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Abstract

Metal-organic frameworks (MOFs) are a class of crystalline, nanoporous materials that are recognized
for their tunability. While some MOFs demonstrate flexibility, this characteristic can pose challenges in
achieving precise pore control or establishing permanent porosity. Specifically, MIL-88B, is notable for its
high flexibility, as it is constructed from metal trimer clusters and 2-dimensional linkers (2DLs) featuring
planar, aromatic cores, allowing significant structural changes. In this study, we synthesized two new
MOFs, NU-2010 and NU-2011, which are structurally analogous to MIL-88B but incorporate ditopic 3-
dimensional linkers (3DLs) with sterically bulky cores and higher symmetry. Our aim was to investigate
whether the introduction of 3DLs could mitigate the flexibility observed in MIL-88B. We employed a
combination of single crystal and powder X-ray diffraction techniques to assess the flexibility of MIL-88B,
NU-2010, and NU-2011 under various conditions including thermal activation, solvent exchange, and
temperature changes. Our findings indicate that incorporating 3DLs significantly reduces framework
flexibility in NU-2010 and NU-2011 relative to MIL-88B.

Introduction

Metal-organic frameworks (MOFs) are crystalline, nanoporous materials that assemble from the
coordination of metal nodes or clusters with organic linkers. ' The vast library of these building blocks
enables numerous potential structures with different topologies and properties that can be tuned toward
applications like gas storage, 2 chemical separations, *° and catalysis. ® Of these materials, flexible MOFs
have attracted significant attention in recent years due to their dynamic behavior that can be triggered by
external stimuli, including temperature, pressure, or guest molecules. "8 However, in many cases, it can
be difficult to activate or desolvate flexible MOFs without collapsing the structure, losing porosity, or
instigating a phase transition.

Recently, our group and others have demonstrated that increasing linker dimensionality from 1-
or 2-dimensional to 3-dimensional is an effective strategy for limiting flexibility in MOFs. *'2 While most
MOFs comprise 2-dimensional linkers (2DLs), which we define as ditopic ligands with planar, aromatic
cores, 2DLs can pose challenges when they are subject to rotational motion in the pore. Upon rotation,
2DLs extend non-uniformly into the pore space, often resulting in significant deviations in pore size
(Figure 1). However, 3-dimensional linkers (3DLs) are ditopic linkers with sterically bulky cores that have
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greater than 2-fold symmetry. ® ' '* Utilizing a 3DL can limit the effects of linker rotation on the local pore
environment, as the space occupied by a 3DL is independent of its orientation within the pore. In this
way, increasing linker dimensionality can limit local flexibility (linker rotation or thermal expansion) in a
structure (Figure 1). Further, because 3DLs are sterically bulky unlike 2DLs, they can minimize global
flexibility or phase transitions (Figure 1).
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Figure 1. (Top) 2-dimensional linkers (2DLs) are ditopic ligands with planar, aromatic cores. As linkers are subject to rotational
motion in the structure, the non-uniform protrusion of 2DLs into the pore can result in significant changes in pore size. In
addition, linker reorientation can cause global flexibility, like breathing, resulting in large distortions of volume. (Bottom) In
contrast, 3-dimensional linkers are sterically bulky ligands with highly symmetrical cores. The cores protrude uniformly in the
pore space, regardless of orientation, mitigating the effects of linker rotation on pore size. Additionally, their steric bulk may
inhibit global phase transitions and maintain open pores.

Previously, our group studied the effects of installing 3-dimensional linkers of increasing bulkiness
in MIL-53, ' which is a class of flexible MOFs comprised of 1-dimensional channels featuring chains of
single metal ions coordinated to the 2DL 1,4-benzenedicarboxylate (BDC). '%'2 While MIL-53 undergoes
significant breathing behavior that results in a 40% difference in volume between its narrow pore phase
and large pore phase, > '® we demonstrated that by installing the 3DLs bicyclo[1.1.1]pentane-1,3-
dicarboxylate (BPDCA), bicyclo[2.2.2]octane-1,4-dicarboxylate (BODCA), and p-carborane-1,12-
dicarboxylate (pCDC), we could limit this change in volume to about 2%, 7%, and 1%, respectively. 112



As a result, these 3DL MOFs were able to engage in the size-selective separation of either xylenes or
hexane isomers, while the 2DL analogue MIL-53 did not show any separation ability under analogous
conditions. MIL-88, first reported by Serre and coworkers in 2004, is another well-studied MOF system
that shows flexible behavior. It consists of metal trimer nodes that coordinate with ditopic, carboxylate
linkers to form channel-based frameworks (Figure 2)."” These channels extend into the ¢ direction, while
bipyramidal cages lie in the ac and bc planes (Figure 3). MIL-88 has been synthesized from a variety of
carboxylate-based  linkers, including fumarate, 1,4-benzenedicarboxylate = (BDC), 2,6-
napththalenedicarboxylate, and 4,4’biphenyldicarboxylate, forming independent structures called MIL-
88A, MIL-88B, MIL-88C, and MIL-88D. '® In each of these cases, MIL-88 is known to exhibit significant
breathing behavior, sometimes resulting in volume changes up to 250%.'® Researchers have devoted
significant efforts to reduce flexibility and mitigate this breathing behavior in MIL-88. "' For instance,
Serre and coworkers studied the effects of linker modification on flexibility in MIL-88 and demonstrated
that functionalizing the core of the BDC linker with 1, 2, or 4 groups (-Cl, -Br, -F, -CHs, - NH2, - NOo, or -
CF3) can control the flexibility of Fe-based MIL-88B and change the properties of the pore. They found
that the amplitude of breathing in MIL-88B is inversely proportional to the size of the functional groups
and the number of functional groups on the benzene core. ?° Our group applied this strategy further by
using a linker with four methyl groups on the benzene core (2,3,5,6-tetramethylterephthalate) to form Mn-
MIL-88-Mes, which demonstrated permanent porosity and catalytic activity toward alcohol oxidation. 2’

In this study, we aimed to extend the strategy of increasing linker dimensionality to mitigate
flexibility in the MIL-88 topology. To accomplish this, we synthesized two new structures in the MIL-88
topology using the BODCA and BPDCA 3DLs, namely NU-2010 and NU-2011. Through a combination
of both single crystal and powder X-ray diffraction experiments, we studied the temperature- and solvent-
induced flexibility of NU-2010 and NU-2011 with respect to the parent structure MIL-88B, which is built
from 2D BDC linkers, to further understand the structural influence of 3DLs in flexible MOFs. By
expanding upon previous research, our study further illuminates the effectiveness of incorporating 3DLs
to minimize flexibility within MOFs.

Results and Discussion
Materials Synthesis and Structural Characterization

To understand the effect of installing 3DLs in the MIL-88 topology, we synthesized single crystals
of NU-2010 and NU-2011. These new systems are structurally analogous to MIL-88B (CCDC 2332772-
2332780) but use 3D BODCA and BPDCA as their organic linker components, respectively, rather than
2D BDC linkers (Figure 2). To synthesize single crystals of MIL-88B and NU-2010, we combined
FeCls-6H.0 and the linker in N,N-dimethylformamide (DMF), using acetic acid as a modulator, and heated
overnight. This resulted in hexagonally shaped single crystals of 20 um and 100 pym size (Figure 2e,f and
Figure S1). Similarly, NU-2011 was synthesized by combining FeCls3-6H.O and the linker in DMF, but
instead using trifluoroacetic acid as a modulator and heating for 48 hours, resulting in single crystals on
the order of 10 um (see Supplemental Information for full synthesis details of MIL-88B, NU-2010, and
NU-2011) (Figure 2g and Figure S1).
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Figure 2. The MIL-88 topology is built from (a) trimeric Fe-based nodes that coordinate with ditopic carboxylate-based linkers.
In this study we used (b) 1,4-benzene-dicarboxylic acid (BDC), (c) bicyclo[2.2.2]octane-1,4-dicarboxylic acid (BODCA), and (d)
bicyclo[1.1.1]pentane-1,3-dicarboxylic acid (BPDCA) as the organic linker components. The scanning electron microscopy
(SEM) images for (e) MIL-88B, (f) NU-2010, and (g) NU-2011 show particle sizes on the order of 20 um, 100 um, and 10 pm,
respectively. The structures of (h) MIL-88B, (i) NU-2010, and (j) NU-2011 were solved from single crystal X-ray diffraction
experiments.

We used SCXRD experiments at 100 K (-173.15 °C) to solve the structures of these materials in
their as-synthesized (as) forms and to confirm that they crystallize in the MIL-88 topology (Table 1). We
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found that MIL-88B crystallizes in the hexagonal space group P6ymmc, with unit cell parameters of a =
12.8447(14) A and c = 18.3476(13) A (Figure 3a). These results closely resemble the previously reported
values derived from Rietveld refinement of powder X-ray diffraction data (a = 11.05 A, ¢ = 18.99). %
Interestingly, SCXRD data of NU-2010, which is constructed from the BODCA linker, reveals that the
structure crystallizes in the orthorhombic space group Pnma, with lattice parameters of a = 22.685(3), b
= 17.902(2), and ¢ = 12.8906(14). When exchanging the solvent from DMF to acetonitrile (ACN), we
observed that NU-2010 changes space groups to P321, a hexagonal crystal system, with lattice
parameters of a = 12.6536(8) A, ¢ = 18.0608(13) A. This system matches more closely with the parent
MIL-88B structure (Figure 3b). Upon synthesizing NU-2011, which is built from the BPDCA linker, we
observe that NU-2011 crystallizes in the same space group as MIL-88B. NU-2011 has lattice parameters
ofa=11.7159(7) A and ¢ = 16.9930(9) A, resulting in an approximately 23% decrease in unit cell volume
from MIL-88B, due to the shorter length of the BPDCA linker (Figure 3c).

Table 1. Crystallographic details from single crystal X-ray diffraction experiments at 100 K (-173.15 °C) and calculated values of
surface area, pore limiting diameter (PLD), and largest cavity diameter (LCD) from structures of MIL-88B, NU-2010, and NU-
2011 (as = as-synthesized in N,N-dimethylformamide, ACN = solvent exchanged to acetonitrile, act = activated under vacuum
at 85 °C after solvent exchange to acetonitrile). Values of surface area were calculated using N2 as a probe molecule.

MIL-88B NU-2010 NU-2011
as as ACN act as act
Crystal hexagonal | orthorhombic | hexagonal hexagonal hexagonal hexagonal
System
Space P65 /mmc Pnma P321 P62c P65 /mmc P65 /mmc
Group

a(h) 12.8447(14) | 22.685 12.6558(8) | 12.5437(3) | 11.7159(7) | 11.7232(12)

3)
b (A) 12.8447(14) | 17.902(2) | 12.6558(8) | 12.5437(3) | 11.7159(7) | 11.7232(12)
c (A 18.3476(13) | 12.8906(14) | 18.0832(13) | 18.1059(5) | 16.9930(9) | 16.9707(15)

Volume | 26215(6) | 5235.0(11) | 2508.3(4) | 2467.19(14) | 2020.0(3) | 2019.9(5)
(A%

Surface 869.49 462.45 201.13 174.64 394.60 417.49
Area
(m?/cm?®)

PLD (A) 3.64 4.04 3.34 3.32 2.97 2.76

LCD (A) 7.07 5.12 5.24 5.01 5.61 5.52

Pore 0.510 0.327 0.311 0.285 0.318 0.317
Volume
(cm®/g)

In addition to collecting SCXRD data of the as-synthesized structures, we also attempted to solve
the structures of the activated crystals to quantify the changes in lattice parameters upon desolvation
(Table 1). First, we exchanged the solvent from DMF to ACN in each crystal system, as ACN is a more
volatile solvent and can be more easily removed from the pores of a MOF during thermal activation. 23
The samples were activated under vacuum at 85 °C for 12-16 hours prior to the SCXRD experiments. All
attempts to collect single crystal structures of the activated MIL-88B crystals were unsuccessful, as the
strain from structural changes degraded the crystal quality, resulting in poor diffraction. >* The single
crystal structure of activated NU-2010 demonstrates minimal changes in unit cell parameters from the
structure collected after solvent exchange to acetonitrile, with slight contraction of the channel. The unit
cell parameters of the activated NU-2010 are a = 12.5437(3) A and ¢ = 18.1059(5) A. Interestingly, NU-
2011 exhibits negligible differences in unit cell parameters between the as-synthesized structure and the
activated structure, signifying that the decreasing the length of the linker from BODCA (6.77 A) to BPDCA
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(5.97 A) further rigidifies flexible topologies. The activated lattice parameters for NU-2011 are a =
11.7232(12) A and ¢ = 16.9707(15) A. We observed a similar effect in MIL-53 topology (sra), as the
structure built from the BODCA linkers (NU-2000) exhibited nearly 7% change in unit cell volume from
variable temperature X-ray diffraction (VT-PXRD) studies, '° while the structure comprising BPDCA
linkers (NU-2002) only exhibited a 2% change. > The minor changes in lattice parameters between the
solvated and activated structures of NU-2010 and NU-2011 support our hypothesis that 3DLs can be
installed to limit flexibility in the MIL-88 topology.

ab-plane ac-plane

MIL-88B
18.35 A

18.08 A

16.99 A

Figure 3. Crystal structures of (a) MIL-88B (as-synthesized in DMF), (b) NU-2010 (in acetonitrile), and (c) NU-2011 (as-
synthesized in DMF) looking down the channel (c axis) and lattice parameter values for a and b, and looking into the
bipyramidal cages (b axis) and lattice parameter values for c.

To evaluate the influence of 3DLs on textural properties in the MIL-88 topology, we calculated
surface area, pore limiting diameter (PLD), largest cavity diameter (LCD), and pore volume from the
crystal structures of MIL-88B, NU-2010, and NU-2011 (Table 1). Considering the challenges associated
with accurately refining the positions of hydrogen atoms from X-ray diffraction data, > % we optimized the
positions of the hydrogen atoms using the Forcite module in Materials Studio. During the geometry
optimization, the positions of all other atoms were fixed in their experimentally determined positions from
SCXRD. In the cases of NU-2010 and NU-2011, any disorder in the 3DL cores was rectified (Tables S2-
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7). The textural properties were calculated using nitrogen as a probe molecule in PoreBlazer, an open-
source software tool for characterization of a porous material’s textural properties developed by Sarksiov
et al., (Table 1).?%"

As expected, introducing 3DLs decreases the probe occupiable surface areas and the pore sizes,
due to their greater extent of protrusion into the pore over 2DLs. % The calculated surface area of the as-
synthesized structure of MIL-88B is about 870 m?/cm?®, while the as-synthesized structures of NU-2010
and NU-2011 have calculated surface areas of 460 and 395 m?cm?®. Further, the LCD decreases from
about 7.0 A in MIL-88 to about 5.1 A and 5.6 A in NU-2010 and NU-2011, respectively. The LCD
decreases from the as-synthesized structures by only ~0.1 A in the activated structures of the 3DL-based
MOFs, exemplifying the precise sub-angstrom pore control that can be achieved by installing 3DLs.

X-ray Diffraction Studies of Structural Flexibility Induced by Solvent Exchange

Given the phase change observed when exchanging the solvent from DMF to ACN in NU-2010,
we opted to study the effect of solvent adsorption on structural flexibility. Previously, this phenomenon
was studied extensively by Serre and coworkers in MIL-88A, MIL-88B, MIL-88C, and MIL-88D. '® In each
structure, they saw evidence of anisotropic breathing behavior, but to different extents based on the linker.
The authors identified the origin of the flexibility in MIL-88B as the rotation of the trimer node by up to
30°. Upon reorientation of the node, the linker moiety rotates to minimize the lattice energy, resulting in
significant changes in pore size and lattice parameters. '® We made similar observations when studying
solvent exchange in MIL-88B (Figure 4a). When exchanging the solvent from DMF to polar solvents like
ACN and methanol (MeOH), the (002) peak shifts to higher angles, signaling the contraction of the
bipyramidal cages, and the (100) peak shifts to lower angles, indicating an increase in the lattice
parameter and expansion of the channel. However, upon exchanging the solvent to less polar solvents
like 1,4-dioxane (dioxane) and toluene, we observed the opposite effect. The (002) peak shifts to lower
angles and the (100) peak shifts to higher angles, signifying contraction of the channel. In all cases, the
peak shifts are very pronounced relative to the initial peak positions in the as-synthesized MIL-88B
pattern.

We repeated these experiments for NU-2010 and NU-2011. The PXRD patterns for NU-2010
(Figure 4b) reveal small changes in (100) and (002) peak positions when exchanging the solvent, but
these changes are much less significant than the changes seen in the PXRD patterns for MIL-88B. For
example, for NU-2010, the (002) peak shifts to lower angles and the (100) peak shifts to higher angles
when the solvent is exchanged from DMF to ACN and MeOH, which contrasts the corresponding peak
shifts for MIL-88B and indicates that NU-2010 experiences a contraction of the channel. The different
behavior in expansion and contraction in MIL-88B and NU-2010 can likely be attributed to the different
interactions between the aromatic ring in MIL-88B and the aliphatic cage in NU-2010 with solvent
molecules. Upon exchanging the solvent to toluene for NU-2010, we observed a similar peak shifting
pattern indicative of channel contraction, but to a lesser extent. The PXRD pattern collected after
exchanging the solvent to dioxane matches well with the pattern from the as-synthesized NU-2010
structure.

While NU-2010 demonstrates some flexibility in these experiments, the flexibility is severely
limited when compared to the major changes in peak positions seen in the PXRD patterns for MIL-88B.
Because installation of 3D linkers does not prevent distortion of the node, which is the source of flexibility
in these materials, ' we still observe flexible behavior in NU-2010 that likely originates from slight
distortions of the unit cell. However, this flexibility occurs to a relatively lesser extent than in the 2DL-
based MOF MIL-88B because the 3DLs of NU-2010 occupy a consistent volume, regardless of their



orientation within the structure. Indeed, in the PXRD patterns for NU-2011, the (100) and (002) peak
shifts in the patterns obtained from all solvents are negligible relative to their positions in the pattern for
the as-synthesized sample, further exemplifying the rigidity instilled by incorporating the even shorter
BPDCA 3DL (Figure 4c).
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Figure 4. Powder X-ray diffraction data collected using CuKa1 radiation (A = 1.54056 A) for (a) MIL-88B, (b) NU-2010, and (c)
NU-2011 (background removed) in their as-synthesized forms in N, N-dimethylformamide (DMF), after solvent exchange to
acetonitrile (ACN), methanol (MeOH), dioxane, and toluene, and after thermal activation (desolvation) under vacuum at 85 °C.
The purple circles highlight the (100) reflections and the green circles highlight the (002) reflections.

While the peak positions of NU-2010 demonstrate small shifts in different solvents, we sought to
further explore global phase transitions (i.e., changes in the space group) in NU-2010 using SCXRD
analysis of the structure after solvent exchange to MeOH, water, and dioxane (Table 2). SCXRD analysis
offers more precise identification of space groups compared to refinement of PXRD data. Following the
exchange of the solvent in NU-2010 from DMF to dioxane, NU-2010 remains in the orthorhombic space
group Pnma with lattice parameters of a = 22.8034(11) A, b = 17.8476(5) A, and ¢ = 12.9875(6) A.
However, as we observed when exchanging to ACN, NU-2010 transitions to the hexagonal space groups
of P62c and P6 in MeOH and water, with lattice parameters of a = 12.6497(6) and ¢ = 18.0493(8) and a
=12.5443(5) A and ¢ = 18.0885(6) A, respectively. Despite the installation of the 3DL BODCA in the MIL-
88 system, NU-2010 maintains some global flexibility as the phase transition from an orthorhombic to a
hexagonal space group indicates a symmetry-enhanced rearrangement at the atomic level. However, in
this case, the lattice parameters are not greatly affected by the phase transition, exemplifying the
importance of defining a MOF’s local pore environment by installing 3DLs.



Table 2. Crystallographic details from single crystal X-ray diffraction experiments at 100 K (-173.15 °C) from structures of NU-
2010 after exchanging solvents from N,N-dimethylformamide to 1,4-dioxane (dioxane), methanol (MeOH), and water.

NU-2010
Dioxane MeOH Water
Crystal orthorhombic | hexagonal hexagonal
System
Space Pnma P62c P6
Group
a(A) 22.8034(11) | 12.6497(6) | 12.5443(5)
b (A) 17.8476(5) 12.6497(6) | 12.5443(5)
c (A) 12.9875(6) 18.0493(8) | 18.0885(6)
Vo’ILL\JSme 5285.7(4) 2501.2(3) 2465.1(2)
(A%)

X-ray Diffraction Studies of Temperature-Driven Structural Flexibility

In addition to exploring the effects of solvents on flexibility in MIL-88B and its 3DL structural
analogues, we sought to evaluate the effect of temperature on structural flexibility using variable
temperature powder X-ray diffraction (VT-PXRD) analysis. Following solvent exchange to ACN, the
materials were packed into a 1 mm borosilicate capillary and mounted on a diffractometer equipped with
both a cryostat for low temperature experiments and a furnace for high temperature experiments. During
the low temperature VT-PXRD experiments spanning from -173 °C to 25 °C, MIL-88B, NU-2010, and
NU-2011, we did not observe significant peak shifts or structural changes (Figure S5-7). However, MIL-
88B exhibits a slight contraction of the ¢ axis between -165 °C and -65 °C, followed by re-expansion
between -65 °C and 25 °C (Figure S5).

In comparison, high temperature VT-PXRD data reveal more pronounced shifts in the peak
positions for all three MOFs. For example, in the case of MIL-88B, high temperature VT-PXRD data show
three distinct phases at three different temperature regions (Figure 5a). The first phase is consistent with
the peak positions collected from SCXRD analysis at 100 K (-173.15 °C) and spans the temperature
range 25 °C to 100 °C. The second phase spans 100 °C and 150 °C. This sudden shift in peak position
between the first and second phase can likely be attributed to the loss of ACN from the pore, which may
have acted as a templating agent, allowing MIL-88B to maintain an open pore form. The third phase
spans 150 °C and 500 °C. At 500 °C, MIL-88B begins to lose its crystallinity (Figure S8). In the case of
NU-2010, the structure is maintained until about 80 °C when the channel contracts in the a and b direction
and lengthens in the c direction, as indicated by the shifts of the (002) peak to higher angles and the
(100) peak to lower angles (Figure 5b). Again, this sudden contraction of the pore can likely be associated
with the loss of ACN that was holding the pore open. At 120 °C, NU-2010 settles into a new phase, and
the peak positions remain relatively constant until about 190 °C, when the (100) peak shifts to lower
angles and the channel starts to undergo thermal expansion. At 270 °C, NU-2010 loses most of its
crystallinity. Notably, there are no sudden changes in peak positions observed in the high temperature
VT-PXRD data of NU-2011, further illustrating the rigidity imparted to this framework by the BPDCA linker
(Figure 5c). The structure undergoes slight thermal expansion between 25 °C and 225 °C before losing
its crystallinity. Combined, these results illustrate that the 3DLs in NU-2010 and NU-2011 limit thermally
induced structural flexibility relative to the 2DL-based MIL-88B.
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Figure 5. Variable temperature powder X-ray diffraction data collected using CuKa1 radiation (A = 1.54056 A, 26 = 7-20°) from
25 °C to 450 °C for (a) MIL-88B, (b) NU-2010, and (c) NU-2011.
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Conclusions

Installing 3DLs has proven to be an effective strategy for limiting both local and global flexibility in
MOFs owing to their bulky, symmetrical cores. In this work, we showed that this strategy can be extended
to the MIL-88 topology, which features metal nodes comprised of Fes trimer clusters. We synthesized
NU-2010 and NU-2011, which are structural analogues to MIL-88 that are built from the 3-dimensional
BODCA and BPDCA linkers, respectively. Single crystal X-ray diffraction analysis of NU-2010 and NU-
2011 reveal minor differences in pore size between their as-synthesized (solvated) and activated
(desolvated) forms (about 0.1 A). Further, PXRD analysis of MIL-88B, NU-2010, and NU-2011 exposed
to solvents of varying polarities demonstrated less pronounced changes in peak positions for the 3DL-
based structures compared to MIL-88B. This underscores the stabilizing effect of 3DLs on the local pore
environment. Finally, variable temperature powder X-ray diffraction experiments offered insights into both
global flexibility (phase transitions) and local flexibility (thermal expansion) of MIL-88B and the 3DL
analogues across different temperatures. MIL-88B shows three distinct phases upon heating to 450 °C,
while NU-2010 and NU-2011 show two phases and one phase, respectively, highlighting the ability for
the 3DLs to limit thermally induced framework flexibility. Overall, these results underscore the efficacy of
incorporating 3DLs into the MIL-88 topology to mitigate the effects of flexibility, suggesting that this 3DL
strategy can be extended to other MOFs containing nodes built from metal trimer clusters.
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Tuning Flexibility using _
3-Dimensional Linkers MIL-88 Top.ology

3

Synopsis: This study introduces two novel metal-organic frameworks (MOFs), NU-2010 and NU-2011,
designed to mitigate flexibility in the MIL-88B topology by installing three-dimensional linkers (3DLs),
i.e., ditopic ligands with bulky, symmetrical cores. By comparing these new MOFs with the parent MIL-
88B through X-ray diffraction under different conditions, we demonstrate that 3DLs effectively reduce
framework flexibility and offer enhanced pore control.
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