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/Abstract: Methane is a promising clean and inexpensive
energy alternative to traditional fossil fuels, however, its low
volumetric energy density at ambient conditions has made
devising viable, efficient methane storage systems very chal-
lenging. Metal-organic frameworks (MOFs) are promising
candidates for methane storage. In order to improve the
methane storage capacity of MOFs, a better understanding
of the methane adsorption, mobility, and host-guest interac-
tions within MOFs must be realized. In this study, methane
adsorption within a-Mg;(HCO,)s, a-Zns(HCO,),, SIFSIX-3-Zn,
and M-MOF-74 (M=Mg, Zn, Ni, Co) has been comprehen-
sively examined. Single-crystal X-ray diffraction (SCXRD) ex-
periments and DFT calculations of the methane adsorption
locations were performed for a-Mgs(HCO,);, a-Zns(HCO,),
and SIFSIX-3-Zn. The SCXRD thermal ellipsoids indicate that
methane possesses significant mobility at the adsorption

-

sites in each system. *H solid-state NMR (SSNMR) experi-\
ments targeting deuterated CH;D guests in 0-Mg;(HCO,),, a-
Zn;(HCO,),, SIFSIX-3-Zn, and MOF-74 yield an interesting
finding: the HSSNMR spectra of methane adsorbed in
these MOFs are significantly influenced by the chemical
shielding anisotropy in addition to the quadrupolar interac-
tion. The chemical shielding anisotropy contribution is likely
due mainly to the nuclear independent chemical shift effect
on the MOF surfaces. In addition, the 2H SSNMR results and
DFT calculations strongly indicate that the methane adsorp-
tion strength is linked to the MOF pore size and that disper-
sive forces are responsible for the methane adsorption in
these systems. This work lays a very promising foundation
for future studies of methane adsorption locations and dy-
namics within adsorbent MOF materials.

/

Introduction

With the rapid population growth and technological advances
occurring in our modern world, the demand for energy is con-
stantly increasing. The most commonly used energy sources
are based on fossil fuels, which produce carbon dioxide emis-
sions when combusted and are a main contributor to climate
change phenomena including global warming. With this in
mind, the development of alternative, cleaner energy sources
is of great interest in order to stem the flow of CO, into the
Earth’s atmosphere.

Natural gas (NG), which mainly consists of methane, is an at-
tractive substitute energy source due to its significant natural
abundance, higher energy per unit mass versus all other hy-
drocarbons, and relatively lower carbon emissions as compared
to typical fossil fuels." Despite the advantages of NG, its volu-
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metric energy density at ambient temperature and pressure is
much lower than that of gasoline, demanding the use of rela-
tively large storage vessels and rendering CH, storage very
challenging in applications where space is limited, such as au-
tomobiles.” In addition, CH, gas is flammable and a safety
hazard when stored in its pure form.

With the considerable storage and safety challenges associ-
ated with NG, attractive alternative strategies such as the ad-
sorption and storage of CH, within porous and microporous
materials have emerged in recent years” When using a
porous adsorbent to store and release CH,, the guest adsorp-
tion ability of the material is typically defined by the volumet-
ric usable CH, capacity, which is the difference between the
CH, capacity at the storage pressure (generally 35-65 bar) and
the amount of CH, that remains within the adsorbent at the
desorption pressure (generally 5.8 bar).">* In this context, the
development of adsorbents for NG storage with high volumet-
ric usable CH, capacity is critical for implementing NG as a
practical alternative energy source in many applications.

Metal-organic frameworks (MOFs) are a class of crystalline
porous materials that are composed of metal ions or metal-in-
organic clusters connected by organic bridging ligands.”’
MOFs have many potential applications, including the adsorp-
tion and storage of various gases,”” such as methane.»” By
varying the topology and composition, the resulting MOF can
be tailored to exhibit new or enhanced properties, including
an increased methane adsorption capacity.®” Many MOFs have
exhibited promising CH, adsorption and storage capabili-
ties.?>” The highest documented usable CH, capacity (see
above) in these materials is 150 and 190 v/v for adsorption at
35 and 65 bar, respectively, which was achieved by using a
[Co(bdp)] (bdp = 1,4-benzenedipyrazolate) MOF as the adsorb-
ent.® Other MOFs, such as Basolite A520 (aluminum fumarate),
have also shown promise as NG sorbents in automotive appli-
cations.”

In order to move MOFs toward practical incorporation as
CH, storage media and enhance the usable CH, capacity in
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future MOFs, it is critical to obtain detailed knowledge of the
host-guest interactions and the mobility of CH, within differ-
ent kinds of MOFs. There are several experimental avenues for
characterizing CH,-loaded MOFs, investigating their CH, ad-
sorption locations, and measuring the adsorption capacities.
The most commonly employed method is to determine the
CH, adsorption isotherms of the adsorbent MOF"” The mea-
sured CH, adsorption isotherms provide useful information re-
garding the adsorption capacity and the isosteric heat of the
CH, adsorption, but cannot locate the number and location of
CH, adsorption sites within the MOF. Crystallographic and dif-
fraction methods have been quite useful for investigating CH,
adsorption in MOFs."" In particular, neutron diffraction has
been used to locate methane adsorption sites;"? however, ob-
taining detailed motional information is not possible. Single-
crystal X-ray diffraction (SCXRD) is a very powerful and accessi-
ble characterization route for obtaining MOF and guest non-
hydrogen atomic positions. Despite the wealth of structural in-
formation that can be obtained from in situ SCXRD studies of
guest adsorption in MOFs, they remain uncommon,'® owing
to the considerable difficulties in growing single crystals of
many MOFs and locating relatively small and mobile species of
low electron density (i.e., methane). Powder X-ray diffraction
(pXRD) studies are useful in the many instances where growing
MOF single crystals is very challenging or impossible, but ex-
tracting detailed structural information and/or crystal struc-
tures demands high-quality acquisitions and involves navigat-
ing a relatively complicated Rietveld refinement process. None-
theless, pXRD has been used in several instances, such as for
studying phase transitions in flexible MOFs during CH, adsorp-
tion.®™ As a complementary tool, computational methods can
be used to identify and refine methane adsorption locations in
MOFs.[™

Solid-state NMR (SSNMR) spectroscopy is a sensitive probe
of short-range structures® and can provide detailed informa-
tion on the guest adsorption, structure, mobility, and host-
guest interactions in MOFs.['3¢1%<4%17l NMR interactions are gen-
erally anisotropic and are affected by dynamics in a predictable
manner, therefore, information regarding guest mobility and
adsorption can be extracted from SSNMR spectra of gases
within MOFs."® ?H is an attractive target due to its nuclear
properties. 2H has a nuclear spin of one and is subjected to the
anisotropic quadrupolar interaction (Ql) between the nuclear
quadrupole moment and the surrounding electric field gradi-
ents (EFGs). Any motion that reorients the *H EFG tensor influ-
ences the Ql, and thus has an effect on the *H SSNMR spectral
line shape. Previous studies have proven that 2H SSNMR spec-
troscopy can provide rich information on the local structure,
host-guest interactions, and dynamics of deuterated linkers"?
and guests"7¢"2% such as D,"'’® in MOFs and microporous ma-
terials.

Herein, we describe a detailed SCXRD, computational, and
SSNMR study of methane adsorption in four MOFs: -
Mg;(HCO,)s (HCO,=formate), a-Zns(HCO,),, SIFSIX-3-Zn, and
M-MOF-74 (M=Mg, Zn, Ni, Co). This selection of MOFs allows
for multiple comparisons, such as between MOFs which have
the same topology but different metal centers (i.e., o-
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Zn,(HCO,)s and a-Mg,(HCO,)s), MOFs with very small channels
(e.g., SIFSIX-3-Zn) versus those with relatively larger channels
(e.g., MOF-74), and MOFs that have fully saturated metal cen-
ters (e.g., a-Mg;(HCO,),, a-Zn;(HCO,),, and SIFSIX-3-Zn) versus
MOFs which have coordinatively unsaturated open metal sites
(e.g., MOF-74). SCXRD has been used to accurately locate the
methane adsorption sites. H SSNMR experiments were per-
formed to probe the number of methane adsorption sites, un-
derstand host-guest interactions, and compare relative meth-
ane binding strengths within the MOFs. Plane-wave DFT calcu-
lations were also employed to confirm the number and loca-
tion of adsorption sites within a-Mg;(HCO,)s, 0-Zn;(HCO,),, and
SIFSIX-3-Zn as well as to calculate *H NMR parameters. The
knowledge gained in this work regarding adsorbed methane
has clear practical implications for adapting and tailoring MOFs
for the purposes of enhanced CH, adsorption and storage.

Experimental Section
MOF synthesis

All chemicals were obtained from Sigma-Aldrich and were used
without further purification. The MOFs a-Mg5(HCO,)s, a-Zn;(HCO,),
SIFSIX-3-Zn, Mg-MOF-74, Zn-MOF-74, Ni-MOF-74, and Co-MOF-74
were synthesized by using previously described methods®" with
some slight modifications, and all details are included in the Sup-
porting Information.

MOF activation

The sample activation procedure involves the use of heat and
vacuum to purge residual solvent molecules from the pores of the
as-made MOF. In order to prepare activated MOF samples, the as-
made a-Mg;(HCO,),, a-Zn;(HCO,)s, and SIFSIX-3-Zn samples were
heated at 100, 150, and 80°C, respectively, under dynamic vacuum
(i.e., <1 mbar) for at least twelve hours.

For Mg-MOF-74 only, an additional solvent-exchange step on the
as-made sample was required before the activation process, which
is briefly described here. A sample of the as-made Mg-MOF-74
(0.25 g) incorporating THF was solvent-exchanged by exposure to
methanol (10 mL) in an autoclave at 200°C for seven days. Each
day, the autoclave was removed from the oven, brought to room
temperature, and the methanol stock was replaced. After seven
days, the THF was fully replaced by methanol within Mg-MOF-74.
In the final step, the methanol-exchanged Mg-MOF-74 sample was
heated at 250°C under dynamic vacuum for eight hours, thereby
purging all methanol and generating the activated Mg-MOF-74
sample.

Gas adsorption and loading within the MOFs

A Schlenk line was used for all gas adsorption and loading proce-
dures. The MOF sample was first loaded into the bottom of a
homemade 5 mm L-shaped glass tube. A thin layer of glass wool
was then inserted above the sample in the tube in order to secure
the sample in place. The glass tube was then attached to the
Schlenk line and sample activation was performed. After activation,
a known amount of pressurized CH;D was introduced to the
vacuum line and the CH;D gas was allowed to occupy both the
vacuum line and the glass tube containing the sample, which has
a measured volume of approximately 82.7 cm®. The bottom of the
CH,D-filled glass tube was then immersed in liquid nitrogen to
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freeze the CH;D within the sample, and the glass tube end (now
containing both CH;D and the MOF sample) was then flame-sealed
off from the Schlenk line. The overall CH;D loading amount is ex-
pressed by the molar ratio between CH;D and the metal. For the
’H SSNMR experiments in this study, 0.1 CH;D per metal samples
were prepared for the MOFs a-Mg;(HCO,)s and a-Zn;(HCO,),
whereas 0.2 CH;D per metal samples were prepared for the MOFs
SIFSIX-3-Zn and Mg-MOF-74.

Powder X-ray diffraction

The identity of all MOF products was confirmed through the use of
powder XRD experiments, which were performed on an Inel CPS
powder diffractometer operating with Cuy, radiation (1=1.5406 A).
Reflections were collected at 26 values ranging from 5 to 120°
with a total acquisition time of approximately three minutes for
each pXRD pattern. All pXRD patterns are illustrated in Figure ST in
the Supporting Information.

Single-crystal X-ray diffraction (SCXRD)

The CH;D-loaded MOF single-crystal samples were prepared by
using a Schlenk line and the same gas adsorption procedure de-
scribed above for the SSNMR samples, however, the gas loading
level for the SCXRD samples was set to saturation rather than a de-
fined loading ratio or amount. After gas loading and flame sealing,
the glass tubes were broken, and the methane-saturated samples
were immediately coated with paratone oil in order to retain as
much methane gas as possible within the MOFs. An optical micro-
scope was then used to select high-quality single crystals for the
structural analysis.

All SCXRD measurements were performed on a Bruker Kappa Axis
Apex2 diffractometer at a temperature of 110 K. The frame integra-
tion was performed by using SAINT.?? The resulting raw data were
scaled and absorption corrected by using a multi-scan averaging
of symmetry equivalent data with SADABS.”” The methane-loaded
MOF structures were solved by using a dual space methodology
incorporated in the SHELXT program.?” All non-hydrogen frame-
work atoms were obtained from the initial structural solution. The
hydrogen atoms were then introduced at idealized positions and
were allowed to ride on the parent atom. The carbon atomic posi-
tions for the methane molecules were obtained from a difference
Fourier map. The structural model was fit to the data by using a
full-matrix least-squares method based on F?. The calculated struc-
ture factors included corrections for anomalous dispersion from
the usual tabulation. The structure was refined by using the
SHELXL-2014 program from the SHELX suite of crystallographic
software.””’ Graphic plots were produced by using the NRCVAX
program suite.”™ A detailed summary of the crystallographic data
of methane-loaded a-Mg;(HCO,),, a-Zns(HCO,),, and SIFSIX-3-Zn
are given in appendix A of the Supporting Information.

Density-functional theory calculations

DFT calculations for the methane-loaded MOFs were performed by
using the CASTEP code.”” The calculations used the PBE ex-
change-correlation functional® in conjunction with the D2 disper-
sion correction devised by Grimme.”” All NMR parameters were
calculated employing the gauge-including projector-augmented
waves (GIPAW) formalism.®® Further details on the calculations are
included in the Supporting Information.
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?H solid-state NMR experiments

All SSNMR experiments were performed on a wide-bore Varian/
Chemagnetics InfinityPlus NMR spectrometer operating at 9.4 T
(vo(*H)=61.32 MHz) with a 5 mm static HX probe. A sample of D,0
(I) was used as a secondary chemical shift reference at o,,=
4.8 ppm with respect to neat (CD,),Si.%” The experimental temper-
ature was controlled by a Varian VT control unit, and all tempera-
tures were calibrated to 43 K by using the *’Pb chemical shift of
a solid sample of lead nitrate across the experimental temperature
range.” A quadrupolar echo pulse sequence of the format (t/2-
7,-1/2-7,) was used to acquire the H NMR spectra, employing a
7/2 pulse width of 4.5 ps, an interpulse 7, time of 45 us, and a 7,
duration of 25 ps. A 'H-decoupling field of approximately 63 kHz
was applied during all 2H SSNMR experiments. All spectra were ac-
quired by using calibrated *H pulse delays ranging from 1 to 3s,
depending on the sample and experimental temperature. A spec-
tral width of 20 kHz was employed for *H SSNMR experiments in-
volving CH;D and CH,D, adsorbed in a-Mg;(HCO,)s, a-Zn;(HCO,)e,
and Mg-MOF-74; however, a spectral width of 30 kHz was required
for 2H SSNMR experiments on CH;D and CH,D, adsorbed within
SIFSIX-3-Zn.

Spectral simulation software

The WSolids®® computer software was used to perform analytical
simulations of the experimental SSNMR spectra in order to obtain
the apparent or observed *H NMR parameters.

Results and Discussion
Methane adsorption within a-Mg;(HCO,),

MOFs with small pores tend to have stronger interactions with
some guests."*” q-Mg,;(HCO,)s is an ultra-microporous MOF
with relatively small one-dimensional zigzag-shaped channels
that measure approximately 4.8 A in diameter.?'® CH, adsorp-
tion studies® and DFT calculations® have indicated that a-
Mg;(HCO,), is a promising methane adsorbent and possesses a
good selectivity of CH, over N, gas.**** However, there has
not been a comprehensive investigation of a-Mg;(HCO,), to
determine the specific methane adsorption site locations and
host-guest interactions involved. We have performed an inter-
twined SCXRD, computational, and SSNMR investigation of
methane adsorption within a-Mg;(HCO,),.

SCXRD and DFT investigations of methane-loaded a-
Mg;(HCO,),

In this study, SCXRD has been used to unambiguously deter-
mine the number and location of methane adsorption sites in
0-Mg;(HCO,),. For ease of comparison with *H SSNMR experi-
ments, singly deuterated CH;D guests were used rather than
CH,; see the *H SSNMR section for more details. The carbon
atomic positions of the CH;D guests within a-Mg,(HCO,), have
been successfully obtained from SCXRD experiments at 110 K.
The methane carbon positions established from SCXRD are
shown from two different perspectives in Figure 1a and b. Al-
though a MOF sample saturated with CH;D was used, the
SCXRD results indicate that the CH;D occupancy is actually
0.25 (i.e., 1.0 CH;D per unit cell) under these experimental con-
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Figure 1. a) Extended framework structure of the CH,D-loaded MOF a-Mg;(HCO,),, as viewed along the crystallographic b axis. b) Locations of the CH;D
carbon atoms (colored purple) along one of the zigzag-shaped channels of a-Mg;(HCO,),. ¢) Shortest distances between the adsorbed CH,D carbon atom and
the framework atoms of a-Mg;(HCO,),. d) Extended long-range structure of the CH;D-loaded MOF a-Zn3(HCO,),, as viewed along the crystallographic b axis.
e) Local positions of adsorbed CH;D carbon atoms (colored orange) within its zigzag-shaped channels. f) Shortest distances between the carbon atom of
CH;D and the atoms of the a-Zn;(HCO,), framework. Carbon is colored gray, oxygen is red, zinc is blue, magnesium is light blue, purple denotes the carbon
atoms of CH;D within a-Mg;(HCO,),, and orange spheres represent carbon atoms of CH;D molecules within 0-Zn;(HCO,),. Detailed information on the DFT-
optimized methane-loaded a-Mg;(HCO,)s and a-Zn;(HCO,)s structures can be found in Figure 2 and Figure S8 in the Supporting Information, respectively.

ditions, which is likely due to a loss of CH;D when transferring
the guest-loaded single crystal to the diffractometer.

There are two symmetry-equivalent methane adsorption
sites in each channel, and two symmetry-equivalent channels
are present in each unit cell, yielding four equivalent methane
adsorption sites but only one crystallographically unique meth-
ane site per unit cell. The two symmetry-related methane ad-
sorption sites in each channel are located 5.423 A apart, on the
opposite sides of the zigzag-shaped MOF channels that run
along the crystallographic b axis (Figure 1b). The CH;D carbon
atom lies 3.799 A away from the carbon atom of the formate
linker and 3.814 A away from the oxygen atom on the same
formate linker (Figure 1c). The position of the CH;D carbon
atom suggests that the hydrogen and oxygen atoms of the
formate linker play a role in the methane adsorption within a-
Mg;(HCO,)s through weak and distant interactions. The thermal
ellipsoid of the methane carbon atom was also obtained from
SCXRD measurements (Figures S2 and S3a in the Supporting
Information) and is relatively large, particularly along the direc-
tion of the zigzag-shaped channels in a-Mg;(HCO,)s and
toward the adjacent symmetry-equivalent methane carbon
atom, implying that methane rapidly moves between adjacent
adsorption sites located along the channels.

In order to further understand the methane adsorption in o-
Mg;(HCO,)s, we have performed a detailed DFT study involving
1) optimization of the methane location, 2) calculation of the
adsorption site energy, and 3) calculations of the *H NMR pa-
rameters (see below). The guest methane molecule location
was optimized along with the positions of all atoms in the
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MOF (see appendix A in the Supporting Information). The re-
sults of the DFT geometry optimizations are shown from a
short-range (Figure S4 in the Supporting Information) and a
long-range (Figure 2) perspective. In the DFT-optimized struc-
ture, the methane adsorption site is quite proximate to the
SCXRD methane carbon position and lies well inside the
carbon displacement ellipsoid (Figure 2). The geometry-opti-
mized structure (Figure 2) shows that the closest distance be-
tween the hydrogen atom of a static methane molecule and a
framework oxygen atom is 2.780 A, confirming that the
oxygen atom of the linker plays a role in the methane adsorp-
tion.

The specific methane adsorption energy at the DFT-opti-
mized methane location within a-Mg;(HCO,), at the SCXRD
methane loading level of 1.0 molecules per unit cell was deter-
mined to be —25.1 kimol™". The dispersive contribution was
calculated as —20.3 kimol™" (Table S1 in the Supporting Infor-
mation), implying that van der Waals forces drive the methane
adsorption in this system, whereas electrostatics play a minor
role. The methane adsorption energy is not strongly influenced
by the methane loading level; the calculated value only
changes very slightly to —25.7 kJmol™" when the loading level
is quadrupled to 4.0 methane molecules per unit cell. It should
be noted that the large methane carbon displacement ellip-
soid from SCXRD suggests that there is a large region near the
methane adsorption site where the adsorption energies are
quite similar.

To verify the presence of a single unique methane adsorp-
tion site, and to probe the local environment and dynamics of

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The DFT-optimized methane-loaded a-Mg;(HCO,), structure at a loading level of 1.0 methane per unit cell is shown from various perspectives. The
shortest distances between the DFT-optimized adsorbed methane hydrogen atoms and the framework atoms of a-Mg;(HCO,)s are depicted in a) and b) from
two different projections. The colors blue, gray, and white correspond to the magnesium metal center, carbon, and hydrogen, respectively. The methane hy-

drogen atoms were added computationally and their positions were also optimized.

adsorbed methane guests, ?H SSNMR experiments were per-
formed.

Investigating methane within a-Mg;(HCO,), through
2H SSNMR spectroscopy

Static variable-temperature (VT) *H SSNMR experiments on
singly deuterated methane (CH;D) adsorbed in a-Mgs;(HCO,)s
were performed at temperatures ranging from 123 to 293 K.
The experimental static VT 2H SSNMR spectra of CH,;D ad-
sorbed within a-Mg;(HCO,)s at a loading level of 0.1 CH;D per
Mg (1.2 CH;D molecules per unit cell) are shown in Figure 3a.
At 293 K, a sharp resonance is present, which corresponds to
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rapidly and isotropically tumbling CH;D. The anisotropic quad-
rupolar interaction is typically the primary origin of *H spectral
broadening and dominates the 2H SSNMR spectral appearance;
when CH;D is rapidly isotropically tumbling, the *H EFG tensor
is reoriented through all possible directions, removing the ani-
sotropy of the QI and eliminating the broadening effects of
the QI on the H SSNMR spectrum. It should be noted that the
chemical shift (CS) interaction may also influence and broaden
the 2H SSNMR spectra; however, much like the case of the Ql,
rapid isotropic tumbling removes the CS anisotropy (CSA) and
eliminates its spectral effects.

As the temperature is reduced, the ?H spectra of CH;D ad-
sorbed within a-Mg;(HCO,); gradually grow broader. Experi-
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Figure 3. a) Experimental static VT ?H SSNMR spectra of CH;D adsorbed within a-Mg;(HCO,). b) Comparison of the experimental (blue) and analytical simulat-
ed (red) low-temperature ?H SSNMR spectra. c) Experimental static VT ?H SSNMR spectra of CH;D adsorbed within a-Zn;(HCO,),. d) Comparison of the experi-
mental (blue) and analytical simulated (red) H SSNMR spectra of CH;D in a-Zn(HCO,), at low temperatures.
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mental *H powder patterns at and below 173 K exhibit charac-
teristic features and line shapes that can be simulated to ex-
tract the apparent NMR parameters. Each *H SSNMR spectrum
between 173 and 123K features one *H powder pattern,
which indicates that adsorbed CH;D resides at a single crystal-
lographically unique adsorption site within a-Mg;(HCO,), at
this loading level. The observation of a single powder pattern
is in excellent agreement with the one crystallographically
unique methane molecule adsorption site evident from the
SCXRD experiments. The observed Cy(*H) values of CH;D ad-
sorbed within a-Mg;(HCO,)s increase from 460 Hz at 173 K to
860 Hz at 123 K, whereas the 7, values also rise from 0.23 at
173 K to 0.47 at 123K (Table 1). It is particularly noteworthy
that the observed Cy(*H) values are less than 0.5% the magni-
tude of the reported® and DFT-calculated Cy(*H) values
(Table S2 in the Supporting Information) of a single static CH,D
molecule, which are both 192 kHz. The vastly smaller observed
experimental Co(*H) values and diminished apparent QI are a
clear sign that we are observing a time-averaged *H SSNMR
spectrum involving fast exchange between CH;D isotropically
tumbling in the pores and CH;D undergoing anisotropic
motion. It should be noted that these 2H line shapes could not
be motionally simulated™ by using motional rates in the slow
(1-10*s™") or intermediate (10°-10°s™") ranges, only the fast
motional regime (>10"s7").

Curiously, the ?H powder patterns exhibit distorted line
shapes that significantly stray from that of a typical Ql-domi-

Table 1. Observed H NMR parameters of CH;D adsorbed in four different
MOFs, as obtained at different experimental temperatures.

MOF T Co 7q Q K Oiso A
[K]  [Hz] [ppm] [ppm]  [°]
123 860(10) 0.47(3) 0.8(5) —1.0(5) —0.7(1) 0(30)
133 760(10) 0.42(3) 0.8(5) —1.0(5) —0.6(1) 0(30)
a-Mgs(HCO,)s 143  660(10) 0.38(2) 0.8(5) —1.0(5) —0.5(1) 0(30)
153 570(10) 0.33(2) 0.8(5) —1.0(5) —0.4(1) 0(30)
173 460(10) 0.23(2) 0.8(5) —1.0(5) —0.3(1) 0(30)
123 920(10) 0.50(3) 2.0(5) —1.0(5) —0.4(1) 0(30)
133 770(10) 0.45(3) 2.0(5) —1.0(5) —0.4(1) 0(30)
a-Zn,y(HCO,)s 143  710(10) 0.40(3) 2.0(5) —1.0(5) —0.3(1) 0(30)
153 640(10) 0.30(2) 2.0(5) —1.0(5) —0.2(1) 0(30)
173 500(10) 0.20(2) 2.0(5) —1.0(5) —0.2(1) 0(30)
123 3700(80) 0.35(3) 2.5(5) —1.0(5) —2.0(2) 80(10)
133 3400(80) 0.33(3) 2.5(5) —1.0(5) —2.0(2) 80(10)
143 3000(50) 0.31(3) 2.5(5) —1.0(5) —2.0(2) 80(10)
SIFSIX-3-Zn 153 2700(50) 0.30(3) 2.5(5) —1.0(5) —2.0(2) 80(10)
173 2200(20) 0.30(3) 2.5(5) —1.0(5) —2.0(2) 80(10)
193 1800(20) 0.27(3) 2.5(5) —1.0(5) —2.0(2) 80(10)
213 1520(20) 0.25(3) 2.5(5) —1.0(5) —2.0(2) 80(10)
123 620(5) 0.00(5) 2.0(5) —1.0(5) —0.8(1) 80(10)
128  570(5) 0.00(5) 2.0(5) —1.0(5) —0.8(1) 80(10)
Mg-MOF-74 133 520(5) 0.00(5) 2.0(5) —1.0(5) —0.8(1) 80(10)
138 480(5) 0.00(5) 2.0(5) —1.0(5) —0.8(1) 80(10)
143 420(5) 0.00(5) 2.0(5) —1.0(5) —0.8(1) 80(10)

[a] The angle f3 refers to the Euler angle between the V;; component of
the EFG tensor and the d;; component of the CS tensor. The other Euler
angles were not found to significantly impact spectral appearance.
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nated ?H Pake doublet.®” The only method to simulate this pe-
culiar ?H line shape is by introducing the effects of CSA, which
has been known to contribute to the *H NMR line shapes in
select instances.’® The observed *H span value of 0.8 ppm is
smaller than the plane-wave DFT-calculated span value of
9.0 ppm (Table S2 in the Supporting Information), which can
be attributed to the nearly isotropic tumbling of CH,D that di-
minishes the CSA and reduces the apparent span to a signifi-
cantly smaller value. The ?H CS and QI of CH;D are subject to
very different magnitudes of time-averaged motional scaling in
this MOF: the observed span values are approximately 9% of
the calculated span value, whereas the observed Cq(*H) values
are less than 0.5% of the calculated and reported Cy(*H)
values.

The additional CS contribution has two likely origins: aniso-
tropic bulk magnetic susceptibility (ABMS) and nucleus-inde-
pendent chemical shift (NICS). The effects of ABMS broadening
have been observed in many systems,®¥ including MOFs.""
ABMS broadening in a sample can readily be identified, for ex-
ample, by a characteristic anisotropic inclination or “tilting” of
cross peaks in 2D 'H—"C HETCOR spectra. A review of the
previous 2D 'H—"C HETCOR experiments on various forms of
a-Mg;(HCO,)s shows that the cross peaks are largely linear
with minimal “tilting.”*" In the case of aromatic guests, the
very slight observed tilting of cross peaks is far less severe
than in typical HETCOR spectra of compounds known to exhib-
it strong ABMS.**? To confirm that ABMS is indeed not a
major contributor to H CSA in this system, *H SSNMR experi-
ments were performed on samples of methane-loaded a-
Mg;(HCO,), significantly diluted in KBr, which has an isotropic
magnetic susceptibility; the H CSA effects persist in these
samples (Figure S5 in the Supporting Information), indicating
that ABMS has little (or a very minor) contribution. Thus, the
likely culprit for the different magnitudes of EFG and CS mo-
tional averaging appears to be the NICS,“? which is now dis-
cussed.

In this system, the NICS refers to a specific phenomenon
where the presence of an external magnetic field influences
the electrons of the MOF to circulate and produce an induced
magnetic field within the MOF, particularly near the MOF sur-
faces. As guest methane molecules become adsorbed to the
MOF, the induced magnetic field generated by the electrons of
the MOF influences the local magnetic environment around
the ?H nuclei within the methane guests, thereby increasing
the apparent *H CSA and also making a contribution to the *H
isotropic chemical shift (Table 1). Previous studies have indicat-
ed that the magnitude of the NICS is closely linked to the ad-
sorbent-adsorbate distance,”” or in this case, the MOF-meth-
ane distance. As guest methane molecules approach the MOF
surface and become adsorbed, the magnitudes of the NICSs in-
crease, resulting in more significant contributions to the *H
CSA and isotropic chemical shift (Figure 4). It should be noted
that many observations of the NICS have been in porous car-
bons and graphite, owing to the ring-current effects that occur
in their fused sp*hybridized networks. In MOFs such as a-
Mg;(HCO,),, there is no such fused sp* network, however, all
the MOF surface elements are ordered (i.e., aligned and orient-
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adsorption site Surface of MOF

Increasing NICS effect ‘ » Increasing NICS effect

Figure 4. Simplified illustration of the NICS effect on methane guests in a
MOF. As CH;D molecules approach the MOF surface, the magnitudes of the
NICSs increase, resulting in more significant contributions to the H CSA and
isotropic chemical shift.

ed in the same direction) regardless of hybridization. This or-
dering avoids any cancellation of the induced magnetic field
near the MOF surface, so the respective chemical shift contri-
butions from all surface elements to the shift are added to-
gether.

In a-Mg;(HCO,)s, CH;D molecules undergoing isotropic tum-
bling in the MOF pores are in fast exchange with adsorbed
CH;D guests proximate to the MOF surface that are undergo-
ing anisotropic motion; the ?H SSNMR spectra of CH;D reflect a
time-averaged picture of both CH;D methane species. The
time-averaged motional scaling factor of the QI and CSA deter-
mines the H NMR line width and line shape. The motional
scaling factor is the same for the QI and CSA; however, the
NICS effect introduces additional CSA in adsorbed methane
molecules located near the MOF surface. As the temperature is
lowered, more methane guests are adsorbed, and methane
spends a relatively longer time at the MOF surfaces. The time-
averaged population of adsorbed versus free methane guests
is altered, which in turn influences the time-averaged motional
scaling factor of the CSA, because more methane molecules
are now adsorbed and subject to the NICS effect. The net
effect on the *H SSNMR spectra of methane is a larger appar-
ent CSA due to the NICS contribution. This is especially signifi-
cant because, to the best of our knowledge, NICS effects have
not yet been reported for guest molecules in MOFs. In addi-
tion, the H J,, values decrease for methane adsorbed within
a-Mg;(HCO,)s as the temperature is reduced (Table 1), reflect-
ing increased contributions from the NICS as the time-aver-
aged methane populations evolve.

The DFT calculation results are also consistent with the NICS
presence in a-Mgs;(HCO,),. Methane was placed at five distinct
locations in the MOF pores, a geometry optimization was per-
formed, and then the 2H NMR parameters for methane deuteri-
um were calculated. The five locations included the geometry-
optimized SCXRD adsorption site and an alternate location
within the SCXRD thermal ellipsoid. Methane was also placed
in three additional positions located outside of the thermal el-
lipsoid (Figure S6 in the Supporting Information) with different
distances to the wall of the framework. A clear correlation is
evident between the calculated *H span values and the dis-
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tance from the methane deuterium atom to the nearest frame-
work atom (Table S3 in the Supporting Information); as the
methane molecule draws closer to the pore wall, the DFT cal-
culations indicate that the ?H span value increases, reflecting
an increased NICS contribution to *H CSA and supporting our
experimental VT ?H NMR findings. Unfortunately, no clear trend
in the calculated H isotropic chemical shielding values was
evident as the methane position was varied, indicating that a
more detailed future computational study is likely required to
fully examine the NICS phenomenon in a-Mg;(HCO,);.

Methane adsorption within o-Zn;(HCO,),

The MOF a-Zn,(HCO,), is analogous to a-Mgs(HCO,),, featuring
zinc metal centers and formate linkers that form a similar 3D
crystalline structure,?’™™ with a slightly smaller channel diame-
ter of 444 A in the Zn analogue versus 4.58 A in the Mg var-
iant.*”! Although CH, adsorption in a-Zn;(HCO,)s has not been
extensively studied, a recent computational study has indicat-
ed that a-Zn,;(HCO,), exhibits a stronger interaction with meth-
ane than a-Mg;(HCO,); the reported calculated adsorption
energy of methane within a-Zns(HCO,); is —27.6 versus
—25.7 kJmol™" in a-Mg;(HCO,)s” In order to establish the
methane adsorption site locations in o-Zn;(HCO,), and to un-
derstand the reasons for the subtle difference in the methane
adsorption energies between the two formate MOFs, SCXRD,
DFT, and ?H SSNMR experiments have been performed on a-
Zn3(HCO,),.

SCXRD and DFT calculations of methane-loaded a-Zn;(HCO,),

The CH;D adsorption sites within a-Zn;(HCO,); have been suc-
cessfully located by using SCXRD. The occupancy of CH;D
within CH;D-saturated a-Zn;(HCO,), at our experimental load-
ing level was determined to be 0.33 (1.32 molecules per unit
cell), which is slightly higher than that of a-Mg;(HCO,),
(1.0 molecule per unit cell). The CH;D adsorption sites in the
crystal structure of CH;D-saturated a-Zny(HCO,)s are shown in
Figure 1d, and are located in a similar position as those within
a-Mg;(HCO,)e. There are two symmetry-equivalent CH;D ad-
sorption sites. The two symmetry-equivalent methane adsorp-
tion sites are located 5.417 A apart and can be found on oppo-
site sides of the zigzag-shaped channels that run along the
crystallographic b axis (Figure 1e). The ORTEP drawing of the
a-Zn3(HCO,)s structure about the methane adsorption site (Fig-
ure S7 in the Supporting Information) highlights the relatively
large thermal ellipsoid associated with the methane carbon
atom. The large thermal ellipsoid indicates that despite the ob-
servation of a single unique methane adsorption site in this
system, there is a rather large area of similar interaction
strengths present around the adsorption site. In a similar ob-
servation to the a-Mg;(HCO,) system, the thermal ellipsoid of
the methane carbon atom in a-Zn;(HCO,) stretches and points
toward the adjacent symmetry-equivalent methane carbon
atom (Figure S3b in the Supporting Information), implying
that methane rapidly moves between the adjacent adsorption
sites located along the channels.
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The closest framework atom to the position of the adsorbed
CH;D carbon atom is a carbon atom on the formate linker lo-
cated 3.731 A away (Figure 1f). The CH;D carbon atom is also
found 3.753 A away from the oxygen atom of the formate
linker, which is part of the ZnO,4 octahedron with the Zn3 atom
located at the center (Figure 1f), hinting at an interaction be-
tween the formate oxygen atom and the methane molecule.
The aforementioned interatomic distances in a-Zn;(HCO,), are
relatively shorter than the 3.814 A methane carbon atom-
framework oxygen atom and 3.799 A methane carbon atom-
framework carbon atom distances within a-Mg,;(HCO,),, which
is in good agreement with a prior DFT computational study
that indicated that a-Zn;(HCO,)s possesses a higher methane
binding strength versus o-Mg;(HCO,).*> The a-Mg;(HCO,)s
and a-Zn4(HCO,); MOFs feature fully saturated metal centers
and have the same topology as well as organic linker, thus,
any changes in the adsorption strength cannot be directly re-
lated to the nature of the metal center.

DFT geometry optimizations and calculations based on our
SCXRD structure were performed to investigate the methane
adsorption energy. The calculated adsorption energy of meth-
ane within a-Zn;(HCO,), at a loading level of 1.0 methane per
unit cell is —27.9 kimol™' (Table S1 in the Supporting Informa-
tion), which is quite similar to the value of —27.6 kJmol™" pro-
duced by previous DFT calculations.” It is very interesting to
note that the non-dispersive contribution in a-Zn;(HCO,) is
—5.3 kJmol™' (Table S1 in the Supporting Information), which
is only 05kJmol™" stronger than that of 0-Mg;(HCO,)s
(—4.8 kJmol™"), however, the dispersive contribution in a-
Zn,(HCO,)s is —22.6 kimol™', which is 2.3 kimol™" stronger
than that of a-Mg;(HCO,)s (Table S1 in the Supporting Informa-
tion). These values reveal that the stronger methane binding
strength in a-Zns(HCO,), is likely due to increased van der
Waals interactions arising from the smaller pore size. The DFT
geometry optimizations are shown from a long-range perspec-
tive in Figure S8 in the Supporting Information. Our SCXRD
and DFT findings strongly support the notion that the pore
size is the main determinant of the methane adsorption
strength in this formate MOF family. To probe the effects of a
reduced pore size on the methane binding strength, as well as
to verify the presence of a single unique methane adsorption
site, 2H SSNMR experiments were performed on o-Zn;(HCO,)s.

2H SSNMR examination of methane within a-Zn;(HCO,),

Static VT 2H SSNMR experiments on singly-deuterated methane
within a-Zn;(HCO,); at a loading level of 0.1 CH;D per Zn
(1.2 CH;D molecules per unit cell) were performed at tempera-
tures ranging from 123 to 293 K (Figure 3¢). At 293 K, CH;D is
highly mobile within a-Zn;(HCO,); and gives rise to a sharp
resonance, and the 2H SSNMR spectra become steadily broader
as the temperature decreases. At and below 173 K, the spec-
trum exhibits well-defined features and is composed of a
single *H powder pattern, reflecting the presence of a single
crystallographically unique methane adsorption site in o-
Zn;(HCO,)s, which is in excellent agreement with the SCXRD
and DFT results.
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The observed Cy(*H) values of CH,D adsorbed within -
Zn,(HCO,), increase from 500 Hz at 173 K to 920 Hz at 123 K
(Table 1), yet these values are far less than the Co(*H) values of
192 kHz associated with static CH;D. We are again observing a
time-averaged “H SSNMR spectrum involving fast exchange be-
tween isotropically tumbling CH;D and adsorbed CH;D moving
anisotropically. The calculated Co(*H) value for a static methane
molecule at the a-Zn;(HCO,)s methane adsorption site is also
nearly identical to the NMR parameters for a single static CH;D
molecule (Table S2 in the Supporting Information), clearly indi-
cating that time-averaged motional scaling of the QI must be
responsible for the very small observed Co(*H) values. The in-
crease in the observed Cy(*H) values as the temperature is re-
duced reflects a decrease in the time-averaged methane mobi-
lity. The observed 7, values increase from 0.20 to 0.50 as the
temperature decreases from 173 to 123 K.

Much like the case of a-Mg;(HCO,), the H powder patterns
of adsorbed CH;D in a-Zn;(HCO,), are clearly influenced by the
CSA that is not completely removed by methane motion
(Table 1); this is reflected in the apparent span values of
2.0 ppm across the experimental temperature range. Although
the anisotropy of the Ql is largely removed by time-averaged
CH,;D motion at low temperatures, a significant ?H CSA contri-
bution in CH;D remains. This ’H CSA contribution is again at-
tributed to the NICS effect arising from the nearby MOF sur-
face (see above). As the temperature is reduced, methane mol-
ecules remain in fast exchange but spend less time as isotropi-
cally tumbling free guests, and a larger fraction of time as ad-
sorbed species undergoing slightly non-isotropic motions near
the MOF surface and experiencing NICS effects. The net result
is less time-averaged motional scaling of the CSA, making CSA
effects more apparent in the 2H SSNMR spectra of fast-ex-
changing guest methane molecules in a-Zn;(HCO,),.

The VT 2H SSNMR spectral line shapes of CH;D in both a-
Zn;(HCO,)s and a-Mg;(HCO,)s are in the same realm, hinting
that CH;D has comparable mobility and adsorption energies in
both systems. However, the H SSNMR spectra of CH,D in a-
Zn5(HCO,), are broader than those of CH;D in a-Mg;(HCO,)s at
any given temperature, indicating that less of the CSA and Ql
anisotropy is removed, and thus methane is relatively less
mobile and more strongly adsorbed in a-Zn;(HCO,),. This is
supported by the observed NMR parameters given in Table 1:
the methane Co(*H) values are 1-12% higher and the °H span
value is 250% higher in a-Zny(HCO,)s versus a-Mgs;(HCO,),
across the experimental temperature range. Further support
for a decreased methane mobility in a-Zn,;(HCO,); comes from
the DFT-calculated methane isosteric adsorption heats of
—251kImol™" in a-Mg,(HCO,); and —279kimol™ in a-
Zn4(HCO,)s (Table ST in the Supporting Information). The
H SSNMR  findings of stronger methane binding in a-
Zn;(HCO,)s as compared to a-Mg;(HCO,)s are in agreement
with the relatively shorter methane-framework distances in a-
Zn4(HCO,), indicated from our SCXRD and DFT computational
results. The relatively larger magnitude of apparent *H CSA in
0a-Zn3(HCO,)s is likely related to the pore size, because the
pores are slightly smaller in this MOF and thus more methane
guests are proximate to the MOF surfaces and experiencing
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some degree of the NICS effect at any given time. It should
also be noted that the ?H ¢, values decrease for deuterated
methane adsorbed within a-Zn;(HCO,), as the temperature is
reduced (Table 1). This is due to the fact that the time-aver-
aged population of methane molecules adsorbed and located
near the MOF surface increases at lower temperatures. To fur-
ther investigate the behavior of methane adsorbed in small
pore MOFs, the ultra-microporous MOF SIFSIX-3-Zn was exam-
ined.

Methane adsorption and dynamics within SIFSIX-3-Zn

SIFSIX-3-Zn is an ultra-microporous MOF well-suited for the se-
lective adsorption of small gases;?'%* for example, SIFSIX-3-Zn
exhibits selective CO, capture in the presence of water*'?
SIFSIX-3-Zn also has a good methane adsorption capacity at
low pressure (126 mgg~' at 1bar) due to the small pore
size.?'¥ The name “SIFSIX” originates from the presence of pil-
lared SiFs>~ units within the MOF. In SIFSIX-3-Zn, the Zn" center
is saturated and octahedrally coordinated by four N atoms
from four different pyrazine ligands, as well as two F atoms
from two SiFs’>~ ions (Figure 5). The fluorine atoms are axially
coordinated to Zn and the corresponding Zn-Zn axial distance
is 7.6 A, whereas the four pyrazine linkers are equatorially coor-
dinated to Zn, and the Zn-Zn equatorial distance is 7.1 A"
The planes of the pyrazine linkers in SIFSIX-3-Zn are oriented
parallel to the crystallographic ¢ axis, producing square-shaped
MOF channels measuring 3.8 A%'%*! from corner to corner,
which are significantly smaller than the calculated 4.58 and
4.44 AB¥ pore sizes in a-Mg;(HCO,)s and a-Zn(HCO,),, respec-
tively. The very small pore size of SIFSIX-3-Zn bodes well for
methane storage applications: because the interactions be-
tween methane molecules and MOFs are typically van der
Waals (i.e., dispersive) interactions, the methane binding
strength of a MOF should be enhanced as the pore size is re-
duced,*™*? as was observed from DFT calculations and
2H SSNMR experiments in the case of a-Zn,(HCO,)s versus a-
Mg;(HCO,)s (see above). Despite the promising features that
exist within the ultra-microporous SIFSIX-3-Zn for methane ad-
sorption, a detailed study of the corresponding methane ad-
sorption sites has not yet been performed. By using SCXRD,
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DFT calculations, and VT 2H SSNMR experiments, we now ex-
amine the methane adsorption sites and host-guest interac-
tions in SIFSIX-3-Zn.

SCXRD and DFT calculations of SIFSIX-3-Zn loaded with meth-
ane

In order to locate the methane adsorption sites inside the
channels of SIFSIX-3-Zn, SCXRD of SIFSIX-3-Zn saturated with
CH;D was performed at 110K, yielding the crystal structure
shown in Figure 5. When viewing the crystal structure along
the c axis, the carbon atoms of CH;D are located exactly in the
middle of the MOF channels at a distance of 3.504 A from the
closest framework atoms, which are the fluorine atoms of the
SiFs>~ linkers (Figures 5a and b). This suggests that the fluorine
atoms play an important role in the methane adsorption. Dis-
persive interactions in SIFSIX-3-Zn play a dominant role in the
methane adsorption (see below), whereas non-dispersive
mechanisms only play a minor role. The interatomic distances
suggest that the relatively weaker non-dispersive interactions
occur between the partially positive hydrogen atoms of the
methane molecules and the negatively charged fluorine atoms
of the SiF®" linkers. The coordinatively saturated Zn centers
are unable to directly interact with CH;D.

The positions of the methane carbon atoms in SIFSIX-3-Zn
are shown along the crystallographic a axis in Figure 5c. This
perspective clearly illustrates the two symmetry-equivalent ad-
sorption sites per unit cell; however, there is only one crystallo-
graphically unique methane adsorption site. The distance be-
tween the two symmetry-equivalent CH,D adsorption sites is
only 1.944 A, which is much shorter than the approximately
5.4 A distance between adjacent methane adsorption sites in
the MOFs 0-Mg;(HCO,)s and a-Zn;(HCO,). The short distance
between adjacent CH;D adsorption sites in SIFSIX-3-Zn means
they cannot be simultaneously populated in the same unit cell,
which is supported by the 0.38 molecules per unit cell occu-
pancy of the methane carbon atom. The ORTEP diagram of
methane in the asymmetric unit of SIFSIX-3-Zn highlights the
very large thermal ellipsoid of the CH;D carbon atom, along
with its anisotropic elongation along the crystallographic ¢ axis
towards the adjacent adsorption site (Figures S9 and S3c in

(c)

Figure 5. a) Long-range structure of SIFSIX-3-Zn as determined from our SCXRD experiments viewed along the crystallographic ¢ axis, with the carbon atom
positions of adsorbed CH;D within the MOF pores illustrated in purple. b) The purple CH;D carbon atom locations in one cross-section of the SIFSIX-3-Zn crys-
tal structure are shown as viewed along the c axis, where the shortest distance between CH;D carbon atoms and the framework (i.e., the fluorine atoms of
SiFs) was measured as 3.504 A. ¢) Locations of the purple carbon atoms of CH;D in SIFSIX-3-Zn, as viewed along the a axis, with the distance between the
carbon atoms of adjacent adsorbed CH;D molecules indicated as 1.944 A. In this illustration, carbon is colored gray, zinc is blue, silicon is brown, fluorine is
yellow, nitrogen is light pink, and the carbon atoms of adsorbed CH;D within SIFSIX-3-Zn are purple. Detailed information on the DFT optimized methane-
loaded SIFSIX-3-Zn structure can be found in Figure S10 in the Supporting Information.
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the Supporting Information). The large ellipsoid and its shape
confirms that methane is remarkably mobile between the
equivalent adsorption sites, even at 110 K.

The DFT-optimized adsorption site (Figure S10a in the Sup-
porting Information) and the adsorption site determined by
using SCXRD are located 0.98 A apart. Nonetheless, the DFT-
optimized methane adsorption site is located very close to the
methane carbon ellipsoid obtained by using XRD, and these
two complementary techniques generally are in good agree-
ment. The calculated adsorption energy is —33.3 kimol™
(Table S1 in the Supporting Information), which indicates that
SIFSIX-3-Zn has a significantly stronger methane binding
strength over both a-Mg;(HCO,)s and a-Zn;(HCO,),. Based on
DFT optimizations, the methane hydrogen atoms make distant
2.5-3.4 A contacts with the framework fluorine atoms; these
non-dispersive contributions are calculated to contribute only
—0.6 kJmol™' to the guest adsorption (Table S1 in the Support-
ing Information), which indicates that the electrostatic H-F in-
teraction is quite weak. In contrast, the dispersive adsorption
contribution was found to be —32.7 kimol™' (Table S1 in the
Supporting Information), which is a clear indication that the
relatively stronger methane binding strength in SIFSIX-3-Zn
chiefly arises from its remarkably small pore size. In order to
understand the effect of these narrower pores and stronger
host-guest interactions on the local electronic and magnetic
structure of adsorbed methane, static VT ?H SSNMR experi-
ments were performed.

°H SSNMR examination of methane within SIFSIX-3-Zn

The static VT ?H SSNMR spectra obtained at temperatures rang-
ing from 123 to 293 K are shown in Figure 6a. At 293 K, the
spectrum consists of a sharp resonance along with a relatively
broader powder pattern that exhibits some spectral features
(Figure 6a). The sharp narrow resonance corresponds to CH;D
that is isotropically tumbling within SIFSIX-3-Zn, and this signal
decreases in intensity with the temperature until the sharp line
is not visible at or below 213 K. Similar to the case of methane
in a-Mg;(HCO,); and a-Zn;(HCO,),, the broader underlying
time-averaged *H powder pattern arises from CH;D undergo-
ing motional averaging. The observation of a single 2H SSNMR
powder pattern indicates that there is only one
crystallographically unique methane adsorption site in SIFSIX-
3-Zn, which is in good agreement with our SCXRD experiments
and DFT optimizations.

The observed Cy(*H) value of CH;D adsorbed within SIFSIX-3-
Zn is 1520 Hz at 213 K, and this value increases as the temper-
ature decreases, reaching 3700 Hz at 123 K (Table 1). The ob-
served Cy(*H) values associated with CH;D in SIFSIX-3-Zn
remain far less than either the 192 kHz®® value for static meth-
ane or the calculated Cy(*H) value of approximately 190 kHz
for static methane at the geometry-optimized SCXRD adsorp-
tion site (Table S2 in the Supporting Information), indicating
that time-averaged CH;D motion must be removing much of
the QI anisotropy. However, the observed time-averaged mo-
tionally scaled Co(*H) values of methane within SIFSIX-3-Zn are
significantly larger than those of methane within the MOFs a-
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Figure 6. a) Experimental static VT ?H SSNMR spectra of CH;D adsorbed
within SIFSIX-3-Zn. b) Comparison of the experimental (blue) and simulated
(red) low-temperature *H SSNMR spectra of CH;D in SIFSIX-3-Zn. The asterisk
in a) denotes the sharp central *H resonance arising from non-adsorbed
CH;D undergoing rapid isotropic tumbling.

Mg;(HCO,)s and a-Zns(HCO,)s at any given temperature, indi-
cating that there is a larger fraction of methane molecules un-
dergoing non-isotropic motion, and thus, there are stronger
host-guest interactions within SIFSIX-3-Zn. This SSNMR spec-
troscopy-based conclusion is strongly supported by the rela-
tively larger calculated adsorption energy of methane in
SIFSIX-3-Zn versus a-Mg;(HCO,); and a-Zn;(HCO,), (see above,
Table S1 in the Supporting Information). The 2H SSNMR spectra
and DFT calculations of these three MOFs reveal a clear link be-
tween increased CH;D Cy(*H) values and a reduced methane
mobility.

Even with the increased QI and relatively broader time-aver-
aged ?H SSNMR powder patterns of CH;D in SIFSIX-3-Zn, the
spectral line shape is significantly influenced by the CSA. The
observed Q value is 2.5 ppm at all temperatures, which is
larger than the 2.0 and 0.8 ppm values in a-Zn;(HCO,); and a-
Mg;(HCO,)s, respectively. Much like the case of the Cy(°H)
values, it appears that larger Q values are linked to smaller
pore sizes and stronger methane binding in these three MOFs.
We believe that this elevated span value arises from a relatively
larger NICS effect; stronger host-guest interactions cause a sig-
nificantly larger fraction of methane molecules to be adsorbed
near the SIFSIX-3-Zn surface and thus, subject to the NICS at
any given time. The ?H ¢, value of CH;D adsorbed in SIFSIX-3-
Zn is —2.0 ppm at temperatures ranging from 213 to 123K
(Table 1), which is much larger in magnitude than the —0.2 to
—0.7 ppm values observed for CH;D in a-Zns(HCO,); and a-
Mg;(HCO,),, respectively. The larger magnitude of the observed
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Jis, Value again indicates a stronger NICS effect on methane in
SIFSIX-3-Zn.

The 5 parameter denotes the angle between the V,; compo-
nent of the 2H EFG tensor and the d;; component of the 2H CS
tensor. Interestingly, the observed f value for adsorbed CH;D
is 80° in SIFSIX-3-Zn, but it is 0° in a-Mg,;(HCO,)s and a-
Zn5(HCO,)s. DFT calculations for all four *H positions on ad-
sorbed methane in a-Mg;(HCO,); and a-Zn;(HCO,),, along with
three of four *H positions for adsorbed methane in SIFSIX-3-Zn,
predict S values close to 0° (Table S2 in the Supporting Infor-
mation). Thus, it appears that the *H V,; and/or d3; tensor com-
ponents have been reoriented for CH;D adsorbed in SIFSIX-3-
Zn. For terminally bound ?H atoms, it is known that the Vi,
component of the EFG tensor is almost always located along
the direction of the single chemical bond, and there are no in-
dications from SCXRD or DFT that significant hydrogen-bond-
ing interactions or additional chemical bonds involving meth-
ane H/D atoms that may reorient the V;; component are pres-
ent within the SIFSIX-3-Zn framework. Thus, the most likely
scenario is that the d,; component of the CS tensor has been
reoriented to produce the observed 8 value of 80°. Based on
the relatively strong NICS influence on the *H CSA parameters
in SIFSIX-3-Zn, we suggest that the NICS may also be responsi-
ble for the change in the f value: the NICS significantly alters
the ?H CS tensor orientation of deuterium atoms on adsorbed
methane molecules located close to the internal surfaces of
SIFSIX-3-Zn, rendering the CH;D *H CS and EFG tensors nearly
perpendicular rather than coincident.

SIFSIX-3-Zn, a-Mg;(HCO,),, and a-Zn;(HCO,), all feature satu-
rated metal centers that cannot directly interact with methane
guests. However, in many MOFs, the presence of a coordina-
tively unsaturated open metal site (OMS) facilitates guest gas
adsorption and can boost the total adsorption capacity. In
order to investigate the influence of OMSs on the methane ad-
sorption and the H SSNMR spectra, the framework M-MOF-74
was examined.

2H SSNMR of methane adsorbed within M-MOF-74

M-MOF-74 (M=Mg, Zn, Ni, Co) is a MOF consisting of metal
centers joined by 2,5-dioxido-1,4-benzenedicarboxylate
(dobdc) linkers, forming a framework that features hexagonal
or honeycomb-shaped channels that have metal centers at
each vertex with a metal-metal distance of approximately
9 A?'*1 |n the as-made version of MOF-74, each metal center
is connected to five oxygen atoms from four dobdc linkers and
a sixth oxygen atom from a solvent molecule originating from
the synthesis, such as tetrahydrofuran. The coordinated solvent
molecules can then be removed through activation (i.e., heat-
ing and vacuum) to create coordinatively unsaturated OMSs,
which are accessible to guests within the pores and thus act
as the adsorption sites for guest gases, such as methane.?”!
The nature of the metal center influences the methane binding
strength, which has been found to follow the order Ni>Co>
Mg > Zn.*12248 |5 M-MOF-74, the adsorbed methane molecule
is located near the OMS (i.e., adjacent to the base of the MO;
square pyramid) in order to maximize the host-guest interac-
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tions."*! Although the locations of adsorbed methane in these
systems are known,"'*! the host-guest interactions between
methane and M-MOF-74 have not yet been explored using
SSNMR methods.

The VT ?H SSNMR spectra of CH;D within the diamagnetic
Mg-MOF-74 are shown in Figure 7. At 293K, only a single
sharp, narrow resonance corresponding to highly mobile, iso-
tropically tumbling CH;D is observed. The H SSNMR resonance

(a)
293K
143K
253K
213K _/k
138K
173 K
153 K
133K
143 K
iﬂJL
128K
133K

128K
123K
123K

15 1.0 0.5 0 -05 -1.0 -15 kHz is 1.0 05 0 0.5 -1.0 -15 kHz

(b)

1

fit

Figure 7. a) Experimental static VT ?H SSNMR spectra of CH;D adsorbed in
Mg-MOF-74. b) Comparison of the experimental (blue) and simulated (red)
low-temperature H SSNMR spectra.

grows gradually broader as the temperature decreases, reflect-
ing a reduction in the time-averaged CH;D dynamics. A well-
defined and relatively broader *H powder pattern indicative of
adsorbed methane is only observed at and below 143 K, which
is a lower temperature compared with the other MOFs within
this study; this finding suggests that Mg-MOF-74 has a weaker
methane binding strength than a-Mg;(HCO,)s, a-Zn;(HCO,),,
and SIFSIX-3-Zn (see below).

The observed *H NMR parameters for methane adsorbed in
Mg-MOF-74 at and below 143 K are listed in Table 1. The ob-
served Co(*H) values are relatively small and increase from
420 Hz at 143K to 620 Hz at 123 K. Because these Cy(*H)
values are much less than the known static value of 192 kHz, it
is again apparent that we are observing a time-averaged
’H SSNMR spectrum arising from CH;D tumbling in the pore
undergoing a fast exchange with CH;D interacting with the
surface in M-MOF-74. The observed Cy(*H) values are lower
than those of a-Mg,;(HCO,),, a-Zn;(HCO,),, and SIFSIX-3-Zn at
any given temperature, strongly suggesting that Mg-MOF-74
has the weakest methane binding strength of the four. This
observation is in good agreement with a previous study that
indicated that Mg-MOF-74 has a isosteric heat of methane
adsorption of —18.5 kimol~","*! which is significantly lower
than that of a-Mg;(HCO,)s (—25.1kJmol™"), 0a-Zns(HCO,)s
(—27.9 kJmol™), and SIFSIX-3-Zn (—33.3 kJmol™") calculated in
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this work (Table S1 in the Supporting Information). These data
again suggest that increased Co(°H) values can be linked to a
decreased methane mobility in these MOFs. The *H powder
patterns are distorted from purely Ql-dominated line shapes
due to the presence of CSA that is not wholly removed by
rapid guest motion (Table 1). Much like the previously dis-
cussed a-Mg;(HCO,),, a-Zn;(HCO,),, and SIFSIX-3-Zn, there ap-
pears to be an observable NICS contribution to the 2H CSA of
methane in Mg-MOF-74, as evidenced by the negative *H &,
value of —0.8 ppm and the ?H span value of 2.0 ppm through-
out the experimental temperature range.

The VT ?H SSNMR spectra of CH;D adsorbed within Zn-MOF-
74 were also obtained, and the low-temperature spectra are
shown in Figure 8a. Throughout the temperature range, the
’H SSNMR spectrum features only a single sharp resonance,
corresponding to highly mobile and isotropically tumbling
CHs;D molecules. This observation is surprising, given that the
methane binding strength in Zn-MOF-74 (isosteric heat of ad-
sorption: —18.3 kJmol™) is very similar to that of Mg-MOF-74
(isosteric heat of adsorption: —18.5 kJmol')."* This is an ap-
parent exception to the link we have observed between
higher Co(*H) values (i.e., broader powder patterns), increased
isosteric heats of adsorption, and reduced methane mobility
for all other MOFs up to this point. A possible explanation
comes from the calculated binding energy of methane on the
Zn’*t OMSs at 0K of 29.7 kimol™', which is 4.1 kJmol™" lower
than that on Mg?* OMSs;""! this difference may lead to in-
creased methane mobility and explain why a featureless *H res-
onance was observed in CH;D-loaded Zn-MOF-74. Another
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possible reason for the differences in the binding strength be-
tween Mg-MOF-74 and Zn-MOF-74 is the relatively stronger re-
pulsive interaction between the Zn-MOF-74 framework and
methane, which leads to a weaker methane binding strength
in Zn-MOF-74.19

Ni-MOF-74 (isosteric heat of adsorption: —20.2 kimol™") and
Co-MOF-74 (isosteric heat of adsorption: —19.6 kJmol™") exhib-
it stronger methane binding strengths versus Mg-MOF-74 and
Zn-MOF-74;"?"! however, the paramagnetic Ni** and Co** cen-
ters in MOF-74 present a unique challenge for *H SSNMR ex-
periments. When a CH,D guest is proximate to these paramag-
netic metal centers, the large magnetic moment of the un-
paired electrons in Ni** and Co®" couples with the ?H nucleus
in CH;D, resulting in spectral broadening and unusual chemical
shifts. The VT 2H SSNMR spectra of CH;D adsorbed within Ni-
MOF-74 and Co-MOF-74 are shown in Figures 8b and c. At
373 K, the 2H SSNMR spectra of adsorbed CH;D within Ni-MOF-
74 and Co-MOF-74 exhibit a single resonance with a full width
at half height (FWHH) of 3.3 and 12.2 kHz, respectively. This
pronounced spectral broadening confirms that CH;D is located
close to the paramagnetic open metal sites (i.e., CH;D is proxi-
mate to or physically adsorbed on the OMS). The broad *H res-
onance in Ni-MOF-74 and Co-MOF-74 increases in width as the
temperature is reduced, and the resonances are gradually shift-
ed to higher and lower frequencies, respectively. The increases
in the resonance width and the magnitude of frequency shifts
are indicative of increasingly stronger interactions between the
CH;D guests and the paramagnetic OMSs as the temperature
is reduced; this agrees with the common observation of an in-

(a) Zn-MOF-74 (b) Ni-MOF-74 (c) Co-MOF-74
373K AA 373K
173K
k 333K 333K
153K
293K A 293K
253 K /\ 253K
i . " b
213 K 213K
P " Aot
133K /\
173K 173K
e L g 1 AT
. o e Al r 'F| vy -|
133K 133K
123K l o /\ " o wh_a/\w“
' 0‘5 E) r(‘)AS klilz ' 1.;70 1(‘]0 SEJ G -5‘0 -1‘00 -1‘50 71IOO 150 kHZ

Figure 8. Experimental static VT ?H SSNMR spectra of CH;D adsorbed within a) Zn-MOF-74, b) Ni-MOF-74, and c) Co-MOF-74 at a loading level of 0.2 CH;D per
metal center. Note the difference in the x-axis scale between a), b), and c). The spectral broadening and apparent change in the isotropic chemical shifts ob-
served in Ni-MOF-74 and Co-MOF-74 are due to the presence of paramagnetic metal centers and the corresponding coupling between the paramagnetic
metal center and the deuterium nucleus in CH;D. In Ni-MOF-74, the most intense point of the ?H resonance shifts from —1.4 kHz at 373 K to 12.0 kHz at

133 K, for a total frequency shift of approximately 13.5 kHz. In Co-MOF-74, the position of the most intense point of the ?H resonance shifts from —4.7 kHz at

373 K to —26.3 kHz at 133 K, for a total frequency shift of about 22 kHz.
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creased methane localization on the adsorption site as the
temperature is reduced for all other MOFs within this study. It
is very interesting to note that even though Ni-MOF-74 has a
stronger methane binding strength than Co-MOF-74,"?"! the 2H
resonance width of CH;D within Ni-MOF-74 is narrower than
that of CH;D within Co-MOF-74 at any given temperature (Fig-
ure 8b and ¢), despite the differences in the methane-metal
proximity. It appears that the paramagnetic interaction has a
more pronounced impact on the H SSNMR spectrum of CH;D
in Co-MOF-74 versus that of CH;D within Ni-MOF-74, which is
logical given that Co exhibits a magnetic moment larger than
that of Ni in the MOF-74 system.®”

Comparison of the 2H SSNMR spectra of CH,D, CH,D,, and
cD,

The VT ?H SSNMR spectra of CH,D, and CD, adsorbed in a-
Mg;(HCO,)s (Figures S11a and b in the Supporting Informa-
tion), a-Zn;(HCO,), (Figure S11 ¢ and d in the Supporting Infor-
mation), and Mg-MOF-74 (Figure S13 in the Supporting Infor-
mation), along with those of CH,D, adsorbed in SIFSIX-3-Zn
(Figure S12 in the Supporting Information) were also acquired
to investigate the effect of different deuteration patterns on
the host-guest interactions, the ?H SSNMR spectra, and the as-
sociated H NMR parameters (Table S4 in the Supporting Infor-
mation) within these MOFs. A stacked illustration of the CH;D,
CH,D,, and CD, ?H SSNMR spectra is provided in Figure S14 in
the Supporting Information. Each deuteration pattern pro-
duced a unique *H spectrum; there is a more detailed discus-
sion of this data within the Supporting Information.

Conclusions

The combination of SCXRD, DFT calculations, and 2H SSNMR ex-
periments has revealed rich insights regarding the methane
adsorption and mobility in metal-organic frameworks o-
Mg5(HCO,), a-Zn5(HCO,)e, SIFSIX-3-Zn, and MOF-74.

SCXRD experiments were able to unambiguously locate the
single crystallographically unique methane adsorption site
within a-Mg;(HCO,),, a-Zn;(HCO,)s, and SIFSIX-3-Zn at these
guest loading levels. In a-Mg;(HCO,)s and a-Zn4(HCO,),, the ad-
sorption site is located proximate to a carbon and an oxygen
atom of the formate linkers, whereas in SIFSIX-3-Zn, the ad-
sorbed methane molecules are positioned in the center of the
channel. In all MOFs, the thermal ellipsoid of the methane
carbon atom is quite large, reflecting a high degree of meth-
ane mobility. DFT calculations produced the geometry-opti-
mized position of methane in these MOF structures, which
were found to be in good agreement with the SCXRD experi-
mental results. The calculations indicate that the methane ad-
sorption is driven mainly by dispersive forces within these
MOFs, which were found to be inversely related to the pore
size. The calculated total adsorption energies follow the order
SIFSIX-3-Zn (—33.3 kimol™") > a-Zn;(HCO,)s (—27.9 kimol™") >
0-Mg5(HCO,)s (—25.1 kimol ™).

Static VT ?H SSNMR experiments of singly deuterated CH,D
guests confirmed that only one crystallographically unique
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methane adsorption site exists in each MOF at the experimen-
tal guest loading levels. The 2H SSNMR spectral appearance
originates from the time-averaged combination of two meth-
ane species in fast exchange, that is, methane isotropically
tumbling in the MOF pores, and adsorbed methane moving in
a anisotropic manner as it interacts with the MOF surface. The
’H SSNMR spectral appearance of CH;D in these MOFs is pri-
marily determined by the *H QI, which is significantly reduced
by the methane motion. Increases in the observed Cy(*H)
values are strongly correlated to increases in the methane
binding strength within all four MOFs studied. Interestingly,
the 2H CSA is not completely eliminated by motional averaging
as expected. Instead, the CSA actually makes a significant con-
tribution to the ?H spectral appearance; we propose that the
NICS effect in guest-loaded MOFs re-introduces an observable
amount of *H CSA to the adsorbed methane molecules located
near the MOF surface. The methane binding strength is linked
to the magnitude of the NICS effect. ?H SSNMR experiments of
CH;D adsorbed at the OMSs in Mg-MOF-74 and Zn-MOF-74
confirm that Mg-MOF-74 has a stronger methane binding abili-
ty than Zn-MOF-74. For CH;D adsorbed in Co-MOF-74 and Ni-
MOF-74, the ?H SSNMR spectra are broadened by interactions
between the paramagnetic metal centers and the methane
deuterium nuclei, with NMR parameters unavailable from the
broad, featureless spectra.

This work illustrates how large amounts of high-quality data
regarding methane adsorption sites, host—guest interactions,
guest mobility, and guest deuteration can be obtained when
using a combination of SCXRD, DFT, and SSNMR methods. By
employing this characterization strategy, methane adsorption
may now be extensively investigated within other MOFs and
porous materials, and the knowledge obtained from this inves-
tigative approach should prove very helpful for the develop-
ment of novel MOFs and porous materials for methane adsorp-
tion.
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