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The amphiphilic, pH-responsive amine derivative, 3-[(2-carboxy-ethyl)-hexadecyl-amino]-propionic acid (C16CA) was used 

for the functionalization of gold nanorods (Au NRs) prepared with cetyltrimethylammonium bromide (CTAB). The Au NRs 

could also be stabilized with C16CA owing to the selective adsorption of the amino moiety, and the Au NRs were well 

dispersed following one-step ligand exchange using C16CA. Based on a change in the nature of C16CA, self-assemblies of 

spherical micelles (pH > 5) or lamellar precipitates (pH 2–5) are formed in dispersion. Au NRs were incorporated into the 

precipitates at pH 2–5, but could be redispersed by redissolution of C16CA at pH > 5. The pH-induced recovery–

redispersion of Au NRs was successfully accomplished without affecting the morphology of the Au NRs, the amount of Au 

in the dispersion, or the catalytic activity of the Au NRs for the reduction of p-nitrophenol. 

Introduction 

 

Noble metal nanomaterials are very important for applications 

in fields such as electrochemistry, electronics, magnetic 

storage, sensing, catalysis, and biotechnology.
1-4

 The 

properties of metal nanomaterials are strongly dependent on 

their morphology, including size and shape. Therefore, an 

effective synthetic method is essential to obtain nanomaterials 

with the desired properties. Recently, there have been many 

reports on the fabrication of metal nanomaterials with various 

shapes, such as cubes,
5
 plates,

6
 rods,

7-12
 and wires.

11, 13-19
 In 

most cases, these shape-controlled nanomaterials were 

prepared using capping agents that selectively adsorb on 

particular noble metal surfaces.
11

 For example, the amine 

amphiphile cetyltrimethylammonium bromide (CTAB) 

preferentially adsorbs on Au (100) and (110) crystal facets 

rather than on (111) crystal facets.
7-11

 Nanorods (NRs) 

selectively grown in a particular direction were obtained by 

using CTAB as a capping ligand. The shape of a synthesized 

nanomaterial is also significantly influenced by the reduction 

rate, with slow reduction favouring the synthesis of non-

spherical nanomaterials.
11-14, 20

 Therefore, nanomaterials with 

various shapes were carefully prepared by the selective 

adsorption of a suitable capping agent under slow reduction.
11

 

The morphology of these shape-controlled nanomaterials can 

easily be changed by subsequent functionalization using 

another ligand that does not exhibit selective adsorption.
21, 22

 

Accordingly, a capping agent with selective adsorption 

properties is essential for preparing shape-controlled 

nanomaterials and retaining the desired morphology after 

preparation. For successful application of such materials as 

nanocatalysts, which have properties dependent on the 

morphology, it is important to manipulate the noble metal 

nanomaterials without causing morphological changes. 

 Nanomaterials that are capped with a functional ligand and 

respond to external stimuli have been examined for potential 

application in sensors and drug delivery systems.
23-27

 

Nanomaterials that respond to light,
28-32

 temperature,
23, 33, 34

 

pH changes,
25, 33, 35

 and organic components
25, 36

 have been 

reported. In addition, the reversible recovery and redispersion 

of spherical Au nanoparticles under the influence of pH was 

shown to be a very useful approach for reducing the 

consumption of gold.
37

 For further applications, it is important 

to achieve stimuli-responsive systems by introducing 

functional ligand onto various non-spherical nanomaterials.
21

 

To establish stimuli-responsive systems such as recovery-

redispersion method on the shape-conrtolled nanocatalyst, Au 

NRs is suitable nanomaterial that easily can be evaluated 

morphological properties by multiple means. However, many 

common shape-controlling capping agents, including CTAB, are 

not affected by stimuli such as pH or temperature, and it is 

therefore necessary to develop an alternative ligand. 

 Our previous study demonstrated that a long-chain amine 

derivative containing two carboxyl groups, 3-[(2-carboxy-

ethyl)-hexadecyl-amino]-propionic acid (C16CA, Figure 1), 

underwent pH-dependent self-assembly to form either 

spherical micelles (pH > 5) or lamellar precipitates (pH 2–5). 

These characteristic phenomena were used to develop a 

unique recovery and redispersion system for spherical Au 

nanoparticles prepared with citrate.
37

 Such a system is 
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promising for the reuse of gold nanomaterials. It is known that 

capping ligands with a hydrophilic amine group, such as CTAB 

or melamine, selectively absorb onto the Au surface and 

stabilize non-spherical structures.
35, 38-42

 As C16CA has an 

amine group similar to that of CTAB, partial replacement of 

CTAB with C16CA should retain the non-spherical 

nanostructure of Au nanorods (NRs) and provide pH 

responsiveness for the recovery and redispersion of Au NRs. 

 

Figure 1. pH-responsive phase transition of C16CA in aqueous solution.  

Experimental 

Materials 

Hexadecylamine (Aldrich Chemicals) was recrystallized from 

hexane. Methyl acrylate (Kanto Chemicals) was purified by 

distillation under reduced pressure. All other reagents were 

used as received. Cetyltrimethylammonium bromide (CTAB) 

was purchased from Aldrich Chemicals. Sodium borohydride 

(NaBH4), sodium salicylate (NaSal), ascorbic acid, and silver 

nitrate (AgNO3) were purchased from Kanto Chemicals. The 1 

M hydrochloric acid (HCl) and 1 M sodium hydroxide (NaOH) 

solutions were obtained from Wako Pure Chemical Industries. 

Hydrogen tetrachloroaurate tetrahydrate (HAuCl4•4H2O) was 

obtained from Nacalai Tesque. C16CA was synthesized as 

previous our work. 
37

 
 

Phase diagram for the aqueous solution of C16CA–CTAB 

Phase diagram of the two-component aqueous solution of 

C16CA-CTAB was examined by the observation of aq. 25 mM 

C16CA (10 mL) at various pH. CTAB was added to aq. 25 mM 

C16CA to obtain [CTAB]/[C16CA] = 1.0, 0.1, 0.05, 0.025, 0.01, 

respectively. pH of mixed solutions were regulated by addition 

of 1 M HCl, then the solutions maintained at 27°C for 1 hour to 

determine the phase such as transparent solution, turbid 

solution, and precipitation by visual-observation. 

 

Preparation of Au Nanorods (NRs) Stabilized with CTAB 
43-45

 

For gold-seed production, 5 mL of aq. 0.5 mM HAuCl4 was 

mixed with 5 mL of aq. 0.2 M CTAB. Then, 0.5 mL of freshly 

prepared aq. 0.1 M NaBH4 was added under vigorous stirring 

to produce a brownish yellow seed solution. 

To prepare the growth solution, 0.18 g of CTAB and 0.016 g 

of NaSal were dissolved in 5 mL water, followed by the 

addition of 60 µL of aq. 4 mM AgNO3. Next, 5 mL of aq. 1 mM 

HAuCl4 and 0.5 mL of aq. 1 M HCl were added. After 15 min of 

slow stirring, 40 µL of aq. 64 mM ascorbic acid was added, and 

the solution was stirred vigorously until it became colorless. 

To grow the Au NRs, 16 µL of the seed solution was 

injected into the growth solution, causing the solution to 

change from colorless to blue. 
 

Ligand Exchange of Au Nanorods (NRs) 

Excess CTAB was removed from 5 mL of CTAB-stabilized Au 

NRs dispersion by centrifugation at 9000 rpm for 15 min three 

times. The CTAB-stabilized Au NRs settled to the bottom of 

tube, and the transparent supernatant was removed. The Au 

NR precipitate was redispersed in pure water using the same 

volume (5mL) as that of the removed solution. The removal 

ratio of CTAB was determined by measuring the residual 

weight.  

To prepare the Au NRs-C16CA dispersion, 2.5 mL of aq. 50 

mM C16CA was added to 2.5 mL of the Au NR dispersion to 

obtain a final C16CA concentration of 25 mM. The mixed 

solution, Au NRs-C16CA dispersion was used to following 

recovery and redispersion procedure. 

Ligand-exchange by introducing C16CA to the Au NRs was 

examined by FT-IR spectra using a Nicolet 380 FT-IR 

spectrometer (Thermo Scientific).  Both of Au NRs-CTAB and 

Au NRs-C16CA dispersion were centrifuged at 9000 rpm for 15 

min at three times, respectively, to remove the free capping 

molecules. The centrifuged Au NR precipitate was casted on 

the CaF2 window crystals and dried in vacuum. For each 

spectrum of Au NRs, 1000 scans were recorded and averaged. 

 

Recovery and Redispersion Procedure 

Au NRs-C16CA dispersion was initially obtained at pH ~12. 

Adding 0.1 mL of 1 M HCl to 5 mL of the initial Au NRs-C16CA 

dispersion, the pH of the dispersion was adjusted to pH 4. 

Then C16CA precipitates including Au NRs were removed from 

the solution by filtration and transferred to another vial and 

were hold for 30 min. After addition of 5 mL of aq. 0.1 M NaOH 

to the precipitates, the mixture (pH ~8) was gently shaken and 

then Au NRs-C16CA redispersed. 

 

Catalytic Reaction 

The initial or redispersed Au NR-C16CA dispersion (0.2 mL) was 

added to 1.2 mL of water containing NaBH4 (37.83 µmol) and 

p-nitrophenol (0.2 µmol) in a quartz cell with a 10 mm path 

length. Immediately after mixing these solutions, the 

absorbance at 400 nm was monitored by UV-vis spectroscopy 

at 25°C. 

Results and Discussion 

To achieve pH responsiveness using CTAB-prepared Au NRs by 

ligand exchange to C16CA, it is necessary to ensure that CTAB 

does not interfere with the self-assembly of residual C16CA. 

First, the ability of CTAB molecules to prevent the formation of 

C16CA lamellae was investigated. In general, the behaviour of 

a two-component surfactant system is sometimes different 

from that of a single-component system.
41

 In a single-

component solution of C16CA, the amine was protonated and 

interacted electrostatically with the carboxyl group of a 
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neighbouring molecule at pH values below 5, and lamellar 

structured precipitates were obtained at pH 2–5 (Figure 1).
37

 

At [CTAB] / [C16CA] = 1, the C16CA–CTAB mixed solution was 

transparent and the phase did not transit by pH change (Figure 

2a). At [CTAB] / [C16CA] = 0.1, the mixed solution became 

turbid at pH 4, although precipitation did not occur (Figure 2b), 

indicating that the lamellar precipitates could not form owing 

interruption of the C16CA molecular alignment by CTAB. 

However, at a [CTAB] / [C16CA] ratio of 0.025, the interactions 

between C16CA molecules were minimally affected by CTAB, 

and lamellar precipitates formed at pH 4. Thus, to achieve a 

pH-responsive recovery and redispersion system with Au NRs, 

excess CTAB should be removed by a method such as 

centrifugation and then exchanged to C16CA to allow self-

assembly of lamellae at pH 4. It is known that ligand exchange 

often results in morphological changes in nanomaterials; 

however, C16CA is expected to stabilize the (100) and (110) 

facets of non-spherical Au nanomaterials owing to its amine 

moiety. 

  

Figure 2.  Phase diagram for the two-component aqueous solution of C16CA–CTAB at 

27°C. The inset photographs show the three phases of the C16CA–CTAB two-

component solution at pH 4 for [C16CA] = 25 mM.  

 

Figure 3. (a) Photograph, (b) TEM image, and (c) UV-Vis spectrum of the as-prepared 

Au NR dispersion. 

We next attempted to prepare CTAB-stabilized Au NRs (Au 

NRs-CTAB) using seed-mediated growth under slow reduction 

conditions (Figure 3).
43-45

 TEM observations showed that the 

resulting Au NRs had a short axis length of 25.1 nm and a long 

axis length of 51.9 nm (Figure 3b, ESI). The surface plasmon 

(SP) band of Au nanomaterials is highly sensitive to the shape 

and dispersion state of the nanomaterial.
11, 42, 46-49

 In the UV-

Vis spectrum, peaks due to the SP bands are present at 516 

and 633 nm (Figure 3c). The weak peak at 516 nm originates 

from the short axis, and the strong peak at 633 nm is from the 

long axis of the Au NRs. These absorbance peaks gave the 

dispersed solution a bluish colour (Figure 3a). To exchange the 

capping CTAB with C16CA, 98% of CTAB, estimated by 

measuring the weight of the removed CTAB residue (Figure 4a), 

was removed from the dispersion by centrifuging three times, 

followed by the addition of aq. C16CA to obtain a C16CA 

concentration of 25 mM ([CTAB] / [C16CA] < 0.02). We 

examined ligand-exchange to C16CA by FT-IR spectra of Au 

NRs. Figure 4b showed the spectra of Au NRs, which are 

extracted from free capping molecules by centrifugation, 

before and after introducing C16CA molecules. Each FT-IR 

spectra showed the antisymmetric and symmetric CH 

stretching bands of an alkyl chain at 2918 and 2850 cm
-1

, 

respectivery,
37, 50

 indicating Au NRs were capped with 

amphiphilic compound such as CTAB or C16CA. The bands at 

~1460 cm
-1 

were assigned to CH2 scissoring bands
51

, and also 

indicated that both of Au NRs were capped with amphiphiles. 

On the contrary, the antisymmetric COO
-
 stretching band at 

~1590 cm
-1

 was appeared only in the spectra of C16CA-

introduced Au NRs. These results indicated that C16CA capping 

molecule was introduced on Au NRs surface instead of CTAB 

partially. 

 

Figure 4.  (a) Removal ratio of CTAB from the CTAB-stabilized Au NR dispersion by 

centrifugation at 9000 rpm for 15 min. (b) FT-IR spectra of the as-prepared Au NRs as-

prepared (black) and  the Au NRs after introducing C16CA (red). 
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The obtained Au NRs-C16CA dispersion retained the properties 

of the Au NRs-CTAB dispersion, including the morphology 

(Figure 5a, ESI) and position of the SP band at 516 nm and 628 

nm, respectively (Figure 6a), indicating that C16CA acted as an 

alternative ligand of Au NRs. 

The pH of the initial AuNRs-C16CA dispersion (pH 12) was 

adjusted to pH 4 by adding 1 M HCl. Bluish precipitates 

appeared, and the supernatant became colourless and 

transparent (Figure 5c). The UV-Vis spectrum of the filtrate did 

not show any peaks originating from Au nanomaterials (Figure 

6a), indicating that Au NRs were not present in the transparent 

solution. In contrast, the UV-Vis reflectance spectrum of the 

precipitates contained SP band peaks at 522 and 653 nm, 

respectively (Figure 6b), indicating that the Au NRs were 

incorporated in the precipitate without major morphological 

changes. 

 

Figure 5.  TEM images of Au NRs-C16CA: (a) initial dispersion and (b) redispersion. (c) 

Photographs of the recovery and redispersion processes of Au NRs-C16CA. 

([CTAB]/[C16CA] < 0.02, [C16CA] = 25 mM). 

After removal of the blue precipitates by filtration, they were 

redispersed in an aqueous solution at a pH of ~8. TEM 

observations showed that the redispersed Au NRs had a short 

axis length of 25.5 nm and a long axis length of 52.3 nm (Figure 

5b, ESI). The UV-Vis spectrum of the redispersion showed 

typical Au NR SP bands at 516 nm and 629 nm, similar to those 

for the initial Au NRs (Figure 6a). In addition, intensity of these 

bands of redispersion was almost equal to that of initial 

dispersion. These results indicate that almost all of the Au NRs 

were recovered and redispersed without any morphological 

changes. The amine moieties in both C16CA and CTAB 

appeared to have selective adsorption properties and retained 

the non-spherical morphology of the Au NRs during the 

recovery and redispersion procedures. C16CA acted not only 

as a stabilizer for Au NRs instead of CTAB, but was also suitable 

for pH-responsive capping ligand. 

 

Figure 6.  (a) UV-Vis spectra of the initial dispersion (blue solid line) and redispersion 

(red solid line) of Au NRs-C16CA, as well as the filtrate (blue dashed line). (b) UV-Vis 

reflectance spectrum of the recovered Au NRs-C16CA precipitates at pH 4 ([CTAB] / 

[C16CA] < 0.02, [CTAB] = 25 mM). 

We then examined the catalytic activity of the Au NRs before 

and after the recovery–redispersion of Au NRs-C16CA using 

the reduction of p-nitrophenol to p-aminophenol by NaBH4.
52

 

The reaction rate can be evaluated by monitoring the 

intensities of the characteristic bands of p-nitrophenol at 400 

nm and p-aminophenol at 300 nm in the UV-vis spectra (Figure 

7a). Figure 7b shows the intensity changes for p-nitrophenol at 

400 nm after the injection of initial and redispersed Au NRs-

C16CA, as well as the filtrate.  The reduction of p-nitrophenol 

did not proceed in the presence of the filtrate, indicating that 

there were no Au NRs in the filtrate, which is consistent with 

the disappearance of the SP band (Figure 7a). Because the 

concentration of the borohydride ion was much greater than 

that of p-nitrophenol, pseudo-first-order kinetics can be 

applied to the reaction of p-nitrophenol.
52, 53

 The pseudo-first-

order rate constant k was evaluated using the equation -kt = 

ln(Ct /C0), where k is the pseudo-first-order rate constant and 

Ct and C0 represent the concentrations of p-nitrophenol at 

time t and the initial concentration at t = 0, respectively. The k 

values for initial and redispersed Au NRs-C16CA were 0.0046 

and 0.0045 s
-1

, respectively, indicating that the catalytic 

activity of Au NRs-C16CA did not change following recovery 

and redispersion.  The catalytic activity of Au nanomaterials is 

related to the morphology and the amount of Au. Judging by 

the intensity of SP bands of initial and redispersed Au NRs 

(Figure 6a), it seemed that the amount of Au NRs did not 

change through recovery and redispersion procedure. Thus it 

was found that the morphology of the Au NRs did not change. 

The recovery–redispersion of shape-controlled Au 

nanomaterials was accomplished without any changes to the 

morphology, total amount of Au in the dispersion, or catalytic 

activity. This procedure will lead to the effective reuse of 

nanocatalysts using shape-controlled nanomaterials. 
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Figure 7.  (a) UV-vis spectra at various reaction times during the reduction of p-

nitrophenol catalyzed by initial Au NRs-C16CA. (b) Absorbance at 400 nm during the p-

nitrophenol reduction reaction in the presence of (red) initial Au NRs-C16CA, (blue) 

redispersed Au NRs-C16CA, and (black) filtrate. (c) Plots of  -ln(Ct /C0) against time for 

(red) initial Au NRs-C16CA, (blue) redispersed Au NRs-C16CA, and (black) filtrate. 

Conclusions 

We demonstrated that a pH-responsive property is provided to 

shape-controlled Au NRs via ligand exchange from CTAB to 

C16CA, and the recovery and redispersion of Au NRs using 

C16CA assemblies can be achieved without morphological 

changes. The morphology of the Au NRs was stabilized and 

retained owing to the selective adsorption capping of the 

amine moiety in C16CA. These methods can be applied to 

various shape-controlled Au nanomaterials that are prepared 

with other amine amphiphiles and will lead to the effective 

reuse of nanocatalysts using shape-controlled nanomaterials. 
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