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Record greenhouse gas emissions have spurred the search for clean

energy sources such as hydrogen (H2) fuel cells. Metal–organic

frameworks (MOFs) are promising H2 adsorption and storage media,

but knowledge of H2 dynamics and adsorption strengths in these

materials is lacking. Variable-temperature (VT) 2H solid-state NMR

(SSNMR) experiments targeting 2H2 gas (i.e., D2) shed light on D2

adsorption and dynamics within six representative MOFs: UiO-66,

M-MOF-74 (M = Zn, Mg, Ni), and a-M3(COOH)6 (M = Mg, Zn). D2 binding

is relatively strong in Mg-MOF-74, Ni-MOF-74, a-Mg3(COOH)6, and

a-Zn3(COOH)6, giving rise to broad 2H SSNMR powder patterns.

In contrast, D2 adsorption is weaker in UiO-66 and Zn-MOF-74, as

evidenced by the narrow 2H resonances that correspond to rapid

reorientation of the D2 molecules. Employing 2H SSNMR experi-

ments in this fashion holds great promise for the correlation of MOF

structural features and functional groups/metal centers to H2

dynamics and host–guest interactions.

Carbon dioxide (CO2) is associated with the greenhouse effect and
global warming. H2 fuel cells and other ‘‘greener’’ solutions are the
future energy sources for automobiles, however, many proposals for
H2 storage involve tanks for compressed H2,1 which is flammable
and explosive. Safer alternatives for H2 storage, such as crystalline
materials,1,2 are desired. Metal–organic frameworks (MOFs) are
ordered three-dimensional structures consisting of metal centers
or metal–inorganic units joined by organic linkers. By varying the
MOF topology, metal center, and linkers,3 tailored large surface
areas and guest binding strengths are possible. Several MOFs have
shown H2 adsorption and storage capabilities,4 including UiO-66,5,6

MOF-74,7 a-Mg3(COOH)6,8 and a-Zn3(COOH)6.9

X-ray diffraction is widely used to investigate gas adsorption
in MOFs but cannot reliably locate H2. Neutron diffraction can

find H2 but little motional details can be obtained. Adsorption
isotherms provide H2 capacity yet yield little positional or
dynamic data. IR spectroscopy may indicate H2 adsorption and
binding sites, but H2 motion remains unknown. Computational
methods can estimate H2 location and dynamics, yet demand
experimental verification. In order to (i) move MOFs toward
practical incorporation as H2 storage media, and (ii) enhance H2

capacity in future MOFs, knowledge of the dynamic behavior of H2

in today’s MOFs is critical. SSNMR is a sensitive probe of the local
nuclear electronic and magnetic environment, and provides rich
information on MOFs from the perspective of the metals,10 organic
linkers,11 guest molecules,12 and dynamic components.13,14 NMR
interactions are generally anisotropic (directionally-dependent)
with respect to the magnetic field and are influenced by dynamics
in a predictable manner; rich motional information can be extracted
from spectral simulations.15

When dynamics are of interest in NMR, the 2H isotope is
preferred over 1H. 2H has a spin of 1 and is subject to the
anisotropic quadrupolar interaction (QI) between the nuclear
quadrupole moment and surrounding electric field gradients
(EFGs). Any motion that reorients the 2H EFG tensor influences
the QI; since the 2H SSNMR spectrum is dominated by the QI,
2H SSNMR is a powerful probe of guest dynamics. 1H is a spin-
1/2 nucleus that suffers from very strong 1H–1H homonuclear
dipolar coupling in solids, resulting in broad 1H SSNMR
spectra that rarely yield useful information. 2H SSNMR has
proven to be an effective tool for studying the binding in metal–
dihydrogen complexes,16–18 and has been successfully used to
probe D2 mobility within a Ru-modified MOF.19 Wright et al. have
shown that 2H SSNMR provides rich information on the dynamics
of deuterated linkers and guests in MOFs and microporous
materials.20–24 Herein, we use VT 2H SSNMR to probe H2 adsorption
in a series of different MOFs, studying the significant differences
in D2 adsorption behavior and dynamics within UiO-66, M-MOF-74
(M = Zn, Mg, Ni), and a-M3(COOH)6 (M = Mg, Zn).

UiO-666 is a three-dimensional MOF composed of Zr6O4(OH)4

units and 1,4-benzenedicarboxylate (BDC) linkers, with large octa-
hedral and tetrahedral cages with pore sizes ca. 11 Å and 8 Å,
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respectively (Fig. S1, ESI†). VT 2H SSNMR spectra of D2 in UiO-66
(Fig. S2, ESI†) feature a narrow resonance from 293 K to 133 K with
a full width at half height (FWHH) of 45 Hz throughout. Although
D2 is adsorbed in UiO-66, the large pores permit rapid diffusion of
D2 guests through the MOF void space,5 eliminating the spectral
broadening effects of the QI and giving rise to a sharp, motionally-
averaged 2H resonance. The narrow lineshape indicates that any
localized MOF–D2 interactions are relatively weak and easily over-
come by diffusion. The tetrahedral and octahedral pore geometries
may also contribute to the observed narrow resonance.

M-MOF-74 (M = metal) is composed of metal centers connected
by 2,5-dioxido-1,4-benzenedicarboxylate (dobdc) linkers that form
honeycomb-shaped channels ca. 11 Å wide with metal centers
at each vertex (Fig. S3, ESI†). Each metal center is connected to
five oxygen atoms from four linkers in the as-made MOF, along
with a sixth oxygen from a water molecule that can be removed via
activation. The resulting coordinatively-unsaturated open metal site
(OMS) strongly encourages adsorption of H2.7,25 The nature of the
metal center influences H2 binding affinity, which increases in the
order Zn o Mg o Ni.7 The 2H SSNMR spectrum of D2 in Zn-MOF-74
features a narrow resonance of 80 Hz FWHH at 293 K (Fig. 1(a)),
implying that D2 undergoes rapid isotropic reorientation in the
MOF. The FWHH increases to 120 Hz at 213 K and 1920 Hz at 133 K.
At lower temperatures, D2 motion is reduced, leading to a large
increase in FWHH. The 2H resonance widths in Zn-MOF-74 are
much larger than in UiO-66 at all temperatures, indicating that D2

is considerably less mobile in Zn-MOF-74 due to metal–H2 inter-
actions; however, the lack of spectral features at 133 K confirms
that D2 dynamics remain rapid, and efficient H2 diffusion path-
ways in the MOF-74 family are known to exist.26

Mg-MOF-74 has a higher affinity for H2/D2 and yields the VT
SSNMR spectra in Fig. 1(b). The narrow resonance at 293 K corre-
sponds to highly mobile D2 gas, while emerging broad spectral
features at 173 K indicate the onset of significant D2 adsorption.

At 153 K, adsorbed D2 gives rise to two broad 2H powder
patterns along with a narrow central resonance from free D2

in the center of the pores. The wide 2H lineshapes at 133 K
are intense, well-defined, and associated with most of the D2 in
Mg-MOF-74 (Fig. 1(c)). By comparing the 2H quadrupolar
coupling constant (CQ) of gaseous D2 (225 kHz27) to the apparent
CQs of D2 in Mg-MOF-74 (Table S1, ESI†), D2 dynamic information
can be extracted.18 Observed CQ(2H) values in Mg-MOF-74 are far
less than 225 kHz, and are also smaller than the CQ(2H) range
of ca. 30–120 kHz associated with Z2 bonding between a metal
and D2 in metal–dihydrogen complexes,18,28–30 implying that fast
D2 motion exists here and that the metal–D2 interactions in
Mg-MOF-74 are weaker than the bonding in metal–dihydrogen
complexes. It should be noted that at the experimental tempera-
tures and magnitudes of quadrupolar coupling in this study, any
spectral effects arising from D2 rotational tunneling are expected
to be negligible.31,32

The same two powder patterns and NMR parameters persist,
along with the sharp component, when the loading level is
halved to 0.1 D2/Mg (Fig. S4 and S5, Table S2, ESI†). The two
broad 2H powder patterns of D2 in Mg-MOF-74 reveal that there
are two similar, but nonequivalent D2 molecules (D2(1) and
D2(2)) adsorbed on two different OMSs, as indicated by their QI
parameters and D2 motions (see Appendix A in the ESI†), while
the narrow third resonance indicates that highly mobile D2 is also
present. Previous studies have suggested that there may be two
very similar H2 adsorption sites of nearly identical adsorption
enthalpy localized on the OMS near our experimental loading
levels with slightly different interaction geometries.33,34 There are
6 OMSs located near the same cross-sectional plane per channel
(Fig. 2(b)). At a low loading level of 0.1 D2/metal, on average, there
is less than one D2 guest per channel cross-section. Thus, it is
reasonable to assume that no two D2 molecules are adsorbed
simultaneously on the same OMS at any given time. It is likely that
each channel cross-section contains only 1 D2 molecule that is
in rapid exchange among the 6 sites (vide infra). Based on the intensity
ratios in Table S1 (ESI†), ca. 59% of the channel cross-sections

Fig. 1 The experimental static VT 2H SSNMR spectra of adsorbed D2

within (a) Zn-MOF-74, (b and c) Mg-MOF-74, and (d) Ni-MOF-74 are
depicted. Experimental (blue) and simulated (red) 2H SSNMR spectra in
Mg-MOF-74 at low temperatures are shown in (c). The sharp resonance at
ca. 0 kHz in all spectra at high temperatures corresponds to mobile or very
weakly adsorbed D2; this resonance is broadened in (d) due to the
influence of the paramagnetic Ni metal center.

Fig. 2 The localized C6 rotation, or wobbling, of D2 molecules adsorbed
on the OMS is shown in (a). The black line represents the metal–D2 vector;
the cone of D2 wobbling movement traces out an angle a about the
wobbling axis. A schematic of D2 hopping in MOF-74 is shown in (b). The
combination of wobbling (C6 rotation, a) and six-site hopping (C6 rotation, b)
of D2 molecules in MOF-74 is shown in (c), where the wobbling axis makes an
angle b with respect to the hopping axis. The colors red, grey, blue and cyan
correspond to oxygen, carbon, deuterium and the metal center, respectively.
Our data indicate that there are two very similar D2 adsorption sites on the
OMS, giving rise to two separate 2H SSNMR powder patterns.
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are populated by D2(1) and 41% of the channel cross-sections
are occupied by D2(2).

Using the known 2H QI parameters of D2 gas (CQ(2H) = 225 kHz,
ZQ = 0),27 simulations15 of motionally-averaged 2H spectra (Fig. S6,
ESI†) reveal that common D2 dynamics exist at the two similar
adsorption sites on the OMS in Mg-MOF-74 (Fig. 2 and Table S3,
ESI†). D2 undergoes a local rotation or ‘‘wobbling’’ modeled by a
sixfold rotation about the minimum energy configuration with
respect to the OMS (Fig. 2(a)), as well as a non-localized six-site
hopping along the pore edge (Fig. 2(b)). The combined motional
model is shown in Fig. 2(c). The wobbling describes a rotation of
the D–D bond about the axis passing through the OMS (Fig. 2(a)),
as defined by angle a. It is likely that the wobbling rotation
represents a model for some kind of rotational diffusion on the
OMS. The hopping occurs between six nearly coplanar OMSs,
where three reside in one plane, and the other three OMSs are
in a very proximate plane slightly offset along the longitudinal
direction of the channel. It should be noted that since the
wobbling and hopping motional rates are in the fast exchange
limit, there are an infinite number of Cn (n Z 3) jumping
motions that could lead to the observed powder patterns. The
dynamic behavior of D2 at both adsorption sites is strikingly
similar, supporting the notion of two H2 adsorption sites of
nearly identical interaction geometry and enthalpy on the OMS:
each has D2 wobbling angles increasing from ca. 741 at 293 K
to 821 at 133 K, along with constant hopping angles of ca. 601
(Table S3, ESI†). The larger wobbling angle at low temperatures
enhances the interaction of D2 with the Mg site. It should also
be noted that simulation of fast-exchange SSNMR spectra can
sometimes lead to more than one motional model. However,
we were unable to simulate the split ‘‘horns’’ or characteristic
‘‘shoulders’’ of the low-temperature spectra using a single adsorp-
tion site with any type of possible motions (Appendix A). These
results also suggest that there does not seem to be significant
exchange of D2 between the two adsorption sites; increasing the
possibility that the sites are somehow segregated or correspond
to slightly different types of OMSs in separate MOF channels.
The calculated H2 position in Co-MOF-7435 strongly agrees with
the orientations in our motional model, while the types of D2

dynamics resemble those of CO2 and CO in MOF-74.36–38 To
confirm at low temperatures that the D2 motional rate remains
in the fast (i.e., Z107 Hz) and not in the intermediate regime,
quadrupolar echo experiments with different inter-pulse delays
were performed, resulting in unchanged spectra (Fig. S7 and S8,
Table S4, ESI†).

Ni-MOF-74 has a stronger H2/D2 binding affinity.7 Unlike
diamagnetic Zn2+ and Mg2+, Ni2+ is paramagnetic in this MOF. The
2H magnetic dipole couples with those of proximate unpaired
electrons, resulting in spectral broadening and unusual chemical
shifts when D2 is near Ni2+. VT 2H SSNMR spectra of D2 in Ni-MOF-74
(Fig. 2(d)) at room temperature reveal that D2 is mobile and/or rapidly
exchanges with adsorbed D2. The broad 1.2 kHz FWHH confirms the
proximity of D2 to Ni2+. At 273 K, a second, broader resonance
emerges at 140 ppm, corresponding to D2 adsorbed on the
OMS. At 213 K, the broad resonance is at 375 ppm and is the
dominant feature. The broad resonance increases in frequency,

width, and relative intensity as temperature is reduced; the narrower
resonance at lower frequency vanishes at 173 K, implying that most
D2 is adsorbed. At 133 K a broad, featureless 2H resonance of FWHH
30 kHz centered at about 1550 ppm is evident, confirming that
a majority of D2 is adsorbed onto the OMS. The featureless
nature of these resonances prohibits detailed analysis.39

a-Mg3(COOH)6 and a-Zn3(COOH)6 are porous MOFs8,9,40 with
one-dimensional zig-zag channels of small ca. 4–5 Å diameter (Fig.
S9, ESI†). The 2H spectrum of D2 in a-Mg3(COOH)6 at 293 K
features a narrow resonance of 375 Hz FWHH (Fig. S10(a), ESI†)
arising from mobile D2, flanked by a less intense powder pattern
40 kHz broad at 193 K from adsorbed D2, in agreement with
adsorption isotherms.8,40 At 133 K the broad powder patterns are of
higher S/N, reflecting increased D2 adsorption in a-Mg3(COOH)6,
and are convoluted with a broad distribution of intensity possibly
from disordered D2; other small guests such as ethanol and
methanol are also disordered in this MOF.40 The 2H SSNMR
spectra of D2 in a-Zn3(COOH)6 are of similar lineshape and
breadth (Fig. S10(b), ESI†), implying that both MOFs have
similar H2 adsorption strengths. The intense narrow resonance
persists at lower temperatures in a-Zn3(COOH)6, indicating that
there is more mobile H2 in a-Zn3(COOH)6 at all temperatures. The
complicated powder patterns are clear evidence of multiple D2

adsorption sites within both a-Mg3(COOH)6 and a-Zn3(COOH)6.
At 0.1 D2/metal loading, in addition to free gas, 2H spectra may be
simulated using three and two adsorption sites in a-Mg3(COOH)6

and a-Zn3(COOH)6, respectively. In strong agreement with our
experimental observations is a very recent study that has located
three main H2 adsorption sites in a-Mg3(COOH)6.41

The 2H spectrum of a-Zn3(COOH)6 is less ambiguous, of higher
resolution, and is more straightforward to simulate (Fig. S10(c),
Tables S3 and S5, ESI†). The well-defined 2H SSNMR spectra
of D2 in a-Zn3(COOH)6 yield relatively high ZQ values along with
CQ values ca. 5–10 kHz greater than those of D2 in Mg-MOF-74
at all equivalent temperatures, reflecting reduced D2 mobility
and perhaps a stronger D2-MOF interaction in a-Zn3(COOH)6. In
contrast, the very complicated 2H spectra of a-Mg3(COOH)6 permit
only a preliminary motional simulation at this time (Fig. S11,
ESI†). A combined wobbling and hopping of D2 occurs at all
adsorption sites in both systems. D2 hops between two adsorption
sites in a-Zn3(COOH)6, reminiscent of the twofold hopping by CO2

guests in the a-M3(COOH)6 MOF.42 It is notable that the changes
in D2 motional angles within Zn are not very pronounced across
the experimental temperature range (Table S3, ESI†). At this point,
the nature of the adsorption sites is unclear from SSNMR experi-
ments. We are currently performing more detailed studies in
order to extract detailed D2 motional and adsorption information
from both a-M3(COOH)6 MOFs.

2H SSNMR spectroscopy has revealed unique insights into
H2 dynamics and adsorption locations within these six MOFs;
this information is unavailable or very difficult to obtain using
traditional MOF characterization methods such as adsorption
isotherms and X-ray diffraction. Complementary methods such as
neutron diffraction, inelastic neutron scattering, and VT infrared
spectroscopy are necessary to locate adsorption locations, but
yield limited motional data. Variation of the MOF topology,
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metal center, and linker gives rise to very different D2 dynamic
behaviors and adsorption strengths. Further studies employing
lower temperatures (i.e., o100 K) are necessary to reduce H2

mobility and obtain richer dynamic knowledge in these systems,
however, these experiments are not yet possible with the equipment
available to us. We have used relatively low levels of D2 loading to
simplify these systems for spectral simulations; the next step is to
explore higher D2 loading levels in order to understand the implica-
tions for H2 motion in a practical hydrogen storage setting. The
comprehensive molecular-level knowledge of H2 dynamics and
adsorption in MOFs available from 2H SSNMR spectroscopy will
undoubtedly assist in establishing clear links between H2 dynamics
and high-capacity H2 storage in porous materials, with clear applica-
tions in green energy solutions.

Y. H. thanks the Natural Science and Engineering Research
Council (NSERC) of Canada for a Discovery grant and a Discovery
Accelerator Supplements Award. We also thank an anonymous
Reviewer for the helpful input and suggestions.
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