
Thermolabile Cross-Linkers for Templating Precise Multicomponent
Metal−Organic Framework Pores
Jackson Geary, Andy H. Wong, and Dianne J. Xiao*

Cite This: J. Am. Chem. Soc. 2021, 143, 10317−10323 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: While a number of approaches toward multicomponent
metal−organic frameworks have been reported, new strategies
affording greater structural versatility and molecular precision are
needed to replicate the sophisticated active sites found in enzymes.
Here, we outline a general method for templating functional groups
within framework pores using thermolabile ligand cross-linkers. We
show that tertiary ester-based cross-linkers can be used to install well-
defined carboxylic acid pairs at precise relative distances and
orientations. The tertiary ester linkages remain intact during
framework formation but are readily cleaved to reveal free carboxylic
acids upon microwave heating. Successful cross-linker synthesis,
framework incorporation, and thermolysis is demonstrated using the
mesoporous, terphenyl expanded analogues of MOF-74. When short cross-linkers are used, modeling studies show that the
carboxylic acids are installed in a single configuration down the pore channels, spaced ∼7 Å apart. These precisely positioned acid
pairs can be used as synthetic handles to build up more complex cooperative active sites.

■ INTRODUCTION
In enzymes, multiple primary and secondary coordination
sphere elements work in concert to lower activation barriers
and promote catalysis.1−7 By controlling the spatial arrange-
ment of amino acids and their corresponding side chains,
enzymes can direct the self-assembly of complex metal
cofactors,8,9 promote a single reaction outcome over many
competing pathways,2,7 and enhance reaction rates by up to
1019-fold.2,10

Crystalline porous materials such as metal−organic frame-
works (MOFs) provide an exciting opportunity to explore
these bioinspired design principles in the solid state.11 In
theory, many different functional groups, comparable to that of
enzymes, can be simultaneously incorporated within MOF
pores. In practice, however, current methods still lack the
structural versatility and molecular precision needed to
replicate biological active sites. Two common strategies toward
mixed-ligand MOFs are briefly summarized below. The first is
the multivariate approach, where two or more geometrically
similar ligands are directly combined to form mixed-ligand
frameworks.12 Multivariate frameworks are distinguished by
high chemical and structural diversity but low precision, as the
location of functional groups is largely random.13 On the other
end of the spectrum, frameworks composed of two or more
geometrically distinct ligands can be used to generate precise
pores where functional group positions are crystallographically
resolvable. Although creative one-pot14−17 and sequential
ligand installation strategies18−21 have greatly expanded the
scope of frameworks amenable to this strategy, this method is

inherently limited to a small subset of MOF structures and
ligand geometries.
A less explored but potentially more versatile route toward

multicomponent metal−organic frameworks relies on molec-
ular templating, also known as molecular imprinting (Figure
1a). This approach has a rich history in polymer and silica-
based materials.22−24 Small molecules that interact strongly
with polymer or silica precursors template the formation of
pores with highly complementary surface chemistry, size, and
shape. The small molecule templates feature reversible
covalent or noncovalent linkages that enable postsynthetic
removal. Extending such strategies from amorphous polymer
or silica hosts to a crystalline porous framework could be an
exceptionally powerful means of generating sophisticated,
bioinspired active sites.
The first demonstration of molecular imprinting in MOFs,

specifically ZIF-8, was recently reported by Zhou and co-
workers.25 Pairs of imidazole ligands were tethered by imine-
based cross-linkers that, upon hydrolysis, revealed templated
aldehyde groups. Because the imines readily decomposed
during MOF synthesis, the cross-linked ligands could only be
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installed via mild postsynthetic ligand exchange methods. This
may limit the scope of imine-based cross-linkers, as not all
frameworks undergo facile ligand exchange. Furthermore, from
a catalysis viewpoint, the small pore apertures (∼3.4 Å) of ZIF-
8 greatly restrict the types of active sites and substrates that can
be further investigated.26

To address these concerns, we sought to design a more
chemically stable cross-linker that not only tolerates standard
MOF synthesis conditions but also could be adapted to
mesoporous (2−50 nm) frameworks. Here, we report the
construction of thermolabile, tertiary ester-based cross-linkers
that template synthetically versatile carboxylic acid pairs. The
ester linkages remain intact during framework formation but
are readily thermolyzed into carboxylic acids upon microwave
heating. Successful cross-linker synthesis, framework incorpo-
ration, and thermolysis are demonstrated using the meso-
porous, terphenyl expanded analogues of MOF-74.27,28 When
short pentyl cross-linkers are used, modeling studies suggest
that the acid pairs are installed in a single configuration down
the pore channels, spaced ∼7 Å apart.

■ RESULTS AND DISCUSSION

Framework Selection and General Templating Strat-
egy. At the outset, an important goal of this work was to
extend molecular templating strategies to a mesoporous
metal−organic framework, as large pores will be critical for
future reactivity studies and catalyst development. Therefore,
we selected the MOF-74 archetype (also known as M2dobdc)
for our initial studies,29 as expanded MOF-74 structures with
pore diameters approaching 100 Å have been reported.27 We
have focused on the magnesium-based, terphenyl expanded
analogue Mg2dotpdc (dotpdc4− = 4,4″-dioxido-[1,1′:4′,1″-
terphenyl]-3,3″-dicarboxylate), which is highly amenable to
ligand functionalization and postsynthetic chemistry.28,30,31

The structure of Mg2dotpdc, modeled in Materials Studio, is
illustrated in Figure 1b. Extended, terphenylene-based organic
ligands bridge rodlike metal oxide chains to form one-
dimensional, hexagonal pores with a diameter of ∼27 Å.

Four distinct interligand distances are highlighted in Figure 1b:
the distance across the hexagonal channel (27 Å), between
adjacent hexagonal edges (13 Å) and next-nearest neighbor
edges (22 Å), and finally down the pore channels (7 Å). We
hypothesized that, by controlling the length and geometry of
our ligand cross-linker, we should be able to force functional
group pairs to adopt one out of these four relative orientations.
A short cross-linker of <10 Å, for example, should tether
functional groups pairwise down the pore channels (Figure
1a). Postsynthetic cross-linker cleavage would reveal two
functional groups spaced just ∼7 Å apart. This strategy would
be especially powerful at low functional group concentrations,
where all existing methods, such as the standard multivariate
approach, would lead to randomly diluted spatial distributions.

Cross-Linker Design. Pioneering studies by the Cohen
group have shown that MOFs can be synthesized from
chemically cross-linked ligand dimers,32 trimers,33 and even
polymers,34 provided that the length and geometry of the
covalent tethers are carefully selected. Although a number of
cross-linked and “polyMOF” frameworks have been reported
for the MOF-5 and UiO-66 families,32−38 similar studies have
not been performed for the MOF-74 structure type.
Furthermore, all previous cross-linkers have employed strong
amide or ether-based linkages. Cleavage and removal of these
cross-linkers has not been previously demonstrated.
In an effort to develop a cleavable cross-linker design viable

across a range of MOFs, we sought a structural motif that
possessed both high geometric tunability and controllable
chemical stability. To that end, ester-based cross-linkers were
selected (Figure 1c). Diesters are readily synthesized from
carboxylic acids and diols, a number of which are commercially
available. Furthermore, the chemical stability of esters is highly
dependent on its structure. Primary esters are typically
hydrolyzed under basic conditions, while tertiary esters are
acid labile and susceptible to thermolysis at elevated
temperatures.39−41 Postsynthetic thermolysis is particularly
attractive, given the relatively high thermal stabilities of many
metal−organic frameworks (Td ∼ 300 °C or above).42

Figure 1. (a) Overview of the templating strategy reported in this work, which relies on the use of cleavable covalent cross-linkers to template the
formation of well-defined functional group pairs. This work specifically focuses on the use of ester-based cross-linkers to template carboxylic acids.
(b) Structure of Mg2dotpdc, an expanded MOF-74 analogue, with four distinct interligand distances highlighted. (c) Structures and abbreviations
of ligands and cross-linked ligand dimers used in this work.
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The primary and tertiary ester-based cross-linked ligand
dimers outlined in Figure 1c were synthesized from 2,5-
dibromobenzoic acid and the corresponding aliphatic diol over
three steps in excellent overall yields (55−80%, see the
Supporting Information for synthetic details). For this study,
we specifically chose short cross-linkers that can span only the
smallest interligand distance (∼7 Å down the pore channels,
see Figure 1b). The resulting dimers are abbreviated H8-PE-
LN and H8-TE-LN, where PE and TE stand for primary and
tertiary ester, respectively, and N refers to the number of
methylene units in the alkyl chain (Figure 1c).
Synthesis of Cross-Linked Frameworks. With our

ligand dimers in hand, we first tested whether the primary
ester-based variants, H8-PE-LN (N = 4, 5, and 6), could be
successfully incorporated into Mg2dotpdc. These dimers were
relatively straightforward to synthesize, as all primary aliphatic
diols were commercially available. We have abbreviated all
cross-linked frameworks as Mg2dotpdc-(PE/TE)-LN-R%,
where R% indicates the percentage of cross-linked dotpdc4−

relative to the total amount of dotpdc4− in the framework.
All attempts to synthesize the expanded MOF-74 structure

with mixtures of H4dotpdc and H8-PE-L4 led to the formation
of undesired phases or poorly crystalline material (Figure S1).
From these results, we concluded that a butyl chain is too short
to bridge the 7 Å distance between neighboring ligands down
the pore walls.
In contrast, when the pentyl cross-linker H8-PE-L5 was

combined with H4dotpdc and Mg(NO3)2·6H2O, a clean
powder X-ray diffraction (PXRD) pattern matching the parent
Mg2dotpdc framework was obtained. Rigorous washing of the
cross-linked materials followed by digestion and 1H NMR
analysis confirmed that the amount of cross-linked dotpdc4−

incorporated closely matches the amount predicted based on
the initial ratio of H4dotpdc to H8-PE-L5 (Table S1, Figures
S2−S6). Infrared spectroscopy of the ester cross-linked
frameworks revealed the growth of a new peak at 1695
cm−1, consistent with an ester carbonyl stretch (Figure S7).
Excellent phase purity is maintained, and no peak broadening
is observed even at 100% cross-linker incorporation (Figure 2
and Table S4), highlighting how well the length of the pentyl
unit matches the geometry of framework. Interestingly, the
longer cross-linker H8-PE-L6 was also readily accommodated
in the MOF-74 structure type (Figure S8). For simplicity, the
remainder of this study will focus on H8-PE-L5, as short cross-
linker lengths minimize the number of possible ligand
configurations within the framework.
The chemically cross-linked Mg2dotpdc frameworks are

permanently porous and display high Brunauer−Emmett−
Teller (BET) and Langmuir surface areas (Figure 2, Table 1).
For example, Mg2dotpdc-PE-L5-19% displays BET and
Langmuir surface areas of 2700 and 4920 m2/g, respectively.
These values are only slightly lower than those of the parent
Mg2dotpdc framework (Table 1), providing strong evidence
that the integrity of the framework is not compromised by
cross-linker incorporation and that no dangling or unincorpo-
rated ligands are trapped in the pores. Lower surface areas
were observed at higher cross-linker concentrations, consistent
with the additional mass and volume present inside the pore
channels.
After identifying the pentyl unit as the minimum cross-linker

length, we next investigated the structurally related tertiary
ester-based dimer, H8-TE-L5. Developing solvothermal con-
ditions compatible with tertiary esters proved more challeng-

ing. Under the standard MOF-74 synthesis conditions (120
°C, 16 h), roughly 20% of the H2-TE-L5 dimer decomposed to
form 2 equiv of monomeric ligand containing a free carboxylic
acid, H4dotpdc-COOH (Figure S9). Inadvertent cross-linker
cleavage is likely facilitated by the mild acidity of the initial
reaction mixture, the elevated temperature, and the prolonged
reaction time. Fortunately, shortening the synthesis to 3 h
eliminated any observable cross-linker decomposition.

Figure 2. Characterization of primary ester cross-linked Mg2dotpdc
frameworks: (a) PXRD patterns and (b) surface areas of Mg2dotpdc
(16 h) and Mg2dopdc-PE-L5-R% (R = 19−100%).

Table 1. BET and Langmuir Surface Areas of Mg2dotpdc,
Primary Ester Cross-Linked Mg2dotpdc-PE-L5-R%, and
Tertiary Ester Cross-Linked Mg2dotpdc-TE-L5-R%

sample SABET (m2/g) SALangmuir (m
2/g)

Mg2dotpdc (16 h)a 2700 5120
Mg2dotpdc (3 h)a 2700 4700
Mg2dotpdc-PE-L5-19%

a 2700 4920
Mg2dotpdc-PE-L5-40%

a 2740 4620
Mg2dotpdc-PE-L5-66%

a 2550 3970
Mg2dotpdc-PE-L5-85%

a 1630 2150
Mg2dotpdc-PE-L5-100%

a 1580 1950
Mg2dotpdc-TE-L5-23%

b 2290 3660
Mg2dotpdc-TE-L5-50%

b 2250 3300
aSamples were activated at 150 °C. bAll Mg2dotpdc-TE-L5-R%
samples were activated at RT.
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Although these short reaction times led to slightly broadened
diffraction peaks (Figure S10), similar surface areas were
obtained for the parent Mg2dotpdc framework synthesized at 3
and 16 h (Table 1).
Like their primary ester analogues, the cross-linked frame-

works Mg2dotpdc-TE-L5-R% (R = 23, 50%) display relatively
high BET surface areas of ∼2300 m2/g (Table 1). To avoid
any cross-linker thermolysis, sample activation was carried out
at room temperature. As these mild conditions are not
sufficient to remove solvent bound to the Mg2+ sites present in
the framework, lower surface areas relative to the primary ester
analogues were observed. With a 3 h reaction time, slightly
greater amounts of cross-linked dotpdc4− are incorporated
than expected (e.g., 18% predicted vs 23% observed, see Table
S1 and Figures S11−S12), perhaps indicating a small kinetic
preference for the cross-linked ligands owing to its templated
geometry and higher number of coordination sites.
Modeling Studies. Based on simple geometric consid-

erations, the pentyl cross-linker can adopt one of two
configurations within the framework, which we have illustrated
in Figure 3. In both structures, labeled “symmetric” and

“offset,” the cross-linker bridges adjacent ligands down the
pore channels. However, they differ in the way the esters are
attached to the central phenyl rings. To probe which
orientation of the ligand dimer TE-L58− is energetically
preferred, we first optimized the extended structure of
Mg2dotpdc using the Forcite module in Materials Studio.
This structure was then truncated to two neighboring ligands
and partially frozen such that only the central phenyl rings
could freely move, mimicking the geometric restrictions of the
MOF lattice. A bridging cross-linker was added, and the
geometries of the cross-linker and central phenyl ring were
optimized using density functional calculations at the B3LYP/
6-311+G(d,p)//B3LYP/6-31+G(d) level of theory. These
calculations suggest a strong energetic preference for the

symmetric configuration by over 11 kcal/mol (Table S5). As
1.36 kcal/mol corresponds to a 10-fold shift in equilibrium
constant, we hypothesize that this configuration is the
predominant structure found in the framework.

Cross-Linker Thermolysis. With the successful incorpo-
ration of cross-linked ligand dimers firmly established, we
finally turned to the last step in our overall templating scheme:
postsynthetic cross-linker cleavage. Tertiary esters are known
to decompose at elevated temperatures into free carboxylic
acids and the corresponding alkenes (Figure 4a).39−41 While

Figure 3. Modeling studies. Truncated structures show the two
distinct configurations the cross-linker can adopt down the pore
channels, labeled as (a) “symmetric” and (b) “offset.” DFT
calculations show that the symmetric configuration is more stable
by 11.2 kcal/mol.

Figure 4. Characterization of tertiary ester cross-linked Mg2dotpdc
frameworks before and after thermolysis. (a) General thermolysis
reaction scheme. (b) PXRD patterns and (c) surface areas of
Mg2dotpdc (3 h), cross-linked Mg2dotpdc-TE-L5-R%, and thermo-
lyzed Mg2dotpdc-(t)-COOH-R% (R = 23−50%).
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this specific reaction has never been demonstrated in a MOF,
the analogous thermolysis of tertiary carbamates is well-
established,43,44 and we anticipated that similar conditions
could be used.
We adapted a procedure previously reported by Yaghi and

co-workers to cleave tert-butyl carbamates into free amines,
which employed microwave heating at 230 °C for 10 min in a
solvent mixture of 2-ethyl-1hexanol, ethylene glycol, and
water.45 We reduced the heating time and eliminated water
out of an abundance of caution for the hydrolytic stability of
the framework. Excitingly, using this modified procedure, we
obtained nearly quantitative conversion (98−99%) of
Mg2dotpdc-TE-L5-R% to Mg2dotpdc-(t)-COOH-R% (Figures
S13 and S14). Note that the (t) denotes the templated,
pairwise nature of the carboxylic acids. Importantly, the
amount of H4dotpdc-COOH observed by 1H NMR following
rigorous DMF washes and digestion closely matches the
amount of cross-linked dotpdc4− present before thermolysis.
This clearly demonstrates that the cross-linked ligand dimers
were fully incorporated in the framework. Any dangling ligands
would have been washed away after cross-linker cleavage,
leading to lower-than-expected amounts of H4dotpdc-COOH.
While the PXRD pattern reveals no loss in crystallinity post-

thermolysis (Figure 4b), Mg2dotpdc-(t)-COOH-49% does not
display the expected increase in surface area (Figure 4c, Table
S2). Given the known sensitivity of Mg2dotpdc toward acidic
conditions,46 we hypothesized that the framework may be
incompatible with such a high density of free carboxylic acid
sites and that higher surface areas may be observed at a lower
functional group concentrations. Indeed, at lower concen-
trations of templated carboxylic acid (<25%), the thermolyzed
framework appears pristine by both PXRD and gas sorption
studies (Figure 4). After thermolysis, dramatic increases in
both the BET and Langmuir surface areas are observed for
Mg2dotpdc-(t)-COOH-23%, from 2290 to 2510 m2/g and
3660 to 4480 m2/g, respectively (Figure 4c). Infrared
spectroscopy shows a shift in the νCO of the ester linkage
from 1705 to 1675 cm−1, consistent with the conversion of the
ester to a free carboxylic acid (Figure S20). To our knowledge,
this represents the first time that a thermolabile protecting
group has been used to install free carboxylic acids within
MOF pores. More broadly, this work illustrates how molecular
templating can serve as a new and complementary strategy for
manipulating the interior surface chemistry of metal−organic
frameworks.

■ CONCLUSION

We have shown that simple, thermolabile tertiary ester-based
cross-linkers can be used to template carboxylic acid pairs
within metal−organic frameworks. A key advantage of this
strategy is how it couples structural versatility with molecular
precision. By changing the cross-linker length and geometry, as
well as the overall framework topology, it should be possible to
precisely fine-tune the ultimate orientation and position of free
carboxylic acids within the framework pores. Future studies
will investigate whether our templated carboxylic acid pairs can
mimic biological active sites, such as the diacid active site of
glycosidase47−49 or the site-isolated carboxylate-bridged diiron
sites found in many metalloproteins.50−52
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