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Abstract

Cooperatively flexible metal-organic frameworks that exhibit step-shaped, or Type V-like,
adsorption—desorption profiles can lower requisite pressure—temperature swings, thus energy
input, necessary for an array of gas storage, delivery, and separations applications. However, such
benefits are lost if the pressure threshold of the adsorption and desorption steps at a given
temperature do not match the conditions dictated by the application, such as H2 storage and
delivery or olefin—paraffin separations. Unfortunately, the discovery of cooperatively flexible
frameworks remains wholly serendipitous, and de novo design remains impossible. Accordingly,
there is great need to further our understanding of flexibility such that we can intuitively derivatize
known frameworks and, ultimately, design entirely new ones to meet the requisite conditions of
energy consumptive processes. In this work, we demonstrate that the mixed-linker, or multivariate,
approach is a powerful tool for the derivation of a known flexible framework, with variances in
linker substitution and ratio giving rise to a family wherein significant changes to the step-shaped
adsorption—desorption profiles for multiple adsorbates are observed. Specifically, we report twelve
isostructural mixed-linker derivatives of CdIF-13 (sod—Cd(benzimidazolate)2) with six point-
modified benzimidazole linkers spontaneously synthesized through prototypical solvothermal
conditions. Each is shown by PXRD to exhibit similar reversible flexibility to CdIF-13, and by
TGA and DSC to be similarly thermally stable. Isothermal gas adsorption measurements with N2
at 77 K, CO2 at 195 K, and propane at 298 K demonstrate the wide ranging, adsorbate-dependent

effects of linker substitution and ratio, including dramatic reductions in the adsorption threshold



pressure, evolution of multiple steps, and complete absence of observable adsorption. Aided by
prior crystallographic characterization of CdIF-13, the observed trends are analyzed in an attempt
to resolve the influence of linker substitution and ratios on behavior. In total, this work illustrates
how the mixed-linker approach enables the synthesis and study of a large catalog of functionally
modified frameworks, which can help identify the variables that influence flexibility and sorption
behavior.
1. Introduction

Metal-organic frameworks are a broad class of permanently porous, three-dimensionally
connected crystalline lattices, composed of inorganic nodes connected by polytopic organic
linkers.t The high structural and chemical modularity of these frameworks enables intuitive
synthetic access to crystalline architectures with an unparalleled diversity of pore structure and
surface chemistry,? 3 which has been expansively tuned for applications in gas storage,® 4 chemical
separation,®® chemical sensors,’ heterogeneous catalysis,? ° and, more recently, light-harvesting®
11 and electron conductivity.*> 13 While a great variety exists, most frameworks are
macroscopically rigid, with continuous pore structures across relevant temperatures, adsorbate
pressure, and mechanical pressure conditions.'* 1° Yet, the apparent ubiquity of localized dynamics
under relevant conditions, including linker rotation and dissociation, has been more recently
recognized. Indeed, these local dynamics, existing as shallow energetic variations of the long-
range structure, can have significant, though transient, impacts on pore size, shape, and chemistry,
thus observable properties. 1*° However, these local dynamics are largely uncontrolled, existing
under equilibrium owing to the low energy barriers between accessible states.*” 18 This begs the
question of the functional implications of there being large, yet traversable, kinetic barriers

between multiple accessible and isolatable states of varying pore size, shape, and chemistry.



There exists a small subclass of metal-organic frameworks that exhibit periodic, or
cooperative, reversible topological changes in response to external stimuli, such as varying
adsorbate pressure and temperature.* 15 20 Whereas rigid frameworks retain the as-synthesized
structure upon solvent removal (i.e., activation),* 1520 these cooperatively flexible (i.e., soft or
dynamic) frameworks, undergo a phase change upon activation to a typically denser phase through
appreciable changes to symmetry and pore architecture, with little-to-no changes in network
connectivity.'®> 20 This denser phase is typically thermodynamically more stable in the absence of
adsorbates, owing to an increase in exothermic inter-linker contacts.?® A return to the as-
synthesized phase, or close to it, can be typically triggered through an absorption event that
enthalpically stabilizes the less dense form.2%:21 These cooperative phase changes take many forms,
but most often occur through skeletal distortion, linker rotation, displacement of lattice
components, or some combination of the three.?? In contrast to local dynamics, these long-range
cooperative event occur in the first order manner (i.e., discontinuous), owing to appreciable energy
barriers between the structural states. Thus, the different states are kinetically stable under specific
pressure—temperature conditions and can be discretely isolated and characterized. 20 2% 23

Cooperatively flexible frameworks typically exhibit divergent adsorption—desorption behavior
from rigid counterparts, which most often have Type | Langmuir profiles (Figure 1a).2* Where
cooperative flexibility occurs in a first order fashion and results in substantial changes to the
accessible porosity, switching between a low(er) porosity “closed” phase and a high(er) porosity
“open” phase, the frameworks can exhibit Type V-like, or step-shaped, isothermal adsorption—

desorption profiles (Figure 1b).2324
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Figure 1. (a) Rigid frameworks typically exhibit a type | Langmuir adsorption-desorption profile. Materials with
this adsorption—desorption profile require large changes in pressure and/or temperature to uptake and deliver
their gaseous payload. Thus, under application-relevant conditions, the usable capacity is much lower than the
total storge capacity. (b) Step-shaped adsorption—desorption profiles (i.e., Type V-like), often exhibited by
cooperatively flexible frameworks, can enable usable capacities approaching the total uptake capacity, often
with reduced pressure and/or temperature swing inputs. Here maximum adsorption pressure (Pads) and minimum
desorption pressure (Pges) are presented by vertical lines and the deliverable capacities are indicated by double

headed arrow.

Depending on the kinetic stability of the adsorbate-saturated open phase, desorption upon lowering
adsorbate pressure can occur in a Type | or V-like fashion, typically with some hysteresis.?* If both
adsorption and desorption occur in a step-shaped fashion, low-energy storage, transport, and
delivery of gaseous payloads is possible due the reduced requisite swings in pressure and/or
temperature relative to those necessitated by porous materials with Type | profiles.?>2

Despite these advantages, there is a core issue. 2> 26 As a field, we have little understanding of
the structural and/or energetic origins of cooperative flexibility, and the discovery of frameworks
with step-shaped adsorption—desorption is entirely serendipitous. In contrast to the now routine
design of rigid frameworks for specific applications from constituent linkers and nodes,?* 28 29

there is no ability to do so with flexible frameworks. Thus, if step-shaped adsorption—desorption



does not occur in the necessary pressure—temperature regime for a given storage and delivery
application the benefit is lost. Accordingly, there are two related needs to advance the
understanding and utility of cooperatively flexible frameworks: (i) The ability to intuitively and
precisely derivatize known frameworks to meet the functional needs of specific applications, and
(if) The advancement of fundamental understanding of cooperative flexibility towards enabling de
novo design.

Significant efforts have been made in the derivatization of known flexible frameworks through
substitution of the inorganic node species and/or functionalization of organic linkers, producing
insights into variables that influence phase stability and flexibility.3%-3? For example, wholesale
linker functionalization of Co(bdp), such as fluorination and methylation, shifts the adsorption
threshold pressure without dramatically affected the overall shape of the stepped adsorption
profile.?%3° Our own studies have focused on ZIF-7 (sod—Zn(benzimidazolate)2, which we recently
characterized through in situ neutron powder diffraction experiments to undergo a first order phase
change through combined skeletal distortion and linker rotation,® wherein the low porosity closed
phase is stabilized by inter-linker C-H---z and =7 interactions (Figure S1). By switching out
Zn(11) for Cd(1l) to form CdIF-13 (sod—-Cd(benzimidazolate)2) (Figure 2, S2), we found that this
congener exhibited a dramatic changes to the total capacity, pre-step adsorption, and adsorption
threshold pressures.3* Characterization of the closed phase by single-crystal X-ray diffraction
suggested that the latter two features result from closer inter-linker C-H---m and = - -7 interactions
(Figure 3).33 However, for many relevant adsorbates, such as Hz, the adsorption threshold pressure
of CdIF-13 is prohibitively high,? apparently due to these stronger inter-linker interactions

creating a larger energy barrier for adsorption-induced framework opening.



Figure 2. (a) Discrete sodalite cage of the N,N-dimethylformamide (DMF)-solvated CdIF-13 (adapted from ref
34), as determined by single-crystal X-ray diffraction, composed of six- and four-membered rings represented
by different colored polygons. The beige colored lines represent benzimdazolate (bim—) linkers which connect
two tetrahedral Cd(l1) nodes denoted by beige spheres. (b) Structures of the distinct six- and four-membered
rings within the individual sodalite cage, as determined by single-crystal X-ray diffraction, with their respective
locations color-coded according to (a). Solvent has been excluded for clarity. (c) Individual sodalite cage of the
activated CdIF-13 (adapted from ref 33), as determined by single-crystal X-ray diffraction, created by different
six- and four-membered rings presented by different colored polygons. (d) Representation of the different six-
and four-membered rings present in the sodalite cage, as determined by single-crystal X-ray diffraction with
their individual locations color-coded according to (c). Grey, dark blue and beige, spheres represent C, N, and

Cd, respectively; hydrogen atoms are omitted for clarity.

Therefore, we sought to modulate CdIF-13 in a manner that would dramatically lower this
threshold through the recently developed mixed-linker, or multivariate, approach to framework
derivatization.® In this approach two or more related linkers, such as benzimidazole and 5-
fluorobenzimidazole, are in solution during solvothermal synthesis (Figure 4a) and are
spontaneously incorporated into the framework lattice as a random solid-state solution. By

controlling the ratio of linkers in the synthesis mixture, the ratio incorporated into the framework



Figure 3. (Left) Structural constituent of activated CdIF-13 (adapted from ref 33), as determined by single-
crystal X-ray diffraction, created by different six- and four-membered rings presented by different colored
polygons. Whereas rest of the figures presents different intramolecular weak interactions, © --n interactions (cyan
dashed lines) (distance < 4.7 A and dihedral angle < 15 °) and C—H:-m interactions (magenta dashed lines)
(hydrogen to center of ring distance < 3 A) present in the individual six-membered rings of activated CdIF-13.
Grey, dark blue and beige, spheres represent C, N, and Cd, respectively; the hydrogen atoms involved in C-H:-'xt
bond are presented with sky blue colored spheres whereas rest of the hydrogen atoms are omitted for clarity.
Yellow ring is not presented here due to lack of any =« -~-n and C—H---x interactions in the mentioned distance-

angle range.

can be altered. We found that by using this mixed-linker approach with benzimidazole and 2—
methyl-5,6—difluorobenzimidazole (2M56DFbim) the flexibility and adsorption threshold could
be dramatically altered by the apparent influence of fluorination on the inter-linker interactions
thought to stabilize the closed phase.®® Excitingly, with the 14:1 framework (sod-
Cd(bim)1.87(2M56DFbim)o.13) step-shaped adsorption—desorption of weakly adsorbing Hz could
be observed at 77 and 87 K below 100 bar.?> Which, owing to the adsorption threshold pressures
and narrow desorption hysteresis, enables large working capacities with relatively small swings in
pressure, as well as the ability to deliver the payload at high pressures, obviating costly

repressurization.?



Encouraged by these results (Figure 2), we herein sought to more broadly explore the mixed-
linker approach in a cooperatively flexible framework. In this work, we report 12 isoreticular
mixed-linker derivatives of CdIF-13, combining benzimidazole with six substituted linker
derivatives. These 12 frameworks consist of three series of three frameworks with the linkers 5-
fluoro-, 5,6—difluoro-, and 5-methylbenzimidazole, two frameworks at a ratio of ~3:1 with 5-
chloro- and 5-bromo-benzimidazole, and the last framework at the lowest observable ratio with
5-cyanobenzimidazole. These 12 have been selected from a larger catalog of approximately 50
that have been synthesized and characterized in our lab, which we note to emphasize the power of
the mixed-linker approach for derivatization of known flexible frameworks. Through powder X-
ray diffraction (PXRD) measurements and isothermal adsorption measurements with three
different probe gasses (N2 at 77 K, CO2 at 195 K, and propane at 298 K) we have characterized
the influence of these different substitutions at varying ratios. In combination with previous
structural characterization of CdIF-13, we can begin to infer key variables that influence step-
shaped adsorption—desorption behavior, towards targeted derivatization, advanced fundamental
understaning, and de novo design.

2. Experimental Methods

2.1. General Procedures

All reagents and solvents were obtained from commercial sources, with a purity level of 95% or
higher. These materials were used as received, without further purification. Benzimidazole (98%),
5-methylbenzimidazole (96%) and 5-chlorobenzimidazole (96%) were procured from Sigma-—
Aldrich. 5-bromobenzimidazole (97%) was purchased from Oakwood Chemical. 5-
fluorobenzimidazole (98%) was purchased from Ambeed. 5,6—difluorobenzimidazole (95%) and

5-cyanobenzimidazole (95%) were purchased from Enamine. Cadmium perchlorate hydrate was



obtained from Strem Chemicals. Ultrahigh purity (99.999%) He, N2, and propane, and industrial
purity grade CO. (99.95%) were purchased from General Air and used for all adsorption
experiments. Dichloromethane (DCM) and N,N-dimethylformamide (DMF) were acquired from
Fisher Scientific.

2.2. Synthesis

2.2.1. Synthesis and Activation of CdIF-13

The base material, CdIF-13 was synthesized following a previously reported procedure. Please
note, for synthesis, Cd(ClO.)..xH.O is used as the cadmium source, which is an oxidant and acutely
toxic. This chemical should be used with necessary precautions.

Cd(CIO.)xH.0O (300 mg), benzimidazole (118 mg, 1 mmol) and 2 mL of N,N-dimethylformamide
(DMF) were added to a 4 mL vial, and closed with Teflon lined cap. This is then sonicated until
all solids were dissolved and then placed in an oven at 130 °C for 24 h. After 24h, the reaction
mixture was allowed to cool to room temperature naturally by shutting off the oven. The resulting
colorless crystals of CdIF-13 were collected via vacuum filtration and washed with excess DMF
to remove any unreacted materials. Adsorbed DMF molecules were removed by solvent exchange
with dichloromethane (DCM). At first, the product was thoroughly washed with DCM and then it
is kept in 15 mL DCM for 24h. After 24h, the resulting white polycrystalline powder was collected
by filtration and washed again with DCM (50 mL). Finally, the powder was activated at 150 °C
under dynamic vacuum for 24 h. The sod topology and phase change upon activation were
confirmed by PXRD measurements (Figure S3). The removal of all solvent upon activation was
confirmed by *H NMR spectroscopy in DMSO-ds (Figure S17).

2.2.2. Synthesis and Activation of Mixed-Linker Frameworks.



The above synthetic approach for CdIF-13 was adapted for the mixed-linker frameworks to include
the presence of the second linker. Specifically, a substituted benzimidazole was included in the
synthesis solution in different ratios to the baseline benzimidazole as presented in Table 1,
maintaining the total linker amount as 1 mmol (equimolar to Cd(CIO.).-xH.O, 1 mmol). In general,
Cd(ClO4)2-xH.0O (310 mg), benzimidazole, the second linker, and 2 mL of N,N-dimethylformamide
(DMF) were charged in a 4 mL scintillation vial, closed with a Teflon sealed cap, and sonicated
until all solids were dissolved . The vial was then placed in an oven at 130 °C for a certain number
of days as mentioned in Table 1. After completion, as visually determined by the presence of a
static amount of solid product in the reaction vial, the reaction mixture was allowed to cool to
room temperature naturally by shutting off the oven. The resulting product was then collected by
vacuum filtration and washed thoroughly with excess DMF to remove all the unreacted starting
materials, followed by washing with DCM. The isolated produced was transferred to a 20 mL
scintillation vial with ~ 15 mL DCM for solvent exchange. After 24 h, the polycrystalline powder
was isolated by vacuum filtration, washed with excess DCM, and then transferred to a 20 mL vial.
The sample was then activated under dynamic vacuum at 150 °C for 24 h. The topology and phase
change upon activation were confirmed for each mixed-linker framework by PXRD measurements
(Figure 4b—c, S4-S15). The removal of adsorbed solvent upon activation was confirmed by *H
NMR spectroscopy in DMSO-ds (Figure S18-S35). The ratio of linkers incorporated into the
isolated frameworks were also determined from the 'H NMR spectra of the digested frameworks
(Figure S18-S35). The existence of the second linker in the mixed-linker system was confirmed
by the characteristic stretches in the IR spectra (Figure S36-S41). The homogeneous distribution
of the two linkers throughout the crystallites of the individual frameworks was confirmed by

energy dispersive X-Ray (EDX) analyses (Figure S42-S48). Thermal stability was examined by
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thermogravimetric analyses (TGA) (Table S1, Figure S49) showing little change between
frameworks and differential scanning calorimetry (DSC) (Figure S50) measurements indicate that
all twelve mixed-linker systems remain stable in their activated phase up to at least 390 °C.

2.3. Ambient Pressure Nitrogen, Carbon Dioxide, and Propane Adsorption Isotherms.

All ambient pressure nitrogen, carbon dioxide, and propane isotherms were carried out using a
Micromeritics ASAP 2020 Plus instrument. Typically, ~150 mg of powdered activated samples
was loaded into a pre-weighed analysis tube and sealed with a Micromeritics TransSeal. The tube
was then attached to the degassing port for further evacuation for 24 h (Outgas rate < 5 pbar/min
at 150 °C). These fully degassed systems were then removed from degas port, weighed to
determine the final sample mass, then transferred to the analysis port of the instrument, where the
outgas rate was again confirmed to be less than 5 ubar/min. Nitrogen and carbon dioxide isotherms
were collected using a liquid nitrogen bath (77 K) and dry ice and acetone bath (195 K),
respectively. Propane isotherms were collected at 25 °C using a temperature-controlled water
circular bath from Julabo. The saturation pressure (Po) was measured at every data point during
nitrogen isotherm data collection and the average value was used for the relative pressure
calculation. For carbon dioxide measurements, the saturation pressure was selected as ~1.013 bar
and relative pressures were calculated accordingly. During propane measurements, the
temperature was manually inserted, and the instrument automatically adjusted the Po value based

on its database from NIST. For all the propane isotherms at 25 °C, the Po value is = 9.47 bar.

Table 1: Ratios of benzimidazole (bim) to substituted benzimidazole used in the synthesis, and those present in
the resulting mixed-linker frameworks, as determined through post-digestion *H NMR spectroscopy. N/I = not

included.

bim | substituted bim | Reaction time | Ratio in the synthesis | 2.3:1 [ 4:1| 9:1 |
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3. Results and Discussion
3.1. Synthesis and Structure Characterization

The baseline framework for this study, CdIF-13, is synthesized through prototypical
solvothermal conditions, mixing benzimidazole and hydrated Cd(ClO4)2 (note: the weakly
coordinating anion is apparently necessary given the relatively weak Cd—N bonds in the resulting
framework) in N,N-dimethylformamide (DMF) and heating to 130 °C overnight, during which
colorless crystals are formed. While this structure has been confirmed by SCXRD to show the
same connectivity as ZIF-7, the DMF-saturated framework is distorted away from the high
symmetry R3 symmetry of the sod topology (Figure 2a, b),3* which is thought to occur to
maximize the heat of adsorption of the solvating DMF through ensemble interactions with the
linkers (Figure S2). Upon solvent removal via activation under reduced pressure and elevated
temperature, the framework switches to a denser phase with P1 symmetry,® which has been
characterized by SCXRD and PXRD to retain the same network connectivity, but exhibits
significant skeletal distortion and linker rotation (Figure 2c, d). From the solved structure of the

activated phase, we have inferred that inter-linker C-H- .-t and z- - - = interactions are the dominant
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thermodynamic driving force for this switching to the denser, closed phase (Figure 3). Therefore,
in the absence of adsorbate, the dense closed phase is more thermodynamically stable due to the
presence of the exothermic C-H---x and =---m interactions (Figure 3). Upon increasing the
pressure of some adsorbate there is a threshold at which the enthalpic favorability of adsorption
can overcome these stabilizing inter-linker interactions causing the opening and saturation of the
framework. We have also previously characterized through in situ powder neutron and X-ray
diffraction that adsorption occurs primarily on the n-faces of the benzimidazolate benzene moiety,
with the ring behaving as a Lewis base interacting electrostatically with regions of positive
potential on the adsorbate molecules.®” For example, with propane, we find that adsorption occurs

through an ensemble of C-H:--& interactions between benzene moieties and the alkane.?’
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Figure 4. (Top) (a) General strategy for the synthesis of mixed-linker derivatives of CdIF-13. X and Y in the
second benzimidazole linker represent the substitution used for the synthesis. Random distribution of the second
linker, as characterized by EDX, is illustrated here by the inclusion of the purple lines in the topological
presentation of the sodalite cages. (Bottom) PXRD patterns (A = 1.5406 A) of mixed-linker CdIF-13 (b) the DMF
solvated phase and (c) activated phase. The PXRD studies reveal an isoreticular relationship with the parent
CdIF-13 structure (depicted in red) in its solvated phase and goes through a similar structural flexibility upon

activation. All patterns are also shown in the supporting information.

To test the influence of linker substitution and ratio, we selected six derivatives of
benzimidazole which would appreciably affect the electrostatic potential surfaces of the linker,
while attempting to minimize the steric bulk. Accordingly, 5-fluorobenzimidazole (MF), 5-
chlorobenzimidazole (MCI), 5-bromobenzimidazole (MBr), 5-methylbenzimidazole (MMe), 5-
cyanobenzimidazole (MCN), and 5,6-difluorobenzimidazole (DF) were chosen for this study.
Using conditions adapted from those reported for CdIF-13, mixed-linker derivatives were
synthesized spontaneously by the presence of both benzimidazole and the derivative linker in the
synthesis mixture at a total amount equaling that of benzimidazole used for CdIF-13. The mixtures
were again heated in DMF, being left for varying durations until appreciable solid product was
observed. Upon isolation, the solvated samples were first characterized by PXRD (Figure 4b) to
confirm that the sod topology was indeed produced.

We wish to highlight observed differences between the observed patterns of the solvated
frameworks, most apparent in the reflections centered around 7.5 20 (. = 1.5406 A). These
differences are the result of the aforementioned distortion of the solvated framework away from
the ideal R3 symmetry of the sod topology. Wherein greater observed splitting of reflections results

from greater distortion and lower symmetry of the DMF-solvated phase. The observed pattern of

14



the DMF-solvated phase is sensitive to the precise procedure of used for these measurements, with
varying instrument temperatures and handling times leading to varying degrees of solvation and
thus structural symmetry. However, given previous work with CdIF-13, including SCXRD-based
confirmation of the DMF-solvated structure and the resulting simulated PXRD pattern (Figure 4b,
S3),3* we can confidently state that all the observed patterns are indeed representative of the desired
framework connectivity in the low-density, open phase with high accessible porosity.

The as-synthesized DMF-solvated frameworks were then activated by solvent exchange with
CH:zCl2 (DCM) followed by heating under dynamic vacuum. Full solvent removal was confirmed
by digestion with deuterated hydrochloric acid (DCI) in D20 and subsequent solution-phase H
NMR spectroscopy in DMSO-ds (Figure S17-35). The ratio of linkers incorporated into the
respective synthesized mixed-linker frameworks could be simultaneously quantified through
integration of respective protons present on the benzene and imidazole rings (Figure S17-35).
While the ratio of linkers incorporated into the lattice are indeed influenced by the starting ratios
in the synthesis mixture, they do deviate from these ratios, as detailed in Table 1. We hypothesize
that this is the result of differences in coordination strength as influenced by the substituent,
affecting both initial rate of incorporation as well as the dynamic bonding known to be key in
crystal growth. Nonetheless we can construct a catalog of twelve mixed-linker derivatives of CdIF-
13, composed of three three-member series of varying ratios and three additional frameworks.
With five of the six substituted linkers, a mixed-linker derivative with a close to 3:1 ratio
(benzimidazole:substituted benzimidazole) was obtained, permitting direct comparison of the
effect of substitution at a specific ratio. With 5-cyanobenzimidazole, 6:1 ratio was the lowest
obtainable ratio. However, due to the common use of cyano substitution in porous frameworks, its

inclusion was deemed relevant.
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Part of the selection process for the twelve chosen frameworks, from the 50 or so synthesized,
is that they exhibit a very similar phase change to CdIF-13 upon activation (Figure 4c).33 34 At
higher percentages of the substituted linker, there tends to be a loss in the full flexibility of the
framework, ostensibly due to some combination of steric bulk in this dense topology and electronic
effects on the inter-linker and adsorbate—linker interactions. These effects were discussed in detail
in our previous report focused solely on mixed-linker series with 2-methyl-5,6—-
difluorobenzimidazole.® For the 12 structures discussed herein, PXRD patterns of the activated
frameworks confirm that each undergoes a phase change to a lower symmetry phase analogous to
that of CdIF-13, which is most prominently indicated by a quartet of reflections between 8-11 26
(A = 1.5406 A) and has been previously characterized by SCXRD (Figure 4c).33 34
3.2 Isothermal Gas Adsorption Measurements

The observation of reversible phase changes upon activation (Figure 4c) and resolvation
(Figure S16) by PXRD is the mark of structural dynamics, but not necessarily of periodic
flexibility or of step-shaped adsorption. To confirm the retained first-order cooperative phase
change in each mixed-linker derivative and explore the influence of substitution and linker ratio
on the resulting step-shaped profile, equilibrium isothermal gas adsorption measurements were
performed with a series of probe gases of varying size, shape, and electrostatic surface potentials.
For CdIF-13 and each of the twelve mixed-linker derivatives, measurements were collected for N2
at 77 K (Figure 5), CO2 at 195 K (Figure 6), and propane at 298 K (Figure 7), with the first two
being prototypical probes at their respective boiling point and the third being a probe we have
studied extensively with CdIF-13 in our work exploring olefin—paraffin separations®’. We note
that adsorption capacities are shown in mol/mol to control for framework mass changes and allow

for direct observation of effects on capacity.
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Figure 5. Isothermal adsorption measurements for N, at 77 K for parent CdIF-13 and the 12 mixed-linker
derivatives. (a) CdIF-13 and three ratios with MF. (b) CdIF-13 and three ratios with DF. (c) CdIF-13 and three
ratios with MMe. (d) CdIF-13 and one framework with each MCN, MCI, and MBr. (e) CdIF-13 and the
framework with the lowest accessible ratio of each substituted linker. (f) Overlay of data for all thirteen
frameworks. The connecting lines between data points are not mathematical fits but to guide the eye only. Full
adsorption desorption profiles for individual frameworks are presented in Figure S51-63. Average Po = 828.785

mbar.

3.2.1. N2 at 77 K: CdIF-13 exhibits minimal adsorption until an approximate threshold of relative
pressure (P/Po) 0.03, at which a saturation capacity of 2.1 mol/mol occurs by P/Po = 0.15 (Figure
5, S63). In the case of the three-member series with both MF (i.e., 10:1, 5:1, and 3:1) and DF (i.e.,
11:1, 6:1, and 9:2), no pre-step adsorption regime is observed, with only sharp saturation at very
low pressures being observed (Figure 5a, b). Based on results discussed below with CO2 and
propane, we hypothesize that step-shaped adsorption is still occurring, however the threshold

pressure is too low to be readily observed without immense data density in the microbar regime or
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measurements at elevated temperatures. The three-member series with MMe (i.e., 14:1, 6:1, and
7:2) exhibits quite a different trend (Figure 5c¢). At 14:1, saturation again occurs without an
observable pre-step, however we also observe the onset of what we hypothesize to be a second
step. This observation is not entirely unexpected, as two-step adsorption is observed for CdIF-13
with CO2 at 195 K (see below) and is indicative of an intermediate structure stabilized under
specific pressure—temperature conditions. At 6:1, no observable second step occurs. At 7:2, not
only is there no observable second step, but the threshold of the first step has shifted to a higher
pressure than CdIF-13. In addition to affecting the adsorption behavior, we expect the relatively
large size of the —CHj3 substituent to be a key contributor to the observed reductions in mol/mol
capacity. In contrast to these three series, each of the other derivatives, ~ 3:1 with MCI and MBr
and ~ 6:1 with MCN, exhibit negligible adsorption up to 1 bar, suggesting that the adsorption
threshold is beyond the measurable pressure window at 77 K (Figure 5e). Through these
adsorption measurements with N2 at 77 K, we can clearly see the large impact mixed-linker
derivation can have on adsorption behavior, even when flexibility is apparently constant by PXRD,
inducing both dramatic reductions in the threshold pressure and the complete absence of
adsorption.

3.2.2. CO2 at 195 K: CdIF-13 exhibits minimal adsorption until an approximate threshold of P/Po
=0.02, at which a saturation capacity of ~ 1.5 mol/mol is reached by P/Po = 0.10 (Figure 6, S76).
In contrast to N2 at 77 K, this is followed by a second step near P/Po = 0.25, with a saturation
capacity of 2.1 mol/mol reached by P/Po = 0.34. Given the low-pressure threshold of the first step,
relatively small changes in apparent step and saturation pressures are observed with the mixed-

linker derivatives (Figure 6, S64-S75), and thus strong conclusions on their relative behavior are
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difficult to make in most cases. However, we observe significant changes to the position, profile,

and/or presence of the second step. Overall, both the MF and DF series exhibit a similar trend,
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Figure 6. Isothermal adsorption measurements for CO; at 195 K for parent CdIF-13 and the 12 mixed-linker
derivatives. (a) CdIF-13 and three ratios with MF. (b) CdIF-13 and three ratios with DF. (c) CdIF-13 and three
ratios with MMe. (d) CdIF-13 and one framework with each MCN, MCI, and MBr. (e) CdIF-13 and the
framework with the lowest accessible ratio of each substituted linker. (f) Overlay of data for all thirteen
frameworks. The connecting lines between data points are not mathematical fits but to guide the eye only. Full

adsorption desorption profiles for individual frameworks are presented in Figure S64-S76. Po = 1.013 bar.

with the highest ratio derivative exhibiting a lower pressure first step than CdIF-13, and a second
step of similar shape to CdIF-13 near or just below the same threshold pressure (Figure 6a, b).
However, at the two lower ratios in both series, the first step appears to shift back to higher
pressures. More substantially, the second step becomes much more gradual, to a point that one can

argue that the lowest ratio frameworks show no step at all. For the MMe series, we again observe
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relatively subtle effects on the first step (Figure 6¢) and large effects on the second, with the
highest ratio framework only exhibiting a broad step at much high pressures, and the lower two
ratio frameworks exhibiting no second step in the measurable pressure window. Rather,
maintaining a very flat capacity, suggesting there is no gradual phase change after the first step
like that observed with the MF and DF series. The 3:1 MCI and MBr frameworks exhibit very
similar behavior, with a slight reduction in the threshold of the first step, with saturation by about
P/Po= 0.1 (Figure 6d). This is followed by a flat capacity throughout the measurable window, like
the lower two ratio frameworks with MMe. In slight contrast, the 6:1 MCN derivative shows a
similar threshold pressure to CdIF-13 for the first step. However, the post-step region is again quite
flat across the measurable window, indicating no post-step increase in accessible porosity (Figure
6d). The five ~ 3:1 derivatives show a narrow observable difference in the onset of the first step,
with only the 3:1 framework of MF showing appreciable post-step adsorption, albeit in gradual
manner. In total, derivation of CdIF-13 results in subtle effects to the first adsorption steep with
CO2 at 195 K, but significant alterations to the second step, including broadening and complete
absence.

Propane at 298 K: CdIF-13 exhibits minimal adsorption until an approximate threshold of
P/Po = 0.025, at which a saturation capacity of 0.81 mol/mol is reached over a particularly narrow
pressure regime, followed by an effectively flat post-step regime (Figure 7, S89). In contrast to
both the N2 and CO2 measurements, we observe a very similar adsorption profile for all twelve
derivatives, with only the adsorption threshold pressure and capacity changing (Figure 7, S77—
88). Owing to the relatively high adsorption threshold pressure for CdIF-13, changes to the
adsorption threshold of propane at 298 K in the mixed-linker derivatives is quite apparent. For

both the MF and DF series, a significant jump to lower pressure for the adsorption threshold is
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observed at even the highest ratios (i.e., 10:1 and 11:1, respectively) (Figure 7a, b). This is

followed by a more subtle lowering of the adsorption threshold
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Figure 7. Isothermal adsorption measurements for propane at 298 K for parent CdIF-13 and the 12 mixed-linker
derivatives. () CdIF-13 and three ratios with MF. (b) CdIF-13 and three ratios with DF. (c) CdIF-13 and three
ratios with MMe. (d) CdIF-13 and one framework with each MCN, MCI, and MBr. () CdIF-13 and the
framework with the lowest accessible ratio of each substituted linker. (f) Overlay of data for all thirteen
frameworks. The connecting lines between data points are not mathematical fits but to guide the eye only. Full

adsorption desorption profiles for individual frameworks are presented in Figure S77-89. Py = 9.47 bar.

pressure for the other two members of each series, with the 5:1 and 3:1 members of the MF series
exhibiting quite similar threshold pressures (Figure 7a), as do the 6:1 and 9:2 members of the DF
series (Figure 7b). In the MMe series, we again observe reduction in the adsorption threshold
pressure with increasing presence of the methylated linker (Figure 7c). However, the effects are

lesser than with fluorination, with the 7:2 member of the MMe series having a higher threshold
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than even the 11:1 member of the DF series (Figure 7g). Like the fluorinated frameworks, the 3:1
MCI and MBr derivatives exhibit a significantly reduced threshold, with MCI being lower than
both 3:1 MF and MBr at about P/Po = 0.011 (Figure 7e). In contrast, the 6:1 MCN derivative
exhibits effectively no change to the adsorption threshold, only lowering the total capacity. For the
series of five ~ 3:1 mixed-linker derivatives, the four halogenated systems show dramatic
reductions in the adsorption threshold pressure, with the MMe derivative sitting closer to that of
CdIF-13 (Figure 7e). Whereas the N2 at 77 K and CO2 at 195 K data sets exhibit seemingly
complex combinations of changes to pressures, capacities, shapes, and number of steps, the data
set for propane adsorption at 298 K is relatively simple, providing a more semi-quantitative story
of the influence of linker substitution and ratio.
3.3 Analyzing the Influence of Substitution and Linker Ratios on Cooperative Flexibility and
Adsorption Behavior

From the preceding isothermal gas adsorption measurements with N2 at 77 K, CO2 at 195 K,
and propane at 298 K, the significant and diverse influence of linker substitution on adsorption
behavior is apparent, even when flexibility is consistent as characterized by PXRD. By making
use of the mixed-linker approach, we can not only produce a larger catalog of derivatives that are
functionally distinct, but also a catalog that can be leveraged for more systematic fundamental
investigations of flexibility. Although outside the scope of this specific report, in situ variable
pressure PXRD measurements would ideally be performed for each combination of adsorbate and
adsorbent at a synchrotron to provide high quality data from which atomic-level structure of the
framework and adsorbate could be refined. Additionally, high level computational analysis, well
beyond our own capabilities, of the 13 total frameworks and 39 adsorption data sets could be

powerful for advancing our understanding. Particularly with an eye to understanding how
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substitution affects the relative energy of the closed and saturated open states and the activation
barrier between them that is thought to regulate the adsorption threshold pressure. In the absence
of such measurements and calculations, we can infer certain relationships based on our knowledge
of the closed and open structures of CdIF-13, influence of substituents on the electrostatic potential
surface of benzimidazolate, and, in the case of propane, how the gas interacts with the pore surface.

The following interpretations are based largely on insights gained from our previous studies
on CdIF-13. Namely, we have characterized by SCXRD both the fully activated closed phase
(Figure 2c, d)* and DMF-solvated open phase of CdIF-13 (Figure 2a, b),3* including the solvent
position (Figure S2), providing insights into interactions that stabilize both states. We have also
characterized the propane-saturated structure of CdIF-13 by Rietveld refinement of data collected
from in situ variable pressure synchrotron PXRD, including the adsorbed propane molecules.®
This shows that propane adsorption occurs through an ensemble of contacts with the n-rich faces
of the benzimidazolate linkers with C—H bonds of the alkane. From these structures, we can infer
the interactions that serve to stabilize the closed phase, and, in the case of propane, those that
stabilize the open phase. Namely, side-on and face-on inter-linker C—H---z and = - -& interactions
(Figure 3) and adsorbate—linker C-H-- ‘& interactions in which the z-rich linker acts as a Lewis
base (Figure 8a, S97), respectively. Below we first analyze the effects of substitution on the linker
electronics, then discuss how the respective gases are expected to be adsorbed at the atomic level
in this group of frameworks. This is then followed by a group-by-group analysis of apparent trends
with proposed explanations for these observations.
3.3.1. Effect of Substitution on Linker Electrostatic Potential Surfaces

To help analyze the influence of the linker substitutions on these variables, we first turn to

DFT-based calculations of the electrostatic potential (ESP) surface map of benzimidazolate and
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how substitution affects the distribution and magnitude of regions of positive (i.e., Lewis acidic)
and negative (i.e., Lewis basic) surface potential. From the electronic potential surface maps, we
found that a significant negative potential is distributed over the two nitrogen atoms (Figure 8,
S90-96, Table S3-S9), exactly what is necessary to coordinate to two Cd(ll) centers and make a
framework. Apart from the nitrogen atoms, the n-faces of the arene ring exhibits negative potential,
with the outer edges of the C—H bonds being the most positive region in potential, aligning with
C—H o™ orbitals (Figure 8, S90-96). While methyl substituents are considered donating by
Hammet substitution constants, the calculated change in the surface potential of the n-faces of the
arene rings is relatively minor (Figure 8d, S93, Table S6). Perhaps more relevant, are the new
regions of slightly positive potential present on hydrogen atoms of the methyl group, again
correlating to C-H o* (Figure 8d, S93, Table S6). Fluorination results in a significant reduction
in the negative potential of the n-faces and increase in the positive potential of the hydrogen atoms
(Figure 8b, S91, Table S4). Both trends are exasperated upon introduction of the second fluorine
atom (Figure 8c, S92, Table S5), with the addition of a strong negative potential in between two

F-atoms. Given the significant
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Figure 8. DFT-generated electrostatic potential (ESP) maps of geometry-optimized (a,b) benzimidazolate, (c,d)
5-fluorobenzimidazolate (MF), (e,f) 5,6-difluorobenzimidazolate (DF), (g,h) 5-methylbenzimidazolate
(MMe), (i,j) 5-chlorobenzimidazolate (MCI), (k,I) 5-bromobenzimidazolate (MBr), and (m,n) 5-
cyanobenzimidazolate (MCN), calculated at the 0.001 e~ bohr2 isosurface. Both the top-view and side view are
shown for clarity, with (a, c, e, g, i, k, and m) a top view and (b, d, f, h, j, I, and n) a side view of the individual
linkers. Regions of positive potential are depicted in blue and regions of negative potential are depicted in red.
Dark blue and red spheres indicate the Vsmaxand Vsmin, respectively. Grey, dark blue, magenta, green, orange,

and white spheres represent C, N, F, Cl, Br and H, respectively.

drop in electronegativity from F to Cl and Br (Pauling Scale, F = 3.98, Cl = 3.16, Br = 2.96, C =

2.55, H = 2.20), chlorination (Figure 8e, S94, Table S7) and bromination (Figure 8f, S95, Table
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S8) of benzimidazolate is less impactful on the surface potentials of the n-faces and H atoms than
fluorination. However, these atoms still exhibit appreciable negative potentials, and are more
polarizable than F, meaning they are more prone to forming exothermic dispersion interactions in
addition to the electrostatic contacts predicted from ESP maps. Finally, the very strong electron
withdrawing nature of the cyano functional group, as intimated by its very positive Hammet
substitution constant, results in a surface potential map that is effectively between that of mono-
fluoro and di-fluorobenzimidazolate. In addition, the N atom of the cyano moiety has particularly
negative potential, given the two polarized © bonds of the cyano triple bond and the sp lone pair
on the N atom itself (Figure 8g, S96, Table S9).

3.3.2. Adsorbates

3.3.2.1. CO:

It was previously reported for ZIF-7, the predecessor Zn(Il)-based congener to CdIF-13, that
CO2 adsorption at 195 K occurred in a two step-fashion, wherein the two distinct steps result from
sequential opening at the two different types of 6-membered pore windows present in the
framework.38: 3 These two pores are analogous to the blue and magenta pore windows highlighted
for CdIF-13 in Figure 2. Additionally, in situ neutron diffraction experiments with ZIF-7 suggest
that both the electrostatically negative O atoms and positive C atom of CO2 play a role in
adsorption, interacting with the electrostatically positive H atoms and negative n-face of the linker,
respectively. Accordingly, our analysis of CO2 adsorption in the mixed-linker derivatives of CdIF-
13 will be strongly influenced by these prior studies with ZIF-7.

3.3.2.2. Propane
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In our recent study on the ability of CdIF-13 to selectively adsorb ethane over ethylene and propane
over propylene we performed in situ synchrotron PXRD measurements.®” The high quality of the
diffraction data permitted refinement of the atomic positions of propane in the saturated framework
in both aforementioned six-membered pore windows (Figure 2, S97). In both cases, we observe
individual propane molecules interacting with the n-rich faces of the linkers through an ensemble
of C—H---m interactions (Figure S97). Accordingly, changes to the magnitude and distribution of
surface potential on the linkers should appreciably affect the strength and manner in which
adsorption occurs.
3.3.23. N2

Little prior work on how N2 is adsorbed in either CdIF-13 or ZIF-7 has been done. Thus, our
interpretations of observed effects on N2 absorption behavior will be based in our cumulative
understanding of the adsorption of CO2 and propane, assuming weak interactions with the frontier
electrons and n* orbitals (i.e., HOMO and LUMO) of Na.
3.3.3 Group-By-Group Analysis of Linker and Ratio Effects

Please note that we wholly acknowledge that the following analyses/hypothesis are not
unambiguously supported by experimental results but are put forth to help guide future analysis
that may be supported by in situ diffraction or advanced computational studies.
3.3.3.1 MF and DF Series

We have chosen to combine our analysis of the two three-membered groups of mixed-linker
derivatives with MF and DF owing to the very similar observed trends. For the adsorption of N2
at 77 K, a significant shift to lower threshold pressures occurs for all six derivatives. However, due
to the how low this apparent threshold is for each framework, it is difficult to resolve the apparent

differences between them (Figure 5a, b). For propane at 298 K, all six frameworks again exhibit

27



a significantly reduced adsorption threshold, but, in this case we can distinguish that a progressive
shift to lower thresholds occurs with increasing presence of the fluorinated linkers (Figure 7a, b).
In each case we suspect that the primary culprit of the observed behavior is the effective
destabilization of the closed phase. Given the hypothesis that the inter-linker C—H---m and - -n
interactions are the primary stabilizing entity for the closed phase, the net strength of these
interactions is directly correlated to the pressure threshold at which they are broken, an
endothermic event compensated for by exothermic adsorption. Modulating this exothermic heat of
adsorption (—AHads) also affects the threshold pressure, as is apparent by the need to cool to 77 K
to observe uptake of weakly adsorbing N2 below 1 bar, whereas more strongly adsorbed propane
causes framework opening below 1 bar at 298 K. Thus, we hypothesize that this threshold
reduction is strongly influenced by how the presence of the fluorine atoms causes repulsive
interactions in the closed phase. This arises as fluorinated arenes have an inverted surface potential
distribution relative to wholly protonated arenes (Figure 8a—f, S90-S92 Table S3-S5). Thus, the
two motifs will electrostatically repel each other when forced to be face-to-face or side-to-face, as
they are in the closed structure of CdIF-13 (Figure 2c, d). These repulsive interactions destabilize
the closed phase, leading to a lower energetic barrier to opening and, therefore, lower adsorption
thresholds.

In the case of CO2 at 195 K, there appears to be an inverted trend with increasing fluorination
for both the first and second step, as well as significant effect of fluorination on the shape and
altogether presence of the second step (Figure 6a, b). An appreciable drop in the pressure
threshold of the first step is again observed with the highest ratio of members for each series.
However, with increased presence of the fluorinated linkers, this shifts back towards that of CdIF-

13. Given what was observed for N2 and propane with this series (Figure 5a, b, 7a, b), namely
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shifting to lower pressure thresholds, we would suspect that this divergent observation is caused
by a significant change to the adsorption behavior, namely a weakening of —AHags. All previously
characterized adsorption in ZIF-7 and CdIF-13 has been shown to occur on the faces of the linkers
within the effective “pocket” of the pore window,?> 33 37 and we know from structural analysis that
the fluorine atoms will be on the periphery of this pocket.® Thus, we suspect they do not directly
participate in adsorption, rather, they only serve to make the surface of the linkers more positive,
thus making the surface interactions with CO2 less favorable.

As for the second step, the increasing presence of the fluorine atoms in the lattice appears to
have a more significant effect. For the MF series we see a lowered threshold at the highest ratio
(10:1), but this step returns to higher pressures near that of CdIF-13, with dramatic broadening of
the step (Figure 6a). This broadening is likely the result of a lowering of the activation barrier
between the two end states and/or the introduction of additional meta-stable intermediate states,
again with lowered activation barriers between them. That is to say that pore opening happens in
a more gradual fashion as pressure is increased, rather than jumping between two states in a
discontinuous fashion. In the DF series, this trend is even more apparent, wherein the highest ratio
framework (11:1) still has a sharp step near that of CdIF-13, but at 6:1 and 9:2 this is dramatically
broadened to the point that there is no apparent step for the 9:2 framework. Rather, there is just a
gradual increase in capacity that is still occurring at the highest pressure data point (Figure 6b).
Again, this suggests that increasing fluorination is affecting the energy barriers between structural
states, obviating the first order phase change we see for CdIF-13.
3.3.3.2. MMe Series

When considering the influence of the methyl substituent, we suspect there are three primary

factors at play. First that the methyl group’s three C—H bonds can introduce additional C-H---xt
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interactions to the framework in the closed phase, causing stabilization, as was observed for the
methylated derivative of Co(bdp).3 Second, that the three dimensional nature of the methyl group
(i.e., tetrahedral) could sterically prevent full closing of the pore window, destabilizing the closed
phase. Third, that the electron-donating nature of a methyl substituent increases the negative
clectrostatic potential of the arene m-faces, leading to stronger —AHads, lowering adsorption
thresholds.

With propane at 298 K, there is a relatively small shift to lower adsorption thresholds, with the
lowest ratio (7:2) having about the same adsorption pressure threshold as the highest (10:1) in the
MF series (Figure 7a, ¢). We suspect this is the result of the competition between opposing actors.
Specifically, that the richer n-faces enhance the strength of C—H---n interactions with propane
(Figure S97), lowering the threshold, but the magnitude of this change is tempered by increased
inter-linker C—H-- -7 interactions with increasing presence of methylation. Ultimately resulting in
relatively offsetting effects and small changes to the step position.

When considering the first adsorption step in the CO2 at 195 K measurements, we again see a
relatively small effect at the highest (14:1) and lowest (7:2) ratios, with the middle ratio (6:1)
appearing as an outlier, with an appreciably reduced threshold. We hypothesize that this is the
result of the competing phenomena discussed above. Specifically, that at 14:1 and 6:1, the
increased presence of m-rich linkers increases —AHads, progressively shifting the threshold pressure
lower. But, at 7:2, where there is statistically at least one methylated linker per pore window, the
enhanced interactions between linkers stabilizes the closed phase, pushing the threshold pressure
back towards that of CdIF-13. As for the second step, which is suspected to be the opening of the
six-membered ring with all linkers pointing in (magenta, Figure 2b, d) based on previous work

with ZIF-7,2 the effects are more significant; Being pushed out too much higher pressures and

30



broadened at the highest ratio, and all together absent with no gradual increase for the lower two.
Given the likely abundance of both face-to-face and side-to-face C—H---x interactions in this pore
window relative to the yellow and blue pores (Figure 2b, d), we suspect that methylation further
stabilizes the closed phase of this pore, precluding observable opening and adsorption in the
measurable pressure window.

The adsorption behavior of the methylated derivatives for N2 at 77 K is particularly complex
(Figure 5c¢). However, we hypothesize that the observed adsorption profiles can be explained
similarly to CO2 and are not the result of large steric effects on accessible porosity. Namely, that
there is an initial enhancement of adsorption strength leading to a lower pressure first step,
followed by enhanced stability of the three six-membered pores in which adsorption occurs (i.e.,
magenta, blue, yellow, Figure 2) with increasing methylation. Moreover, with the relatively weak
—AHads of N2 and differences in the type and quantity of inter-linker contact in the three pores
(Figure 3), this results in the single step observed for CdIF-13 being separated into distinct steps.
We note that diverse multi-step behavior with N2 has been observed previously in cooperatively
flexible frameworks, as reported for Co(bdp) and its functionalized derivatives. With each Co(bdp)
derivative showing a distinct multi-step adsorption profile resulting from linker-dependent
differences in meta-stable intermediate phases, wherein the exothermic adsorption balances
endothermic phases changes.* 4% Accordingly, we hypothesize that in the highest ratio (14:1)
framework with MMe, the yellow and blue-labeled pores with fewer apparent inter-linker
interactions in the closed phase open at a lower pressure due to stronger adsorption, followed by a
second step arising from the relatively stabilized closed magenta-labeled pore that exhibits more
inter-linker contacts (Figure 3). In the middle ratio (6:1) MMe framework, this first step appears

to broaden to higher pressures, with no apparent second step occurring, suggesting that the greater
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methylation leads an inability for N2 absorption to overcome the enhanced stability of the closed
form of the magenta-labeled pore. Finally, at the lowest ratio (7:2), again with the statistical
presence of at least one methylated linker per pore window, we observe a dramatic shift in the first
step beyond that of CdIF-13, followed by a much smaller, but still sharp, step. We hypothesize
this is due to both the magenta- and blue-labeled pores, with their clear inter-linker C—H---x and
n---1 interactions remaining closed in the measurable window. While the yellow-labeled pore,
with only face-to-face linker interactions possible, can be opened, if only partially.

Overall, we hypothesize that the weak —AHads of N2 makes its adsorption profile, relative to
that of more strongly adsorbing CO2 and propane, particularly susceptible to the effects of
methylation. These data sets also appear to suggest that the way adsorption occurs for these three
gases is considerably different. With variances in size and surface potential causing different
interactions at the distinct pores of the framework, which themselves vary in shape, size, and
presence of stabilizing inter-linker interactions.
3.3.3.3. Lowest Ratio Series

We finally examine the relative behavior of the five approximately 3:1 mixed-linker
derivatives (i.e., MF, DF, MMe, MCI, and MBr) and one MCN derivative containing the lowest
achievable ratio, 6:1(Figure 5f, 6f, 7f).

For propane at 298 K, the MCl and MBr derivatives exhibit very reduced adsorption threshold
pressures (Figure 7e, f). In fact, the MBr derivative has an adsorption threshold near the 3:1 MF
framework, with the MCI analog exhibiting an even lower threshold, being only surpassed by the
9:2 DF derivative (Figure 7e, f). The threshold pressures for MBr and MCI being similar to and
even lower than the MF analog, respectively, is initially surprising owing to the relative

electronegativities of the respective halogens and calculated effects of the n-face of the linkers
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(Figure 8, S91, S94, S95). However, at this low ratio, the MF system is likely to form strong
interactions between fluorinated linkers (i.e., F---m-hole), leading to the threshold pressure
increasing as the co-localization of fluorinated rings becomes more likely. We hypothesize that
strong interactions between substituted linkers is also present in the MCN derivative (i.e., C—
N---n-hole), leading to an adsorption threshold near that of CdIF-13 despite the large positive
potential on the cyano-benzimdazolate linker n-face (Figure S96, Table S9) repelling the C—H
moieties of unfunctionalized benzimidazolate.

A very similar trend is observed for the first adsorption step for CO2 at 195 K. However, for
all three of the additional frameworks, MCI, MBr, and MCN, the second step observed for CdIF-
13, assumed to be the opening of the magenta pore window owing to the larger number of apparent
inter-linker interactions (Figure 3), is completely absent, akin to the 7:2 MMe analog. At this low
ratio there is a high probability of interactions between two of the substituted linkers, and with the
lower electronegativity and greater polarizability, therefore Lewis basicity, of the chlorine and
bromine substituents relative to fluorine, they can form strong interactions with electronic
contributions beyond electrostatics. In the case of the cyano-substituted ring, there is such a large
increase in the positive electrostatic surface potential of the linker n-faces, that very strong side-
to-face electrostatic interactions with the very negative N atom of the cyano group could occur,
precluding opening of this pore.

Finally, for N2 at 77 K, the complete absence of adsorption is observed for the MCI, MBr, and
MCN derivatives (Figure 5e, f). Like the second step for CO2 at 195 K, the behavior of these
derivatives is more akin to the 7:2 MMe derivative than either of the fluorinated analogs (Figure
5f). While the 9:2 DF and 3:1 MF frameworks exhibit a reduction in the adsorption pressure

threshold, 7:2 MMe has only a partial step, which occurs beyond that of CdIF-13. Therefore, we
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analogously propose that this lack of adsorption (Figure 5f) and remaining in the fully closed state
is caused by the combined weak —AHads of N2 and the stronger interactions between two of the
substituted linkers that is likely to occur at these low ratios.

4. Conclusion

Our limited understanding of cooperative flexibility in metal-organic frameworks currently
precludes the ability to deliberately derivatize known frameworks for specific applications, let
alone targeted de novo design. We believe that a primary issue holding back the advancement of
this understanding is a dearth of systematically varied data sets with minimized variables that
cannot be controlled for. This is the result of the current serendipitous discovery of flexible
frameworks, the immense diversity in the structure, composition, and mode of flexibility of these
frameworks, and the finite amount of diversification that can be achieved through complete metal
substitution and linker substitution. The work discussed in this report emphasizes that the mixed-
linker approach, broadly used for rigid frameworks, but only recently for flexible systems,
provides a route to significant derivation of known flexible frameworks, enabling synthesis of
systematically varied families of frameworks that may be used for more controlled studies (Table
S2). If combined with in situ crystallographic measurements and modern computational
approaches, this synthetic approach may enable rigorous investigations with unambiguous
insights, dramatically improving our understanding of cooperative flexibility and step-shaped
adsorption—desorption, leading to advancements in design, utility, and application. Indeed, the
pressing goals of the field should be to achieve de novo and targeted design, as well as enabling

computationally driven database searches for specific applications.
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Modified Flexibility and Step-Shaped Sorption in Mixed-Linker Frameworks

Adsarption

Desorption

The mixed-linker approach in cooperatively flexible metal-organic frameworks unlock a diverse
library of functionally modified structures, providing insights into influential electronic variables.
This methodology simultaneously expands the range of applicable materials while enhancing
understanding of their electronic characteristics for specific applications.
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