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C O N S P E C T U S

The emergence of metal-organic frameworks (MOFs) as func-
tional ultrahigh surface area materials is one of the most excit-

ing recent developments in solid-state chemistry. Now constituting
thousands of distinct examples, MOFs are an intriguing class of
hybrid materials that exist as infinite crystalline lattices with inor-
ganic vertices and molecular-scale organic connectors. Useful prop-
erties such as large internal surface areas, ultralow densities, and
the availability of uniformly structured cavities and portals of
molecular dimensions characterize functional MOFs. Researchers
have effectively exploited these unusual properties in applica-
tions such as hydrogen and methane storage, chemical separa-
tions, and selective chemical catalysis.

In principle, one of the most attractive features of MOFs is the
simplicity of their synthesis. Typically they are obtained via one-
pot solvothermal preparations. However, with the simplicity come challenges. In particular, MOF materials, especially more
complex ones, can be difficult to obtain in pure form and with the optimal degree of catenation, the interpenetration or inter-
weaving of identical independent networks. Once these two issues are satisfied, the removal of the guest molecules (sol-
vent from synthesis) without damaging the structural integrity of the material is often an additional challenge.

In this Account, we review recent advances in the synthetic design, purification, and activation of metal-organic frame-
work materials. We describe the rational design of a series of organic struts to limit framework catenation and thereby pro-
duce large pores. In addition, we demonstrate the rapid separation of desired MOFs from crystalline and amorphous
contaminants cogenerated during synthesis based on their different densities. Finally, we discuss the mild and efficient acti-
vation of initially solvent-filled pores with supercritical carbon dioxide, yielding usable channels and high internal surface
areas.

We expect that the advances in the synthesis, separation, and activation of metal-organic frameworks could lead to
MOFs with new structures and functions, better and faster separation and purification of these materials, and processing
methods that avoid pore blockage and pore collapse.

Introduction
Metal-organic frameworks (MOFs) are an intrigu-

ing class of hybrid materials.1-3 They exist as infi-

nite crystalline lattices comprising inorganic

vertices (metal ions or clusters) and organic struts,

connected by coordination bonds of moderate

strength (see Figure 1).4 The most interesting ver-

sions of these materials display permanent nano-

scale porosity, a feature that can translate into

large internal surface areas, ultralow densities, and

the availability of uniformly structured cavities and

portals of molecular dimensions. Importantly, the

crystalline nature of MOF materials allows for

unambiguous structure determination by X-ray

methods. The resulting knowledge of atomic coor-

dinates makes possible the application of high-
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quality computational modeling of static and dynamic

interactions of MOFs with potential sorbents (i.e., predictive or

explanative modeling of atomic and molecular isotherms,

binding energies, and transport behavior).5,6 Some of these

properties are shared by other porous materials such as zeo-

lites; however, MOFs diverge from zeolites in important ways.

Perhaps the most significant difference lies in the element of

chemical tunability embedded in the organic components of

MOFs; zeolites simply lack organic components as a part of

their framework.

Among the many potential applications suggested by the

unusual properties of MOFs are gas storage,7,8 molecular

separations,9-13 chemical catalysis,14,15 chemical sensing,16

ion exchange,17 and drug delivery.18-20 Indeed, for each of

these, multiple proof-of-concept demonstrations have already

been reported. For many applications, optimal implementa-

tion requires: (a) large pore volumes, (b) phase purity, and (c)

retention of porosity upon removal of guest molecules. In

many cases, however, these requirements have proven diffi-

cult to fully satisfy, thereby preventing the full potential of par-

ticular materials from being realized. In our own work, we have

increasingly encountered problems along these lines, especially

when we have sought to prepare MOFs containing elongated

struts or more than one type of strut. As a consequence, we have

focused some of our effort on finding broadly applicable solu-

tions to these problems. Our strategies have centered on the fol-

lowing: (a) rational design of organic struts so as to limit

framework catenation and thereby produce large pores,21 (b)

rapid separation of desired MOFs from crystalline and amor-

phous contaminants cogenerated during synthesis,22 and (c) mild

and efficient activation of initially solvent-filled pores. Herein we

present an account of our efforts.23-25

Controlling Catenation in Metal-Organic
Frameworks via Rational Design of the
Organic Building Block
As suggested by Scheme 1, MOF structures can consist of

either isolated single networks (Scheme 1A) or multiple cate-

nated networks [i.e., two or more identical and independent

interwoven (Scheme 1B) or interpenetrated networks (Scheme

1C)]. Internetwork van der Waals interactions provide an ener-

getic incentive for catenation and porous networks may

behave as templates for growth of replica networks. Typically,

catenation becomes more common as struts are lengthened

and initially formed pores become larger. MOF chemists rou-

tinely encounter 2- and 3-fold catenation, and examples of

considerably higher degrees of catenation are known.26,27

Catenation can be used to practical advantage if one desires

a material with small pore size. Additionally, the interaction of

molecular sorbents with catenated structures can give rise to

interesting dynamical behavior.28,29 For example, guest-in-

duced displacement of networks with respect to each other

can result in hysteretic sorption, a potentially useful behavior

for gas storage or gas-mixture separation.30

Compared with catenated materials, corresponding non-

catenated materials offer larger pores, larger total pore vol-

umes, and lower densities. They also usually offer higher

gravimetric surface areas. These properties can be advanta-

geous for applications such as gas storage at high pressure or

chemical catalysis involving large substrates.

Ideally one would like to be able to control catenation so

as to optimize a given material for a specific application. Sev-

eral approaches have been explored. In their pioneeering

studies of highly symmetrical cubic MOFs, Yaghi and co-work-

ers were able to prepare several pairs of materials of identi-

FIGURE 1. General scheme of MOF synthesis.

SCHEME 1. (A) Cartoon Representations of the Noncatenated MOF,
(B) the 2-fold Catenated MOF, and (D) the 2D Sheet Formation by
the Tetraacid Ligand (red) Pillared by a Dipyridal Strut (blue) and (E,
F) Crystallographically Derived ab-Plane Looking down the c-
Channel Using L9 (E) and L10 (F)
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cal topology, differing with respect to catenation.31 Briefly,

syntheses run under concentrated conditions tended to yield

MOFs characterized by 2-fold catenation, while those run

under conditions of very low reactant concentration tended to

yield noncatenated structures. By introducing temperature as

an additional variable, Zawarotko, Eddaoudi, and co-workers

showed that the dilution approach could be extended to an

example involving paddlewheel coordination.32 The need (in

most instances) for high dilution to avoid catenation points to

a practical limitation of this approach. Only small amounts of

material can realistically be synthesized using this method.

Both Zhou and co-workers33 and Lin and co-workers34

showed that a molecular templating strategy, utilizing oxalic

acid, could be used to prevent catenation, although the gen-

erality of the approach remains to be tested. Shekhah and co-

workers35 showed that they could obtain a noncatenated MOF

by using “liquid-phase epitaxy” on an organic monolayer

coated surface and then employing a layer-by-layer growth

method. This well-designed work demonstrated that the pil-

lared paddlewheel compound, MOF-508, could be synthe-

sized in noncatenated form. In contrast, standard solvothermal

methods invariably generate two interwoven networks.36,37

However, liquid-phase epitaxy is only relevant for small-scale

MOF fabrication, thus limiting the use of this method to sur-

face-related applications. Thus, an alternative, versatile

method that can produce substantial quantities of both the cat-

enated and noncatenated versions under similar conditions

would be desirable.

We took a different approach to suppressing catenation,

focusing on design of the organic component of the MOF (Fig-

ure 2). We started by synthesizing a tetracarboxylic acid ligand

(1,2,4,5-tetrakis(4-carboxyphenyl)benzene, L9, Scheme 2).38 We

envisioned that L9 would favor the formation of comparatively

large cavities and that the ligand’s steric demands would inhibit

catenation. The combination of L9 and Zn(NO3)2 ·6H2O under

solvothermal conditions produced a noncatenated MOF (1) in

high yield. Compound 1 (Figure 3) has framework nodes con-

sisting of pairs of zinc ions coordinated by the carboxylates of L9
in paddlewheel fashion. The strut twists sufficiently to create a

true 3D framework, rather than a layered 2D framework. Impor-

FIGURE 2. Structures of various organic struts employed in the synthesis of MOFs presented in this Account: L1 ) meso-R,�-di(4-pyridyl)
glucol; L2 ) 3-[(trimethylsilyl)ethynyl]-4-[2-(4-pyridinyl)ethenyl]pyridine; L3 ) 4,4′-dipyridyl; L4 ) 4,4′-azo-dipyridine; L5 ) 1,2,4,5-tetrazine,
3,6-di-(4-pyridinyl); L6 ) N,N′-di-(4-pyridyl)-1,4,5,8-naphthalenetetracarboxydiimide; L7 )N,N′-di-(5-aminoquinoline)-1,4,5,8-naphthalenetetra-
carboxydiimide; L8 ) (5,15-dipyridyl-10,20-bis(pentafluorophenyl))porphyrin; L9 ) 1,2,4,5-tetrakis(4-carboxyphenyl)benzene; L10 ) 1,4-
dibromo-2,3,5,6-tetrakis(4-carboxyphenyl)benzene; L11 ) 4,4′,4′′-s-triazine-2,4,6-triyltribenzoate; L12 ) 2-aminoterephthalic acid; L13 ) 2,6-
naphthalenedicarboxylate; L14 ) 4,4′-biphenyldicarboxylic acid; L15 ) 2,2′-diaminobiphenyl-4,4′-dicarboxylic acid; L16 ) 1,4-di(4-carboxy-
phenyl)benzene; L17 ) N,N′-di-(3,5-dimethylcarboxyphenyl)-1,4,5,8-naphthalenetetracarboxydiimide.
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tantly, the axial sites of the Zn(II)2 units are ligated by solvent

molecules (omitted in 1 for clarity). (Ligated solvent molecules

partially occupy cavities, making catenation difficult. Addition-

ally, because they can be removed and replaced with functional

ligands, they provide a convenient means of postsynthetically tai-

loring cavities.38)

This finding lead us to employ L9 in the synthesis of pil-

lared paddlewheel MOFs; we37 and others39-41 have previ-

ously described pillared paddlewheel materials based upon

mixed-ligand Zn(II) coordination of linear dicarboxylates and

dipyridyls. These materials are nearly always catenated. Here,

we imagined the formation of a 2D sheet within the xy-plane

defined by L9, which could be pillared by a dipyridyl strut as

shown in Scheme 1D. We viewed the 2D sheets as scaffolds

for dipyridyl struts, where tailoring of the dipyridyl compo-

nent would enable the preparation of MOFs suitable for spe-

cific applications.

MOF materials that were made in this fashion produced

several examples of noncatenated as well as catenated struc-

tures. The noncatenated structures were made via solvother-

mal syntheses using Zn(NO3)2 · 6H2O and the following

combinations: L8 and L9,42 L2 and L9,43 and L1 and L9,44

yielding 4, 3, and 2, respectively. Compound 4 is a rare exam-

ple of a metalloporphyrin-containing MOF displaying compe-

tency for chemical catalysis. Compound 3 was used as a

proof-of-principle for selective postsynthesis bifunctional mod-

ification via “click” chemistry at the acetylene-containing strut,

L2. Compound 2 was successfully used to incorporate highly

coordinatively unsaturated metal ions that, in principle, could

be exploited for gas storage or catalysis.

In contrast, the linear dipyridyl ligand L6 produced a pil-

lared paddlewheel structure that is 2-fold catenated,30 where

the dipyridyl strut resides directly in the middle of the dia-

mond-shaped cavities formed by two of the L9 struts as

shown in Scheme 1E. The combined results were examined to

understand the design weakness that allows only partial,

rather than complete, control over catenation. We noticed that

in the cases where noncatenated MOFs formed, either a steri-

cally demanding (porphyrin-based (L8) or trimethylsilane-pro-

tected (L2)) or a hydrogen-bonding capable (diol-containing,

L1) dipyridyl ligand had been used. This led us to conclude

SCHEME 2. Synthesis of L9 and L10a

a Reagents and conditions: (i) H2O/HCl; (ii) H2O/HNO3; (iii) (a) Br2, (b) H2O/HCl; (iv) H2O/HNO3.

FIGURE 3. Structures of various MOFs employed in this Account.
For clarity, interwoven networks and coordinated solvents are
omitted. Structures 13, 14, and 19 are 2-fold interpenetrated, and
the second network is omitted for clarity.
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that the sterics of the dipyridyl moiety plays a significant role

in the control of catenation.

With the aim of suppressing catenation, L9 was redesigned

by introducing additional steric blockage in the xy-plane of the

resulting MOF material; see L10 and Scheme 2.21 We rea-

soned that the two large bromine atoms of L10 would sup-

press the formation of interpenetrated structures (Scheme 1F).

Subsequently, we constructed paddlewheel MOFs using L10

with the same dipyridyl moieties used to create paddlewheel

structures with L9. Altogether, four distinct dipyridyl struts

(L3-L6), sterically undemanding but varying in length, were

used. A comparison of eight materials, four with strut L9

(2-fold catenated; 5, 7, 10, and 12) and four with strut L10

(noncatenated; 6, 8, 9, and 11), supported the hypothesis that

catenation could be controlled via design of struts. Analysis

was done by obtaining a single-crystal X-ray structure of each

MOF. The purity of each bulk material was confirmed via pow-

der X-ray diffraction (PXRD).

Thermogravimetric analyses (TGA) of 5-12 revealed ther-

mal stability up to ca. 400 °C. As expected, in TGA experi-

ments, the noncatenated compounds 6, 8, 9, and 11 showed

greater solvent loss than the 2-fold catenated compounds 5,

7, 10, and 12. The porosities of 5-12 were examined using

CO2 at 273 K; substantially greater surface area was seen for

each noncatenated material in comparison to its catenated

counterpart.

From these studies, we surmise that the careful design of

the organic components of MOFs is as important as the coor-

dination environment in controlling catenation. We are cur-

rently investigating other MOF systems to ascertain the extent

to which this approach can be generalized.

Density Separation of Different MOF
Phases
Metal-organic framework materials (MOFs) are inherently

insoluble. This renders impossible the purification of MOFs via

the methods usually employed by chemists (distillation, recrys-

tallization, chromatography, sublimation, etc.). Until recently,

obtaining pure materials was done by (a) systematically mod-

ifying the reaction conditions, which involves many variables

such as temperature, solvent composition, reactant concen-

trations, reaction time, and even reaction vessel size, or (b)

manual separation (hand picking) of the desired MOF, which

is limited to cases where crystals have different morphology,

size, or color. Both methods require time and patience and are

somewhat impractical on the large preparatory scale. There-

fore, we sought an alternative method for separating MOFs.

Our approach to rapid purification of MOF materials relies

upon differences in density between desired and undesired

products.22 In a solvent of appropriate density, one phase of

the MOF product mixture floats while the others sink. We

found this method to be both straightforward and broadly

applicable. In our initial studies, CH2BrCl was chosen as the

starting solvent due to its high density (1.99 g/cm3) relative to

most MOFs. The high solvent density causes all of the solid

material to float to the top of the separation apparatus. A sec-

ond miscible but lighter solvent is added until the appropri-

ate density is reached and the MOF mixture separates into

floating and sinking fractions. We found that the method

could be readily applied to three commonly encountered sce-

narios: (a) separation of a desired crystalline MOF from a mix-

ture containing a second compound comprising the same

organic-strut and metal-ion building blocks; (b) separation of

a mixed-ligand MOF from a second crystalline MOF contain-

ing only a single ligand; (c) separation of a noncatenated MOF

from an otherwise identical material consisting of catenated

networks.

In most cases, a single-crystal X-ray structure of the desired

MOF can be obtained even if the bulk material contains impu-

rities. From the single-crystal structure, the anticipated pow-

der X-ray diffraction (PXRD) pattern can be calculated. PXRD

measurements can then be used to determine which fraction

contains the desired MOF; they also can be used to gauge its

purity. One has to keep in mind that the density-separation

procedure should be done quickly, before significant solvent

exchange with the porous MOFs takes place. Once a solvent

of appropriate density is obtained, however, MOF separation

occurs very quickly, that is, a few tens of seconds or less.

Example 1: Separation of a Desired Crystalline MOF
from a Mixture Containing a Second Compound
Comprising the Same Organic-Strut Building Blocks,
Metal-Ion Building Blocks, or Both. The synthesis described

by Sun et al.45 of the 2-fold interpenetrated MOF

Cu3(L11)2(H2O)3 (13) was obtained by reacting Cu(NO)2 · 3H2O

with L11 in DMSO at 120 °C. While Sun and co-workers

obtained pure 13 (diamond-shaped teal crystals), in our hands

the method also sometimes produced a mixture of 13 and a

second phase consisting of crystalline green needles that ana-

lyzed as having twice the Cu content of 5. At this point, 20

nominally identical solvothermal synthesis reactions were run.

Three yielded the desired MOF in pure form, and five yielded

brown amorphous material. The remaining 12 produced a

combination of the two crystalline materials in a range of

ratios, most of which had the desired product as the minor

component (e.g., 15%). The impure compound was purified

Metal-Organic Framework Materials Farha and Hupp
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by brief sonication, followed by filtration and thorough wash-

ing with DMSO. After that, the solid was placed in a separation

funnel, followed by addition of 1:5 (v/v) DMSO/CH2BrCl. Within

seconds of the addition, the teal crystals floated to the liquid sur-

face and the green needles sank (Figure 4A). The needles were

removed, and the procedure was repeated to ensure the purity

of the desired top layer. The purified teal crystals were then col-

lected. A single-crystal X-ray structure, as well as the PXRD pat-

tern of the bulk sample (Figure 4A), confirmed that the desired

pure product (13) had been isolated. The solvent composition

required for the purification was initially ascertained by using

pure CH2BrCl and then adding DMSO until separation was

achieved. The density of the solvent should lie between those of

the materials to be separated. For verification, the densities of 13
and its impurity were determined via pycnometry and found to

be 1.28 and 1.94 g/cm3, respectively. The density of the sol-

vent mixture was 1.82 g/cm3.

Example 2: Separation of a mixed-ligand MOF from a
Second Crystalline MOF Containing Only a Single
Ligand. A doubly interwoven, pillared-paddlewheel MOF,

Zn2(L13)2(L7) (14, yellow crystals), was synthesized by react-

ing L13, L7, and Zn(NO3)2 · 6H2O in diethylformamide (DEF).22

The crude product, however, was contaminated with a white

crystalline material. MOF 14 was purified similarly to 13, but

with a solution of 2:5 (v/v) DMF/CH2BrCl. The desired mixed-

ligand compound floated while the contaminant sank. PXRD

plots for both fractions are shown in Figure 4B. 1H NMR of an

acid-dissolved sample of the contaminant established that it

contained L13 but not L7. PXRD data are consistent with for-

mation of an L13-based cubic MOF.

Example 3: Separation of a Noncatenated MOF from
an Otherwise Identical Material Consisting of Catenated
Networks. IRMOF-10 (15, a noncatenated material) was syn-

thesized utilizing L14, essentially as described by Yaghi et

al.,31 except that DMF replaced DEF as solvent. As is often the

case in MOF syntheses, this seemingly minor change had sig-

nificant consequences: 15 was contaminated with substan-

tial amounts of IRMOF-9 (the 2-fold interwoven analogue of

15). The mixture was separated using a 4:5:26 (v/v/v) solu-

tion of CH2Cl2/CHCl3/CH2BrCl. In this solvent, IRMOF-10

floated, while IRMOF-9 sank (Figure 4C). The PXRD of 15
matched that described by Yaghi and co-workers. To corrob-

orate these results, pure samples of IRMOF-10 and IRMOF-9

were synthesized and then mixed and purified by density

separation.

Supercritical Processing of Metal-Organic
Framework Materials
MOFs are attractive due to many properties, especially per-

manent microporosity and large internal surface areas. For

most applications, it is necessary to remove guest solvent mol-

ecules from the pores of the MOF without the loss of poros-

ity, a process termed “activation”. Incomplete or failed

activations are typically evidenced by discrepancies between

the surface areas that are obtained experimentally after

attempted activation and those estimated from computational

studies based on single-crystal X-ray structures. Channel col-

lapse upon solvent removal or channel blockage due to par-

tial solvent retention have been invoked to explain these

discrepancies. MOFs containing large pores (mesopores) have

been found particularly susceptible to incomplete activation.

Traditional activation entails methods for heating the MOF

material under vacuum. Unfortunately, in many instances this

leads to partial or even full loss of porosity. Yaghi and co-

workers were the first to address this problem.31 They showed

FIGURE 4. PXRD patterns and photos of a vials after separation
was achieved for each example: (A) example 1sstructure 13
simulation (bottom), 13 after separation (middle), and green needle
impurities (top); (B) example 2sstructure 14 simulation (bottom), 14
after purification (middle), and white impurities (top); (C) example
3s15a simulation (bottom), 15a after purification (middle), and 15
(top). The peak intensity of the peak marked by / is reduced by
80% in order to elucidate the rest of the spectrum.
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that by exchanging the MOF-incorporated solvent remaining

from synthesis for a lower boiling point solvent and then

removing the solvent under relatively mild conditions, MOF

porosity could often be retained. Nevertheless, in some cases

the solvent exchange strategy fails to yield the expected MOF

internal surface area. Recently, Ma and co-workers46 showed

that a high internal surface area could be obtained for a rep-

resentative mesoporous MOF by (a) exchanging the high-boil-

ing-point solvent incorporated in the MOF during the synthesis

with benzene and (b) removing the benzene by freeze-dry-

ing. The degree of generality of this approach is unknown.

We have reported on an alternative activation protocol

entailing processing of solvent-containing MOF materials with

liquid and supercritical carbon dioxide (SCD).23 This method

has been previously used for aerogel fabrication,47,48 where

the elimination of surface tension, and therefore capillary

forces, prevents the pore collapse that would otherwise occur

upon removal of the solvent. In this Account, the four exam-

ples presented were chosen due to their instability under most

activation conditions.

In all four cases, the MOFs comprise dicarboxylated organic

ligands and Zn(II)-containing clusters as nodes. As shown in

Figure 5, the SCD approach is capable of very substantially

enhancing access to a MOF’s internal surface area relative to

the following methods: (a) thermally assisted evacuation of the

solvent used for synthesis (DMF or DEF) (“conventional activa-

tion”) and (b) liquid solvent exchange (e.g., DMFS CHCl3; DEF

S THF) followed by pore evacuation at moderate tempera-

tures (DMF ) dimethylformamide; DEF ) diethylformamide;

THF ) tetrahydrofuran).

SCD processing was done with a Tousimis Samdri PVT-30

critical point dryer. The relatively low cost of the dryer (cur-

rent cost is about $6000) makes this method rather practical.

Prior to drying, DMF or DEF solvated MOF samples were

soaked in absolute ethanol (EtOH, miscible with CO2 and com-

patible with our instrument), replacing the soaking solution

every 24 h for 3 days. After soaking, the ethanol-containing

samples were placed inside the dryer, and the ethanol was

exchanged with CO2(l) over a period of 8 h. During this time

the liquid CO2 was vented under positive pressure for 5 min

every 2 h. The rate of venting of CO2(l) was always kept below

the rate of filling so as to maintain a full drying chamber. Fol-

lowing venting, the chamber was sealed and the tempera-

ture was raised to 40 °C (i.e., above the critical temperature for

carbon dioxide) at which time the chamber was slowly vented

over the course of 15 h.

Example 1: IRMOF-3, 16. IRMOF-3 (16),31 a noncat-

enated cubic MOF, was constructed from L12 and

Zn(NO3)2 · 4H2O in DMF. This material has attracted signifi-

cant attention because of its susceptibility to postsynthesis

covalent modification49 via the available amine group. This

material was activated employing conventional activation, sol-

vent exchange (DMF S CHCl3), and SCD to yield a negligible

surface area, 1800 m2/g, and 2850 m2/g, respectively (see

Figure 5A.)

FIGURE 5. N2 isotherms (77 K) of (A) 16 following SCD activation
(top), exchange with CHCl3 followed by evacuation at 25 °C
(middle), or conventional activation at 100 °C (bottom), (B) 18
following scd activation (top) or exchange with CHCl3 followed by
activation at 25 °C (bottom), (C) 17 following SCD activation (top),
exchange with CHCl3 followed by evacuation at 25 °C (middle), or
exchange with benzene followed by freeze-dry (bottom), and (D) 19
following ScD activation (top), exchange with THF and evacuation
at 25 °C (middle), or conventional activation at 110 °C (bottom).
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Example 2: IRMOF-16, 18. IRMOF-16 (18)31 was synthe-

sized from L16, and Zn(NO3)2 ·6H2O in DMF. This material was

very hard to handle (moisture sensitive), and to the best of our

knowledge, its surface area had not been previously reported.

This material showed no porosity when conventional activa-

tion was used. Activation of 18 via solvent exchange yielded

a N2-accessible surface area of 470 m2/g. The surface area

was quadrupled via SCD activation (1910 m2/g; see Figure

5B.)

Example 3: IRMOF-10-NH2, 17. IRMOF-10-NH2 (17) was

synthesized from L15 and Zn(NO3)2 · 6H2O in DMF. This

material has been used to study the effect of amines on CO2

adsorption. As illustrated in Figure 5C, activation via SCD

yielded a surface area of 1525 m2/g, while chloroform

exchange yielded 500 m2/g.

Example 4: 19.23 A solvothermal synthesis from a DEF

solution of Zn(NO3)2 · 6H2O and L17 yielded 19. Compound

19 consists of Zn4O clusters coordinated by carboxylates in

both mono- and bidentate fashion. One water and two DEF

molecules also coordinate each node. The coordinated sol-

vents are omitted in Figure 3 for clarity. N2 adsorption stud-

ies (77 K) indicated negligible accessible surface area

following conventional thermal activation, while solvent

exchange with 19 (THF) yielded a modest Brunauer-Emmet-
Teller (BET) surface area of 135 m2/g. As shown in Figure 5D,

the results from SCD activation are striking in comparison,

yielding a BET of 400 m2/g.

From these results, we proposed that the key feature of

SCD activation is the elimination of solvent (CO2) surface ten-

sion at temperatures and pressures above the critical point. In

addition to (a) preventing collapse of micro- or mesopores and

(b) removing channel-blocking solvent molecules, SCD activa-

tion appears also to work by preventing undesirable MOF par-

ticle agglomeration. Evidence for a role for agglomeration

came from (a) the persistence of crystallinity for some MOFs

after conventional solvent-exchange and removal, coupled

with (b) the inability of these MOFs to adsorb N2. These obser-

vations imply that for some nitrogen-impermeable MOFs,

micropores still exist but are largely inaccessible. We have

hypothesized that misalignment of micropores at particle/par-

ticle boundaries then inhibits access by gas molecules to inter-

nal (microporous) surfaces. When re-exposed to liquid solvent,

the particles are separated and readily take up solvent mole-

cules (much larger than N2), as evidenced by subsequent TGA

measurements. Thus, the success of SCD activation derives, in

part, from its ability to prevent particles from initially

agglomerating.

Since our SCD work was published, a report by Tsao and

co-workers has appeared.50 They showed via synchrotron

measurements (small-angle X-ray scattering measurements)

that MOF particle agglomeration, accompanying conventional

activation, leads to elimination of interparticle mesopores,

implying external blockage of micropores. Indeed, they con-

clude that reversible mesopore collapse and accompanying

micropore blockage accounts, in part, for lower-than-expected

N2-accessible surface areas in conventionally activated

materials.

Concluding Remarks and Prospects
In this Account, we have described our recent work on the

rational design of porous MOFs and on the development of

efficient methods to purify and activate these materials. We

hope that these methods will help advance MOF materials

chemistry as follows: (i) Rapid separation of mixtures of MOFs

will facilitate MOF discovery and scale-up chemistry. (ii) SCD

processing will prevent pore collapse and blockage in deli-

cate MOFs, thereby enabling internal surfaces to be accessed.

We anticipate that activation by SCD processing will prove

especially useful for MOFs featuring mesopores or compara-

tively large micropores. (iii) By employment of struts designed

to preclude catenation (framework/framework interpenetra-

tion), the creation of desired new MOFs featuring unusually

large pores and displaying specific functional behavior should

prove reasonably straightforward.
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