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and amorphization of Zn-MOF-74
crystals by post-synthetic interactions with
bidentate adsorbates†

Jonathan B. Lefton,a Kyle B. Pekar,a Uroob Haris,a Mary E. Zick, b

Phillip J. Milner, b Alexander R. Lippert, a Ljupčo Pejovcd

and Tomče Runčevski *a

The controlled introduction of defects into MOFs is a powerful strategy to induce new physiochemical

properties and improve their performance for target applications. Herein, we present a new strategy for

defect formation and amorphization of canonical MOF-74 frameworks based on fine-tuning of

adsorbate–framework interactions in the metal congener, hence introducing structural defects.

Specifically, we demonstrate that controlled interactions between the MOF and bidentate ligands

adsorbed in the pores initiate defect formation and eventual amorphization of the crystal. These

structural features unlock properties that are otherwise absent in the ordered framework, such as broad-

band fluorescence. The ability to introduce defects by adsorbate–framework interactions, coupled with

the inherent tunability and modularity of these structures, provides a new route for the synthesis of

diverse heterogeneous and hybrid materials.
Introduction

Metal–organic frameworks (MOFs) are porous materials with
promising applications owing to their permanent porosity, high
surface area, and structural tunability. The directional and
dynamic nature of the interactions between the metal ions and
organic linkers enable the growth of crystalline structures with
pronounced structural order and periodicity.1 The crystal
structures of MOFs, like all solid materials,2 deviate from long-
order periodicity and contain defects, disruptions and irregu-
larities. The presence of defects and/or amorphous regions does
not necessarily have adverse effects on the properties of the
materials; in fact, the controlled introduction of defects
through “defect engineering” can increase performance and
introduce new properties.3 For example, defects in MOFs have
been shown to enhance gas adsorption,4a,b catalytic activity,4b–d

proton conductivity,4e and mechanical response.4f The extreme
case of defective MOFs is amorphous frameworks that exhibit
a complete absence of long-order periodicity.5 Amorphous
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MOFs have been successfully used for targeted drug delivery,6a

capture of harmful pollutants,6b functional glasses, and
composite materials.6c

The MOF-74 series of frameworks (Fig. 1a)7 is constructed
from the 2,5-dioxido-1,4-benzenedicarboxylate (dobdc4�) link-
er7a and various divalent metals (Mg2+, Mn2+, Fe2+, Co2+, Ni2+,
Cu2+, Zn2+ and Cd2+). Related linkers such as extended con-
geners,7b meta-substituted isomers,7c and variants with hetero-
atoms on the core7d,e or on the terminal groups,7f,g provideMOFs
with the same topology, establishing a large family of functional
frameworks. Furthermore, different combinations of linkers
and metals within the same structure enable the preparation of
multivariate MOF-74.8 Despite the widespread study of MOF-74
materials, reports of defective or amorphous analogues remain
relatively scarce.9,10 The propensity for defect formation is oen
related to the exibility of coordination solids,11 and the MOF-
74 structure exhibits a high degree of connectivity, coupled
with a low degree of exibility, that may hinder defect formation
and controlled amorphization. However, recent reports indicate
that adsorbate-induced, structural distortions are possible in
MOF-74.12 Here we explore the possibility of ne-tuning adsor-
bate–framework interactions to move beyond subtle distortion
and introduce structural defects in MOF-74 frameworks and,
eventually, amorphization of the crystals.

In the crystal structure of activated MOF-74 (Fig. 1a), there
are pairs of neighbouring open metal sites that can be bridged
by bidentate adsorbate molecules of tting size and shape
(Fig. 1b). If the length of the adsorbate is slightly shorter than
the optimal distance between two open metal sites, the
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) One pore of desolvated Zn2(dobdc). Schematic represen-
tation of the (b) connectivity in ordered Zn2(dobdc), showing the
optimal distance between the adsorption sites of two neighbouring Zn
cations, and (c) disruption of the local structure of the MOF upon
adsorption of the bidentate ligand.
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bidentate molecule is unable to simultaneously bind to both
cations and maintain a stable coordination environment.
Typically, such adsorbents would bind with one end on the
open metal site, and adopt a relative orientation pointing
towards the middle of the pore. We hypothesized that, if the
bidentate adsorbent has strong tendency to bind to the metal
cation (such as thiol-functionalized adsorbents interacting with
open Zn2+ sites), the bidentate adsorbate will effectively pull the
cations away from the framework in order to simultaneously
bind to both neighbouring sites, thus producing local defects in
the form of structural displacements of the metal congeners.
The graing of 1,2-ethanedithiol (EDT) to Zn2(dobdc) repre-
sents an ideal platform to test the strategy of adsorbate-induced
introduction of such defects. This is because the thiol func-
tional groups in EDT should strongly bind to the open site of the
so Zn2+ cation, but the length of EDT (�4.6 �A) is slightly
shorter (�0.8�A) than the optimal distance (�5.4�A) for a dithiol
molecule to bridge two neighbouring cations in Zn2(dobdc)
This journal is © The Royal Society of Chemistry 2021
along the plane of the pore (Fig. 1b). Therefore, simultaneous
binding of EDT to two neighbouring metal sites should displace
the Zn2+ cations (Fig. 1c) and introduce structural dislocations.

Results and discussion

To study the formation of defects using this strategy, we grad-
ually increased the loading of EDT in Zn2(dobdc) (see the ESI†
for further details) and monitored the changes in the crystal-
linity of the sample by powder X-ray diffraction (PXRD). As ex-
pected, the PXRD patterns (Fig. 2a) show gradual loss of
crystallinity, and eventual amorphization of the crystals, upon
exposure to higher concentrations of EDT in methanol. The
corresponding IR spectra (Fig. 2b) of the samples feature
a vibrational band centred at 2822 cm�1, assigned to the sp3

C–H stretching vibration of the EDT,13 conrming the incor-
poration of the adsorbate in the MOF crystals. The incorpora-
tion of EDT was also conrmed by thermogravimetric analysis
(Fig. 2c), and in fact increased the thermal stability of the
samples. As a control experiment, we repeated these graing
experiments with n-propyl mercaptan (nPM) as a monodentate
adsorbate of similar size to EDT. Adsorption of nPM did not
lead to observable defect formation or amorphization. In fact,
the nPM-loaded sample maintained sufficient crystallinity to
allow for structural determination. The crystal structure was
solved from PXRD data and rened using the Rietveldmethod.14

In the crystal structure, every Zn2+ cation is graed with a nPM
molecule (see Fig. S4†) with the hydrocarbon part of the
adsorbate molecule pointing towards the centre of the pores.
Further structural details are provided in the ESI.†

Elucidating the local structure of the defective and/or
amorphous regions in EDT-Zn2(dobdc) crystals is not trivial.
Conventional crystallographic methods are not appropriate due
to loss of long-range order. Techniques that probe the local
structure are also challenging because every metal site in the
structure can be uniquely defected and surrounded by a coor-
dination sphere with a different local structure. To better
understand the possible local geometries, we performed theo-
retical modelling of fragments of the MOF structure (see the
ESI† for further details). In order to mitigate surface effects, we
extended the size of the model clusters and included 1968
atoms. The calculations were carried out at the density func-
tional tight binding (DFTB) level of theory with the DFTB+
code.15 Most of the EDT adsorbates were placed in close prox-
imity to one open metal site; some of the metal sites were le
open, and one EDT molecule was set in close proximity to two
neighbouring sites. The calculations indicate that upon
adsorption of EDT on a single open metal site, the Zn2+ atom
slightly changes its position, moving closer to the adsorbate.
This dislocation does not change the coordination sphere
around the metal and has been observed in numerous crystal
structures of MOF-74.7 In contrast, the EDT molecule simulta-
neously binding two open sites has a strong “pulling” effect and
dislocates the cations, changing their local geometry (Fig. S9†).

To get a more quantitative insight into the dithiol–MOF
interactions, we have calculated the adsorption energies at
various degrees of dithiol loading at the available MOF sites. In
J. Mater. Chem. A, 2021, 9, 19698–19704 | 19699
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Fig. 2 (a) Powder diffraction patterns (l ¼ 0.70930�A) and (b) infrared
spectra of Zn2(dobdc) as a function of EDT loading. (c) Thermogravi-
metric curves of two representative samples.
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this context, we dene the adsorption energies using the
equation:

DEads ¼ E(MOF + nDT) � [E(MOF) + E(nDT)]

where E(MOF + nDT) denotes the total DFTB energy of the MOF
+ the adsorbed EDT, E(MOF) the energy of the “empty” MOF,
19700 | J. Mater. Chem. A, 2021, 9, 19698–19704
while E(nDT) is the energy of nEDT molecules (in gas phase).
The quotient DEads/n denes the average adsorption energy per
EDT molecule. We have considered different nite-size clusters
representing the EDT–MOF interactions. The adsorption energy
per EDT molecule in the case of the largest considered cluster
with maximum EDT loading was found to be �20.8 kcal mol�1

(�87.0 kJ mol�1). It increases to �21.6 kcal mol�1

(�90.4 kJ mol�1) at �77% loading of dithiol on the available
MOF sites and up to �24.3 kcal mol�1 (�101.5 kJ mol�1) at the
lowest degree of loading considered in the present study
(�48%).

The dislocation of Zn2+ cations triggers reorganization of the
surrounding linkers which adapt to the new local geometry. As
such, defect formation on a single metal node will inevitably
inuence the local geometry of the neighbouring metal centres,
perpetuating structural changes throughout the framework.
This perpetuating mechanism of defect formation is suggested
by the PXRD results. Specically, upon gradual loading, the
Bragg peaks incur a reduction in intensity, but maintain
a similar peak shape (Fig. S6†). This observation suggests that
structural defects are not evenly distributed within the crystal.
Instead, we hypothesize that the microcrystals consist in part of
defected/amorphous regions, and in part of unaffected crystal-
line regions that afford the Bragg peaks of MOF-74.

The amorphous regions may exist as an integral part of the
MOF sample, in the form of surface coating or patches
distributed throughout the bulk of the crystal, or as separate
solid particles that would co-precipitate upon decomposition or
digestion of the MOF crystals. In order to observe the defected
or amorphous regions within the microcrystals, we performed
scanning electron microscopy (SEM) and energy dispersive X-
ray (EDX) analysis on a highly defected sample, corresponding
to 100% EDT loading. The PXRD pattern of the sample (Fig. 2a)
exhibited an absence of Bragg reections, indicative of amor-
phous materials. The EDX analysis (Fig. 3) proved the homo-
geneous distribution of oxygen, sulphur and zinc, indicating
that EDT adsorbates are evenly distributed throughout the
sample. Interestingly, the brighteld images of the sample show
solid particles with sharp edges, with shape and size resembling
those of MOFmicrocrystals. We hypothesize that such a particle
shape cannot result from precipitation of the amorphous
material, but it is “inherited” from the MOF microcrystals that
were gradually defected by the EDT adsorbates. In fact, in the
structure of MOF-74, each cation is connected to four linker
molecules, and each linker connects eight metal cations. The
high degree of connectivity affords the framework with
a capacity to tolerate a substantial number of defects without
deteriorating or dissolving. In order for a linker to be cleaved
and removed from the framework, all eight coordination bonds
must be broken, whereas a single EDT molecule can replace
only two oxygen atoms. Our theoretical modelling shows that in
the event of a complete removal of the dobdc4� linker, two EDT
molecules can occupy the gap and effectively “stitch” the
framework, preventing digestion by the EDT adsorbates (see
Fig. S12†).

The chemical composition of the highly defected samples is
expected to change, with a substantial part of the dobdc4�
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Brightfield SEM image and EDX color-coded elemental distri-
bution of EDT-loaded Zn2(dobdc) at 100% loading.

Fig. 4 (a) Photographs of the methanol-solvated, nPM-loaded, and
EDT-loaded Zn2(dobdc) powder under 365 nm irradiation. (b) Pho-
toluminescence spectra of the samples showing excitation (dashed)
and emission (solid). (c) Change in the fluorescence intensity of EDT-
loaded Zn2(dobdc) as a function of EDT concentration (blue-to-red
lines) and nPM-loaded Zn2(dobdc) as a function of nPM concentration
(green lines). The lines in the graph are included to guide the eye.
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linkers eventually being replaced by EDT adsorbates. To assess
the amount of ligand exchange, nuclear magnetic resonance
(NMR) spectra were collected at different loadings and the
concentration of the linker was followed in the solution (see the
ESI† for further details). These results show an upper limit of
66% linker exchange reached at 75% dosing of EDT/Zn. Higher
dosing of EDT did not result in an increase of the ligand
exchange, indicating a stable composition of the amorphous
regions represented with Zn6(dobdc)(EDT)2.

Expectedly, loading with EDT adsorbate molecules resulted
in reduction of the porosity of the framework. The activated
sample of Zn2(dobdc) was found to have a Brunauer–Emmett–
Teller (BET) surface area of 1023(1) m2 g�1 at 77 K; MOF
samples loaded with 1%, 10% and 100% EDT were found to
have surface areas of 937(1), 962(2), and 102(1) m2 g�1,
respectively (Fig. S7†). These results indicate that graing low
amounts of EDT adsorbates allows for the preparation of
a defected and highly porous framework, whereas at higher
amounts of EDT, the framework loses porosity.

In addition to the dislocation of zinc cations, graing of EDT
to the framework would inevitably lead to the breaking of O–
Zn2+ bonds, allowing exposed oxygen atoms to become
protonated by the EDT molecule. In fact, our modelling studies
show that such a proton transfer is possible and may even
precede the Zn2+ dislocation. The exible and dangling thiol
groups of a bound EDT molecule on a single site can reach
a neighbouring atom and initiate a proton transfer (histograms
of SH/O are given in Fig. S11 and S12†). The lack of a notice-
able IR band in the spectral region from 2500 to 2600 cm�1 in
the IR spectra of EDT loaded samples, indicative of S–H vibra-
tions,13 (Fig. 2b) supports the hypothesis of deprotonation of the
adsorbate molecules.

Protonation of the dobdc4� linker enables us to observe the
defected regions by measuring the photoluminescence of the
protonated linker. Protonated variants of the dobdc4� linker
exhibit photoluminescence due to excited-state intramolecular
proton transfer (ESIPT) between the phenol and carboxylic
This journal is © The Royal Society of Chemistry 2021
oxygen atoms, typical for salicylic acid derivatives.16 Fig. 4a
presents samples of as-synthesized, nPM-loaded, and EDT-
loaded Zn2(dobdc) under UV (365 nm) irradiation. The
methanol-solvated and nPM-loaded MOFs do not demonstrate
photoluminescence, as expected for frameworks made of fully
deprotonated linkers; however, the defected framework shows
bright yellow-green light emission. The corresponding photo-
luminescence (PL) spectra are presented in Fig. 4b and show
a broad-band absorption and emission centred at 368 nm and
510 nm, respectively. The light absorption is attributed to
transitions between singlet p–p* excited states of the proton-
ated fragment of the ligand, similar to MOFs made of H2-
dobdc2� ligands.17 The large Stokes shi of 142 nm further
corroborates the hypothesis that uorescence is due to ESIPT.16b

As expected, the emission intensity was found to increase with
the amount of defects in the framework. Fig. 4c presents the
uorescence intensity as a function of EDT loading. The graph
J. Mater. Chem. A, 2021, 9, 19698–19704 | 19701
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shows a linear dependence of the uorescence intensity with
the EDT concentration below a loading of 70% EDT/Zn, fol-
lowed by a plateau at higher concentrations. The observation of
saturation at high loading is consistent with the proposed
mechanism of defect formation. The bidentate EDT adsorbate
can simultaneously bind two Zn2+ cations; at low concentra-
tions of EDT, each adsorbate can theoretically reach two
neighbouring open metal sites, form a defect and contribute to
an increase of the uorescence. At higher loadings, a substan-
tial portion of the open metal sites is already coordinated by
adsorbates and proton transfer has occurred. As a control
experiment, we performed the same loading procedure with
nPM. Expectedly, higher loadings of nPM did not result in an
increase in uorescence, conrming that a bidentate dithiol is
required to systematically introduce defects (Fig. 4c).

Fluorescent materials can be used as on–off sensors of
metals based on the quenching of uorescence through non-
radiative decay pathways; indeed, MOFs have been extensively
studied in this regard.18 One of the major challenges of metal
sensors is low selectivity, as various paramagnetic ions can
quench the uorescence. The light emitting centres in EDT
loaded Zn2(dobdc) are embedded in a thiol-rich environment
and surrounded by Zn2+ cations with various local geometries.
This structural environment has different affinity to metals,
Fig. 5 (a) Dry samples of EDT loaded Zn2(dobdc) after 24 h soaking in
solution of metal cations. (b) Graph of the fluorescence intensity of the
samples (red bars). The corresponding results of a control experiment
with methanol solvated Zn2(dobdc) are presented as blue bars.

19702 | J. Mater. Chem. A, 2021, 9, 19698–19704
thereby imparting selectivity to the framework; different cations
have different degrees of penetration in the framework and the
embedded protonated linkers. We tested the EDT loaded
materials as a potential sensor for metal ions in aqueous solu-
tions (see the ESI† for further details). Fig. 5 presents the
changes in the uorescence aer 24 h soaking in a 0.1 M
solution of een different cations. We observe selectivity
towards Ag+, followed by Fe3+ and Au3+. Further experimental
and theoretical studies directed towards elucidation of the
sensing mechanism are in progress.

Conclusions

In summary, we show that post-synthetic adsorption of specic
bidentate molecules in the pores of MOF-74 can lead to
formation of structural defects and ultimately amorphization of
the material. Our studies show that if a bidentate adsorbent has
a strong tendency to bind to an open metal site in a MOF, and if
the length of the adsorbent is slightly shorter than the optimal
distance for binding a guest molecule between two neighbour-
ing openmetal sites, the bidentate adsorbate will effectively pull
the cations away from the framework in order to simultaneously
bind to both sites, thus leading to structural dislocations, defect
formation and amorphization. We provide a proof-of-concept
for this new strategy for defect formation with loading EDT
molecules in the pores of Zn2(dobdc); we hypothesize this
strategy can be applied to various other frameworks featuring
open metal sites.

Our theoretical structural analyses indicate that the defected
material can simultaneously possess metal centres with various
local geometries, potentially including Lewis acidic sites, and
Brønsted acidic sites on protonated linkers. Remarkably, in our
experiments aimed at defecting Zn2(dobdc) with EDT adsor-
bates, the overall size and shape distribution of the MOF crystal
was retained upon defect introduction. The protonation of the
linker allowed for emergence of new physicochemical proper-
ties, such as photoluminescence with broad-band emission.
Presumably owing to the dense, thiol-rich hybrid structure, only
certain metal cations were able to reach the embedded light
emitters and thereby quench the uorescence. This new
method allows for controlled introduction of defects in MOF-74
materials; the general idea, however, is applicable to various
MOFs featuring open metal sites and can be used in the design
of advanced defective materials for a myriad of potential
applications.
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H. Z. H. Jiang, K. E. Hurst, P. A. Parilla, A. Ayala,
T. Gennett, S. A. FitzGerald, C. M. Brown and J. R. Long,
Chem. Mater., 2018, 30, 8179–8189; (d) D. J. Levine,
This journal is © The Royal Society of Chemistry 2021
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