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An Interpenetrated Framework Material with Hysteretic CO, Uptake
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Abstract: A new, twofold interpenetrated metal-organic framework (MOF) mate-

rial has been synthesized that demonstrates dramatic steps in the adsorption and
hysteresis in the desorption of CO,. Measurement of the structure by powder X-
ray diffraction (PXRD) and pair distribution function (PDF) analysis indicates
that structural changes upon CO, sorption most likely involve the interpenetrated

frameworks moving with respect to each other.

Introduction

The introduction and subsequent wide-reaching pursuit of
new and exotic metal-organic frameworks (MOFs) has
opened doors into the structural possibilities of crystalline,
porous solid-state materials."? Scores of new MOF struc-
tures are now reported each year, and the ability to engen-
der structural and chemical diversity with relative ease has
long been recognized. However, once the metal nodes and
organic ligands are arranged into the crystalline framework,
their structure is largely stagnant. More recently, the ability
of some of these crystalline materials to exhibit structural
flexibility has been reported.”! For example, several of the
MIL materials from the Férey group exhibit a “breathing”
mechanism upon solvent removal and subsequent pore fill-
ing with gas or vapor molecules.*”! In addition, technologi-
cally intriguing hysteretic H, uptake in flexible frameworks
has been observed at both low!™ and high pressure.’’ The
ability to effect guest-responsive structural behavior in tradi-
tionally crystalline MOF materials is becoming more appar-
ent.'"1® However, very few of these reports examine three-
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dimensional frameworks,"” even fewer investigate catenated
structures,?” and most often, the reported flexible behavior
is observed only at high pressure. A guest-responsive, struc-
turally flexible porous material that demonstrates dynamic
performance under more subtle conditions of pressure and
temperature could have application potential in gas separa-
tions or as a highly selective sensor of molecular adsorbates.

Here we describe a new twofold catenated, pillared pad-
dlewheel framework based on Zn" coordination of a tetra-
topic carboxylate ligand and a linear dipyridyl ligand. The
low-pressure CO, isotherms display a prominent step and a
substantial repeatable hysteresis that together suggest dy-
namic structural behavior upon removal and re-adsorption
of pore guests. Equally interestingly, high-pressure CO, iso-
therms indicate that these structural changes occur at tech-
nologically relevant conditions for CO, sequestration. We
have verified the structural changes with the pair distribu-
tion function (PDF) method using high-energy synchrotron
radiation. To our knowledge, the current study comprises
the first application of this method to the problem of MOF
structural dynamics. In contrast to CO,, adsorption of both
N, and Ar is characterized by a surprising gating effect, that
is, virtually no adsorption at pressures less than the gate
pressure. The differences suggest that two distinct types of
dynamic structural change occur.

Results and Discussion
Synthesis and structure: We have previously described a li-
brary of pillared paddlewheel MOFs based upon mixed-

ligand Zn" coordination to linear dicarboxylates and dipyr-
idyls.”" In the present work, we have created a robust mate-
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rial containing a tetratopic carboxylate ligand, 4,4',4"4"-
benzene-1,2,4,5-tetrayl-tetrabenzoic acid (L1).>%*1 We
reasoned that this strut would yield a MOF structure con-
taining relatively large pores and that the four-point connec-
tivity would produce a structure exceptionally stable to
guest removal. The linear dipyridyl ligand N,N'-di-(4-pyrid-
yl1)-1,4,5,8-naphthalenetetracarboxydiimide (L2) was used
here since MOFs containing this ligand have likewise previ-
ously been shown to form robust structures.**!

Static heating of L1, L2, and Zn(NO;),-6H,O in DMF at
80°C for two days resulted in single crystals suitable for X-
ray diffraction.’”! Analysis of the single-crystal data reveals
a framework formula of Zn,(L1)(L2) in two catenated net-
works, structure 1 in Figure 1B. As 1 is yellow and incorpo-
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Figure 1. A) Chemical structure of L1 and L2. B) Crystal structure of 1,
one level of catenation is omitted to illustrate connectivity. Polyhedra
represent zinc ions; see Supporting Information for color figure. Hydro-
gens omitted for clarity. C) Catentation of 1.

rates the octa-oxygen strut L1, we have denoted it as YO-
MOF. L1 bridges the Zn" dimers and forms flat two-dimen-
sional sheets. These perforated two-dimensional sheets are
pillared by L2. However, unlike most other pillared paddle-
wheel structures we have encountered, these networks are
interpenetrated as opposed to interwoven, such that the net-
works are maximally displaced from one another.®! The L2
pillars reside directly in the center of the diamond-shaped
cavities formed by two of the L1 ligands, and the substantial
steric bulk of L2 completely fills this space (Figure 2). This
type of catenation results in a pore volume that is essentially
halved from what would be observed in a single, non-caten-
ated network.

Despite the framework interpenetration, the structure re-
tains 50 % solvent accessible void volume as calculated by
the SQUEEZE routine of PLATON.”! Thermogravimetric
analysis (TGA) of 1 reveals a 38 % (by mass) loss of solvent,
centered at 135°C and complete by 200°C (see the Support-
ing Information). Framework decomposition does not begin
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Figure 2. Packing diagrams of 1 (YO-MOF) in space-filling representa-
tion to illustrate interpenetration of two independent networks (dark and
light).

until 350°C, indicating a comparatively high degree of sta-
bility for a large-pore paddlewheel-type MOF, most likely a
direct result of the four-point binding of L1.

CO,, N,, and Ar adsorption: Ultra-high capacity CO,
uptake has been demonstrated in several MOF structures
and is of immense technological interest for CO, storage
and sequestration.®**? Additionally, a solid-state material
that can selectively adsorb CO, from mixtures with other
gases such as CH, or N, would have considerable potential
in separations, perhaps most relevantly for flue gas decon-
tamination. The low-pressure CO, isotherm of 1 at 273 K is
presented in Figure 3A. The step in the isotherm at P/P,
~0.022 is highly unusual, but not unprecedented.™!'** The
hysteresis is fully repeatable and is not simply a conse-
quence of incomplete instrument equilibration (see the Sup-
porting Information). The atypical CO, adsorption behavior
at 273 K prompted us to measure isotherms at several tem-
peratures (Figure 3B). The adsorption step and hysteresis
move to higher absolute pressure with increasing tempera-
ture. Looking first at only the 273 K isotherm, it is difficult
to judge if the jump in uptake is an effect of pore condensa-
tion or a true step in the isotherm. However, the isotherm
measured at 263 K clearly displays an inflection in the step
and appears to be approaching a plateau in the uptake. In
the isotherms that display the step and hysteresis, the hyste-
resis loop is fully closed to rejoin the adsorption branch; all
of the adsorbate molecules can be removed from the frame-
work. Notably, above 278 K, the adsorption step and hyste-
resis are not observed before the pressure limit of these
measurements. Plotting the adsorbed volume as a function
of relative pressure (see the Supporting Information) rather
than absolute pressure reveals that at elevated temperatures
we simply have not reached the relative pressure necessary
to observe the stepped adsorption behavior.

The hysteretic adsorption observed in YO-MOF could po-
tentially provide a mechanism by which to adsorb CO, se-
lectively from gas mixtures. To understand the framework’s
behavior under more technologically relevant conditions, we
performed high-pressure measurements at various tempera-
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Figure 3. Low-pressure CO, isotherms of 1 (YO-MOF). A) 273 K, and B)
temperatures from 263 K to 298 K. Closed symbols, adsorption; open
symbols, desorption. Lines between data points are intended to guide the
eye.

tures (see the Supporting Information). High-pressure CO,
isotherms at elevated temperatures do indeed exhibit step-
ped adsorption, seen most clearly in 318 K and 328 K iso-
therms. As in the low-pressure studies, the position of the
adsorption step is temperature dependent. This unusual
stepped adsorption and hysteretic desorption, particularly at
moderate pressures of 0.5 to 5 bar, has potential utility in
separation processes. Notably, the capacity and hysteresis
are retained over at least 15 adsorption/desorption cycles,
further demonstrating the potential technological promise of
YO-MOF and structures like it (see the Supporting Informa-
tion).

Stepped CO, isotherms have been observed previously in
high-pressure experiments, as well as modeled computation-
ally, for selected IRMOF structures.” In these examples,
the large step in the isotherm is attributed to attractive
CO,—CQO, interactions within the framework. However, hys-
teresis on the desorption curve was not observed in the ex-
periments or in the simulations. Broad and clearly resolved
hysteresis loops are most often taken as indications of the
presence of mesopores, as in the IUPAC Type IV isotherm
classification.’¥ The step in the adsorption branch of the
isotherm in mesoporous materials results from capillary con-
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densation within the pores near the saturation pressure. This
behavior is well understood for N, and Ar adsorption at
77K and 87 K up to 1 atm where the top of the isotherm
represents adsorbate saturation. In contrast, the pressure at
which we observe the step and hysteresis in the CO, iso-
therm is far below the saturation pressure (34.3 atm at
273 K), apparent in the high-pressure isotherms (see the
Supporting Information). Similar behavior has been report-
ed for the adsorption of nitrogen by a two-dimensional
framework material® and by a three-dimensional pillared
paddlewheel structure, but is otherwise unknown. !

The N, and Ar isotherms of YO-MOF display a fairly un-
usual gated adsorption behavior (see Figure 4 and the Sup-
porting Information). Interestingly, there is virtually no ad-
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Figure 4. 77 K N, adsorption isotherm of 1 (YO-MOF). Closed symbols,
adsorption; open symbols, desorption. Inset depicts adsorption/desorp-
tion on a log scale.

sorption until the gate pressure, at which point there is an
abrupt increase in adsorption. Similar behavior has been re-
ported in a two-dimensional layered coordination poly-
mer,”” but to our knowledge this behavior has not previous-
ly been observed in three-dimensional porous structures at
low relative pressure.

The dynamic framework behavior responsible for the
stepped CO, adsorption as well as gated N, and Ar adsorp-
tion could conceivably take any of several forms, including
reversible: A) framework collapse, B) conversion between
interpenetrated and interwoven catenate geometries, and/or
C) strut (pillar) rotation; see Figure 5. The available static
structural information (Figure 2) enables us to rule out Fig-
ure SA as an important contributor: The YO-MOF net-
works are too tightly interpenetrated to allow significant
framework collapse (i.e. orthorhombic distortion). Network/
network packing constraints likewise strongly argue against
Figure 5C, at least as sketched (however, see below). Fur-
ther analysis requires dynamic structural information.

Pair distribution function (PDF) analysis: Lacking useable

single-crystal data, powder X-ray diffraction (PXRD) was
employed to monitor the dynamic behavior of 1 through the
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Figure 5. Candidate reversible structure changes of 1 (YO-MOF) upon
activation and guest adsorption: A) framework collapse, B) shift between
interpenetrated and interwoven geometries, C) pillar (strut) rotation.

hysteretic CO, adsorption/desorption cycle. The main diffi-
culty with structural characterization of solvent-evacuated
MOFs by single-crystal diffraction is the deterioration of the
sharp Bragg reflections of the pristine material. To gain in-
sight into the structure of the solvent-free (evacuated) and
CO,-treated compounds and also probe the origin of the
hysteretic behavior we used the pair distribution function
(PDF) technique.” Unlike other crystallographic tech-
niques such as Rietveld, the PDF is a total scattering tech-
nique, which means that Bragg scattering and diffuse scatter-
ing are treated on an equal basis. Thus the PDF describes
the distribution of inter-atomic distances in a material re-
gardless of the degree of ordering. The technique is power-
ful in studying amorphous, poorly crystalline and disordered
materials. To our knowledge this is the first example of the
application of PDF analysis to problem of the local structure
of MOFs.!

There are small but detectable differences (evident even
in the powder diffraction pattern; see Figure S8 in the Sup-
porting Information) between the initially prepared (sol-
vent-filled) sample and the solvent-evacuated product.
While differences are evident over a broad range of distan-
ces, those in the short-range region (<8 A) are easier to dis-
tinguish and correlate to the framework structure than those
in the long-range region. Assignment and interpretation of
the latter are complicated by overlap of a multitude of in-
teratomic interactions. Focusing on the short-range region,
Figure 6 shows that the initially present atomic-pair correla-
tions around 5.5 and 6.7 A disappear in the evacuated com-
pound. From simulated partial PDFs of the pristine struc-
ture (see the Supporting Information) these two vanished
vectors belong, respectively, to distances between pairs of
Zn atoms and between Zn and the ortho-C of the benzene
rings of L1. Figure 7 illustrates the local motion responsible
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Figure 6. Pair distribution function analysis of pristine 1 (YO-MOF),
evacuated (solvent free) and CO, treated material. Atomic pair correla-
tions at around 2.5 A belong to C-C, at about 3 A to Zn-Zn, at about
55A and 6.7 A to Zn-C,,,, (carbon atoms at the ortho-position of the
benzene ring of L1), and at about 19.5 A to Zn-Zn.
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Figure 7. Proposed torsional motion of L1 upon guest removal and re-ad-
sorption.

for the peak disappearances: rotation of a benzene ring of
L1 towards the plane that is normal to the pair of Zn atoms
constituting a node.

The torsional motion in Figure 7 can be viewed as a var-
iant of Figure 5C, involving the peripheral parts of L1 rather
than the diimide core. Perhaps more usefully, it can be
viewed as an extra component of Figure 5 B. Regardless, the
PDF-detected distortion is induced by removal of the sol-
vent and the structure remains in this conformation during
the CO, adsorption/desorption.

At short range (<10 A), the PDF of the CO, treated
sample looks similar to that for the evacuated sample. At
longer range, however, differences in the relative intensities
of peaks and positions of correlations are apparent.“’ In
particular, an initially strong peak at around 19.5 A is dimin-
ished upon solvent removal and further diminished follow-
ing CO, introduction (see Figure 6). Inspection of the
single-crystal X-ray structure reveals a Zn-Zn separation
matching this distance. While it is tempting to ascribe the
observed peak evolution to changes in the Zn-Zn separa-
tion distance, this interpretation is unrealistic as the perti-
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nent zinc ions are located in the same network, rather than
adjacent networks; thus their separation distance is unaffect-
ed by framework/framework displacements or distortions.
Simulations (see the Supporting Information) show, never-
theless, that conversion from interpenetrated to interwoven
geometry (Figure 5B) is accompanied by a loss of intensity
at  19.5 A—consistent with experimental observations
(Figure 6). The intensity loss, however, represents a compo-
site of scattering effects involving many pairs of atoms,
rather than a displacement of a single, easily identified pair.
With the PDF-supported structural descriptions in hand
(Figure 5B and 7), we return to the unusual hysteretic ad-
sorption behavior. We suggest that the CO, adsorption iso-
therms shown in Figure 3 can be viewed as an approximate
sum of two Langmuir isotherms:!! one that follows the ad-
sorption branch and the other the desorption branch (see
Figure S5 in the Supporting Informaiton). The surface area
obtained from a simple Langmuir fit to the adsorption
branch is 335m?g ' that obtained from the desorption
branch is 690 m*g~' NLDFT analysis*?’ of the 273 K CO,
isotherm from 0 <P<0.75atm gives a surface area of
340 m*g,”! in excellent agreement with the Langmuir fit.
(The Langmuir approach is used solely for convenience and
is not meant to imply microscopic validity of the underlying
“monolayer adsorption” model.) The surface area value re-
turned from the adsorption branch indicates that there is
substantial CO,-accessible internal surface area. Upon com-
plete removal of guest solvent molecules, it is not unrealistic
for the frameworks to shift towards each other to become
interwoven (recall that the solvent-containing crystal struc-
ture is fully interpenetrated) and maximize favorable frame-
work-framework van der Waals interactions.

Conclusions

While not without precedent, the adsorption behavior of 1
described here is rare in crystalline materials and not yet
well understood. The CO, isotherms display stepped adsorp-
tion and hysteresis, which have been observed previously at
high pressures in MOF materials (generally above 5-
10 bar). But, this adsorption behavior begins much earlier in
1, near P/P, ~0.02, or approximately 0.5-2 bar for all tem-
peratures studied.

Additionally, the gating behavior observed in the N, and
Ar isotherms has not previously been reported at low pres-
sures for a three-dimensional MOF structure. Taken togeth-
er, the adsorption results, supported by PDF data, qualita-
tively point to dynamic framework behavior upon both sol-
vent removal (activation) and introduction of adsorbate
molecules. The nature of the dynamic behavior appears to
be dominated by inter-conversion between interpenetrated
and interwoven geometries, with accompanying sizable
changes in guest-accessible surface area, as exemplified in
Figure 5B and refined in Figure 7.

In notable contrast to most other examples of dynamic
framework behavior, the interconversions here are robust,
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with the material retaining essentially all its porosity even
after more than a dozen cycles. The robustness is no doubt a
consequence of the absence of torque or other strain on in-
dividual chemical bonds; instead the relevant displacements
occur at the supramolecular and network level, or else in-
volve low-energy torsional motions. As technological re-
quirements demand more specificity in materials properties,
solid framework materials with the ability to display flexibil-
ity upon guest removal and adsorption will no doubt enjoy
immense attention as solutions to extant challenges in chem-
ical separations and other areas.

Experimental Section

General methods and materials: All commercial reagents were of ACS
grade and purchased from Sigma-Aldrich unless otherwise noted.
Powder X-ray diffraction (PXRD) patterns were recorded with a Rigaku
XDS 2000 diffractometer using nickel-filtered Cug, radiation (A=
1.5418 A) over a range of 5°<26<40° in 0.1° steps with a 1s counting
time per step. Powder samples were placed in the diffractometer mount-
ed on a ground glass sample holder. Thermogravimetric analyses (TGA)
were performed on a Mettler-Toledo TGA/SDTAS851e. Samples (3-5 mg)
in alumina pans were heated from 25°C to 700°C at 10°C/minute under
N,. Elemental analyses were performed by Atlantic Microlabs, Inc. (Nor-
cross, GA). The syntheses of L1/ and L2* have been previously report-
ed.

Synthesis and characterization of 1 (YO-MOF): Single crystals of 1 were
obtained by the static heating of Zn(NO;),-6 H,O (42 mg, 0.14 mmol), L1
(75 mg, 0.14 mmol), and L2 (30 mg, 0.07 mmol) in DMF (15 mL), and di-
vided between four 2 dram vials. The vials were placed in an 80°C oven
for two days, over which time yellow block crystals of 1 formed.

A single crystal of 1 was mounted on a BRUKER APEX2 V2.1-0 diffrac-
tometer equipped with a graphite-monochromated Moy, (1=0.71073 A)
radiation source in a cold nitrogen stream. All crystallographic data were
corrected for Lorentz and polarization effects (SAINT). The structures
were solved by direct methods and refined by the full-matrix least-
squares method on F2 with appropriate software implemented in the
SHELXTL program package. Most of the guest DMF solvent molecules
within the pores are severely disordered, which hindered satisfactory de-
velopment of the model; therefore, the SQUEEZE routine in PLATON
was applied to remove the contributions of electron density from disor-
dered solvent molecules. The outputs from the SQUEEZE calculations
are attached to the CIF file. One of the pyridyl groups of L2 was disor-
dered over two positions, this is reflected in the CIF file. All of the non-
hydrogen atoms were refined anisotropically. CCDC-704474 contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif

A large scale preparation of 1 was developed for adsorption studies. A
sample preparation of 1 follows: Zn(NO;),-6 H,O (167 mg, 0.56 mmol),
L1 (300 mg, 0.54 mmol), and L2 (120 mg, 0.28 mmol) were dissolved in
DMF (60 mL). This solution was divided equally between sixteen two-
dram screw cap vials and heated to 80°C for two days. The warm mother
liquor was decanted, the yellow microcrystalline powder was washed
with fresh DMF and the solid material was stored under fresh DMF until
characterization by PXRD and TGA. Yield 1: 80 mg, 26 % based on Zn.
Elemental analysis caled (%) for 1:4H,0, CssH3N,OZn,: C 59.15, H
3.25, N 4.76; found: C 58.80, H 3.25, N 4.76.

Low-pressure adsorption measurements: Low-pressure carbon dioxide,
nitrogen, and argon adsorption measurements were performed using an
Autosorb 1-MP from Quantachrome Instruments. Ultra-high purity grade
He, N,, and Ar and research grade CO, were used for all adsorption
measurements. Prior to analysis, materials were soaked in THF to ex-
change the synthesis solvent (DMF). The THF solution was refreshed
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several times over one day. Samples of 1 were the loaded into a sample
tube of known weight and activated at room temperature and dynamic
vacuum for about 24 h to completely remove guest solvents. After activa-
tion, the sample and tube were re-weighed to obtain the precise mass of
the evacuated sample. CO, adsorption isotherms were measured at tem-
peratures between 263 K and 298 K, the temperature was held constant
using an isothermal water bath. N, adsorption isotherms were measured
at 77 K (liquid N, bath) and Ar adsorption isotherms were measured at
87 K (liquid Ar bath).
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