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Abstract

The properties and applications of metal-organic frameworks (MOFs) are strongly
dependent on the nature of the metals and linkers employed, along with the specific
conditions employed during synthesis. Al-fumarate, trademarked as Basolite A520, is a
porous MOF that incorporates aluminum centers along with fumarate linkers, and is a
promising material for applications involving adsorption of gases such as CO,. In this
work, the solvothermal synthesis and detailed characterization of the gallium and
indium fumarate MOFs (Ga-fumarate, In-fumarate) are described. Using a combination
of powder X-ray diffraction, Rietveld refinements, solid-state NMR spectroscopy, infrared
spectroscopy, and thermogravimetric analysis, the topologies of Ga-fumarate and
In-fumarate are revealed to be analogous to Al-fumarate. Ultra-wideline ®Ga, *Ga and
3l NMR experiments at 21.1 T strongly support our refined structure. Adsorption
isotherms show that the Al-, Ga-, and In-fumarate MOFs all exhibit an affinity for CO,,
with Al-fumarate the superior adsorbent at 1 bar and 273 K. Static direct excitation and
cross-polarized >C NMR experiments permit investigation of CO, adsorption locations,
binding strengths, motional rates, and motional angles that are critical to increasing
adsorption capacity and selectivity in these materials. Conducting the synthesis of the
indium-based framework in methanol demonstrates a simple route to introduce porous
hydrophobicity into a MIL-53-type framework, by incorporation of metal-bridging —OCHs

groups in the MOF pores. Keywords: metal organic frameworks, gas adsorption, X-ray

diffraction, solid-state NMR, carbon dioxide, guest dynamics, porous hydrophobicity.
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Introduction

Metal-organic frameworks (MOFs) have been a topic of exceptional interest over the
past twenty years due to their variety of useful properties and features such as high
porosities, large surface areas, exceptional thermal stabilities, and significant catalytic
activities.”? MOFs are thus promising candidates for a wide range of applications’

11-12

including gas storage,*® gas separation,™ ’® catalysis,®*° drug delivery, and many

13-14
others.'®

The Al-fumarate MOF was first reported in a patent authored by BASF scientists™
and has a low cost of production, good stability in water, and a relatively green synthetic
route, which renders this MOF a promising candidate for applications in fields such as
CH. and CO, capture and storage.'® The structure of Al-fumarate was not initially solved,
owing to the very small size of powdered product crystallites associated with the original

15,17

synthetic route. A recent study showed that Al-fumarate is a structural analogue of

the well-known MIL-53 MOF (Figure S1)."

Each Al metal center in Al-fumarate is coordinated to four oxygen atoms from four
different fumarate ligands as well as two oxygen atoms from two separate bridging
hydroxyl groups. The resulting AlOs building block is the fundamental octahedral
secondary building unit (SBU) in Al-fumarate. A one-dimensional chain along the

crystallographic a-axis is formed by corner-sharing SBUs connected via the bridging



hydroxyl groups; in turn, the chains along the ag-axis are cross-linked by fumarate linkers
to form rhombic-shaped channels.’” The framework of Al-fumarate is rigid, thus there is
only a small contraction of the unit cell after evacuating guest water molecules from the
channels while the pore shape and dimensions are generally preserved.’’ In contrast,

the structural analogue MIL-53 features 1,4-benzenedicarboxylate linkers, which imparts

»18-19

flexibility to MIL-53 and gives rise to an interesting “breathing effect: the

dimensions of the channels can be altered by changing the nature and loading level of

guest molecules.

Many properties and potential applications of the relatively new Al-fumarate MOF
have not yet been explored, in contrast to the detailed studies and known applications

for many other MOFs. There have been several adsorption isotherms reported for

17,20-23

various gases in Al-fumarate; these include a report indicating that Al-fumarate is

a promising CO, and H, storage material that exhibits good CO, selectivity for the
separation of CO,/CH4 and CO,/CO gases,24 and also shows potential for the uptake of

CO, in humid conditions.”* Other recent reports indicate that Al-fumarate is a good

6

material for fluoride uptake from water® as well as heat transformation,®® and has

possible applications for mechanical energy storage.27 Previous studies have

demonstrated that changing the metal center in a particular family of MOFs influences

4, 6

physical or chemical properties, such as gas adsorption affinity and catalytic

28-29

activities. It is highly likely that substituting another metal for the aluminum centers



within Al-fumarate will generate analogous MOFs that exhibit new or modified

properties.

With the aims of expanding the fumarate MOF family and exploring their intriguing
properties and applications, we (i) report a new synthetic route for obtaining the
gallium-fumarate MOF, (ii) unambiguously characterize Ga-fumarate by a combination of
X-ray diffraction and solid-state spectroscopy, showing that the structure is likely
different from previously suggested,*® and (iii) report the first synthesis and detailed
examination of two different indium-fumarate MOFs, including one with porous
hydrophobicity. Synchrotron powder X-ray diffraction (pXRD), Rietveld refinements,
infrared spectroscopy (IR), multinuclear solid-state NMR spectroscopy, and
thermogravimetric analysis (TGA) techniques have been employed to examine
Ga-fumarate and In-fumarate from the perspective of both the host MOFs and guest CO,
molecules. More specifically, we examine the CO; adsorption locations and the types of
CO, motion present in Al-, Ga-, and In-fumarate, along with the parameters defining the
motions associated with CO,. Comprehensive combined characterization using the
aforementioned techniques provides invaluable structural and dynamic information that
points toward Al-, Ga-, and In-fumarate applications in areas such as selective
adsorption. This work also describes a novel route to design hydrophobic MOFs, which

are critically important for gas storage and separation in industrial applications.



Experimental

Synthesis of the Ga-fumarate MOF. In order to optimize the solvothermal synthesis
of Ga-fumarate, the use of various gallium sources (Ga(NOs)s;:xH,0, Gay(SQO4)3:xH-0,
Ga,03), solvents (N,N-dimethylformamide (DMF), H,O, methanol, ethanol, acetone,
acetonitrile, tetrahydrofuran), temperatures (60 °C to 180 °C), and gallium salt/formate
ligand ratios (1 : 1 and 1 : 2) was investigated. With these variables, Ga-fumarate could
only be solvothermally synthesized in our laboratory using temperatures ranging from
60 °C to 180 °C, Ga(N0Os)3'xH,0 as the Ga source, and DMF as the solvent. The optimal
temperature was found to be 80 °C and the ideal ratio of starting materials was
determined to be 1:1, on the basis that these conditions yielded a Ga-fumarate product
that exhibited the highest measured Brunauer—-Emmett—Teller (BET) surface area of 851
m?/g. Powder XRD patterns of the products that were obtained using different synthesis

temperatures can be found in Figure S2.

The reagents Ga(NOs3)3'xH,0 (1.28 g, 5 mmol), fumaric acid (C4H404, 0.58 g, 5 mmol),
and DMF (10 mL) were mixed together in a 23 mL Teflon-lined stainless steel autoclave,
which was then sealed and heated in an oven at 80 °C for 3 days. After letting the
autoclave cool back to room temperature, the white product was obtained as a powder,
which was washed three times with DMF and dried using vacuum filtration (elemental
analysis (EA) of as-made Ga-fumarate: C: 27.51 %, N: 3.67 %, H: 3.43 %). The sample was

then activated under dynamic vacuum for 8 h at a temperature of 150 °C in order to



evacuate residual unbound linker and solvent from the MOF channels.

We note that the synthesis of Ga-fumarate detailed in this work differs from the

recently reported synthesis:* the solvent used here is DMF instead of water and NaOH.

Synthesis of the two In-fumarate MOFs. The synthesis of the In-fumarate MOF was
performed using solvothermal techniques, and was optimized according to the synthetic
conditions that resulted in the greatest BET surface area of the product. The variables
investigated included solvents (DMF, H,O, methanol, ethanol, acetone, acetonitrile,
tetrahydrofuran), temperatures (20 °C to 140 °C), and indium salt/formate ligand ratios
(1:1and1:2). It was found that In-fumarate could be solvothermally synthesized by
using In(NO3)3:xH,0 as the In source and either ethanol or methanol as the solvents, and
by utilizing temperatures ranging from 20 °C to 120 °C (Figure S3 and Figure S4). The

optimized syntheses are described below.

Hydrophilic In-fumarate (In-fumarate-E). In(NOz);-xH,0 (0.15 g, 0.5 mmol), fumaric
acid (C4H404, 0.116 g, 1.0 mmol), and ethanol (10 mL) were mixed together in a 20 mL
glass vial, which was then sealed and heated at 40 °C for 3 days. The white product was
obtained as a powder, which was washed three times with ethanol and dried using
vacuum filtration (elemental analysis of as-made In-fumarate-E: C: 20.79 %, H: 1.99 %, N:
not analyzed). The sample was then activated under dynamic vacuum for 8 h at a

temperature of 150 °C to evacuate residual linker and solvent from the MOF channels.



The BET surface area of In-fumarate-E after activation was measured as 708 mz/g.

Hydrophobic In-fumarate (In-fumarate-M). In(NOs)s;:xH,O (0.15 g, 0.5 mmol),
fumaric acid (C4H404, 0.058 g, 0.5 mmol), and methanol (10 mL) were mixed together in
a 20 mL glass vial, which was then sealed and left unagitated at 20 °C for 3 days. The
product was obtained as a white powder, which was washed three times with methanol
and dried using vacuum filtration (elemental analysis of as-made In-fumarate-M: C:
21.75 %, H: 1.70 %, N: not analyzed). The sample was then activated under dynamic
vacuum for 8 h at a temperature of 150 °C in order to evacuate residual linker and
solvent from the MOF channels. The BET surface area of In-fumarate-M after activation

was 599 m%/g.

All other experimental details concerning characterization can be found in the
Supporting Information, including powder X-ray diffraction data, Rietveld refinement of
the Ga fumarate MOF structure, BET surface area and CO, adsorption isotherm

13 1 69/71 115
C, 'H, ®/"'Ga,

measurements, FT-IR spectroscopy, solid-state ( In) NMR experiments,

simulations, DFT calculations, TGA, SEM and elemental analysis.

Results and Discussion

Synthesis, characterization, and structural refinement of Ga-fumarate



It should be noted that during the preparation of this manuscript, another research
group published a synthesis of the Ga-fumarate MOF;* however, their synthesis
conditions were different, and there is good reason to believe our reported crystal
structure more accurately describes the structure of Ga-fumarate. This is addressed in

the following sections as appropriate.

Synthesis of Ga-fumarate. The solvothermal method with several different solvents
was investigated as a route to synthesize Ga-fumarate. Only DMF solvent yielded a
crystalline Ga-fumarate product with a pXRD pattern resembling that of Al-fumarate
(vide infra). Methanol and ethanol solvents yielded crystalline powder products that did
not exhibit the expected type of pXRD pattern, were not porous, and lost all crystallinity
after attempting various activation strategies; these products will not be discussed any
further. Amorphous products were obtained using H,0, acetone, tetrahydrofuran and

acetonitrile as solvents.

Our optimized solvothermal synthesis of Ga-fumarate in DMF requires heating a
DMF solution of Ga(NOs)3'xH,0 and fumaric acid in an autoclave at a temperature of
80 °C for 3 days, and then washing the white powdered product three times with DMF to
obtain as-made Ga-fumarate (Ga-fumarate(as)) that contains DMF within the pores. A
recently reported hydrothermal synthesis of Ga-fumarate employs water as the solvent,
with NaOH, and a temperature of 130 °C;*° the identical pXRD patterns of Ga-fumarate

obtained using this method and our own indicate that these products are the same.



Powder XRD investigation of Ga-fumarate. Preliminary characterization of the
various Ga-fumarate forms was performed using pXRD. The pXRD reflections of
Ga-fumarate(as), which contains DMF, are positioned in the areas where one would
expect to find the reflections of water-loaded Al-fumarate (Al-fumarate-H,0, Figure 1).
After activation to purge the MOF pores of DMF and residual fumarate linker, followed
by exposure to ambient conditions to adsorb H,0, Ga-fumarate(as) becomes
Ga-fumarate-H,0, which yields a pXRD pattern that is strikingly similar to that of
Al-fumarate-H,O and exhibits similar reflection angles and intensities (Figure 1); this
data suggests Ga-fumarate and Al-fumarate reside in a similar crystal structure and
space group. All of the Ga-fumarate-H,0 pXRD reflections are shifted to comparatively
lower 268 angles versus those of Al-fumarate-H,0; this may reflect an enlarged d-spacing
and slightly altered pore size in Ga-fumarate-H,O due to the relatively larger Ga metal

centers.
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Figure 1. A comparison of simulated and experimental pXRD patterns of Al- and Ga-fumarate MOFs,
with select reflections labeled. The samples with water adsorbed within the channels are termed
Al-fumarate-H,0 and Ga-fumarate-H,0, respectively. The as-made sample of Ga-fumarate is referred
to Ga-fumarate(as). The Okk reflections of Ga-fumarate-H,0 are shifted to lower angles versus those
of Ga-fumarate(as), which indicates a small contraction of the MOF channel that propagates along
the direction of the fumarate linker. Note the x-axis is truncated to exclude angles below 5 °.

The structural stability and rigidity of Ga-fumarate was also investigated. Activated
Ga-fumarate was immersed in various solvents for 7 days, and then allowed to dry. The
pXRD patterns after solvent exposure remain well-defined and are quite similar (Figure
S5(a)). This result is a clear indication that Ga-fumarate is chemically robust, retaining its
structure and high degree of crystallinity after solvent treatment. Powder XRD
experiments were also used to compare Ga-fumarate to its structural analogue, the
flexible MIL-53, which exhibits distinct pXRD patterns depending on the guest (i.e., DMF
versus H,0).** Our experimental pXRD patterns of Ga-fumarate(as) and

Ga-fumarate-H,0 are generally similar (Figure 1), confirming that Ga-fumarate is rigid.
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'H NMR and IR spectroscopy. In order to perform accurate structural determination,
the presence of key functional groups must typically be established. From Al-fumarate, it
is known that there should be bridging —OH groups that join MOg (M: metal) SBUs in
Ga-fumarate, which are very important functional groups that have been shown to act
as guest (i.e., CO,) adsorption sites in MOFs such as the structurally similar MIL-53

35-37

system. Prior to structural refinement, NMR and IR experiments were undertaken to

determine if bridging -OH groups are present in Ga-fumarate.

The 'H NMR spectra of Ga-fumarate feature a resonance located at ca. 2.6 ppm in
activated Ga-fumarate (Figure 2(a)), which is assigned to bridging —OH groups joining
GaOg SBUs; this resonance is proximate to that of bridging —OH groups in activated
Al-fumarate (1.75 ppm),*” with the slight divergence in chemical shifts due to the nature
and influence of the different metal centers. The presence of a bridging —OH group is
confirmed through the observation of an O-H stretching absorption at 3670 cm™ in the
IR spectrum of activated Ga-fumarate (Figure 2(b)), which is located in the expected
region for bridging —OH groups in corner-sharing chains of metal-centered octahedra.*?
Additional results and discussion on *H NMR and IR experiments of Ga-fumarate(as) and
Ga-fumarate-H,0 can be found in the Supporting Information. With knowledge of the
linker structure, nature of the metal center, and presence of bridging —OH functional

groups, the structure of Ga-fumarate could be solved.
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Figure 2. (a) The 'H MAS NMR spectrum of activated Ga-fumarate, acquired at a spinning frequency
of 14 kHz and a magnetic field of 9.4 T. The high-frequency resonance at 6.7 ppm corresponds to the
hydrogen atom of the fumarate linkers, and the resonance at 2.6 ppm originates from the bridging
hydroxyl groups that join the GaOg SBUs. In (b), the IR spectrum of activated Ga-fumarate is depicted;
the absorption at 3670 cm™ corresponds to the O-H stretch of the bridging hydroxyl groups.

Rietveld refinements of synchrotron X-ray diffraction data of Ga-fumarate. We
were unable to obtain single crystals of sufficient size or quality for single-crystal XRD
analysis, thus, Rietveld refinements of pXRD data were undertaken to determine the
structure of Ga-fumarate. Activated Ga-fumarate readily adsorbs water from the air to
become Ga-fumarate-H,0 with a formula of Ga(OH)(C4H,04)-3.5H,0, where (C4H,04)
represents the fumarate linker and the 3.5 H,0/Ga ratio was determined from TGA
(Figure S6). The pXRD pattern of Ga-fumarate-H,O used for refinement was acquired
using synchrotron radiation at the Canadian Light Source facility. As a starting point for

the refinement, the previously determined structure of Al-fumarate-H,O was used.’

The Rietveld refinement of Ga-fumarate-H,O (Figure 3) yielded a monoclinic unit

cell in the 12/a (no. 15) space group: a = 6.840(1) A, b =12.133 (2) A, c = 12.315(2) A, a =

13



vy =90°, 8 = 94.85(2)°, V = 1018.4(3) A>. The goodness-of-fit parameters are x* = 1.88, Rp
= 3.8 %, and Ryp = 5.5 %. In contrast, a very recent work® reports a structure for the
Ga-fumarate-H,0 framework in space group P2,/c, leading to poor goodness-of-fit
parameters )(2 =5.37, R, = 9.22 %, and Ry, = 13.79 %, although it should be noted that
only structure-less Le Bail refinement was performed in that case and the structure
presented in this work is a DFT optimized structure. Refinement of the current data
using the P2,/c structure yielded an inferior fit and, importantly, the refinement would
not converge, suggesting an issue with the P2;/c model. Aside from the symmetry
change, there are minor differences between the two structures. The carboxylate groups
on the fumarate linkers are closer to planar in the /12/a structure compared to the P21/c
structure, which exhibits carboxylate groups with larger torsion angles relative to the
fumarate backbone. The distribution of water molecules in the pores is also different;
the P2,/c structure has four symmetry-independent water molecules while the 12/a
structure has only two. Detailed comparison of the hydrogen bonding is difficult given
hydrogen coordinates on the water molecules could not be determined with the current
experimentally refined /2/a structure. Based on the above discussion, we believe that
space group /2/a better represents the crystal structure of Ga-fumarate-H,0. Strong
evidence for the /12/a space group is also provided by ®°Ga and "*Ga NMR spectra along

with DFT calculations (vide infra).
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Figure 3. The calculated Rietveld plot of Ga-fumarate-H,0 is shown in blue, along with the
experimental synchrotron pXRD pattern in red and a difference plot below in green. The associated
goodness-of-fit parameters are )(2 =1.88, R, =3.8 %, and Ry, = 5.5 %.

The refined structure of Ga-fumarate-H,0 features a single crystallographically
unique Ga site. In terms of connectivity and topology, the structures of Ga-fumarate and
Al-fumarate are similar. Ga is connected to six oxygen atoms to form a GaOg SBU (Figure
4(a)), where four oxygens are from fumarate linkers while the other two are from
bridging hydroxyl groups connecting SBUs to form a one-dimensional chain (Figure 4(b)).
The chains of SBUs are joined by fumarate linkers to form the long-range MOF structure,
which features one-dimensional rhombic-shaped channels (Figure 4(c)) that measure ca.
12 x 12 A from corner to corner. The pore sizes of Ga-fumarate-H,0 and Al-fumarate-H,0

are very proximate,’ in line with the numerous structural similarities between the two

15



MOFs. As expected, the Ga-fumarate-H,0 channels are occupied by guest H,O molecules
adsorbed from air; only the oxygen positions of H,O could be refined, with the result
depicted in Figure 4(d). The shortest distance between the oxygen atoms of water
molecules (Oy) and the hydrogen atoms of bridging —OH groups in Ga-fumarate-H,0 is

2.488 A, indicating there may be an interaction between the two.

F WG

* g-axis

(@)

B o

0, 248 A

Figure 4. The local and long range structure of Ga-fumarate-H,0. In (a), the GaOg octahedral
environment associated with the GaO4(OH), secondary building unit (SBU) is shown. The SBUs are
linked by bridging hydroxyl (OH) groups to form a chain of SBUs along the crystallographic b-axis, as
shown in (b). The SBU chains are interconnected by fumarate linkers to create the one-dimensional
rhombic channels illustrated in (c). The oxygen atoms associated with water molecules in the
channels are depicted more clearly in (d). The colors red, grey, white and blue correspond to oxygen,
carbon, hydrogen and the gallium metal center, respectively

59/71Ga NMR experiments at 21.1 T. Solid-state NMR of metal centers in MOFs can

be a source of rich structural information.®® In this instance, there is an inherent

16



difficulty with performing ®°Ga and "*Ga NMR experiments due to the quadrupolar
nature of these spin 3/2 nuclei; %Ga and 'Ga possess large quadrupole moments of 171
and 107 mb, respectively.>® These large quadrupole moments couple with surrounding
EFGs in a process known as the quadrupolar interaction (Ql), which often spreads the
®9Ga and "*Ga central transition (i.e., spin -1/2 <> +1/2) resonance across large frequency
ranges, yielding very broad powder patterns of low signal-to-noise ratio (S/N). The
chemical shift (CS) interaction also has a very minor influence on ®Ga and "'Ga spectra.
NMR parameters relating to the CS and QI are described in more detail within the

Supporting Information.

%9Ga and "*Ga NMR spectra of MOFs such as MIL-53, MIL-61, MIL-96, MIL-120 and

MIL-124 have been reported.*®*

In this study, we have used NMR experiments at a
magnetic field of 21.1 T to acquire *°Ga and "*Ga spectra of activated Ga-fumarate and

Ga-fumarate-H,0. Acquisition of both *°Ga and "'Ga spectra permits accurate

determination of NMR parameters.

The experimental and simulated ®Ga and 'Ga NMR spectra of activated
Ga-fumarate and Ga-fumarate-H,0 are shown in Figure 5, and all NMR parameters are
listed in Table S1. The "*Ga NMR spectra (Figure 5(a)) are narrower than their *Ga
counterparts (Figure 5(b)), owing to the larger quadrupole moment of *°Ga. The
relatively lower simulated versus experimental intensity of the low-frequency “horn” of

all "*Ga spectra and in the ®Ga spectrum of Ga-fumarate-H,0 is likely due to anisotropic

17



T, relaxation (Figure S14), which has been observed for spin-1/2 and quadrupolar nuclei

in a variety of systems.“'43

|

(a)
I Ga-fumarate-H,0

T

Activated Ga-fumarate

I

L e LI B L

I N R R B R RYNN YUY RN A | [ R R ey e R |
300 260 160 0 —160 —260 —360 460 kHz 800 600 400 200 0 -200-400-600-800 kHz
Figure 5. Static ®Ga and "*Ga NMR spectra acquired at 21.1 T. In (a), the experimental "*Ga NMR
spectra of Ga-fumarate-H,0 and activated Ga-fumarate are shown in blue, along with simulations

of the experimental spectra in red. The corresponding ®Ga NMR spectra in blue and simulations of
the same compounds in red are given in (b).

The **Ga and "*Ga NMR spectra of activated Ga-fumarate and Ga-fumarate-H,O are
characteristic of a quadrupolar nucleus residing in one unique local environment. The
single Ga site observed in NMR experiments is in agreement with the one
crystallographically unique Ga indicated from our refined structure of Ga-fumarate-H,0,
and stands in contrast to the four unique Ga sites proposed in a recent structural
model.* The *°Ga and "'Ga powder patterns of Ga-fumarate-H,0 are significantly
broader than those of activated Ga-fumarate (Figure 5) and correspond to higher Cq
values (Table S1), indicating that a reduction of spherical symmetry about Ga occurs
during the hydration process. From these observations, it is apparent that H,O within

the channels of Ga-fumarate-H,O must be influencing the Ga local environment by

18



either (i) directly influencing the EFG at Ga (i.e., very close proximity or bonding to Ga),
or (ii) interacting with the linkers or bridging hydroxyl groups between GaOg SBUs, which
subsequently distorts the GaOg SBUs and modifies the EFG at Ga. The *°Ga and "*Ga EFG
asymmetry parameter (ng) of both hydrated (nq = 0.09) and dehydrated (nq = 0.13)
Ga-fumarate reflect a high degree of axial symmetry that is not significantly altered by
hydration. The very similar nq values suggest that no H,0-Ga bonds are formed during
the hydration of Ga-fumarate, since any additional bonding would significantly impact nq.
In summary, the changes in Co(*’Ga, *Ga) with hydration of Ga-fumarate along with
stationary nq values are likely due to variations in Ga-O bond lengths or £0-Ga-0 bond
angles that originate from relatively strong H,0 interactions with the bridging hydroxyl

groups joining GaOg octahedra.

Plane-wave DFT calculations of *°Ga and "'Ga EFG tensor parameters were
performed on the geometry-optimized structures of activated Ga-fumarate and
Ga-fumarate-H,0 (Table S1). Since only the Ga-fumarate-H,0 structure was solved via
Rietveld refinements, the crystal structure of activated Ga-fumarate was constructed by
removing water molecules from the channels of the refined Ga-fumarate-H,O structure,
followed by a plane-wave DFT geometry optimization. All geometry optimization
calculations were performed with symmetry constrained to the /2/a space group. After
geometry optimization, both the activated Ga-fumarate and Ga-fumarate-H,0 structures

feature a single crystallographically unique Ga site (Table S1), which is consistent with
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®Ga and "*Ga NMR results. The calculated Co(*°Ga, "*Ga) and nq values of activated
Ga-fumarate and Ga-fumarate-H,0 are in good agreement with experimental values
(Table S1). The calculated Cqo(*°Ga, "'Ga) values in Ga-fumarate-H,O slightly
underestimate the observed Cq(**Ga, *Ga) values, likely because the DFT calculations
assume a static arrangement of water molecules at well-defined positions within the
channels. ®*Ga and "*Ga NMR experiments were performed at room temperature; under
these conditions the water molecules are disordered and dynamic, allowing H,O to
sample space proximate to the Ga center and/or interact with the linkers bound to Ga,
reducing the spherical symmetry of GaOg SBUs within Ga-fumarate-H,0 and increasing

experimental Co(*°Ga, "*Ga) values.

Plane-wave DFT calculated ***Ga NMR parameters based on the published
Ga-fumarate-H,0 structure (space group: P2:/c) significantly deviate from the
experimental value and incorrectly indicate that four Ga sites are present, while
calculations using the /12/a Ga-fumarate-H,0 structure reported in this work produce a
single set of %/71Ga NMR parameters that are much closer to the observed NMR
parameters from the sole unique Ga site (Table S1). A comparison of calculated spectra
obtained from these two structures and space groups is shown in Figure S15, which
again supports the /2/a space group. In summary, the results from PXRD refinements,
69/71

Ga NMR experiments and DFT calculations are consistent with Ga-fumarate-H,0

crystallizing in a space group of 12/a with only a single Ga site in the unit cell.
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Synthesis and characterization of In-fumarate

We found that pure, crystalline In-fumarate MOFs could be synthesized
solvothermally using either methanol or ethanol as the solvent. The synthesis of
In-fumarate requires remarkably little thermal energy, with optimized syntheses using
ethanol and methanol requiring temperatures of only 40 °C and 20 °C, respectively. The
hydrophilicity and hydrophobicity of In-fumarate can be tuned through the use of a
particular solvent: ethanol vyields hydrophilic In-fumarate (In-fumarate-E), while

methanol leads to hydrophobic In-fumarate (In-fumarate-M).

Hydrophilic In-fumarate-E

TGA indicates In-fumarate-E could adsorb water vapor from the air. The pXRD
patterns of In-fumarate-E are shown in Figure 6. The experimental pXRD pattern of
as-made In-fumarate-E (In-fumarate-E(as)) material strongly resembles the simulated
and experimental pXRD patterns for the Ga-fumarate-H,0 framework, indicating that
their respective structures are very similar. The pXRD pattern of In-fumarate-E-H,0
material obtained after evacuation followed by adsorption of water is nearly identical to
that of In-fumarate-E(as), indicating that In-fumarate-E also exhibits a remarkably rigid
framework. The pXRD reflections of all In-fumarate-E samples are shifted to lower
26-angles versus those of the corresponding Ga-fumarate framework, most likely due to

the relatively larger size of In metal centers and corresponding slight difference in pore
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Figure 6. A comparison of simulated and experimental pXRD patterns of Ga-fumarate and
experimental pXRD patterns of In-fumarate-E. The samples with water inside the channels are
termed Ga-fumarate-H,0 and In-fumarate-E-H,0, respectively. The as-made samples of Ga-fumarate
and In-fumarate-E are referred to Ga-fumarate(as) and In-fumarate-E(as).

The presence of bridging —OH groups joining InOg SBUs within the In-fumarate-E
framework was confirmed via 'H MAS NMR and IR spectroscopy. The *H MAS NMR
spectrum of activated In-fumarate-E features a resonance at ca. 1.9 ppm (Figure 7(a))
that is assigned to bridging —OH groups. The IR spectrum of activated In-fumarate-E has
an O-H stretching absorption at 3666 cm™ (Figure 7(b)) that is assigned to bridging -OH
groups. Additional IR spectra as well as *H MAS and 'H-*C CP/MAS NMR spectra of

various In-fumarate-E forms can be found in the Supporting Information.
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Figure 7. The 'H MAS NMR spectrum of activated In-fumarate-E, as acquired using a spinning
frequency of 31.25 kHz and magnetic field of 21.1 T, is shown in (a). The detailed assignments for
each resonance in (a) can be found in Figure S10. The IR spectrum of activated In-fumarate-E is

depicted in (b); the absorption at 3666 cm™ corresponds to the O-H stretch of the bridging hydroxyl

115

groups. The experimental (blue) and simulated (red) ~~In NMR spectra of In-fumarate-E-H,0 and

activated In-fumarate-E at 21.1 T are shown in (c). The additional spectral intensity on either side of

115

the powder pattern arises from ~~’In satellite transitions.

°In NMR experiments at 21.1 T were performed on In-fumarate-E to probe the

115

local metal environment. “~In is considered to be a very challenging nucleus for NMR

study due to its very large quadrupole moment of 770 mb,*® which leads to extremely

broad powder patterns of low S/N in environments of low symmetry. A variety of

115

materials have been studied via **>In NMR spectroscopy,***’ however to the best of our

115

knowledge, In spectra have only been reported for the In(BDC)s(bipy),

In(BTC)(H,0)(phen), and MIL-68 MOFs.****°
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115

The experimental and simulated static " In NMR spectra of activated In-fumarate-E

and water adsorbed In-fumarate-E-H,0 are shown in Figure 7(c), with the corresponding
3In NMR parameters contained in Table $2. Both MOFs yield a single ***In NMR powder
pattern, indicating that one crystallographically unique In site is present. The *In NMR
spectrum of hydrated In-fumarate-E-H,0 is broader than that of dehydrated activated

In-fumarate-E. Simulations of the activated In-fumarate-E *°

In NMR spectrum yield
Co(*’In) = 193(2) MHz and nq = 0.22(2), while In-fumarate-E-H,0 corresponds to Cq(**’In)
= 260(3) MHz and nq = 0.00(2). Interactions between water molecules and the
In-fumarate-E-H,0 framework modify the already uneven distribution of In-O bond
lengths and/or ZO-In-O bond angles within InOg SBUs, reducing their spherical
symmetry and increasing Co(**°In). The low nqvalues indicate that the InOg SBUs have a
high degree of axial symmetry, while the reduced nqvalue in In-fumarate-E-H,0 is likely

due to a slight distortion in the InOg octahedral geometry changing arising from

interactions between water molecules and the framework.

Hydrophobic In-fumarate-M. One limitation for MOFs in industrial applications is
water affinity, which may lead to mechanical and chemical instability.>® For example,
MOFs in gas capture applications can be degraded by or preferentially adsorb water
molecules in the flue gas.”® In this sense, the development of hydrophobic MOFs to
avoid the detrimental effects of water is quite important. However, it should be noted

that there are many known water stable MOFs, including those resistant or immune to
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the effects of aqueous acids and bases.”> Depending on the intended purpose and
conditions, a hydrophilic, hydrophobic, or other type of MOF may be useful to address

one of many industrial applications.>?

We have synthesized hydrophobic In-fumarate (In-fumarate-M) by using methanol
as the solvent. In-fumarate-M and In-fumarate-E share nearly identical pXRD patterns
(Figure S16), indicating the two frameworks have the same topology. TGA performed on
a sample of In-fumarate-M material after activation and exposure to 20% relative
humidity for one week indicated the absence of any adsorbed water (Figure 8(a)), with
the only observed weight loss step taking place at ca. 400 °C, corresponding to MOF
decomposition. Further 'H MAS NMR (Figure S17) and TGA studies (Figure S18) on
In-fumarate-M demonstrated that water adsorption only occurs under conditions of very
high humidity (e.g. 80 %). The *C CP/MAS NMR spectrum of as-made In-fumarate-M
contains two distinct *C resonances at 50.4 ppm and 53.4 ppm (Figure 8(b)), in a region
where —OCH; resonances are typically found. The 3C resonance at 50.4 ppm is removed
by sample activation; this resonance is thus assigned to methanol molecules in the
as-made sample. The other *C resonance at 53.4 ppm persists after activation and is
slightly shifted to 53.0 ppm (Figure 8(c)). The spectroscopically determined presence of a
hydrophobic —OCH3; group within the In-fumarate-M MOF provides an explanation for its

observed hydrophobicity.
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Figure 8. The spectral characterization of hydrophobic In-fumarate-M. A TGA plot of activated
In-fumarate-M after exposure to air (20 % r.h.) for 7 days is illustrated in (a). The *C CP/MAS NMR
spectra of as-made and activated In-fumarate-M are shown in (b) and (c), respectively. The *H MAS
NMR spectrum of activated In-fumarate-M is illustrated in (d). The *C CP/MAS NMR spectra were
acquired at magnetic field of 9.4 T using a spinning frequency of 14 kHz, while the '"H MAS NMR
spectrum was acquired at magnetic field of 21.1 T with a spinning frequency of 31.25 kHz. The IR

spectra of as-made and activated In-fumarate-M are shown in (e).

The *®In NMR powder pattern of In-fumarate-M activated and exposed to air for 7
days is very similar to those of activated In-fumarate-M and activated In-fumarate-E
(Figure S19), with all Cq and nq values within experimental uncertainties (Table S2). The
indium metal centers within In-fumarate-M and In-fumarate-E materials thus reside in
nearly identical local environments, indicating that the —CH; group within In-fumarate-M
must not be directly bound to the metal center (see below). The 'H MAS NMR spectrum
of activated In-fumarate-M (Figure 8(d)) features a resonance at 3.6 ppm that is assigned

to the —OCHs group within the framework, and the *H resonance on the hydroxyl group
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of methanol cannot be detected. The IR spectrum again confirms that all methanol is
indeed removed after activation, with the elimination of a strong and broad O-H
methanol stretching adsorption between 3200 to 3600 cm™ (Figure 8(e) and S12(e)).
There is a clear O-CHjs stretching adsorption at 2841 cm™ in the IR spectrum of activated
In-fumarate-M (Figure 8(e)), which is assigned to the new -OCHs; group within the
framework.>® The O-H stretching band of bridging —OH in In-fumarate-M at 3666 cm™
has a much lower intensity than that of In-fumarate-E (Figure S12 (d) and (e)), suggesting

that there are relatively very few bridging —OH groups in this MOF.

Given the 'H, 3C, and ™°In NMR results, along with TGA and IR spectra, it appears
that a —OCHs; group replaces the bridging —OH group between InOg SBUs in
In-fumarate-M, introducing hydrophobicity to this framework. Previous studies have
shown that framework hydrophobicity in the structurally similar MIL-53 MOF can be

enhanced by replacing the bridging hydroxyl group with alternate atoms.>>’

In addition,
post-synthetic exchange of both the linkers and cations is possible in MIL-53,°® thus
substitution of the —OH linker with —OCHj; in the similar In-fumarate-M is within reason.
To the best of our knowledge, the herein observed modification of In-fumarate-M
represents the first reported strategy for introducing hydrophobic channels into a

MIL-53-like MOF by incorporation of metal-bridging —OCHs groups into the framework,

and also provides In-fumarate-M as the first example of a hydrophobic fumarate MOF.
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Porosity and gas adsorption of Ga-fumarate and In-fumarate

BET surface area measurements. The measured BET surface areas of Ga-fumarate,
In-fumarate-E, In-fumarate-M, and Al-fumarate were determined by measuring the N,
adsorption isotherm at 77 K (Figure 9(a)). The Ga-fumarate sample synthesized at a
temperature of 80 °C exhibited the highest BET surface area among all Ga-fumarate
products at 851 m?/g. Other synthesis temperatures yielded Ga-fumarate products with
lower BET surface areas (Table S3). The 851 m?/g BET surface area of Ga-fumarate is
somewhat lower than the 1080 m?/g value for Al-fumarate,’” which is likely due to the
higher atomic mass of Ga. The highest BET surface area of In-fumarate-E is 708 m?/g,
obtained from a sample synthesized at 40 °C (Table S4), while the highest BET surface
area of In-fumarate-M is 599 m?%/g, as measured from a room temperature synthesis at
20 °C. The reduced BET surface area of In-fumarate-M as compared to In-fumarate-E is
likely due to the replacement of bridging -OH groups to bulkier bridging -OCHs groups. It
should be stressed that all these fumarate MOFs still exhibit very good BET surface areas

with respect to porous materials in general.
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Figure 9. The N, adsorption isotherms of Al-fumarate, Ga-fumarate, In-fumarate-E, and
In-fumarate-M are shown in (a), as measured at 77 K. In (b), the CO, adsorption isotherms of
Al-fumarate, Ga-fumarate, In-fumarate-E, and In-fumarate-M at 273 K are illustrated.

CO, adsorption isotherm measurements. The CO, adsorption ability of Ga-fumarate,
In-fumarate-E, and In-fumarate-M were determined by measuring the CO, adsorption
isotherm at 273 K and comparing it to that of Al-fumarate (Figure 9(b)). At a pressure of
1 bar, Al-fumarate can adsorb 108 cm3/g STP of CO,, while Ga-fumarate adsorbs ca. 20 %
less (88 cm>/g STP). The In-fumarate-E and In-fumarate-M MOFs also have relatively
lower CO, capacities of 81 cm3/g STP and 62 cm3/g STP, respectively. The lower CO,
adsorption capacity in Ga-fumarate and In-fumarate is likely connected to their lower
BET surface areas versus Al-fumarate; the decrease in CO, uptake along the group Al >
Ga > In within this series of fumarate MOFs seems to be linked to an increase in MOF
weight as heavier metal centers are incorporated. However, the relatively lower CO,
capacities in the Ga-fumarate and In-fumarate MOFs may also be due to a relatively
weaker CO; binding strength in these MOFs. The low CO, capacity within In-fumarate-M

is likely also related to the presence of bridging —OCHs groups, which have replaced
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bridging —OH groups, which are known to be the CO, adsorption sites in the structurally

similar MIL-53 MOF.*

Static 'H-"3C CP NMR experiments of CO, in ordinary and deuterated samples. Our
prior work on MIL-53 MOFs has demonstrated that static ‘H-">C CP NMR experiments at
low temperatures, in conjunction with deuteration techniques, can be used to confirm if

a MOF hydroxyl group serves as a CO, adsorption site.*

Both fumarate MOFs in this study possess a similar structure to MIL-53, where the
MOs (M = Al, Ga, In) SBUs are connected through bridging hydroxyl groups, leading to
the preliminary hypothesis that the CO, adsorption sites in Al-, Ga-, and In-fumarate are
also located near the bridging hydroxyl groups. In order to verify this hypothesis, static
'H-C CP NMR experiments were performed on (i) the empty frameworks, (ii) CO,
loaded but non-deuterated fumarate MOFs featuring —O'H bridging hydroxyl groups, as

well as (iii) CO, loaded and deuterated fumarate MOFs with —O°H groups.

The static 'H-C CP NMR spectra of Al-fumarate samples acquired at 133 K with a
contact time (CT) of 10 ms are shown in Figure 10(a). The broad, overlapping *C powder
patterns observed in the empty framework arise solely from the carbon atoms of the
fumarate linkers. The spectrum of CO, loaded non-deuterated Al-fumarate is similar to
that of empty Al-fumarate, however, a small additional resonance at ca. 145 ppm

(denoted * in Figure 10(a)) is apparent. This resonance is located at approximately the
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same frequency as the overlapping 811 and 8,, components of the *C CS tensor from
adsorbed CO; (ca. 144 ppm at 133 K, Figure 11(a)), and represents adsorbed CO,. The
assignment of this resonance is unambiguous, since it is not apparent in the *H->C CP
NMR spectrum of the CO; loaded deuterated Al-fumarate sample, which features a -0%H
bridging hydroxyl group rather than a —O'H one. The static 'H-">C CP spectra indicate

that the CO, adsorption site in Al-fumarate is on or near the bridging hydroxyl group.

(a) Al-fumarate (b) Ga-fumarate

Empty framework

*

*
Mﬁoaded non-deuterated samples A—'
*
CO, loaded deuterated samples /L
N p——
200 100 0 ppm 200 100 0

461.'!. - .360 400 300

T 1
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Figure 10. Static 'H-Bc cP NMR spectra of (a) Al-fumarate and (b) Ga-fumarate acquired using a CP
contact time of 10 ms at a temperature of 133 K are shown. The asterisk sign (*) denotes the **C
resonance corresponding to adsorbed CO.. In this Figure, all spectra colored in red correspond to the
static *C DEPTH-echo NMR spectra of adsorbed Bco, at 133 K.

The case of Ga-fumarate is quite different than that of Al-fumarate. *H-**C CP NMR
experiments on CO; loaded non-deuterated and deuterated Ga-fumarate samples give
rise to very similar spectra (Figure 10(b)). There is a CO, resonance at ca. 143 ppm

(denoted by the asterisk (*) and by the red spectra in Figure 10(b)) that is not present in
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the empty framework CP spectrum, but is present in CP spectra of both the
non-deuterated and deuterated fumarate MOF samples, indicating that 'H-3C CP to
13C02 is efficient, and thus CO, must be located near one or more 'H atoms. Since the
hydrogen atoms on the bridging hydroxyl groups have been replaced by deuterium
atoms in deuterated Ga-fumarate, CO, must be interacting or proximate to hydrogen
atoms on the organic fumarate linkers, which are not replaced during the deuteration
process. Hence, despite the structural similarities between Al- and Ga-fumarate MOFs,
the adsorption site is located near the bridging hydroxyl groups in Al-fumarate, while

CO, adsorption must occur relatively closer to the fumarate linkers in Ga-fumarate.

The CO, resonance within CO,-loaded non-deuterated In-fumarate-E and
In-fumarate-M CP spectra (Figure S22) could not be observed due to the weaker CO,
binding strength, therefore, it was not possible to locate the CO, adsorption sites within

In-fumarate using 'H-*C cP NMR experiments.

13 NMR targeting adsorbed *CO, (0.2 CO,/metal center). >C NMR experiments
have been used to investigate CO, locations, dynamics, and relative binding strengths
within MOFs.*> 332973 |y this work, we acquired static VT **C NMR spectra of CO,-loaded
Al-fumarate at temperatures ranging from 133 K to 373 K (Figure 11(a)), and those of
CO,-loaded Ga-fumarate, In-fumarate-E, and In-fumarate-M were acquired at
temperatures between 133 K to 293 K (Figure 11(b), (c), (d)); the extracted CS

parameters are summarized in Table S7. At 293 K, the static *C NMR spectra of *CO,
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adsorbed in Al-fumarate features a powder pattern corresponding to a span (Q2) of 27(1)
ppm and a skew (k) value equal to +1. The observation of an anisotropic >C CS powder
pattern, rather than a sharp isotropic resonance, confirms that CO, guests are
participating in well-defined motions within Al-fumarate instead of rapid isotropic
tumbling through the MOF. The apparent *C Q value of CO, in Al-fumarate increases
from 26(1) ppm at 373 K to 62(1) ppm at 133 K, while the observed « value remains +1
throughout. It should be noted that the experimental CO, **C Q value of 62 ppm at 133
K remains far smaller than the 335 ppm of static CO, at ca. 20 K,”* indicating that CO,
motion is present and partially removing the CS anisotropy. Furthermore, the continuous
evolution of the 3C powder pattern with temperature (i.e., changes in Q) is a clear
indication that the experimental temperature influences the CO, motional angles, which
in turn affect the >°C NMR spectral appearance and the observed or apparent NMR
parameters. At temperatures > 313 K, an additional sharp resonance around 125 ppm

originates from gaseous, unbound CO,.”*

The C NMR spectra of **CO, adsorbed in Ga-fumarate at 293 K consist of a single
sharp isotropic resonance located at ca. 125 ppm (Figure 11(b)) with a full width at half
height (FWHH) of 443 Hz. The narrow, featureless resonance indicates that CO, guests
undergo very fast isotropic tumbling at 293 K, which removes the anisotropy (i.e.,
spectral broadening effects) of the CS tensor. In contrast to the relatively broad *C

powder pattern at 293 K in Al-fumarate, the rapid isotropic motion of CO, in
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Ga-fumarate and narrow isotropic resonance indicates that CO, is bound relatively

weaker to the Ga analogue.
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Figure 11. The experimental (blue) and motionally simulated (red) static VT *C NMR spectra of CO,
adsorbed within Al-fumarate, Ga-fumarate, In-fumarate-E and In-fumarate-M are shown in (a), (b),
(c), and (d), respectively. The motionally simulated powder patterns were generated using the
EXPRESS software®® and employed a fast rate of CO, motion (10° Hz). The CO, guest dynamics were
modeled using two simultaneous motions: (i) a sixfold rotation (Cg) that corresponds to a localized
rotational “wobbling” motion of CO, upon the adsorption site through the wobbling angle o, along
with (ii) a twofold jumping (C,) motion that describes a non-localized hopping or jumping of CO,
through a hopping angle of B between two proximate adsorption sites. The asterisk (*) in (a) at high
temperatures marks a sharp resonance at ca. 125 ppm that corresponds to gaseous, unbound CO,.

The uncertainty in o and B is estimated to be £ 0.2°.

As the temperature decreases from 293 to 193 K, the only discernable difference in
the 3C NMR spectra of CO, in Ga-fumarate is a continual broadening of the featureless
resonance from a FWHH of 443 Hz to 1384 Hz. At 173 K, the observed “*C resonance of
CO, adsorbed in Ga-fumarate resembles a typical powder pattern, indicating that CO,

guests now are participating in well-defined motions; the spectrum was simulated to



extract a Q value of 40(1) ppm and a x of 0.50(2) (Table S7). The powder pattern
continues to broaden and change in appearance as the temperature decreases to 133K,
where simulations show Q is 68(1) ppm and « is 0.88(2) (Table S7). Continued increases
in Q and k as temperature decreases is a clear sign that adsorbed CO, molecules within

Ga-fumarate are less dynamic at lower temperatures.

The observed *C NMR spectra of 13COZ adsorbed within In-fumarate-E and
In-fumarate-M feature sharp isotropic resonances located at ca. 125 ppm (Figure 11(c)
and (d)) at 293 K, with relatively narrow FWHHs of 283 Hz and 171 Hz, respectively, that
indicate CO, undergoes fast isotropic tumbling inside In-fumarate-E and In-fumarate-M.
A smaller measured FWHH value is reflective of more mobile CO, species and thus
FWHH can be used as a qualitative measure to order the CO, binding strength within
fumarate MOFs such that Al-fumarate > Ga-fumarate > In-fumarate-E > In-fumarate-M.
This order is in good agreement with the CO, adsorption isotherms depicted in Figure
9(b). The broad *C NMR powder patterns indicating that CO, is participating in
well-defined motions within In-fumarate-E and In-fumarate-M first appear at 153 K. The
3¢ Q value increases from 58(1) ppm at 153 K to 85(2) ppm at 133 K in In-fumarate-E,
while the *C Q value increases from 60(1) ppm at 153 K to 95(2) ppm at 133 K in

In-fumarate-M (Table S7).

CO, dynamic studies. With knowledge of the 3¢ NMR parameters for static co,,”

the powder patterns of adsorbed **CO, in Al- and Ga-fumarate MOFs were simulated””
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to obtain accurate information regarding CO, motion (Figure 11). Simulations indicate
that CO, molecules within Al-fumarate participate in a localized rotation or “wobbling”
through an angle o upon the bridging hydroxyl adsorption site. This wobbling motion
was modeled by a six-fold (Cg) rotation at a rate of 10° Hz (i.e., in the NMR fast motion
regime); this motional model is depicted in Figure 12(a) and (b). The wobbling angle o
decreases from 51.5 ° to 47.5 ° as the temperature is reduced from 373 K to 133 K
(Figure 11(a)), which indicates that the adsorbed CO, guests are less dynamic and
sample a relatively smaller volume of space at lower temperatures when less thermal
energy is available to compete with the adsorptive interaction. It is interesting to see no
jumping or “hopping” of CO, between symmetry-equivalent adsorption sites in
Al-fumarate, while hopping was observed in the structural analogue MIL-53-Al.%® This is
likely due to the larger pore structure of the Al-fumarate MOF (dimensions of ca. 12 x 12
R), where the relatively longer distance between bridging hydroxyl adsorption sites

prevents CO, hopping across the channel between these adsorption sites.
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(a} Cs WUtllJlil'fg axis (b}

Figure 12. In (a), the localized Cg rotational wobbling of CO, through an angle a about the CO,
adsorption site (i.e., the bridging hydroxyl group between SBUs) within Al-fumarate is shown. A
schematic of how a single CO, guest wobbles upon adsorption sites in the channels of Al-fumarate is
shown in (b). The localized wobbling (Cs rotation through the angle a) and non-localized two site
hopping (C, jumping through the angle B) of CO, within Ga-fumarate is illustrated in (c). The colors
red, grey, white, dark blue and light blue correspond to oxygen, carbon, hydrogen, aluminum, and
gallium, respectively.

The C NMR spectrum of CO, adsorbed within Ga-fumarate only features a
well-defined powder pattern at and below 173 K (Figure 11(b)), but motional
information could still be obtained from these three low temperature spectra.
Simulations reveal that, in addition to a localized wobbling through some angle o
modeled by a Cg rotation, adsorbed CO, guests also undergo a non-localized two-fold (C,)
hopping motion through an angle 3 between two adsorption sites. As the temperature
decreases from 173 K to 133 K, the CO, wobbling angle a falls from 49 ° to 45 °, while
the twofold hopping angle [ is reduced from 26 ° to 21 °. These motional angle trends
strongly hint that CO, molecules are significantly less dynamic at lower temperatures,
although both types of dynamics remain in the fast motion regime (rate > 10’ Hz).

Recalling that 'H-Bc cP NMR experiments suggested CO, adsorption sites in
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Ga-fumarate are the hydrogen atoms of the organic fumarate linkers (see above), it
follows that the twofold hopping of CO, must occur between different H atoms of the
linkers. We suggest that CO, molecules within Ga-fumarate hop between two spatially
proximate H atoms; many of these formate H atoms are only separated by distances
ranging from ca. 5 A to ca. 7 A. Our proposed motional model for CO, within

Ga-fumarate is pictured in Figure 12(c).

CO, adsorbed within both In-fumarate-E and —M yields an isotropic resonance at
temperatures from 293 K down to ca. 173 K. Broad, well-defined *C powder patterns
similar to those of CO, within Al-fumarate can be observed at temperatures of 153 and
133 K, with relatively larger span values in the In-fumarate MOFs. However, the 3¢
powder patterns could only can be observed at two temperatures within a fairly tight
range, and thus motional simulations were not possible and accurate CO, motional

information could not be obtained for the In-fumarate MOFs at this time.

%Ga, "’Ga, and ’In NMR of CO,-loaded Ga-fumarate and In-fumarate. In all
instances, these wideline metal NMR spectra indicate that the local environment about
the metal center is not significantly influenced by CO, adsorption. See the Supporting

Information for a full discussion.
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Conclusions

The gallium and indium analogues of Al-fumarate, Ga-fumarate and In-fumarate,
have been successfully synthesized using an experimentally-optimized solvothermal
method. A variety of characterization techniques including synchrotron pXRD
experiments, subsequent Rietveld refinements, IR spectroscopy, ‘H MAS NMR, and
ultra-wideline Ga NMR were used to elucidate the true crystal structure of
Ga-fumarate-H,0. Ga- and In-fumarate are porous structural analogs of the Al-fumarate
MOF. The relatively high BET surface areas and large, rigid pores of Ga- and In-fumarate
point towards potential applications in fields such as gas storage, gas separation, and
drug delivery. Hydrophilic and hydrophobic versions of In-fumarate can be produced
depending on the solvent used in synthesis; hydrophobicity was successfully introduced
within the In-fumarate-M framework by simply using methanol as the reaction solvent,
leading to an in situ structural modification by replacing the —OH groups that bridge InO¢

units with —OCH3z moieties pointing towards the pore interior.

CO, adsorption isotherms have been measured for these materials and reveal that
both the Ga- and In-fumarate MOFs are well-suited for potential applications in CO,
adsorption. The affinity for CO, follows the trend: Al-fumarate > Ga-fumarate >
In-fumarate-E > In-fumarate-M. Static *H-">C CP NMR spectra have confirmed that the
CO, adsorption site in Al-fumarate is indeed the bridging hydroxyl group connecting the

AlOg SBUs, while the adsorption sites in Ga-fumarate appear to be the hydrogen atoms
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of the fumarate linkers lining the MOF channels. **C NMR experiments yield information
on CO, adsorption and the complex CO, dynamics present in Al- and Ga-fumarate MOFs;
in both MOFs, CO, locally rotates about the adsorption site, while in Ga-fumarate, CO,
additionally hops between adjacent symmetry-equivalent adsorption sites. In both Al-
and Ga-fumarate MOFs, the wobbling angle decreases with temperature, and in

Ga-fumarate, the hopping angle also falls as temperature drops.

The described fumarate MOFs are fascinating materials with very promising
applications, and increasingly detailed studies in the future regarding gas adsorption, gas
separation, and catalysis will surely reveal more intriguing features and properties in

these unique MOFs.
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