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Laser-induced Synthesis of Ultrafine Gold Nanoparticles in

Covalent Organic Frameworks

ZHANG Yin and MA Shenggian™

etal nanoparticles in porous supports are of great
IVI importance for catalysis, separation and sensing, but

their controllable preparation is still largely unmet.
Herein, we describe a simple laser-induced synthesis of ultrafine
gold nanoparticles in the covalent organic framework. Gold
nanoparticles are well embedded, and they are about (1+0.1) nm in
size. This work is universal for the preparation of well-dispersed and
ultrafine metal nanoparticles in porous supports.
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1 Introduction

Materials of superior activity and low-cost are highly desired.
Metal nanoparticles in porous supports(NPPSs) belong to this
category because they can reduce the cost while
simultaneously maintaining the high activity of metal
nanoparticles. What’s more, the synergistic effect between
porous supports and nanoparticles can result in novel
properties. Therefore, NPPSs have been widely studied for
catalysis!'?], separation?®, and sensing!*’, and even some of
which are already being applied in industry.

In general, two strategies have been summarized for the
preparation of NPPSs. This includes “bottle around ship”
strategy and “ship in a bottle” strategy. In terms of the “bottle
around ship” strategy, metal nanoparticles are synthesized in
advance, and surround which the porous supports are
prepared with the help of surfactantsl®~1%. Regarding “ship in
a bottle” strategy, NPPSs can be obtained by reducing metal
precursors in porous supports using NaBHs, solvent, or
Hol11-141,

nanoparticles will have higher activity, and well-dispersed

According to the nanoscale effect, smaller
ultrafine metal nanoparticles are mainly prepared via the “ship
in a bottle” strategy!'>¢l. Different porous materials have been
studied as good supports for the preparation of NPPSs, such
as porous silical'”l, porous carbon!', graphenel’, metal
oxidel®, zeolites?!, porous organic polymers/>~2I, metal-
organic frameworks!'>!¢, organic cages!?**?], and covalent

organic frameworks(COFs)?%. Crystalline COFs have recently
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received much attention due to their excellent compatibility in
acidic/basic environments, stability in various solvent/thermal
conditions, and tunability in structure and property!—31l.
COFs typically have a pore size of about 2 nm, making

them useful for the investigation of intrapore activities. Many
papers have been published on the preparation of COFs-
supported nanoparticles?$32—42, The nanoparticles are widely
distributed in the range of 2—10 nm because it is difficult to
control the size of nanoparticles following the “ship in a bottle”
strategy with NaBH4, Hz or solvent as reducing agents/®*-381. In
addition, nanoparticles tend to aggregate when they are
smaller than 2 nm because of high surface free energy.
Therefore, it is still challenging to prepare ultrafine
nanoparticles(<2 nm) supported by COFs with a narrow size
distribution. Recently, metal nanoparticles(1.5 nm) in COFs
have been reported, in which COFs with phosphine/sulfur
functions can stabilize metal nanoparticles via strong
coordination®—*!l. Another study described the preparation of
1.5 nm Pd nanoparticles in COFs, in which extra —NH- groups
introduced by the nonstoichiometric synthon strategy can
effectively prevent the agglomeration of metal nanoparticles
during the H: reduction process!*?. Herein, we realize the
preparation of ultrafine (1+0.1 nm) gold nanoparticles in COFs
by taking advantage of coordination between metal
nanoparticles and rapid photoreduction. This operational
simple and facile protocol is expected to be appliable to the

preparation of other NPPSs.

2 Experimental

2.1 Preparation of TAPB-TA-COF

TAPB-TA-COF was prepared following a reported procedure!*!
with slight modification. 1,3,5-Tri-(4-aminophenyl)benzene
(TAPB, 0.160 mmol, 56.2 mg), terephthalaldehyde(TA,
0.24 mmol, 32.2 mg) and o-dichlorobenzene(o-DCB)/n-BuOH
(1.0/1.0 mL) were mixed in a 5 mL Schlenk tube and sonicated
to obtain a suspension. The mixture was well dispersed after
the addition of acetic acid(6 mol/L, 0.2 mL). And the tube was
degassed via three freeze-pump-thaw cycles. Keeping this

reaction at 120 °C for 3 d, the yellow solid was isolated by



Chem. Res. Chinese Universities

Article

centrifugation at 10000 r/min and washed with THF(6x5 mL).
Soxhlet extraction with THF was used to further purify TAPB-
TA-COF for 2 d. Finally, TAPB-TA-COF was obtained as a
yellow powder with a yield of 80%.

2.2 Preparation of TAPB-TA-COF-Au

Typically, 1 mg of TAPB-TA-COF and 1 mL of CHsCN were
mixed in a 10 mL quartz vial, where 100 puL of AuCls solution
(1 mg/mL) was added. The vial was covered with aluminum
foil to prevent light illumination and the mixture was stirred
for 10 h. Then the solid was separated from the mixture by
centrifugation at 10000 r/min and washed with CHsCN(3x2
mL). The obtained solid was dispersed in the 10 mL quartz vial
with 1 mL of CHsCN and the suspension was irradiated by a
523 nm laser for 10 min under vigorous stirring. Then the vial
was covered with aluminum foil again and the obtained
solution is ready for further use. The Au content is 3.5% as
inductive emission

determined by coupled plasma

spectrometry(ICP).

2.3 Reagents

All the chemicals were purchased from commercial resources

and used without further purification unless otherwise stated.

Corresponding information of representative chemicals
was given below: terephthalaldehyde(Sigma, 99.5%),
1,2-dichlorobenzene(Alfa, 99.5%), 1-butanol(Alfa, 99.5%),

tetrahydrofuran(Sigma, 99.5%), gold trichloride(Alfa, 99.9%),
and acetonitrile(Sigma, 99.8%), and 1,3,5-tri-(4-aminophenyl)

benzene was synthesized according to the literaturel*4.

2.4 Characterization

Fourier transform infrared(FTIR) spectra were recorded on a
Spectrum One(Perkin Elmer Instruments Co., Ltd.) with KBr
as the background in the spectral range of 400—4000 cm™.
Wide-angle powder X-ray diffraction(XRD) patterns were
obtained at a scanning rate of 4°/min using D/MAX-TTRIII
(CBO)(Rigaku Corporation) with Cu Ke radiation(A=0.154 nm)
operating at 200 kV and 40 mA. X-Ray photoelectron
spectroscopy(XPS) spectra were achieved by an ESCALAB 20
Xi XPS system, where the analysis chamber was 1.5x10~ mbar
(1.5x107 Pa) and the size of X-ray spot was 500 um. Brunauer-
Emmett and Teller(BET) surface areas were determined
using an ASAP2420-4(Micromeritics Instrument Corporation)
surface analyzer at 77 K, and before measurement, the
samples were activated at 120 °C for 12 h under vacuum.
Transmission electron microscopy(TEM) images were
performed on a Tecnai G2 F20 S-TWIN with an acceleration
voltage of 200 kV.

469

3 Results and Discussion

A COF with a pore size of about 3 nm was chosen as the
representative platform. Specifically, Scheme 1 describes the
entire experimental procedure.

COF is prepared from 1,3,5-tris-(4-aninophenyl) benzene
(TAPB) and TA. The characteristic peaks agree well with
the literature®! data on the obtained patterns of powder
X-ray diffraction(PXRD)(Fig.1),
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Fig.1 PXRD patterns of TAPB-TA-COF, TAPB-TA-COF-AuCl;
and TAPB-TA-COF-Au
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preparation of crystalline TAPB-TA-COF. Purified TAPB-TA-
COF is in yellow color when dispersed in CHsCN and turns
brown rapidly after the addition of AuCls solution(1 mg/mL)
[Fig.2(A)]. The color change is caused by the coordination
between the —C=N-— and the AuCls. As seen in the Fourier
transform infrared(FTIR) spectra[Fig.2(B)], the shifting peak at
1603 cm™ and the new peak at 1654 cm™' compared to the
original —C=N— stretching vibration at 1593 and 1620 cm™!
are attributed to the coordination?®!. In addition, X-ray
photoelectron spectroscopy(XPS) shows the change of Nis
from 398.61 eV to 399.36 eV[Fig.2(C)] after the addition of
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Fig.2 Photos for the COF suspension before and after the
addition of AuCl3(A), FTIR spectra of TAPB-TA-COF and TAPB-
TA-COF-AuCl3(B), XPS spectra of TAPB-TA-COF, TAPB-TA-
COF-AuCl; and TAPB-TA-COF-Au(C and D)
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AuCls solution to the TAPB-TA-COF suspension, which is
another evidence for the interaction between the —C=N—
and AuCl?8, Meanwhile, the resulted TAPB-TA-COF-AuCls
has the same crystallinity as TAPB-TA-COF(Fig.1), indicating
that the interaction between TAPB-TA-COF and AuCls does
not destroy the structure. The obtained TAPB-TA-COF-AuCls
is redispersed in CHsCN and illuminated with a 532 nm laser
(1 W) for 10 min under vigorous stirring, leading to the TAPB-
TA-COF-AuCls to TAPB-TA-COF-Au transformation. Auss XPS
double peaks[Fig.2(D)] show the reduction of AuCls to Au
nanoparticles with a 0.8 eV difference between TAPB-TA-COF-
AuCl3(84.31 eV, 87.91 eV) and TAPB-TA-COF-Au(85.11 eV,
88.71 eV).

The presence of metal nanoparticles can be imaged by
transmission electron microscopy(TEM). Au nanoparticles are
absent in both TAPB-TA-COF and TAPB-TA-COF-AuCls
[Fig.3(A) and (B)], while they are obviously observed in Fig.3(C)
with the size of (1+0.1) nm. Both size diameter and size
distribution of nanoparticles are comparable to those reported
works®-#2, and the rapid photoreduction is advantageous for
generating small nanoparticles with the intrinsic pore
environment(—C=N—) and the solvent(CHsCN) serving as

stabilizing agents.
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Fig.3 TEM images of TAPB-TA-COF(A), TAPB-TA-COF-AuCl;(B)
and TAPB-TA-COF-Au(C) with the inset in (C) being the size
distribution of Au nanoparticles
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In addition, TAPB-TA-COF-Au retains the original
structure of TAPB-TA-COF(Fig.1). The stability of the gold
nanoparticles is good, which is proposed to be favored by the
interaction with —C=N— of COF and coordination with
CHsCN(Scheme 1). Another key factor in NPPSs is maintaining
the porosity and the surface areas of the support. According to
the N2 sorption isotherms of both TAPB-TA-COF and TAPB-
TA-COF-Au[Fig.4(A)], the respective Brunauer-Emmett and
Teller(BET) surface areas are 1521 and 1023 m?/g, confirming
good surface areas. The pore size distribution curves for TAPB-
TA-COF and TAPB-TA-COF-Au[Fig.4(B)] show that the

major pore size is 3 nm, indicating the good maintenance of

porosity.
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Fig.4 N, sorption isotherms(A) and pore size distribution(B) of
the as-prepared TAPB-TA-COF and TAPB-TA-COF-Au

4 Conclusions

In summary, it should be noted that TAPB-TA-COF-Au was

prepared using an operationally simple and facile

photoreduction strategy. The resulting gold nanoparticles
[(1£0.1) nm] were stable and well dispersed in TAPB-TA-COF.
This work will be a necessary reference for the preparation
of NPPSs.
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