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Easily tunable N,N-dimethyl-N-alkyl-N-(HydroxyAlkyl) 

Ammonium salts have been synthesized and used as capping 

agents to produce size- and shape-controlled anisotropic gold 

nanoparticles. The influence of the lipophilic chain length and 10 

the counter-ion of this original library of hydroxylated 

surfactants has been evaluated. From this study, various 

shapes (spheres, rods, prisms) have been achieved. 

Anisotropic gold nanoparticles (AuNPs) have received 
widespread attention in the last decades, owing to their unusual 15 

shape- and size-dependent physical and chemical properties, 
including optical and electronic responses1-4 or catalytic  
activity. 5-6 For example, spherical AuNPs present one plasmon 
absorbance of similar energies whatever the size. On the contrary, 
one of the most outstanding features of gold nanorods (AuNRs) 20 

remains the presence of two plasmon bands in the UV-vis-NIR 
absorption spectrum, and more especially the longitudinal 
plasmon which is strongly dependent of the aspect ratio.7-8 These 
nanomaterials, possessing shape- and size-dependent properties, 
have found numerous applications in sensing,9-10 diagnostics,11 25 

photothermal therapy for cancer.12-13 For catalytic applications, 
anisotropic nanoparticles could provide a promising tool to tune 
the catalytic activity through the availability of high index facets 
that could facilitate adsorption and surface reactions.14-17 In that 
context, the optimization of the AuNPs performances for a given 30 

application relies on the production of AuNPs with precisely 
designed physico-chemical properties, and a rigorous control of 
the shape (aspect ratio) and the dimensions (length and 
diameter).18-21 Among the various synthetic approaches,22 the 
seeded-growth methodology proved to be the most versatile to 35 

produce AuNPs with quite decent yields and sample 
monodispersity,23-24 given rise to a vast library of nanostructures 
ranging from octahedra or cubes,24-25 to prisms26-27 or to original 
nanostructures with high index facets.28-30 Various surfactants, 
and more particularly quaternary ammonium salts, have been 40 

used as capping agents to achieve a good shape control over the 
nucleation and growth of AuNPs, owing to their dual role. First, 
these compounds are efficient capping agents, adsorbing on gold 
surface in a bilayer fashion and thus avoiding undesirable 
agglomeration. Secondly, they could promote specific 45 

interactions within the particle facet, thus influencing the growth 

kinetics and thereby the morphology of nanospecies.17 Until now, 
cetyltrimethylammonium bromide (CTAB) remains the most 
widely used and the influence of several structural parameters,31 
such as the hydrophobic chain length,32-33 the counter-ion33-34 and 50 

the impurity ions present in the cationic surfactants,27 have been 
studied. To our knowledge, only a few works have been reported 
to the potential impact of the surfactant head group and their 
functionalisation. In 2006, Wang et al.35-36 have explored the 
effect of the surfactant headgroup size on the growth of gold 55 

nanostructures, comparing various cetyltrialkylammonium 
bromides. More recently, our group reported a new family of 
easily tunable N,N-dimethyl-N-cetyl-N-(HydroxyAlkyl) 
Ammonium bromide salt (HAA16Br), bearing an hydroxylated 
polar head with various lengths from ethoxy (HEA) to butoxy 60 

(HBA) groups, as efficient driving agents.37 We have 
demonstrated that the presence of the hydroxyl group was 
beneficial to promote headgroup packing at the metal surface, 
thus leading to the formation of rod-like particles of tunable 
aspect ratios. 65 

Herein, we extend the library of hydroxylated ammonium 
salts for the production of size and shape-controlled gold NPs in 
high yields and selectivities. New N,N-dimethyl-N-alkyl-N-
(hydroxyalkyl) ammonium salts (HAAX) were investigated as 
capping agents in anisotropic gold nanoparticle synthesis by the 70 

seed-mediated growth in aqueous media (Fig. 1).  

 

 
 

Fig.1 General chemical of N,N-dimethyl-N-alkyl-N-(HydroxyAlkyl) 75 

Ammonium salts (HAAX) surfactants as NPs growth-driving agents  

In addition to the length of the polar head,37 several structural 
parameters have been studied, such as the length of the lipophilic  
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a) HEA12Br b) HEA16Br c) HEA18Br 

   
Fig.2 UV-vis absorption spectrum and TEM picture of AuNRs obtained with a) HEA12Br (19 x 8 nm, aspect ratio of 2.4, λmax = 724 nm), b) HEA16Br 

(30 x 10 nm, aspect ratio of 3.0, λmax = 679.50 nm), c) HEA18Br (45 x 14 nm, aspect ratio of 3.2, λmax = 678 nm). Size and aspect ratio were obtained after 
500 counts for each sample. Scale bar = 20 nm

chain (C12, C16, C18),38 ii) the nature of the counter-ion through 
an anionic metathesis reaction (X− = F−, Cl−, Br−, I−, BF4

−, HCO3
− 

5 

and lactate).39-40 Based on several sets of experiments, we report 
in this manuscript how to produce anisotropic gold nanoparticles 
with well-controlled morphologies according to an easy chemical 
modification of the surfactant and not just as an addition of the 
corresponding salt in the mixture 10 

 
Results and discussion 

 In this study, AuNPs were synthesized by the seeded-growth 
methodology in aqueous media, using N,N-dimethyl-N-alkyl-N-
(hydroxyethyl)ammonium salts (HEAX), bearing a hydroxyethyl 15 

polar head, various lengths for the lipophilic chain (C12 to C18) 
and counter-ions (X− = F−, Cl−, Br−, I−, BF4

−, HCO3
− and lactate), 

as capping agents. The syntheses were performed in the presence 
of silver nitrate AgNO3. The selectivity was determined, without 
centrifugation step, as the number of AuNPs in a well-defined 20 

shape over the number of NPs from Transmission Electron 
Microscopy (TEM). 
 In a first set of experiments, we investigated the influence of 
the length of the lipophilic chain (C12, C16, C18) on the particle 
morphology, considering a 2-hydroxylethylammonium (HEA) 25 

polar head and a bromide as counter ion. These surfactants were 
easily prepared by quaternarization of N,N-dimethylethanolamine 
with the appropriate bromoalkane (see Supporting Information). 
The results were compared to those obtained with the classical 
cetyltrimethylammonium bromide (CTAB) under the same 30 

preparation conditions. Figure 2 shows the UV-vis absorption 
spectra and TEM images of AuNPs prepared by the seeded-
growth method, as a function of the different chain lengths for 
N,N-dimethyl-N-alkyl-N-(hydroxyethyl)ammonium bromide salts 
(HEAnBr, with n = 12, 16, 18). 35 

 As already observed with various CTAB analogues of various 
lengths for the hydrocarbon tail, the lipophilic chain seems to 
influence the AuNPs morphology and higher aspect ratio 

nanorods were produced while increasing the chain length. With 
a small lipophilic chain (HEA12Br), the growth control seems not 40 

very efficient, leading to a mixture of spherical particles (∼ 10 
nm) and low aspect ratio (2.4) nanorods with selectivity about 
78% (Fig. 2a). In the case of HEA16Br, as previously reported,37 
the UV-vis absorption spectrum of AuNPs presents two typical 
absorption bands with a good correlation, suggesting the 45 

formation of nanorods (Fig. 2b). This result was confirmed by 
TEM analyses, showing rod-like particles with an aspect ratio of 
3.0 (30 x 10 nm) with a high selectivity of 88%. This surfactant, 
possessing a higher water-solubility thanks to the hydroxylated 
polar head in comparison with CTAB derivatives, is easily 50 

synthesized in good yields and could be used in a large range of 
concentration if needed in nanoparticles synthesis. For 
comparison, the aspect ratio of AuNRs obtained with CTAB by 
the same procedure is around 3.3 (40 x 12 nm), similar to the 
values reported in the literature.37, 41 The hydroxyalkylammonium 55 

bearing an alkylchain with 18 carbons (HEA18Br) was also 
evaluated as directing agent, but it is difficult to compare the 
result, owing to the use of less concentrated surfactant solution 
(See experimental section). However, dog-bone shape particles, 
which could  find promising applications, leading to a red-shift,42 60 

were mainly produced (Fig. 2c), probably owing to an 
insufficient amount of capping agents. It is also worth mentioning 
that without a hydroxyethyl substituent on the nitrogen atom, 
only few anisotropic AuNPs are produced due to the low water 
solubility of the capping agent. Moreover, the aspect ratios are 65 

lower than those observed by Murphy et al. using CTAB 
analogues with different lipophilic chains,32 since only the initial 
step of the seed-mediated growth process was explored in this 
study. To resume, the highly water-soluble HEA16Br salt seems 
to be a good compromise to achieve pertinent aspect ratios, 70 

assuming an efficient binding of AuIII and AuI ions into the 
cationic micelles present in solution,43 as well as the van der 
Waals stabilization of the surfactant bilayer on gold surface 
owing to the interchain packing of the hydroxylated head group, 
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which helps the underlying nanorod formation.32 
 In a second set of experiments, the influence of the counter-
ion on the particle formation was studied, considering the role of 
the counter-ions adlayers in the control over the shape 
development in the growth from a crystal seed.33, 44 Various 5 

HEA16X (X- = F-, Cl-, Br-, I-, BF4
-, HCO3

- and Lactate), bearing a 
lipophilic chain of 16 carbons and a 2-hydroxyethyl ammonium 
polar head, were easily synthesized by quaternarization of N,N-
dimethylethanolamine with the appropriate halogenoalkane (X- = 
Cl-, Br-, I-),45 or  by anionic metathesis from HEA16Br.40 They 10 

were evaluated as capping agents of AuNPs, in the presence of 
silver nitrate. First, although these counter-ions are original in 
gold nanoparticles synthesis, HEA16BF4 and HEA16Lactate 
were not pertinent as capping agents, due to their quite low water-
solubility and thus their aggregation even in more diluted 15 

concentrations.  Secondly, the colloids prepared with HEA16F 
and HEA16Cl displayed only one absorption band in their 
respective UV-vis spectra (Fig. 3a and 3b), suggesting the 
formation of spherical particles, as assessed by Transmission 
Electron Microscopy pictures. The spherical AuNPs capped with 20 

HEA16F (8.5 nm) are smaller than those obtained by HEA16Cl 
(10 nm). Similar observations have already been reported by 
Kawasaki et al.,33 with spherical AuNPs obtained by hydrazine 
reduction in the presence of CTAF and CTACl, and was 
attributed to a fast reduction rate promoting by the use of a 25 

fluoride salt. On the contrary, two absorption bands were 
observed in the UV-vis absorption spectra of colloids synthesized 
from the newly HEA16HCO3 salt (Fig. 3c) as well as HEA16Br 
(Fig. 2b), being consistent with the Au nanorods observed by 
TEM analyses. This shape tendency of AuNPs according to the 30 

counter-ion species may be attributed to the adsorption affinity of 
the surfactant anion on gold surface during the crystal growth.46 
A similar tendency has already been observed with CTAX salts, 
and was correlated with the decrease in the frequency shift of 
Quartz Crystal Microbalance (QCM) in the following order: Br- > 35 

Cl- > F-.33, 46 Thus, the fluoride and chloride anions generate weak 
interactions within the particle surface, thus disfavoring the 
formation of a stable and compact double layer of the surfactant 

around the growing particle, while the high-affinity adsorption of 
Br- onto Au surfaces produces anisotropic gold nanoparticles. 40 

Moreover, in the synthetic method used, silver ions are also 
introduced into the reaction, and thus the influence of halides on 
crystal growth are more complex since the halides interact with 
the Au ions in solution and the gold surface, and also with the 
silver ions in solution. In fact, Mirkin et al.19 have found that in 45 

the presence of larger halides, the stability of the underpotentially 
deposited silver layer decreases, owing to the increasing strength 
of the Au-halide interaction relative to the Ag-Au and Ag-halide 
interaction.   
 In the particular case of HEA16HCO3 salt, we could presume 50 

that, by analogy to carboxylate anions or polycarboxylates, such 
as citrate polyanions, the hydrogenocarbonate counter-ion 
provides an intermediate adsorption affinity at the growing NP 
surface, between the bromide and the chloride ones. However, a 
poor relationship between the two typical absorption bands was 55 

observed, which could be attributed to a less efficient control of 
the NPs growth, as confirmed by TEM images with the formation 
of peanut pod shape AuNPs (Fig. 3c). 
 Finally, the iodide counter-ion plays a critical role in the 
growth control of Au nanocrystals, with mainly the formation of 60 

well- formed nanoprisms (41%) as shown by TEM analyses (Fig. 
3d) even if other morphologies (spheres, penta-twinned crystals) 
were observed (See ESI Fig. 7). This counter-ion is known to 
promote the formation of nanoprisms by preferential binding to 9 
facet of gold nanocrystal with binding energies that follows the 65 

ion polarizability (I- > Br- > Cl-) and crystal facet ({111}22> 
{110}> {100}).47 This effect of iodide on the shape of AuNPs 
have already been described with low concentrations (< 3.0 ppm) 
of iodide impurities present in CTAB27, 48 or with the deliberate 
addition of potassium iodide in the presence of CTAB.19, 44 These 70 

gold triangular nanoprisms are promising materials with 
applications in optics and electronics,49 and as biosensing 
platforms.50  
 
 75 

a) HEA16F b) HEA16Cl c) HEA16HCO3 d) HEA16I 

    
Fig.3 Influence of the surfactant counter-ion on the morphology of AUNPs - UV-vis absorption spectra and TEM pictures of a) HEA16F (spherical NPs, 
8.5 nm, Scale bar  = 100 nm), b) HEA16Cl (spherical NPs, 10 nm, Scale bar  = 10 nm), c) HEA16HCO3 (worm-like NPs, 29 x 7 nm, aspect ratio = 4.2, , 
λmax = 932 nm, Scale bar  = 20 nm), d) HEA16I (prisms NPs, Scale bar  = 40 nm).  Size and aspect ratio were obtained after 500 counts for each sample.
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Conclusions 

 In summary, a novel library of easily tunable hydroxylated 
ammonium surfactants were synthesized and used as versatile 
growth driving agents of AuNPs. This original family provides 
more flexible shape templates than the CTAB, giving rise to 5 

AuNPs of various morphologies (rods, spheres, prisms…..) and 
different sizes through the easy modulation of the capping agent 
(length of the lipophilic chain, or of the polar head, and the 
counter-ion), with good yields and selectivities without size/shape 
selection step. These promising results open new perspectives in 10 

the design of original growth driving agents to produce 
anisotropic gold nanoparticles with well-controlled morphologies 
and dimensions according to the desired application, in aqueous 
solution without any mixture with CTAB or addition of different 
additives as ions and solvents.  15 

 
Experimental section 

General 

 Tetrachloroauric acid hydrate, HAuCl4.H2O (99.9%), sodium 
borohydride, (+)-L-ascorbic acid (99%), CTAB and AgNO3 20 

(99%) were used as purchased, without any purification. The 
N,N-dimethyl-N-alkyl-N-(HydroxyAlkyl)Ammonium salts 
(HAAX) were synthesized and characterized by Mass and NMR 
spectroscopy (data are presented in the supplementary 
information).38, 43 Distilled water was used to prepare all 25 

solutions. UV-Vis/near-IR spectra were recorded on a Schimadzu 
UV-vis 1800 spectrophotometer, using optical glass cells with 
length of 1cm. The set-up was configured to fix the baseline of 
distilled water absorption band from 400 to 1000 nm. TEM 
analyses were performed on a JEOL TEM 100CXII electron 30 

microscope at an accelerating voltage of 100 kV. The samples 
were prepared by the addition of a drop of the gold colloidal 
solution on a copper grid coated with a porous carbon film. TEM 
images and determined selectivity were obtained from the 
produced gold suspension of particles without treatment such as 35 

centrifugation. 
 

Seed-mediated growth synthesis 

 AuNPs prepared in this study were produced by a seeded-
growth method, adapted from the protocols developed by 40 

Murphy7 and El Sayed.21 The method consists in preparing two 
solutions: i) the seed solution and ii) the growth solution. 
 Seed solution: In a 25 mL-flask, 0.1 mL of an aqueous 
solution of HAuCl4.3H2O (0.025 mol.L-1, 0.0025 mmol) was 
added to a 7.4 mL aqueous solution of surfactant (0.0676 mol.L-1, 45 

0.5 mmol) (in the case of HEA18Br, a 7.4 mL aqueous solution 
of surfactant (0.0337 mol.L-1, 0.25 mmol) was used). Then, under 
stirring, 0.6 mL of an ice-cold aqueous solution of sodium 
borohydride (0.01 mol.L−1, 0.006 mmol) was added. The solution 
color immediately turned to brown. After 2 min, the system 50 

remains at least 2 h, without stirring before used. 
 Growth Solution: In a 25 mL-flask, 0.2 mL of an aqueous 
solution of HAuCl4.3H2O (0.025 mol.L-1, 0.005 mmol) was 
added to a 7.3 mL aqueous solution of surfactant (0.0685 mol.L-1, 
0.5 mmol) (except for HEA18Br, a 7.3 mL aqueous solution of 55 

surfactant (0.0342 mol.L-1, 0.25 mmol) was used). Then, 0.15 mL 
of an aqueous solution of silver nitrate (4 x 10-3 mol.L−1) was 

added under stirring, followed by ascorbic acid (0.070 mL, 
0.0788 M). The system turned to colorless, proving the reduction 
of Au3+ to Au+. 60 

Growing process: 0.060 mL of seed particles were added to 
the freshly prepared growth solution. The solution is kept under 
stirring for just 10 s and then allowed to stand for 4 h without 
stirring prior to characterization to ensure the system stability.  
 65 
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Graphical Abstract 

 

Size- and shape-controlled anisotropic gold nanoparticles were reported. The organisation of 

tunable hydroxylated surfactants providing various nanostructured materials has been 

demonstrated.   
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