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Superstructure of a Substituted Zeolitic Imidazolate Metal–Organic
Framework Determined by Combining Proton Solid-State NMR
Spectroscopy and DFT Calculations**
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Abstract: We report the supercell crystal structure of a ZIF-8
analog substituted imidazolate metal–organic framework
(SIM-1) obtained by combining solid-state nuclear magnetic
resonance and powder X-ray diffraction experiments with
density functional theory calculations.

The introduction of metal–organic frameworks (MOFs) has
provided crystalline porous materials with an extremely wide
range of three-dimensional topologies leading to outstanding
properties.[1] An important category of MOFs are the zeolite
imidazolate frameworks (ZIFs) in which the metal-oxide
units are linked by imidazolate moities and which display
structural features similar to zeolitic materials.[2] In particular
ZIFs can be remarkable frameworks for CO2 adsorption and
gas separation.[3] The most promising candidates contain
imidazolates functionalized with polar moities like ZIF-78
and 82, or with asymmetric imidazolates functionalized at
position 4 and 5, such as ZIF-93, 96, and 97.[4] It has been
shown that the symmetry of the organic linker as well as the
polarizability of the functional group have a significant
influence over the uptake capacity and separation selectivity
of a given ZIF topology.[4, 5]

Beyond the nature of the organic fragments, the proper-
ties of MOFs, as is the case for most functional materials, are

related to their atomic-scale structure. The size of the pores is
for example a critical structural parameter for gas capture.[6]

Single-crystal X-ray diffraction techniques are in principle the
method of choice to elucidate the structure of these crystal-
line materials. However this becomes much more difficult
when crystals for diffraction are unobtainable, when the
structure contains some disorder or partial functionalization,
or when unit cells are large.

Solid-state NMR spectroscopy complements diffraction
methods and has developed into a powerful tool to solve
crystal structures of inorganic or molecular solids.[7] As such,
this spectroscopy has been extensively used to investigate
structural features in MOFs, to characterize conformation
changes upon adsorption of probe molecules or to study the
dynamic events that govern host–guest interactions in these
frameworks.[8]

Particular advances have recently been made in the
interpretation of solid-state NMR spectra by combining
sophisticated spectral assignment strategies with state-of-
the-art density functional theory (DFT) chemical shift
calculation methods. While for powdered organic samples
protocols were first demonstrated using 13C and 15N spectra,[9]

it has also been shown that first-principles calculations could
very well reproduce measured proton chemical shifts, and that
the latter provide very sensitive structural probes.[7e, 10] Proton
solid-state NMR spectroscopy in combination with crystal-
structure prediction and shift calculation was recently used to
determine the structure of an organic compound of previously
unknown structure.[7f]

Here we use high-resolution 1H solid-state NMR spec-
troscopy in combination with first-principles shift calculations
to resolve the crystal structure of a new substituted imidazo-
late material (SIM-1),[11] in which the small pore sizes
together with the presence of polar groups makes the material
an ideal candidate for CO2 separation, and for which single
crystals could not be obtained. Based on the powder X-ray
diffraction patterns (PXRD), it can be seen that the crystal
structure of SIM-1 is analog to those of ZIF-8[2] and ZIF-90[12]

with a sodalite topology composed of four- and six-membered
rings in which the metal ions (M) of the cage, here Zn atoms,
are linked by 4-methyl-5-imidazolecarboxaldehyde moieties
(Figure 1).

Characterization of the material by thermal gravimetric
analysis (TGA), scanning electron microscopy (SEM), solu-
tion NMR spectroscopy and elemental analysis, as well as gas
adsorption measurements indicate a high purity of the powder
(see the Supporting Information). In the following we show
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how the comparison between observed and calculated proton
chemical shifts and measured 1H-1H proximities allows us to
exclude several simple structures generated from the possible
relative orientations of the imidazolate ring and of the
aldehyde group, and leads to the proposition of a super-
structure that is in agreement with all the experimental data.
Although the PXRD pattern was unable to discriminate
between the various possible structures, the proposed super-
structure is in agreement with the experimentally recorded
PXRD pattern, further validating the approach developed
here.

Figure 2a shows the one-dimensional (1D) 1H solid-state
NMR spectrum of SIM-1 recorded at high magnetic field
(800 MHz) and with very fast magic angle spinning (60 kHz
MAS, magic angle spinning).

The resonance at around 3.9 ppm can be readily assigned
to water molecules trapped in the framework based on the
comparison between 1H spectra of SIM-1 samples with differ-
ent amounts of hydration (see Figure S8 in the Supporting
Information). The remaining six chemical shifts correspond to
the three different types of protons in the substituted
imidazolate linker, namely the aldehyde (9.62 and
9.31 ppm), the imidazolate (7.10 and 7.80 ppm), and the
methyl protons (2.23 and 1.83 ppm). Two distinct resonances
are observed for each type of protons in a 1:1 intensity ratio,
indicating the presence of two, equally probable, different
local geometries within the framework. The connectivities
between the three types of protons within a given imidazolate
linker were established using 1H-13C INEPT[14] and long-range
HETCOR spectra with eDUMBO-122 homonuclear decou-
pling,[15] both spectra recorded under 22 kHz MAS (shown in
Figure S9). The procedure is detailed in the Supporting
Information. The determined connectivities are depicted
schematically in Figure 2a in blue and orange. Figure 2b
shows the two-dimensional double-quantum (DQ)–single-
quantum (SQ) proton correlation spectrum of SIM-1 recorded
with 60 kHz MAS. Several correlations are observed between
protons belonging to the two different types of imidazolate
units (indicated in red). Notably, strong correlations are
visible between the two types of imidazolate (Im) protons at
(w1, w2) = (14.9 ppm, 7.10 ppm) and at (w1, w2) = (14.9 ppm,
7.80 ppm), while auto-correlation peaks along the w1 = 2w2

diagonal are of much weaker intensity for those protons.
These correlations indicate a spatial proximity between the
Im protons of the two structurally distinct linkers. This
observation provides a strong geometrical constraint on the
structure. This, together with the chemical shifts, is used to
discriminate between various possible structures as described

in the following. Weak distributions of isotropic chemical
shifts are observed in both 13C and 1H spectra, indicating only
small variations of local environments at each site and thus
a well-ordered material. We also note that there is no
indication of any dynamical processes from the 1H and
13C NMR spectra, which remain unchanged over a temper-
ature range of ¢50 to 65 88C.

In order to elucidate the atomic-scale geometry of SIM-1,
the ensemble of the six possible basic structures were
envisaged, for each of which we performed DFT calculations
of the proton chemical shifts using the CASTEP code[16]

within the GIPAW formalism.[17] To generate the candidate
structures we started from the known crystal structure of ZIF-
8 (space group I�43m ; a = 16.99 è) and reduced the symmetry
to I23 such that we could replace the functional group with
that of SIM-1. The different structures were generated by
varying the relative orientations of the five-membered rings
and/or of the aldehyde groups in the six-membered hexagonal
Zn rings, followed by DFT geometry optimization. The
resulting six candidate structures (I–VI) are depicted sche-
matically in Figure 3. The corresponding crystal structures are
shown in Figures S10–S15.
* Structure I : The aromatic rings and the aldehyde groups

have the same orientation, the proton of the aldehyde
points towards the methyl group of the same Im fragment.

Figure 1. The sodalite topology (left) and of the framework of SIM-
1 (middle), and of the substituted imidazolate linker (right). The
yellow ball corresponds to the pore size.

Figure 2. a) 1H NMR spectrum of SIM-1. Connectivities between pro-
tons of a given imidazolate linker are indicated schematically in blue
and orange. b) 2D DQ-SQ 1H spectrum of SIM-1, recorded with
a rotor-synchronized BABA[13] scheme for excitation and reconversion
blocks. Correlations between the protons of the two different kinds of
linkers are indicated in red, while connectivties between protons
belonging to the same type of units (including intra-linker correlations)
are shown in blue and orange. The different correlations were assigned
as described in the text. Both spectra were recorded at a MAS
frequency of 60 kHz. The same correlations are observed in the
presence or absence of water molecules within the framework (Fig-
ure S8).
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* Structure II : The aromatic rings and the aldehyde groups
have the same orientation, the proton of the aldehyde
pointing away from the methyl group of the same Im frag-
ment.

* Structure III : The aromatic rings have alternating orien-
tations where the OH of the aldehyde group of one ring in

the hexagon is close to the OH of the aldehyde of the
neighboring ring. All aldehyde groups have the same
orientation, the proton of the aldehyde pointing towards
the methyl group of the same Im fragment.

* Structure IV: The aromatic rings have alternating orienta-
tions where the OH of the aldehyde group of one ring in
the hexagon is close to the OH of the aldehyde of the
neighboring ring. All aldehyde groups have the same
orientation, the proton of the aldehyde pointing away from
the methyl group of the same Im fragment.

* Structure V: The aromatic rings have alternating orienta-
tions where the OH of the aldehyde group of one ring in
the hexagon is close to the OH of the aldehyde of the
neighboring ring. The orientation of the aldehyde group
also changes from one unit to the next.

* Structure VI : All aromatic rings have the same orienta-
tion, as in I and II, but the orientation of the aldehyde
group is changing from one unit to the next in the hexagon.

To determine whether one of these structures correspond
to that of SIM-1, the calculated 1H chemical shift values were
compared to the experimentally measured shifts. The
1H NMR spectra predicted from DFT chemical shift calcu-
lations are shown in Figure 3 for each of the six structures.
Structures I and II yield only a single set of chemical shifts.
This is expected since inspection of the structures reveals that
the three types of protons are in the same environment from
one linker to another. The calculated NMR spectra of III and
IV do not match the experimental spectrum, as only very
small chemical shift differences if any, are predicted for the
different imidazolate, aldehyde, and methyl protons. This is in
agreement with the observation that, despite the fact that the
orientation of the rings alternates from one linker to the
other, the local environment of the three types of protons is
not very different, with functional groups where the H or the
O atom of the aldehyde groups always points towards the CH3

moiety (structures III and IV, respectively). Two distinct
chemical shifts are calculated for the aldehyde proton of V.
This is again expected as these protons are now subjected to
two quite different local environments, one pointing towards
the OH group of the neighboring fragment, the second
towards the CH3 group of the same unit. A single set of
chemical shifts is however observed for the Im and CH3

protons, indicating that structure V is not correct. The
calculated proton NMR spectrum of VI yields two distinct
chemical shifts for the imidazolate, the aldehyde and the
methyl protons, and from this point of view matches relatively
well the experimental spectrum.

To further test VI as a potential structure, the intra- and
interlinker 1H-1H distances (Table S2) were calculated and
compared to the correlations observed in the 2D DQ-SQ
spectrum of Figure 2b. The calculated internuclear distances
between the imidazolate protons are however not in agree-
ment with the proximities observed in the 2D spectrum. In
particular, the shortest distances between two imidazolate
protons observed in structure VI correspond to nuclei
belonging to the same type of organic linker (Table S2 and
Figure S15), and cannot account for the strong correlations
observed between the two different kinds of Im protons. This

Figure 3. The six calculated structures together with the corresponding
calculated proton NMR spectra. The space group is I23 for I and II,
and P23 for III to VI.
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discrepancy clearly indicates that VI is not a structure of SIM-
1. Thus, none of the basic structures is in agreement with the
experimental 1H NMR data. We note that a structure where
all the orientations of the rings and of the aldehyde groups
would be randomly present is excluded as this would lead to
a broad distribution of proton chemical shifts between 7 and
11 ppm in the 1H NMR spectrum. Any attempt to generate
two different local geometries for linkers having the same
basic configuration were not conclusive, as was the case for
structures incorporating water molecules. We thus presume
that the structure must be a superstructure made up of two
units.

As the sum of the 1H NMR spectra of I and II matches the
experimental spectrum well, we propose a further candidate
structure by combining I and II (with equal population) into
a 2 × 2 × 2 supercell structure (a = 33.487 è), structure VII.
Starting from the crystal structure of I and based on the
symmetry operations allowed by the I23 space group, the
orientation of half of the aldehyde groups was changed by
18088, in such a way that the four-membered Zn rings be
composed of successive linkers of different geometry. This
latter ensures that the structure will have the proximities as
observed in the DQ-SQ correlation experiments. The super-
cell structure is shown in Figure 4. It is the only 2 × 2 × 2
supercell structure that combines I and II and which also
satisfies the structural constraints observed experimentally.
The protons colored in cyan and white belong to imidazolate
units having the same local geometry as the linkers of
structures I and II, respectively. While in structure VI the
linkers with the two different local geometries alternate
within the hexagonal rings, we observe that the following
arrangements are present in the six-membered Zn rings of
VII : hexagons containing six linkers with the aldehyde
orientation of I ; hexagons containing three linkers with the
aldehyde orientation of I and three linkers with the aldehyde
orientation of II, with the two possible orders for the linkers
in the hexagon: I-II-I-II-I-II and I-I-II-I-II-II ; and hexagons
containing two linkers with the aldehyde orientation of I and
four linkers with the aldehyde orientation of II and the
following order of the linkers in the hexagon I-II-II-II-II-I.

This new structure matches the NMR data well. Figure 5a
illustrates the good agreement between the proton spectrum
of SIM-1 and the predicted spectrum of VII, as computed
from the sum of the NMR spectra of I and II. (The differences
observed between experiment and calculation are within what
we would expect for methyl groups and H-bonded protons at
the accuracy achieved by DFT today.) In addition, the
shortest distance between the imidazolate protons is now
obtained for the two structurally distinct organic linkers
(Table S3), which is fully consistent with the corresponding
correlations observed in the DQ-SQ spectrum. The other
experimentally observed 1H-1H connectivities are also in line
with the calculated distances. The superstructure reveals that
the substituents point towards the center of the cavity, leading
to a pore size of about 7.5 è.

Finally the space group of VII (I23) corresponds to one of
the possible space groups for SIM-1 (I23, I432, I�43m, Im�3,
Im�3m) from PXRD indexing and intensity extraction (Le Bail
fit), and that the calculated PXRD pattern of VII reproduces

the experiment well, as shown in Figure 5b. The match is
significantly improved with respect to comparisons with the
simulated patterns of the six initially generated basic struc-
tures (Figures S10–S15).

The pattern matching of the experimental PXRD pattern
and their indexing for either a small cell (a = 15.7276 è) or
the supercell proposed here (a = 33.4528 è) with space group
I23 are shown in Figure S16. In both cases all of the observed
reflections are predicted. For the supercell, several additional
reflections are possible, but are not observed experimentally.
This is confirmed by the predicted PXRD pattern from
structure VII, where we see a good agreement with the
experiment (Figure 5b). Notably, we can rationalize the very
low (essentially zero) predicted intensities for many lines
since the different orientations of the aldehyde and formyl
groups concern only few atoms (two oxygen and two hydro-
gen atoms). Indeed, only 3% of the electrons change
positions between structure I (or II) in a small cell and the
supercell structure VII. This highlights the complementarity
of the global nature of PXRD with the local site-specific
information from NMR spectroscopy. We have observed
some changes in peak intensities as a function of the synthesis
and/or washing conditions of the material. Details are
provided in Table S1 and Figure S7. These variations in

Figure 4. Crystal structure of the supercell structure VII. (N, blue; O,
red; C, gray; H, white and cyan). Two different views are shown to
highlight the square and hexagonal arrangements of the sodalite cage.
Protons corresponding to the two structurally different linkers are
shown in white and cyan, respectively.
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peak intensity likely come from differences in the occupancy
of the pores between MOFs subjected to different synthesis
conditions, with possibly molecules within the pores.

Furthermore, computed energies from DFT (shown in
Figure S17) clearly show that structures I and II are predicted
to be the most stable conformers for the aldehyde groups,
further validating the superstructure determined here.

In conclusion, a supercell structure for the substituted
imidazolate material, SIM-1, was determined from the
combination of NMR experiments and chemical shift calcu-
lations. Unexpected structural features were found, with
organic linkers of two distinct local geometries, and a specific
arrangement of these linkers within the framework. The
structure reveals a cavity of 7.5 è in diameter, which is
inconsistent with N2 adsorption experimental results.[11] This
small pore size together with the presence of polar groups
makes this material an ideal candidate for CO2 separation,
which will be reported elsewhere.

Experimental Section
All solid-state NMR experiments were recorded on a Bruker Avance
III spectrometer operating at 1H and 13C Larmor frequencies of
800 MHz and 201 MHz, respectively. 1D 1H spectra were recorded
with a 1.3 mm triple resonance probe with 60 kHz MAS. 1D 13C cross-
polarization (CP) MAS spectra were recorded with a 3.2 mm triple
resonance probe at 22 kHz MAS. 1H chemical shifts were referenced
to the single resonance observed for protons in adamantane at
1.87 ppm with respect to the signal for neat tetramethylsilane (TMS).
13C chemical shifts were referenced to the CH2 resonance observed

for adamantane at 38.48 ppm with respect to the signal for neat TMS.
The 1H DQ MAS experiment was recorded with a 1.3 mm triple
resonance probe at 60 kHz MAS with a 1H 9088 pulse duration of 2 ms.
One rotor period of the back-to-back (BABA) recoupling sequence
(9088x¢t¢9088¢x¢9088y¢t¢9088¢y, where t = tR/2 minus the pulse
durations) was used for excitation and reconversion of DQ coherence.
768 increments of 32 transients each were acquired, with an
acquisition time in t2 of 20 ms, and a repetition delay of 2 s was
used, resulting in a total experimental time of 14 h. The spectrum was
recorded in a rotor-synchronized fashion in t1. The states-TPPI
procedure was used for quadrature detection in the indirect
dimension for all two-dimensional experiments. First-principles
calculations were performed using the academic version number 5.5
of the CASTEP software package, which uses plane-wave basis sets
and ultrasoft pseudopotentials. All calculations used PBE exchange-
correlation functional within the generalized gradient approximation.
Geometry optimizations were performed starting from the X-ray
diffraction crystal structure of ZIF-8 (CSD entry code: OFERUN),
and replacing the functional groups with those specific to the SIM-
1 structure. The unit cell was constrained to the cell dimensions
determined from powder X-ray diffraction experiments on SIM-1.
The initial framework was optimized for all atoms positions, while the
subsequent structures were only optimized for the functional groups,
the positions and orientations of which vary to generate several
possible structures. The NMR chemical shifts were computed using
the gauge-including projector augmented wave (GIPAW) method
implemented in CASTEP. All calculations were performed at the
gamma point in the Brillouin zone using a maximum planewave cut-
off energy of 550 eV. The chemical shieldings scalc were converted into
calculated chemical shifts dcalc using the relation dcalc = sref¢scalc with
the value of sref determined by a linear regression between calculated
and experimental shifts, imposing a slope of unity. A CASTEP
calculation of the chemical shifts of structure VII was not possible
because the unit cell consists of 2640 atoms and calculating such
a large structure requires more computing memory than available so
far.

Keywords: density functional calculations · metal–
organic frameworks · porous materials ·
solid-state NMR spectroscopy · X-ray diffraction
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