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ABSTRACT: Functionalization of metal—organic frameworks (MOFs) is critical in exploring
their structural and chemical diversity for numerous potential applications. Herein, we report
multiple approaches for the tandem postsynthetic modification (PSM) of various MOFs
derived from Zr(IV), Al(II), and Zn(II). Our current work is based on our efforts to develop a
wide range of MOF platforms with a dynamic functional nature that can be chemically
switched via thermally triggered reversible Diels—Alder (DA) and hetero Diels—Alder (HDA)
ligations. Furan tagged MOFs (furan UiO 66 Zr) were conjugated with maleimide groups
bearing dienophiles to prepare MOFs with a chemically switchable nature. As HDA pairs,
phosphoryl dithioester based moieties and cyclopentadiene (Cp) grafted MOF (Cp MIL 53

Al) were utilized to demonstrate the cleavage and rebonding of the linkages as a function of
temperature. In addition to these strategies, the Michael addition reaction was also applied for
the tandem PSM of IRMOF 3 Zn. Maleimide groups were postsynthetically introduced in the
MOF lattice, which were further ligated with cysteine based biomolecules via the thiol—

Diels-Alder
and Michael

Addition
Chemisfries,

maleimide Michael addition reaction. On the basis of the versatility of the herein presented chemistry, we expect that these
approaches will help in designing a variety of sophisticated functional MOF materials addressing diverse applications.

INTRODUCTION

For a materials chemist, one of the challenges is to develop
reliable strategies that help in fine tuning the chemical and
physical properties of materials on a molecular level. Metal—
organic frameworks (MOFs) are crystalline porous materials
composed of metal ions in coordination with organic linkers."
Owing to their unique set of properties including large surface
area, stability against chemical and thermal treatments, and
tunable geometry and pore size, MOFs have gained significant
attention and opened new perspectives for diverse applications
such as sensing, gas storage, drug delivery, separation,
adsorption, and catalysis.”~> However, the incorporation of
functional moieties into MOF structures, modulating pore
chemistry, and hence the optimization of material properties in
a controllable manner, remain challenging. Considerable eftorts
have been invested into designing functional MOF materials
through the modification of organic linkers.® Postsynthetic
modification (PSM) has emerged as a facile tool allowing the
fabrication of MOFs with diverse functional moieties, offering
a convenient route to chemically tailor the physicochemical
properties of MOFs without deforming the lattice structure.”
The types of chemical linkages that are formed or broken
during the postsynthetic reactions divide the PSM approach
into three categories includin§ postsynthetic deprotection,
dative PSM, and covalent PSM.” Rapid progress in the area of
the functionalization of MOFs has introduced various new
routes beyond PSM. These approaches include postsynthetic

metal exchange or transmetalation where metal ions within the
MOFs are replaced in a postsynthetic manner. Alternatively,
linkers in MOFs can also be exchanged postsynthetically where
the exchange of framework linkers results in the installation of
different chemical functionalities in the MOF skeleton. The
replacement of linkers can also help in modulating the pore
size of MOFs without altering the crystallinity.’

For PSM strategies, undoubtedly an amine functionalized
linker, 2 amino benzenedicarboxylic acid (NH, BDC), has
been employed extensively to incorporate amino groups as
chemical handles compared to any other functional linker. This
preferential choice can be attributed to the relatively simple
incorporation of NH, BDC into a variety of MOFs and its
ability to readily substitute nonfunctionalized 1,4 benzenedi
carboxylic acid (BDC) in different prototypical MOF top
ologies.® Among the reported PSM reactions, strategies based
on modular ligation chemistry are particularly attractive for
efficiently introducing various functional groups with high yield
and under mild reaction conditions. To date, within the
modular ligation paradigm, several examples of azide—alkyne
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Scheme 1. Schematic Illustration of Tandem Postsynthetic Modification of Zr , Al , and Zn Based MOFs via Reversible Diels—

Alder, Hetero Diels—Alder, and Michael Addition Reactions
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cycloaddition reactions'®~'® have been utilized to functionalize
MOFs. So far, only a few examples of Diels—Alder (DA)
reactions have been reported for the PSM of MOFs. Chen et
al. have demonstrated inverse electron demand DA reactions
between olefin tagged MOFs and tetrazine.'® However, Roy et
al. have reported DA reactions between MOFs constructed
from a furan functionalized linker and maleimides.'”

Despite exploring the possibility of cycloaddition reactions
as a PSM approach for the functionalization of MOFs, the
potential for controlled introduction of reversible covalent
linkages into various MOF platforms continues to pose a
challenge and is yet to be fully explored. The ability of
functional materials to reversibly switch their physical and
chemical natures in a cyclic fashion under external stimuli
including pH, temperature, heat, or light has been extensively
studied in material research. In this context, undoubtedly the
most broadly explored chemistries include thermoreversible
Diels—Alder and hetero Diels—Alder (HDA) reactions. This
can be attributed to the availability of various diene and
dienophile pairs that allows the tuning of the temperature
range for the cleavage and rebonding reactions. Only recently,
an NH, MIL 88B Fe based reprogrammable MOF platform
was developed by our team via DA/retro Diels—Alder (rDA)
reactions between a cyclopentadiene (Cp) functionalized
MOF and maleimide bearing small units."® These MOF
systems highlighted the viability of thermally reversible DA
reactions as a covalent PSM strategy for the fabrication of
chemically switchable MOFs.

While Cp/maleimide based DA reactions offer facile control
under which covalent bonds can be broken or formed, furan/
maleimide DA reactions have also been employed in a
reversible fashion to construct thermally responsive systems.
In addition, HDA linkages between the highly reactive
cyclopentadiene and phosphoryl dithioester pair exhibit fast
bonding debonding behavior within a small temperature

. 4

gradient, resulting in a rapid change in the properties of the
materials.” ">

In addition to cycloaddition reactions, thiol—ene chemistry
has been reported in the literature as a PSM method for
efficiently introducing functional moieties within the frame
work of MOFs.*® In this context, Hindelang et al. reported a
thiol—ene reaction between olefin bearing MOFs and ethyl
mercaptan.”* Similarly, Gui et al. have functionalized olefin
tagged MOFs with ethanethiol via thiol—ene reactions.”
Lately, Jiang et al. decorated the methacrylamide function
alized MOFs with thiol side chains bearing polysiloxane
oligomers through thiol—ene reactions.* However, these
reported studies have focused on the radical mediated variant
of these reactions and no considerable attention has been paid
in the area of PSM involving Michael addition chemistry.””
Recently, Zhang and Wang et al. controlled the solid state
fluorescent photoinduced electron transfer (PET) process in
anthracene and maleimide functionalized MOFs via DA as
well as thiol—ene reactions.”®

Herein, we report multiple strategies that—although are
conceptually distinct—allow tandem postsynthetic modifica
tion of MOFs (Scheme 1). The versatility of these approaches
developed herein is demonstrated by encompassing MOFs
derived from different metals including Zr, Al, and Zn. First,
thermally triggered reversible DA and HDA reactions were
employed to fabricate MOFs with conveniently controllable
and switchable chemical natures. More precisely, maleimide
group containing polymer and small molecule were utilized as
dienophiles to perform the DA/rDA reactions with furan
functionalized UiO 66 Zr (UiO = University of Oslo) acting as
diene. Furthermore, HDA reactions were employed in a
reversible manner to modify MIL 53 Al (MIL = Materials from
Institute Lavoisier). The HDA diene/dienophile pairs used to
demonstrate the chemical bonding debonding reactions were
based on cyclopentadiene functionalized MOF and phosphoryl
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dithioester moieties. Finally, the Michael addition approach
was applied for the postsynthetic modification of IRMOF 3 Zn
(isoreticular MOF). Maleimide groups were introduced into
the frameworks of IRMOF 3 Zn, which were further utilized to
graft a thiol terminated biomolecule, cysteine, through the
thiol—maleimide Michael addition reaction at ambient temper
ature. Due to the large variety of chemically distinct
substituents that can be incorporated through the range of
ligations employed in the current study, the herein presented
work will open avenues to a range of rationally designed
chemically diverse MOFs with controllable and switchable
chemical nature, making them suitable for application in a wide
variety of fields.

EXPERIMENTAL METHODS

Materials and Reagents. a Bromoisobutyryl bromide (98%),
zirconium (IV) chloride (ZrCl,, 99.5%), triethylamine (TEA, 99%),
zinc nitrate hexahydrate (Zn (NO;),-6H,0, 98%), N,N dimethylfor
mamide (DMF, 99%), dry dichloromethane (DCM, 99.8%), dry
tetrahydrofuran (THF, 99.9%), sulfuric acid (95—97%), chloroform
(CHCl;, 99%), and methanol were obtained from Sigma Aldrich,
Germany. 2 Aminoterephthalic acid (NH, BDC) (99%) and L
cysteine (98%) were received from Alfa Aesar, Germany. Aluminum
nitrate nonahydrate (Al(NO;);-9H,0, 98.5%), 2 furoyl chloride
(CsH4ClO,, 98.0%), and triphenyl phosphine (TPP, >99%) were
purchased from Merck, Germany. mPEG Mal (here termed PEG
Mal) (M,, = 550) was purchased from Creative PEGWorks, Germany.
Hydrochloric acid (37%) was purchased from Lab Scan Limited.
Bis(cyclopentadienyl)nickel (NiCp,, 99%) was received from ABCR
GmbH & Co KG, Germany. d¢ DMSO was obtained from Cambridge
Isotope Laboratories, Inc. Sodium iodide (Nal) was purchased from
Fisher Scientific, UK. (N (3 Bromo propyl) maleimide) (Br Mal),"®
2 cyanopropan 2 yl(diethoxyphosphoryl)methane dithioate (HDA
1), 4 ((((diethoxyphosphoryl)carbonothioyl)thio)methyl) benzoic
acid (HDA 2),*° and 4 maleimidobutyroyl chloride®" were synthe
sized according to literature procedures. Triethylamine (TEA) was
dried using calcium hydride and stored under an inert atmosphere.

Functionalization of NH,-UiO0-66-Zr MOF via Furan—
Maleimide Diels—Alder/Reversible Diels—Alder Reaction as
PSM Approach. NH,-UiO-66-Zr Synthesis. NH, UiO 66 Zr was
prepared following a reported protocol:>* 2 Aminoterephthalic acid
(0.39 g, 2.1 mmol), ZrCl, (1 g, 4.2 mmol), and DMF (125 mL) were
mixed in a round bottom flask and sonicated to obtain a clear
solution. The mixture was kept at 120 °C for 48 h. The resulting
powder was isolated by centrifugation, followed by washing with
DMF and methanol, and soaked in fresh methanol for 3 days (the
solvent was refreshed daily). Finally, the resultant product was
obtained by centrifugation, which was then dried at 100 °C under
vacuum overnight.

Synthesis of Furan-Functionalized UiO-66-Zr. Furan function
alized Zr based MOF was prepared by following the literature
procedure.*®* NH, UiO 66 Zr (0.2 g), TEA (200 yL), and dry THF
(8 mL) were introduced into a round bottom flask. Further, 2 furoyl
chloride (200 uL) was added and the solution was stirred at ambient
temperature for 24 h under an inert atmosphere (N,). The resulting
product was washed with THF and methanol. Next, the particles were
immersed in methanol (24 h) and then separated through
centrifugation. The product was dried overnight under vacuum at
room temperature.

Conjugations of Poly(ethylene glycol) Bearing Maleimide to
Furan-UiO-66-Zr via DA Ligation. The DA conjugation between a
furan terminated MOF and a maleimide moiety was performed by
following the reported protocol.** Furan UiO 66 Zr (0.1 g) and PEG
Mal (0.048 g) were added to chloroform (3 mL) under an inert
atmosphere (N,). The mixture was stirred at room temperature for 24
h. The resulting particles were washed with chloroform and methanol,
followed by drying under vacuum at ambient temperature.

Retro-Diels—Alder Reaction. The retro Diels—Alder reaction was
performed by heating the MOF obtained after the 1st DA reaction at
150 °C under vacuum for 24 h. The product obtained was dried
under vacuum at room temperature after washing with CHCl,.

Second Diels—Alder Ligation. The second Diels—Alder cyclo
addition reaction was performed on the product obtained after retro
Diels—Alder reaction. MOF (after rDA reaction, procedure can be
found above) (0.05 g) and Br Mal (0.025 g) were added to
chloroform (1.5 mL) under an inert atmosphere in a flask and stirred
at ambient temperature (24 h). The obtained sample was washed with
chloroform and methanol followed by drying overnight under vacuum
at room temperature.

Postsynthetic Modification of NH,-MIL-53-Al MOFs via
Hetero-Diels—Alder/Reversible Hetero-Diels—Alder (HDA)
Strategy. Synthesis of NH,-MIL-53-Al. NH, MIL 53 Al was
synthesized by following a reported protocol:*> 2 aminoterephthalic
acid (1.1 g, 6.1 mmol), AI(NO;);9H,0 (1 g, 2.6 mmol), and DMF
(60 mL) were taken in a round bottom flask and sonicated to get a
clear solution. The mixture was kept at 130 °C for 48 h. The resulting
product was separated by centrifugation, washed with DMF and
acetone, and dried at 100 °C under vacuum overnight. Finally, the
resulting product was activated in boiling methanol overnight,
followed by drying (80 °C) under vacuum.

Synthesis of Br-Functionalized MIL-53-Al. Br functionalized MIL
53 Al was prepared according to a reported protocol.** NH, MIL 53
Al (0.6 g) was taken in dry DCM (12 mL), and then, «
bromoisobutyryl bromide (90 uL) and TEA (120 uL) were added
to this solution under an inert atmosphere (N,), followed by stirring
at room temperature (24 h). The obtained product was washed with
DCM and methanol and soaked in methanol for 24 h followed by
drying under vacuum at ambient temperature.

Synthesis of Cp-Functionalized MIL-53-Al. Cp terminated MIL
53 Al was synthesized under an inert atmosphere following a reported
protocol.’” Br MIL 53 Al (0.3 g) was taken in dry THF (12 mL);
then Nal (0.041 g), TPP (0.024 g), and NiCp, (0.03S g) were added;
and the mixture was stirred at room temperature (24 h). The
recovered sample was sequentially washed with THF and methanol
and soaked in methanol (24 h at room temperature). The sample was
subsequently washed with methanol followed by drying under vacuum
at ambient temperature.

Conjugation of Cp-MIL-53-Al with the HDA Moiety via the HDA
Reaction. HDA reactions were employed using literature protocols.*®
Cp MIL 53 Al (0.1 g), HDA 1 (0.03 g), and ZnCl, (0.004 g) were
added in 3 mL of CHCI; and stirred at ambient temperature for 12 h.
Subsequently, the sample was washed with CHCI; followed by drying
under vacuum at ambient temperature.

Retro-HDA Reaction. The retro Diels—Alder reactions were
performed by heating the MOF obtained after 1st HDA conjugation
at 150 °C under vacuum (24 h) followed by washing with CHCI; and
drying the product under vacuum at ambient temperature.

Second Hetero-Diels—Alder Ligation. The second hetero Diels—
Alder ligation was performed to support our idea that the MOFs after
tDA could be reused. MOF (obtained after rDA; procedure can be
found above) (0.1 g), HDA 2 (0.03 g), and ZnCl, (0.004 g) were
added in 3 mL of CHCl, and stirred at ambient temperature (12 h).
Subsequently, the product was washed with CHCI; followed by
drying under vacuum at ambient temperature.

Postsynthetic Modification of IRMOF-3-Zn via the Michael
Addition Click Reaction. Synthesis of IRMOF-3-Zn. IRMOF 3 Zn
was synthesized according to the method adapted from the
literature:> 2 aminoterephthalic acid (0.3 g, 1.6 mmol), Zn
(NO;),4H,0 (1.2 g, 4.5 mmol), and DMF (30 mL) were mixed
in a flask and dissolved under sonication to get a clear solution, which
was heated at 105 °C (48 h). The product obtained after
centrifugation was thoroughly washed with dry DMF and CHCl,
and then suspended in dry CHCI, for 3 days (solvent was refreshed
daily). Afterward, the solvent was decanted followed by drying the
obtained crystals (80 °C under vacuum for 24 h).

Synthesis of Maleimide-Functionalized IRMOF-3-Zn. Maleimide
functionalized IRMOF 3 Zn was prepared by following the literature



Scheme 2. Preparation of Zirconium Based Switchable MOFs through a Furan—Maleimide DA/rDA Approach

| ]
ol
0:_:0

2-furoyl chloride

H2N )\

%
Zr Zr
| |

NH2-UiO-66-Zr

r 7
D20 (rDA)
o Vacuum, 150 °C (
H —{)
Q== Cl)
: | (Br-Mal)

2"4.DA-Ui0-66-Zr

protocol.*® IRMOF 3 Zn (0.1 g), TEA (50 uL), and 4 maleimido
butyroyl chloride (0.053 g) were stirred (24 h) in dry THF (3 mL)
under an inert atmosphere (N,). The resulting product was subjected
to sequential washing with THF and then with methanol that
removed the quaternary ammonium salt that was formed during the
reaction. Afterward, the particles were dried under vacuum at room
temperature.

Modification of Mal-IRMOF-3-Zn via the Thiol-Maleimide
Michael Addition Reaction. Mal IRMOF 3 Zn (0.0S g), cysteine
(0.028 g), and methanol (3 mL) were taken in a round bottom flask.
To this solution, TEA (0.04 mL) was added and allowed to stir at
ambient temperature (24 h). The product was subjected to washing
with methanol and drying under vacuum overnight.

RESULTS AND DISCUSSION

A furan—maleimide based DA approach was employed to
fabricate Zr derived MOF with a switchable chemical nature
(Scheme 2). NH, UiO 66 Zr was prepared by employing a 2
aminobenzenedicarboxylic acid (NH, BDC) linker. Furan
groups were incorporated into the framework by reacting the
amino moieties present in the synthesized MOF with 2 furoyl
chloride. The DA conjugation reaction between furan
functionalized MOF (furan UiO 66 Zr) and maleimide groups,
PEG Mal and Br Mal, was executed at room temperature in
chloroform. The DA conjugation was followed by a reversible
DA ligation at 150 °C under vacuum.
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Furthermore, Al based MOF was modified through HDA
conjugations with the aim of introducing reversibly cleavable
linkages (Scheme 3). NH, MIL 53 Al was prepared using an
NH, BDC linker. The amino groups present within the
frameworks were subsequently treated with o bromoisobutyryl
bromide to prepare bromo tagged MOF. Further, nickelocene
(NiCp,) was employed to transform bromo groups into Cp
moieties. The coupling reaction between Cp functionalized
MOF (Cp MIL 53 Al) and phosphoryl dithioesters (HDA 1
and HDA 2) was performed in chloroform at ambient
temperature in the presence of zinc chloride. The HDA
cycloreversion reaction between Cp MIL 53 Al and HDA 1/
HDA 2 was performed at 150 °C under vacuum.

Moreover, Michael addition was employed to demonstrate
the postsynthetic modification of IRMOF 3 Zn MOF (Scheme
4). The IRMOF 3 Zn was synthesized using NH, BDC as the
linker. The amino moieties within the structure of IRMOF 3
Zn were treated with 4 maleimidobutyroyl chloride to obtain
the maleimide tagged MOFs. Further, the thiol—maleimide
Michael addition approach employed exploiting the reactivity
of maleimide bearing frameworks toward thiols for the grafting
of cysteine in the presence of TEA as a catalyst at ambient
conditions.

Scanning electron microscopy (SEM) revealed the morphol
ogy of the synthesized and modified MOFs (Figure 1).
Intergrown small crystals with grain sizes close to 100 nm were


https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02492?fig=sch2&ref=pdf

Scheme 3. Synthetic Approach for the Preparation of Aluminum Derived Switchable MOFs via Reversible HDA Linkages
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observed for NH, UiO 66 Zr. The crystals of NH, MIL 53 Al
were rod shaped with a length close to 200 nm and a diameter
close to 60 nm. In the case of IRMOF 3 Zn, the SEM images
revealed a wide diversity in size ranging from submicron sized
crystals to the crystal up to 80 um in size. The crystal
morphologies of all MOF systems were well retained
throughout the modification of MOFs, and no crystal collapse
was observed.

The X ray powder diffraction (XRD) studies exhibited that
the MOF materials were crystalline and the observed XRD
peaks were in accordance with the literature patterns of NH,
UiO 66 Zr,*' NH, MIL 53 AL** and IRMOF 3 Zn** (Figure
2). Furthermore, the frameworks remained crystalline after the
modification steps via the ligation reactions. The cell parameter
data is provided in Tables S1—S3. The peaks obtained in the
XRD diffractogram of NH, UiO 66 were indexed in the cubic
space group Fm3m, and the unit cell volume was determined to
be 8834.2 A3, which further increased to 8914.0 A3 after the
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functionalization with furan groups and changed to 8877.4 and
8949.1 A® after the Ist and 2nd DA reactions, respectively.
These values reflect on the incorporation of the guest moieties
in the pore channels of the framework.** The XRD pattern of
NH, MIL 53 Al showed the monoclinic Cc phase, and the
values of cell volume suggest the breathing nature of NH,

MIL 53 Al upon grafting of different molecules.*> The cell
volume of NH, MIL 53 Al decreased from 979.3 to 895.3 and
974.4 A3 after the first and second HDA based click reactions,
respectively. The integration of bulky functional groups caused
a decrease in cell volume due to the excess loading and the
associated filling of the pores.*® The shifts of the position and
differences in the intensity of the reflections are attributed to
the structural flexibility and movement of the framework upon
incorporation of the guest moieties in the pores of the MOFs.
The XRD diffractogram of IRMOF 3 Zn suggested a trigonal
symmetry with the R3m space group. The cell volume of the
IRMOF 3 Zn framework decreased after employing Michael
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Scheme 4. Postsynthetic Modification of Zinc Based MOFs via the Michael Addition Reaction
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Figure 1. SEM images of (a) NH, UiO 66 Zr, (b) 1st DA UiO 66 Zr, (c) 2nd DA UiO 66 Zr, (d) NH, MIL 53 Al, (e) 1st HDA MIL 53 Al, (f)
2nd HDA MIL 53 Al, (g) IRMOF 3 Zn, (h) Mal IRMOF 3 Zn, and (i) Cys IRMOF 3 Zn.

addition from 12744.8 to 12319.2 A%, The XRD pattern did
not exhibit substantial shifts in the position of the peaks;
however, a tendency toward reduced peak intensity was
observed. Such differences in the intensity of XRD reflections
of MOFs are common and may be assigned to the pore filling
by the guest species. In the case of MOF materials, where large
voids are available to the guest molecules, the intensity of XRD
peaks (mainly at low 26 angles) strongly depends upon the

extent of pore filling and the scattering power of the guest
moieties. For IRMOF 3 Zn, the second reflection at 9.7° was
visibly strongest after the modifications and was in agreement
with the literature. The higher extent of pore filling led to the
observed increase in the reflection intensity at 9.7°.*’

All chemical modifications were substantiated via X ray
photoelectron spectroscopy (XPS). In the case of NH, UiO
66 Zr, the presence of amino groups was verified by the
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Figure 2. XRD patterns of NH, UiO 66 Zr (left), NH, MIL 53 Al (middle), and IRMOF 3 Zn (right) before and after the modifications.
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Figure 3. C 1s and Br 3d high resolution XPS spectra corresponding to the NH, UiO 66 Zr series during different modification stages. Left side (C
1s): 1st DA UiO 66 Zr (bottom), rDA UiO 66 Zr (top). Right side (Br 3d): rDA UiO 66 Zr (bottom) and 2nd DA UiO 66 Zr (top). For the
purpose of better visualization, all of the C 1s spectra have been normalized to the maximum of the intensity.

presence of the N Is signal at 399.7 eV, which is associated
with amino groups. This signal was accompanied by a second
peak at 401.3 eV that can be attributed to the protonated
amino groups. All subsequent samples resulting from the
reactions depicted in Scheme 2 showed a clear N 1s signal at a
shifted binding energy of 400.1 eV, which supports the
introduction of amide and maleimide groups. The further
reaction steps, specifically the functionalization with furan and
the conjugation of PEG Mal and Br Mal to the furan
functionalized frameworks via 1st DA and 2nd DA reactions,
respectively, were followed by the C 1s XPS spectra (Figure 3)
through considering the ratio of (C—0, C—N)/(C-C, C-H)
(refer to Figure 4). The increase in the intensity of the peak at
286.4 eV (C—0, C—N) for furan UiO 66 Zr clearly showed
the success of furan functionalization. A further increase in the
ratio of (C—0, C—N)/(C—C, C—H) confirmed the successful
grafting of polyethylene glycol after the 1st DA step. This ratio
was subsequently found to decrease from ~0.6 to ~0.3 after
cycloreversion for rDA UiO 66 Zr, indicating the thermally
triggered rDA reaction between maleimide moieties and furan
functionalized MOFs. The presence of the Br 3d doublet with
Br 3d;;, at 70.5 eV confirmed the conjugation of furan
functionalized UiO 66 Zr with Mal Br during the 2nd DA
reactions (Figure 3). The doublet for Br 3ds,, at 68.0 eV
suggests the capturing of noncovalently attached bromine
(Br7) into the framework. However, the presence of Br~ did
not affect the DA Iigations.18
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Figure 4. (C—N, C—0)/(C—C, C—H) ratio calculated from the XPS
quantitative analysis of Zr based MOFs after employing Ist and 2nd
Diels—Alder reactions. (C—N, C—0)/(C—C, C—H) ratio obtained
from XPS analysis of NH, UiO 66 Zr and furan UiO 66 Zr are also
provided for comparison. The C 1s signal fitted by three peaks (285.0,
286.6, and 288.8 €V) represents (C—C, C—H), (C—N, C—0), and
(0O—C=0, N—C=0) components.

Similarly, the signal at 399.7 eV* corresponding to the N 1s
orbital corroborates the presence of amino groups within the
framework of NH, MIL 53 Al (Table S4). Furthermore, the
subsequent grafting of bromo moieties into the MOF structure
was ascertained by the appearance of a peak at 70.1 éV>* (Br
3d;,,), attributed to the bromine covalently attached to carbon
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and the observed N 1Is signal at 399.9 eV, indicating the
presence of amide groups in Br MIL 53 Al. The partial
replacement of the bromo groups by the cyclopentadiene
(Cp) moiety resulted in a decrease of the bromine
concentration (covalently bound) from 1.7 atomic percent
(atom %) down to 1.0 atom %, suggesting a conversion degree
of around 40% for the transformation of bromo groups of Br
MIL 53 Al to the Cp groups, resulting in the formation of Cp
MIL 53 Al. The further successful conjugation of the Cp
functionalized framework (Cp MIL 53 Al) with HDA 1
(dienophile) was evidenced by the appearance of a S 2p
doublet with S 2p,, at 163.7 eV*’ and a P 2p doublet with P
2ps, at 133.8 eV>° (Figure 5) in the spectra of 1st HDA MIL
53 Al Cycloreversion was executed at 150 °C for 24 h, which
resulted in the recovery of Cp tagged MOFs ready for another
HDA reaction. The reversible HDA reaction between
dithioester based HDA moieties and Cp groups was observed
for rtHDA MIL 53 Al, as verified by the disappearance of the P
2p3,, and S 2p;), signals at 133.8 and 163.7 eV, respectively.
The second HDA cycloaddition reaction was performed

between the MOFs (postcycloreversion) and HDA 2 (dien
ophile). The reappearance of the signals at 163.7 eV for S 2p;,,
and at 133.8 eV for P 2p;,, supported the idea of reversibility
and switching of chemical functionalities.

Finally, the different reaction steps of PSM of IRMOF 3 Zn
were investigated through XPS analysis. The appearance of a N
Is peak at 399.4 éV*® confirmed the presence of amino groups
in IRMOF 3 Zn (Table SS), accompanied by another peak at
400.5 eV, which could eventually stem from an unexpected
amide group at this step. The successful grafting of maleimide
groups on IRMOF 3 Zn is supported by the slight shift toward
the smaller binding energy of the C 1s component from 289.0
to 288.7 eV,* suggesting the presence of both O—C=0 and
N—C=O0 groups (Figure S1). At the same time, the typical
peak associated with the amine disappeared and only amide
and maleimide were clearly detected with the N 1s signal at
400.2 eV accompanied by a further peak at 401.8 eV,
indicating some protonated nitrogen (Figure 6). The
subsequent Michael addition between maleimide function
alized MOF (Mal IRMOF 3 Zn) and cysteine*” was evidenced
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by the clear presence of a S 2p doublet with S 2p;,, at 163.8
eV>! corresponding to covalently bound sulfur in Cys IRMOF
3 Zn (Figure 6). In addition, the N Is signals appeared at
401.8 eV, suggesting the presence of protonated amine groups
in Cys IRMOF 3 Zn. The nitrogen concentration (4.5 atom
%), which was close to the concentration of covalently bound
sulfur (4.2 atom %), also confirmed the successful grafting of
cysteine molecules. The second doublet with S 2p;/, at 162.3
eV might be ascribed to the formation of Zn S due to the
presence of some Zn in the framework.>> Hence, the XPS
analysis confirmed the successful postsynthetic modification of
MOFs by employing various ligation chemistry strategies. It is
worth mentioning here that the percentage conversions
estimated for various chemical transformations using the XPS
data correspond to only the surface moieties confined within
the limited sampling depth of the XPS analysis (5—10
nm).'836335% Eor estimating the overall percentage of the
chemical transformations across the entire sample, we
performed 'H NMR analysis on the samples obtained after
different PSMs reported in this work. The '"H NMR data is
especially important considering large size and associated
hindered diffusion through the MOF lattice of some of the
molecules that are employed in the PSMs reported in this
work.

While XPS analysis ascertained all of the PSMs by revealing
the surface chemical compositions of the modified MOF
samples, we also employed '"H NMR spectroscopy (Figures
$2—S85) to estimate the overall percentage conversion of the
functional groups in the entire MOF sample as a result of the
PSMs applied in this study. All MOFs were digested in
aqueous acidic medium to disassemble the metal—organic
framework before performing the NMR analysis. The '"H NMR
spectra of the digested parent MOFs (NH, UiO 66 Zr, NH,
MIL 53 Al, and IRMOF 3 Zn) clearly exhibited three
resonance signals associated with the three aromatic protons
of the NH, BDC organic linker (Figure S2). The percentage
conversions for PSMs were calculated by comparing the
resonance integral for the aromatic proton available at the
ortho position (marked as “b” in Figure S2) on the benzene
ring with respect to the amine/amide substituents on the
unmodified and modified dicarboxylate organic linker (NH,
BDC). This proton is designated as the reference proton in the
rest of the discussion. The percentage conversion for the
reaction of the amino group of NH, UiO 66 Zr with 2 furoyl
chloride could be estimated by comparing the resonance
integral for the reference proton with the resonance integral for

any of the protons available at position 2, 3, or 4 of the furoyl
substituent. The protons at positions 2 (marked as “b” in
Figure S3, bottom) and 3 (marked as “a” in Figure S3, bottom)
of the furoyl ring appearing at 6.7 and 7.3 ppm were clear from
the cluster of signals for the aromatic protons of the linker and
were used to estimate the percentage conversions. The
percentage conversion for the transformation of NH, UiO

66 Zr to furan UiO 66 Zr was estimated to be around 26%.
The quantification of the percentage conversions for the first
and second DA reactions on furan UiO 66 Zr using NMR
spectroscopy could not be performed because the digestion of
Ist DA UiO 66 Zr and 2nd DA UiO 66 Zr did not result in
clear solutions. The percentage conversion for the trans

formation of NH, MIL 53 Al to Br MIL 53 Al was estimated
by comparing the resonance integral for the reference proton
with the resonance integral for the methyl groups of the a

isobutyroyl substituent. The methyl groups of the «

isobutyroyl substituent appeared at 1.85 ppm (marked as “a”
in Figure S4, bottom left), and the percentage conversion for
the transformation of NH, MIL 53 Al to Br MIL 53 Al was
estimated to be around 35%. The overall percentage
conversion for the transformation of bromo groups of Br
MIL 53 Al to Cp groups and the subsequent HDA reactions
was estimated by comparing the resonance integral for the
reference proton with the resonance integral for the alkene
protons of the products of first (1st HDA MIL 53 Al) and
second (2nd HDA MIL 53 Al) HDA reactions. The resonance
signals for the alkene protons of the products of first and
second HDA reactions appeared at around 6.26 and 6.24 ppm
(marked as “a” in Figure S4, bottom right), respectively. The
percentage conversions estimated by comparing the resonance
integrals for the reference proton and alkene protons of the
HDA reactions was around 22% for 1st HDA MIL 53 Al and
18% for 2nd HDA MIL 53 AL The demonstration of Michael
addition reaction as a viable PSM strategy involved the
reaction of amino groups of IRMOF Zn with 4 maleimidobu

tyroyl chloride. This resulted in the synthesis of Mal IRMOF

Zn, offering maleimide groups for the subsequent Michael
addition reaction. The presence of maleimide functional
groups in Mal IRMOF Zn was confirmed by the appearance
of proton resonance characteristic of the maleimide group at
around 6.96 ppm (marked as “a” in Figure SS, bottom). The
proton resonance for the maleimide group was observed to
disappear in the '"H NMR spectrum of Cys IRMOF Zn that
was produced as result of the Michael addition reaction
between the maleimide groups of Mal IRMOF Zn and thiol
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modifications.

group of cysteine. This observation suggests a quantitative
transformation of Mal IRMOF Zn to Cys IRMOF Zn. The
quantification of the percentage conversion during the Michael
addition reaction by comparing the proton resonance integrals
could not be performed because of the close association of the
maleimide proton resonance with a broad resonance signal for
protons of water. The less than quantitative conversions for all
of the PSMs applied in this study, as revealed by the "H NMR
spectroscopic analysis, can be attributed to the difficulty faced
by the reactants in diffusing through the pores of the MOFs
and reaching to all of the linker groups of the solid MOF
samples. Complementing the XPS analysis, the overall
percentage conversions estimated by the 'H NMR spectro
scopic analysis provide insight into the depth of the PSMs
applied in this study.

Differential scanning calorimetry (DSC) measurements
demonstrated the temperature ranges for the retro DA
reactions (Figure 7). For Zr and Al based MOFs, the
endothermic transitions were witnessed in the temperature
range of 104—116 °C. The endothermic transitions corrobo
rate the rDA reactions and retrieval of the initial reactivity of
furan and Cp functionalized MOFs for subsequent DA and
HDA reactions. These results demonstrate the applicability of
the cycloreversion reactions to fabricate a wide range of MOF
systems, capable of tuning their functional nature by switching
their chemical functionality.

The Ar adsorption/desorption isotherms of nonfunctional
ized and functionalized MOFs were obtained at 87 K (Figure
8). The BET surface area of the NH, UiO 66 Zr MOF
decreased from 886 to 682 and 523 m”/g upon functionaliza
tion via 1st and 2nd DA, respectively, whereas the BET surface
area of synthesized NH, MIL 53 Al decreased from 670 to 105
m?/ g after employing the 1st HDA reaction and to 153 m?/ g
after employing the 2nd HDA reaction. The IRMOF 3 Zn
exhibited a surface area of 826 m?/g, which subsequently
decreased to 151 m?/g after the grafting of cysteine molecule
through the Michael addition reaction. The BET surface areas
of the as synthesized herein reported MOFs are comparable to
the values reported in the literature for the similar MOF
systems: NH, UiO 66 Zr (801 m?/g),>* NH, MIL 53 Al (427
mz/g),56 and IRMOF 3 Zn (812 mz/g).56 The details of
surface area and total pore volume are provided in Table S6.
The plots for pore size distribution and cumulative pore
volume are given in Figures S6—S8. A large decrease in surface
area and pore volume of MOFs after all of the functionalization
steps confirmed that the installation of chemical moieties was
mostly inside of the channel of the MOF structures.

CONCLUSIONS

We have successfully highlighted the significance of various
ligation strategies as tandem PSM tools for the fabrication of
Zr, Al, and Zn based MOFs. Reversible DA and HDA
ligations were applied to NH, UiO 66 Zr and NH, MIL 53 Al
MOFs, demonstrating the switching of chemical functionalities
within MOF lattices. The reversible DA ligation on the NH,
UiO 66 Zr MOF was established through a furan/maleimide
coupling pair, while reversible HDA conjugation was
established by employing a reversible reaction between Cp
and dithioester groups. In addition, the thiol—maleimide
Michael addition was demonstrated as a postsynthetic
modification strategy for IRMOF 3 Zn. Overall, the herein
reported strategies offer avenues for the preparation of MOFs
with controlled as well as switchable chemical nature. We
submit that these approaches can be extended to other MOF
materials and pave a way for fabrication of functional MOFs
for a variety of applications.
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