@

A ( ' S NOTTINGHAM

TRENT UNIVERSITY
JOURNALOPTHBAMBR[CANCHEM[CALSOC[BTY

Subscriber access provided by Nottingham Trent University

Communication

Imprinted Apportionment of Functional Groups
in Multivariate Metal-Organic Frameworks

Liang Feng, Kun-Yu Wang, Xiu-Liang Lv, Joshua A.
Powell, Tianhao Yan, Jeremy Willman, and Hong-Cai Zhou

J. Am. Chem. Soc., Just Accepted Manuscript ¢ Publication Date (Web): 04 Sep 2019
Downloaded from pubs.acs.org on September 4, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 6

oNOYTULT D WN =

Journal of the American Chemical Society

Imprinted Apportionment of Functional Groups in Multivariate

Metal-Organic Frameworks

Liang Feng', Kun-Yu Wang', Xiu-Liang Lv', Joshua A. Powell’, Tian-Hao Yan', Jeremy Willman®,

and Hong-Cai Zhou*'8

T Department of Chemistry, Texas A&M University, College Station, Texas 77843-3255, United States

§ Department of Materials Science and Engineering, Texas A&M University, College Station, Texas 77843-3003,

United States
Supporting Information Placeholder

ABSTRACT: Sophisticated chemical processes widely ob-
served in biological cells require precise apportionment regu-
lation of building units, which inspires researchers to develop
tailorable architectures with controllable heterogeneity for
replication, recognition and information storage. However, it
remains a substantial challenge to endow multivariate mate-
rials with internal sequences and controllable apportion-
ments. Herein, we introduce a novel strategy to manipulate
the apportionment of functional groups in multivariate metal-
organic frameworks (MTV-MOFs) by pre-incorporating inter-
locked linkers into framework materials. As a proof of con-
cept, the imprinted apportionment of functional groups
within ZIF-8 was achieved by exchanging imine-based linker
templates with original linkers initially. The removal of linker
fragments by hydrolysis can be achieved via post-synthetic la-
bilization, leading to the formation of architectures with con-
trolled heterogeneity. The distributions of functional groups
in the resulting imprinted MOFs can be tuned by judicious
control of the interlocked chain length, which was further an-
alyzed by computational methods. This work provides syn-
thetic tools for precise control of pore environment and func-
tionality sequences inside multi-component materials.

The well-defined sequences and apportionment of multiple
building units in biomolecules have inspired researchers to
develop tailored architectures with controllable heterogeneity
in polymers, nanomaterials and porous materials.”s For exam-
ple, multi-component metal-organic frameworks (MOFs)
have recently gained increasing attention due to their en-
hanced sorption and separation behaviors, efficient coopera-
tive catalytic activities and programmable luminescence or
guest delivery behaviors.®s For multi-component MOFs with
linkers taking different crystallographic positions, functional
groups can be precisely placed into predetermined positions
(Scheme S1a).'%"9 Although the positions and arrangements
of functional groups are fixed and ordered in this case, place-
ment of linkers in fixed positions presents a lack of tunability
over linker distances, interactions, apportionments and thus
overall properties. Another set of mixed-linker MOFs, known
as multivariate (MTV) MOFs, contains multiple types of link-
ers at identical crystallographic positions. MTV-MOF-5 and
MTV-UiO-66 are representative MTV-MOFs synthesized

using a one-pot approach (Scheme S1b).202 In this case, the
apportionment of the newly introduced functionalities is usu-
ally determined by characterization after synthesis, while ab
initio construction of MTV-MOFs with predictable arrange-
ment is almost impossible to achieve during the “black-box”
synthesis.” In addition, post-synthetic linker exchange can al-
ter the apportionment modes depending on the diffusion and
exchange kinetics.>3 However, the mechanism of linker ex-
change and the influence of ligand sterics on the apportion-
ment are far from fully understood. Therefore, novel strategies
to regulate apportionment of functional groups in MTV-MOFs
are an urgent need and will create new and unexpected oppor-
tunities for data recognition, replication, storage and delivery.

One possible solution is to synthesize MTV-MOFs ab initio
with enhanced interactions between various functional
groups.2+2¢ For instance, cleavable covalent links between the
functional groups on linkers can be judiciously introduced
during a pre-synthetic step, and maintain this pre-interlocked
sequence during the incorporation step. Subsequent cleavage
of interlocking groups in the resultant heterogeneity-con-
trolled imprinted MTV-MOFs will produce an MTV-MOF
with precisely apportioned functional groups (Scheme Sic).
Herein, we introduce a novel strategy to regulate apportion-
ment of functional groups in MTV-MOFs by forming a pre-
interlocked template. Initially, a pre-interlocked linker with
cleavable links is incorporated inside the MTV-MOF under
mild post-synthetic conditions. The control of apportionment
and sequence is directed and ensured by the fixed covalent
links within frameworks. These labile linkages between func-
tionalized linkers are then selectively cleaved in the frame-
work through hydrolysis, leading to the exposure of functional
groups at correlated positions. Eventually, controlled hetero-
geneity in MTV-MOFs can be easily achieved by regulating ap-
portionment of functionalities.

One of the most studied MOFs, ZIF-8, was introduced as a
model to demonstrate our strategy because of its excellent sta-
bility and strong tolerance towards post-synthetic modifica-
tion.2729 An aldehyde-based linker, denoted as Im-CHO (2-
imidazolecarboxaldehyde), was chosen as a prototype to study
the controlled heterogeneity within the framework while 2-
methylimidazole (2-Melm) is main matrix for dispersion. In
order to form a pre-locked linker template (LX, X = 2, 3, 4, 6,
8 and 12, Figure 1a), Im-CHO was firstly linked to diamines
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Figure 1. Controlled heterogeneity in MTV-MOFs: (a) The synthesis of pre-locked linkers (LX, X =2, 3, 4, 6, 8 and 12). (b) The dissociation and
association of imine bonds in pre-locked linker (L2): (c. d) Illustration of the sequential linker exchange and dissociation processes.

(CX, X =2, 3, 4, 6, 8 and 12), to form a pre-labile linker, which
can easily dissociate into the corresponding monomers in a
single step through hydrolysis (Figure 1b).3°3' Post-synthetic
linker exchange at a mild condition (LX/MeOH solutions at
60 °C) was adopted (Figure 2), which shall maintain the in-
tegrity of the imine bonds in pre-locked linker templates
(LX).>> Relatively low concentration solutions of LX (15-30

mM) were utilized to minimize the possibility of a “dangling”
exchange mode (Figure S18). After exchange, the crystals un-
derwent a color change from white to light yellow as indicated
by the optical images (Figure 2a-d). The preservation of the
imine bonds after soaking in MeOH at 60°C for 24 h was veri-
fied by 'H NMR spectroscopy (Figure S13). 'H NMR spectros-
copy of digested samples also demonstrated that both
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imidazoles of LX successfully replaced the original 2-Melm
linkers (Figure S18), verifying that the exchange of LX hap-
pens in a locking/bridging mode. The exchanged ZIF-8 was
denoted as ZIF-8-LX-R%, where the exchange ratio (R%) was
defined as moles of imidazole from pre-locked linkers (LX) di-
vided by the moles of total imidazole in exchanged ZIF-8. It
was found that the exchange ratio R% of ZIF-8-L6-R% gradu-
ally increased as incubation time increased and leveled off af-
ter 300 min (Figure 2e). Further elongation of incubation
time did not increase the L6 content, indicating that a dy-
namic equilibrium is reached between the solid and the solu-
tion. The exchange ratios of ZIF-8-L6 vary from 18% to 26%,
when incubated with different concentrations of L6/MeOH
solutions (15 and 30 mM, respectively) for 10 h. The superna-
tants after linker exchange were analyzed by ICP-MS, which
showed no detectable Zn>*. ZIF-8-LX-R% samples also main-
tain crystallinity as revealed by the PXRD patterns (Figure S1-
2) and the microscope images of the respective crystals (Fig-
ure 2b-d). The N, adsorption isotherms of ZIF-8-L6-R% after
post-synthetic linker exchange showed a clear decrease of N,
total uptake compared with as-synthesized ZIF-8, correspond-
ing to the cavity being filled by the newly-introduced bulky
linkers with removable diamine linkages (Figure 2f and Fig-
ure $6). Additionally, the BET surface areas of ZIF-8 decreased
after exchange because of the partially occupied pore spaces
(Table S3).

The successful incorporation of pre-locked linkers in MTV-
ZIF-8 can also be confirmed by comparing the diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) of
ZIF-8 and ZIF-8-LX-R%. The appearance of imine bonds in
ZIF-8-LX-R% is confirmed by the associated peaks [v(C=N) at
~1651 cm™]. The composition of exchanged ZIF-8 was further
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Figure 2. Monitoring linker exchange in ZIF-8: (a-d) Optical images of
ZIF-8 before and after exchange; (e) Relationship between exchange ratio,
period and linker (LX) concentration during exchange process; (f) N sorp-
tion isotherms of ZIF-8-LX-R%.

analyzed by TGA (Figures S22-23, Table S4-5). The initial
weight loss before 200 °C is attributed to the removal of the
solvent molecules in the pores whereas the removal of organic
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Figure 3. Studying linker dissociation in iZIF-8: (a-d) Optical images, (¢)
DRIFTS spectra, (f) PXRD patterns and (g) N, sorption isotherms of im-
printed ZIF-8 crystals after linker dissociation.

linkers corresponds to the weight loss from 200 to 500 °C (Fig-
ure S16). Notably, ZIF-8-L6-26% shows much higher weight
loss than ZIF-8 without post-synthetic treatment between 200
to 500 °C, due to the removal of the pre-locked linkages inside
frameworks. These results show that the exchange ratio of
ZIF-8 can be tuned with retention of framework integrity and
porosity, which ensures the imprinted apportionment of func-
tional groups in MTV-MOFs. Solid-state NMR spectroscopy of
exchanged ZIFs indicates the complete deprotonation of tem-
plated linkers, which rules out the dangling possibility during
the exchange process (Figure S19-21).

When exposed to aqueous solution, the pre-locked linkers
(LX) in the framework were expected to dissociate into 2-me-
thylimidazole and diamines (CX) through hydrolysis. When
performed at room temperature for 24 h, the reaction between
L6 and water does not go to completion (Figure Si1). How-
ever, when the hydrolysis is performed at 50 °C, nearly quan-
titative cleavage of the imine bonds was observed, generating
exposed aldehyde functional groups and released diamines
(Figure S12). The cleaved diamines can be easily removed
from the framework with sufficient washing, while the ex-
posed functional groups (-CHO) are apportioned in a con-
trolled fashion and manipulated by the tunable pre-locked
chains. The resulting imprinted MTV-MOFs were donated as
iZIF-8-LX-R%, where i stands for “imprinted”. Note that the
coordination bonds between Zn nodes and imidazole linkers
are robust enough to survive from the mild water treatment.33
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Figure 4. (a) The cage structure of ZIF-8 and nine possible apportionment types with linked template linkers LX; (b-c) Illustration of energy changes (unit:
kcal/mol) after the exchange of 2-methylimidazole pairs with a chain template (LX, X =2, 3, 4, 6, 8 and 12); (d-f) Illustration of possible link modes of L2,

L6 and L12 within ZIF-8 cages.

ZIF-8 samples with various exchange ratios were prepared
and treated with aqueous solution at 50 °C for 24 h. PXRD pat-
terns of the resulting iZIF-8-LX-R% showed that the MOF ma-
terials after hydrolysis possessed the same diffraction patterns
as the parent ZIF-8 (Figure 3f). The microscope images of the
respective crystals demonstrated that the crystal morphology
was not affected by the template cleavage process (Figure 3a-
d). The porosity of iZIF-8-LX-R% was also studied by N, sorp-
tion measurements, which confirm an increase in pore size
due to the release of template molecules. Compared to ZIF-8-
LX-R%, the N, sorption isotherms of microporous iZIF-8-LX-
R% at 77 K demonstrated increased uptakes with a type-I iso-
therm, indicating the release of template molecules from the
framework (Figure 3g). No notable mesopores were observed
in the N, sorption isotherms, ruling out the possibility of par-
tial decomposition of ZIF-8 during post-synthetic treatment.
The subsequent cleavage of pre-locked linkers significantly
changed the pore volume and corresponding environment.

To examine whether the imine bonds were successfully dis-
sociated during the hydrolysis treatment, DRIFTS absorption

spectroscopy was utilized to confirm the linker dissociation
process. As evidenced by Figure 3e, a clear blue shift of the
stretching bands of the imine group [v(C=N), ~1651 cm™] to al-
dehyde group [v(C=0), ~1683 cm™] was observed. Besides,
there are also appearance of peaks around 2768 cm™ and 2733
cm™, associated with v(C-H, aldehyde) and 8(C-H, aldehyde)
modes, respectively, which indicates successful cleavage of the
imine bond. In addition, the composition of iZIF-8 was further
analyzed by TGA and compared with *H NMR results (Figures
S14-16). The weight losses corresponding to the thermal de-
composition of organic fragments match well with the calcu-
lation.

We further extended the strategy to other diamines with
various chain lengths to investigate the versatility of regulated
apportionment of pre-locked linkers. Six pre-locked linkers
were introduced with variable lengths to regulate the distri-
bution of functional groups in the ordered frameworks. The
successful sequential linker exchange and dissociation were
achieved in these systems with well-maintained crystallinity,
as indicated by optical images, N, sorption isotherms, and
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PXRD patterns (Figure S2). To gain insights into the con-
trolled linker apportionment in iZIF-8-LX-R%, we inspected
the possible models of linker apportionment to study the dis-
tances and distributions of ZIF frameworks. We found that
spatial distributions of pre-locked linker templates (LX) could
be influenced by the distance and orientation of imidazole lig-
ands in original frameworks. The ZIF cage was modelled as a
truncated octahedron, with the zinc nodes represented by the
vertices and the ligands represented by the edges of the poly-
hedron (Figure 4a). Faces of the polyhedron are comprised of
squares and hexagons. For conciseness, the spatial relation-
ship between ligands can be displayed through a projection on
the polyhedron. The orientations of two imidazole ligands can
be described as one of four different patterns: opposite, in-
verse, parallel, and anti-parallel. According to the calculation
results, the opposite and parallel patterns are the most fa-
vored, while the inverse pattern is almost impossible because
of the torsional strain it imposes on LX. Therefore, a total of
nine possible apportionment patterns, labeled from I to IX,
can be found within a ZIF cage (Figure 4a).

According to density-functional calculations performed by
the DMol3 program of Materials Studio, relative energies of
substitution can be obtained by subtracting the energy of ZIF-
8 and LX from that of ZIF-8-LX (Figure 4b-c).34 Remarkably,
for LX with a longer chain length, more diverse substitution
patterns can be accessed (Figure S24). In general, the results
shown that a shorter linker tends to connect adjacent posi-
tions with parallel ligands because of the length limitation,
while for a longer linker, although with increased freedom and
length, its torsion strain becomes a dominant factor for spatial
distribution, as a result, it prefers a non-distortion pattern and
substitutes two distant opposite ligands (Figure 4, Table S6).
Our results here exemplify the idea of ab initio synthesis with
predictable arrangement of functional groups within MTV-
MOFs, which provides a tool for sequence manipulation in
multi-component materials.
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