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Mechanochemical synthesis of Zeolitic imidazolate frameworks (ZIFs) has emerged as a compelling and envi-
ronmetally conscious alternative to conventional solvothermal methods, especially when they rely on the use of
toxic formamide-based solvents and excess of metal precursors or linkers. In this study, a facile liquid assisted
grinding synthesis achieving high product yields with short synthesis times, have been introduced for a series of
ZIFs with SOD topology featuring both single and mixed ligands with diverse functional groups. The phase pure
and crystalline products with even particle size distribution and retained sorption performance confirmed the
efficiency of mechanochemical synthesis as sustainable and viable approach for the optimisation and the design
of a new ZIF archetypes. Deeper insights into the structural and CO; sorption capabilities was gained by a
comparative quantum chemical calculations between a benchmark ZIF-8 and a newly synthesized isostructural
analogue NICS-23, featuring an ester-functionalized imidazole ligand. The analysis revealed distinctive sorption
characteristics of NICS-23, showcasing also its potential for gas separation processes with wet CO; involved.
Findings highlight the advatages of mechanochemical synthesis in ZIF production as a facile green synthesis
method over the longer solvothermal procedure, potentially allowing also for faster screening of functional
materials.

1. Introduction

With a rising interest in different applications of Zeolitic imidazolate
frameworks (ZIFs), a subgroup of Metal organic frameworks (MOFs), the
environmental impact of synthesis of these materials has to be reduced
as much as possible [1,2]. Most synthesis procedures for new materials
still heavily rely on formamide-based solvents [2-9] such as dime-
thylformamide (DMF) and diethylformamide (DEF), coupled with large
excesses of either metal precursors (MPs) [10] or linkers (L) [10,11]. To
that end, different remediation strategies have thus far been imple-
mented. The fastest is exchange of solvent for environmentally less
problematic bio-based organic solvents[12-14], simple alcohols [10,15]
or even water [16,17] wherever possible. Another is recycling of mother
liquors after synthesis [11,18]. The ideal synthesis would have the least
amount of solvent possible, or none at all, and would be done with

stoichiometric ratios of metal to linker, with short synthesis times
leading to phase pure products with high yields.

Mechanochemical synthesis of MOFs has lately become an example
of such a synthesis by achieving high yields and short synthesis times,
with the major drawback being the dependence on powerful enough
mills. Optimised mechanochemical synthesis conditions allow for the
use of oxide precursors [19,20], which lead to a significant reduction in
cost as compared to metal salt precursors preferentially used in sol-
vothermal synthesis.

Recent advances in mills have reduced the price of powerful enough
devices for material synthesis down to where mechanochemical syn-
thesis could be a very plausible alternative to classic solvothermal and
precipitation-based laboratory scale synthesis approaches. Ball-milling
(BM) in either vertical or horizontal mills has been the most utilised
and has shown the most versatility for laboratory scale experiments,
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Fig. 1. Left: Zn tetrahedra connected with 2-methylimidazolate linkers into the SOD framework ZIF-8, Right: SOD tiling drawn with ToposPro and Gavrog.

Table 1
List of known single linker Zn SOD ZIFs.
Material Alternative name Ry BET [m%/g ] CO; uptake [mmol/g] at 1 bar and 25 °C Ref.
HN—(
\
RN
Rs
R2 R4 R5
ZIF-7 MAF-3 Benzimidazole / 1.5 [40]
ZIF-8 MAF-4 CHj H H 1264-1630 0.97 [41]
ZIF-90 HCO H H 717 1.45 [4]
ZIF-94 SIM-1 H HCO CHj3 545 2.3 [26]
ZIF-65 NOF-1 NO, H H 473-513 / [42]
/ / H Cl Cl 597 / [28,43]
/ COK-17 H Cl Cl 500 2.5 [44]
/ / X(Br, CL, 1) H H / / [45]
/ NOF-2 H NO, CHj / / [46]

with vertical mills in particular shown to be compatible with different
spectroscopic techniques for in-situ measurements allowing for in depth
mechanistic studies [19-25].

Due to the framework similarity to zeolites, for ZIFs, topology
nomenclature from the zeolite field is used, with the most common ZIFs
exhibiting the SOD[12,26-28] and RHO [5,29,30] topologies. Among
these, the most studied and widely used ZIF is zinc 2-methylimidazolate
with SOD topology named ZIF-8 (Fig. 1). To date, it has also been the
most studied ZIF for mechanochemical preparation, with different
research groups reporting various approaches using different precursors,
mills and milling conditions [31].

The ball-mill synthesis of ZIFs can be grouped into two large cate-
gories: neat grinding (NG) and liquid assisted grinding (LAG), with
possible further divisions regarding which metal precursors and proton
transfer co-catalysts are used. Most commonly, the acetate ion is used as
a proton transfer co-catalyst with synthesis using both acetate salts [32]
and/or acetic acid solutions [23] as reported in the literature.

One of the potential adsorption applications that ZIFs have been
widely tested for is carbon capture and storage, with most tests still
largely focused on pure single-component CO gas sorption. In addition
to ZIF-8, several other ZIFs exhibit SOD framework topology (Table 1)
and are among the most commonly tested for CO, adsorption due to
their stable frameworks, with ZIF-90 and ZIF-94 exhibiting the most
promising COg capture performances among all as-prepared ZIFs,
reportedly due to the presence of polar functional adehyde groups on the
linkers. Additional improvements in CO5 capture performance were
recently achieved through additional mostly post-synthetic functional-
ization[4,33-36] approaches, which again were most commonly done
on ZIFs with SOD topology, most notably ZIF-8 and ZIF-90. The

functionalization included incorporation/nanoconfinement of ionic
liquids, organic dyes, metal oxides, like MgO and ZnO or lithium cations
as electron rich centres for trapping the CO2 molecules. Another route to
introduce polar functional groups ist the mixed linker (ML) approach,
when the linker of interest does not form porous structures with the
desired porosity/topology [37], here a linker is chosen that forms the
desired framework and some of the second linker with the desired
functionality is incorporated into the structure. If the direct synthesis
route is not possible then a post synthethic linker exchange with the
linker with desired functionality can also be performed [38,39].

Herein we report a facile LAG synthesis of a series of nine single- or
mixed-linker SOD ZIFs (Fig. 2), with varying functional groups, of which
four have not yet been reported. One of them, NICS-23, is the first as-
synthesized ZIF with ester functional group on the ligand. In addition
to structural characterization, potential drawbacks of LAG synthesis on
structural properties, if compared to available solvothermal analogues,
were evaluated, where the data was available. Finally, the prepared
materials were assessed for their performance as sorbents for dry and
wet CO,, underscoring the significance of tailored functionalization for
enhanced CO, capture applications, also possible by the use of
mechanochemistry.

2. Experimental
2.1. Materials
2-Methyl imidazole (2MIM, 99 %), benzimidazole (BIM, 98 %), 2-

imidazole carbaldehyde (HICA-L3, 97 %), Zinc acetate (Zn(AcO), x
2H20, 99 %), zinc oxide (ZnO, 99 %), N,N-dimethylformamide(DMF),



A. Skrjanc et al.

ZIF-90

ZIF-DCI-BIM

4 5-dichloroimidazole

9]

id.S-dichloroimidazole benzimidazole
ZIF-DCI
Cl
<N
N
H Cl

Microporous and Mesoporous Materials 384 (2025) 113453

N
benzimidazole

Fig. 2. ZIFs reported in this work, and their corresponding linkers.

Table 2
Synthesis conditions for BM ZIFs.
Sample ZnO Zn(AcO)2 x Linker [mg] LAG solvent  Grinding jar Grinding ball Time Frequency Known
[mg] 2H20 [mg] [p1] volume [mL] diameter [mm] [min] [Hz] structure

ZIF-8 73.6 22.1 2-methyl imidazole; 164 GVL 100 10 10 30 30 YES

ZIF-90 73.6 22.1 2-imidazole carbaldehyde; 198 GVL 100 10 10 30 30 YES

NICS-23 146 44.2 methyl imidazole-2- GVL 200 25 15 30 20 NO

carboxylate; 503

ZIF-DCl- 73.4 22.2 4,5-dichloroimidazole; 137 GVL 50 10 10 30 30 NO
2MIM 2-methyl imidazole; 81 H,0 50

ZIF-DCl- 73.4 22.2 4,5-dichloroimidazole; 137 GVL 50 10 10 30 30 NO
5CLBIM 5-chlorobenzimidazole; 152.6 H,0 50

ZIF-DCL- 73.3 21.9 4,5-dichloroimidazole; 136.5 GVL 50 10 10 30 30 NO
BIM Benzimidazole; 118 H,0 50

ZIF-94 73.2 21.9 4-methyl-1H-imidazole-5- H,0 100 25 15 45 20 YES

carbaldehyde; 220
ZIF-DCL 72.8 21.9 4,5-dichloroimidazole; 274.2 DMF 50 10 10 45 30 YES
ZIF-7 81 / Benzimidazole; 236 GVL 200 10 10 15 30 YES
1M AcOH
(aq) 200

DCI(35 % in D,0) and gamma-valerolactone (GVL) were purchased from
Sigma Aldrich. Methyl imidazole-2-carboxylate (MICA, 97 %), 5-chloro-
benzimidazole (5CLBIM, 97 %), 2-imidazole carbaldehyde (HICA-L1
and HICA-L2), 97 %) and 4-methyl-1H-imidazole-5-carbaldehyde
(4MHICA, 97 %) were purchased form Fluorochem. 4,5-dichloroimida-
zole (DCIM, 98 %) was purchased from ABCR. Ethanol (EtOH, 96 %) was
purchased from Stella TECH. DMSO-d6 was purchased from Eurisotop.

Water was deionised in-house.

2.2. Mechanochemical synthesis

Table 2 shows the optimised reagent amounts and grinding condi-
tions for the syntheses of selected ZIFs. In general, for the BM procedure,
the metal precursors were added into a stainless-steel grinding jar,
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Fig. 3. PXRD of as prepared ZIF-90, NICS-23 and ZIF-8, SEM of ZIF-90 (bottom) ZIF-8 (middle) and NICS-23 (top). High resolution SEMs are available in SI

(Figures S9.1-S9.3).

followed by linkers and the stainless-steel grinding balls and finally
small amounts of LAG solvents were added; the jars were closed and
milled using a Retsch MM400 vibrational mill. The products were ob-
tained with yields in the range of 85-93 %, depending on the synthesis
attempt. At the small scale used, the sample loss during removal from
the grinding jar was difficult to keep consistent. The yields are in line
with previously reported yields for mechanochemistry [47].

The as-synthesized samples were then placed in 25 mL glass vials,
which were then topped up with MeOH. The vials were closed, shaken
thoroughly and left to sit overnight. Afterwards, the solvent above the
precipitated samples was removed using a pipette and the samples were
dried in a 60 °C ventilator oven for an hour. The dried samples were then
heated in a vacuum oven in a static vacuum at 150 °C overnight.

2.3. Instrumentation

Powder X-ray diffraction data (PXRD) qualitative analyses were
recorded on a PANanalytical X’Pert PRO high-resolution diffractometer
using CuK,; radiation (1.5406 f\) in the 260 range from 5 to 50° (100 s per
step 0.033° 20) with a fully opened X’Celerator detector. X’Pert High
Score Plus was used for analysis of the collected PXRD, and for the unit
cell parameter determination using Treor.

Nitrogen physisorption isotherms were recorded at —196 °C using
the Anton Paar Quantachrome iQ3. Before the adsorption analysis, the
samples were outgassed under vacuum for 10 h at 150 °C. The Bru-
nauer-Emmett-Teller (BET) specific surface area was calculated from
adsorption data in the relative pressure range from 0.005 to 0.02. The
total pore volume (Vo)) Was calculated from the amount of Ny adsor-
bed at P/Po = 0.97 and micropore volume from the t-plot (p/po = 0.15
—0.3).

Thermogravimetric analysis (TGA) was performed on a TA In-
struments Q5000. The measurements were carried out in a continuous
airflow (25 mL/min air), by heating samples from 25 °C to 650 °C at a
rate of 10 °C/min.

Scanning electron microscope (SEM) images were taken using a Zeiss
Supra 35 VP microscope with an electron high tension voltage of 1. kV
and Aperture Size 30.00 pm.

CO,, Hy0 and humid CO, isotherms at 30 °C were collected on a
Surface Measurement Systems DVS Vacuum. CO; and humid CO; iso-
therms were measured in the pressure range of 0-1 bar, with water
vapour being added at the first step of the measurement. Afterwards,
when the desired end relative humidity was reached, measurement was

continued the same way as for dry CO».

Digestion liquid 'H NMR was recorded using an AVANCE NEO
Bruker 600 MHz spectrometer at room temperature. Approximately 1.5
mg of sample was digested in a mixture of DCI (35 %)/D>0 (0.1 ml) and
diluted with DMSO-d6 (0.5 ml). Data analysis was performed using
MestreNova software.

2.4. Computational details

To describe a new framework NICS-23 and a benchmark structure
(ZIF-8), quantum chemical computations were performed using VASP
6.3.1 [48-50]. ZIFs were modelled with a plane wave basis set approach,
using the RPBE exchange-correlation functional [51] in the
projector-augmented-wave formalisms (PAW) [52]. To account
correctly for dispersion interactions, which play a crucial role in the
adsorption of apolar molecules, the D3 corrections by Grimme were used
[53]. The calculations were performed with a gamma point sampling of
the Brillouin zone, which was sufficient due to a large unit cell. A plane
wave cutoff of 450 eV was used.

Both ZIFs were first fully optimised, allowing the unit cell parameters
to change and the atom positions to adjust. Initial structural guesses
were provided by the experimentally determined CIF structures and
subjected to computational optimisation. Upon initial optimisation, a
clean run was performed to ensure that the energies are computed
consistently using plane waves commensurate with the actual unit cell.
For the calculations of COy adsorption, all possible sites were probed
with one CO3 molecule. Subsequently, the number of CO, molecules was
increased until the average interaction became repulsive. Lattice pa-
rameters were not allowed to change during the adsorption calculations.
For gaseous COq, the energy was computed in a cubic box of 20 x 21 x
22 A to break the symmetry.

There are several approaches to modelling isotherms [54], depend-
ing on the system used. For instance, monolayer, two-layer and multi-
layer models have been fitted to empirical data [55] or grand canonical
Monte Carlo simulations have been used [54,56], usually with force
fields [57].

In our case, a simpler approach was used, as we are interested in
trends between two different frameworks. On account of our system
exhibiting a constant adsorption interaction, regardless of CO5 coverage,
we opt for a Langmuir isotherm, which relies on the ab initio free energy
of adsorption, AG. The Gibbs free energy includes the interaction energy
and includes the configurational entropy due to the distribution of
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Fig. 4. PXRDs of as prepared ZIF-94, ZIF-7 and ZIF-DCl, SEM of ZIF-94 (bottom) ZIF-DCl (middle) and ZIF-7 (top). High resolution SEM are available in SI

(Figures S9.4-S9.6).

adsorbed molecules and the vibrational contribution to the partition
function of the adsorbate [54].

Eois =Ezirico, — Ezir — Eco,
And

adsorbed

AG = AEgecironic + AEzpg — RT In— 28—
Qior Qirens Wi

where the partition functions are defined as is customary [58].
3. Results and discussion
3.1. Synthesis and characterisation

3.1.1. LAG synthesis of ZIF-8, ZIF-90 and NICS-23

Initial synthesis attempts were derived from previously reported BM
synthesis for ZIF-76 [47]. All initial synthesis attempts included a 10 %
zinc acetate and 90 % zinc oxide metal precursor with either
gamma-valerolactone (GVL) or water or a mixture of the two, making up
the LAG solvent used (Tables 2 and SI Chapter S1). GVL, being a
bio-based solvent, was previously shown to be a useful alternative to
DMF in ZIF synthesis [12,47].

The reagent to grinding jar volume was kept at 1 mmol Zn per 10 mL
grinding jar. The tested conditions led to the formation of PXRD phase
pure NICS-23 (Fig. 3). In ZIF-8 PXRD pattern, two peaks observed at
around 32° and 34° 20 can be ascribed to the (100) and (002) diffraction
maxima of ZnO. At this point, it is worth mentioning that the SOD ZIFs
form several different polymorphs (cubic, trigonal, monoclinic, etc.)
originating from different synthesis and activation, external stimuli, etc.
and leading to varying intensities in the PXRD patterns [59,60].
Representative patterns of activated cubic and trigonal polymorphs with
assigned Miller indices of the peaks are in Supporting information
Fig. S5.

While attempts at preparing ZIF-90 were successful, we encountered
issues with repeatability between linkers from different batches and
sources (Fig. S1). Additional optimisation attempts to increase the
crystallinity of ZIF-90 with the problematic linker batch led to formation
of a 2D layered imidazolate framework [61] (Fig. S1). On the other
hand, the use of the HICA-L3 linker for ZIF-90 led to a highly crystalline
ZIF-90 phase with some smaller impurities of another phase that we
could not identify.

A newer batch of linker (HICA-L2) was purchased and with it ZIF-90
could be prepared. In all cases ZIF-90 BM synthesis seemed to be largely
impacted by potential impurities in the commercially obtained linkers.

SEMs of the three ZIFs revealed the presence of small nanoparticles
below 100 nm, which were agglomerated. SEM of ZIF-8 (Fig. 3) show
that the crystallites are a few tens of nm in size and show large
agglomeration. NICS-23 crystalized in irregularly sized octahedral
crystallites (up to 100 nm in size) which again agglomerated (Fig. 3).
ZIF-90 (Fig. 3) exhibits similar agglomerated small nanoparticles as
observed for ZIF-8. The size of the primary particles is only slightly
reduced, if compared to their solvothermal analogues [12,36].

The unit cell parameters were calculated (Table S1), and all phases
are confirmed to be cubic with unit cell parameter a in the ranges re-
ported for sodalite ZIFs.

NICS-23 was also successfully prepared solvothermally (SI Chapter
S3) and its structure determined using PXRD data (CCDC deposition
number 2300625). The reported ZIF is to our knowledge the first known
ZIF with an ester group at the R2 position (Table 1), which opens up new
chemistry of potential post-synthetic modification of ZIFs.

3.1.2. LAG synthesis of ZIF-DCL, ZIF-7 and ZIF-94

The remaining three single linker ZIFs, ZIF-DCl, ZIF-7 and ZIF-94
(Fig. 4), required further synthesis optimisation steps, as the frame-
works linkers in combination with Zn tend to favour two stable phases,
the RHO and SOD, and with 4,5-dichloroimidazole and zinc also addi-
tional stable phases that do not exhibit porosity.

Initial synthesis attempts of ZIF-94 led to the formation of the ZIF-93
with RHO topology or a mixture of the two phases. Variation in grinding
jar size and frequency allowed for repeatable selective formation of ZIF-
94 when using smaller amounts of reagents in a larger grinding vessel.
Further optimisation steps included a variety of potential proton transfer
co-catalysts, with addition of ammonia to the LAG solvent leading to
selective formation of ZIF-94 when grinding larger amounts of reagents
in the jars. As comparable crystallinity was achieved when milling a
smaller amount of reaction mixture in larger jars, we decided to
continue with the ammonia free synthesis route, to further increase
atom economy and reduce environmental impact of the synthesis. SEM
images (Fig. 4) of the prepared ZIF-94 show large cubic particles (5 pm)
that seemed to have formed through fusion of smaller crystallites.

Attempts to prepare ZIF-DCl with GVL or water as LAG solvents led to
formation of the RHO or a mixture of the RHO and lcs topologies, with
NG leading to pure RHO with high crystallinity; following that, we
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Fig. 5. PXRD of as prepared ML ZIF-DCl SOD samples, SEM of DCI-5CIBIM (bottom) ZIF-DCI-MIM (middle) and ZIF-DCI-BIM (top). High resolution SEM are available

in SI (Figures 59.7-59.9).

attempted the synthesis with DMF. LAG with DMF with short milling
times led to the formation of a pure SOD phase with longer milling times
leading to either RHO, Isc or a mixture of phases. Further attempts to
increase crystallinity tended to result in formation of the lcs phase of
ZIF-72. SEM images (Fig. 4) of the prepared ZIF-DCl show similar
agglomerated nanoparticles of a few tens of nm in size as those of ZIF-8
and ZIF-90. Occasional plate-like impurities can be observed, which can
be attributed to ZIF-72 impurities.

A similar alternate phase problem was observed with ZIF-7. Benz-
imidazole and zinc can form a well-known 2D layered structure [62],
which we found to be the main product in a lot of our attempts. Using
alternative zinc acid salts led to the formation of the RHO phase. ZIF-7
was then finally obtained (Fig. 4) after a large increase in LAG and
using an acid solution together with GVL. This led to formation of
well-defined octahedral crystallites of up to 200 nm in size, which were
further agglomerated, as observed on SEM (Fig. 4). The prepared ZIF-7
resulting from the synthesis attempts showed low thermal and chemical
stability leading to additional PXRD diffraction peaks, which due to low
crystallinity we could not confidently assign to the close pore phase of
ZIF-7 [63]. Due to its low thermal stability, we decided not to continue
with sorption tests with ZIF-7(Fig. S2).

The calculated unit cell parameters of the as synthesized ZIF-94 and
ZIF-DCI both exhibited cubic symmetry, while ZIF-7 crystalized in the
trigonal symmetry. The unit cell parameters of all three were within the
reported values (Table S1).

3.1.3. LAG synthesis of mixed-linker SOD ZIFs

Literature reported success in the solvothermal preparation of mixed
linker (ML) COK-17/ZIF-7 [64], a conformational polymorph of the SOD
ZIF-DCI; this led us to investigating the possible formation of ML SOD
frameworks consisting of 4,5-dichloroimidazole(DCIM) and either
2-methylimidazole(2MIM), benzimidazole(BIM) or 5-chrolobenzimida-
zole(5CLBIM). The 2MIM and 5CLBIM mixed linker ZIFs exhibit a
classic cubic SOD PXRD pattern (Fig. 5), with the BIM sample exhibiting
the characteristic SOD-trigonal pattern of ZIF-7 and COK-17 with an
additional peak that can be assigned to a layered benzimidazole phase
[62] that we have found to appear in most BIM mechanochemical syn-
thesis attempts.

We decided to continue with activation and nitrogen sorption to
check if the second phase has any impact on sorption properties of the
rest of the bulk material and found no significant decrease in Spgt to that
reported for the parent COK-17 [44].

The samples exhibit varying morphologies: ZIF-DCI-2MIM

crystallised in well-defined cubic particles (100-400 nm) which are
agglomerated (Fig. 5), while ZIF-DCI-5CIBIM formed spherical ag-
glomerates (1 pm) (Fig. 5). SEM images (Fig. 5) of ZIF-DCI-BIM show
large cubic like particles made out of agglomerated (1-2 pm) smaller
crystallites (~300 nm), similar to ZIF-94; what is also interesting is that
the cubes appear to be hollow. Variation in ratio of the linkers led to a
mixture of the RHO and SOD phases when increasing the amount of
DCIM (Fig. S3).

The unit cell parameters were determined (Table S1), and again here
for ZIF-5CIBIM and ZIF-2MIM the cubic symmetry was observed, while
ZIF-DCI-BIM, same as ZIF-7, crystalized in the trigonal unit cell.

The activated ML samples were then analysed with acid digestion
liquid 'H NMR (Fig. S5) to determine the final ratios in the prepared
frameworks. In all cases, the determined ratio between linkers was
determined to be the initial 1:1. This was expected as the phase only
forms when a 1:1 ratio is used in synthesis. The herein prepared new ML
phases further highlight that mechanochemistry can sometimes not only
be used to prepare known phases but can be the only route towards
preparation of new phases. As synthesized single linker samples were
also analysed with 1H NMR (Fig. S5) to check if any chemical changes
occurred to the linkers during synthesis. The NMR show the peaks for
water, DMSO, and for the linker, with some residual solvent peaks
visible in the 0-2.5 ppm region. Together with no visible colour changes
of the samples compared to the starting materials, we can assume that no
decomposition occurred.

3.2. Sorption properties

The prepared samples were activated and the nitrogen isotherms
collected (Supporting information S1.4.1) to confirm the samples per-
manent porosity, NLDFT pore size distribution and to determine their
specific surface area. The activated samples were also analysed with
TGA (Fig. S5) and no additional mass losses, attributed to remaining
solvents or other less volatile compounds, were observed in all cases.
Furthermore, the CO,, H,O and model 50 % RH CO, isotherms were
collected (Fig. 6, Figure S8, S1.4.1). PXRD analysis of samples after
sorption was performed as in all cases except for ZIF-90, no difference in
PXRD was observed (Fig. S4). The loss in crystallinity after water sorp-
tion was expected for ZIF-90, as we have already observed this previ-
ously for solvothermally prepared ZIF-90 [65].

All samples Spgr values (Table 3) were within the range of literature
reported values for their solvothermal analogues, if available (listed in
Table 1), proving that LAG can be an effective and facile green synthesis
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Fig. 6. CO,, water and model wet CO, adsorption isotherms at 30 °C for the
SOD ZIFs.

Table 3
Results of sorption tests for BM SOD ZIFs.
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method over the longer solvothermal procedure, potentially allowing
also for faster screening of functional materials. The obtained results
follow the general trends of bulkier ligands leading to lower Sggr and
Vicro-

The CO, uptake (Fig. 6, Table 3) further confirmed the sorption
performance of mechanochemically prepared SOD ZIFs and also showed
the expected trends of: more polar functional groups— stronger inter-
actions— higher CO» uptake, where not limited by (non)porosity. While
5CLBIM would potentially lead to the highest interactions in the SOD
framework, due to the presence of polar groups and aromatic rings that
are also reported to possibly enclose CO2 molecules, if properly stuck,
the significant decrease in specific surface area limits the maximum
adsorption. ZIF-94, ML ZIF-DCI and ZIF-DCl (Fig. 6) all exhibit a Lang-
muir type isotherm, which is indicative of stronger dipole interactions
with CO5 as compared to the linear isotherms of the other ZIFs.

While comparison with other ZIFs is slightly biased due to most re-
ported CO; uptakes being measured at 25 °C, while ours are at 30 °C, we
can conclude that mechanochemically prepared samples that have
known solvothermally prepared counterparts perform very similarly,
expect for samples where some loss of porosity is observed, there the
uptake is comparatively slightly lower. NICS-23 BM and solvothermally
prepared (ST) exhibit the same linear isotherms with very similar up-
takes (Fig. S7), the same Langmuir type isotherm is also observed for BM
and ST ZIF-94, except due to the lower porosity a lower uptake is
observed for BM ZIF-94.

Based on presented results, we can estimate that the phase ZIF-DCI-
BIM could potentially have the second or third highest uptake of ZIFs.

Water isotherms (Fig. 6) for ZIF-90, and NICS-23 showed the ex-
pected inflection points at around 30-35 % RH. ZIF-94 on the other hand
exhibited more of a type II isotherm. All the hydrophilic frameworks
showed a similar small hysteresis The rest of the frameworks were
highly hydrophobic resulting in almost no water adsorption (less than 1
wt%).

In the model wet CO, system, the hydrophobic materials exhibit no
or a small change in CO5 uptake compared to dry CO, adsorption. The
series of hydrophilic ZIFs (ZIF-90, NICS-23 and ZIF-94), demonstrated
why studying of wet gas mixtures is important. ZIF-94 fully saturated
with water leads to no additional adsorption at higher gas pressure,
contrary to published results from breakthrough curved for the sol-
vothermally prepared ZIF-94 [66]. The other two ZIFs isotherms begin
with a large increase in mass thanks to water adsorption followed by
gradual mass loss at higher CO, leading to isotherms with negative
slopes. The negative slope could be indicative of preferential adsorption
of CO; on the framework under these model conditions. All three hy-
drophilic materials exhibited low selectivity towards CO3 in the lower
pressure ranges, somewhat narrowing the field of use for these materials
to higher CO, pressures for use with wet CO or limiting the max hu-
midity to 30 % requiring drying steps before adsorption.

Sample Sper [m%/g] Vmicro [mML/g] Viotal [mL/g] CO,, uptake [mmol/g] Wet CO, [mmol/g] H,0 uptake [mmol/g] (wt%)
ZIF-8 1451 0.56 0.61 0.5 0.57 <0.5 mmol (0.4)

ZIF-90 626 0.24 0.41 1.09 /¢ 10.3 (18.6)

NICS-23 732 0.24 0.35 0.95 /¢ 12.5 (22.5)

ZIF-DCl-2MIM 669 0.21 0.313 0.82 0.83 <0.5 mmol (0.3)
ZIF-DCI-5CLBIM 90" Va Va 1.19 1.20 <0.5 mmol (0.8)
ZIF-DCI-BIM 422 0.14 0.20 1.63 1.57 <0.5 mmol (0.8)

ZIF-94 478 0.16 0.23 1.38 /P 6.7 (12.1)

ZIF-DClL 541 0.19 0.26 1.36 1.34 <0.5 mmol (0.45)

@ BET determined from 11 sorption points collected, whole isotherm could not be measured.

b saturated with water.

¢ adsorption of both adsorbates.
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Fig. 7. Differential adsorption interaction per one CO, molecule as a function
of loading.

3.3. Computational investigation into sorption in NICS-23 and ZIF-8

To ascertain that the computational approach is valid, a benchmark
material ZIF-8 was studied along with the new frameworks of NICS-23.
The optimised cubic cell parameters of ZIF-8 and NICS-23 are 16.86 A
and 17.20 A, respectively, which is within 0.9 % of the experimentally
determined values.

Among different sites probed for CO, adsorption, the strongest
interaction is —5.8 kcal mol~! with ZIF-8 and -10.1 kcal mol ! with
NICS-23. This roughly correlates with the experimentally determined
sorption ability of both materials, which is stronger for NICS-23.

a.
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The CO, adsorption interaction with ZIF-8 has previously been
computed with slightly different parameters and was found to match our
predictions (—5.9 kcal mol ! by Fischer and Bell [67] and —5.01 kcal
mol ! by Paudel et al. [68]). The corresponding Gibbs free energies of
adsorption at 1 bar were calculated to be +4.62 and + 0.01 kcal mol %,
respectively.

The most favourable adsorption site for CO5 in ZIF-8 is parallel to the
imidazole ring, approximately 3.3 A away, which is consistent with the
work by Fischer and Bell [67]. On the other hand, sites close to the metal
centre exhibit a strong repulsion. Consistent with the findings from
Paudel et al. [68], we also observe that the differential interaction per
one added CO5 molecule decreases up to n = 3 and then fluctuates be-
tween 5 and 6 kcal mol~! up to 23 CO, molecules per unit cell (Fig. 7),
which corresponds to an uptake 8.4 mmol/g. This can be viewed as a
maximum possible uptake at a high CO, pressure.

In NICS-23, the trends are similar, but the interaction strength is
stronger. The most favourable adsorption site is equidistant to the
imidazole ring and the ester group (3.3-3.4 A). A similar geometry
shows that the effect is not due to a different adsorption site or structure
but the overall dispersion interaction with the framework. Up ton = 3,
the average interaction decreases from 10 kcal mol ™! to 7 kcal mol
and then only negligibly fluctuates up to 23 CO, molecules which is in
agreement with the observed experimental data (SI Chapter S3.2,
Fig. S14). Subsequently, the change is less abrupt as the interaction
slowly gets less favourable up to 32 CO» molecules, when it abruptly
becomes repulsive (Fig. 8). Hence, NICS-23 can easily uptake 6.1 mmol/
g CO2 and not more than 8.4 mmol/g.

Experimental data for sorption were described with a Langmuir
isotherm

Fig. 8. Adsorption site for CO; in a) ZIF-8 and b) NICS-23. Full loading limit for c¢) ZIF-8 and d) NICS-23.



A. Skrjanc et al.

g KeP
1+K,P

where 6 corresponds to the coverage, defined as a fraction of the
maximum uptake (n/ng, np = 8.4 mmol/g), K, is the corresponding
equilibrium constant and P is pressure. For ZIF-8 and NICS-23, K, is
0.0602 bar! and 0.1327 bar'l, respectively, at 30 °C. This is consistent
with different Gibbs free energies of adsorption for the two materials
(AAG = 4.61 kcal mol™ ).

4. Conclusions

Mechanochemistry was successfully used to prepare a series of nine
ZIFs with sodalite topology, with eight exhibiting permanent porosity.
Of the prepared ZIFs, four were new phases of either known linker
combinations or completely unknown phases. Among them NICS-23, the
first reported ZIF with an ester group, was successfully prepared and its
structure determined from PXRD. The eight porous ZIF structures were
synthesized with high phase purity and moderate to high crystallinity.
While a slight reduction of particle size of the obtained materials,
compared to their solvothermal analogues was observed, the obtained
particles exhibited similar agglomeration as in solvothermal synthesis.

CO,, water and wet COy isotherms of the eight materials were
collected and evaluated, showing comparable sorption properties with
their solvothermal counterparts, where available. The prepared mate-
rials could easily be divided into two groups the hydrophilic (ZIF-90,
ZIF-94 and NICS-23) and hydrophobic (water uptake <1w%) (the rest).
Dry CO- uptake confirmed the expected trends of more polar functional
groups— stronger interactions— higher uptake, where the uptake was
not limited by low porosity. Hydrophobic frameworks also exhibited
retention of adsorption capacity in model wet CO5, while all three hy-
drophilic structures showed competitive adsorption of water and CO,.

Mechanochemistry proved again as a promising synthetic strategy
for the preparation of various ZIF and ZIF-like materials with different
functional groups, leading to fast and easy synthesis of novel materials, i.
e. successfully addressing environmental and health issues of ZIFs sol-
vothermal synthesis. The results demonstrated that the so-prepared
materials can exhibit excellent dry and wet CO, performance, the
impact of the latter often not properly or enough addressed in CO,
sorption studies.
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