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Abstract: Zeolitic imidazolate frameworks MAF-5 and MAF-6 based on Zn?* and 2-ethylimidazole
were demonstrated to be efficient heterogeneous catalysts in solvent-free coupling of CO, and
propylene oxide (PO) to produce propylene carbonate (PC) at 0.8 MPa of CO, and 80 °C. Activity of
MAF-5 was lower in comparison with MAF-6 due to the difference in their structural and textural
characteristics. MAF-6 samples with particle size of 190 £ 20, 360 £ 30, and 810 £ 30 nm were
ff,‘,eﬁtf;’s' prepared at room temperature from [Zn(NHj3)4]J(OH), and 2-ethylimidazole. Control of particle

size was achieved by variation of type of alcohol in alcohol/cyclohexane media for the preparation
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of MAF-6. According to this comprehensive study, the yield of PC was found to decrease with
increasing crystal size of the MAF-6 material, which was related to the change in textural properties

S.H. Effect of MAF-6 Crystal Size on and the number and localization of active sites. The combination of MAF-6 with particle size of
Its Physicochemical and Catalytic with particle size of 190 & 20 nm and tetrabutylammonium bromide ([n-BuyN]Br) as co-catalyst
Properties in the Cycloaddition of led to an approximately 4-fold enhancement in the yield of PC (80.5%). Compared with reported
CO, to Propylene Oxide. Catalysts ZIFs catalysts, the efficiencies of MAF-5/[n-BuyN]Br and MAF-6/[n-BuyN]Br binary systems were
2021, 11,1061. https://doi.org/ comparable and higher under similar reaction conditions.

10.3390/ catal11091061

Keywords: zinc zeolitic imidazolate frameworks; MAF-5; MAF-6; effect of particle size; cycloaddition;
Academic Editor: Gang Li

COy; propylene carbonate; propylene oxide
Received: 10 August 2021
Accepted: 30 August 2021
Published: 31 August 2021

1. Introduction

Nowadays, it nearly impossible to imagine modern life without the products of chem-
istry. The chemicals industry and other related industries supply us with a huge variety of
published maps and institutional affil- ~ €SSential products, from plastics to pharmaceuticals. However, these industries are based
{ations. on the utilization of fossil fuels as a source of energy and feedstocks, and often release pol-

lutants into the environment that provokes both economic and environmental challenges.

Moreover, due to the technological progress and rapid expansion of the population in the
World since the second half of the 20th century immediate availability would no longer
be able to fulfill the increasing global demand for these raw materials. To use renewable
carbon resources, i.e., biomass and CO,, in the chemical and energy industries, it is a key
to finding lasting solutions to both economic and environmental challenges.

Carbon dioxide is a waste product from all combustion processes and many chemical
conditions of the Creative Commons 1A ustries. CO; represents a potential and alternative carbon feedstock for the preparation
Attribution (CC BY) license (https://  Of @ variety of useful chemicals [1-4]. Several routes having a significant potential for both
creativecommons.org/licenses /by / the chemical utilization of large amounts of CO; and becoming economically profitable
40/). were pointed in the position paper «Utilization and storage of COy» [5]. The application
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of CO, for the synthesis of polymer, fuel, and chemicals is one of these routes. Currently,
there are few industrial processes that utilize CO, as a raw material into value-added
chemicals [6,7]: there are the methods for the commercial synthesis of urea from CO,
and ammonia (190 million tons produced worldwide in 2020 [8]) and the Kolbe-Schmitt
synthesis of salicylic acid from CO, and phenol (102,812 kilotons produced worldwide in
2017 [9]). Methods for the commercial synthesis of cyclic carbonates and polycarbonates
from CO; and epoxides in the presence of basic catalysts were developed in 1950 [1,4,10].
Approximately 6.0 million tons of polycarbonates per year is obtained by the Asahi-
Kasei process [10]. Recently, Covestro developed a plant for the copolymerization of CO,
with propylene oxide to generate polymeric polyols (polyether carbonates), branded as
Cardyon [11]. These polyols are used to make polyurethanes, which are found in foam
mattresses. Cyclic carbonates are produced on a smaller scale. The ethylene carbonate
market was valued at $288.0 million in 2019 and is projected to $418.5 million by 2027 [12].
The propylene carbonate market was valued at US$ 454.0 million in 2018, and it is projected
to increase by 6.2% from 2019 to 2028 [13]. Note that the five-membered cyclic carbonates
are widely used as lubricants, surface coatings, plasticizers, lithium battery electrolytes,
solvents, selective reagents, fuel additives, monomers for polymers, and intermediates in
the production of pharmaceuticals and other fine chemicals [4,10,14,15].

The reaction of propylene oxide (PO) with CO, can in principle yield two possible
products: a five-membered cyclic carbonate (propylene carbonate, PC) and/or a polymeric
carbonate (polypropylene carbonate, PPC) (Scheme 1). The catalytic systems that are used
to promote this reaction generally consist of a Lewis base acting as a nucleophile and a
Lewis acid species in the form of one or more metal centers.

CH; /Of\ CH (}\\
- 3 O
0 0 €Oy + N\ / o
n 0 CHj3

Scheme 1. Reaction between propylene oxide and carbon dioxide to propylene carbonate (PC; right)
and polypropylene carbonate (PPC; left).

There have been many different types of homogeneous and heterogeneous catalysts
suggested for the synthesis of PC via the coupling reaction of carbon dioxide with PO.
Yano et al. [16] demonstrated that a commercial MgO could give PC with 41% yield at
135 °C and 2 MPa of CO; for 12 h in a solvent of dimethylformamide. According to the
work in [17], the catalytic efficiency of MgO was higher in comparison with ZnO, ZrO,,
LayO3, CeOy, CaO, and AL, O3. In the presence of MgO a yield of PC was 32% with a 92%
selectivity at 150 °C and 8 MPa of CO, for 15 h. At the same time, a higher PC yield of
54% and lower selectivity (75%) were observed in the presence of LayOs. These differences
were explained by a large amount of moderately basic sites in MgO.

The coupling reaction of carbon dioxide with PO to produce PC was also efficiently
catalyzed by ionic liquids (ILs) based on large organic cations like imidazolium, ammonium,
pyridinium ones, and inorganic anions [18-20] and systems based on immobilized ILs [21].
Type of cation and anion affect the reaction rate and selectivity towards PC [22]. In the case
of 1-n-butyl-3-methylimidazolium (BMIM) derivatives, high conversion and selectivity
were found to be observed in anions with Br~ and I, while relatively low selectivity was
observed in the cases of BMIM with CI~, AcO~, HCO3~, malonate, and proline. The high
activity of systems based on ILs was explained by the interaction between the imidazolium
ring proton at the C2-position and the epoxide oxygen atom that make easy epoxide
ring-opening in the course of nucleophilic attack of Br~ on the C atom of PO.

Metal-organic frameworks (MOFs)—materials fabricated by metal ions/clusters and
organic ligands—were also found to catalyze the reaction between CO, and PO [23,24].
The catalytic activity of MOFs systems resulted in the high CO, adsorption capacity on the
active sites, which are due to the defect sites within or on the surface of the crystalline mate-
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rials. According to the work in [25], the addition of the quaternary ammonium salts (QAS)
to MOFEF-5 leads to an increase in yield of PC in the presence of MOF-5/[QAS]Br binary
system, and the yield of PC increases with the alkyl chain length in the following order:

[n-BuyN]Br > [n-PryN]Br > [n-Et4N]Br > [Me4N]Br.

In optimal experimental conditions (6 MPa, 50 C, 4 h), the yield of PC was 95.5% in the
presence of MOF-5/[n-BusN]Br. Notable that this binary system could be used for three
cycles without loss in activity.

Zeolitic imidazolate frameworks (ZIFs), as a sub-class of MOFs, were also reported
as efficient catalysts in the cycloaddition of CO, to PO [23,24]. ZIFs are porous crystals
with zeolite-type tetrahedral topologies, which are constructed from tetrahedral metal ions
(Zn?*, Co?*, Fe?*, etc.) bridged by imidazolate ligands. ZIFs combine the benefits of zeolites
and MOF materials: high chemical and thermal stabilities, uniform pore distribution, and
high specific surface area and microporosity. ZIFs draw attention as catalysts due to the
availability of Zn?* (as Lewis acidic sites, LAS) and imidazolate linkers (as basic sites,
BS) in the structure. Some especially noticeable features of ZIFs are high hydrophobicity
and excellent capability for CO, adsorption and capture. Nowadays, a series of ZIFs and
ZIFs/[n-BuyN]Br binary systems were reported (Tables 1 and 2) [26-33]. The yield of
cyclic carbonate was 49-81% with 95-99% selectivity in the presence of ZIF-23, ZIF-90,
ZIF-90, F-ZIF-90, and ZIF-95 at 0.8-1.2 MPa of CO, and 100-140 °C (Table 1). The yield of
PO was significantly enhanced in the presence of mixed CoZn-ZIF composite due to the
synergistic effect of Lewis acid-base by comparing the catalytic performance of ZIF-8(Zn)
and ZIF-67(Co) (Table 1). Park et al. [32] suggested that this phenomenon was resulted in
exploiting the advantageous properties of Zn (high activity) and Co (low leaching and high
selectivity). The addition of co-catalyst favors the increasing catalytic efficiency of ZIFs
that allows reducing reaction rate and pressure of CO,. Thus, high activity of ZIF-23/[n-
BuyN]Br [27] and ZIF-95/[n-BusN]Br [31] binary systems was observed at 80-100 °C and
1.2 MPa (Table 2).

Table 1. Cycloaddition of CO, to propylene oxide in the presence of ZIFs without co-catalyst.

Catalyst Experimental Conditions Catalytic Test
. PO . Ref.
a PO Pco2 T Time . PC Yield
(mmol) (mmol) MPa Xe (h) Confiersion (%)
MAF-6(L) 0.85 24.0 0.8 80 5 8.0 7.9 This work
MAE-6(M) 0.85 24.0 0.8 80, 100 5 12.2,34.1 11.0, 33.8 This work
MAF-6(S) 0.85 24.0 0.8 80 5 22.3 22.0 This work
MAEF-5 0.85 24.0 0.8 80 5 8.3 8.2 This work
ZIF-8 0.52 25 1.0 110 3 <5 <5 [26]
ZIF-23 0.8 429 3.0 140 24 71.2 70.3 [27]
ZIF-90 0.52 429 12 90, 120 8 13, 88 11, 81 [28]
ZIF-90 0.49 18.1 1.0 120 3 51.0 49.0 [29]
F-ZIF-90 0.177 18.1 12 120 6 89 87.8 [30]
ZIF-95 0.4 18.6 12 80 24 91.0 90 [31]
CoZn-ZIF 0.7 25 0.7 100 4 81 99 [32]
a

Amount of catalyst based on PO.
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Table 2. Cycloaddition of CO, to propylene oxide in the presence of ZIFs/[n-BuyN]Br binary systems.

Catalytic System Experimental Conditions Catalytic Test
. PO . Ref.
[n-BuyN]Br PO Pcoz T Time . PC Yield
(mmol) * (mmol) * (mmol) MPa o) (h) C°“;{,Z’)5‘°“ (%)

MAF-6(L) 0.85 0.85 24 0.8 80 5 65.0 643 This work
MAF-6(M) 0.85 0.85 24 0.8 80 5 67.6 672 This work
MAF-6(S) 0.85 0.85 24 0.8 80 5 80.5 79.6 This work
MAF-5 0.85 0.85 24 0.8 80, 100 5 67.3,80.7 66.6,79.9 This work

ZIF-23 08 08 29 12 80, 100, 120 6 6,98 55,582,613 [27]

ZIF-95 04 0.4 18.6 12 80, 100 2 83.2,97.2 84.0,96.2 [31]

MOF-5 25 25 20.0 6 50 1 g 97.6 [25]

Ul\f{%\f‘l' 0.64 0.64 28 12 RT 24 90 90 133]

2 Amount of catalyst and [n-BuyN]Br based on PO.

Recently, Chen et al. [34] demonstrated that the reaction rate of cycloaddition between
CO; and styrene oxide could be tuned easily by the morphology control synthesis of
ZIF-8. Morphology of ZIF-8 was found to affect the porosity and the number of acidic
and basic sites and, therefore, catalytic performance. The activity of ZIF-8 decreased in the
following order:

solid spheres > hollow spheres > hierarchical particles
> stackable particle > nano-dodecahedrons.

The high activity of ZIF-8 solid spheres was due to its highest specific surface ar-
eas, most abundant acid-basic sites, and large mesoporous volume. The effect of the
morphology of ZIF-8 particles was also demonstrated for the condensation reaction of
4-bromobenzaldehyde (BA-Br) with malononitrile [35]. The conversion of BA-Br for 30 min
of the reaction decreased in the following order:

truncated rhombic dodecahedron (141 4+ 48 nm) > rhombic dodecahedron
(500 nm) > cubes and a rhombic dodecahedron (~1050 nm).

This order was explained by the decrease in the number of available active sites due to
a decrease in the area of the outer surface of ZIF-8 crystals. A similar effect of morphology
and particle size of ZIF-8 was also demonstrated by Zhang et al. [36] for [3+3] cycloaddition
reactions between dions and aldehydes.

We have recently studied the effect of ZIF-8 particle size (50-800 nm) in a hexagonal
shape on their catalytic efficiency in the synthesis of propylene glycol methyl ether (PGME)
from PO and methanol [37,38]. A pronounced size effect on the reaction rate and selectivity
toward PGME was found to decrease along with the growth of the ZIF-8 crystal size.
According to the physicochemical investigations, this phenomenon was explained by the
change in textural characteristics and the surface-to-volume ratio of the number of the
basic sites. Note that reaction rate and selectivity towards PGME depended also on the
type of ZIFs (Table S1, Supporting Information) and decreased in the following order:

MAF-5 (ZIF-71) > MAF-6 (ZIF-14) > ZIF-8.

This correlation was caused by the increasing channel size and decreasing surface
basicity of ZIFs [38,39].

Herein, we present an investigation of the catalytic properties of MAF-5 and MAF-6
in the coupling reaction of carbon dioxide with PO to produce PC. The main attention
was focused on the examination of the effect of the MAF-6 catalyst crystallite size on its
catalytic performance, because the reduction of the particle size from the micrometer to
the nanometer scale could involve changes in its physicochemical and catalytic properties.
A combination of catalytic and physicochemical methods was used for solving such a
challenge. Thus, the nature of the active sites of the MAF-6 samples was analyzed by DRIFT
spectroscopy using CDCl3 as a probe molecule and DR-UV-Vis spectroscopy. Morphology
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and particle size were analyzed by SEM and XRD methods. We assume that investigation
of size effect could open the way for the tuning and control catalytic properties of MAF-6,
in particular, and ZIFs, in general, in this reaction.

2. Results and Discussion
2.1. Synthesis and Characterization of MAF-6 and MAF-5

MAF-5 was synthesized at room temperature with 2-EIM /Zn?* molar ratio of 2.0 in
methanol solution. A combination of physicochemical methods points to the formation of
the MAF-5 structure with high crystallinity [39]. SEM images, XRD pattern and textural
characteristics are shown in Figures 51-53 (Supporting Information) and Table 3.

2.1.1. Structural and Textural Properties of MAF-6

The zeolitic imidazolate framework MAF-6s with different particle sizes were synthe-
sized from [Zn(NHs3)4](OH), and 2-EIM. The particle size estimated by SEM was tuned by
the changing of solvent type (Table 3). Microscopy images of MAF-6 samples are shown
in Figure 1. One can see that all samples have uniform particle size distributions. The
morphology of crystals is a rhombic dodecahedron structure exposing 12{110} faces. The
experimental data (Table 3) show the particle size of MAF-6 decreases in the following
order, because of solvent effect:

MAF-6(L) (MeOH) > MAF-6(M) (EtOH) > MAF-6(S) (PrOH).

Earlier, the effect of solvent on the crystallization rate and size of crystal was demon-
strated for ZIF-8 [40]. Similar to our results, the crystal size of ZIF-8 was demonstrated to
decrease in the following order:

MeOH > EtOH > PrOH.
Table 3. Synthesis, abbreviation, textural properties, and crystal sizes of ZIFs.
Experimental Conditions Textural Properties
Crystal Size P
Solvent x? (nm) (ISnBzFf) ( CX? ) V;‘/ Vu/Vy
(vol./vol.) g 8 (cm>/g)
MAF-6(S) PrOH/cyclohexane 28.5:1.5 0.84 190 £+ 20 1258 0.59 0.43 0.73
MAF-6(M) EtOH/cyclohexane 28:2 0.86 360 + 30 1395 0.71 0.58 0.82
MAF-6(L) MeOH/ cyclohexane 27:3 0.98 810 £+ 30 1579 0.68 0.63 0.93
MAF-5 Me(gH - - 190-260 464 0.32 0.17 0.53

2 x—Value of a hydrogen bond donation of solvents; Value of HBD for cyclohexane is 0 [41]. P Measured from series of SEM images.

The impact of solvent was explained by its role as a structure-directing agent via
its included in the framework by non-covalent interactions that can be confirmed by
the correlation between crystal size of ZIF-8 and value of the hydrogen bond donation
of solvents (o) [41]. Park et al. [42] also suggested the interaction between solvent and
framework of ZIF-8 that followed from the presence of solvent molecules near the hydrogen
atoms of 2-methylimidazolate groups.

The XRD patterns of the MAF-6 samples with different particle sizes are shown in
Figure 2. The observed characteristic diffraction peaks of RHO structure with crystalline
peaks at diffraction angles (20) 5.90°, 7.28°, 8.44°, and 9.44° displayed similar XRD patterns
of MAF-6 reported in the literature [43-45]. The average crystal size of MAF-6 samples was
calculated from X-ray spectra using the Debye—Scherrer equation (Equation (1)) [46,47]:

09-A
D =—
XRD B-cosB

)
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MAF-6(L)

MAF-6(S)

Figure 1. SEM images of MAF-6 samples with different particle sizes.
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Figure 2. XRD patterns of MAF-6 with different particle sizes.

Where Dxpp is particle size (nm), § is the full-width at half maximum of the peak
(radian), © is the Bragg angle of diffraction peak (grad), and A is X-ray wavelength of
CuK (0.1542 nm). The Dxgp value for MAF-6 was found to change in the following order
(Table S2, Supporting Information):

MAF-6(L) (36 + 2 nm) > MAF-6(M) (29 & 2 nm) > MAF-6(S) (24 + 1 nm).

If we assume that MAF-6 particles consist of domains and the size of each domain is
equal to that of the region of X-ray coherent scattering (Dxrp), the Dsgpr/Dxrp ratio can
be considered as a parameter indicating the relationship between regular and imperfect
structural regions in the bulk of the MAF-6 particle (Table S2, Supporting Information).
The data suggest that the size of imperfect structural regions rises with decreasing particle
size (Dsem/Dxrp):

MAF-6(L) (23) < MAF-6(M) (12) < MAF-6(S) (10)

Textural properties of MAF-6 samples are shown in Table 3. It was found that the
specific surface area and microporosity (V,,/Vs) of MAF-6 increased with increasing crystal
size. This phenomenon can be explained by the impact of the nature of alcohols used in
MAF-6 synthesis on the formation of pore structure. First, both basicity of solvent and size
of molecule of solvent are important for the hydrogen bonding interaction between the
alcohol and 2-MIM, i.e., the linker deprotonation, because this interaction affects the rate of
nucleation and crystal growth. Moreover, molecules of alcohol can be incorporated in the
as-synthesized MAF-6 structure and act as a space-filling molecule as kinetic diameters of
alcohols (MeOH 3.8 A, EtOH 4.30 A and n-PrOH 4.7 A [48] are smaller in comparison with
the pore size of MAF-6 (theoretical pore size: 7.6 A [49]). Note that the effect of particle size
on the textural properties was demonstrated for ZIF-8 [37,50,51]. It was also found that the
external surface decreases, while microporosity increases with increasing crystal size.

2.1.2. Nature of Active Sites of MAF-6

The nature and structure of active sites were investigated by different spectral methods,
such as DRIFT spectroscopy, DR-UV-Vis spectroscopy, and DRIFT spectroscopy using
CDClj; as a probe molecule.

DRIFT spectroscopy. The DRIFT spectra of MAF-6 samples with different particle sizes
are shown in Figures 3 and S5 (Supporting Information). In spectra of samples, the bands
observed in the regions of 3650-3300 cm ! and 1550-1650 cm ! may be attributed to the
v(on) stretching mode of water and alcohol molecules [52-54]. The 2-ethylimidazole has
bands in the region of 2800-3150 cm ™! and at 1152 cm ™! which are assigned to the v(cp3)
and v(cpp2) asymmetric and symmetric stretching frequencies and p(crp) in-plane rocking
vibration frequency, respectively. Moreover, the 6(cp3) in-plane and wcps) out of plane
bending modes are observed at 1172 and 1143 cm ! in the DRIFT spectrum, respectively.
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The observed bands at 1470 and 1454 cm ™! are assigned to v(c_y) stretching vibration in
2-ethylimidazole ligand. The band in the region of 410 to 440 cm ! is particularly worth
discussing. This band is assigned to the Zn-N stretching mode due to the interaction
between a Zn atom and an N atom of 2-ethylimidazole. In a spectrum of MAF-6(L), a
symmetric band at 423 cm~! is observed. At the same time, this band splits to 418 and
434 cm ! in spectra of MAF-6(M) and MAF-6(S), respectively. We can suggest that band at
434 cm~! is attributed to the Zn-O stretching mode due to the interaction between the Zn?*
ions of MAF-6 and the oxygen atom of alcohol [37,39]. The change in the character of bands
in the region of 770-790 cm~! (OH out-of-plane bend) (Figure 3) and 1300-1330 cm~ ! (OH
in-plane bend) (Figure S5, Supporting Information) point also to this interaction.

812
| \ MAF-6(S)
) | M
€ 4 i
[T
g MAF-6(M)
1
|/ MAF-6(L)
0 . : . r
400 600 800

Wavenumber, cm™
Figure 3. DRIFT spectra of MAF-6 with different particle sizes.
DR-UV-Vis spectroscopy. DR-UV-Vis spectra of MAF-6 samples are shown in

Figures 4A and S6 (Supporting Information). Two types of bands are observed in spectra
of samples:

| B .
A 5
0.9 34 A MAFES) ©
3
£
o
N
) N
0.6 8 2 N
3 % B
frag 8 T
3
1 ]
0.3 -
2
(]
c
3
£
0.0 0

) v ) M
300 350 400 450
Wavelength, nm

—
250

D

ID.

SEM" ™ X-ray

Figure 4. (A) DR-UV-Vis spectra of MAF-6 samples with different particle size. (B) Correlation
between data of DR-UV-Vis (I300/I3¢0), DRIFT-CDCl3 spectroscopy (I2242) and Dsgm /Dx.ray.

(1) Internal ligand charger transfer m — 70 in the region of 205-235 nm [55,56];

(2) Charge-transfer ligand-to-metal (LMCT) n — Zn%* (the highest energy nlgvmv
— Zn%* (Amax 300 nm) and lower energy N2gmmm — ZNn%" (Amax 360 nm)) in the region of
250-400 nm.

Ideally, Zn?* ion bounds to the four ligands via nitrogen atoms in the structure of
ZIFs (Znry atoms). However, DFT calculations [57,58] pointed that ZIF-8 can have low-
coordinated Zn atoms (Zn atoms without one or two linkers, Znyj; and Zny; atoms), and
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free N-moieties belonging to linkers can exist on the external surface of solid. For the
identification of Azpp and Asgp bands, the following points should be taken into account:

(1) The energy of ligand-to-metal charge transfer depends on the coordination of zinc
atoms in the samples.

(2) The increasing integral intensity of the band at 300 nm in DR-UV-Vis spectra of
MAF-6 samples after heating under vacuum at 150 °C for 6 h and the next increasing after
wet air addition (Figure S6, Supporting Information).

Therefore, A3pp and Asgyp bands can be ascribed to the metal-to-ligand charge trans-
fer from low-coordinated Zn atoms (Znj;; and Zny) to ligand and high-coordinated Zn
atoms (Znyy) to ligand, respectively. This suggestion agrees with the correlation between
Dsem/Dxrp ratio and the ratio of intensities of Asgg and Asgp (I300/1360) (Figure 4B). The
I300/I360 ratio decreases with increasing Dsgn / Dxrp, i.e., with the increasing size of regular
structural regions. Therefore, this correlation points that Lewis acidic sites are located in
the defect area and formed by low-coordinated Zn atoms (Zny and Znyy)

Basic properties of ZIFs. Basicity of MAF-6 samples was investigated by DRIFT
spectroscopy using deuterated chloroform (CDCl3) as a C-H acid probe (DRIFT-CDCI3).
This method was successfully used to analyze the basicity of metal-organic frameworks,
such as MIL-100(Al), Cu(BTC) and UiO-66 [59,60], NH;-UiO-66 [60], ZIF-8, and MAF-
5[37,39,60].

The spectra of CDCl3 adsorbed on MAF-6 with different particle sizes are shown in
Figures 5A and S7 (Supporting Information). Two bands at 2242 and 2250 cm~! assigned
to the interaction of CDCl3 with basic sites (BS) can be distinguished. The strength of these
bands as the proton affinity (PA) is 870 and 839 k] /mol, respectively (Table 4). These values
indicate that MAF-6 possesses lower basicity than that of 2-ethylimidazole (978 k] /mol) [61].
The decreasing basicity of linker in ZIFs is due to the formation of a Zn-N bond via the
interaction between Zn?* and the nitrogen atom of the organic linker.

N
< -
N
A & B
45 50+
MAF-6(S)
404
30-
~ 30
—_ S
m _N
= MAF-6(S) 20+
154
MAF-6(M)
10+
MAF-6(L)
MAF-6(L)
0- : . : . ] oA
2220 2240 2260 1,0 15 20 25 30
Wavenumber, cm” l300/1360

Figure 5. (A) DRIFT spectra of CDCl3 adsorbed on MAF-6 with different particle sizes. (B) Correlation
between I3y /1349 and the number of basic sites (I5247).
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Table 4. Basicity of different catalytic systems according to adsorption of CDCl3,

vc-D PA
(cm™1) (kJ/mol)
CDCl3 2268 -

2-Methylimidazole [61] - 963.4
2-Ethylimidazole [61] - 978
MAF-6 2250 839

2242 870

MAE-5 [39] 2250 839
2243 864

2235 884

ZIF-8 [37] 2255 812

2245 858

NH,-UiO-66(Zr) [60] 2253 839
2245 867

UiO-66(Zr) [60] 2253 839

According to experimental data, particle size does not affect the strength of MAF-6
samples. Rather, the amount and accessibility of basic sites depend more on this parameter.
Comparing the rate of CDCl3 adsorption onto MAF-6, one can easily see the effect of
particle size on the accessibility of basic sites (Figure 57, Supporting Information). When
particle size decreases, the rate of CDCl3 adsorption rises, i.e., sample with smaller particle
faster uptakes CDCls. Adsorption rate is dependent not only on particle size, but also
on the microporosity of samples (V,./Vyx) (Table 3) which affects the diffusion of CDCl3
molecules inside the porous MAF-6 particle. Note that specific surface area and pore
volume of MAF-6 samples play a minor role in the adsorption kinetics (Table 3). MAF-6(S)
with 190 nm particle size has the highest adsorption rate despite of the lowest Sggr and
total pore volume (Vy).

The particle size of MAF-6 affects the number of basic sites that following from the
increasing integral intensity of the band at 2242 cm ™! (I4p) with decreasing particle size of
MAF-6 (Figure 4B). According to DFT calculations and different studies [58,62], basic sites
are formed by Zn-OH groups and N-moieties of nonbridging linkers due to the existence of
low-coordinated Zn atoms (Zny; and Znyy). This assertion agrees with the linear correlation
between the intensity of band at 2242 em ™! (Ipng0) and the ratio of intensities of A3y and
A360 (I300/1360) (Figure 5B). Note that decreasing the number of basic sites with increasing
particle size is consistent with the changing of Dsgn/ Dxrp ratio (Figure 4B). The increasing
size of regular structural regions leads to a decreasing number of basic sites.

It was interesting to compare the strength of basic sites of MAF-6 with that of ZIFs
and MOFs reported in the literature. Data shown in Table 4 point that the basicity of ZIF-8
(858 kJ /mol) formed by 2-MIM is lower than that of MAF-6 (870 kJ /mol) formed by 2-EIM
that is related to the lower basicity of 2-MIM than 2-EIM and the difference in pK, of
the conjugate acid for 2-MIM (7.85 [63,64]) and 2-EIM (8.0 [63,64]). At the same time, the
basicity of MAF-5 also formed by 2-EIM is higher than that of MAF-6. We can suggest that
this difference may be related to the high distortion of the framework of MAF-5 (Table S1,
Supporting Information), which probably leads to changes in electron density in the basic
sites. In general, basicity of ZIFs is higher than that of NH,-UiO-66(Zr) [60]. We can suggest
that the low basicity of NH,-UiO-66(Zr) is due to the interaction strength between -NHj
groups and carboxylic groups of the linker (2-amino-terephthalic acid).

2.2. Catalytic Properties of MAF-6

Catalytic properties of MAF-5 and MAF-6 were investigated in the cycloaddition of
CO, to PO at 80 C under 0.8 MPa of CO,. The main results are shown in Tables 1 and 2.
According to GC-MS analysis, PC was the major product with > 99% selectivity in all cases.
A blank experiment pointed that the conversion of PO was << 1% after 5 h. In the presence
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of MAF-5, the PO conversion increased to 8.2% (Table 1). After the addition of [n-BuyN]Br
as co-catalyst, conversion of PO and yield of PC strongly rose (Table 2). The activity of
MAEF-5/[n-BusN]Br binary system depended on the weight ratio of [n-BusN]Br/MAF-
5. The activity of binary system rose with increasing this ratio (Figure S8, Supporting
Information). The maximal yield of PC was 66.6% at a ratio of 1/1, 80 C for 5 h. The
yield of PC rose to 79.9% with increasing reaction temperature from 80 to 100 C. A kinetic
profile of the coupling reaction of CO, with PO in the presence of MAF-5/[n-BusN]Br (1/1)
binary system is shown in Figure S8 (Supporting Information). It can be clearly seen that
no induction period is observed in the kinetic curve for PC accumulation.

The addition of [n-BusyN]Br as co-catalyst had a similar effect on the reactivity of
MAEF-6 samples (Tables 1 and 2). Activities of [n-BusN]Br/MAF-6 binary systems were
higher in comparison with pristine MAF-6 samples. It is interesting that the catalytic
performance of MAF-6 was higher in comparison with MAF-5. The lower yield of PC is
not in agreement with the highest strength of basic sites of MAF-5 in comparison with
MAEF-6 (Table 4) which are important in reaction mechanism. According to a reaction
mechanism (Scheme S1, Supporting Information), the Lewis acidic center interacts with the
oxygen atom of the epoxide, while the Lewis basic site activates a CO, molecule [65,66].
Investigation of cycloaddition of CO, to PO by DRIFT spectroscopy pointed that the Zn-N
couples (LAS-BS) are formed by the defect sites where proceeds ring-opening step and
CO; activation [66]. The addition of [n-BusN]Br to catalyst accelerates the ring-opening
step due to the nucleophilic attack to C1 atom of epoxide and producing an intermediate
(Scheme S1, Supporting Information).

The difference in activities of MAF-5 and MAF-6 can be caused by a few reasons. First,
this phenomenon can be related to the difference in their structures (Table S1, Supporting
Information). The MAF-5 with a zeolite ANA (Analcime) framework topology is formed
by cells with the D3 (6°8%) symmetry, which have aperture (4.0 x 5.8 A) and an elongated
ellipsoidal cavity (7.0 x 10.0 A) with windows of Zny(2-EIM),, Zne(2-EIM), and Zng(2-
EIM)g rings [49]. At the same time, the MAF-6 with a zeolite RHO framework topology has
a large cavity (~18.7 A) and aperture (~7.6 A). Structure of MAF-6 is formed by cells with
windows containing four-, six-, and eight-membered rings containing 48 Zn atoms per unit
cell. Each cell is connected to six adjacent cells by means of polyhedral units, consisting of
double eight-membered rings (known as D8R) [67]. The higher disorder of the framework
and lower aperture size of MAF-5 in comparison with MAF-6 can lead to the decreasing
accessibility of active sites for the reagents and increasing diffusion limitations. The other
reason can be the difference in their textural properties (Table 3). Specific surface area
and total pore volume of MAF-5 are lower in comparison with MAF-6 that can affect the
number of active sites and therefore, activity.

Effect of particle size of MAF-6 samples in term of the PC yield was investigated in
the presence and without [n-BuyN]Br at optimal experimental conditions (0.8 MPa of CO,,
80 °C and 5 h) (Tables 1 and 2). Correlation between the crystal size of the MAF-6 material
and the yield of PC is shown in Figure 6A. One can see the yield of PC decreased with
increasing crystallite size. This phenomenon is caused by several reasons.
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Figure 6. Dependence of PC yield on particle size of MAF-6 (A) and the number of Lewis acidic sites
(I300/ I360) (B)-

First, the change in textural properties could affect the activity of MAF-6. The simulta-
neous increase in microporosity (V. /Vy) and particle size of the MAF-6 material (Table 3)
gives rise to the reduction of activity due to the rising diffusion limitations. This trend
can point that mesopores are beneficial for the high catalytic activity of MAF-6 and ZIFs
materials in general.

The varying amount and localization of active sites can be another reason of the
dependence of activity MAF-6 on crystal size. Correlation between the yield of PC and the
number of Lewis acidic sites (I300/I360) is shown in Figure 6B. One can see that the yield of
PC rises with increasing amount active sites formed by low-coordinated Zn atoms (Znyy
and Znyy). The yield of PC also increases with increasing the number of basic sites (Ixp42) of
the MAF-6 material (Figure S9, Supporting Information). Both correlations indicate that
both LAS and BS play an important role in the reaction mechanism. The high yield of PC
could be obtained in the presence of MAF-6 sample containing a large number of active
centers. These trends are in agreement with the structure and textural properties of MAF-6
samples. The low activity of MAF-6(L) with large particle size is due to the low quantity of
active sites that is derived from the high structural order of particles. Such interdependence
indicates that active sites are formed by defects and located in the regions close to the
surface of the crystallites. This suggestion is confirmed by linear correlation between yield
of PC and Dsgpn/Dxrp ratio (Figure S10, Supporting Information). The interdependence
between defects and active sites, and impact of active sites on the catalytic performance
were demonstrated for ZIF-8 [37,68].

2.3. Stability and Efficiency of MAF-6

The stability of MAF-6 in the course of the reaction was investigated by SEM. SEM
images of MAF-6(L) and MAF-6(S) samples, after application in catalytic reaction, are
shown in Figure 7. Mechanical degradation of the MAF-6 (L) crystals was observed due
to a result of stirring. At the same time, similar mechanical degradation of the MAF-6 (S)
crystals was found. The damage of the MAF-6(S) structure was confirmed by elemental
analysis which pointed to the Zn?* leaching due to the polar reagents and intermediates.
Amount Zn%* leached from MAF-6(S) was ~1.43 wt%. Note that this amount of Zn%*
leached did not affect the catalytic activity of MAF-6(S). The size effect on the stability of
ZIF-8 samples towards etching and Zn2* leaching was also observed in the Kndevenagel
condensation reaction and the transesterification of hexanol and vinyl acetate [68].
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MAF-6(L)

Figure 7. SEM images of MAF-6 samples with different particle size after catalytic test in reaction of
propylene oxide with CO;,

The comparison catalytic performance of the most active system (MAF-6(S)/[n-
BuyN]Br) with ZIFs/[n-BuyN]Br systems, which had been reported in literature, are shown
in Table 2. One can see from these data all systems are active at sufficiently near and
mild conditions at 0.8-1.2 MPa of CO, and 80-120 °C. Despite of the difference in CO,
pressure, we can say that efficiency of MAF-6(S)/[n-BusN]Br system is superior to ZIF-
23/[n-BuyN]Br and very close to the ZIF-95/[n-BusN]Br. Note that the catalytic perfor-
mance of MAF-5/[n-BuyN]Br is also higher than ZIF-23/[n-BusyN]Br both at 80 and 100 °C.
MAF-5/[n-BuyN]Br allows to obtain PC with 80.7% yield at 100 °C, while in the presence
of ZIF-23/[n-BuyN]Br yield of PC is only 61.7% at 120 °C

3. Materials and Methods
3.1. Materials

Propylene oxide (>98%, Acros Organics) and [n-BusN]Br (Sigma-Aldrich) were used
without further purification. Zn(NO3), 6H;0O, 2-ethylimidazole (2-EIM) were purchased
from Acros Organic.

MAF-5 was synthesized from 2-EIM and Zn(NOj3),-6H,O according to the method
described in Ref. [69]. The main textural and physicochemical properties are show in
Figures 51-S3 (Supporting Information).

MAF-6 samples were synthesized from 2-EIM and [Zn(NHj3)4](OH); according to the
method described in [70] after a small modification. 2-EIM (4 mmol) was dissolved in
mixed solvent systems (alcohol/cyclohexane). Zn(OH), (2 mmol), which was dissolved
in aqueous NHj (25%) solution (30 ml), was added once to the above described 2-EIM
solution. MAF-6 samples were obtained after vigorous stirring of the reaction mixture for
20 min under room temperature. The main experimental conditions for synthesis of MAF-6
samples, properties of solvents, particle size, and textural properties of materials are shown
in Table 3. The main textural and physicochemical properties are show in Figures S4-58
(Supporting Information).

3.2. Instrumental Measurements

X-ray diffraction (XRD) patterns were obtained with the use of a Thermo ARL X'tra
device, with the CuKa-radiation (A = 1.5418 A), focusing geometry 0-20 in the scanning
mode within the range of angles of 20 from 3 to 75° with the step of 0.05°.
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The textural characteristics of the MAF-5 and MAF-6 samples were determined from
the adsorption isotherm of Ny at —196 °C using a Micromeritics ASAP 2400. Chemical
analyses were done by an inductively coupled plasma-atomic emission spectrometry
(ICP-AES) using a PERKIN-ELMER instrument OPTIMA 4300.

Scanning electron microscopy (SEM) images were obtained with a Hitachi Regulus
microscope operated at an accelerating voltage of 20 kV in secondary electron mode. The
size distribution of the nanoparticles was calculated based on a representative set of SEM
images taken at different areas of the sample.

The basicity of ZIFs was determined by DRIFT spectroscopy with CDClj3 as probe
molecule to follow the technique that was explained in [71].

DRIFT spectra were recorded on a Shimadzu FTIR-8300S spectrometer with a DRS-
8000 diffusion reflectance cell in the range between 400 and 6000 cm™! with a resolution of

2
4 cm~ 1. All spectra are presented in F(R) Kubelka-Munk scale: F(R) = (1511; ) , where Ris

reflection coefficient. The DR-UV-Vis spectra were recorded on a UV-2501 PC Shimadzu
spectrometer with an IRS-250A accessory in the 190-900 nm range with a resolution of
2 nm, on samples in powder form placed into a special cell for DR-UV-Vis measurement.
BaSO,4 was used as standard for measurements.

4. Conclusions

In this work, zeolitic imidazolate frameworks MAF-5 and MAF-6 were demonstrated
to be effective catalysts in the cycloaddition of CO, to propylene oxide to propylene
carbonate (without any solvent) at 0.8 MPa of CO, and 80 °C. The activity of MAFs/[n-
BuyN]Br binary systems depended on the weight ratio of [n-BusN]Br/MAFs. The activity
of binary systems rose with increasing this ratio. The maximal yields of PC were 80.5
and 66.6% at a ratio of 1/1, 80 C for 5 h in the presence of MAF-6/[n-BusN]Br and MAF-
5/[n-BuyN]Br, respectively. Lower activity of MAF-5 in comparison with MAF-6 could
be caused by the difference in their structural and textural characteristics which affect the
accessibility of active sites for the reagents and increasing diffusion limitations.

Size effect on the reaction rate and yield of propylene carbonate was investigated
in the presence of MAF-6. MAF-6 samples with particle size of 190 £ 20, 360 + 30, and
810 £ 30 nm (MAF-6(S), MAF-6(M), and MAF-6(L), respectively) were prepared at room
temperature from [Zn(NH3)4](OH), and 2-ethylimidazole. Particle size was controlled by
variation of type of alcohol in alcohol/cyclohexane media. Particle size reduced in the
order: MeOH > EtOH > PrOH. According to comprehensive study, textural properties, and
the type and content of active sites, depend on the particle sizes of MAF-6 samples. The
catalytic activity of MAF-6 rose with decreasing particle size due to the increasing number
and location of active sites in surface of solid. Maximal yield of PC was observed in the
presence of MAF-6(S). Results of this investigation indicated that mesopores are beneficial
to the high catalytic activity of MAFs and ZIFs materials in general.

Particle size also affects the stability of MAF-6 crystals. SEM data pointed that in
contrast to MAF-6(L), MAF-6(S) sample is exposed to the indiscriminate etching of surface
of crystal due to the leaching of Zn?* by polar reagents. The efficiencies of MAFs/[n-
BuyN]Br binary systems were compared with that of ZIFs/[n-BuyN]Br reported in the
literature. It was found that activity of MAFs were comparable and higher under similar
reaction conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11091061/s1, Figure S1: SEM image of MAF-5, Figure S2: Isotherms of N adsorption-
desorption onto MAF-5, Figure S3: XRD pattern of MAF-5, Figure S4: Isotherms of N; adsorption-
desorption onto MAF-5 and MAF-6 samples, Figure S5: DRIFT spectra of MAF-6 with different
particle size, Figure S6: DR-UV-vis spectra of MAF-6(L) and MAF-6(S) after calcination at 150 °C
for 2 h in vacuum and the next addition of wet air, Figure S7: (A-C) DRIFT spectra of CDCl3
adsorbed on MAF-6 samples with different particle size. (D) The change of integral intensity of
band at 2242 cm ™! in the course of adsorption of CDCls; Figure S8: (A) Kinetic curve of propylene
carbonate accumulation in the presence of MAF-5 (Experimental conditions: 24 mmol of propylene
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oxide, 8 atm of CO, (at room temperature), 0.85 mmol MAF-5, 0.85 mmol of [n-BuyN]Br, 80 °C). (B)
Effect of [n-BuyN]Br amount in reaction mixture on yield of propylene carbonate in the presence of
MAE-5 (Experimental conditions: 24 mmol of propylene oxide, 8 atm of CO, (at room temperature),
0.85 mmol of catalyst, 80 °C, 5 h), Figure S9: Dependence of PO conversion on the number of
basic sites (I242), Figure 510: Dependence of PO conversion on the ratio of Dsgm /Dx.ray, Table S1:
Structural properties of ZIF-8, MAF-5 and MAF-6, Table S2: MAF-6 particle size estimated from XRD
and SEM data, Scheme S1: Mechanisms of reaction between propylene oxide and CO,.
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