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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. 1 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, 3-5 and catalysis. 6 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. 7, 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. 9-12 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. 9, 13, 14 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).  

 
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, 15 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). 10-12 While MIL-53 undergoes 
significant breathing behavior that results in a 40% difference in volume between its narrow pore phase 
and large pore phase, 15, 16 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. 10-12 
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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). 17 These channels extend into the c 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. 18 In each of these cases, MIL-88 is known to exhibit significant 
breathing behavior, sometimes resulting in volume changes up to 250%.18 Researchers have devoted 
significant efforts to reduce flexibility and mitigate this breathing behavior in MIL-88. 19-21 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, -CH3, - NH2, - NO2, 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. 20 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-Me4, which demonstrated permanent porosity and catalytic activity toward alcohol oxidation. 21  

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 
FeCl3·6H2O 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 µm and 100 µm size (Figure 2e,f and 
Figure S1). Similarly, NU-2011 was synthesized by combining FeCl3·6H2O 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 µm (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 µm, 100 µm, and 10 µm, 
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 P63/mmc, with unit cell parameters of a = 
12.8447(14) Å and c = 18.3476(13) Å (Figure 3a). These results closely resemble the previously reported 
values derived from Rietveld refinement of powder X-ray diffraction data (a = 11.05 Å, c = 18.99). 22 
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 c = 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) Å, c = 18.0608(13) Å. 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 
of a = 11.7159(7) Å and c = 16.9930(9) Å, 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 
System 

hexagonal orthorhombic hexagonal hexagonal hexagonal hexagonal 

Space 
Group 

𝑃6!/𝑚𝑚𝑐 𝑃𝑛𝑚𝑎 𝑃321 𝑃6+2𝑐 𝑃6!/𝑚𝑚𝑐 𝑃6!/𝑚𝑚𝑐 

a (Å) 12.8447(14) 22.685(3) 12.6558(8) 12.5437(3) 11.7159(7) 11.7232(12) 
b (Å) 12.8447(14) 17.902(2) 12.6558(8) 12.5437(3) 11.7159(7) 11.7232(12) 
c (Å) 18.3476(13) 12.8906(14) 18.0832(13) 18.1059(5) 16.9930(9) 16.9707(15) 

Volume 
(Å3) 

2621.5(6) 5235.0(11) 2508.3(4) 2467.19(14) 2020.0(3) 2019.9(5) 

Surface 
Area 

(m2/cm3) 

869.49 462.45 201.13 174.64 394.60 417.49 

PLD (Å) 3.64 4.04 3.34 3.32 2.97 2.76 
LCD (Å) 7.07 5.12 5.24 5.01 5.61 5.52 

Pore 
Volume 
(cm3/g) 

0.510 0.327 0.311 0.285 0.318 0.317 

. 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. 24 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) Å and c = 18.1059(5) Å. 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 Å) to BPDCA 
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(5.97 Å) further rigidifies flexible topologies. The activated lattice parameters for NU-2011 are a = 
11.7232(12) Å and c = 16.9707(15) Å. 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, 10 while the structure comprising BPDCA 
linkers (NU-2002) only exhibited a 2% change. 12 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. 

 
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, 25, 26 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). 27 

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. 28 The calculated surface area of the as-
synthesized structure of MIL-88B is about 870 m2/cm3, while the as-synthesized structures of NU-2010 
and NU-2011 have calculated surface areas of 460 and 395 m2/cm3. Further, the LCD decreases from 
about 7.0 Å in MIL-88 to about 5.1 Å and 5.6 Å in NU-2010 and NU-2011, respectively. The LCD 
decreases from the as-synthesized structures by only ~0.1 Å 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. 18 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. 18 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, 18 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 
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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). 

 
Figure 4. Powder X-ray diffraction data collected using CuKα1 radiation (λ = 1.54056 Å) 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) Å, b = 17.8476(5) Å, and c = 12.9875(6) Å. 
However, as we observed when exchanging to ACN, NU-2010 transitions to the hexagonal space groups 
of 𝑃6#2𝑐 and 𝑃6# in MeOH and water, with lattice parameters of a = 12.6497(6) and c = 18.0493(8) and a 
= 12.5443(5) Å and c = 18.0885(6) Å, 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. 
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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 
System 

orthorhombic hexagonal hexagonal 

Space 
Group 

𝑃𝑛𝑚𝑎 𝑃6+2𝑐 𝑃6+ 

a (Å) 22.8034(11) 12.6497(6) 12.5443(5) 
b (Å) 17.8476(5) 12.6497(6) 12.5443(5) 
c (Å) 12.9875(6) 18.0493(8) 18.0885(6) 

Volume 
(Å3) 

5285.7(4) 2501.2(3) 2465.1(2) 

 

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 c 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 CuKα1 radiation (λ = 1.54056 Å, 2θ = 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 Fe3 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 Å). 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. 

Acknowledgements 

O.K.F. gratefully acknowledges support from the Defense Threat Reduction Agency (HDTRA1-19-1-
0007). R.Q.S. gratefully acknowledges support from the U.S. Department of Energy (DOE) Office of 
Science, Basic Energy Sciences Program for Separation (DE-FG02-08ER15967). H.X. gratefully 
acknowledges support from the Catalyst Design for Decarbonization Center, an Energy Frontier 
Research Center funded by the U.S. Department of Energy, Office of Science, Basic Energy Sciences 
(DE-SC0023383). C.D.N acknowledges support from MUR – PNRR (Decreto Direttoriale n. 703 del 
20-4-2022), within the framework of the project “VITALITY - Innovation, digitalisation and 
sustainability for the diffused economy in Central Italy” (cod. ECS_00000041), Spoke 9 - 
Nanostructured materials and devices. Additionally, C.D.N. and P.C. thank Cassa di Risparmio della 
Provincia di Macerata Foundation for the co-financing of P.C.’s doctoral scholarship as part of the 
M.A.S.S.A. project (Prot. n. 3651/2020). This work made use of the IMSERC X-RAY facility at 
Northwestern University, which has received support from the Soft and Hybrid Nanotechnology 
Experimental (SHyNE) Resource (NSF ECCS-2025633), and Northwestern University, and the EPIC 
facility of Northwestern University’s NUANCE Center, which has received support from the SHyNE 
Resource (NSF ECCS-2025633), the International Institute for Nanotechnology (IIN) at Northwestern 
University, and Northwestern’s MRSEC program (NSF DMR-1720139). C.S.S. and F.S. gratefully 
acknowledge support from the Ryan Fellowship and the IIN at Northwestern University. 

Supplemental Information 

Detailed synthesis procedures, characterization details, additional characterization, and crystallographic 
details (pdf) 

CIF files for all crystal structures (CCDC 2332772-2332780) 

Declaration of Interests 

O.K.F. and R.Q.S. have a financial interest in NuMat Technologies, a startup company that is seeking to 
commercialize MOFs. All other authors declare no competing interests. 



12 
 

References 

(1) Furukawa, H.; Cordova, K. E.; O'Keeffe, M.; Yaghi, O. M. The chemistry and applications of metal-
organic frameworks. Science 2013, 341 (6149), 1230444. DOI: 10.1126/science.1230444  
(2) Li, H.; Li, L. B.; Lin, R. B.; Zhou, W.; Zhang, Z. J.; Xiang, S. C.; Chen, B. L. Porous metal-organic 
frameworks for gas storage and separation: Status and challenges. Energychem 2019, 1 (1). DOI: 
10.1016/j.enchem.2019.100006  
(3) Denny, M. S.; Moreton, J. C.; Benz, L.; Cohen, S. M. Metal-organic frameworks for membrane-based 
separations. Nat Rev Mater 2016, 1 (12). DOI: 10.1038/natrevmats.2016.78  
(4) Li, J. R.; Sculley, J.; Zhou, H. C. Metal-Organic Frameworks for Separations. Chemical Reviews 2012, 
112 (2), 869-932. DOI: 10.1021/cr200190s  
(5) Wang, Y. X.; Zhao, D. Beyond Equilibrium: Metal-Organic Frameworks for Molecular Sieving and 
Kinetic Gas Separation. Cryst Growth Des 2017, 17 (5), 2291-2308. DOI: 10.1021/acs.cgd.7b00287  
(6) Yang, D.; Gates, B. C. Catalysis by Metal Organic Frameworks: Perspective and Suggestions for 
Future Research. Acs Catal 2019, 9 (3), 1779-1798. DOI: 10.1021/acscatal.8b04515  
(7) Behera, N.; Duan, J. G.; Jin, W. Q.; Kitagawa, S. The chemistry and applications of flexible porous 
coordination polymers. Energychem 2021, 3 (6). DOI: 10.1016/j.enchem.2021.100067  
(8) Schneemann, A.; Bon, V.; Schwedler, I.; Senkovska, I.; Kaskel, S.; Fischer, R. A. Flexible metal-
organic frameworks. Chem Soc Rev 2014, 43 (16), 6062-6096. DOI: 10.1039/c4cs00101j  
(9) Macreadie, L. K.; Idrees, K. B.; Smoljan, C. S.; Farha, O. K. Expanding Linker Dimensionality in Metal-
Organic Frameworks for sub-Angstrom Pore Control for Separation Applications. Angew Chem Int Ed 
Engl 2023, e202304094. DOI: 10.1002/anie.202304094  
(10) Idrees, K. B.; Kirlikovali, K. O.; Setter, C.; Xie, H.; Brand, H.; Lal, B.; Sha, F.; Smoljan, C. S.; Wang, 
X.; Islamoglu, T.; et al. Robust Carborane-Based Metal-Organic Frameworks for Hexane Separation. J 
Am Chem Soc 2023, 145 (43), 23433-23441. DOI: 10.1021/jacs.3c04641  
(11) Idrees, K. B.; Li, Z.; Xie, H. M.; Kirlikovali, K. O.; Kazem-Rostami, M.; Wang, X. J.; Wang, X. J.; Tai, 
T. Y.; Islamoglu, T.; Stoddart, J. F.; et al. Separation of Aromatic Hydrocarbons in Porous Materials. J Am 
Chem Soc 2022, 144 (27), 12212-12218. DOI: 10.1021/jacs.2c03114  
(12) Smoljan, C. S.; Li, Z.; Xie, H.; Setter, C. J.; Idrees, K. B.; Son, F. A.; Formalik, F.; Shafaie, S.; 
Islamoglu, T.; Macreadie, L. K.; et al. Engineering Metal-Organic Frameworks for Selective Separation of 
Hexane Isomers Using 3-Dimensional Linkers. J Am Chem Soc 2023, 145 (11), 6434-6441. DOI: 
10.1021/jacs.2c13715  
(13) Bedard, J.; Chitnis, S. S. Three-Dimensional Synthons for Cage-Dense Inorganic Polymers and 
Materials. Chem Mater 2023, 35 (20), 8338-8352. DOI: 10.1021/acs.chemmater.3c02133  
(14) Smoljan, C. S.; Snurr, R. Q.; Farha, O. K. 3-dimensional linker-based metal–organic frameworks for 
sub-angstrom control and enhanced thermal stability. Journal of Materials Research 2024, Invited 
Review. DOI: 10.1557/s43578-024-01309-5  
(15) Loiseau, T.; Serre, C.; Huguenard, C.; Fink, G.; Taulelle, F.; Henry, M.; Bataille, T.; Ferey, G. A 
rationale for the large breathing of the porous aluminum terephthalate (MIL-53) upon hydration. 
Chemistry 2004, 10 (6), 1373-1382. DOI: 10.1002/chem.200305413  
(16) Liu, Y.; Her, J. H.; Dailly, A.; Ramirez-Cuesta, A. J.; Neumann, D. A.; Brown, C. M. Reversible 
structural transition in MIL-53 with large temperature hysteresis. J Am Chem Soc 2008, 130 (35), 11813-
11818. DOI: 10.1021/ja803669w  
(17) Serre, C.; Millange, F.; Surblé, S.; Férey, G. A route to the synthesis of trivalent transition-metal 
porous carboxylates with trimeric secondary building units. Angew Chem Int Edit 2004, 43 (46), 6286-
6289. DOI: 10.1002/anie.200454250  
(18) Serre, C.; Mellot-Draznieks, C.; Surblé, S.; Audebrand, N.; Filinchuk, Y.; Férey, G. Role of solvent-
host interactions that lead to very large swelling of hybrid frameworks. Science 2007, 315 (5820), 1828-
1831. DOI: 10.1126/science.1137975  



13 
 

(19) Zhao, X.; Bu, X. H.; Zhai, Q. G.; Tran, H.; Feng, P. Y. Pore Space Partition by Symmetry-Matching 
Regulated Ligand Insertion and Dramatic Tuning on Carbon Dioxide Uptake. J Am Chem Soc 2015, 137 
(4), 1396-1399. DOI: 10.1021/ja512137t  
(20) Horcajada, P.; Salles, F.; Wuttke, S.; Devic, T.; Heurtaux, D.; Maurin, G.; Vimont, A.; Daturi, M.; David, 
O.; Magnier, E.; et al. How linker's modification controls swelling properties of highly flexible iron(III) 
dicarboxylates MIL-88. J Am Chem Soc 2011, 133 (44), 17839-17847. DOI: 10.1021/ja206936e  
(21) Mian, M. R.; Afrin, U.; Fataftah, M. S.; Idrees, K. B.; Islamoglu, T.; Freedman, D. E.; Farha, O. K. 
Control of the Porosity in Manganese Trimer-Based Metal-Organic Frameworks by Linker 
Functionalization. Inorg Chem 2020, 59 (12), 8444-8450. DOI: 10.1021/acs.inorgchem.0c00885  
(22) Surblé, S.; Serre, C.; Mellot-Draznieks, C.; Millange, F.; Férey, G. A new isoreticular class of metal-
organic-frameworks with the MIL-88 topology. Chem Commun 2006,  (3), 284-286. DOI: 
10.1039/b512169h  
(23) Mondloch, J. E.; Karagiaridi, O.; Farha, O. K.; Hupp, J. T. Activation of metal-organic framework 
materials. Crystengcomm 2013, 15 (45), 9258-9264. DOI: 10.1039/c3ce41232f  
(24) Zhang, J. P.; Liao, P. Q.; Zhou, H. L.; Lin, R. B.; Chen, X. M. Single-crystal X-ray diffraction studies 
on structural transformations of porous coordination polymers. Chem Soc Rev 2014, 43 (16), 5789-5814. 
DOI: 10.1039/c4cs00129j  
(25) Schmidtmann, M.; Coster, P.; Henry, P. F.; Ting, V. P.; Wellere, M. T.; Wilson, C. C. Determining 
hydrogen positions in crystal engineered organic molecular complexes by joint neutron powder and single 
crystal X-ray diffraction. Crystengcomm 2014, 16 (7), 1232-1236. DOI: 10.1039/c3ce42070a  
(26) Müller, P.; Herbst-Irmer, R.; Spek, A. L.; Schneider, T. R.; Sawaya, M. R. Crystal Structure 
Refinement: A Crystallographer’s Guide to SHELXL; Oxford University Press, 2006. 
(27) Sarkisov, L.; Bueno-Perez, R.; Sutharson, M.; Fairen-Jimenez, D. Materials Informatics with 
PoreBlazer v4.0 and the CSD MOF Database. Chem Mater 2020, 32 (23), 9849-9867. DOI: 
10.1021/acs.chemmater.0c03575  
(28) Macreadie, L. K.; Qazvini, O. T.; Babarao, R. Reversing Benzene/Cyclohexane Selectivity through 
Varying Supramolecular Interactions Using Aliphatic, Isoreticular MOFs. ACS Appl Mater Interfaces 2021, 
13 (26), 30885-30890. DOI: 10.1021/acsami.1c08823  

 

  



14 
 

For Table of Contents Use Only  

Constraining Flexibility in the MIL-88 Topology Through Integration of 3-Dimensional Linkers 

Courtney S. Smoljan†, Fanrui Sha†, Patrizio Campitelli†, Haomiao Xie*, Manel A. Eddaoudi, Mohammad 
Rasel Mian, Corrado Di Nicola, Kent O. Kirlikovali*, Randall Q. Snurr, Omar K. Farha 

 
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. 


