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Versatile functionalization of the NU-1000
platform by solvent-assisted ligand incorporation†

Pravas Deria,‡a Wojciech Bury,‡ab Joseph T. Hupp*a and Omar K. Farha*a

Solvent-assisted ligand incorporation (SALI) was utilized to efficiently

insert various carboxylate-derived functionalities into the Zr-based

metal–organic framework NU-1000 as charge compensating moieties

strongly bound to the Zr6 nodes. SALI-derived functionalities are

accessible for further chemical reactions such as click chemistry,

imine condensation and pyridine quaternization.

Metal–organic frameworks (MOFs) represent a class of solid-state
hybrid compounds consisting of multitopic organic struts and
metal-based nodes which are interconnected by coordination
bonds.1 Crystalline and often highly porous, their chemical
diversity and typically high surface areas2 have been rendered
attractive for a broad range of potential applications including
gas storage and separation,3 catalysis,4 sensing,5 and light
harvesting.6 Exploration of these applications can be facilitated
by introducing new chemical entities into the MOF framework;
however, de novo approaches to the incorporation of such entities
are often problematic due to the formation of undesirable structures
or side products during the MOF syntheses.7 These issues, however,
can be circumvented by turning to metal node functionalization
(involving saturation of open coordinative metal sites),8 and post-
synthesis covalent modification7,9 or replacement of the organic
linkers using solvent-assisted linker exchange (SALE).10

MOFs derived from oxophilic Zr6
IV nodes are promising candi-

dates for employment in a wide range of functional applications
due to their high thermal (up to 500 1C), chemical (pH 1–pH 11),11

and mechanical stability.11,12 Recently developed Zr-based meso-
porous MOFs13 are particularly attractive due to their large pores
and channels that are expected to facilitate incorporation of

new functionalities. For example, NU-1000 (molecular formula
Zr6(m3-OH)8(–OH)8(TBAPy)2; Fig. 1)13a contains [Zr6(m3-OH)8-
(–OH)8]8+ nodes (or possibly [Zr6(m3-O)8(–OH2)8]8+), where eight
of the twelve octahedral edges are coordinated to TBAPy linkers
(H4TBAPy is the 1,3,6,8-tetrakis( p-benzoic-acid)pyrene). The
eight terminal (i.e. non-bridging) –OH groups present opportu-
nities for channel chemical modification – for example, reactive
incorporation of metal ions via atomic layer deposition.13a

Another node-centered route for channel chemical modifica-
tion pathway is solvent-assisted ligand incorporation (SALI).14

Functionalization via SALI entails an acid–base reaction
between a carboxylic-acid-containing functional group (CFG)
and a pair of terminal hydroxide ligands of the Zr6 node,
resulting in a daughter material SALI-CFG, where the charge
compensating CFG ligands are strongly bound to the NU-1000
node. This approach can be contrasted to conventional metal
node functionalization wherein coordinatively unsaturated
metal sites bind new ligands via dative bonds.8a,b Our previous
work reported on the systematic functionalization of Zr6 nodes
with various fluoroalkanes.14 Here we explore the chemical
generality and group tolerance of the SALI approach using

Fig. 1 Molecular representations of NU-1000 (top); schematic representa-
tion of the SALI and secondary functionalization processes in the NU-1000
platform (bottom).
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NU-1000 as a modification platform. Additionally we show that
the large cavities and chemical robustness of the parent frame-
work permit newly installed functional groups to be further
chemically derivatized.

In our previous studies, we found that the as-synthesized
form of NU-1000, termed NU-1000/BA, contains residual benzoate
ligands at the node sites subsequently occupied by pairs of terminal
hydroxides; see Fig. 1.13a,14 Benzoate is present because benzoic acid
was used as a modulator in the synthesis of NU-1000. Scheme 1a
shows the range of carboxylates subsequently incorporated. For the
majority of these, SALI proved possible only after removal of
coordinated benzoate (by extended treatment of the as-synthesized
material with aq. HCl in DMF at ca. 80 1C). Fig. 2a provides 1H NMR
spectroscopic evidence of benzoate removal; Fig. 2b shows
that the removal is accompanied by a significant increase in
the N2-accessible pore volume (see below).

New carboxylate ligands were incorporated into activated
microcrystalline samples of NU-100013a,14 by exposing the samples
to solutions of 10 equiv. of CFG per Zr6-node in polar solvents such
as N, N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
acetonitrile (MeCN) or their mixtures at 60 1C for 24 h (see ESI†
for a detailed description). For CFGs featuring lower pKa values
than that of benzoic acid (e.g., compounds L1 or L6) direct reaction
of the ligand with NU-1000/BA was possible, with the substitution
of benzoate by the CFG conjugate base occurring quantitatively.
SALI reactions require a careful choice of a chemically compatible
solvent – specifically, one that provides CFG solubility and that
assists the acid–base chemistry involved in SALI reaction, including
removal of the H2O side product. It is worth noting that SALI was
unsuccessful in solvent mixtures containing water. In most cases,

DMF was successfully employed. For L1, L4 and L15, however, SALI
was unsuccessful in DMF, due to the formation and subsequent
reaction of dimethylamine. This problem was overcome by using a
1 : 3 v : v mixture of DMSO and CH3CN as solvent. For quantitative
SALI of L16, pure MeCN proved suitable. Following SALI, the newly
functionalized samples of NU-1000 were soaked in fresh solvent to
remove unreacted ligands. The samples were then thermally
activated (i.e. solvent was removed) under reduced pressure.

The extent of CFG incorporation was estimated by 1H NMR
spectroscopy after dissolving each SALI-treated compound in a
10% D2SO4–DMSO-d6 mixture (see Fig. 2a and ESI† Section S3).
The corresponding signals of the incorporated CFG (Scheme 1)
were integrated against that of the TBAPy ligand. Depending on
the identity of the CFG, between 2 and 4 CFGs were incorporated
per Zr6 node15 within NU-1000 (Table S1, ESI†).

It is useful to note that complete functionalization entails
incorporation of four carboxylate ligands per node, and results
in an idealized-UiO-66-like node coordination environment (see
ESI† Section S3).14 We have termed the functionalized materials
SALI-n (i.e. SALI-1 through SALI-28 where the CFG corresponding
to the number is given in Scheme 1). The maximum incorpora-
tion of each CFG ligand was established by placing the func-
tionalized SALI-n material into a fresh CFG solution for a
second cycle of the reaction.

Each of the functionalized materials was examined by powder
X-ray diffraction (PXRD) (Fig. 2c and ESI†). The PXRD patterns of all
SALI-n materials showed no sign of degradation of the parent
framework; slight differences in relative diffraction peak intensities
were observed, due to changes in the electron density introduced by
CFG ligands.14 Thermogravimetric analysis (TGA) showed that the
stability of the SALI-n materials depends on the identity of the
corresponding CFG ligand (Section S6, ESI†).

The porosity of each SALI-n material was evaluated by
recording 77 K N2 adsorption isotherms. In each case, there
was a reduction in gas uptake and the Brunauer–Emmet–Teller

Scheme 1 (a) Carboxylic functional groups (CFGs) incorporated through
SALI into NU-1000; (b) secondary functionalization reactions: (i) ‘‘click’’,
(ii) imine condensation and (iii) methylation, involving SALI derivatives
of NU-1000.

Fig. 2 (a) 1H NMR spectra (b) N2 adsorption isotherms, and (c) simulated
and experimental PXRD patterns of NU-1000 and the representative
material SALI-27.
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(BET) surface area (values ranged from 600–1700 m2 g�1) in
comparison to that of the parent material (Table S1, ESI†).
Slight shifts in the mesoporous step at approximately 0.22 P/P0

to lower pressures in the adsorption isotherms were seen,
indicating a decrease of the channel diameter upon CFG
incorporation (Table S1 and Section S6, ESI†).

Further evidence regarding the availability of secondary
functional groups in SALI-n is provided by diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) measurements.
In NU-1000, as described before,13a,14 a peak appears at 3674 cm�1

which has been assigned to the terminal –OH groups while a
shoulder at 3671 cm�1 is consistent with the bridging m3-OH
groups observed for UiO-66.16 For SALI-n, apart from the remaining
bridging –OH ligands observed at 3671 cm�1 (see figures in S3,
ESI†), signature peaks relevant to the secondary functional groups
can be clearly discerned: for example, ethyne stretching in SALI-25
appears at 2119 cm�1 and similarly characteristic peaks relevant to
the incoming functional groups in SALI-21, SALI-23 and SALI-24
can be discerned at 3485/3382, 1710, and 2123 cm�1, respectively
(see figures in S3, ESI†).

To demonstrate the chemical accessibility and utility of the
MOF-incorporated CFGs, various secondary functionalization
reactions were performed. Summarized in Scheme 1b (ESI†
Section S4) are three representative examples: an acetylide/
azide ‘‘click’’ reaction (SALI-25), imine formation (SALI-21),
and quaternization of the nitrogen base (SALI-27). These widely
used, high-yield secondary functionalization reactions were aimed
at: (a) incorporating new functionalities that are not compatible with
a free carboxylate moiety, (b) facilitating introduction of various
metal-Schiff base catalysts, and (c) demonstrating incorporation of
tethered ionic species potentially relevant to separations, catalysis
and/or sensing.

A copper(I) catalyzed ‘‘click’’ reaction of benzyl azide with
SALI-25 was carried out in the presence of sodium ascorbate in
DMSO with 62% yield after 2 h as determined by 1H NMR spectro-
scopy (ESI† Section S5A). DRIFTS data summarized in Fig. 3 high-
light the disappearance of the ethynyl stretching peak at 2119 cm�1

after the ‘‘click’’ reaction. While the PXRD pattern of the ‘‘click’’
product, SALI-29, indicates retention of the framework structure
(ESI† Section S4), an N2 isotherm reveals lower surface area and
pore volume upon such secondary functionalization (Fig. 3b).

Likewise, the azide moiety in SALI-24 was successfully ‘‘clicked’’
using phenylethyne (S5B, ESI†). Similarly, SALI-21 converted to the
imine derivative SALI-31 with a quantitative yield (Scheme 1b; S4C,
ESI†) as confirmed by 1H NMR and DRIFTS data. While a quanti-
tative quaternization reaction of the pyridine moiety in SALI-27 was
observed following methyl iodide (MeI) treatment, no methanol was
detected in the 1H and 13C NMR spectra, thus indicating that the
m3-OH functionality remains intact under these conditions.

In summary, we have shown that NU-1000 can be used as a
platform material in conjunction with the utility of SALI to
efficiently incorporate various carboxylic acid-based alkyl and
aromatic secondary functional groups. The wide range of CFGs
that can be incorporated via SALI points to a battery of potential
utilities in chemical separations, catalysis, and storage. Successful
secondary functionalization (e.g. click reactions and imine formation)
further enhances the scope of SALI methodology, and demonstrates
the required stability of materials synthesized by SALI for consecutive
chemical treatments.
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