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ABSTRACT: Mixed-linker zeolitic imidazolate frameworks (ZIFs)

are important candidate materials for gas separation. By changing

the linker content, their pore size can be tuned, offering the potential

to regulate diffusion and adsorption. An important factor affecting

these properties in mixed-linker ZIFs is the linker distribution, which

is difficult to characterize. In this study, the microscopic linker

distribution in mixed-linker ZIF-8/ZIF-90, with respectively methyl vCO A |

and carboxaldehyde functionalization, is elucidated via computa- ,

tional Raman spectroscopy. It is shown that the typical Raman band — /N\
. ; . o i Raman £ |ZIF-85,5 /ZIF-90,,5 8]

associated with the carboxaldehyde linker is shifted due to a change Aetive

in hydrogen-bonding behavior. This insight allows one to explain the d 1 IO

X K X . i X . X K Wavenumber (cm™)
microscopic linker distribution in experimental mixed-linker
structures.

Intensity (a.u.)
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Bl INTRODUCTION and CO,.”*** Each single-linker ZIF has only a limited number

Metal—organic frameworks (MOFs) are micro- and/or of possible kinetic separations because the process is extremely

. . _ sensitive to changes in the effective pore size. Moreover,
nanoporous crystalline materials consisting of a net of ) i ) )
3 creating an entirely different ZIF for each new separation task

inorganic polynuclear clusters connected by organic linkers.' ™
'g POy . Y g . is cumbersome. Through the design of mixed-linker ZIFs, the
Reticular chemistry enables one to tune this net by using . . ’ ;
effective pore size can be tuned in a more systematic way,

different organic and inorganic building blocks, leading to a . . . .
vast numbe% of different 1\;51()135.4’5 In p%irticular, this bfilding offering th‘iﬁggmblhty to regulate the diffusion and adsorption
properties.

block t all to desi ixed-linker MOFs with
O Foncept dTows one 1o desigh Tec-nXer S An important factor that affects the properties of mixed-

ibl i ti th t single-link
POSSIDY Sy o Properties Over ‘e Parsn’ simgie-nter linker ZIFs is the distribution of linkers within the crystal.
Macroscopically, two different situations can be distinguished.

structures.’™” Furthermore, the mixing of linkers facilitates

the tuning of specific material properties toward applications of ) )
On the one hand, the different linkers may be spread out more
or less homogeneously throughout the crystal, which

interest. For example, mixed-linker MOFs have proven to be
8 frequently arises after de novo synthesis of the material.”® On

beneficial in catalysis,"’'* photocatalysis,"*~"* light harvest-

the other hand, linkers of the same type can have a tendency to
cluster together in separate domains, which is often the case
after postsynthetic linker exchange.’"*> Nevertheless, in order
to understand the diffusion properties of mixed-linker ZIFs,

ing,16 thermal expansion tuning,'” and gas separation.'

A subclass of MOFs is formed by zeolitic imidazolate
frameworks (ZIFs). These are topologically identical with
zeolites in which silicon has been replaced by metal ions such
as Zn** and the function of the bridging oxygen atoms has
been taken over by imidazolate linkers."”*° ZIFs are

EEAPPLIED

particularly interesting materials for gas separation because Received: January 8, 2023
they usually combine high permeability and attractive Accepted:  March 17, 2023
selectivity.”' Moreover, they have relatively high thermal and Published: March 29, 2023

chemical stability.'” ZIF-8, in particular, has been frequently
investigated due to its interesting diffusion properties (e.g, a
pore limiting diameter of 3.4 A) for small molecules such as H,
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Figure 1. (a) Visualization of the SOD topology. The two mutually exclusive sets of 4-rings are sketched in red/orange (rings I-III) and blue
(rings IV—VI) colors, respectively. (b) Unit cell of ZIF-8 with schematic visualization of the two sets of 4-rings: three 4-rings with red/orange
colors (rings I-IIT) and three 4-rings with blue colors (rings IV—VI). (c) Illustration of the mIm (left) and ICA (right) linkers. (d) Schematic
visualization of the linker distribution in the two different single-linker and 12 different mixed-linker configurations considered in this study. In a
single configuration, each of the three 4-rings of the same set (blue or red) has an identical distribution. For configurations with 25%/75% and
50%/50% linker mixtures, three and four different distributions, respectively, are considered.

there is a need to acquire microscopic insight, i.e., how the
linkers are distributed at the unit-cell level. The microscopic
linker distribution will directly affect the pore sizes and shapes
and, hence, determine the diffusion rate. Earlier reports use
NMR techniques to obtain such local information.’”?
However, it is not always possible to obtain a detailed
molecular-level insight when relying only on those spectro-
scopic techniques.*”

Here, we demonstrate that computational Raman spectros-
copy is ideally placed to elucidate the microscopic linker
distribution in mixed-linker ZIF-8/ZIF-90 configurations. ZIF-
8 and ZIF-90 both have a sodalite (SOD) topology in which
the Zn®" ions are tetrahedrally linked by functionalized
imidazolate linkers (Figure 1ab). In ZIF-8, the functionaliza-
tion consists of a methyl group, leading to 2-methylimidazolate
(mIm) linkers."”** In ZIF-90, the mIm linker has been
replaced by imidazole-2-carboxaldehyde (ICA)» (Figure 1c).
The Raman spectrum of ZIF-90 is characterized by a strong
Raman band due to stretching of the C=O bond.
Experimentally, it has already been observed that, when mixing
ICA with mIm in the SOD topology, the Raman band of the
latter vibration shifts depending on the linker distribution.”>**
Our density functional theory (DFT) calculations rationalize
this shift and show that it is a function of the environment of
the ICA linker. The obtained unit-cell level insight allows one
to interpret the microscopic linker distribution in mixed-linker
ZIF-8/ZIF-90 structures. Furthermore, it showcases that
Raman spectroscopy is ideally suited to characterize materials
with different mixed-linker distributions, which are important
to tune for gas separation.
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B METHODS

For all structures, ab initio molecular dynamics (AIMD) simulations
have been performed with the CP2K software™ at a temperature of
300 K and with a time step of 0.5 fs. Initially, a simulation of 10 ps has
been conducted in the NPT ensemble after an equilibration run of §
ps. Subsequently, the average volume was determined and used as the
volume of the cubic unit cell for a S ps equilibration run and a 20 ps
production run in the NVT ensemble. These proved to be sufficiently
long for the purpose of this study (Figures S1—S3). Afterward, the
radial distribution functions (RDFs) and Raman spectra were
obtained from the latter. Raman spectra were calculated via discrete
Fourier transforms of specific autocorrelation functions of the
polarizability tensor.”” The polarizability tensor was derived every 2
fs via finite differences of the dipole moments with and without an
electric field.>”** All simulations were performed with the Quickstep
module of CP2K* at the PBE-D3(B]J) level of theory® ™" with a
Gaussian and plane-wave basis set.*” The plane-wave cutoff was set at
600 Ry, whereas the TZVP MOLOPT basis set* was chosen as the
atomic basis set, and GTH pseudopotentials44 were selected. The
temperature was controlled by a chain of five Nosé—Hoover
thermostats with a time constant of 100 fs.* The pressure in the
NPT run was controlled at 1 bar with a MTK barostat with a time
constant of 1 ps.*

B RESULTS AND DISCUSSION

To investigate the effect of the microscopic linker distribution
on the Raman spectrum of mixed-linker ZIF-8/ZIF-90, an
accurate theoretical model is required. Therefore, different
mixed-linker configurations are constructed at the unit-cell
level for which the Raman spectrum is calculated. Because the
unit cell consists of 24 linker positions, which might be
occupied by either mIm or ICA, a very large number of unique
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Figure 2. (a) Theoretical and experimental Raman spectra of ZIF-8 and ZIF-90 in the range 600—1800 cm™". The stretching vibration of the C=
O bond (v¢p) in ZIF-90 is highlighted. The experimental Raman data were originally reported in ref 32. (b) Visualization of the v/ vibration.
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Figure 3. Theoretical Raman spectra of mixed-linker ZIF-8/ZIF-90 structures zoomed in on the C=0 stretching region in the range 1630—1680
cm™". Box A (box B) highlights Raman bands with the lowest (highest) wavenumbers originating from a C=0 bond with mainly ICA (mIm)
linkers as nearest neighbors. The different mixed-linker structures are labeled according to the scheme in Figure 1d. The Raman spectra of ZIF-8
and ZIF-90 are the same as those reported in Figure 1 except for additional broadening. All spectra were artificially broadened with a Lorentzian
line shape with a full-width at half-maximum of 6 cm™ to clearly identify the shift.

combinations exist. It is computationally unfeasible to take all
configurations into account. Consequently, to limit the
computational cost, a balanced set of 12 distinctly different
mixed-linker configurations is selected by carefully inspecting
the building pattern of the SOD topology. The unit cell
contains two sets of 4-rings, where each set consists of three 4-
rings that have no zinc atoms in common. These are indicated
in orange/red (rings I-III) and blue (rings IV—VI) in Figure
la,b. Furthermore, both sets are mutually exclusive in the sense
that they do not share linkers. When the mIm and ICA linkers
are distributed over the unit cell, all 4-rings of a single set are
assumed to have an identical composition, whereas 4-rings of
different sets may be constructed differently. Following this

5647

rationale and taking into account that the two sets of 4-rings
are indistinguishable, there remain only 128 unique config-
urations. The 14 configurations (including pure ZIF-8 and
ZIF-90) that were retained in this study are schematically
sketched in Figure 1d with adequate terminology. Their
stability with respect to the electronic energy is discussed in
Section S2. The selected configurations form a diverse set of
structures (see also Section S3), which should allow for a
thorough analysis of the direct linker environment on the
spectroscopic features.

Before analysis of the Raman fingerprints of the mixed-linker
configurations, it is required to assess the performance of our
theoretical methodology in predicting the experimental Raman
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Figure 4. (a) RDF of the OH distances between 1 and 7 A in ZIF-90 and the different mixed-linker structures. For configurations with 25%/75%

and 50%/50% linker mixtures, the average over three and four different distributions, respsectively, is considered. (b—d) RDFs of distances

between specific hydrogen atoms [on the carboxaldehyde group (b), on the methyl group (c), and on the imidazolate ring (d)] and the

carboxaldehyde oxygen atom. (e) Visualization of the different OH distances on a snapshot of configuration 1 of ZIF-85,/ZIF-90,.

spectra of the pure ZIF-8 and ZIF-90 structures (Figure 2a). inset B in Figure 3). This is primarily the case for the ZIF-8, s/
For both materials, a good agreement is achieved for most of ZIF-90,, 5 structure containing three ICA linkers in the unit
the Raman spectral features. The theoretical spectrum (see the cell (one in a single set of 4-rings) but also for two of the ZIF-

Methods section) is globally shifted compared to the 8,5/ ZIF-90, structures that have (nearly) isolated ICA linkers,
experiment, which is an inherent effect of the applied DFT yielding Raman bands at high frequency. On the other hand,

functional.” In this case, the PBE-D3(BJ) level of theory has the lowest vibrational frequencies are found in configurations
been employed, which has been proven to provide accurate in which the carboxaldehyde group is surrounded by mainly
results in the study of MOFs."® Because only the theoretical ICA linkers (see inset A in Figure 3), which is the case for ZIF-
Raman spectra of the mixed-linker configurations will be of 90 but also for mixed-linker configurations with 75 and 87.5%
interest in the following, no scaling factor has been applied of ICA linkers. When the immediate surroundings of the
here. Furthermore, in the simulated spectrum of ZIF-90, a carboxaldehyde group are a mixture of both mIm and ICA
single Raman band around 1200 cm™ is shifted to higher linkers, the vibrational frequency of v takes on intermediate
wavenumbers with respect to the experimental data. The values.

underlying normal mode induces a deformation of the By now it is already clear that the shift of the v vibrational
imidazolate ring due to stretching within the N—C—N unit, frequency depends on the direct environment of the
as assigned by Eum et al.”® The respective normal mode is also carboxaldehyde group. The lower vibrational frequency in an
Raman-active in ZIF-8, but in this case, its frequency is well ICA environment is an indication that the strength of the C=
predicted by theory. All other Raman bands are correctly O bond is weakened by increased dispersive interactions,
simulated, proving the validity of our DFT model. In mainly hydrogen bonds. This can be investigated in more
particular, the simulations do reproduce the C=O stretching detail by looking at the RDFs of the interatomic distances

band of the carboxaldehyde group (vco, between 1600 and between the carboxaldehyde oxygen atom and all hydrogen
1700 cm™), which is characteristic for the ICA linker and has atoms (Figure 4). The strength of the hydrogen bonds strongly

experimentally been shown to shift upon linker mixing (Figure depends on the distance between the involved atoms. Hence,
2b).>* the RDF forms a good measure to estimate the influence of
Figure 3 shows the theoretically predicted Raman finger- hydrogen bonds on the strength of the C=0O bond.

prints in the typical C=0O stretching region (from 1630 to The RDFs with OH interatomic distances in the range of 1—
1680 cm™") for the different mixed-linker structures of Figure 7 A exhibit a sharp peak around 2 A, indicative for the distance
1d. In general, increasing the amount of ICA linker reduces the between the oxygen and hydrogen atom on the same
vibrational frequency of the mode. In the most extreme case of carboxaldehyde group. Furthermore, two sharp peaks can be
ZIF-90, where all linkers are of the ICA type, the frequency is observed around S and 5.5 A, which can be assigned to the
found around 1645 cm™ (see region A in Figure 3), which is distances of the oxygen atom and the two hydrogen atoms on
about 25 cm™' lower than those for configurations with low the imidazolate ring of the same ICA linker. The other RDF
concentrations of the ICA linker (see region B and the inset in features are broader and correspond to OH distances of the
Figure 3). Whereas the frequency shift of the vy band was oxygen atom and hydrogen atoms on neighboring ICA and
already observed experimentally,””*” no clear interpretation on mIm linkers. To reveal information on the molecular
the molecular-level origin leading to this effect could be given. environment of the ICA linkers, it is most important to
Using our DFT model, this frequency shift can now be focus on the features below 3 A, which can have a significant
explained by looking at the surroundings of the respective contribution to the hydrogen bonds. Between 2 and 3 A, a
carboxaldehyde group. On the one hand, the configurations single RDF peak can be distinguished that becomes more
yielding the absolute highest vibrational frequencies contain pronounced and shifts to lower interatomic distances in
ICA linkers with only mIm linkers as nearest neighbors (see configurations with larger concentrations of ICA linkers (see
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Figure S. (a) RDFs of the OH distances between the oxygen atom and its three nearest hydrogen atoms on the imidazolate rings in ZIF-8; s/ ZIF-
90,,5, configuration 1 of ZIF-85,/ZIF-905,, and ZIF-90. (b) Visualization of these OH distances in snapshots of the respective structures.

the inset in Figure 4a). This small shift is an indication that
hydrogen bonds become stronger when there are more ICA
linkers. The origin of this shift can be explained by analyzing
the different contributions to the RDF. On the one hand, OH
distances between the oxygen atom and the hydrogen atom(s)
on the functional group of the linker on the opposite side of
the same 4-ring are shifted toward lower values when the
amount of ICA linkers is increased (Figure 4b,c). On the other
hand, also the contribution arising from the interatomic
distances between the oxygen atom and the hydrogen atoms
on the imidazolate rings of neighboring linkers changes
(Figures 4d). For the latter, a single broad RDF peak is
present between 2 and 4 A for configurations with low
concentrations of ICA linkers. However, by increasing the ICA
linker content, the broad RDF peak splits into two separate
contributions. More in-depth analysis shows that this feature
originates from three different OH distances (Figure S). The
first OH distance (red color in Figure 5) peaks around 2.8 A
and decreases only slightly when more ICA linkers are
introduced. In contrast, the second and third OH distances
(the orange and green colors, respectively, in Figure 5), with
maxima situated above 3.4 A, increase with increasing ICA
linker content. As a result, two separate RDF features can be
resolved at high ICA linker concentrations.

Clearly, more ICA linkers lead to a reorientation of the
imidazolate linkers, which shortens the OH distances by
between 2 and 3 A, especially the ones between the oxygen
atom on the ICA linker and the hydrogen atoms on the
functional groups of the neighboring ICA and mIm linkers,
leading to stronger hydrogen bonds.

An interesting observation, which has not been mentioned
yet, is that the ZIF-90 structure is characterized by multiple
Raman bands due to C=O stretching in its theoretical
spectrum, in agreement with the experiment.”>*” This is not
trivial because the ICA linkers in ZIF-90 all have the same
surroundings. The multiple Raman bands can be linked to the
flexibility of the linker. Although the linker orientation in ZIF-
90 is more structured than that in the case of ZIF-8, the linker
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is still relatively flexible. Therefore, it can take multiple
orientations, which impact the vibrational frequency of the
C=0 stretching mode. When the particular orientation gives
rise to relatively strong hydrogen bonds, the C=0 stretching
frequency will be reduced, whereas the opposite is true in the
case of weaker hydrogen bonds. If there was only a single
preferential orientation, this would give rise to one broad
Raman peak. The fact that more than one peak can be
observed in the Raman spectrum of ZIF-90 indicates that there
are multiple preferred linker orientations that are more
probable than others.

As a final note, it has to be clear that the hydrogen-bond
strength depends not only on the distance between the oxygen
and hydrogen atoms but also on the charges of the involved
atoms. However, because the RDFs for the functional group of
the mIm linker and the functional group of the ICA linker
show the same trends in the distance range in which hydrogen
bonds are important, it is not expected to affect the
conclusions drawn above.

The above analysis illustrates that the frequency of the v¢o
vibration is intimately correlated with the strength of the
hydrogen bonds in its immediate surroundings. Accordingly, it
can yield direct insight into the microscopic linker distribution
within the experimental mixed-linker ZIF-8/ZIF-90. Applied to
the work of Eum et al.,, which reports Raman spectra of mixed-
linker materials obtained via direct synthesis,”” the gradual shift
of the v vibration provides an additional confirmation of the
homogeneous distribution of the linkers. However, the origin
of the Raman shift in the work of Marreiros et al., which
measured the Raman spectra of large 150-ym-sized mixed-
linker ZIF-8/ZIF-90 crystals obtained after vapor-phase ligand
exchange (VPLE),” is less easy to understand solely based on
our theoretical insights. For these large crystals, NMR results
suggest that VPLE creates separate domains of ZIF-8 and ZIF-
90. This would mean that the Raman band of the v vibration
would not shift when the ratio of the linkers is adapted. Such a
shift is observed nevertheless in the Raman spectrum. Possibly,
the very large crystal size introduces other effects in the Raman
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spectrum, which cannot be fully captured by our unit-cell
model. This requires supercell structures that can make a
distinction between clustered, random, or sparse distribu-
tions.>>**® However, such extended structures can no longer
be described by ab initio methods at the moment, complicating
calculation of the Raman intensities. In that regard, the
development of machine-learning potentials might form a
solution.”’

B CONCLUSIONS

In this work, we have demonstrated the power of computa-
tional Raman spectroscopy to explain the microscopic linker
distribution in mixed-linker ZIF-8/ZIF-90. Experimentally, a
typical shift has already been observed with increasing ICA
linker content. However, further interpretation on how the
linkers are distributed in the framework could not be given.
Here, we show with theoretical Raman spectroscopy that the
origin of the shift of the v/ vibration originates from a change
in the hydrogen bonds. More precisely, it was evidenced that
an increase in the ICA content leads to a reorganization of the
functionalized imidazolate linkers and shorter distances
between the hydrogen and oxygen atoms. These manifes-
tations can be attributed to an increased strength of the
interlinker hydrogen bonds. The direct connection between
the shift of the vo vibration and the local arrangement of the
linkers allowed for a sound spectroscopic fingerprint of the
microscopic linker distribution in experimental mixed-linker
ZIF-8/ZIF-90 structures. This may be useful to develop mixed-
linker MOFs for gas-separation applications.
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