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Through systematic linker substitution in a flexible zeolitic
imidazolate framework (ZIF) with step-shaped adsorption—
desorption, structural intermediates between the known open and
closed phases were isolated. Reflecting this, modulative sorption
behaviour with an inverting adsorption pressure trend—in which
the step pressure decreases and then increases again with
increasing mixed linker concentration—is observed, highlighting
how linker substitution modifies the energetic landscape of
framework flexibility.

Metal—organic frameworks (MOFs) are a large class of
crystalline porous materials composed of inorganic nodes
bridged by polytopic organic linkers.! Given their high
achievable surface areas, modular topologies, and diverse
surface chemistries, MOFs are recognized for their gas
adsorption properties.23 Most reported MOFs are structurally
rigid, retaining their long-range structure upon solvent removal
(i.e., activation).* Depending on their pore size and shape, these
frameworks typically display Type | or Type IV isothermal
adsorption—desorption profiles.> In contrast, a relatively small
portion of MOFs undergo a reversible phase transition upon
activation to a denser crystalline phase, while retaining the
underlying skeletal connectivity.®8 Importantly, these flexible
(also known as soft or dynamic)® frameworks often display Type
V, or “step-shaped”, isothermal adsorption—desorption profiles,
characterized by minimal adsorption until some pressure
threshold is reached, followed by steep uptake over a narrow
pressure regime (Fig. 1b).1° This behavior results from an
adsorbate-induced phase transition between a low porosity
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“closed” or “dense” phase to an “open” phase with greater
accessible porosity (Fig. 1b). A handful of mechanisms
underlying framework flexibility are known, such as gate
opening and breathing, each causing an abrupt increase in
accessible porosity upon the phase change. During desorption,
the reverse occurs, typically with some amount of pressure
hysteresis (Fig. 1b). Due to a reduced requisite pressure swing
for gas uptake and release relative to rigid materials, flexible
materials are attractive for a range of applications, such as H,
storage, transport, and delivery.1"33 Unfortunately, the
discovery of flexible frameworks remains serendipitous and
each framework exhibits stepped adsorption at a set point in
the pressure-temperature phase space for a given adsorbate.°
As such, if the adsorption—desorption profile of a new
framework does not fortuitously fit the parameters of a
targeted storage, transport, or separation process, then the
benefits of Type V adsorption cannot be leveraged for these
applications. Thus, the ability to deliberately synthetically tune
the behavior of known flexible frameworks is highly desirable.

ZIF-7 (sod-Zn(bim),, bim~ = benzimidazolate) is a flexible
framework which has been studied widely for CO, capture,* H,
storage,’> and olefin purification,'®” among other
applications.'® Yet, with this singular composition, performance
has not been ideal for a given end use application. Modifying
the inorganic node or organic linker while retaining the sodalite-
like (sod-like) topology, reversible flexibility, and adsorption
capacity of ZIF-7 enables realization of frameworks with
synthetically tuned stepped adsorption—desorption behavior.
Indeed, changing the metal ion modulates the stepped sorption
of ZIF-7, with the Co(ll) (ZIF-9) and Cd(ll) (CdIF-13) congeners
reported.’® While ZIF-9 shows a mild shift to a higher step
pressure for adsorption—desorption, CdIF-13 was recently
reported to display an order of magnitude increase in the
threshold pressure, along with much steeper sorption steps and
=50 % increase in total capacity. This dramatic change has been
ascribed to the longer metal-ligand bonds in the Cd(ll)-based
framework.??

An alternative route to tuning properties in both rigid and
flexible MOF materials is a mixed-linker, or multivariate,
approach.?%-24 |n this approach a secondary linker is included in
the solvothermal framework synthesis, such that it will be



Please do i<t a%j.5t margins

COMMUNICATION

(a)
cd(ln)
+ DMF
H 130 °C
24 h
L

(b) -
- 08 5 ? e il } :
s ] v ;
i 2248
3 | | . 's
S 0.4 \I T
3 | =C;Hg|| +CsHg
|
Sor| |
] &
& 00 M Propane, 25°C
o ‘UD 0.‘02 o 64 0.'06 u.be ﬂ.l1 I 0.12
Relative Pressure (P/Pg)
C
©  cam)
+
H DMF
©: /> 130 °C
N 72h
+

Modified CdIF-13
sod-Cd(bim),(2M&6DFbim),

Fig. 1. (a) General synthetic scheme for CdIF-13 (sod-Cd(bim)2) with a topological
representation of the DMF-solvated structure. Each sphere represents a tetrahedral
Cd(Il) node, and each line a ditopic benzimidazoate linker. (b) CdIF-13 exhibits step-
shaped adsorption (closed circles) and desorption (open circles) of propane (CsHg) with
minimal hysteresis. This adsorption—desorption behavior arises from a reversible phase
transition between a low porosity (closed) and higher porosity (open) structure. (c)
General synthetic scheme for multivariate derivatives of CdIF-13 containing varying
equivalents of 2—methyl-5,6—difluorobenzimidazole. The random distribution of the
secondary linker in the lattice is illustrated by the inclusion of pink lines in the topological
representation. For both the synthesis, Cd(ClO,),'xH,0 is used as the Cd(ll) source.
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resonance (NMR) spectroscopic measurements (Fig. S17-22)
indicate a systematically varying ratio of linkers in this series of
compounds (Table 1). Generally, a greater ratio of bim~is found
in the framework than was used in the synthesis, which we
hypothesize is due to the combined bulkiness of 2M56DFbim~
and the electron withdrawing of the fluorine atoms which
reduces the charge density on the imidazolate nitrogens.?®

Table 1: Ratios of bim:2M56DFbim in the synthesis and resulting multivariate MOFs, as
determined by post-digestion *H NMR spectroscopy.

Ratio in the
. 1:1 1.5:1 2.3:1 3:1 4:1 9:1
Synthesis
Ratio in the
5:4 4:1 5:1 6:1 7:1 14:1
Framework

Intensity (a.u.)

CdIF13 Activated

. r . .

10 20 30 40
20(degrees)

Fig. 2. PXRD patterns of the activated (i.e., solvent-free) multivariate derivatives of CdIF-

13 with varying linker ratios. The ratios are shown as bim:2M56DFbim. For reference,

the simulated pattern of activated CdIF-13, from the structure determined by SCXRD, is
displayed at the bottom of the figure. A = 1.5406 A.

spontaneously incorporated into the framework lattice at ratios
reflecting those of the synthesis conditions. This has been
shown to be a powerful tool of modifying pore structure and
chemistry in rigid frameworks.?> In this work, we explored the
ability to synthetically modify the step-shaped adsorption
behavior of flexible CdIF-13 by employing this mixed-linker
approach. We selected CdIF-13 for this study because: (i) its
desirable capacity and step shape, (ii) both the open and closed
phases are well characterized by single-crystal X-ray diffraction
(SCXRD), and (iii) the adsorption process has been thoroughly
studied by in situ powder XRD (PXRD).1?

For our mixed-linker study, we targeted derivatized bim~
linkers functionalized on the benzene ring and the bridging
carbon of the imidazole (Figure 1c). In particular, we sought
substitutions that may alter the strength of the cross-pore n-
based interactions (benzene ring), apparent from the structure
of the closed phase determined by SXCRD, and/or affect the
steric accessibility of linker rotation (imidazole ring).1> After
screening an array of ligands, we found that introducing varying
ratios of 2-methyl-5,6-difluorobenzimidazole (2M56DFbim, Fig.
1c) with the parent bim ligand during solvothermal synthesis
resulted in a family of isoreticular frameworks (i.e., sod
topology, Fig. S7). Post-digestion 'H nuclear magnetic
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The resulting frameworks were activated under dynamic
vacuum at 150 °C for 16 h. Complete solvent removal was
confirmed for all frameworks using post-digestion 'H NMR
spectroscopy (Fig. S17-S22), except for the 5:4 (indicates ratio
of bim~ to 2M56DFbim™ linkers) framework, which effectively
traps = 0.02 equivalents of DMF per linker in the activated
structure. Thermogravimetric analysis of the activated
structures shows little weight loss until = 400 °C (Fig. S23).

The structures of the activated materials were then
investigated using powder X-ray (PXRD)
measurements (Fig. 2). Interestingly, Pawley fits of the PXRD
patterns for the activated frameworks revealed that while the
activated 14:1 compound is in the same Pl space group as the
activated parent CdIF-13, the 7:1, 6:1, 5:1, and 4:1 materials
were more structurally similar to previously characterized
dichloromethane and N,N—dimethylformamide-solvated CdIF-
13 compounds despite being fully desolvated (CH,Cl,, DMF, Fig.
S42-S46, Table S2).1° Further investigation via air- free PXRD
measurements confirmed the activated nature of the
compounds (Fig. S15).

We hypothesize that the sterically bulky methyl groups
hinder complete linker rotation. This effect, combined with
weakening of the cross-pore interactions by the electron-
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withdrawing fluorine substituents precludes a complete phase
transition to the triclinic structure seen for the closed phase of
the parent CdIF-13. Instead, the 7:1, 6:1, 5:1, and 4:1
compounds are trapped in different intermediate structural

CdIF-13
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Fig. 3 Isothermal adsorption measurements for propane (CsHg) with CdIF-13 and
the series of multivariate derivatives with varying linkers ratios (bim=:2M56DFbim~
) at 25 °C, Py = 1 bar. The lines connecting data points are only to guide the eye and
are not mathematical fits. Desorption profiles are shown in Fig. $29-31.

states between the characterized open and closed phases of
CdIF-13 despite being fully activated. The progressive variation
of the ligand ratio systematically alters the ground state
structure of the activated frameworks, and, consequently, the
framework’s apparent flexibility. Importantly, the retention of
flexibility upon activation for each framework was confirmed by
observation of the as-synthesized phase by PXRD after re-
solvating with DMF (Figs. S8—S14, S48—-S52 Table S3).

Pawley fits of the PXRD pattern for the activated 5:4
framework reveal that it is also in the triclinic P1 space group,
albeit with lattice parameters that are significantly modified
compared to the parent CdIF-13 (Table S2, Fig S47). Moreover,
the Pawley fit of the PXRD pattern for the activated 5:4
structure suggests flexibility, but to a different closed phase
than activated CdIF-13 (Fig. S47). We hypothesize that the
activated 5:4 structure may share some qualitative similarities
with the activated parent CdIF-13, namely stabilizing m-based
ligand—ligand interactions leading to a phase change upon
activation, but further structural investigations of this material
are required.

We then analyzed the relative flexibility in these materials
through  equilibrium isothermal adsorption—desorption
measurements with propane as a probe adsorbate. CdIF-13
exhibits sharp stepped adsorption—desorption for CO, and CHy,
but the steps occur at pressures above 1 bar, necessitating
specialized instrumentation and significant sample sizes.?®
Therefore, propane (CsHg), which is adsorbed by CdIF-13 with a
pressure threshold of about 15 mbar at 25 °C (Fig. 1b, Fig. 3)
was used as the probe gas for this analysis. The 14:1 framework,
which by PXRD accesses a similar closed phase to CdIF-13 (Fig.
2), exhibits a significant reduction in the adsorption pressure
threshold, down to = 6 mbar, while retaining the same
adsorption shape and capacity as CdIF-13 (Fig. 3). Given that
there are seven linkers in the asymmetric unit cell of the

This journal is © The Royal Society of Chemistry 20xx
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reported structure of solvent-free CdIF-13 (Fig. S41), this
change is stark. We hypothesize that electrostatic repulsion
between the electronegative fluorine atoms of 2M56DFbim™
and the electron rich m-faces of the bim~ benzene rings
destabilize the closed structure, causing this reduction in
adsorption threshold.

In contrast to CdIF-13 and 14:1, the 7:1, 6:1, 5:1, and 4:1
activated compounds, which exist in the quasi-open monoclinic
structure, display non-negligible pre-step propane adsorption
(Fig. 3) which we attribute to the change in the activated
structure (monoclinic vs triclinic) and the resulting relatively
increased porosity of the activated structures.?’” At 7:1, the
adsorption threshold continues to be reduced, with a minimum
in the adsorption pressure threshold reached with this
framework. Of interest, this step pressure of = 2 mbar is below
that reported for ZIF-7 (= 5-8 mbar), while displaying an = 57 %
increase in capacity (= 0.82 mol/mol vs. = 0.52 mol/mol). Thus,
the multivariate approach enables the tuning of adsorption step
pressure for CdIF-13 below that of ZIF-7, while retaining the
markedly higher capacity.

For the 6:1 and 5:1 frameworks, which have a presumed
average of approximately one 2M56DFbim~ ligands per
asymmetric unit cell, a similar adsorption profile to 7:1 is
observed, with increasing amounts of pre-step adsorption. This
observation is consistent with the hypothesis that the
frameworks display increasingly restrained linker rotation with
increasing amounts of the 2M56DFbim~ linker. Surprisingly,
starting at 6:1, an inversion of the trend for adsorption
threshold pressure occurs, with increasing step pressures for
the increasing concentrations of 2M56DFbim~. We hypothesize
that this behavior arises from decreased enthalpies of propane
adsorption at the Van der Waals-based adsorption sites with
increasing fluorine concentration, as well as potential attractive
interactions between fluorinated linkers in the framework
lattice. Additionally, these frameworks display decreasing
maximum adsorption by volume, likely due to the substituent’s
steric repulsions.

The trend of increasing step pressure with increasing
2M56DFbim~ in the framework lattice continues with the 4:1
framework. This framework shows the first evidence of lowered
mol/mol adsorption capacity. We hypothesize that the methyl
groups of the 2M56DFbim~ linkers may fully sterically hinder
one of the propane adsorption sites in the material, leading to
the discontinuous decrease is overall adsorption capacity.

The effect of ligand substitution is further exemplified in the
5:4 framework. Here, no step-shaped adsorption occurs in the
measured pressure window at 25 °C, and the observable
capacity is dramatically reduced. The activated phase is
apparently significantly stabilized by ligand—ligand interactions,
or the material is effectively pore-gated to the gas at these
conditions, such that the energetic barrier to pore opening is
too large for propane adsorption to induce the phase change in
this measured pressure window. For nitrogen adsorption, this
stabilization is extended to 4:1 and 5:1 along with 5:4
framework and almost no pre-step adsorption is observed for
these three frameworks (Fig. S25). To confirm that the activated
5:4 framework was still flexible, it was re-solvated with DMF,
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and a return to the as-synthesized open phase was confirmed
by PXRD (Fig. S13). Re-solvation with DMF and propane
adsorption confirm the flexible nature of the 5:1 and 4:1
frameworks. In addition to the high phase change energy at
these ratios, we hypothesize that the increased presence of the
methyl groups may sterically occlude N,, blocking adsorption
and causing a flat pre-step regime in the measured pressure
window. While structural flexibility is apparent, the topology of
the 5:4 framework is currently ambiguous given the significantly
different unit cell obtained for this compound compared to the
parent CdIF-13 material. Efforts are ongoing to accurately
identify the structure of this derivative.

In conclusion, we demonstrate that the flexibility and

adsorption properties of a porous framework can be
dramatically altered using a mixed linker approach that affects
the ligand interactions and behaviors thought to regulate the
underlying framework phase change. For CdIF-13, we show
that, at a linker ratio of 7:1 bim=:2M56DFbim~, the step pressure
for propane can be lowered below that of the parent Zn
congener ZIF-7 while maintaining the increased total adsorption
capacity and steep step of CdIF-13. We further demonstrate
that the mixed linker approach can be used to access a range of
intermediate adsorption behaviors arising from a range of
intermediate structures defined by modified linker rotation and
inter-linker attractions.
Finally, the expansion of studied flexible frameworks through
the multivariate approach augments the empirical catalogue
that can be used for the development and validation of
computational tools to advance the ability to predict flexibility
and understand the variables that influence adsorption—
desorption profiles.
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