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ABSTRACT: Highly dispersed metallic silver nanoparticles (AgNPs) are promising
heterogeneous catalysts for carboxylative coupling of terminal alkynes with CO, under
mild conditions. Yet, their size-controlled synthesis is very challenging because of the
high surface energy. Here, we prepared a series of amino-functionalized ordered
mesoporous polymers as hosts for anchoring AgNPs. Control experiments and
computations showed that electron-rich amines were confined in mesochannels with
varying electron density and steric hindrance, creating “localized active zones (LAZ)” to
control the growth of AgNPs. The particle size of AgNPs grows along with the
increased volume of LAZ around nitrogen species. We also revealed that the catalytic
activity of Ag-based catalysts is size-dependent and increases with decreasing particle
size. Building on these findings, we report a facile one-pot synthesis strategy for
preparing an amine-incorporated ordered mesoporous polymer (NOMP) with a high
specific surface area, small LAZ volume, and uniform amine sites with controllable
loading. These features result in the formation of ultrasmall and monodispersed Ag
nanoparticles. Remarkably, Ag@NOMP gave a quantitative target yield under the conditions of 1 atm CO, pressure and 50 °C,
showing superior catalytic activity in CO, carboxylation compared to other mesoporous analogues.
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B INTRODUCTION

accessible active sites, showing remarkable catalytic perform-

The catalytic conversion of carbon dioxide (CO,) into
chemicals is an emerging strategy in green organic synthesis,
reducing CO, emissions while also supplementing the carbon
demand of the chemical industry.'™ Only a few feasible
catalytic processes have been developed for using CO, as a
starting material, not least because CO, is thermodynamically
and kinetically stable.”” The insertion of CO, into terminal
alkynes via carboxylation is one of the most straightforward
routes for producing alkynyl carboxylic acids,’ which are ke
intermediates in the pharmaceutical and fine chemical sectors.
This route is more sustainable than the currently used
hydrolysis of alkynyl bromides and carbonylation of alkynes
as well as the transformation of expensive alkynyl metals.””
Silver (Ag)-based catalysts can efficiently catalyze this
reaction,'’ as reported by the groups of Inoue,'' Lu,'>"’
GooBen,'*"° Zhang,lé’17 He,'® and Verpoort.w'20 Yet, most of
them are homogeneous Ag(I) complexes and salts, making it
difficult for catalyst recovery and product separation.'” To
address this problem, Ag active species were immobilized on
various solid supports, including poly-N-heterocyclic carbine,'®
solid Schiff base,”" metal—organic frameworks (MOFs),”*~**
covalent or§anic frameworks,””* hypercross-linked porous
polymers,””** and mesoporous oxides (MgO and CeO,).””*
Among them, supported metallic Ag(0) nanoparticles
(AgNPs) with high surface-to-volume ratios offer highly
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ance toward CO, carboxylation. For example, Ma et al
reported MOF-supported AgNPs (Ag@MIL-101) for the
highly efficient production of alkynyl carboxylic acids at
ambient CO, pressure.”’ However, such ultrafine AgNPs tend
to form aggregates because of the high surface energy, thereby
lowering reactivity and durability.’'

The encapsulation of AgNPs inside mesoporous materials
(e.g., mesosilica and mesopolymers) is considered as an
efficient strategy to suppress their growth and leaching,
yielding well-dispersed and stable nanostructured cata-
lysts.”>~*° Moreover, many studies showed that functional
organic groups (such as amino and carboxyl groups) inside
mesochannels can stabilize Ag species and enhance their
dispersion.”” Yet, the effect of these organic functionalities on
nanostructuring AgNPs remains unclear. Understanding such
an effect is crucial for desi§ning size-controlled AgNPs in
heterogeneous CO, catalysis. ¢

We now report that surface amine functionalities of
mesoporous supports create localized active zones (LAZs)
for controlling AgNP growth. Following our recent works on
ordered mesoporous polymers (OMPs),*”*" we introduced a
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Figure 1. (a) Schematic illustration of the synthesis route of amino-functionalized OMPs (OMP—x, x = DMA, MA, and ED) via amination with
three different amines: DMA, MA, and ED, respectively. (b) Representative HRTEM images of OMP—x; the insets give the particle size

distribution of AgNPs.

set of amino groups into the OMPs that can facilitate the
anchoring of AgNPs. More importantly, these functional
species can alter the electronic and steric interactions with
the Ag precursor, resulting in a size-controlled synthesis of
AgNPs. Building on these results, we further report a one-pot
strategy to prepare a new amino-functionalized OMP
(NOMP), featuring a high surface area, high density of
uniform amino sites, and robust organic mesostructures. The
resulting NOMPs are ideal hosts for encapsulating mono-
dispersed AgNPs with a mean size of ca. 4 nm. The Ag@
NOMP showed high efficiency as a catalyst for the
carboxylation of terminal alkynes with CO, under mild
conditions, demonstrating an activity superior than other
analogous amino-based OMP catalysts.

B RESULTS AND DISCUSSION

Catalyst Synthesis and Characterization of Amino-
Functionalized OMPs. Starting with an OMP as the support,
we functionalized the surface with a set of amino groups by
post treatment. Figure la briefly outlines the synthesis
procedure. First, an FDU-type OMP (FDU stands for Fudan
University) with a well-ordered two-dimensional (2D)
hexagonal mesostructure was prepared by polycondensation
of phenol with formaldehyde, following published proce-
dures.*” Subsequently, the amino groups were then introduced
into the OMP material via a two-step process: chloromethy-

lation of OMP and then amination of the chloromethylated
(=CH,CI) OMP with a series of amines. Here, the OMP was
modified with three different amines, namely, dimethylamine
(DMA), methylamine (MA), and ethylenediamine (ED).*
The resulting amino-functionalized OMPs are denoted as
OMP—-DMA, OMP—MA, and OMP—ED, respectively. They
are employed as hosts to immobilize AgNPs via a simple
impregnation—reduction method using silver nitrate (AgNO;)
as the precursor and methanol as the reduction agent, yielding
amino-functionalized OMP-supported AgNPs (denoted as
Ag@OMP—x, x = DMA, MA, and ED).

Small-angle X-ray diffraction (XRD) analysis shows that the
highly ordered 2D hexagonal mesostructure of all Ag@OMP—
x samples remained stable (Figure Sla). After the encapsula-
tion of AgNPs inside the OMP, the diffraction peaks shifted to
lower angles, in comparison with pure OMP. Both OMP—MA-
and OMP—ED-supported AgNPs showed a set of new
characteristic peaks at 38.2, 44.3, 64.5, and 77.5° (Figure
S1b), which are attributed to the (111), (200), (220), and
(311) planes of the face-centered cubic structure of metallic
silver, respectively (JCPDS no. 04-0783).** The average
crystalline sizes of AgNPs are calculated using the Debye—
Scherrer formula on the basis of the width of (111)
reflection,” decreasing as follows (see Table S1): Ag@
OMP-ED (12.7 nm) > Ag@OMP—MA (10.2 nm) > Ag@
OMP—DMA (7.5 nm). This trend matches well with our latter
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Figure 2. (a) Relative volume of the LAZ (gray) varies with the amino groups inside the OMP materials. (b) Comparison of the molecular
electrostatic potentials of simplified amine models via CP2K. (c) Cartoon showing particle size of AgNPs increasing with an increase in the volume

of LAZ around nitrogen atoms inside OMP—x.

transmission electron microscopy (TEM) study. The nitrogen
(N,) adsorption—desorption experiments for these Ag@
OMP—x were performed (Figure S2). All of the samples
showed a typical type IV isotherm with an H1-type hysteresis
loop characteristic of a mesoporous polymer.® The pore
diameters (inset in Figure S2) of all Ag-containing solids are
identical to that of pure OMP, centered at ~6.6 nm with a
narrow distribution. Table S1 summarizes the corresponding
porosity analysis and textural parameters, in which the surface
area and pore volume of OMP—x decreased after the
immobilization of AgNPs.

High-resolution TEM (HRTEM) provides direct evidence
of the amino-induced growth of AgNPs. Figure 1b shows the
representative HRTEM images of Ag@OMP—x samples
viewed from the [100] direction, confirming AgNPs are
homogeneously dispersed along the long-range ordered
mesochannels.”” For comparison, we prepared a pure OMP-
supported metallic Ag under otherwise identical conditions
(denoted as Ag@OMP). The HRTEM image of the amino-
free Ag@OMP shows the formation of large Ag particles
outside the mesopores (Figure S3). This indicates that the
functionalization of the hydrophobic OMP surface with amino
species can increase its wettability,"” allowing for an aqueous
solution of AgNOj into the hydrophobic channels.

Moreover, the amino groups can stabilize Ag precursors and
turn the particle growth during the impregnation—reduction
processes. The mean sizes of the AgNP nanoparticles in these
series increased as follows: Ag@OMP—ED (11 nm) > Ag@
OMP—MA (9 nm) > Ag@OMP—DMA (6 nm). This trend is
in line with the deposition loadings of AgNPs (see Table S1),
albeit all OMPs were loaded with equivalent amounts of
amines (DMA 1.9 mmol/g, MA 2.1 mmol/g, and ED 2.0
mmol/ g).43 Therefore, we concluded that the size of the
AgNPs closely depends on amine decoration. Note that one

diamine molecule (—ED) has two nitrogen (N) atoms tethered
together, and the N loading of OMP—ED is twice higher than
that of monoamines (DMA and MA). This explains why
OMP—ED enables large particle sizes of AgNPs with high
loading. Intriguingly, the supported AgNPs were found to be
sensitive to the structure of the monoamines, that is, the
secondary amine-DMA tails on OMP gave a much smaller size
of AgNPs (~6 nm) than the primary amine-MA (~9 nm).
On the basis of the above observations, we present an
amino-induced hypothesis for describing the controllable
growth of AgNPs inside ordered mesoporous channels (Figure
2). The amino group with a lone electron pair provides a
strong electrostatic interaction with Ag"* ions, and the active
region of the interaction depends heavily on the amino
species.”®*” Here, we call this electron-rich region around
nitrogen atoms as “LAZ”, where the confined nucleation and
growth of AgNPs occur.”® As shown in Figure 2a, the LAZ can
be tuned by the electron donor ability and steric hindrance of
amino substituents. Obviously, DMA shows the smallest LAZ
because of the steric hindrance of two methyl groups; the
relative volumes of LAZ were ranked —ED > —MA > —DMA.
This is in line with the calculated molecular electrostatic
potentials of amine models via density functional theory
calculations (Figure 2b).*® The volume of LAZ is closely
dependent on N’s negative electrostatic potential, as the
electronegative N atom creates a high electron density in a
space. To simplify this, we built three models for DMA, MA,
and ED, respectively, and compared their electrostatic
potentials (a more detailed description of the simulations is
provided in the Supporting Information). The values of
electrostatic potentials in these models are —27 kJ/mol
(DMA), —35 kJ/mol (MA), and —48 kJ/mol (ED), varying
with the volume of LAZ. Increasing the volume of LAZ also
increases the steric electron density, which in turn results in a
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Figure 3. (a) Illustration of the one-pot synthesis route of amine-incorporated OMP (NOMP), followed by a simple impregnation—reduction to
give Ag@NOMP. (b) Small-angle XRD patterns of NOMP and Ag@NOMP (the corresponding wide-angle XRD patterns are shown in Figure S9
in the Supporting Information). (c) High-resolution Ag 3d XPS spectra of Ag@NOMP. (d) Nitrogen adsorption—desorption isotherms and
Barrett—Joyner—Halenda pore size distribution curves of NOMP and Ag@NOMP. (e,f) Representative HRTEM images of Ag@NOMP taken
along the [110] and [100] directions. (g) HAADF—STEM image showing the well-dispersed AgNPs inside Ag@NOMP.

high trapping capacity of Ag ions, yielding large nanoparticles
(Figure 2c). This trend is in line with the TEM results (cf. the
size distributions of AgNPs in Figure 1b).

Rational Design of Highly Dispersed AgNPs Encapsu-
lated in an Amine-Incorporated OMP. We then reasoned
that the direct binding amine group (—NH,) inside the OMP
channels would lead to a confined LAZ, which in turn
decreases the Ag size (Figure S4). To validate this, we
developed a one-pot strategy for the controllable synthesis of
NH,-functionalized OMP (denoted as NOMP) via the direct
coassembly of 4-aminophenol, phenol, and formaldehyde as
starting materials in the presence of an amphiphilic triblock
copolymer as a templating agent (Figure 3a). The Fourier
transform infrared (FT-IR) (Figure S5), "*C magic angle
spinning nuclear magnetic resonance (MAS NMR) (Figure
S6), and X-ray photoelectron spectroscopy (XPS) (Figure S7)
spectra show the characteristic signals of —NH,, confirming
the successful synthesis of the targeted amine-containing
mesopolymer. Moreover, the TEM images in Figure S8
exhibited the well-ordered 2D hexagonal morphology of
NOMP. Next, the NOMP material was impregnated with an
aqueous solution of AgNOj; and then reduced by methanol to
give Ag@NOMP (see the Experimental section in the
Supporting Information for details).

44244

The XRD patterns show that Ag@NOMP retained the well-
ordered 2D hexagonal mesostructure (Figure 3b), accompany-
ing the metallic Ag signal (see Figure S9). Moreover, Ag@
NOMP only gave a weak (111) diffraction representing a
smaller crystallite size, in comparison with Ag@OMP—-DMA.
The average crystalline sizes of AgNPs obtained from the
(111) reflection were 6.1 and 7.5 nm for Ag@NOMP and
Ag@OMP—DMA, respectively (Table S1). The XPS charac-
terization also upholds the XRD results. As shown in Figure 3c,
the Ag 3d spectra of Ag@NOMP can be fitted into two peaks
located at 368.4 and 374.4 eV (with a spin energy separation of
6 eV), attributed to Ag 3d;,, and Ag 3ds,, of the metallic state
of Ag(0), respectively.”>* To show how AgNPs interact with
the amino species, the high-resolution XPS spectra of N 1s are
measured in Figure S10. For NOMP, the spectra of N 1s were
fitted with a symmetric peak centered at 399.7 eV, which can
be attributed to the —NH, signal.53 After introducing AgNPs,
the binding energy corresponding to amino-N is shifted toward
lower values (395 eV). This confirmed that Ag binds to —NH,,
decreasing the electron charge density of N species.””>> The
N, sorption isotherms (Figure 3d) revealed that Ag@NOMP
was mesoporous with a specific surface area of 456 m’/g,
comparable with the pristine NOMP (485 m’/g). The
corresponding textural parameters are summarized in Table S1.
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Figure 4. (a) Comparisons of carboxylation of EB with CO, to PA
over various Ag-containing catalysts. (b) Plot for the correlation
between the TON of PA produced on Ag catalysts and their particle
sizes. Reaction conditions: EB (2.0 mmol), catalyst 0.1 mol % Ag-
containing solid, Cs,CO5 (3 mmol), CO, (1.0 atm), 50 °C, dimethyl
sulfoxide (DMSO) (15 mL), 12 h.

The HRTEM images of Ag@NOMP clearly show the
dispersed and ultrasmall AgNPs inside mesochannels (Figure
3e,f). This is further evidenced by a high-angle annular dark-
field scanning TEM (HAADF—STEM) image (Figure 3g), in
which a large number of white dots can be observed
corresponding to the homogeneously distributed Ag nano-
particles. Notably, in spite of a higher Ag loading (1.5 wt %),
Ag@NOMP gave a much smaller particle size (ca. 4 nm, inset
in Figure 3f) than Ag@OMP—DMA (ca. 6 nm with 0.26 wt %,
see Table S1). These results confirmed further the importance
of the confined LAZ effect.

Catalytic Testing. We studied the catalytic performance of
these heterogeneous AgNP catalysts in the carboxylative
coupling of 1l-ethynylbenzene (EB) with CO, to phenyl-
propiolic acid (PA) at SO °C under 1 atm CO, pressure.
Control experiments confirmed that the reaction cannot
proceed in the absence of catalysts or by just adding pristine
amino-functionalized mesopolymer supports (OMP—x and
NOMP). All Ag-containing samples showed good catalytic
activity. As shown in Figure 4a, Ag@NOMP shows the best
catalytic activity among all the catalysts tested in this series,
giving a much higher yield of 96% than Ag@OMP—DMA
(81%), Ag@OMP—MA (74%), and Ag@OMP—ED (60%).
This is probably because Ag@NOMP features ultrasmall Ag
sizes, thereby favoring the catalytic efficiency. To further
evaluate the size-dependent catalytic performance, we plotted
the turnover numbers (TONSs, calculated as moles of PA

produced per mole of Ag loading) against the corresponding
particle sizes. Figure 4b exhibited a good linear correlation (R*
= 0.98). This suggests that the carboxylation activity of the
supported Ag catalysts depends closely on their particle sizes.

We further examined the catalytic scope of Ag@NOMP with
11 different terminal alkynes (Table 1). All the electron-
donating (entries 1—3) and electron-withdrawing (entries 4—
6) substituted phenylacetylenes were smoothly converted to
the corresponding PAs with excellent yields (92—99%).
Moreover, alkynes bearing the heteroaromatic-(2-ethynylth-
iophene, entry 7) and low polar aliphatic groups (entries 8—
11) were tested, and they gave good target yields varying from
89 to 96%.

Recycling experiments were carried out for the Ag@NOMP
catalyst. In each cycle, the Ag@NOMP solid was separated by
simple filtration and washed with acetone and deionized water.
Figure S shows that Ag@NOMP could be reused at least five
times without significant loss of activity. Notably, despite the
fact that the Ag content of the filtrate was below the detection
limit of inductively coupled plasma-atomic emission spectros-
copy analysis, a slight decrease in PA yield was observed at the

100

80+

601

40

Yield (mol%)

20+

0-
1 2 3 4 5
Recycling run

Figure S. Recycling of the Ag@NOMP catalyst in the carboxylation
of EB with CO, to PA.

fifth run. This probably comes from the partial oxidation of
metallic Ag. This agrees well with the XPS results (Figure
S11), where the Ag(I) peak was detected.’® The TEM analysis
(Figure S12) confirmed that the monodispersed Ag nano-
particles are stable without aggregation after reusing five times.

All in all, our Ag@NOMP is among the best solid catalyst
for the highly efficient conversion of CO, and terminal alkynes
to alkynyl carboxylic acids.

B CONCLUSIONS

In summary, we prepared a series of amino-decorated highly
ordered mesopolymers for encapsulating metallic Ag nano-
particles and found that the amino groups control AgNP
growth through “LAZs” surrounding electron-rich nitrogen
atoms. The nature of LAZ is determined by the electron donor
ability and steric hindrance of the amino substituent. As the
volume of LAZ increases, more Ag species were trapped in this
active region, resulting in the formation of undesired
nonuniform large particles. With these findings at hand, we
then developed a simple bottom-up route to the direct
incorporation of NH, into the OMP framework (NOMP).
Owing to its high surface area, uniform amine sites, and small
LAZ size, NOMP was proven to be an ideal scaffold for
stabilizing ultrasmall nanoparticles. The resulting Ag@NOMP
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Table 1. Reaction Scope of Different Terminal Alkynes with CO, Over the Ag@NOMP Catalyst”

Entry Alkyne

Product

Yield (%) b

1

5

MeO

295

@%COOH 96
95
@%COOH
99
@%COOH
a@%COOH 92
Br—@%COOH %3

6 OZNO{ OZNO%COOH 92
7 STN__— S\ COOH 93
9
90
\_\{ \_\;COOH
10
= N 91
/\/\ /\/\COOH
11 89

“Reaction conditions: alkyne (2.0 mmol), catalyst Ag@NOMP: 15 mg (0.1 mol % Ag), Cs,CO; (3 mmol), CO, (1.0 atm), S0 °C, DMSO (15

mL), 12 h. Isolated yields.

showed high efficiency in converting terminal alkynes and CO,
into alkynyl carboxylic acids under mild conditions. In
addition, size dependence was found for the metallic Ag-
catalyzed carboxylation of CO,. This work provides a facile
approach for designing highly dispersed and stable metal
nanoparticles for heterogeneous catalysis.
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