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A simple charge modulation approach has been developed to 

stabilize naked Au clusters on a nanoporous conjugated organic 

network. Through engineering pore walls with regulated charges, 

the controllable growth of Au nanoclusters has been realized. The 

resulting supported catalyst exhibits excellent performance in the 

aerobic oxidation of alcohols.  

Metal nanoclusters (NCs) are of significant research interest for 

their unique physical and chemical properties which originate from 

possessing dimensions between a single metal atom and 2 nm 

nanoparticles.
1
 The intrinsic electronic structure, large fraction of 

surface atoms, and quantum size effect render small metal NCs 

attractive candidates for catalysis. Specifically, a great deal of 

research has focused on the rational design and construction of Au 

NCs, enabling catalysis of a wide range of important chemical 

reactions,
2
 such as hydrogenation of olefins, CO oxidation, water-

gas shift reaction and selective alcohol oxidation. Unfortunately, 

the high surface energies of Au NCs promote severe aggregation 

and particle growth, resulting in the drastic loss of their catalytic 

activity;
3
 the controllable synthesis of naked Au NCs remains a great 

challenge. One popular solution to enhance aggregation resistance 

is to confine naked Au NCs inside a nanoporous support,
4
 where the 

inherently narrow pore dimensions provide an external physical 

barrier to mitigate the aggregation and growth rate of Au species.
4a

 

However, conventional nanoporous supports, such as inorganic 

oxides and carbon materials, are usually luck of capping agents, and 

are therefore unable to stabilize Au NCs against aggregation.
2c, 5

 In 

this regard, the search and development of new nanoporous 

supports capable of stabilizing Au NCs is highly important and of 

great interest. 

In this work, we report a charge modulation approach in 

engineering nanoporous conjugated organic networks to stabilize 

naked Au clusters, and their employment as a new family of highly-

active heterogeneous supported Au NC nanocatalysts. Conjugated 

organic networks constitute a very promising class of advanced 

porous materials and have attracted great attention in the field of 

catalysis due to the accessibility of diverse nanopore regimes 

through the rational design of active sites at the molecular scale.
6
 

Although numerous nanoporous frameworks have been well 

developed through conventional organic synthetic protocols, the 

use of them as a novel stabilizer to immobilize naked Au clusters 

has never been explored. The key to our success lies in the 

installation of abundant regulated charged species within the 

framework, inducing strong surface interactions against Au NC 

aggregation. This innovative strategy not only provides a facile 

means to control the growth of Au species inside a nanoporous 

framework, but simultaneously opens up new possibilities for the 

development of new nanoclusters catalysts possessing long-term 

stability and activity. 

 

 

Scheme 1. A charge modulation approach of preparing 

conjugated organic networks to stabilize Au NCs. 
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As shown in Scheme 1, our initial attempts to install small Au NCs 

involved a pyridine-functionalized conjugated organic network (P-

CON). P-CON was prepared through a facile FeCl3-catalyzed 

oxidative coupling polymerization approach, with synthetic details 

available in the supporting information.
7
 The structure of P-CON 

was identified at the molecular level by solid state 
13

C cross-

polarization magic-angle spinning (CP/MAS) NMR, with the peak 

around 145 ppm arising from the aromatic carbons can indicate the 

presence of the pyridine rings. Two peaks at ∼125 and 110 ppm are 

ascribed to the aromatic carbons in the carbazolic ring (Figure S1).
7a

 

P-CON possessed a high Brunauer-Emmett-Teller (BET) surface area 

of 1538 m
2
 g

-1
, as determined by nitrogen adsorption-desorption 

isotherms (Figure S2a and Table S1), affording sufficient space for 

the immobilization of Au species. Au nanoparticles were physically 

impregnated through a facile process where HAuCl4 was reduced by 

NaBH4. A high loading of 2.0 wt% was successfully loaded on the 

surface of the material (Au@P-CON), as determined by inductively 

coupled plasma atomic emission spectrometry (ICP-AES). 

Unfortunately, intense peaks associated with large Au nanoparticles 

were apparent in the X-ray diffraction (XRD) pattern (Figure 1), 

indicating formation of large Au domains (12.7 nm, Table S1) and a 

failure of P-CON to stabilize the NCs. We reasoned that the limited 

number of functions on the P-CON surface results in facile 

aggregation and ripening. Transmission electron microscopy (TEM) 

images further confirmed this result (Figure S3). 

 

 

We subsequently performed a charge modulation approach to 

address this obstacle through engineering pore walls of P-CON. A 

recent work by Yuan et al., demonstrated that polymeric ionic liquid 

(PIL) can serve as a promising platform capable of stabilizing a 

variety of metal clusters.
1l

 Their success relies on the an unusual 

synergy between the heterocyclic cations in PIL and an in situ 

generated polycarbene structure. Inspired by this work, we sought 

to create charged species within the framework of P-CON, inducing 

an electrostatic charge to promote the stabilization of Au species. 

We reasoned that the post-synthesized anions will be bound to the 

Au surfaces and form a “protective shell” layer immediately 

adjacent to the nanocluster, thus providing the Columbic repulsion 

component of Dergaugin-Landau-Verwey-Overbeek (DLVO)-type 

stabilization.
8
 Additionally, the existence of rich pyridine rings gives 

rise to a facile nucleophilic reaction with iodoethane for the 

incorporation of desired charges (Scheme 1). Halides have been 

considered as one of the most promising small monoanions to 

generate DLVO-type stabilization.
8a

 As expected, the 
1
H-

13
C CP-MAS 

NMR confirms a successful postsynthetic modifications inside the 

framework (P-CON-I). Two peaks at ca. 14 and 59 ppm, attributed 

to the existence of alkyl groups, were observed (Figure S1). 

Additionally, P-CON-I shows a decrease of BET surface area of 1115 

m
2
 g

-1
 as a result of successful pore wall engineering (Figure S2b). 

The x-ray photoelectron spectroscopy (XPS) study also indicates a 

high containing of iodide species (0.92 at%). As shown in Figure S4b, 

the binding energy at ca. 618 eV was assigned to I(3d5/2) and at ca. 

630 eV to I(3d3/2), respectively.
9
  

 

Motivated by these promising results, we initiated the same Au-

growth process to attempt the preparation of Au NCs on P-CON-I. 

To our delight, a broad reflection at 38° in the XRD pattern was 

observed (Figure 1), attributed to (111) reflection of the cubic (fcc) 

gold lattice and indicating the formation of small Au nanoparticles 

(2.8 nm, Table S1).
10

 TEM images also display small Au 

nanoparticles with mean size of ca. 2.8 nm, supported on the 

surface of the polymer (Figure 2a-c). The BET surface area of this 

new sample (Au@P-CON-I) was measured to be 938 m
2
 g

-1
 (Figure 

S1). Nevertheless, Au NCs were not successfully constructed, similar 

to the initial attempts with P-CON. Despite this, this progress in 

achieving much smaller Au nanoparticles ranging from 12.7 nm in 

Au@P-CON to 2.8 nm in Au@P-CON-I indicates a profound effect of 

introducing charge to the frameworks and the effect on the 

stabilization and growth of Au NPs species. We hypothesized that 

 
Figure 1. XRD patterns of the as-prepared conjugated organic 

networks and Au-loaded hybrid materials. 

 

Figure 2. TEM images and the corresponding size distribution 

histogram of the as-prepared Au materials. Scale bars: 50 nm 

(a and d)/10 nm (b and e).  
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modulating the charged species could enable controlled synthesis 

of monodisperse supported Au NCs.  

To confirm this, we prepared another P-CON-F analog through a 

simple ion-exchange procedure to substitute fluoride as the counter 

anion in place of iodide (Scheme 1). We reasoned that anionic 

species could also influence the stabilization of Au NCs 

complementing the cationic effect proposed by Yuan et al..
1l

 

According to XPS analysis (Figure S4), a complete exchange was 

accomplished and no iodide residue was detected. Accordingly, a       

high F content of 0.89 at% was measured, with the binding energy 

of F1s at ca. 690 eV corresponding to fluoride (Figure S4c). 

Understandably, P-CON-F exhibits a higher BET surface area (SABET = 

1210 m
2
 g

-1
) compared to P-CON-I, consistent with the exchange of 

a heavy element for a lighter one and demonstrating the stability of 

the organic framework. We then followed the same process to 

grow Au species on P-CON-F. As expected, small Au NCs with mean 

size of ca. 1.3 nm were homogeneously dispersed on the surface, 

evidenced by the TEM image (Figure 2d-f). This promising result 

matches well with the broadening observed in the corresponding 

XRD pattern (AuNCs@P-CON-F).  The Au 4f7/2 peak at ca. 84.5 ev in 

the XPS spectra shows that Au NCs are in the zero oxidation state 

(Figure S5). The BET surface area was measured to be 1060 m
2
 g

-1
, 

thus suggesting good potential implementations in catalysis.
11

 

 

 

This simple yet efficient charge modulation approach opens up 

new possibilities for the controlled synthesis of Au species on the 

surface of nanoporous networks. We anticipated that it will 

advance the development of a variety of naked metal clusters 

through implementation of diverse framework materials, such as 

metal-organic frameworks (MOFs). In addition, AuNCs@P-CON-F 

contains 2.0 wt % Au NCs, constituting a comparatively large 

quantity metal and enabling higher loading for catalytic processes. 

Nitrophenol reduction, as a model reaction, was examined. As 

shown in Figure 3a and b, the existence of small Au NCs on 

AuNCs@P-CON-F successfully afforded the formation of 

aminophenol, whereas no catalytic activity was observed on P-CON-

F. As confirmed by the XRD and TEM analysis, the sizes of Au 

species maintain very well (Figure 3 c and d). This stability can be 

further supported by AuNCs@P-CON-F-catalyzed CO oxidation. 

Although the material exhibits a poor CO oxidation performance, 

ca. 15% conversion at a high temperature of 180 °C, no significant 

aggregation of Au was observed under this condition (Figure S6).  

Furthermore, we investigated the aerobic oxidation of 

cyclohexanol to cyclohexone, a key step for Nylon-6 and Nylon-66 

production, to assess the catalytic activities of our supported Au 

NCs. AuNCs@P-CON-F (10 mg) was combined with cyclohexanol (1 

mmol) and toluene (3 ml) in a reaction flask. With the heat 

treatment at 60 °C for 24 h under air, the conversion on AuNCs@P-

CON-F reached as high as 98.4 % (Table 1, Entry 1) with a high 

selectivity (> 99%). Control experiments performed with materials 

devoid of any Au species displayed no activity (Entry 2-5), 

demonstrating the critical role of the Au- sites in catalysis. To gain a 

better understanding regarding the influence of the Au size on 

oxidation performance, we also performed the controlled 

experiments using Au@P-CON and Au@P-CON-I. Clearly, the 

AuNCs@P-CON-F afforded the best yield and highest turnover 

number (TON, Entry 6-9), which we attribute to the smallest Au 

size generating a greater number of catalytic sites with optimal 

accessibility by the substrates (Figure S7). 

 

 

Inspired by these promising results, we proceeded to investigate 

the effects of reaction time on cyclohexanol oxidation. After 1 h, 

the conversion reached 12.9 %, whereas the selectivity was as high 

as 99% (Entry 10, Table 1). The conversion yield increased 

 

Figure 3. Time-dependent UV-vis spectra of the reduction of 4-

nitrophenol catalyzed by AuNCs@P-CON-F (a) and P-CON-F (b). 

(c) The XRD patterns before and after reduction reaction. (d) TEM 

images of supported Au species after reduction reaction.  

Table 1. Performances of different catalysts in the cyclohexanol 

oxidation reaction.
a 
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continuously during the following 6 h and reached to be 44.6 % 

(Entry 9). These results are summarized in Table 1. As recyclability 

has been considered to be one of most advantageous features of 

heterogeneous catalysts over to homogeneous catalysts, the 

recyclability of AuNCs@P-CON-F was also studied. When simply 

collected by centrifugation, dried, and added to a new reaction, the 

recovered catalyst still displayed excellent catalytic performance, 

with a negligible drop in conversion activity over five recycles while 

maintaining the high selectivity as well (Figure S8). The sizes of Au 

NCs maintain very well based on the XRD patterns and TEM image 

(Figure S9). Au NCs supported in charged nanoporous networks 

thus show outstanding performance in the aerobic oxidation of 

alcohol. 

Seeking to probe the generality of our AuNCs@P-CON-F 

heterogeneous catalyst, we investigated the oxidation of a range of 

other alcohol substrates. As displayed in Table S2, these reactions 

afford high conversion to the desired ketone products, clearly 

demonstrating the accessibility of bulky substrates within the pore 

structure of the AuNCs@P-CON-F system and the diversity of this 

novel heterogeneous catalyst. 

In conclusion, a simple yet efficient charge modulation approach 

is reported as a new strategy for the stabilization of naked small Au 

clusters in conjugated organic networks. The successful installation 

of regulated charges inside the nanoporous architecture has 

effectively tuned the surface properties of the support framework 

suppressing the aggregation of the Au NC species. The resulting 

heterogeneous Au nanoclusters exhibit excellent performance in 

the aerobic oxidation of alcohols, suggesting great promise for 

catalytic applications. This innovative strategy not only provides a 

facile means to control the growth of Au species inside nanoporous 

frameworks, but simultaneously enables new avenues for the 

development of novel metal nanoclusters catalysts displaying long-

term stability and high-activity. 

This research was supported financially by the Division of 

Chemical Science, Geoscience, and Bioscience, Office of Basic 

Energy Sciences, US Department of Energy. S. Ding, H. Wang, 

and N. Zhang thank the National Natural Science Foundation of 

China (No. 21062013) and the Natural Science Foundation of 

Jiangxi Province (No. 2011ZBAB203013). 

Notes and references 

1 (a) R. Jin, C. Zeng, M. Zhou and Y. Chen, Chem. Rev., 2016, 116, 

10346; (b) C. Zeng, Y. Chen, K. Kirschbaum, K. J. Lambright and R. 

Jin, Science, 2016, 354, 1580; (c)  K. Mori, T. Hara, T. Mizugaki, K. 

Ebitani and K. Kaneda, J. Am. Chem. Soc., 2004, 126, 10657; (d)  J. 

Oliver-Messeguer, L. Liu, S. García-García, C. Canós-Giménez, I. 

Domínguez, R. Gavara, A. Doménech-Carbó, P. Concepción, A. 

Leyva-Pérez and A. Corma, J. Am. Chem. Soc., 2015, 137, 3894; 

(e) F. R. Fortea-Pérez, M. Mon, J. Ferrando-Soria, M. Boronat, A. 

Leyva-Pérez, A. Corma, J. M. Herrera, D. Osadchii, J. Gascon, D. 

Armentano and E. Pardo, Nat. Mater., 2017, 16, 760; (f)  A. Leyva-

Pérez, J. Oliver-Meseguer, P. Rubio-Marqués and A. Corma, 

Angew. Chem. Int. Ed., 2013, 52, 11554; (g) J. P. Wilcoxon and B. L. 

Abrams, Chem. Soc. Rev., 2006, 35, 1162; (h)  Y. Lu and W. 

Chen, Chem. Soc. Rev., 2012, 41, 3594; (i) P. Serna and B. C. 

Gates, Acc. Chem. Res., 2014, 47, 2612; (j) J.-K. Sun, W.-W. Zhan, 

T. Akita and Q. Xu, J. Am. Chem. Soc., 2015, 137, 7063; (k) J.-K. 

Sun, Z. Kochovski, W.-Y. Zhang, H. Kirmse, Y. Lu, M. Antonietti 

and J. Yuan, J. Am. Chem. Soc., 2017, 139, 8971; (l) S. Lu, Y. Hu, S. 

Wan, R. McCaffrey, Y. Jin, H. Gu and W. Zhang, J. Am. Chem. Soc., 

2017, 139, 17082; (m) C. Deraedt, G. Melaet, W. T. Ralston, R. Ye 

and G. A. Somorjai, Nano Lett., 2017, 17, 1853; (n) R. Ye, A. V. 

Zhukhovitskiy, C. V. Deraedt, F. D. Toste and G. A. Somorjai, Acc. 

Chem. Res., 2017, 50, 1894. 

2 (a) S. Yamazoe, K. Koyasu and T. Tsukuda, Acc. Chem. Res., 2014, 

47, 816; (b) J. Oliver-Meseguer, J. R. Cabrero-Antonino, I. 

Domínguez, A. Leyva-Pérez and A. Corma, Science, 2012, 338, 

1452; (c)  B. Liu, H. Yao, W. Song, L. Jin, I. M. Mosa, J. F. Rusling, S. 

L. Suib and J. He, J. Am. Chem. Soc., 2016, 138, 4718; (d) B. Liu, P. 

Wang, A. Lopes, L. Jin, W. Zhong, Y. Pei, S. L. Suib and J. He, ACS 

Catal., 2017, 7, 3483; (e)  K. Kaizuka, H. Miyamura and S. 

Kobayashi, J. Am. Chem. Soc., 2010, 132, 15096; (f) T. Zhang, H. 

Zhao, S. He, K. Liu, H. Liu, Y. Yin and C. Gao, ACS Nano, 2014, 8, 

7297; (g)  P. Johnston, N. Carthey and G. J. Hutchings, J. Am. 

Chem. Soc., 2015, 137, 14548; (h) W. D. Williams, M. Shekhar, 

W.-S. Lee, V. Kispersky, W. N. Delgass, F. H. Ribeiro, S. M. Kim, E. 

A. Stach, J. T. Miller and L. F. Allard, J. Am. Chem. Soc., 2010, 132, 

14018; (i)  G. Li and R. Jin, J. Am. Chem. Soc., 2014, 136, 11347; 

(j) J. Huang, T. Akita, J. Faye, T. Fujitani, T. Takei and M. Haruta, 

Angew. Chem. Int. Ed., 2009, 48, 7862; (k) M. Turner, V. B. 

Golovko, O. P. H. Vaughan, P. Abdulkin, A. Berenguer-Murcia, M. 

S. Tikhov, B. F. G. Johnson and R. M. Lambert, Nature, 2008, 454, 

981; (l)  C. Zeng, Y. Chen, A. Das and R. Jin, J. Phys. Chem. Lett., 

2015, 6, 2976. 

3   X.-F. Yang, A. Wang, B. Qiao, J. Li, J. Liu and T. Zhang, Acc. Chem. 

Res., 2013, 46, 1740. 

4 (a) J.-K. Sun, M. Antonietti and J. Yuan, Chem. Soc. Rev., 2016, 45, 

6627; (b)  C. E. Chan-Thaw, A. Villa, P. Katekomol, D. Su, A. 

Thomas and L. Prati, Nano Lett., 2010, 10, 537. 

5   Z. Li, X. Yang, N. Tsumori, Z. Liu, Y. Himeda, T. Autrey and Q. Xu, 

ACS Catal., 2017, 7, 2720. 

6 (a) A. G. Slater and A. I. Cooper, Science, 2015, 348, 8075; (b)  C. 

S. Diercks and O. M. Yaghi, Science, 2017, 355, 1585; (c)  Y. Xu, S. 

Jin, H. Xu, A. Nagai and D. Jiang, Chem. Soc. Rev., 2013, 42, 8012; 

(d) S.-Y. Ding and W. Wang, Chem. Soc. Rev., 2013, 42, 548. 

7 (a) F. Jiang, T. Jin, X. Zhu, Z. Tian, C.-L. Do-Thanh, J. Hu, D.-e. Jiang, 

H. Wang, H. Liu and S. Dai, Macromolecules, 2016, 49, 5325; (b) X. 

Zhu, S. M. Mahurin, S.-H. An, C.-L. Do-Thanh, C. Tian, Y. Li, L. W. 

Gill, E. W. Hagaman, Z. Bian, J.-H. Zhou, J. Hu, H. Liu and S. Dai, 

Chem. Commun., 2014, 50, 7933; (c)  C. Tian, X. Zhu, C. W. Abney, 

Z. Tian, D.-e. Jiang, K. S. Han, S. M. Mahurin, N. M. Washton and S. 

Dai, Chem. Commun., 2016, 52, 11919. 

8 (a) L. S. Ott and R. G. Finke, Coord. Chem. Rev., 2007, 251, 1075; 

(b)  H. Itoh, K. Naka and Y. Chujo, J. Am. Chem. Soc., 2004, 126, 

3026; (c) P. Zhang, Z.-A. Qiao, X. Jiang, G. M. Veith and S. Dai, 

Nano Lett., 2015, 15, 823; (d) C. Vollmer and C. Janiak, Coord. 

Chem. Rev., 2011, 255, 2039. 

9  J. E. Millstone, W. Wei, M. R. Jones, H. Yoo and C. A. Mirkin, Nano 

Lett., 2008, 8, 2526. 

10 C. Tian, X. Zhu, C. W. Abney, X. Liu, G. S. Foo, Z. Wu, M. Li, H. M. 

Meyer, S. Brown, S. M. Mahurin, S. Wu, S.-Z. Yang, J. Liu and S. 

Dai, ACS Catal., 2017, 7, 3388. 

11 Q.-L. Zhu and Q. Xu, Chem, 2016, 1, 220. 

 

 

Page 4 of 4ChemComm


