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Highlights

® Novel amine-incorporated organosilica nanotubes with large-pore diameter and short-
channel were applied for the cycloaddition of CO- to epoxides.

® The remarkably enhanced catalytic performance could be ascribed to the cooperative effect
of the silanols and the —NH> groups, facilely generated in the channel, as well as the
facilitated transport and the hydrophobicity.

® The amine-incorporated organosilica nanotubes catalyst displayed enhanced catalytic
activities and recyclability.

Abstract: The novel amino-incorporated benzene-bridging organosilica nanotubes (AM-NT)
were used to efficiently catalyze the cycloaddition of CO, to epoxides, producing cyclic
carbonates under mild conditions. The highest activity was achieved on AMo4-NT nanotubes
with a pore diameter of ~7 nm and a length of ~60 nm in presence of tetrabutylammonium iodide
(TBAI). The remarkably enhanced catalytic performance could be ascribed to the cooperative

effect of the silanols as acid sites and the amino groups as basic sites, facilely generated in the



channel, as well as the transport of substrates and products facilitated by the nanotubes with large
pore diameters and short lengths as well as hydrophobicity. Moreover, the catalyst exhibited

effective catalytic activity for a broad range of epoxides with a reasonable reusability.

Keywords: cycloaddition of CO: to epoxides; organosilica nanotubes; amine-incorporated;

cooperative catalysis.

1. Introduction

The increasing emission of carbon dioxide (CO.) has been linked to severe global warming
and attracted widespread attention in recent years [1-3]. In the context of carbon capture and
sequestration, several efficient routes have been developed for chemical fixation of CO> in the
production of the value-added chemicals [4-9]. Cycloaddition of CO2to epoxides to form cyclic
carbonates is one of the most promising pathways because of a 100% atom-economy. Cyclic
carbonates are widely used as green polar aprotic solvents, monomers for plastics and
pharmaceuticals, and electrolytes for lithium-ion batteries [10-13]. Homogeneous processes of
producing cyclic carbonate are limited by the loss of catalysts in recycling and high cost of
products separation. In contrast, processes using the heterogeneous catalysts, especially porous
materials such as zeolites [14-15], metal-organic frameworks (MOFs) [16-21], porous
materials/supported ionic liquids [22-25], and functional polymers [26-31] overcome those

limitations of the homogeneous processes.

Despite of enormous progress being made on the design and synthesis of efficient
heterogeneous catalysts for cyclic carbonates, the catalytic activity remains lower, especially for
epoxides with large molecular size, due mainly to the diffusion limit. For example, the highly

porous metal-organic framework incorporating metal sites and nitrogen-rich groups [17-19] and



a periodic mesoporous organosilica with a basic urea-derived framework (PMO-UDF) [32] have
been shown to catalyzed addition of CO> to epoxides to produce cyclic carbonates. In particular,
those materials exhibited an excellent catalytic efficiency toward small molecular size epoxides.
Unfortunately, for epoxide with a large molecular size, the activity of those materails decreases
sharply, due to slow diffusion in small pores of MOFs (~1 nm in diameter) and PMO-UDF (~2
nm in diameter). Additionally, improvements of thermal and chemical stabilities are needed for
those materials as a practical catalyst. Eliminating metal active sites in the catalytic material will

likely make the process greener and more eco-friendly [16-31].

Organosilica nanotubes have been prepared from bridged organosilane precursors using a
sample micelle-templating approach. These nanotubes have several distinct advantages,
including large pore size, uniform surface silanols, being easily functionalized, controllable
hydrophobicity/hydrophilicity, high surface areas and structural stability [33-37]. The presence
of the silanol hydroxyl groups (-OH) can facilitate the ring opening of epoxide. In this case, the
hydroxyl group coordinates with the epoxide ring and polarize the C-O bond to form an activated
epoxide, which is able to facilely undergo ring-opening upon nucleophilic attacks by Br or I
[38-45]. Several research groups reported that the amino group (-NHz) can adsorb and activate
CO: at ambient pressure [46-50]. Recently, we synthesized a novel solid mesoporous material by
one-pot, benzene-bridged organosilica nanotubes containing amino groups in the pore (AM-NT)
to support the AuPd nanoparticles for visible-light-driven hydrogen evolution [37]. The -OH and
-NH2 active sites can be facilely generated in the pore by assembling the corresponding
precursors during the framework construction. The acid-base pair, silanol and -NH> functional
group in organosilica materials, are expected to function cooperatively to catalyze the

cycloaddition of CO> to epoxides. Additionally, AM-NT is hydrophobic due to the presence of



benzene in the organosilica framework. The hydrophobicity is believed to favor the organic
transformations in an organic solvent [51-52]. In the presnt stduy, we use AM-NT as metal-free
solid catalysts with tetrabutylammonium iodide as a cocatalyst for coupling CO> with various
epoxides. We found that very short AMo4-NT with ~60 nm in length and ~7 nm in pore diameter
exhibited a high initial catalytic avtivity. Furthermore, amino-incorporated benzene-bridging
organosilica nanotubes show a reasonable catalytic activity for a broad range of substrates and

good reusability.

2. Experimental

2.1  Materials

1,4-bis(triethoxysilyl)benzene (BTEB) and triblock copolymer EO20PO70EO20 (Pluronic P123,
Mw = 5800) were purchased from Sigma-Aldrich Company Ltd. (U.S.A.). 3-
aminopropyltrimethoxysilane (97%), tetraethoxysilane (TEOS) and hexamethyldisilazane
(HMDS) were purchased from J&K. Other reagents were obtained from Shanghai Chemical

Reagent.

2.2 Synthesis of amino-incorporated organosilica nanotubes

Amine-incorporated organosilica nanotubes were synthesized according to the previous report
[37]. In a typical synthesis, 0.55 g of P123 and 1.75 g of KCI were dissolved in 150 mL 2 M HCI
solution at 38 °C with stirring for 2 h and followed by adding 2.1 mmol of 1,4-
bis(triethoxysilyl)benzene (BTEB) with vigorous stirring for an additional 12 h. Then 1.4 mmol
of 3-aminopropyltrimethoxysilane (APTMS) was added dropwise, and the mixture was stirred
for 24 h (The molar ratio of APTMS to the initial silane mixture was 0.4) before being

transferred to a PTFE hydrothermal reactor at 100 °C. After reacting for 24 h, the solid product



was recovered by filtration and followed by drying. Finally, the surfactant was extracted by
refluxing the sample in an acid-ethanol solution for 24 h. Deprotonation of the amine groups was
achieved by stirring the extracted samples in 0.01 M NaOH aqueous solution. The sample was
denoted as AMo4-NT. For comparison, AM-NT samples with 0.1 and 0.2 molar fraction of

aminosilane were also synthesized, denoted as AMo.1-NT and AMo.>-NT, respectively.

2.3  Characterization

The nitrogen adsorption-desorption isotherms were collected on a Micromeritics Trisstar 3000
instrument at 77 K. The specific surface area was estimated according to the Brunauer—Emmett—
Teller model. Transmission electron microscopys (TEM) were carried out with a Philips Tecnai
G2 F20 system at 200 kV. Solid-state *3C cross polarization magic-angle spinning (CP MAS)

NMR spectra and 2°Si MAS NMR spectra were collected on a 400 MHz instrument.

24  AM-NT-Catalyzed cycloaddition of CO-

In a typical experiment, a mixture of propylene epoxide (10 mmol), DMF (5 mL), CO2 (1.0
MPa), AMo.4-NT (65 mg for 0.067mmol N) and tetrabutylammonium iodide (TBAI) (0.1 mmol)
was added to a stainless steel autoclave equipped with an automatic stirrer and temperature
controlling system. The autoclave was flushed three times with CO, and pressurized to 1.0 MPa
and kept at 70 °C for 10 h for reaction. After the reaction, the catalyst powder was filtered via an
organic membrane and the resulting liquid was analyzed by Bruker 456 gas chromatograph

equipped with a flame ionization detector (FID).

3. Results and discussion

3.1 Synthesis of amino-incorporated organosilica nanotubes (AMy-NT).



The amino-incorporated organosilica nanotubes (AMx-NT) with different molar fractions of
APTMS were synthesized. According to the detailed characterization in our previous report [37],
the AMy-NT samples are composed of nanotubes with ~7 nm inner diameter and ~3 nm wall
thickness. The lengths of the nanotubes for AMy-NT can shortened by increasing the fraction of
APTMS. The AMo4-NT has a length of ~60 nm, shorter than >100 nm nanotubes of AMo1-NT
and AMo>-NT. The incorporation of the —\NH> and —OH functional groups in the nanotubes has
been confirmed by the results of 2°Si magic angle spinning (MAS) NMR, solid-state *C cross
polarization magic-angle spinning (CP MAS) NMR and X-ray photoelectron spectroscopy (XPS)
analyses. Those characterizations consistently indicate that the silanols and the alkyl-NH2 groups

have been built in the nanotubes successfully.

3.2 AMy-NT-catalyzed cycloaddition of CO2 to epoxides.

Catalytic performances of as-prepared AMx-NT catalysts for the cycloaddition of CO> to
propylene epoxide were evaluated at 70 °C and 1.0 MPa CO> for 10 h. The results are shown in
Figure 1 and Table 1. The physical properties of the catalysts are listed in Table S1. As shown in
Table 1, only trace amount of cyclic carbonate was formed on AMo.1-NT without TBAI (Entry 1)
while only TBAI without catalysts gave a low conversion of 7.2% (Entry 2). Combining AMx-
NT and TBAI resulted in a significantly increased conversion (Entries 3-5). The best TOF of 80
h™ (based on the converted amounts of propylene epoxide by per mmol N) was obtained on
AMo4-NT. The remarkable enhancement of catalytic activity can be attributed to the effcient
ring-openning of propylene epoxide through a mechanism that is similar to that on the silica
supported ionic liquid [22-25]. In this case, the acidic surface silanol groups interact with the
activate propylene epoxide, which is subsequently attacked by a nucleophile I from TBAI to

open the ring. Meanwhile, the amino groups and amine-silanol activate CO> and contribute to the



overall enhancement of the catalytic performance. The function of -NH> is revealed by the low
conversion of 10% when an amino-free NT is used (Figure 5c). Furthermore, both AMo.1-NT and
AMo2-NT with longer lengths exhibited lower TOFs of 44 h'* and 56 h™, respectivly, than that
using AMo4-NT as the catalyst. (Entries 3-4). These results demonstrate that short nanotube is

necessary for obtaining a high activity. This is expected as a short length enables more efficient

transport of reactants and products.
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Figure 1. (@) Conversion of cycloaddition of CO, to epoxide on AMo1-NT, AMg2-NT, AMo4-NT. (b)

Conversion of cycloaddition of CO, to epoxide on Gam-NT, NH>-MCM-41, NH2-SBA-15, NH2-SNT and
AMo.s-NT.

For comparison, the catalytic performane of Gam-NT prepared by post-grafting the
aminosilane on the organosilica nanotubes was tested. (Scheme S1, Figure 2a, Figures S1-S2).
The Gam-NT catalyst only gave a TOF of 19 h (Entry 6), clearly smaller than those on AMx-
NT (Entries 3-5). Therefore, one-pot method is advantageous over the post-grafted one. To show
the hydrophobic effect on the catalytic performance, the aminosilane was immobilized on the
pure silica support using the one-pot method to prepare three catalysts, NH>-SBA-15 with 6.4 nm

pore (Figure 2b, Figures S3-S5), NH-MCM-41 with 2.9 nm pore (Figure 2c, Figures S6-S7) and



NH2-SNT with 7.8 nm pore but without the bridged benzene in the nanotubes framework (Figure
2d, Figures S8-S9), respectively. All three catalysts exhibited lower TOFs of 30 h, 24 h't and 36
h (Entries 7-9) than those of the AM,-NT series. These results showed that the longer
nanotubes with less hydrophobicity limit transport of the reactants and products through the
pores. In the case of NH>-MCM-41, small pore diameters cause diffusion limitation.
Additionally, amine-free organosilica nanotube (Entry 10) gave 22% conversion, much higher
than that of TBAI alone. It demonstrated that the silanol groups play an effective role in

activating epoxides.

Figure 2. The TEM images of (a) Gam-NT, (b) NH,-SBA-15, (c) NH.-MCM-41 and (d) NH2-SNT.



The above results demonstrate that the dual catalyst system AMo4-NT with TBAI showed
much higher TOF than other tested catalysts. The enhanced activity can be attributed to effective
activation of COz and propylene epoxide through the cooperative catalysis of the acidic silanol,
basic amino groups in presence of a nucleophile I anion, and the effective transport of the
reactant and product facilitated by the large-pore size, short pore length as well as

hydrophobicity of the pores.

Table 1. Cycloaddition of CO> to epoxides with different catalysts.?
)

Catalyst o7 ™o

o)
/45+ co,——2

Entry Catalysts Pore size Co-catalyst Conversion TOP?
(nm) (%) (h™)

1 AMo.-NT 7.5 - Traces -

2 - - TBAI 7.2 -

3 AMo1-NT 7.5 TBAI 95 44
4 AMoo-NT 7.3 TBAI 99 56
5 AMoa-NT 6.8 TBAI 99 80
6 Gam-NT 6.5 TBAI 67 19
7 NH2-SBA-15 6.4 TBAI 85 30
8 NH>-MCM-41 2.9 TBAI 79 24
9 NH2-SNT 7.8 TBAI 90 36
10 NT 7.9 TBAI 22 -

8Reaction conditions: substrate (10 mmol), solvent (DMF, 5 mL), catalysts (0.067 mmol N), TBAI (0.1 mmol),
1.0 MPa CO,, 70 °C, 10 h. PTOF was calculated from the data within the first 1 h and according to the

f0||0WIng equatlon TOF = mmolconverted propylene epoxide / (mmOIN X h)

3.3 Effects of reaction conditions.
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The effect of different reaction conditions such as CO> pressure and reaction temperature on
propylene carbonate synthesis were investigated. As shown in Figure 3a, the CO2 pressure had a
significant impact on the conversion of propylene epoxide. The conversion of propylene epoxide
was dramatically increased from 60% to 98% with the increase of CO. pressure from 0.2 MPa to
1.0 MPa, and remained nearly constant in the range of 1.0-3.0 MPa. However, further increasing
CO; pressure to 4.0-5.0 MPa resulted in a lower conversion of 82% propylene epoxide. The
reason is that the exceedingly high CO> pressure may block the interaction between the catalyst
and propylene epoxide, and cause a low concentration of propylene epoxide in the vicinity of the
catalyst (so-called dilution effect) [32,53-57]. Hence, a mild CO> pressure of 1.0 MPa was used
in our experiment. The effect of reaction temperature was also investigated. As shown in Figure
3b, the conversion of propylene epoxide increases with the increasing reaction temperature in the

range of 25-70 °C and levels off upon further increasing reaction temperature to 120 °C.
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Figure 3. Influence of reaction conditions of (a) CO; pressure and (b) reaction temperature on propylene

epoxide conversion.

3.4 AMo.4-NT for cycloaddition of CO> to other epoxides.
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We further extend the application of the metal-free amino-functionalized nanotubes as
catalysts for cycloaddition of CO> to substituted epoxides (Table 2). As shown in Table 2, high
activity and selectivity were achieved for various terminal epoxides with either electron-
withdrawing or electron-donating groups (Entries 1-7). Furthermore, the relatively less reactive
subustrates, cyclopentene oxide and cyclohexene oxide, were also applied (Entries 8-9).
However, the lower activities were observed due to the steric hindrance originated from the two
rings in the substrate [43]. Notably, AMo4-NT could effectively catalyze the cycloaddition of
CO: to epoxides with large molecular sizes (Entries 5-7), achieving a high conversion and
selectivity in 12 h. This reaction time is less than that reported on either MOFs or PMO [18, 19,
32] as the catalyst. Obviously, AMo.4-NT with a large pore diameter (~7 nm) and short length has

the advantage over those materials with small pore diameters (MOFs ~ 1 nm and PMO ~ 2 nm).

Table 2. Cycloaddition of CO; to various epoxides catalyzed by AMo.4-NT.2

Entry Substrate Product Conversion/% Selectivity/%
1 o) i 98 99
’ g
o)
2 S 96 99
NGFA S
0] o)k O
CNGYAN a 99 99
L]
0 o)J\cr
4 HO A Ho._A—/ 95 99
o
a o)ko
5 ©/A ©>—/ 95 99
o
2 o)ko
Cl cl o
q N

EQ
%

w

12



0
f
0

.

70 92

0

o4
9 C?] <:{;§ 74 96

8Reaction conditions: substrate (10 mmol), solvent (DMF, 5 mL), AMo4-NT (65 mg), TBAI (0.1 mmol), 1.0

MPa COg, 70 °C, 12 h.

3.5 Reusability of AMo.4-NT in catalytic cycloaddition of CO> to propylene epoxide.

The reusability experiments were performed at 6 h intervals to confirm the stability of the
AMo4-NT under 70 °C and 1 MPa. After the reaction, the AMo4-NT was recovered by filtration
and reused for the next run. As shown in Figure 4a, there was no significant decrease in
conversion (>92%) and selectivity (99% for propylene carbonate) after the 6" cycle. Furthermore,
the analysis of the recovered catalyst by TEM, nitrogen adsorption-desorption and **C CP MAS
NMR (Figure 4b,c,d) indicated the structure and the composition were maintained after six

cycles. These results indicate that AMo.4-NT has an excellent reusability.
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Figure 4. (a) The recycling performance of AMo4-NT for cycloaddition of CO; to epoxide; (b) The TEM
image, (c) Nitrogen adsorption-desorption isotherms and (d) *3C CP MAS NMR spectrum of AMo4-NT after

the 6™ reaction.

3.6 Reaction mechanism

Based on the present results and previous reports [27, 43, 53-57], a possible mechanism can be
proposed for the cycloaddition of CO> to epoxides to form cyclic carbonates on the AMyx-NT
catalysts (Scheme 1). Initially, the acidic silanols uniformly built in the pores, which act as the
proton donors to form hydrogen bonds with the oxygen atoms of the epoxides and help to
polarize the C-O bond. Subsequently, the nucleophilic I anion attacks the less hindered -carbon
atom of epoxide to open the epoxy ring. Silanol-NH. interaction help to adsorb and activate CO;
as well as facilitate coupling of the activated CO2 with the ring-opened intermediate to form the
carbonate intermediate. Finally, the intramolecular ring-closure occurs to generate the cyclic

carbonate, liberating the AMo4-NT and TBAI catalysts. The cooperative effect of silanol groups,

14



-NH2 groups and co-catalyst TBAI enables the reaction to proceed effectively under mild

conditions.
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Scheme 1. Proposed reaction mechanism for the AMg.s-NT-catalyzed cycloaddition of CO; to epoxides.

Herenin, as shown schematically in Figure 5a, AMo4-NT-Me, i.e. the silanols of AMo4-NT
were capped by the trimethylsilyl [-Si(CHas)z] groups, was utilized to illustrate the cooperative
effetct between the -NH: groups and the silanols. Figure 5b shows the 2°Si MAS NMR spectrum
of the AMo.4-NT and AMo4-NT-Me. For AMo4-NT-Me, a new peak at 15 ppm appears due to
the trimethylsilane group [-Si(CHs)s], and the peaks of silicon species T [SiC(OH).(0Si)] and
2T [SiC(OH)(OSi)2] were significantly weakened and even disappeared, while the peak of T
[SIC(OSi)s] was enhanced. These results support a successful capping of silanol groups.
According to the results of the controlled experiments conducted under 1.0 MPa CO; and 70 °C
for 5 hours (Figure 5c), the pure organosilica nanotubes without amino functional groups (NT)

exhibited a lower catalytic activity (10% conversion after 5 h), indicating the critical role of the -

15



NH2 groups for cycloaddition reaction. Furthermore, the AMo4-NT-Me exhibited a lower
catalytic activity (only 36% conversion after 5 h) than AMo4-NT in the absence of the -OH
groups. These results confirm that the -NH> groups (basic sites) function synergetically with

silanols (acidic sites) to achieve a high activity for the activation of the epoxide as well as CO-

under mild conditions.
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Figure 5. (a) The end-capped route of AMo4-NT, (b) 2°Si MAS NMR spectrum of the AMo4-NT and AMg -
NT-Me and (c) catalytic activity of NT, AMo4-NT and AMos-NT-Me. Reaction conditions: substrate (10

mmol), solvent (DMF, 5 mL), TBAI (0.1 mmol), 1.0 MPa CO, 70 °C, 5 h.

4. Conclusions

Novel amino-incorporated organosilica nanotubes with large pore diameter and short pore length
were successfully applied for catalytic CO2 conversion in the production of the cyclic carbonates.
AMo4-NT in combination with TBAI displayed a remarkable catalytic activity and reusability as
compared with other amino-functionalized heterogeneous catalysts. The present study

demonstrated that a cooperative mechanism between the acidic hydroxyls of silanols and basic -

16



NH2 groups from the alkyl -NH. groups is in action for an enhanced catalytic activity.
Furthermore, the nanotubes with short lengths and large diameters efficiently reduce the
diffusion limitation and improve the reactivity. We also demonstrated that the AMos-NT catalyst
is effective for CO. reaction with a broad range of epoxides. Although the functionalized
organosilica nanotubes were only tested for the cycloaddition reaction, their application as solid

catalysts in metal-free catalysis involving organic reagents is of great potentials.
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