF, but with ligand 2 rather
than 1, yielded a red solid, 6. While we were unable to obtain a
suitable single crystal for X-ray structural determination, powder
X-ray diffraction (PXRD) measurements revealed that the material
is crystalline (see SI). 1H NMR measurements of a sample of 6
that had been thermally evacuated and then dissolved in D2SO4

showed the presence only of 2 and a trace amount of DMF.
Thermal gravimetric analysis (TGA) of 5 indicated a ca. 35%

mass decrease (solvent loss) upon heating to 250 °C (see SI), a
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Figure 1. Crystallographically derived: (A) structure of 5, (B) corner
cluster, showing coordination modes of 1 and two DEF molecules, (C) ac-
plane of 5, looking down b-channels, and (D) ab-plane of 5, looking down
c-channels. For clarity, disordered DEF molecules are omitted from images
A, C, and D. For image A, coordinated DEF molecules are also omitted.
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result consistent with the porosity implied by the X-ray structure
and suggesting substantial internal surface area. TGA measurements
of 6 showed a 17% mass loss upon heating to 300 °C (see SI; the
framework itself is stable to ca. 400 °C). The diminished solvent
capacity despite the larger strut size is suggestive of network
catenation, the formation of a 2D rather than 3D structure, or both.

In contrast to the implications from X-ray and/or TGA measure-
ments, N2 adsorption studies (77 K) indicate negligible accessible
surface areas for either 5 or 6, following conventional thermal
activation (Figure 2 and Table 1). Solvent exchange with 6 (CHCl3)
yields no meaningful improvement, while solvent exchange with
5 (THF) yields a modest Brunauer-Emmet-Teller (BET) surface
area of 135 m2/g.

Confronted with these disappointing results, we turned to
supercritical drying (ScD) as a potential activation method. ScD
has been used previously in polymer synthesis and preparation of
organosilicates and high-area silica aerogels.9 Additionally, the low
cost of CO2(g) and the dryer make this a practical method. Briefly,
the solvent remaining from MOF synthesis was first exchanged with
EtOH (miscible with CO2 and compatible with our instrument) and

then with liquid CO2. The sample was then taken above the carbon
dioxide critical point (T ) 31 °C; P ) 73 atm), held for 30 min,
and finally, slowly vented (18 h; further details in SI). As illustrated
in Figure 2, the results are striking: the N2-accessible surface area
increases to 400 m2/g for 5 (3-fold increase) and 430 m2/g for 6
(12-fold increase).

With these results in hand, we extended the investigation to
noncatenated, cubic, “isoreticular” MOFs constructed from ligands
4 (IRMOF-3) and 3 (IRMOF-16).7,10 IRMOF-3 has attracted
considerable recent attention because of its susceptibility to
postsynthetic covalent modification via the available amine group.11

For IRMOF-3, activation via solvent exchange (DMF S CHCl3)
yielded a surface area of 1800 m2/g. ScD activation increases the
N2 accessible surface area to 2850 m2/g (Figure 3). For IRMOF-
16 there are, to our knowledge, no previous reports of surface area.
From Figure 3, we observe that activation of IRMOF-16 via solvent
exchange yields a N2-accessible surface area of 470 m2/g but that
the surface area is quadrupled via ScD activation (1910 m2/g).

We hypothesize that the key feature of supercritical activation
is the elimination of solvent (CO2) surface tension at temperatures
and pressures above the critical point. For aerogel fabrication, the
elimination of surface tension, and therefore capillary forces,
prevents the pore collapse that would otherwise occur upon removal
of solvent.9 In contrast, because of their tiny size and the relative
strength of the zinc-oxygen bonds that define them, the crystalline
micropores that permeate the four MOFs should be resistant to
collapse via capillary effects, even with solvents such as DEF and
DMF. The persistence of crystallinity in solvent-exchanged 6,
despite its inability to adsorb nitrogen, supports this contention.
Similarly, the ability to resolvate 6 with DMF after nitrogen

Figure 2. (I) 77K N2 adsorption isotherms of 5 following ScD activation
(top), exchange with THF and evacuation at 25 °C (middle), or conventional
activation at 110 °C (bottom). (II) 77K N2 isotherms of 6 following ScD
activation (top), exchange with chloroform, followed by evacuation at 25
°C (bottom, red), or traditional activation 110 °C (bottom, blue (overlap)).

Table 1. Nitrogen-Accessible Surface Areas (m2/g) of Various
Framework Materials as a Function of Method of Pore Evacuation

material
conventional

thermal
evacuation

CHCl3 or
THF

exchange
ScD

IRMOF-3 10 1800 2850
IRMOF-16 na 470 1910
5 5 135 400
6 5 36 430

Figure 3. ( I) 77 K N2 isotherms of IRMOF-3 following ScD activation
(top), exchange with CHCl3 followed by evacuation at 25 °C (middle), or
conventional activation at 100 °C (bottom). (II) 77 K N2 isotherms of
IRMOF-16 following ScD activation (top) or exchange with CHCl3 followed
by activation at 25 °C (bottom).
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adsorption isotherms (TGA experiments; see SI), indicates pres-
ervation of micropores in nitrogen-impermeable samples. Similar
behavior is seen for other MOFs. Thus, collapse of crystallographi-
cally defined channels appears not to be the primary cause of
surface-area loss in the four MOFs examined (although it may be
a secondary contributor).

As illustrated in Scheme 1, we hypothesize that thermal
evacuation of solvent instead causes the collapse of interparticle
mesopores. Misalignment of micropores at particle/particle bound-
aries then inhibits access by gas molecules to internal (microporous)
surfaces. At the same time, re-exposure to liquid solvent should
enable particles to separate and to take up comparatively large
solvent molecules (as is indeed observed). In contrast, ScD
activation prevents mesopore collapse, leaving micropores acces-
sible to gas molecules. Consistent with this description, we find
that thermally evacuated samples of 5, exhibiting negligible surface
area, can be rendered microporous by resolvating the material and
then subjecting it to ScD (steps E f A f B in Scheme 1; final
surface area ) 370 m2/g)).

To summarize, careful processing of four representative MOFs
with liquid and supercritical carbon dioxide leads to substantial, or
in some cases spectacular (up to 1200%), increases in gas-accessible
surface area. Maximization of surface area is key to the optimization
of MOFs for many potential applications. Preliminary evidence
points to inhibition of mesopore collapse, and therefore micropore
accessibility, as the basis for the extraordinarily efficacious outcome
of ScD-based activation.
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Scheme 1 a

a (A) Supercritical CO2 activation of MOF microcrystals, (B) adsorption
of gas molecules after supercritical CO2 activation, (C) traditional activation
of MOF crystals, (D) adsorption of gas molecules after traditional activation,
and (E) resolvation.
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