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Quasi-Free Methyl Rotation in Zeolitic Imidazolate Framework-8
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Using neutron inelastic scattering and diffraction, we have studied the quantum methyl rotation in zeolitic
imidazolate framework-8 (ZIF-8: Zn(MeIM),, MeIM = 2-methylimidazolate). The rotational potential for
the CH; groups in ZIF-8 is shown to be primarily 3-fold in character. The ground-state tunneling transitions
at 1.4 K of 334 & 1 ueV for CH; groups in hydrogenated ZIF-8 (H-ZIF-8) and 33 £ 1 ueV for CD; groups
in deuterated ZIF-8 (D-ZIF-8) indicate that the barrier to internal rotation is small compared to almost all
methylated compounds in the solid state and that methyl—methyl coupling is negligible. A 2.7 &= 0.1 meV
scattering peak assigned to the ground-state to first-excited-state, hindered rotational transition for H-ZIF-8,
combined with a ~3 meV activation energy for methyl-group 3-fold jump reorientation estimated by quasi-
elastic neutron scattering, suggests a very low methyl rotational barrier of ~7 meV. Results are compared to
the CH; rotational amplitude at 3.5 K derived from neutron diffraction data, which are also consistent with

a small 3-fold barrier and a very low energy rotational oscillation.

I. Introduction

Zeolitic imidazolate frameworks (ZIFs)"? are a new class of
framework compounds made up of MNy; (M = Co, Cu, Zn,
etc.) clusters linked together with imidazolate ligands to provide
tunable nanosized pores and properties similar to those displayed
by classical metal—organic frameworks. These materials also
possess the chemical stability and structural diversity of zeolites
and thus have the potential for many applications including
hydrogen and methane storage.>* ZIF-8 (Zn[MeIM],, MeIM =
2-methylimidazolate) is the most well-known, prototypical ZIF
compound, with a SOD (sodalite) zeolite-type structure. The
unit cell of ZIF-8 is shown in part a of Figure 1.

One intriguing feature of the ZIF-8 structure is its methyl
groups, which are bound to the imidazolate ligands (part b of
Figure 1). Generally, the reorientational motion of the methyl
group can be well described by classical random jumps at high
temperature, whereas at low temperature it is dominated by
quantum-mechanical rotational tunneling. Methyl-group dynam-
ics in a large number of other molecular solids has been
investigated since the 1970s.* Several factors make ZIF-8
relatively unique. First, there exists only one type of methyl
group in its structure, avoiding the complexity of mixed,
multitype methyl-group dynamics. Second, the framework-
bonded methyl group is oriented toward the large cavity of the
porous ZIF-8 structure, and thus is expected to exhibit very rapid
1D rotation. Third, the distance between two neighboring methyl
groups is large, making the methyl—methyl coupling weak. All
of these features make ZIF-8 a prototype material for studying
quasi-free methyl-group rotation.

In the work described here, we have studied the rotational
dynamics and potential of the methyl groups by neutron
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Figure 1. (a) Crystal structure of ZIF-8 (/43m). The 3D open
framework consists of ZnNy clusters (the tetrahedra) connected by
2-methylimidazolate linkers. The large sphere at the center denotes the
pore structure of ZIF-8. For clarity, some H atoms on the linkers (except
those belonging to the methyl groups) are not shown. (b) The structure
of the 2-methylimidazolate linker. (c) The ellipsoids of the MeIM linker
obtained from neutron diffraction data from H-ZIF-8 at 3.5 K. The
methyl groups bound to the imidazolate ligand exhibit very large
torsional amplitudes, even at very low temperature, suggesting a low
barrier to 1D rotation.

spectroscopy and diffraction including measurements on both
fully hydrogenated (H-ZIF-8) and fully deuterated (D-ZIF-8)
compounds.

II. Materials and Methods

H-ZIF-8 was synthesized using a solvothermal method as
described in ref 2. D-ZIF-8 was synthesized using a deuterated
2-methylimidazolate precursor. All measurements were made
at the National Institute of Standards and Technology Center
for Neutron Research. Neutron powder diffraction (NPD) data
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were collected on the High-Resolution Neutron Powder Dit-
fractometer (BT-1).> Neutron spectroscopy data were collected
using the Fermi-Chopper Spectrometer (FCS),% Disk-Chopper
Spectrometer (DCS),%” and High Flux Backscattering Spec-
trometer (HFBS).® The three instruments cover different energy
ranges and provide different energy resolutions. Rietveld
refinements on the NPD patterns were performed using the
GSAS package®’ without any imposed constraints or soft
restraints.

III. Results and Discussion

A. Methyl-Group Structure. As mentioned earlier, all
MelM linkers in the ZIF-8 structure are crystallographically
equivalent. Several of us have recently published a neutron
diffraction study of the structure of ZIF-8.> To obtain more
detailed structural information on the methyl group, we mea-
sured the NPD pattern of both the H-ZIF-8 and the D-ZIF-8
samples in the temperature range of 3.5—300 K. For both
samples, the host lattice maintains the same crystalline phase
over the whole temperature range, with lattice parameters
slightly increasing with increasing temperature. Structural
refinements with anisotropic thermal factors gave excellent data
fits. Details of the crystallographic parameters derived from our
structure refinements for ZIF-8 between 3.5 and 200 K are
shown in the Supporting Information for this article. In Figure
2, we show the NPD data from D-ZIF-8 measured at 3.5 and
200 K along with the Rietveld structure refinements. From the
3.5 K data, the average C—D bond lengths for C—D2A and
C—D2B (where D2A and D2B are the two crystallographically
distinct methyl-group D atoms) are 1.01 and 0.94 A, respec-
tively. The D2A—C—D2A and D2A—C—D2B bond angles are
103.0 and 105.8°, respectively. The parameters of H-ZIF-8 are
similar. Thus, the deviation from the fully 3-fold symmetric
configuration of the methyl groups is small.

The thermal ellipsoids for atoms in the MeIM linker from
the hydrogenated sample at 3.5 K are shown in part c of Figure
1 as an example. It should be noted that the torsional amplitudes
are quite large but suggest a mainly 3-fold character for the
rotational potential. The mean-square amplitudes 6 (in radians?)
for the rotational motion of the methyl groups can be derived
for D(H)2A and D(H)2B using the thermal parameters. The
torsional energies E were then estimated using the expression
relating energies to mean-square amplitudes of motion for a
harmonic oscillator' (although the “harmonic assumption” is
clearly questionable for such a large rotational amplitude):

»_ B E

=% COth(sz) M
where the rotational constant B = A%(2[) and [ is the CH; or
CD; moment of inertia. Therefore, with the average values of
6% for D(H)2A and D(H)2B and the equation above, we
estimated average energies for the CH; and CDj oscillations.
The methyl groups exhibit large rotational amplitudes, corre-
sponding to torsional energies of ~2.9 meV for CH; and ~1.7
meV for CDj at 3.5 K, which are consistent with a very low
rotational barrier. At higher temperatures, these amplitudes tend
toward a more uniform proton density around the 3-fold methyl-
group axis.

The open structure of the framework indeed implies a low
barrier for the methyl-group rotation in this structure. The
minimum C—C distance between the adjacent methyl groups
is 4.35 A and the smallest intermolecular H—H distance is 2.84
A. This large distance between nearest-neighbor methyl groups
further suggests that the coupling between methyl groups is very
small.
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Figure 2. Observed (dots), refined (line), and odifference (noisy line)
neutron powder diffraction profiles (1 = 2.079 A) for deuterated ZIF-8
measured at (a) 3.5 K and (b) 200 K.

B. Methyl-Group Tunneling and Rotation. For a 1D rigid
rotation, it is well established that the quantum rotational levels
are determined by the solutions E; of the stationary Schrodinger
equation:

HY, =EY, (2)
with the Hamiltonian:

82
H=—B-"=+V 3
2t TV 3)

where V(¢) is the rotational potential. The rotational constant
B of CHj; is ~0.655 meV. The solution of the Schrodinger
equation can be carried out numerically.'! For a free CHj rotor,
V(¢) = 0, and the J = 0 — 1 transition energy (splitting of the
ground-state rotational level) is equal to B. For a nonzero
rotational barrier, this energy decreases with increasing barrier
height.

To quantitatively probe the methyl-group rotations, we have
directly measured the O — 1 rotational transition using neutron
spectroscopy. The results for H-ZIF-8 using DCS with 7 A
neutrons (~18 ueV resolution) are shown in Figure 3. The
observed 0 — 1 rotational peak at 334 + 1 ueV, which we
refer to as a tunneling peak, again implies a very low rotational
barrier. Note that the peak is rather sharp and there is no obvious
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Figure 3. Tunneling spectrum of H-ZIF-8 at 1.4 K using DCS with 7
A neutrons. Vertical error bars denote 10. The relatively high energies
[at £334 £ 1 ueV] imply a low rotational barrier. Also note that there
are no obvious split modes, suggesting very small methyl—methyl
coupling.

mode splitting, again indicating negligible methyl—methyl
coupling. Also note that the tunneling peak is not perfectly
symmetrical, with a small tail on the low-energy side, which
could be due to a small deviation of the methyl-group potential
from perfect 3-fold symmetry.

To further probe the nature of the rotational potential, we
have measured the tunneling spectrum of D-ZIF-8 using both
HFBS (~1 ueV resolution) and DCS (9 A neutrons, 18 ueV
resolution). From the results of both measurements (Figure
4), we locate a peak at 33 £ 1 ueV, which is assigned to the
CD; tunneling transitions (at much lower energy due to the
twice as large CD3; moment of inertia compared to CHj).
We have extended the DCS measurements to search for
higher rotational levels using 3.6 and 4 A neutrons (i.e., 6.3
and 5.1 meV incident energies, respectively). The results
(Figure 5) show a broad peak at 2.7 + 0.1 meV (based on
the higher-resolution 4 A data), which we tentatively assign
to the second rotational level for H-ZIF-8, although the
higher-resolution H-ZIF-8 spectrum suggests that framework
modes could also be contributing and/or overlapping here,
causing some uncertainty in the peak position. Nonetheless,
this peak is generally consistent with the ~2.9 meV hindered
rotational energy derived above from the diffraction mean-
square amplitudes. No analogous mode was observed for
D-ZIF-8 in Figure 5, due to much weaker scattering from
the deuterated methyl groups. Both H-ZIF-8 and D-ZIF-8
spectra show evidence of a weaker maximum near 1.2 meV,
which we ascribe to a low-energy framework mode. If we
assume a 3-fold barrier to rotation, the 334 weV tunnel
splitting for H-ZIF-8, combined with a second rotational level
of 2.7 meV, predicts a barrier height of 6 meV. For
comparison, the 33 ueV tunnel splitting for D-ZIF-8 suggests
a barrier of about 8 meV for the CD; groups, again assuming
3-fold character.

We have also studied the evolution of the tunneling peaks
versus temperature. Figure 6 displays FCS measurements for
H-ZIF-8 using 6 A neutrons (~70 ueV resolution), which
show that, at higher temperatures (30 K and above), the
methyl tunneling peaks disappear and transform into a quasi-
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Figure 4. Tunneling spectra of D-ZIF-8 at 1.4 K using (top) HFBS
[with a tunneling peak at 33 #+ 1 ueV] and (bottom) DCS with 9 A
neutrons. Vertical error bars denote +10. The DCS spectrum shown is
actually a difference spectrum; i.e., to enhance the DCS tunneling peaks
[at £33 £ 2 ueV], the low-temperature elastic scattering was largely
removed by subtracting a 30 K spectrum (scaled 1.04x) from the 1.4
K spectrum.
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elastic peak that broadens with increasing temperature. Thus,
by coupling to lattice phonons, the low-temperature coherent
quantum rotation (tunneling) changes into a classical sto-
chastic jump reorientation (hopping) as the ground-state
tunneling peaks shift toward the elastic line and broaden.
These results also provide information on the rotational
dynamics at low temperature in ZIF-8, and an examination of
the quasi-elastic peaks from H-ZIF-8 gives another clear
indication of a very low barrier. Figure 7 shows the temperature
dependence of the full width at half-maximum (fwhm) quasi-
elastic linewidths (I") for H-ZIF-8 obtained from DCS measure-
ments using 5 A neutrons (~90 ueV resolution), plotted in an
Arrhenius fashion [In(T") vs 7~!]. The activation energy E, for
3-fold jump reorientation can be estimated from the slope E,/k,
where k is Boltzmann’s constant. We would point out that E,
is derived under the assumption that the methyl groups reorient
through a jump diffusion process by thermal activation over
the barrier (~6—8 meV). At the higher temperatures in this study
(>40—50 K), this model loses its validity as the thermal energy
is comparable to the barrier height. The transformation from
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Figure 5. DCS spectra (1.4 K) measured for H-ZIF-8 with (a) 3.6 A
neutrons and (b) 4 A neutrons, and (c) for D-ZIF-8 with 3.6 A neutrons.
Instrumental resolution is denoted by the horizontal bars. Vertical error
bars denote +10.
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Figure 6. Temperature evolution of the tunneling spectrum of H-ZIF-8
using FCS with 6 A neutrons. Vertical error bars denote +10. At higher
temperature, classical jump reorientation leads to quasi-elastic scattering.

3-fold jump diffusion to rotational diffusion is manifested by
the nonlinear nature of the Arrhenius plot with increasing
temperature. We estimate an E, of ~3 meV from the data
between 30 and 40 K, assuming that we are largely in the jump-
diffusion regime in this low-temperature region. Further as-
suming that the £, determined at these temperatures is a measure
of the distance from the first-excited rotational (J = 2) level
(tentatively assigned at 2.7 meV above the ground-state level)
to the top of the rotational-potential barrier and estimating a
zero-point energy of '/,(2.7 meV) leads to a barrier height of
~7 meV, which is close to that predicted above for a pure 3-fold
potential. The DCS results at 1.4 K with 4 A neutrons have
also been analyzed to obtain an elastic incoherent structure factor
(EISF) for the methyl-group hydrogens versus momentum
transfer Q (Figure 8). The Q dependence of the EISF is
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Figure 8. EISF for H-ZIF-8 from 1.4 K DCS data with 4 A neutrons,
fit with the model curve for 3-fold rotational tunneling.!" Experimental
uncertainties are commensurate with symbol size. The resulting
hydrogen-tunneling radius is 1.04 4 0.01 A.

consistent with the model curve for 3-fold rotational tunnel-

ing:!!

_5+4j,(0r3)
-9 @)

where jj is the zeroth-order spherical Bessel function and r is
the hydrogen tunneling radius. From the model fit, we obtained
a tunneling radius of 1.04 £ 0.01 A, which is close to the value
determined by NPD. More details are found in the Supporting
Information.

EISF

IV. Concluding Remarks

All of the results of our extensive study show the existence
of an unusual quasi-free rotational potential for CH; groups in
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ZIF-8 when compared to most other methylated compounds*
in the solid state. The high methyl-group tunneling energies and
low hindered rotational transitions, combined with the results
of quasi-elastic neutron scattering between 30 and 40 K, provide
a largely 3-fold rotational barrier of about 7 meV. Two previous
examples of quasi-free methyl rotation are 4-methyl pyridine'>~'#
and lithium acetate dihydrate,”> which have high tunneling
energies and thus presumably low rotational barriers. Yet, both
molecular solids show methyl—methyl coupling effects, which
result in complex tunneling spectra. In contrast, the spectrum
of ZIF-8 shows no evidence of sidebands, which indicates
independent rotation of CH; groups.

Recently, several of us have determined the structural
arrangement of hydrogen and methane molecules adsorbed in
ZIF-8 through neutron diffraction.>!® It is also of interest to
study the effects of the adsorption of such gases on the methyl-
group rotational potential and dynamics in ZIF-8. These effects
should be considerable due to the ease of perturbing the potential
experienced by the quasi-free rotating methyl groups. Such a
study is underway, and the results will be presented in a future
article.
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