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Abstract: This paper describes a new method to prepare organic-soluble silver nanoclusters (AgNCs) protected by 

thiophenol (TP) (1), 4-fluorothiophenol (4-FTP) (2) and 4-methylthiophenol (4-MeTP) (3) ligands. Those ligands was 

chosen to investigate the effect of the substituting group attached to the thiophenol moiety from the point of withdrawing 

group (fluorine atom) and donating group (methyl group) and their effect in the stability of silver clusters. The optical 

properties of the as synthesized silver nanoclusters exhibited a broad surface plasmon resonance (SPR) peaks at 464 nm, 

474 nm and 475 nm for Ag@SPhX (X= H, F, and Me), respectively. All the three types of silver nanoclusters (1-3) are 

highly stable even when being exposed to air as indicated by their absorption spectra. There is almost no change in the 

intensity of their UV-vis absorption peaks even after 24 hours of air exposure. Therefore, we succeeded in the separation of 

highly stable silver nanoclusters versus the ambient oxidative condition. The morphology and particles size of the as 

synthesized nanoclusters were estimated by using transmission electron microscopy (TEM). It was found that, all the three 

types of silver clusters have a homogenous particle size distribution, with an average particle size of about 2 nm. The 

average chemical formula and the silver to ligand (Ag/L) ratio were calculated by thermogravimetric analysis (TGA) of the 

synthesized silver nanoclusters.  

 

Keywords: Monodisperse silver nanoclusters; stability in ambient condition; surface plasmon resonance; HSPhX (X = H, 

F, Me). 

 

 
 

1 Introduction 

Noble-metal nanoclusters have had a substantial impact 

across a wide range of applications, including catalysis [1-

3], sensing [4], photochemistry [5-7], biological 

applications [6], optoelectronics [8], and energy conversion 

[9] and medicine [10]. Although silver nanoparticles have 

very desirable physical properties, good relative abundance 

and low cost, gold nanoparticles have been widely favored 

due to their proved stability and ease of use. Unlike gold, 

silver is notorious for its susceptibility to oxidation, which 

has limited the development of silver-based nanomaterials 

that could be used in various applications. Despite, two 

decades of synthetic efforts, silver nanoparticles that have 

long-term stability remain unrealized.  

 

In our previous work, we succeeded in preparation of some 

silver nanoclusters protected by three different ligands 2-

phenylethanethiol (2-PET), 4-fluorothiophenol (4-FTP) and 

L-glutathione (GSH) [11]. Ag@2-PET clusters exhibited 

high stability properties even after exposure to air for 24 

hours. In contrast, Ag@SPhF clusters have lost half of their 

absorbance after 30 min, then the absorbance decreases 

even further after exposure of the silver clusters solution to 

air, the same behaviour was found in case of Ag@SG 

clusters, but the absorbance decreased slowly by time [11]. 

   

An interesting cyclic reduction in an oxidative condition 

(CROC) method reported the preparation of silver 

nanoclusters in aqueous solutions of water-alcohol; through 

which a well-defined optical spectrum was obtained [12]. 

Bakr et al. synthesized a protected silver nanocluster with 

eight absorption bands [13]. In another study, a 7 kDa silver 

nanocluster species was reported [14]. However, the exact 

composition of these silver clusters was not attained in 

mass spectrometry analysis, although the silver clusters 

were estimated to be around 25 silver atoms. Overall, the 

synthesis, isolation, and precise composition determination 

still remain a big challenge in Ag cluster research. In 

Nature 2013, Desireddy et al. succeeded in preparation 

ultrastable and size selected silver clusters M4Ag44(p-
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MBA)30, which estimated by electrospray-ionization mass 

spectrum (ESI-MS) and its structure was determined by 

single-crystal X-ray diffraction [15].  Monodisperse Ag7 

clusters stabilized by 2,3-dimercaptosuccinic acid (DMSA) 

ligand was prepared by a wet chemical method [16]. 

   

Herein we report a simple synthetic protocol for the 

production of high stable organic-soluble silver 

nanoclusters protected by three different ligands thiophenol 

(TP), 4-fluorothiophenol (4-FTP) and 4-methylthiophenol 

(4-MeTP). For the sake of characterization, the optical 

properties of these silver nanoclusters were studied by UV-

vis spectroscopy. The composition and particles size of 

AgNCs were assessed by thermogravimetric analysis 

(TGA) and transmission electron microscopy (TEM), 

respectively. The chemical stability of the prepared silver 

nanoclusters was examined by UV-vis spectroscopy.  

 

2 Experimental 

2.1Chemicals 

Silver nitrate (AgNO3, 99% metals basis, Aldrich), sodium 

borohydride (99% metals basis, Aldrich), thiophenol (TP, 

99%, Aldrich), 4-fluorothiophenol (4-FTP, 99%, Aldrich) 

and 4-methylthiophenol (4-MeTP, 98%, Aldrich) were used 

for synthesizing the ligand protected silver nanoclusters 

(for the chemical structure of the used ligands see scheme 

1). The solvents used were ethanol (HPLC grade, Aldrich), 

dichloromethane (HPLC grade, 99.9%, Aldrich) and 

tetrahydrofuran (THF, HPLC grade, 99.9%, Aldrich). All 

chemicals were used as received. All glassware was 

thoroughly cleaned with aqua regia (HCl: HNO3 = 3:1 v/v),  

rinsed with double distilled water, and then dried in an oven 

prior to use. 

 

SH

F

4-FTP

SH

CH3

4-MeTP

SH

TP  
 

Scheme 1: The ligands used for protecting the synthesized 

silver nanoclusters, thiophenol (TP), 4-fluorothiophenol (4-

FTP), and 4-methylthiophenol (4-MeTP). 

2.2 Preparation of Silver Nanoclusters Ag@SPhX 

(X = H, F, Me) 

 

102 mg of silver nitrate (0.6 mmol) was dissolved in 60 ml 

absolute ethanol, then the solution was cooled down to 

around 0oC in an ice bath (30 min). 0.37 ml Thiophenol 

(TP), 0.38 ml 4-fluorothiophenol (4-FTP) or 0.447 g 4-

methylthiophenol (4-MeTP) was added dropwise to the 

silver solution under stirring speed of 60 rpm. The resulting 

solution was further stirred in an ice bath at 0oC for 3 hrs 

under the same stirring speed (60 rpm).  The color of silver 

solution started to change from colerless to bale yellow 

after the addition of any of the used ligands. Then 22.8 mg 

of sodium borohydride (NaBH4) was slowly added to the 

solution under vigorous stirring (~1100 rpm) at 0oC. The 

solution color turned gradually to deep brown, indicating 

the reduction of [Ag-ligand] intermediate to silver 

nanoclusters by NaBH4 (Scheme 2). The reaction was 

allowed to proceed over night under constant stirring. A 

brown suspension was finally obtained, and collected 

through centrifugation (7000 rpm, 10 min) and then washed 

repeatedly with ethanol to remove the unreacted material. 

The deep brown solid consisting of Ag@TP, Ag@4-FTP or 

Ag@4-MeTP nanoclusters was finally dried under reduced 

pressure in a vacuum desiccators. 

 

3 Results and Discussion  

The three types of them as synthesized silver nanoclusters 

(Ag@TP, Ag@4-FTP and Ag@4-MeTP) were 

characterized by UV-vis spectroscopy, transmission 

electron microscopy (TEM), thermogravimetric analysis 

(TGA), and nitrogen sorption. The stability of the prepared 

silver nanoclusters was studied in comparison to 

(Ag@SPhF) silver nanoclusters reported previously [11].  

 

3.1 Chemical Composition of the Synthesized 

Silver Nanoclusters (1-3) 

 
The best method to deduce the ratio between organic and 

metallic part of the protected silver nanoclusters is the 

thermogravimetric analysis (TGA). With this technique the 

metal/ligand ratio (M/L) can be derived, thus the average 

chemical formula of the synthesized silver nanoclusters can 

be calculated [1,7,17-19]. 

 

The three synthesized silver nanoclusters show only one 

step of mass loss in their thermogravimetric analysis, 

indicating that the used ligands were decomposed in just 

one step as presented in (Fig. 1). The weight loss as 

consequence of the decomposition of the organic ligands; 

thiophenol (TP), 4-fluorothiophenol (4-FTP) and 4-

methylthiophenol (4-MeTP) protected the prepared silver 

nanoclusters was 30.91 % (wt), 35.96 % (wt) and 34.84 % 

(wt) (Table 1), respectively. Therefore, the silver content of 

Ag@TP, Ag@4-FTP and Ag@4-MeTP nanoclusters is 
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calculated to 69.09 %, 64.04 % and 65.16 % (Table 1), 

respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Thermogravimetric analysis (TGA) of Ag@TP 

(curve a), Ag@4-FTP (curve b) and Ag@4-MeTP (curve c) 

nanoclusters.  Ag@SPhX, (X = H, F, and Me) nanoclusters 

show one step of mass loss upon heating from 40 to 900°C. 

The organic part of protected silver nanoclusters 

(Ag@SPhX) was completely decomposed at around 260 
oC, therefore, the residual mass of the clusters samples 

consists of silver metal atoms only. 

 

From the relative weight of the silver metal residue with 

respect to the total weight loss of organic ligands, the 

average metal/ligand (M/L) ratio can be calculated and also 

the average molecular formula of the synthesized clusters 

can be derived [1,7,17-19]. The three synthesized silver 

nanoclusters show nearly the same average molecular 

formula (Ag2nLn) as shown in Table 1. 
 

3.2 Particles Size and Morphology of the 

Synthesized Silver nanoclusters (1-3) 
 

Transmission electron microscopy (TEM) is a powerful 

technique for determination the average particles size of the 

metal clusters [1-3,11,17-21], especially if the particle size 

of synthesized metal nanoclusters is larger than 1 nm, due  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to the large scattering cross sections of the metal atoms 

result in a strong contrast in the TEM image. However, if 

the particles size of protected nanoclusters is less than 1 nm 

or size selected metal clusters, mass spectrometry should 

use [19-22]. As in our previous work, we determined the 

molecular weight of prepared size selected gold clusters 

(Au25, Au38 and Au144) with MALDI-TOF-MS [22]. 

 

Fig. 2 (I-III) shows the TEM images of all the three 

synthesized silver nanoclusters protected by thiophenol 

(TP), 4-fluorothiophenol (4-FTP) and 4-methylthiophenol 

(4-MeTP) ligands, respectively. The three synthesized 

clusters (1-3) show individual spherical nanoparticles (Fig. 

2). The average particle size of the three silver nanoclusters 

is around 2 nm. This is a clear indication that, silver 

nanoclusters with a very narrow size distribution could be 

obtained with this novel method. Moreover, the average 

particle size of the synthesized silver nanoclusters was 

neither affected by withdrawing nor donating groups 

attached to the thiophenol moiety ligands (Fig. 2). 

 

3.3UV-Vis Spectra of the Synthesized Silver 

Nanoclusters (1-3) 
 

Silver and gold nanoparticles within 2-3 nm size have 

surface plasmon electrons, which appear as surface 

plasmon resonance peaks in UV-vis spectroscopic analysis 

[6,11,17,18,23]. These plasmonic metal nanoparticles have 

a great potential applications in chemical and biological 

sensor [6,23,24]. In our previous work, silver nanoclusters 

protected by L-glutathione (Agn(SG)m) exhibited two 

plasmon peaks in the visible region at 478 and 641 nm [6]. 

These silver clusters (~ 1 nm) show exceptional high 

biological activity for some bacterial and fungal species [6].  
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Scheme 2. Preparation steps of Ag@SPhX, (X = H, F, and Me) nanoclusters. 
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In general silver and gold protected nanoclusters in regime 

2 nm exhibit a broad plasmon resonance peaks at around 

450 nm and 550 nm, respectively [6,11,17,18]. We have 

confirmed previously that, for a series from silver 

nanoclusters in the same size range, the transition can be 

modeled by Mie theory in combination with the Drude 

model, which clearly demonstrates that such peaks 

originate from plasmonic transitions [11]. 

 

Fig. 3 shows the spectroscopic analysis of the synthesized 

silver nanoclusters protected by thiophenol (TP), 4-

fluorothiophenol (4-FTP) and 4-methylthiophenol (4-

MeTP) ligands. Those silver nanoclusters based on 

thiophenol moiety, Ag@SPhX (X = H, F, and Me), 

exhibited a broad surface plasmon resonance (SPR) peaks 

at 464 nm, 474 nm and 475 nm, respectively (Fig. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: UV−vis absorption spectra of Ag@TP (curve a), 

Ag@4-FTP (curve b) and Ag@4-MeTP (curve c) 

nanoclusters. The silver nanoclusters Ag@SPhX, (X = H, 

F, and Me) exhibit a one intense peak at 464 nm, 474 nm 

and 475 nm, respectively. 

     Table 1: Results of the thermogravimetric analysis of the synthesized silver nanoclusters (1-3). 

 

No. 

Sample Weight loss (%) 

(Organic part) 

Weight (%) at 900 °C 

(Metallic part) 

M/L* 

ratio 

Molecular formula 

1 Ag@TP    30.91 69.09 1:0.44 ~ Ag2nLn 

2 Ag@4-FTP 35.96 64.04 1:0.47 ~ Ag2nLn 

3 Ag@4-MeTP 34.84 65.16 1:0.46 ~ Ag2nLn 

      * M/L means the ratio between the metallic and organic part. 

 
 

Figure 2: Transmission electron microscopy (TEM) images of silver nanoclusters Ag@SPhX, (X = H, F, and 

Me), respectively. All the three images look very similar and show clusters of around 2 nm with a very narrow 

size distribution.  
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3.4 Stability of the Synthesized Silver 

Nanoclusters (1-3) 
 

Noble metal (Pt, Pd, Au and Ag) protected nanoclusters are 

stable if stored in their solid state phase [1-7,11,15-19]. 

Moreover, gold, platinum and palladium nanoclusters are 

also stable if stored in solution (liquid phase) under ambient 

condition [1-3,7,18-22]. However, the stability of liquid 

phase protected silver nanoclusters in ambient condition is 

very poor [11,18,25]. UV-vis spectroscopic analysis was 

usually used to investigate the stability of protected metal 

clusters [11,17,18,25]. Whereas, it is sensitive toward metal 

nanoclusters aggregation and chemical composition 

changes, which show clear changes in the peak position 

and/or the intensity of the UV-vis absorbance 

[11,17,18,25].  

 

For example, in our previous work, the silver nanoclusters 

protected by 4-fluorothiophenol ligand loosed half of its 

absorbance after 30 min of air exposure, after that the 

absorbance decreases quickly with time [11]. A similar 

behaviour was noticed in case of Ag@SG clusters, its 

absorbance decreases slowly with time but not as fast as in  

the previous case [11,18]. Kitaev et al. have synthesized 

silver nanoclusters in range of 1 nm protected with a 

mixture of two ligands (captopril and glutathione), using a 

multistage cyclic reduction in oxidative conditions method 

[25], these silver clusters lost most of its absorbance within 

one day exposed to air [25]. Recently, many researchers did 

the best effort to prepare stable silver nanoclusters in 

ambient condition [15,17].  

 

The three synthesized silver nanoclusters Ag@SPhX (X = 

H, F, and Me) exhibited high stability in ambient condition 

(exposed to air). The synthesized silver nanoclusters are 

exceptionally stable even when being exposed to air. There 

was no change in the intensity of the absorption peaks of 

the UV-vis spectra – a characteristic aging pattern – at all, 

even after 24 hours under air exposure (Fig. 4). According 

to this result, the stability of the synthesized silver 

nanoclusters did not effect by withdrawing group (fluorine 

atom) or donating group (methyl group) attached to 

thiophenol ligand moiety. Therefore, with this simple novel 

synthesis method, we achieved high stable silver 

nanoclusters under ambient condition. 

 

Fig. 5 shows the kinetic stability study of the synthesized 

 

 

 

 

 

 

 

 

 

 

silver nanoclusters (Ag@SPhX) in air, in comparison to the 

Ag@SPhF clusters (prepared by our old method) [11]. The 

absorbance percentage of synthesized silver nanocluster 

(Ag@SPhX) stays completely unchanged over a time 

period of 24 h. However, Ag@SPhF nanoclusters lost half 

of its absorbance percentage after 30 min, then its 

absorbance percentage decreases till less than 20 % after 

one day exposed to air.  

 

3.5 Texture Analysis of the Synthesized Silver 

Nanoclusters (1-3) 
 
The surface and texture properties of the synthesized silver  

Clusters were studied by sorption of liquid nitrogen at -196  
oC [1-3,7,17]. Gas adsorption/desorption has become one of 

the most widely used procedures for measuring the surface 

area and pore size distribution of porous nanomaterials [1-

3,7,17].  

 

Liquid nitrogen was used in this work to measure the 

adsorption–desorption isotherms of the synthesized silver 

nanoclusters (Fig. 6-I). Fig. 6-I shows the adsorption–

desorption isotherms of the three synthesized silver 

nanoclusters, which are mainly of type II according to 

Brunaue’s classification [1-3,17,26]. According to IUPAC 

classification of hysteresis loops, the hysteresis loops of all 

synthesized silver clusters are nearly belonging to type H4 

[17,27]. All the three hysteresis loops (Fig. 6-Ia,b,c) are 

closed at low relative pressure values, which means the 

synthesized nanoclusters have micropores, as shown in the 

pore volume distribution curves (Fig. 6-II), which agree 

with the t-plots analysis (Fig. 6-III). The Va–t plots of all the 

synthesized silver nanoclusters (Ag@SPhX) exhibited a 

downward deviation (Fig. 6-III), this confirm the previous 

suggestion, that these clusters have micropores [28,29]. 

Table 2 gives the textural data obtained through the 

analysis of N2 sorption data of the synthesized silver 

clusters. The values of surface area which calculated by 

BET equation (SBET) and t-method (St) are close to each 

other for all investigated clusters (1-3). This confirms the 

correct choice of standard t-curves for pore analysis and 

indicates the absence of ultra-micropores in these clusters 

[29,30]. All clusters (1-3) show one maximum sharp peak 

at ~ 23 Å in pore volume distribution curves (Fig. 6-II). The 

total pore volume and average pore diameter of all 

synthesized silver clusters were collected and shown in 

Table 2. 

 

 

 

Table 2: Texture data obtained from the analysis of nitrogen sorption isotherms of the synthesized silver nanoclusters. 

 

 

No. 

 

Clusters 

SBET 

(m2g-1) 

St 

(m2g-1) 

Total pore 

volume 

(10-4cc g-1) 

Average pore 

diameter 

(Å) 

1 Ag@TP 6.25 6.25 83.5 90.12 

2 Ag@4-FTP 6.09 6.10 82.2 90.25 

3 Ag@4-MeTP 5.99 5.99 82.8 89.83 
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Figure 4: UV-vis absorption spectra of Ag@SPhX nanoclusters as a function of time at ambient condition. The 

optical spectra of the synthesized silver nanoclusters (Ag@SPhX) stay identical over a time period of 24 hours (I-

III), respectively. Since UV-vis spectra are rather sensitive to aging, it is concluded that the clusters are stable 

even under exposure to air. (IV) UV-vis absorption spectrum of Ag@SPhF nanoclusters in air (prepared by our 

old method) [11]. The plasmon peak of the clusters strongly decreases while they are stored in air. Already after 30 

minutes the intensity of the peak halved in value. Therefore, it is concluded that these clusters are very sensitive to 

oxygen. Reprinted with permission from ref. 11. Copyright (2012) American Chemical Society.  

 
Figure 5: The kinetic study of the stability of synthesized silver nanoclusters (Ag@SPhX) in air. The absorbance 

percentage of synthesized silver nanocluster (Ag@SPhX) stays completely the same over a time period of 24 h. 

However, Ag@SPhF nanoclusters (prepared by our old method) [11]  loses half of its absorbance percentage after 

30 min, then its absorbance percentage decreases till less than 20 % after one day exposed to air.  
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4 Conclusions 

Herein we report a new synthesis method to prepare highly 

stable silver nanoclusters under oxidative ambient condition 

via protecting them by different ligands like thiophenol 

(TP) (1), 4-fluorothiophenol (4-FTP) (2) and 4-

methylthiophenol (4-MeTP) (3). The stability of the 

synthesized silver nanoclusters did not effect by the 

attached group to the thiophene moiety, if it is a 

withdrawing group (fluorine atom) or donating group 

(methyl group). The used method in this work produces 

very narrow size distribution silver nanoclusters in the 

range of 2 nm. The optical properties of the synthesized 

silver clusters were studied by UV–vis spectroscopy. The 

synthesized silver nanoclusters Ag@SPhX (X = H, F, and 

Me) exhibited a broad surface plasmon resonance (SPR) 

peaks located at 464 nm, 474 nm and 475 nm, respectively. 

The synthesized silver nanoclusters show high stability in 

ambient condition, at least after 24 hours exposure to air. 

The metal-to-ligand ratio (M/L) and the average chemical 

formula of the prepared silver clusters were calculated from 

thermogravimetric analysis (TGA). The average M/L ratio 

of the synthesized silver nanoclusters was around 1/0.45 

and the average molecular formula was Ag2nLn. The 

complete isotherms of the synthesized silver clusters were 

measured using nitrogen adsorption-desorption process at  

-196oC, specific surface area SBET, pore volume and 

average pore diameter were calculated. The hysteresis loops 

of all synthesized silver nanoclusters belong to type H4. 

The specific surface areas for the synthesized silver 

nanoclusters were around 6 m2/g and their pore volume 

distribution curves show maximum sharp peak at ~ 23 Å 

for the three synthesized nanoclusters (1–3). 
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