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While the naming of the field of metal—organic frameworks
(MOFs) alludes to the pivotal role played by organic chemistry in
its study, there is a noticeable want of participation by organic
chemists in the area of MOF-based materials. This has translated
to a comparative neglect of two of the most powerful attributes of
MOFs: their chemical versatility and their tailorability. Barring a
few exceptions,’ major MOF applications such as gas storage and
separation have employed organic struts primarily as structural
elements, holding the metal nodes apart to create pores of specific
dimensions.? Although the incorporation of chiral ligands and the
heterogenization of catalysts into MOFs are major steps toward
giving the organic components more functional roles,> the true
potential of the organic constituents had not been widely appreciated
until recent developments in the area of post-synthesis modification
(PSM) of MOFs.*~¢ Organic linkers have been chemically reduced
to enhance the interactions of MOFs with H,,” modified to integrate
transition metal-based catalysts into MOFs® and to alter MOFs’
macroscopic properties,’ and elaborated to incorporate moieties that
are inaccessible through traditional synthesis.4 However, while
MOFs can be synthetically modified in the same ways as small
molecules, they are still microporous solids, with all the inherent
properties of such materials. In this report, we take advantage of
both the molecular and “macromolecular” aspects of MOFs to
functionalize the interior and exterior surfaces of MOF crystals
selectively and independently with different organic molecules.

Recently, Sharpless’ “click” chemistry'® has been suggested as
an attractive vehicle for engendering chemical diversity in MOFs.
Devic et al.'! employed the click reaction pre-MOF synthesis to
produce a novel flexible ligand, while we® and others'? have
performed this cycloaddition on previously assembled frameworks.
Goto et al.'? synthesized an azide-containing MOF material that
may be modified directly, whereas we” constructed a permanently
microporous, protected acetylene-bearing framework which requires
deprotection of the acetylene ligands prior to undergoing the Cu'-
catalyzed cycloaddition (Figure 1A). This deprotection may be
viewed as an activation step for the subsequent click reaction, and
can be performed selectively to provide additional control over the
manipulation of MOF properties. Previously, we were able to
“activate” the exterior of MOF crystals exclusively by taking
advantage of the prohibitively large size of the deprotecting agent.’
While this tactic was successful, it can only work with MOFs that
have relatively small pores and hence would be inapplicable to
frameworks with larger cavities intended for additional interior
functionalization. Accordingly, we sought a more general approach
to limiting access of the deprotecting agent to the exterior surfaces
of MOF crystals. One such strategy would involve undertaking the
deprotection in a medium that is immiscible with the pore solvent,
thus limiting the desilylation to the external surfaces of the MOF
crystals. After the subsequent click reaction, the interior surfaces
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could be deprotected completely and “decorated” with a different

azide (Figure 1B).
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Figure 1. (A) Schematic illustration of the deprotection and subsequent
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“clicking” of a MOF crystal (top), and of a single unit cell of this MOF (1)
undergoing the same reaction sequence (bottom). (B) Schematic representa-
tion of a strategy for functionalizing the internal and external surfaces of a
crystal of 1 independently with two different azides.

In designing an acetylene-bearing MOF material whose crystals
can be differentially functionalized on their internal and external
surfaces, we required that the framework cavities be large enough
to accommodate the click transition state made up by the alkyne,
the azide, and the catalyst. Additionally, we aimed to construct a
material that maintained its structural integrity after evacuation, as
there is no example of a demonstrably permanently microporous
MOF whose internal surfaces can be functionalized using click
chemistry. Recently, we have had excellent success in assembling
non-catenated, pillared, paddle-wheel MOF materials'® by using
1,2,4,5-tetrakis(4-carboxyphenyl)benzene (TCPB)'* as the car-
boxylate strut (Figure 1). Thus, we combined the trimethylsilane-
protected ligand L1 with the octa-oxygenated TCPB and Zn*"
acidic DMF at 80 °C to obtain large block-like crystals after 1 day.
Single-crystal X-ray diffraction analysis revealed a non-catenated,
pillared paddlewheel framework that we term TO-MOF (1)'°
(Figure 2).

Figure 2. (A) Single network unit of TO-MOF (1), formed between L1
and TCPB. (B) Crystal packing diagram of TO-MOF showing framework
pores down the c-axis.

We were pleased to find that 1 can be easily made in bulk
quantities (see Supporting Information (SI) and Figure 3A for
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powder X-ray diffraction (PXRD) data). Thermogravimetric analysis
(TGA, Figure 3B) and gas adsorption study (Figure 3C) of 1
indicate that it encloses large solvent-accessible volumes and is
permanently microporous. However, before the large cavities of 1
could undergo the click reaction, the material had to be desilylated
(to generate lgeprot). To this end, we used tetracthylammonium
fluoride (TEAF) as our fluoride source for the removal of the
trimethylsilyl (TMS) groups. Monitoring the infrared (IR) spectra
of 1 during this reaction, we found that the C=C stretch for 1 at
2155 cm™! eventually shifted to 2105 cm ™', indicating the complete
conversion of a disubstituted alkyne to one that is monosubstituted,
such as that in Lgeprot (Figure 3D). Additionally, the matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrum of a pyridine solution of a partially dissolved crystal of
1 (Figure 3E) exhibited a significant peak for L1geprot (deprotected
L1 (M + H]" = 207)); the peak for L1 ((M + H]* = 279) was
not apparent. Loss of the TMS group was corroborated by 'H NMR
data (Figure 3F), which showed the disappearance of the methyl
protons. Powder X-ray diffraction (PXRD) data for isolated 1geprot
verified that the material was still crystalline after deprotection
(Figure 2A), with many of the original peaks of 1 still present.
Retention of porosity in lgeprot Was confirmed by performing
thermogravimetric analysis (TGA, Figure 3B), as well as gas
adsorption measurements (see Figure 3D (CO,) and Figure S3 in
SI (N2).
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Figure 3. (A) PXRD data for 1 and 14epro. (B—F) Characterization data
for 1, Laeprot, and laick: (B) TGA, (C) CO, uptake (adsorption (closed) and
desorption (open), (D) IR, (E) MALDI-TOF, and (F) 'H NMR (D,SO,).

After successful deprotection of TO-MOF (1), we continued on
to click lgeprot With benzyl azide, which had been previously
generated in sifu using benzyl bromide and sodium azide. The click
reaction was monitored by IR spectroscopy, and the data showed
the expected disappearance of the monosubstituted C=C stretch at
2105 cm™! (Figure 3D). Analysis of a partially dissolved sample
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of the product 1giex by MALDI-TOF MS confirmed the forma-
tion of the benzyl-clicked ligand, L1g, (Figure 3E). This triazole
product of the cycloaddition of L1gepror and benzyl azide appeared
as the major species in the mass spectrum ([M + H]" = 340),
confirming the covalent attachment of benzyl azide to the depro-
tected MOF crystals. TGA (Figure 3B) and CO, adsorption data
(Figure 3C) of 1uik indicated that the material was still porous
with, as expected, reduced pore volume.'®

In Figure 1B, we outline a strategy for clicking on the external
surface of a MOF material an organic molecule that is different
from another clicked to the MOF interior. We opted to take
advantage of the poor solubility of KF in organic solvents to carry
out the proposed selective deprotection: when the MOF channels
are filled with chloroform, an aqueous solution of KF will not enter
the pores, and KF will not partition into the organic solvent. As-
synthesized TO-MOF (1) was first solvent-exchanged with chlo-
roform and then agitated in an aqueous solution of KF, to afford
the surface-deprotected 1. MALDI-TOF MS analysis was per-
formed on pyridine solutions of partially dissolved samples of 1°,
with the spectrum showing peaks corresponding to the deprotected
ligand L1geprot and its various adducts (Figure 4A: [M + H]" =
207; [M + 2H + F]* = 227; [M + H + K + F]* = 265). The
corresponding '"H NMR spectrum of D,SOy-dissolved 1’ (Figure
4B) indicated a negligible amount of ligand deprotection, a result
that was corroborated by solid-state IR spectroscopy (Figure 4C).
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Figure 4. (A) MALDI-TOF mass spectra for 1’, 1¥, 1#geprot, and 1#gjex.
(B) Solution "H NMR spectra for partially dissolved 1, 1" and 1*. (C) Solid-
state IR spectra for 17, 1%, 1*geprot, and 1*gie. (D) N, isotherms for 1 and
1%* (adsorption (closed) and desorption (open)).

With the aforementioned evidence for selective deprotection of
the external surfaces of crystals of 1’ in hand, we moved on to
click the dye ethidium bromide monoazide, E,,ige, to these depro-
tected surfaces. We chose E,iqe primarily for visualization, but also
because we have previously demonstrated its effectiveness in the
functionalization of MOF surfaces.” The surface-clicked MOF, 1%,
was characterized analytically to ensure covalent attachment of the
dye, and to verify that the majority of the material was still
protected. The MALDI-TOF mass spectrum of a pyridine solution
of a partially dissolved sample of 1* (Figure 4A) confirmed the
presence of the triazole product of the click reaction, L1gg, ([M —
Br]" = 546 and [M — Br — CH,CH; + H]" = 518). At the same
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time, solid-state IR (Figure 4C) and D,SO4-dissolved solution 'H
NMR (Figure 4B) spectra of 1* indicated that most of the interior
dipyridyl struts remain protected during the surface-click reaction,
as expected.

With the composition of 1* established, we were pleased to find
that both PXRD and N, adsorption analyses of 1* indicated that it
is not significantly different from 1 in terms of internal structure:
The positions of PXRD peaks are in agreement (Figure S2 in SI),
and BET surface areas from N, adsorption isotherms match within
10% (680 m*/g for 1 and 620 m%g for 1*, Figure S4 in SI).

In our hands, long-term deprotection of silylated MOFs using
various fluoride sources can cause slight dissolution of the crystals.
Given the possibility of the near-surface dye leaching due to this
dissolution, we carried out the internal deprotection of 1* using a
more dilute solution of TEAF in THF (0.001 M for 1* vs 0.01 M
for 1). If successful, this would afford 1¥geprer, @ surface-clicked
and interior-deprotected version of TO-MOF. Monitoring the
deprotection by solid-state IR spectroscopy indicated the complete
conversion of disubstituted triple bonds to terminal alkynes (Figure
4C). Additionally, the MALDI-TOF mass spectrum of a sample of
1*4eprot partially dissolved in pyridine (Figure 4A) still had peaks
corresponding to the surface-clicked L1gyy, triazole product ([M —
Br]" = 546 and [M — Br — CH,CH; + H]" = 518).

To functionalize the interior of 1¥geprot, We again utilized benzyl
azide, hoping to achieve the differentially functionalized MOF,
1* gie. After treating 1%gepro¢ With benzyl azide under click condi-
tions for 72 h, the MALDI-TOF mass spectrum of the partially
dissolved product showed triazole products from Llgepror reacting
with both benzyl azide and E,,iq4e, and only a negligible amount of
Llgeprot (Figure 4A). The MALDI-TOF spectra of successive
pyridine dissolutions of this 1%; material confirm its “core-shell”
composition: peaks corresponding to L1gg, (shell-clicked region)
gradually diminish in intensity compared to the peak for L1g, (core-
clicked region) and eventually become unobservable. The solid-
state IR spectrum of the crude MOF product indicates that no
unreacted alkyne remains (Figure 4C).

By exploiting both the solid-state properties and the synthetic
tunability of metal-organic framework materials, we have produced
a highly tailored, microporous, crystalline MOF material. While
the organic moieties used to functionalize TO-MOF in “core-shell”
fashion were chosen only to demonstrate the feasibility, the results
open up a host of possibilities accessible through this methodology.
For example, one could imagine synthesizing a variety of drugs
that are linked to an azide via an acid-labile linker, and then clicking
them to the inside of MOF crystallites whose surfaces have been
decorated with targeting groups.'” However this strategy may be
employed in the future, the work reported herein clearly demon-
strates the advantage of bringing synthetic organic tools and
strategies to bear when developing new MOF materials.
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