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Synthesis and optical properties of gold 

nanoparticle networks cross-linked with chain-

length-controlled polymers 

Emi Sugataa and Seiya Kobatakea,* 

In order to control the absorption band ascribed to localized surface plasmon resonance (LSPR) of gold 

nanoparticles (AuNPs) in solution, we newly synthesized a gold nanoparticle network (AuNP -NW) cross-

linked with chain-length-controlled polymers. The chain-length-controlled polystyrene (poly(St)) having 

dithiobenzoate groups at both termini was synthesized by reversible addition-fragmentation chain 

transfer (RAFT) polymerization with a novel RAFT agent which enables the precise control of the chain 

length of polymers. Both terminal groups of poly(St) were reduced from the dithiobenzoate groups to 

thiol groups. AuNP-NW was prepared by the self-organized cross-linking of individual AuNPs with 

poly(St) having the thiol groups at both termini. Transmission electron microscopic images and 

absorption spectra of AuNP-NW indicate the presence of the network structures. The absorption band 

due to LSPR of AuNP-NW could be changed by the precise control of the distance between AuNPs.  

Introduction 

 Gold nanoparticles (AuNPs) show different properties 

compared to bulk state. Localized surface plasmon resonance 

(LSPR) is one of their representative characters. AuNPs have 

the absorption band in the visible region ascribed to LSPR and 

the maximum wavelength in the LSPR band depends on the 

particle size, the particle shape, the distance between particles, 

and the environment around the particles.1-5 From this specific 

property, there are various researches on AuNPs for application 

to sensing materials and materials used in medical field.6-8 

 The distance between AuNPs supported on the solid 

substrate affects to the LSPR band. As decreasing the distance 

between the particles, the absorption band due to LSPR is 

shifted to the long wavelength side.9 The change of LSPR 

induced by the interaction between AuNPs can be observed 

even when the distance between the particles is changed in the 

order of nanometers. Moreover, the two-photon 

photopolymerization using LSPR at the gap between AuNPs on 

the solid substrate has also been reported.10,11 The control of the 

distance between AuNPs is strongly required not only on solid 

substrates but also in solutions to expand a possibility in 

application of this phenomenon. 

 To control the distance between AuNPs in solutions, the 

approaches to cross-link the nanoparticles using ion bonding,12 

hydrogen bonding,13 alkane dithiol,14 entanglement of polymer 

chains15 and photoresponsive molecules16,17 have been so far 

reported. However, in all case, the precise control of the 

distance between the nanoparticles has never been 

accomplished. In this work, we newly synthesized a gold 

nanoparticle network (AuNP-NW) by the cross-linking of 

AuNPs using polystyrene (poly(St)) with well-controlled chain 

length having thiol groups at both termini. The precise control 

of the distance between the nanoparticles has been performed 

and their optical properties have been evaluated. The polymers 

used for the cross-linking have been synthesized by reversible 

addition-fragmentation chain transfer (RAFT) polymerization, 

which can easily control the chain length.    

Experimental 

General 

 Solvent used were spectroscopic grade and purified by 

distillation before use. 1H NMR (300 MHz) spectra were 

recorded on a Bruker AV-300N spectrometer with 

tetramethylsilane as the internal standard. Mass spectra were 

obtained on a JEOL JMS-700/700S mass spectrometer. The 

number- and weight-average molecular weight (Mn and Mw, 

respectively) and polydispersity (Mw/Mn) were determined by 

gel-permeation chromatography (GPC) calibrated by standard 

poly(St)s. GPC was performed using a Tosoh 8000 series GPC 

system equipped with TSK-gel columns at 40 °C using 

tetrahydrofuran (THF) as the eluant. Absorption spectra were 

measured with a JASCO V-560 absorption spectrometer. 

Transmission electron microscopy (TEM; Hitachi H-7000) was 

measured at an accelerating voltage of 75 kV. TEM samples 
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were prepared by dropping a solution on a carbon-coated 

copper grid and dried in air. 

Materials 

 Chemicals used for synthesis were commercially available and 

used without further purification. 1,1’-Azobis(cyclohexane-1-

carbonitrile) (ACN) was recrystallized from methanol. Styrene 

(St) was purified by distillation under reduced pressure before 

use. 1,4-Bis(thiobenzoylthiomethyl)benzene (BTTMB) was 

synthesized according to the method described in literature.18 

Synthesis of 1,4-bis(1-thiobenzoylthioethyl)benzene (BTTEB) 

 Bromobenzene (1.00 mL, 9.49 mmol) in dry THF (10 mL) was 

slowly added into a flask containing magnesium turnings 

(0.230 g, 9.66 mmol) and dry THF (8 mL) at 0 °C under argon 

atmosphere, and the mixture was stirred for 1 h at room 

temperature. Carbon disulfide (0.575 mL, 9.52 mmol) was 

slowly added to the THF solution of the Grignard reagent at 

0 °C and stirred for 30 min at room temperature. To the 

reaction mixture was slowly added a solution of 1,4-bis(1-

bromoethyl)benzene19 (1.25 g, 4.27 mmol) in dry THF (10 mL) 

at 0 °C, refluxed for 17 h. The reaction mixture was quenched 

with water and extracted with diethyl ether. The organic layer 

was washed with water and saturated brine, dried over MgSO4, 

filtrated, and concentrated in vacuo. The crude product was 

purified by silica gel column chromatography using n-hexane 

as the eluant. The product was further purified by recycle high 

performance liquid chromatography (HPLC; JAI LC-908) using 

JAI Gel 1H and 2H columns with chloroform as the eluant, and 

HPLC (Hitachi L-7150 pump system) using Kanto Chemical 

Mightysil Si 60 column with n-hexane/ethyl acetate (98:2) as 

the eluant to give 0.540 g of BTTEB in 28.8% yield. 1H NMR 

(300 MHz, CDCl3):  1.80 (d, J = 7.1 Hz, 6H), 5.25 (q, J = 7.1 

Hz, 2H), 7.3−7.4 (m, 4H), 7.42 (s, 4H), 7.4−7.6 (m, 2H), 

7.9−8.0 (m, 4H). HR-MS (ESI
+
): m/z = 438.0610 (M

+
). Calcd. 

for C24H22S4: 438.0604. 

Synthesis of poly(St) with thiol groups at both termini 

 RAFT polymerization was performed into a glass tube. 

Appropriate amounts of styrene (St), ACN, and RAFT agent 

(BTTMB or BTTEB) were put in a glass tube. The tube was 

degassed by several freeze-pump-thaw cycles and sealed off 

under vacuum. After polymerization for a prescribed time at 

70 °C, the polymerization mixture was poured into methanol to 

precipitate the resulting polymer. The polymer was purified by 

reprecipitation and then dried in vacuo. The resulting poly(St) 

having dithiobenzoate groups at both termini was stirred with 

sodium borohydride (NaBH4) in THF/water.20 The reaction 

mixture was poured into methanol to precipitate the resulting 

poly(St) having thiol groups at both termini (HS-poly(St)-SH). 

The resulting polymer was dried in vacuo. 

Synthesis of AuNP-NW 

AuNPs were synthesized by citrate reduction as follows. 

Appropriate amounts of trisodium citrate in ultra-pure water 

(105 mL) was quickly added to the boiling solution of hydrogen 

tetrachloroaurate(III) tetrahydrate (88 mg, 0.21mmol) in ultra-

pure water (210 mL), refluxed for 30 min, and then cooled to 

room temperature. HS-poly(St)-SH (0.6 mol) dissolved in 

THF (20 mL) was dropwise added to the AuNP solution (50 

mL) and stirred for 20 min at room temperature. AuNP-NW 

was transferred into the organic phase when appropriate 

amounts of ethyl acetate were added to the reaction mixture. 

The organic phase was collected and dried in vacuo. The 

resulting solid was dissolved to diethyl ether/THF, centrifuged 

at 6000 rpm for 15 min, and removed supernatant solution. The 

color of supernatant solution was become from red to colorless 

as this cycle was repeated. After repeating this cycle four times, 

the resulting precipitate was dried in vacuo.  

Results and Discussion 

Synthesis of polymer with well-controlled chain length having 

thiol groups at both termini 

 Poly(St) with well-controlled chain length having thiol groups 

at both termini was synthesized by RAFT polymerization. 

RAFT agents used in this work are shown in Chart 1. First, we 

performed the polymerization using BTTMB as listed in Table 

1. The conversion increased with the polymerization time. Mn 

of the resultant polymers also increased with the polymerization 

time. This indicates that the polymerization proceeded as 

controlled/living radical polymerization. However, Mw/Mn of 

the polymers is slightly larger than that of usual RAFT 

polymerization (Mw/Mn = 1.05~1.10)21. Figure 1a shows 1H 

NMR spectrum of the polymer obtained with 10.9% conversion. 

The broad peaks at 6.0-7.5 ppm are assigned to the aromatic 

protons of the St unit in the polymer. The broad peaks at 1.0-

2.5 ppm are assigned to the methylene and methine protons of 

the polymer main chain. The small peaks at 4.6-5.0 ppm, 

expressed as b in Figure 1a, are assignable to the methine 

protons bound to the dithiobenzoate end group.20 The small 

peaks at 7.75-7.90 ppm, expressed as a in Figure 1a, are 

assignable to the ortho-aromatic protons in the dithiobenzoate 

group. The peak intensity of a and b was determined to be 2 : 1. 

However, the peaks at 4.4-4.6 and 7.95-8.05 ppm, expressed as 

b’ and a’ in Figure 1a, respectively, are considered to be 

ascribed to an irregular structure. Their intensity ratio was 

determined to be 1 : 1. Because these peaks are similar to the 

chemical shifts of methylene and ortho-aromatic protons in 

BTTMB, we considered that the polymer chain was propagated 

to the one side, expressed as poly(St)-II in Chart 2. Therefore, 

poly(St) synthesized using BTTMB as the RAFT agent is the 

mixture of poly(St)-I and poly(St)-II structures shown in Chart 

2. The peak intensity of a’ and b’ decreased with the 

polymerization time. This indicates that the structure of 

poly(St)-II changed to that of poly(St)-I by propagating the 

polymer chain at both sides. Table 1 also shows the contents of 

poly(St)-I and poly(St)-II structures. When the polymerization 

was carried out over 48 h, the peaks of a’ and b’ disappeared 

and all structures became poly(St)-I. The presence of poly(St)-

II at the early state of the polymerization is ascribed to the large 
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bond-dissociation energy of C-S bonds. The carbon radical 

produced by the addition of the poly(St) radical to BTTMB can 

dissociate whether methylene-sulfur bond or methine-sulfur 

bond. The bond-dissociation energy of the C-S bond generated 

by the addition of the poly(St) radical to the RAFT agent is 

smaller than that of the original methylene-sulfur bond in the 

RAFT agent. Therefore, the dissociation of the original C-S 

bond is prevented. 

 

 
Chart 1. Structure of chain transfer agents. 

 

 

 
Chart 2. Structure of poly(St) synthesized by RAFT polymerization using BTTMB 

or BTTEB as the RAFT agent. 

  

 
Figure 1. 1H NMR spectra of poly(St) synthesized with BTTMB (a) and BTTEB (b) 

for 18 h at 70 °C, respectively. 

 

 To obtain poly(St) having the structure of poly(St)-I at the 

early stage of the polymerization, the bond-dissociation energy 

of the original C-S bond in the RAFT agent is required to be the 

same or smaller than that of the bond generated by the addition 

of the poly(St) radical to a RAFT agent. Therefore, we 

synthesized a new RAFT agent, 1,4-bis(1-

thiobenzoylthioethyl)benzene (BTTEB). 

 The polymerization results using BTTEB as the RAFT 

agent are also summarized in Table 1. The conversion increased 

with the polymerization time. Mn of the resultant polymers also 

increased with the polymerization time. These results are 

8 7 6 5 4 3 2 1 0
ppm

a

a’

8.1
ppm

8.0 7.9 7.8 7.7

b

b’

5.2

ppm

5.0 4.8 4.6 4.4

8 7 6 5 4 3 2 1 0
ppm

b

5.2
ppm

5.0 4.8 4.6 4.4

a

8.1
ppm

8.0 7.9 7.8 7.7

(a)

(b)

 

Table 1. Characterization of poly(St) synthesized by RAFT polymerization.a)  

RAFT agent  Time / h  Conversion / %  poly(St)-I / %  poly(St)-II / %  
Mn 

(GPC)  
Mw/Mn 
(GPC)  

BTTMB 

(R = H) 

18  10.9       76.6   23.4    5700  1.21  

24  15.3       84.6   15.4    7400  1.25  

30  19.1       89.7   10.3    9500  1.25  

36  23.3       93.3     6.7  10900  1.25  

42  26.4       93.8     6.2  13000  1.24  

48  30.5  100  0  14500  1.28  

54  32.8  100  0  16200  1.30  

60  35.8  100  0  17400  1.29  

BTTEB 

(R = CH3) 

12    7.0  100  0    3100  1.11  

18  12.5  100  0    6200  1.08  

24  16.9  100  0    8500  1.10  

30  21.1  100  0  10100  1.11  

36  24.9  100  0  12700  1.12  

42  28.4  100  0  13400  1.16  

48  29.3  100  0  14000  1.17  

54  34.9  100  0  16400  1.17  

60  37.5  100  0  19000  1.20  

42  28.4  100  0  13400  1.16  

a) [St] = 8.7 M, [RAFT agent] = 20 mM, [ACN] = 7 mM, 70 ºC  
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similar to those using BTTMB as the RAFT agent. As expected, 

Mw/Mn of the polymers is smaller than that using BTTMB 

(Mw/Mn ~ 1.1). Figure 1b also shows 1H NMR spectrum of the 

polymer obtained with 12.5% conversion. The peaks of a’ and 

b’ disappeared as compared with the spectrum in Figure 1a. 

These results indicate that the polymer chain length can be well 

controlled by using BTTEB. 

 Next, dithiobenzoate groups of poly(St) at both termini 

were reduced to thiol groups using NaBH4 in THF/water. The 

results were summarized in Table 2. The polydispersity of 

polymers before and after the reduction was similar. This 

indicates that the polymer chain length is precisely constant 

even after the reduction from the dithiobenzoate groups to thiol 

groups.  

 

Table 2. Characterization of poly(St) synthesized by reduction 
reaction in the end groups.  

Before reduction 
 

After reduction 

Mn 

(GPC) 

Mw/Mn 

(GPC)  

Mn 

(GPC) 

Mw/Mn 

(GPC) 

3100 1.11 
 

3100 1.10 

6200 1.08 
 

5700 1.11 

8500 1.10 
 

8200 1.12 

10100 1.11 
 

9500 1.13 

12700 1.12 
 

12300 1.15 

13400 1.16 
 

13100 1.15 

14000 1.17 
 

13400 1.18 

16400 1.17 
 

15600 1.19 

19000 1.20 
 

18300 1.21 

 

Synthesis of gold nanoparticle networks  

 The gold nanoparticle networks (AuNP-NW) were 

synthesized by stirring the poly(St) having thiol groups at both 

termini and individual AuNPs prepared by citrate reduction in 

water/THF, as shown in Scheme 1. As the control, single AuNP 

covered with poly(St) (Au-poly(St)) was synthesized by the 

same method using poly(St) having thiol group at only one side. 

Both samples of AuNP-NW and Au-poly(St) were dried under 

vacuum and dissolved in toluene. After 4 h, the supernatant 

solution of both samples was used for absorption spectra and 

TEM measurements.  

 Figure 2 shows the TEM images of Au-poly(St) and AuNP-

NW. Only a gold part can be seen as black image and the 

polymer segments cannot be seen in the TEM image.22 Au-

poly(St) has the average particle size (d) of 17.9 nm and size 

distribution (/d) of 33%. Au-poly(St)s are well-dispersed 

without agglomeration on the TEM grid, and there is no overlap 

of the nanoparticles. On the other hand, in the case of the 

AuNP-NW, the three-dimensionally overlapped structure of the 

nanoparticles was observed as shown in Figure 2b. This result 

indicates that the network was successfully obtained using 

poly(St) having thiol groups at both termini. Moreover, AuNP-

NWs having the different Au particle size and the different 

chain length of poly(St) were also prepared.  

 

 

Figure 2. TEM images of Au-poly(St) (a) and AuNP-NW (b). The diameter of gold 

nanoparticle is about 17.9 nm. Mn of poly(St) is 6300 (a) and 3100 (b). 

Optical properties of AuNP-NW 

 Figure 3 shows the absorption spectra of Au-poly(St) and 

AuNP-NW prepared using poly(St) with different chain length 

50 nm

(a)

50 nm

(b)

  
Scheme 1. Synthetic routes of AuNP-NW and Au-polu(St) covered with poly(St). 

 

HAuCl4·4H2O
trisodium citrate

water

HS-poly(St)-SH

water / THF

AuNP-NW

AuNP poly(St)-SH

water / THF

Au-poly(St)
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in toluene. The maximum wavelength in the LSPR band 

depends on the particle size, the particle shape, the interparticle 

distance, and the environment around the particles.1-5 The 

absorption maxima of AuNP-NW were red-shifted in 

comparison to Au-poly(St), and the degree of the red shift 

depended on the chain length of the polymer. This indicates 

that the dependence is due to the difference in the interparticle 

distance. 

 Figure 4 shows the relationship between Mn and the degree 

of the red shift. As decreasing the chain length, the degree of 

the red shift became large. In spite of using AuNPs having 

different particle size (d = 18~30 nm), the similar results were 

obtained. These results indicate that the red-shift does not 

depend on the size of AuNP in the range of 18~30 nm in 

diameter and the LSPR band can be changed depending on the 

interparticle distance between AuNPs in the network in solution.  

 

 
Figure 3. Absorption spectra of Au-poly(St) (dashed line) and AuNP-NW (solid 

line) in toluene. The diameter of gold nanoparticle is about 17.9 nm. Mn of 

poly(St) used for AuNP-NW is shown in the figure. 

 
Figure 4. The relationship between Mn and red shift of the LSPR band of AuNP-

NW in toluene. The diameters of gold nanoparticle are about 29.7 nm ( ○ ), 18.9 

nm ( △   ), and 17.9 nm ( □ ). 

Conclusion 

 In conclusion, we synthesized a new RAFT agent (BTTEB) 

which enables the polymerization of St at both termini of the 

agent at the early stage of the polymerization. The chain-length-

controlled poly(St) was prepared by using BTTEB. The 

polydispersity of the polymers synthesized using BTTEB 

becomes smaller than that of polymers synthesized using 

BTTMB. Moreover, we newly synthesized the gold 

nanoparticle networks by the cross-linking of individual gold 

nanoparticles using above mentioned polymers. The structure 

of the gold nanoparticle networks was confirmed by the TEM 

measurement. Moreover, the absorption band due to LSPR of 

the gold nanoparticle networks was different from that of 

individual nanoparticles in solution. The absorption maximum 

of the LSPR band was red-shifted as decreasing the chain 

length of polymers. Thus, we could control the LSPR band in 

solution.  
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