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CO, Cycloaddition to Epoxides by using M-DABCO Metal-
Organic Frameworks and the Influence of the Synthetic
Method on Catalytic Reactivity

Bibimaryam Mousavi,”® Somboon Chaemchuen,”® Behrooz Moosavi,
Mekhman Yusubov,'” and Francis Verpoort*? <

A series of high-quality M,(BDC),(DABCO) metal-organic frame-
works (abbreviated as M-DABCO; M=Zn, Co, Ni, Cu; BDC=
1,4-benzene dicarboxylate; DABCO = 1,4-diazabicyclo[2.2.2]oc-
tane), were synthesized by using a solvothermal (SV) method,
and their catalytic activity for the cycloaddition of CO, to epox-
ides in the absence of a co-catalyst or solvent was demonstrat-
ed. Of these metal-organic frameworks (MOFs), Zn-DABCO ex-
hibited very high activity and nearly complete selectivity under
moderate reaction conditions. The other members of this MOF
series (Co-DABCO, Ni-DABCO, and Cu-DABCO) displayed lower
activity in the given sequence. Samples of Zn-DABCO, Co-
DABCO, and Ni-DABCO were recycled at least three times with-
out a noticeable loss in catalytic activity. The reaction mecha-
nism can be attributed to structural defects along with the

1. Introduction

CO, is a renewable, abundant, inexpensive, and nontoxic
source of carbon for the synthesis of fine chemicals and fuels.
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acid-base bifunctional characteristics of these MOFs. Moreover,
we illustrate that the synthetic method of M-DABCO influences
the yield of the reaction. In addition to the SV method, Zn-
DABCO was synthesized by using spray drying due to its indus-
trial attractiveness. It was found that the synthesis procedure
clearly influenced the crystal growth and thus the physico-
chemical properties, such as surface area, pore volume, and
gas adsorption, which in turn affected the catalytic per-
formance. The results clarified that although different synthetic
methods can produce isostructural MOFs, the application of
MOFs, especially as catalysts, strongly depends on the crystal
morphology and textural properties and, therefore, on the syn-
thesis method.

One of the most admired routes for the utilization of CO, as
a C1 building block is through a coupling reaction with epox-
ides to make five-membered cyclic carbonates; this route is
also an essential feature of global carbon management."
Cyclic carbonates are known industrially due to their wide ap-
plications as organic intermediates, monomers for polymeri-
zation, electrolytes in lithium batteries, and aprotic green sol-
vents.2® For this reason, in recent decades, numerous homo-
geneous and heterogeneous catalysts have been developed
by many research groups. The results recommended that the
most effective catalysts have both a Lewis acid and a Lewis
base or a Lewis acid combined with a nucleophile, which ena-
bles them to activate both the epoxide and CO,.”’ However,
homogeneous catalysts showed uncompetitive kinetic activity;
their limiting factors, such as separation and recovery from so-
lution mixtures, eventually led to a shift towards the develop-
ment of heterogeneous catalysts instead. Various heterogene-
ous catalysts, such as zeolites,”) mesoporous oxides,®? gold
nanoparticles supported on resins,"” and synthetic polymer
resins,/""* have been reported previously. However, the search
for new heterogeneous catalysts with significant properties
and high activity that incorporate both acidic and basic sites is
still ongoing.

Metal-organic frameworks (MOFs) are a novel class of cata-
lysts with a high surface area (up to 10400 m*g~"), large pore
apertures (98 A), and low density." Their application in numer-
ous syntheses with different metal nodes and linkers, their
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ease of functionalization, and the tunability of their particle
size and pore volumes are some of the advantages of MOFs
over other heterogeneous catalysts."*'® Due to these signifi-
cant properties, to date several MOF structures have been in-
troduced for the conversion of CO, to cyclic carbonates. How-
ever, MOF catalysts that do not require co-catalysts or cosol-
vents under mild pressure and temperature for this CO, cyclo-
addition reaction have rarely been reported. In this regard, the
M-DABCO MOF series with different metal nodes (M=Ni, Zn,
Co, Cu) was synthesized by using the solvothermal method
(SV). Their high CO, adsorption prompted us to use them as
a catalyst for the cycloaddition of CO, with epoxides in the ab-
sence of any co-catalyst and cosolvent. Their catalytic activity
and selectivity were investigated and compared. The most
active of the prepared MOFs (Zn-DABCO) was selected and
studied in further detail. The aim was to explore the green
chemistry precepts of these catalysts, such as chemical stabili-
ty, reusability, and environmental friendliness. Therefore, Zn-
DABCO was synthesized by using the SV and spray-drying (SP)
methods. The obtained MOFs were fully characterized and
compared with each other as catalysts for the same reaction.
To expand the applications of MOFs, the morphology of the
crystal should be controlled, which enables studies of the ef-
fects of physical and chemical properties on the reactivity of
the heterogeneous catalyst. Additionally, the adjustment of
MOFs to various applications requires special methods that
allow the synthesis of crystals with known sizes and shapes."
Accordingly, the synthetic method is one of the most impor-
tant parameters that can influence the crystal structure and
morphology through variations in the crystallization period."”!
With regard to this, Zn-DABCO was synthesized herein by
using two different synthetic methods that concomitantly af-
fected the morphology, crystal size, particle shape, pore
volume, surface area, and gas adsorption. This simplified our
study of the relationship between the structural effects and
the application. Both Zn-DABCO samples had similar crystal
structures but different topology and, therefore, different phys-
icochemical properties. The variations in these properties were
examined by using the catalytic cycloaddition of CO, to epi-
chlorohydrin without any additives (e.g., solvents or co-cata-
lysts) as a probe reaction. This independent study shows the
effects of the crystal properties of isostructural MOFs on their
reactivity, which to the best of our knowledge have hardly
been addressed.

2. Results and Discussion
2.1. Catalyst Characterization

M-DABCO MOFs were synthesized according to the reported
procedure® by using the corresponding metal nitrate salt, 1,4-
benzene dicarboxylate (BDC), and 1,4-diazabicyclo[2.2.2]octane
(DABCO). The investigation of physical properties was carried
out by using X-ray diffraction (XRD), N, adsorption-desorption
studies, and scanning electron microscopy (SEM). Figure 1
presents the XRD patterns of all M-DABCO samples discussed
herein. Based on the IUPAC classification, all M-DABCO MOF
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Figure 1. The XRD spectra of the M-DABCO MOF series.

samples exhibited a type | N, adsorption—-desorption isotherm,
which indicated the microporous nature of these materials
(Figure S1).27 Additionally, the surface areas of the M-DABCO
MOFs were measured by using Brunauer-Emmett-Teller (BET)
and Langmuir methods (see Table S1). The morphology and
average size of all crystals were determined by using SEM, and
the resulting images are displayed in Figure 2 (Table S1). Leach-
ing of the catalyst after the reaction was investigated by using
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) to measure the metal content.

R - 14
b '-a‘¢'~§!-_
“‘ ‘ O. goa.‘ “

Figure 2. SEM images of a) Ni-DABCO, b) Co-DABCO, c) Cu-DABCO, and
d) Zn-DABCO.

2.2. Catalytic Reaction

The catalytic activity of the series of M-DABCO MOFs and iso-
structural Zn-DABCO (synthesized by the SV or SP method) for
the conversion of epoxide to cyclic carbonates was studied
and compared. In a typical process, the requisite amount of
epoxide and M-DABCO MOF were placed in a 10 mL high-pres-
sure reactor. The reactor was pressurized with CO, and was
heated to a certain temperature. After reaction completion,

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the reactor was cooled to room temperature and the unreact-
ed CO, was released. The cyclic carbonate products were then
analyzed by using 'H and ">C NMR spectroscopy.

To find the best reaction conditions, different factors, such
as the amount of catalyst, temperature, gas pressure, and reac-
tion duration, were examined for epichlorohydrin by using Zn-
DABCO (synthesized by SV) as a model experiment. These con-
ditions were then applied to the other M-DABCO catalysts. Al-
though the CO, cycloaddition reaction is known as an exother-
mic reaction, no significant amount of product was obtained
in the absence of any catalyst. The metal salts, DABCO, and
BDC linkers were tested individually for their catalytic cycload-
dition ability, (Table 1, entries 1-6). As can be seen, in the pres-
ence of the metal salt only, the highest achieved yield was as
low as 8%. However, in the presence of the DABCO and BDC li-
gands, conversions of 28 and 14 %, respectively, were obtained.
Therefore, although these organic compounds (DABCO and
BDC) can catalyze this reaction, their catalytic ability is far
lower than the catalytic performance of the M-DABCO MOFs.
The amount of catalyst (Zn-DABCO) and temperature were the
first components to be investigated (Table 1). It was observed
that the performance of Zn-DABCO for the CO, cycloaddition re-
action was improved significantly when the catalyst amount
and temperature were increased, and the highest reaction
yields were achieved at 100°C with 100 mg of catalyst (for
18 mmol (1.66 g) epichlorohydrin). The effects of CO, pressure
and reaction duration were studied next (Table 1), and the tem-
perature and catalyst amount were fixed at the previously deter-
mined optimum conditions. An increase in the CO, pressure

Table 1. Conversions and selectivity of the cycloaddition of CO, to epox-
ide under different reaction conditions and with various catalysts (reac-
tion time: 12 h).
(¢}
O PN
Cl\/A + CO, —>J_/
Cl

Entry Catalyst T P Conversion  Selectivity Isolated

(Img]) [°Cl [bar]l [%] [%] yield [%]
1 Zn(NO,),-6H,0 100 8 8 - -
2 Ni(NO,)»6H,0 100 8 5 - -
3 Co(NO;)»6H,0 100 8 6 - -
4 Cu(NO;),3H,0 100 8 - - -
5 H,BDC 100 8 14 - -
6 DABCO 100 8 28 - -
7 Zn-DABCO (60) 100 8 72 29 66
8 Zn-DABCO (80) 100 8 85 29 79
9 Zn-DABCO (100) 100 8 >99 29 97
10 Zn-DABCO (100) 60 8 30 96 21
1 Zn-DABCO (100) 80 8 75 29 71
12 Zn-DABCO (1000 90 8 92 29 88
13 Zn-DABCO (100) 100 4 62 97 55
14 Zn-DABCO (100) 100 6 87 29 75
15 Cu-DABCO (100) 100 8 18 97 13
16 Ni-DABCO (100) 100 8 75 29 71
17 Co-DABCO (100) 100 8 86 78 65
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from 4 to 8 bar improved the conversion from a moderate 62 %
to almost 100% (Table 1). This is in agreement with the previous
report by Han etal.,”"’ who demonstrated that an increase in
CO, pressure led to an enhancement in the solubility of CO, in
the liquid phase, in which the heterogeneous catalyst is found,
which thus resulted in improved epichlorohydrin conversion.
Subsequently, the influence of reaction duration was deter-
mined for Zn-DABCO as the catalyst and epichlorohydrin as the
substrate (Table 1). At various time periods, a small amount of
reaction mixture was filtered and analyzed by using 'H NMR
spectroscopy. The reaction was complete within 12 h at 100°C
and a CO, pressure of 8 bar (Figure S2). These results prompted
us to apply the same reaction conditions to the other M-DABCO
MOFs (Ni, Co, Cu). The outcomes are summarized in Table 1 and
are supported by the 'H NMR spectroscopy results (Figure S3).
Of the different M-DABCO MOFs, Zn-DABCO showed the
best performance, that is, the highest conversion combined
with almost complete selectivity toward chloropropene car-
bonate (>99%) without any sign of side products, such as
diols or epichlorohydrin dimers. The worst performance was
found for Cu-DABCO, which achieved only 18% conversion.
The conversion of epichlorohydrin by Ni-DABCO and Co-
DABCO for the same reaction were as high as 75 and 86 %, re-
spectively. Co-DABCO exhibited acceptably high activity to-
wards the CO,—epoxide coupling reaction, but the yield of the
desired carbonate product was considerably lower than that
obtained by using Zn-DABCO (Table 1). To consider why the ac-
tivities of Zn-DABCO and Co-DABCO are higher than the other
MOFs, the acidic properties of the MOFs were tested by using
the NH;-temperature-programmed desorption (TPD) technique
(see Table S2 and Figure S9). Obviously, Zn-DABCO and Co-
DABCO showed a much higher acidity than Ni-DABCO or Cu-
DABCO. The TPD results are in agreement with the catalyst ac-
tivity of the M-DABCO series in the CO, coupling reaction. It
should be noted that, of all the reported examples of MOF cat-
alysts for the artificial fixation of CO, to epoxides, the most
active have Zn or Co as the metal core.’? Furthermore, accord-
ing to the TPD analysis, the higher activity of Zn-DABCO com-
pared with Co-DABCO can be explained by the stronger Lewis
acidity of Zn compared with Co, which are active sites for this
reaction. This is in agreement with the TPD results and also
other examples of Zn and Co MOFs reported previously.*?
Table 2 presents a summary of MOFs reported as catalysts
for the cycloaddition of CO, to epoxides. MOF-5 (Zn-based
MOF) displayed high catalytic performance at low temperature
(50°C) for this cycloaddition reaction.?” However, to obtain
such a high conversion, a quaternary ammonium salt co-cata-
lyst combined with a high pressure of CO, (60 bar) are abso-
lutely required. A group of MOFs with different acid-base func-
tionalities were prepared by Kim et al. and screened for the cy-
cloaddition reaction of CO, to epoxide.”® Although some of
these MOFs, such as UlO-66 (Zr-based MOF), functionalized
Ul0-66-NH,, and MIL-101 (Cr-based MOF), exhibited high activi-
ties for this reaction, the performance of the reaction still re-
quired both a cosolvent and high pressure (20 bar). Co-MOF-
74 is another prototype MOF with excellent catalytic reactivity
for the CO, cycloaddition reaction, but only in the presence of

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Comparison of reaction conditions (temperature and pressure)
and performance of Zn-DABCO with the reported MOFs for the cycloaddi-
tion of CO, to epichlorohydrin.

Catalyst T P Conversion Selectivity Ref.
Ne [bar] [%] [%]
ZIF-90® 120 117 43 - [28]
F-ZIF-90%! 120 117 96.6 ~100 [28]
UlO-66" 100 20 94 - [23]
UIO-66-NH,®’ 100 20 95 ~100 [23]
ZIF-67 95 8 99 ~100 [26]
MOF-5'4 50 60 97.6 - [21]
MIL-101% 100 20 63 - [23]
Co-MOF-7411 100 20 9 ~100 [24]
ZIF-89 100 7 98 33 [25]
ZIF-68™ 120 10 93 ~100 [271
Zn-DABCO 100 8 >99 ~100 this work

[a] Substrate =epichlorohydrin, 6 h reaction time. [b] Styrene oxide, with
cosolvent, 4 h. [c] Epichlorohydrin, 8 h. [d] Styrene oxide, with nBu,NBr
co-catalyst and cosolvent, 4 h. [e] Styrene oxide, with cosolvent, 4 h
[f] Styrene oxide, with cosolvent, 4 h. [g] Epichlorohydrin, 4 h. [h] Styrene
oxide, 12 h.

chlorobenzene as a co-solvent.”” In contrast to all the other
examples (see Table 2), Zn-DABCO catalyzed this coupling reac-
tion in the absence of any solvent or co-catalyst.

Recently, ZIF-8 (Zn-based)® and ZIF-67 (Co-based)?**®
MOFs were introduced as very active catalysts for the cycload-
dition of CO, to epichlorohydrin without the need for co-sol-
vents and co-catalysts. Both catalysts were synthesized and
compared with Zn-DABCO. In agreement with previous re-
ports, the reaction duration with ZIF-8 was very short (4 h), but
its selectivity towards the desired cyclic carbonates was as low
as 33.4% due to polymerization and dimer/diol formation. In
contrast, Zn-DABCO showed almost complete selectivity to-
wards the carbonate product.

In addition to MOF-type catalysts, there are other sustaina-
ble solid catalysts for CO,/epoxide coupling, such as polymeric
ionic liquids (ILs), conjugated microporous polymers (CMPs),
polyamine, and functionalized ion-exchange resins.*? In gener-
al, to date almost all reported polymeric ILs and poly-
amines®“? have demonstrated appreciable catalytic activity,
but at higher temperature (>110) and CO, pressure (40—
50 bar). The development of coordinated CMPs with a high ad-
sorption capacity for CO, made them high-value applicants for
CO, reactions. Of these compounds, a class of cobalt/alumi-
num CMPs™**! showed very high catalytic performance at
room temperature and ambient pressure of CO,, but mostly in
the presence of a co-catalyst. In contrast, Zn-DABCO MOF can
function without solvents and co-catalysts under moderate
conditions. Additionally, the convenient synthesis of the Zn-
DABCO MOF and its ease of handling make it a suitable alter-
native candidate.

2.3. Recycling Study

The reusability of the heterogeneous M-DABCO series is an im-
portant issue and was considered in this study. After the reac-
tion, the catalyst was isolated by centrifugation, washed three
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times with DMF, and dried at 80°C for 12 h under reduced
pressure before reuse. Samples of Zn-DABCO, Ni-DABCO, and
Co-DABCO were reused at least three times without a percepti-
ble loss in catalytic activity. The recycling behavior of Cu-
DABCO was not explored because its activity was very low. The
XRD spectra of the catalysts after the third catalytic cycle are
displayed in Figure S4, and show that the crystalline structures
were preserved even after three cycles. An X-ray photoelectron
spectroscopy (XPS) study of the MOFs was carried out to gain
information on the oxidation state of the metal nodes after
the reaction (Figure S5). The XPS results revealed that the oxi-
dation state of the reused MOFs did not change compared
with fresh samples, and corresponded to Zn", Ni', and Co".
These results are in agreement with the XRD results and con-
firm that the crystalline structure of the M-DABCO MOFs was
preserved after three cycles. This is consistent with the findings
of Nguyen, Phan et al.?*3 who reported the reusability poten-
tial of M-DABCO MOFs in other organic reactions. Subsequent-
ly, after the third use, the filtrate solution of the reaction mix-
ture with the most active catalyst (Zn-DABCO) was analyzed by
using ICP-AES, and just less than 0.1 wt% Zn was found in the
solution, which indicated the structural stability of Zn-DABCO.
For the other MOFs (Co-DABCO and Ni-DABCO) 0.2 and
0.15 wt% Co and Ni was found, respectively. Additionally, a hot
filtration test was performed for each M-DABCO catalyst, which
revealed that no activity was detected in the filtrate after filtra-
tion and, therefore, the small amount of leached metal was
not catalytically active for the reaction. Subsequently, to deter-
mine the usefulness of these catalysts, the most reactive cata-
lyst (Zn-DABCO-SV) was selected and applied for the CO, cyclo-
addition reaction with different epoxides. Table 3 lists the re-
sults and the '"H NMR spectra are illustrated in the Supporting
Information. The reaction conditions were altered for various
epoxides depending on the size of the molecules; apparently
larger molecules needed a longer time to diffuse through the
MOFs.

Table 3. Various epoxides catalyzed by using Zn-DABCO in the absence
of solvent and co-catalyst.

Epoxide t [h] T[°C Conversion [%]
propylene oxide 18 100 96
styrene oxide 30 110 90
2-(phenoxymethyl)oxirane 25 100 92
epichlorohydrin 12 100 >99

2.4. The Effect of the Synthetic Method on Morphology and
Reactivity

Zn-DABCO, synthesized by using two different synthetic tech-
nigues, was used to assess the different physical and chemical
properties with respect to the crystal structure and topology.
The two catalysts were employed for the first time for the CO,
cycloaddition of epoxides. Surprisingly, it was found that their
activity as catalysts was very different. This prompted us to in-
vestigate their physicochemical properties and their relation-

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ship to the corresponding synthetic methods. Recently, several
studies have focused on the investigation of isoreticular MOFs
with special properties for the evaluation of different physical
and/or chemical parameters.”'* For example, isoreticular ZIFs
were used to clarify the relationship between the BET surface
area and gas adsorption.®? In another work, the effect of parti-
cle size on the adsorption kinetics was investigated for isoretic-
ular MOFs.®¥ These studies are particularly significant to in-
crease the knowledge of morphology and crystal-size control
in MOFs, which influences the physicochemical properties and
thus their potential applications.® From the obtained results,
it is clear that Zn-DABCO is the most active catalyst of the pre-
sented M-DABCO MOFs and thus Zn-DABCO MOF was selected
to be synthesized by using another synthetic method. Herein,
the SP method was applied as an alternative to the SV
method, and gave Zn-DABCO-SP with a different crystal mor-
phology. More information on the crystal structures was ob-
tained by using powder X-ray diffraction (Figure 1). Undoubt-
edly, the XRD pattern of Zn-DABCO-SP is similar to the XRD
pattern of Zn-DABCO-SV, which implies that both catalysts are
isostructural. Notably, the XRD patterns are completely repro-
ducible and comparable to the simulated structure. Although
both Zn-DABCO-SV and -SP present very similar XRD patterns,
their morphological features and average crystal sizes are com-
pletely distinct. The SEM images of Zn-DABCO-SP (Figure S6)
and Zn-DABCO-SV (Figure 2d) conspicuously indicate their dis-
tinctive crystal morphology, shape, and size. Specifically, Zn-
DABCO-SV crystallites showed a rectangular shape with an
average size of 25 um, whereas Zn-DABCO-SP crystallites ex-
hibited small rod-shaped crystals with a size of less than 1 pm.
It should be noted that both Zn-DABCO samples (SP and SV)
were synthesized by using the optimal conditions reported in
the literature and the effects of other features, such as the sol-
vent and the ratio of ligands to metal ions, were neglected.

As shown in Figure S1, the N, adsorption isotherm is type |,
which suggests a microporous nature for Zn-DABCO-SP. The
BET and Langmuir methods were performed to assess the sur-
face area, porosity properties, and CO, adsorption (summarized
in Table S1). These variations in the physicochemical properties
were studied through the catalytic fixation of CO, to epichloro-
hydrin. As mentioned above, this enabled a direct analysis of
the effects of the crystal properties of the Zn-DABCO MOFs on
the reactivity for this coupling reaction. The optimal reaction
conditions, described above for Zn-DABCO-SV, were applied to
Zn-DABCO-SP. However, the reaction was stopped after 7 h,
before completion, to ascertain the magnitude of the differ-
ence between the two catalysts. The catalysts were then sepa-
rated by using centrifugation and the final product and the re-
action conversion to carbonates were analyzed by using
'HNMR spectroscopy (Figure S7). The reaction was repeated
three times for each Zn-DABCO sample and similar results
were obtained each time.

According to the results, Zn-DABCO synthesized by using
the SV method exhibited a conversion of more than 50% in
7 h, which was more than 17% higher than the conversion ob-
tained by using Zn-DABCO-SP. The textural properties, such as
pore size, volume, surface area, and CO, adsorption for both
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Zn-DABCO samples were compared and the results are depict-
ed in Table S1. Evidently there is a relation between the con-
version and the textural properties. The surface area and pore
volume of Zn-DABCO-SV were higher than the surface area
and pore volume of Zn-DABCO-SP. This indicates that a higher
surface area and pore volume in Zn-DABCO-SV delivers more
active sites for the reaction, which eventually leads to in-
creased reactivity. In contrast, Zn-DABCO-SP, with a lower sur-
face area and pore volume, displayed limited reactivity. These
results are in agreement with previous reports that include an-
alytical and DFT calculations for MOFs as catalysts, which con-
firms that the active sites of MOFs are located on the external
surface or in defects.”>*” Another important textural property
is gas adsorption, particularly herein. CO, is one of the sub-
strates and a higher gas adsorption directly influences the re-
activity of the catalyst. As shown in Table S1, the higher CO,
adsorption of Zn-DABCO-SV (101 cm®g™") compared with that
of Zn-DABCO-SP (87 cm*®g™") affected the reactivity for this re-
action in the same sequence. Although one could expect that
the smaller particle size of Zn-DABCO-SP would result in
a lower diffusion limit and higher reactivity, Zn-DABCO-SV, with
a bigger particle size, showed better catalytic performance.
This could occur because the effect of surface area, pore
volume, and CO, adsorption is more effective than particle size
specifically for small reactant molecules, which is in agreement
with a previous study of the effects of particle size on the reac-
tivity of MOFs, reported by Corma et al.*®

2.5, Catalyst Mechanism

The mechanism for the artificial fixation of CO, to epoxides has
been described in the literature.”™ As mentioned earlier, the
most effective catalysts have both Lewis acid and Lewis base
sites. For example, previous studies have shown that catalysts
such as zeolites or mesoporous silicate with acid-base pairs
are more active.®’¥ The catalytic sites of MOFs for the CO,/ep-
oxides coupling reaction may be the nodes/secondary building
units (SBU), the functional linkers, or both.B® The DABCO-MOFs
have saturated nodes that are linked to two different ligands;
BDC and DABCO. Although the metal nodes in M-DABCO MOF
are coordinatively saturated, as in ZIF-8, ZIF-67, or MOF-5, the
transformation reaction can be catalyzed by structural defects
and/or defects on the surface.”” Therefore, the catalytic activi-
ty is related to the amount of defects because structural de-
fects can show acid and/or basic properties, which in turn in-
fluence the reactivity of the MOF as a catalyst. Therefore,
a TPD study was performed by using NH; (NH;-TPD) and CO,
(CO,-TPD) as probe gas molecules to evaluate the acidic and
basic sites, respectively. Figure S9 and Table S2 present the
TPD results for the M-DABCO series. The results of the NH;-TPD
study gave the approximate value of acid sites (unsaturated
metal nodes), which mainly confirmed the presence of unsatu-
rated metal active sites. Another important approach that
should be considered in the catalysis mechanism of DABCO
MOFs is the DABCO linker. If the organic linkers can act similar-
ly to a co-catalyst to activate CO,, the MOF catalyst would be
more efficient. In addition, it is known that amines have a high

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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affinity for CO,, and the DABCO ligand in this series of MOFs is
a highly nucleophilic amine.” Although DABCO linkers are
mostly coordinated in the frameworks,'® there are also some
uncoordinated DABCO ligands present at defects and/or on
the surface that can act as basic active sites. Moreover, the
CO,-TPD results (Figure S10) clearly demonstrate the presence
of basic sites in the DABCO MOF series. The role of the DABCO
linker was clarified further when the activity of Zn-DABCO MOF
was compared with the activity of MOF-5 for the same reac-
tion.””’ MOF-5 has coordinatively saturated metal centers (Zn)
in the node with unfunctionalized BDC linkers, whereas the
Zn-DABCO MOF has the same metal nodes and linker plus the
DABCO linker. Due to the lack of basic sites in MOF-5, tetraal-
kylammonium halide is required as a co-catalyst®?" for the CO,/
epoxide coupling, whereas the Zn-DABCO MOF catalyzed the
cycloaddition reaction in the absence of any co-catalyst. More-
over, for this reaction, MOF-5 required a CO, pressure of up to
20 bar, whereas in the presence of amine linkers, as in Zn-
DABCO, only 8 bar of CO, was needed. Therefore, the uncoor-
dinated DABCO linkers in Zn-DABCO act as Lewis bases
(Figure 3). Moreover, it was presumed herein that the N moiet-
ies of uncoordinated DABCO linkers have reasonable Lewis ba-
sicity, which favors the binding and activation of CO,. Addition-
ally, the micropores of the DABCO-MOFs do not restrict the en-
trance of substrates into the cavities. Therefore, catalysis can
occur on both the exterior and interior of the crystallites.

o 2

Figure 3. A possible mechanism for the cycloaddition of CO, to epoxide by
using the Zn-DABCO catalyst; LA =Lewis acid and LB =Lewis base.

3. Conclusions

Herein, four different M-DABCO MOFs (M=Zn, Co, Ni, Cu) were
synthesized by using a SV method and were applied as new
catalysts for the cycloaddition of CO, to epoxides in the ab-
sence of any solvent or co-catalyst. It was confirmed that, ac-
cording the TPD results, the sequence of activity was in agree-
ment with the MOF acidic properties. Of the prepared MOFs,
Zn-DABCO showed a very high activity and virtually 100% se-
lectivity. Moreover, Zn-DABCO exhibited very high activity com-
parable to or better than previously reported MOF catalysts for
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this reaction. Subsequently the influence of the synthetic
method (SV or SP) on the catalytic performance of Zn-DABCO
was investigated. It was discovered that the synthetic method
certainly affects the crystal structure and morphology and,
consequently, the surface area, porosity, and gas adsorption.
The changes in these physicochemical properties in turn influ-
enced the catalytic reactivity. This work illustrates that al-
though different synthetic methods can produce isostructural
MOFs with identical XRD patterns, the applicability of the
MOFs, particularly as catalysts, strongly depends on the crystal
morphology and textural properties.

Experimental Section
Materials and Methods

All starting materials and solvents were obtained from commercial
sources and used as received.

Catalyst Preparation

M-DABCO MOFs (M=Zn, Co, Cu, Ni were synthesized from the
metal nitrate salt, 1,4-benzene dicarboxylate (BDC), and 1,4-diazabi-
cyclo[2.2.2]octane (DABCO) ligands, as described in previous re-
ports."® Zn-DABCO-SP was synthesized according to the method
reported by Carné-Sanchez et al™ by using an AF-88 labs Spray
dryer (AFIND Scientific Instrument Co.). In this procedure, two solu-
tions of zinc nitrate hexahydrate (0.362 g) and terephthalic acid
(0.415 g) in DMF (15 mL) were prepared. These two solutions were
combined with a solution of 1,4-diazabicyclo[2.2.2]octane (0.140 g)
in DMF (15 mL). The mixture was then shaken for 2 min and then
supplied to the spray-dryer (spray nozzle 8 mm) at a rate of
300 mLh™" (flow rate 160 m*h™") and an inlet temperature of
180°C. The white powder was recovered and washed three times
with DMF. The wet product was dried at 25 °C under reduced pres-
sure for 12 h.

Catalytic Reaction

All cycloaddition reactions were performed in a 10 mL stainless-
steel high-pressure reactor (XINGDA, Beijing, China). In a standard
reaction, the MOF catalyst (100 mg) and the epoxide (18 mmol)
were placed in the batch reactor and pressurized with CO,. Reac-
tions were conducted at different temperatures, CO, pressures,
and reaction times to obtain the optimum conditions. After reac-
tion completion, the reactor was cooled to RT, then gradually dep-
ressurized. Subsequently, the catalyst was filtered off and the final
product was identified by using '"H NMR spectroscopy. To test the
recyclability of the catalyst, the catalyst was recovered by centrifu-
gation and washed three times with DMF. The catalyst was then
dried under reduced pressure at 80°C for 12 h, after which it was
ready for a new cycle.

Characterization Methods

The TGA studies of M-DABCO MOFs were carried out by using
a Netzsch STA 409 apparatus under an N, atmosphere. The XRD
patterns were collected by using a Bruker D8 advance diffractome-
ter (Bragg-Brentano geometry) at 40 kV and 45 Ma with Cuy, radia-
tion and a scanning rate of 6°min~". The pore-size distribution and
adsorption-desorption isotherms were measured by using a Micro-
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meritics ASAP 2020 apparatus; prior to the measurements, the
MOFs were degassed at 200 °C for 200 min. The morphology of the
M-DABCO MOF crystals was observed by using SEM (JSM-IT300/
JSM-IT300; JEOL). XPS analyses were performed by using a VG Sci-
entific ESCALAB 210 electron spectrometer with Mgy, radiation at
14 kV. The final products were analyzed by using 'H and ">C NMR
spectroscopy by using a Bruker Avance lll 500. The TPD analysis
was performed by using a Micromeritic Chemisorb 2750 automat-
ed system with ChemiSoft TPx software and by using He as the
carrier gas. The samples were pretreated at 250°C for 1 h. There-
after, they were cooled to RT and saturated with NH; as a probe
gas. The absorbed gas was then removed by using He and finally
the TPD was measured by using a thermal conductivity detector
(TCD) as the temperature was raised to 270°C at a rate of
10°Cmin~". Catalyst leaching after the reaction was investigated
by using ICP-AES (Optima 4300DV, Perkin-Elmer) to measure the
metal content.
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