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IRMOF-10, derived from biphenyl-4,4’-dicarboxylic acid and zinc, is
a prototype for an open cubic structure prone to interpenetration.
Interpenetration can compromise MOF pore volume and surface
area which drives the need to develop strategies to synthesize non-
interpenetrated MOFs. In this work, an additive design strategy was
employed to suppress interpenetration of IRMOF-10. The presence
of the additive during traditional solvothermal synthesis yielded an
activated material with the highest surface area reported to date
and enabled the determination of the single crystal structure. In situ
monitoring of the nucleation of crystals under polarized light
provided insights into the mechanism behind interpenetration in
the IRMOF-9/10 system. This work provides a roadmap to suppress
interpenetration more generically in other MOFs and achieve
improved surface areas and pore volumes for this prominent class
of porous sorbents.

The seminal paper on the concept of isoreticular metal-organic
frameworks (IRMOFs) was published over 20 years ago.'* The
impact of this paper for guiding the field in how to achieve
functional group modifications and rational changes in lattice
parameters is hard to overstate. Based on the structure of MOF-
5, this work introduced compounds including IRMOF-3 (the
amine derivative of MOF-5), IRMOF-8 (featuring an expanded
cage based on 2,6-napthalenedicarboxylate), and IRMOF-10
(based on biphenyl-4,4’-dicarboxylate) that have launched thou-
sands of investigations. This study arose during the early days
of porous MOFs and therefore before expectations were cali-
brated in terms of what surface areas should be achievable for
these materials. In the case of IRMOF-8, the scientific expecta-
tion would be that it possesses a higher surface area than the
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smaller pore analog MOF-5 (3400 m? g ').'” However,
subsequent experiments found surface area on the order of
1466 m* g~ '.> This dramatic discrepancy was later ascribed to
the occurrence of interpenetration that was not apparent in the
original crystal structure.>* Subsequent studies were able to
produce pristine IRMOF-8 with a surface area of 4461 m” g%,
which is well in line with expectations.® The mystery of IRMOF-
10, an even greater expansion of the MOF-5 lattice, is the
subject of this contribution.

The reaction of zinc nitrate with biphenyl-4,4’-dicarboxylic
acid has been reported to yield a doubly interpenetrated frame-
work structure, IRMOF-9, as colorless rectangular crystals in an
orthorhombic space group (Pnnm). By carrying out the reaction
under higher dilution, small crystals postulated to be non-
interpenetrated IRMOF-10 were obtained.'® These crystals,
however, were not suitable for single-crystal X-ray diffraction
nor was porosity measured. Interpenetration or catenation®
arises when one framework is present within another and no
covalent bonds connect these frameworks. This commonly
arises with certain network topologies (including the ubiqui-
tous primitive cubic (pcu) topology that is the basis of the
IRMOF series) wherein each separate framework is structurally
identical, but the degree of interpenetration can vary.”®* While
interpenetration has been shown to improve the structural
stability of MOFs® it is generally undesirable because additional
frameworks within the voids leads to decreased accessible pore
volume and results in diminution of guest storage capacity.®*°

Interpenetration in pcu MOFs has been extensively studied
and there have been several attempts to yield non-interpenetrated
materials including variation of reaction temperature and
concentration,”! functionalization,">"* and solvent-based den-
sity separation.’* Recently, Feldblyum and coworkers introduced a
method to deinterpenetrate IRMOF-9, yielding IRMOF-10 with a
surface area of 1778 m*> g~ ."*> Experimental efforts aside, theory
has predicted the surface area (5000 m* g~ ', see ESIt),"*® and
gas storage potential of hypothetical pristine IRMOF-10."° In
spite of establishing new methodologies to suppress interpenetra-
tion in IRMOF-10, experimentally reported surface areas are still
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(a) Molecular structure of designed additive: 5”-bromo-[1,1":4",1":3",1""":4""" 1'"""-quinquephenyl]-4,4'""'-dicarboxylic acid. (b) Structure of pore

window in the {100} plane of IRMOF-10. C-C distances are highlighted in green. (c) Image of IRMOF-9/10 crystal synthesized with additive under
polarized light illustrating a mixture of birefringent (noncubic) and crystallographically cubic regions. (d) Structure of a single cage of IRMOF-10 obtained
via single crystal X-ray diffraction. Non-disordered structure depicted and hydrogen atoms omitted for clarity.

less than half of the surface area value expected for the non-
interpenetrated structure. Herein we demonstrate a strategy to
suppress interpenetration within the IRMOF-9/IRMOF-10 system
to yield improved BET surface area and non-interpenetrated
phases of sufficient size and quality to determine the structure
via single crystal X-ray diffraction.

We hypothesized that an additive designed to interact with
the specific metrics of the IRMOF-10 lattice would slow the
formation of an interpenetrating framework. An additive was
designed by employing a geometric design strategy to suppress
interpenetration within the IRMOF-10 framework during synth-
esis. This was achieved by incorporation of a bent aromatic
dicarboxylic acid additives with a coordinating distance match-
ing that that of two diagonally situated Zn,O clusters across an
IRMOF-10 pore window. A similar approach was previously
shown by Kuthuru et al. to result in different morphologies of
MOF-5 without changing the original phase.”’**> Herein, an

a) b)

205 min

160 min
Fig. 2
and 530 min (f) into synthesis.
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230 min
Images of IRMOF-9 crystals at 205 min (a), 275 min (b), and 575 min (c) into synthesis. Images of IRMOF-9/10 crystals at 160 min (d), 230 min (e),

additive (structure in Fig. 1a) was designed computationally
such that the coordinating C-C distance, that is, the distance
between the carbons of the carboxylic acids (Fig. 1a), matches
the distance between two diagonally situated Zn,O clusters
across the pore window (Fig. 1b) in the simulated structure
IRMOF-10 (see ESIt for details). The additive (5”-bromo-
[1,17:4/,1":3",1"":4'"" 1""""-quinquephenyl]-4,4’""'-dicarboxylic
acid) was synthesized and purified via column chromatography
(see ESIf for details).

An additive concentration of 10 mol% (with respect to
linker) was selected for these studies as we observed the same
extent of interpenetration in crystals synthesized in the
presence of up to 30 mol% additive. The additive (10 mol%),
Zn(NO3),-4H,0, and biphenyl-4,4’-dicarboxylic acid were dis-
solved in DEF via sonication. The resulting solution was filtered
and reacted under solvothermal conditions at 85 °C for 18 hours
(see ESIf for experimental details). The resulting rhombic

530 min
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dodecahedral crystals are consistent with the additive inhibit-
ing crystallization perpendicular to the {110} plane during
crystallization thereby favoring expression of {110} crystallo-
graphic facet.>! These crystals are referred to as IRMOF-9/10’
due the presence of a mixture of birefringent and non-
birefringent regions under polarized light (Fig. 1c). The
presence of birefringent regions in the crystal is indicative of
a noncubic lattice structure (i.e., the presence of IRMOF-9),
whereas regions not rotating plane polarized light are indica-
tive of a symmetric cubic structure: IRMOF-10 (Fig. 1d). Single
crystal X-ray diffraction of nonbirefringent fragments of
IRMOF-9/10 crystals verified the non-interpenetrated cubic
structure of IRMOF-10 (see ESIT for details and crystallographic
data). IRMOF-10 adopts the cubic space group Fm3m, with a
lattice constant of 34.96 A. The crystal structure is well ordered
around the metal cluster and motion of the aromatic rings in
the linker leads to some disorder that is modeled over two sites
related by a mirror plane. For IRMOF-10, a total geometric
volume of 2.690 cm® g~* is predicted from the pore analyser
calculation in mercury: maximum pore diameter is 20.94 A and
pore limiting diameter is 12.03 A. This contrasts with IRMOF-9
in which the total geometric volume is 0.964 cm® g~', max-
imum pore diameter is 11.02 A, and pore limiting diameter is
8.21 A (see ESIft for calculation details).

To investigate the mechanism behind interpenetration
within this system, biphenyl-4,4’-dicarboxylic acid was reacted
with zinc in the absence and the presence of additive while
optically monitoring the crystallization to observe the for-
mation of birefringent and non-birefringent phases during
synthesis (see ESIf for experimental details). Images were
captured under cross polarizers with a half wave plate through-
out each synthesis, and timelapses: of crystallizations with and
without additive were created (see ESIt for full video). Fig. 2
includes images captured during the stages of crystallization
with corresponding timepoints for MOFs synthesized both in
the absence (Fig. 2a—c) and presence (Fig. 2d-f) of additive.
These earliest crystallization appearances, corresponding to
shortly after nucleation, observed from in situ imaging,
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Fig. 3 N, adsorption isotherms of IRMOF-9 (black) and IRMOF-9/10
(purple).
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provided further insight into the mechanism behind interpene-
tration within this system. Specifically, the additive facially
blocks crystal growth within the initially formed non-
interpenetrating framework, thereby suppressing interpenetra-
tion, and favoring the formation of crystallographically cubic
IRMOF-10 crystals with rhombic dodecahedral morphologies
(Fig. 2d). As the synthesis progresses, a second framework, as
evidenced by new birefringent regions, nucleates within initially
formed IRMOF-10 (Fig. 2e), resulting in the formation of mixed
phase IRMOF-9/10 crystals (Fig. 2f). IRMOF-10 forms during the
initial stages of synthesis as a result of the kinetic influence of
the additive, and the lack of interpenetration suppression at later
times indicates that ultimately the thermodynamic product
(IRMOF-9) prevails under these conditions. These results con-
trast with the nucleation of IRMOF-9 (in the absence of additive,
Fig. 2a—c) where the thermodynamic product is observed to a
much greater extent earlier in the synthesis.

Previous attempts to activate IRMOF-9 by traditional evacua-
tion methods has resulted in gravimetric surface areas ranging
from 1168-1904 m? g~ *.*>*? In this study, DMF solvated IRMOF-9
and IRMOF-9/10 crystals were activated with flowing supercritical
CO, and analyzed by N, gas sorption (Fig. 3, see ESIT for details).>*
Near type I isotherm behavior was observed for both samples,
with IRMOF-9 exhibiting its characteristic stepwise isotherm™*'*
and a BET surface area of 1964 m” g~ . This stepwise behavior has
been attributed to pore expansion (or ‘gating’) during N,
adsorption,'” with another study demonstrating such flexibility
within IRMOF-9 via solvent coordination-induced breathing.>® It
is noteworthy that the mixed phase IRMOF-9/10 material exhibits
the stepwise behavior to a lesser extent during adsorption, and
has a significantly higher BET surface area (2369 m”> g ') than
IRMOF-9. 1t is likely that the instability of the IRMOF-10 frame-
work upon activation renders the theoretical surface area of
5000 m> g~ " unachievable by current activation methods. None-
theless, this improvement in surface area demonstrates the
efficacy of structurally-informed additive design to suppress inter-
penetration and yield higher surface area MOFs. However, further
reducing the extent of interpenetration, by stopping crystalliza-
tions at the initial onset of birefringence (2-6 hours total synthesis
time), resulted in lower BET surface areas ranging from 1200-
1400 m* g~ (see ESIf for details and characterization). Therefore,
partial interpenetration is hypothesized to have a stabilizing effect
on regions with reduced interpenetration.

In alignment with previous studies, we observed
amorphization of IRMOF-9 post-activation via PXRD. In con-
trast to IRMOF-9, the PXRD patterns of IRMOF-9/10 samples
showed a greater retention of crystallinity post-activation, with
the sample retaining characteristic signals of IRMOF-10 (5.0°,
7.3° 10.3°% and 11.5° 20) and aligning with the simulated
pattern of IRMOF-10 (Fig. 4). Furthermore, these data demon-
strate that no alternative phases formed due to the presence of
additive during the synthesis of IRMOF-9/10, and furthermore
additive is detectable at levels <1 mol% via '"H NMR analysis of
IRMOF-9/10 digested in DCI/D,0/DMSO-d, (see ESIt) consis-
tent with a transient role of the additive in both morphology
control and interpenetration suppression.
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Fig. 4 Powder X-ray patterns of simulated IRMOF-9 (orange) and IRMOF-
10 (black), synthesized IRMOF-9 (blue) and IRMOF-9/10 (pink), and
IRMOF-9 (green) and IRMOF-9/10 (purple) after activation with flowing
supercritical COs.

In summary, a geometric design strategy was exploited to
experimentally suppress interpenetration of IRMOF-10 via inclu-
sion of a lattice interacting additive. This yields a material with a
gravimetric surface area surpassing those reported for IRMOF-9
and IRMOF-10 to date. The resulting crystals, synthesized under
traditional solvothermal conditions, were of sufficient size and
quality to determine the single crystal structure of IRMOF-10 for
the first time. In addition, in situ optical monitoring during the
crystallization of IRMOF-9/10 suggests a mechanism of inter-
penetration involving formation of IRMOF-10 followed by sub-
sequent nucleation of IRMOF-9 within the initially formed
crystals and the additive dramatically slowing down nucleation
and growth of the interpenetrating framework. This additive
approach can be broadly applied to suppress interpenetration
and achieve higher surface areas across a variety of MOFs.
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Data availability

The data supporting this article have been included as part of
the ESIT including: Experimental procedures, characterization,
and crystallographic data. Crystallographic data for [IRMOF-10]
has been deposited at the [CCDC] under [2356184].1 For ESL
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