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Abstract In this work, we demonstrate the catalysis capability of a series of isomorphic MOFs functionalized on the pore

wall by both acylamide and -H, -OH, NH,, -NO,, -COOH groups in the aspects of CO, cycloaddition reaction. Without any co-

catalyst all these MOF materials exhibited excellent catalysis capability but different catalytic activities dependent on the

organic groups decorated on the pore wall, revealing the best catalysis capability for MOF functionalized by -NH, groups

on the pore wall and synergetic catalytic effect from both acylamide and organic groups. Furthermore, we also estimated

the recycle of -NH; functionalized MOF material, and found that the catalyst could be used for at least four times without

significant decrease in its catalytic activity.

1. Introduction

Conversion of CO; to five-membered cyclic carbonate is one of the
most important processes!!, which is a 100% atom economic
reaction and incorporates other “green’ principles'?. The product
five-membered cyclic carbonate are valuable industrial raw

materials, which are widely employed as aprotic solvents,
electrolytes in lithium-ion batteries, intermediates for the
pharmaceutical, monomer units of polycarbonates, chemical

ingredients for preparing medicines or agricultural chemicals,
alkylating agents, and so onP®. Due to such uses, numerous
homogenous and heterogeneous catalysts for this reaction have
been described over the last 30 years. For example, ionic liquids!,
quaternary ammonium and phosphonium salt®, alkali metal
halids!®, Inorganic oxides”®!, Organometallic complexes!®?,
Modified molecular sieves!*'?, Metal oxide®, lon-exchange
resins!*, Metal-organic frameworks!*>'”l, Nanoparticles!*®! and so
on.

Homogeneous catalysts usually exhibited the advantages of high
activity and selectivity. At the same time, separating the catalyst
from the product was a complicated process, such as distillation
after the reaction, may result in the decomposition of the catalyst
or formation of by-products.’® Therefore, much of the current
research has been focused on the employment of heterogeneous
catalysts. However, most of the reported heterogeneous catalytic
systems suffer from at least one of the following disadvantages:
instability of catalyst, need for co-catalysts, longer duration for the
completion of reaction etc.?’” The development of efficient
recoverable and reusable heterogeneous catalysts need no co-
catalyst has received much attention.
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From the researches, many organic functional groups decorated
in the catalysts played crucial roles for the CO, cycloaddition
reaction. For example, nitrogen basic moieties NH group?:?3,
hydroxyl group?*2¢!, carboxylic group!?*?5?71 activated the epoxide
ring via hydrogen bonds. As reported, hydrogen bonding had a
positive effect on the ring-opening of epoxide?-28], which made the
reaction to proceed smoothly. In addition, CO, could be activated
by amine groups, which might be beneficial for the insertion of CO,
into the C—O bond of epoxides, as previously reported for solid
basic catalysts?>39, Nevertheless, very little was experimentally and
theoretically known about whether a synergisic effect exists leading
by these functional groups for the CO, cycloaddition reaction.

Previously we successfully utilized Metal-organic frameworks
(MOFs) as catalyst for CO, cycloaddtion reaction®3. MOFs are
formed by metal atoms linked together with multi-functional
organic ligands. Studies have shown that large differences in
catalytic efficacy result from the organic frameworks surrounding
the metals, which claim the advantages of this unique material
acting as catalyst. Thus the concept of self-supported catalysis
maybe applied via synthesis of a particular structural MOF
immobilizing proper functional groups onto the pore surface to
enhance their interactions. Herein, we employed MOFs containing
functional groups both could activate CO, or epoxide encountered
in the wall as self-supported catalyst for the reaction.

2. Experimental
2.1. Materials

The materials were prepared according to the literature.3?
The approach is based on analogous organic struts: H,aip(5-
aminoisophthalic acid), H,ip (isophthalic acid), H;hip (5-
hydroxyisophthalic acid), Hznip(5-nitroisophthalic acid), and
H3BTC (1,3,5-benzenetricarboxylic acid).
Zn(L)(ip)-(DMF)(H20)15 (1-H), Zn(L)(hip)-(DMF)(H.0O) (1-OH),
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Zn(L)(aip)-(H20) (1-NHz), Zn(L)(nip)-(DMF)os (H20)os (1-NO2),
Zn(L) (HBTC):(H20)> (1-COOH) were synthesized by
solvo(hydro)-thermal syntheses strategy with Zn(NOs),,
L(N4,N*  -di(pyridin-4-yl)biphenyl-4,4-dicarboxamide)  and
multi-carboxylate ligands. Before being used as catalysts, the
MOFs were activated by drying at 130 °C under vacuum for 6
hours to remove the guest molecule.

2.2. Cycloaddition reaction

=0

o)
N,
!: /+ o, Catalyst o/ o)

)_/

The cycloaddition of CO, to epoxides was performed using
propylene oxide (PO) as substrate. All the catalytic reaction
experiments were conducted in a stainless steel pressure reactor
with a stirrer. The reactor was charged with PO (3.5ml), catalyst
(0.07 mmol). After the reactor was fed with CO, to a desired
pressure, the autoclave with its contents was heated to a desired
temperature and stirred for a designated period of time. Then the
reactor was cooled to 5-10 °C in an ice-water bath, and excess gases
were vented out slowly. The catalyst was separated by filtration and
the reaction mixtures were analyzed by GC-MS.

2.3. General information

O

All solvents were obtained commercially and used without further
purification. Powder X-ray diffraction (PXRD) was performed on a
Siemens D5005 diffractometer with filtered Cu-Ka radiation (A =
1.5418 A) at 40 kV and 30 mA. Diffraction patterns were collected
from 5° to 40° with a step size of 2° min ~!. Thermogravimetric
measurements were carried out with a TA SDTQ600 instrument.
Samples were heated to 800 °C at a heating rate of 10 °C min~1
under an air atmosphere (50 mL min~1). CO, adsorption isotherms
were measured with a Micromeritics ASAP 2020 system.

3. Results and discussion

3.1. Characterization

Figure 1 The structure of these MOFs. The highlighted in blue is
acylamide groups, and the red one is R (R = -H, -OH, -NH;, -NO,,
-COOH).
These prepared MOFs show isomorphic frameworks,

consisting of a 1-D regular hexagonal channel structure (Figure
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1). In the channel, acylamide group with different organic
groups of -H, -OH, -NO; and —COOH were decorated to
understand the synergistic catalytic behavior of these
functional groups. Their pore diameters are in the range of 7.0-
9.4 A. Phase purity of these bulk samples was confirmed by
powder X-ray diffraction (PXRD). (Fig. 2).
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Figure 2. PXRD patterns of these MOFs.
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Figure 3. (a) Results of the thermogravimetric analyses
(b) Comparison of the absolute loading of CO, at 0 °C.

The thermogravimetric curves of these materials were shown in
Fig. 3a. Weight loss process attributing to the decomposition of
samples is observed at around 380 °C. It should be noted that the
reaction temperature for the cycloaddition reaction was 100 °C, far
below the destruction temperature of the catalysts. It worth
mentioning that CO, can significantly absorbed into these MOF
materials, which makes the activity of CO; in it possible and suitable.
-NH; group in the 1-NH, framework promoted the adsorption of

This journal is © The Royal Society of Chemistry 20xx
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carbon dioxide on the solid surface,but other organic groups such
as -OH, -COOH, and -NO; had little effect on the CO, adsorption (Fig.
3b). This gas selective behavior can be explained by the stronger
affinity of -NH. group to CO, via the formation of carbamate species,
which is essentially create high substrate concentrations at the
catalytic sites and favors the CO, cycloaddition reaction.

3.2. Catalytic activity

With the high CO, adsorption ability, 1-NH, was chosen as the
typical catalyst for the following investigation. Entries 1 and 2 in
Tab.1 shows the dependence of propylene carbonate (PC) yield and
selectivity on initial CO, pressure. It could be seen that the PC yield
was strongly affected by initial CO, pressure. In the low pressure (2
MPa), there was a poor PC yield (18%) and selectivity (82%). Further
rise of pressure to 3 MPa resulted in acute increase of PC yield (92%)
and selectivity (>99%). Such an effect of CO, pressure on catalytic
activity has also been observed in other catalytic systems 3334, An
increase of CO, pressure is a positive factor for PO conversion,
which increases the surface concentration of CO,. Hence, rather
than promoting the interaction between PO and catalyst, a higher
CO, pressure enhances the catalytic activity. The effect of
temperature on the reaction was also studied in the range of 80-
110 °C (Table 1 Entries 2-5). Conversion increased with the
increasing temperature below 100 °C, and reached maximum at 100
°C. No further conversion was observed of 110 °C. The yield of PC
reached 92% with increasing reaction time up to 6h (Figure 4).
Extended reaction times of 9 h (Table 1 Entry 6) did not appear to
have further effects on the yield. Hence, a reaction time of 6 h was
chosen to be optimum in this study.

The catalytic activity of 1-NH; for the cycloaddition of CO, to PO
was compared with those of other catalysts. The results were
summarized in Table 1. In the absence of a catalyst, there was no
reaction whatsoever. It could be seen that all catalysts were
effective for the conversion of PO to PC. 1-NH, functioned with
acylamide and -NH; groups displayed maximum activity (yield of
92%) and selectivity (>99%) (Entry 2). In order to understand the
role of -NH, group, the MOF was modified by -H to remove -NH..
The resultant was catalyst 1-H. As for 1-H, the conversion of
propylene oxide to propylene carbonate decreased to 54% (Entry 7).
This result strongly suggested the importance of the -NH, group
towards CO; coupling with epoxides. What’s more, we assume that
the high activity of 1-NH, for the reaction maybe
benefit from a synergistic effect. Therefore the test was performed.
Seen from entry 17, no activity was observed when aniline was used
as catalyst. Single Ligand 1 only afforded low activity (53%) (Entry
14) for the reaction, but their combination gave conversion of 83%
(Entry 18) under the same reaction conditions, implying the strong
synergistic effect between them.

To make clear whether in the presence of -OH or -COOH group
would also responsible for the catalysis. -NH, was replaced by -OH/-
COOH forming catalyst 1-OH and 1-COOH. Compared with the other
catalysts, the material 1-OH and 1-COOH despite having both acid
and basic sites, showed rather low conversion (40% and 37%), even
less than that of catalyst 1-H. Aim to make clear whether there was
space effect, an inactive organic group -NO, was chosen replacing
of -OH/-COOH fixed at the hole wall. 1-NO; gained almost the same
conversation with 1-H, which proved there was no space effect. It

This journal is © The Royal Society of Chemistry 20xx
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seemed that the existence of -COOH weakened the catalytic
performance for this reaction. We suppose maybe -OH/-COOH
surely have participated in the reaction by activating epoxide as
reported, then possibly the strong acid site impeded desorption of
the product exhibiting a low yield®%. The accurate reason need our
further investigation.
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Figure 4. Cycloaddition of CO, to propylene oxide in the presence of
1-NH..

Reaction conditions: PO 3.5ml, P(CO;) 3MPa, catalyst 0.07mmaol,
Temperature 100 °C
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Figure 5. The recyclability of 1-NH, for the cycloaddition reaction.
Reaction conditions: PO 3.5ml, P(CO,) 3MPa, catalyst 0.07mmol,
Temperature 100 °C, time 6 h.

A filtering experiment was performed to test the stability of 1-
NH; in the reaction system. Remove the catalyst after the reaction
proceeded for 2 h, further heat the filtrate at the same temperature
with the same CO, pressure. The composition was monitored at
given time intervals. Result was shown in figure 4, obviously no
more propylene carbonate was produced, which means a true
heterogeneous catalysis. The recycling of catalyst was investigated
to further prove the constancy of the catalyst activity. For each
cycle, the used catalyst was separated by filtration, washed with
methanol to remove the products adhering to the surface of the
catalyst, dried at 130 °C under vacuum, and then reused directly for
the next run. The activities of the reused 1-NH, catalyst were
summarized in Figure 5. In each run the selectivity remained
constant and the conversion was with a minimal reduction since, at
the end of the forth cycle the value was 81%, respectively, 11%
lower than initial value. Moreover, the catalytic activity remained
between TOF = 97-110 h. Powder X-ray diffraction (PXRD)

J. Name., 2013, 00, 1-3 | 3
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patterns suggest that 1-NH, sample after the forth cycle of catalytic
reactions retains good crystallinity without significant degradation
in structural integrity (Figure 2). These results indicated that 1-NH;
had good stability and capacity of being reused for the CO,
cycloaddition reaction.

The most surprising aspect of the title catalyst is the catalytic
reaction proceeded in the absence of co-catalysts. We summarized
all the MOFs catalysts reported in the literature for the same
reaction. As listed in Table 2, they always need the assistance of co-
catalyst for the reaction. We assumed that the MOFs could absorb
the reactants and activate the epoxide ring via hydrogen bonds.
Meanwhile CO; was activated by the co-catalyst such as quaternary
ammonium. However, 1-NH, was functionalized by two types of
organic groups, acylamide and -NH, groups, which might play
synergetic effect for the activation of epoxide ring and CO,.
Therefore, based on the results, as well as those of the present
work 124 35361 3 plausible mechanism for this chemical fixation
reaction of CO, was suggested showing the synergistic effect
(Scheme 1). This mechanism insists that both -NH; and acylamide
group have the same importance when the reaction takes place.
First, through hydrogen bond, the acylamide group with oxygen
atom of epoxide resulted in polarization of the epoxide C-O bonds
and forming an active propylene oxide. simultaneously, CO, was
activated by -NH, (the primary amine) forming carbamate anion!3¢.
Then, carbonate anion attacks the less hindered B-carbon atom of
the active propylene oxide, which opens the epoxide ring furnishing

Table 1 Cycloaddition of CO, to PO catalyzed by different catalysts

ring-opened intermediate. The resulting anion attacks the carbonyl
carbon intramolecularly, ring closed forming propylene carbonate.

In meantime, the catalyst was regenerated.
CO,
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Scheme 1 Proposed possible mechanism for the CO, cycloaddtion
reaction catalyzed by 1-NH;

Entry  Catalyst Time (h)  Temperature (°C) PCO,(MPa)  Conversion (%) Selectivity (%)  TOF®
1 1-NH, 6 100 2 18 82 22
2 1-NH;(1st) 6 100 3 92 >99 110
3 1-NH; 6 80 3 60 >99 72
4 1-NH, 6 90 3 79 >99 94
5 1-NH; 6 110 3 92 >99 110
6 1-NH; 9 100 3 92 >99 73
7 1-H 6 100 3 54 >99 65
8 1-OH 6 100 3 40 >99 48
9 1-NO; 6 100 3 53 >99 63
10 1-COOH 6 100 3 37 >99 44
11 1-NH;(2ed) 6 100 3 91 >99 109
12 1-NHx(3rd) 6 100 3 87 >99 104
13 1-NH,(4th) 6 100 3 81 >99 97
14b Ligand 1 6 100 3 53 >99 ---
15 H,aip 6 100 3 0
16° Ligand 1 +Hzaip+Zn(NOs); 6 100 3 39 >99 ---
17 aniline 6 100 3 0 - -
18 Ligand 1 + aniline 6 100 3 83 >99 -

Reaction conditions: PO(3.5mL), catalyst(0.07mmol)
2 TOF: mole of product/mole of catalyst/hour
P Ligand 1: L(N* N* -di(pyridin-4-yl)biphenyl-4,4 -dicarboxamide)

4| J. Name., 2012, 00, 1-3
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Table 2. Comparison with synthesis of PC from CO, and PO reaction catalyzed by MOFs

Entry MOF Co-catalyst Pressure Temperature Time(h) Yield (%) Ref.
(MPa) ()

1 MOF-5 n-Bu4NBr 6 50 4 98 15
2 Hf-NU-1000 n-Bu4NBr latm 25 26 100 16
3 Cr-MIL-101 TBABr 0.8 25 24 82 17
4 Fe-MIL-101 TBABr 0.8 25 24 95 37
5 MOF-505 nBu4NBr latm 25 48 48 38
6 HKUST-1 nBu4NBr latm 25 48 49 38
7 MMPF-9 nBu4NBr latm 25 48 87 38
8 PCN-224(Co) "BusNCl 2 100 4 42 39
9 Ni(salphen)-MOF NBu4Br 2 80 4 80 40
10 1-NH; none 3 100 6 92 Present work

4. Conclusions

MOFs with different functional groups exhibiting different
catalytic activeties for the synthesis of propylene carbonate
from propylene oxide and CO,. The catalytic activities of 1-OH
and 1-COOH containing hydroxyl and carboxyl groups were
lower than that of 1-H instead. Getting rid of the space effect
which was proved by 1-NO; replacing of inactive group (-NO,),
maybe it was because the the strong acid sites impeded
desorption of the product. 1-NH; worked as an excellent self-
supported catalyst for the reaction with conversion of 92%.
The imultaneous presence of both -NH, and acylamide group
promoted the conversion via synergetic effect. Furthermore,
the catalyst could be easily separated, recovered and reused
for four times with a minimal loss of its original catalytic
activity.
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MOFs exhibited different catalytic activities dependent on the organic groups decorated on the

pore wall, which played synergetic catalytic effect.



