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Ordered gold nanocrystal/silica particles were synthesized

through self-assembly of nanocrystal micelles and silicate.

Depending on the use of surfactants, and the kinetic conditions

of silica hydrolysis and condensation, well-shaped and irregu-

larly-shaped silica particles were formed, inside which the nano-

crystals self-organized in a face-centered cubic mesostructure.

The self-assembly and formation of ordered nanocrystal (NC)

arrays have recently received extensive attention due to new

physical properties resulting from the coupling of adjacent NCs

within the ordered arrays.1–8 In general, alkane chain-capped

monodisperse NCs were mostly used. Consequently, ordered

superlattice arrays were formed by the balanced forces of

interparticle attraction and steric interaction due to alkane chain

interdigitation. Mesoporous silicas have been used as templates to

create hybrid silica materials through direct infiltration of either

metal or semiconductor nanoparticles or precursor solutions,

followed by chemical reactions (e.g., reduction, etc.).9–13 In general,

the resulting hybrid materials maintained the morphologies of the

original template materials, such as film, powder, etc. Recently, we

have developed a new method for the synthesis of ordered NC/

silica arrays.3,14,15 In this method, water soluble NC micelles are

synthesized through the encapsulation of alkane chain-capped

monodisperse NCs within the core of surfactant or block

copolymer micelles.3,14–17 The self-assembly of NC micelles with

metal oxide precursors such as tetraethyl orthosilicate (TEOS) in a

controlled homogeneous sol–gel process leads to ordered and

uniform NC/silica thin films.3,15 The ordered films exhibit a face-

centered cubic (fcc) mesostructure. In this communication, we

report a heterogeneous self-assembly process to synthesize ordered

NC/silica particles, using NC micelles as building blocks to self-

assemble with silicate in a controlled low temperature sol–gel

process. Depending on the kinetic conditions of silica condensation

and the surfactants used to synthesize the NC micelles, both well-

shaped and irregularly-shaped silica particles are formed, inside

which the NCs self-organize as a fcc mesostructure.

Gold NC micelles were synthesized using our previously

developed surfactant encapsulation techniques via an interfa-

cially-driven microemulsion process.3,14,16,17 1-Dodecanethiol

(DT)-stabilized gold NCs were prepared using the method of

Brust et al.18 The NC size distribution was narrowed (,7%) by a

heat treatment and a size selective separation process, according to

our previous work.14,16 Based on the surfactant encapsulation

techniques, the gold NC micelles were synthesized using cetyl-

trimethyl ammonium bromide (CTAB) and cetyltriethyl ammo-

nium bromide (CTEAB). The extensive van der Waals interactions

between the surfactant chains and DT chains leads to an

interdigitated ‘‘bilayer’’ structure, stabilizing hydrophobic gold

NCs in aqueous solution.16,19–21 The NC micelles were stable over

a wide pH range, from acidic to basic conditions, allowing facile

control of the silica hydrolysis and condensation. In a typical

synthesis, acid (HCl) was added to an aqueous solution containing

monodispersed gold NC micelle building blocks, followed by the

addition of TEOS under vigorous stirring. After 10 minutes of

stirring at room temperature, the growth of well-shaped gold NC

silica arrays was conducted at 0 uC for 4 days. The powder was

collected using a filter and dried in a vacuum furnace at 50 uC
overnight. X-Ray diffraction (XRD), scanning electron micro-

scopy (SEM) and transmission electron microscopy (TEM) studies

were performed on the samples.

From the SEM images, we observed two distinct particle

morphologies. As Fig. 1 shows, the particles prepared using

CTEB-encapsulated NC micelles exhibit a well-defined external

surface morphology; the particle size ranging from 3–10 mm. The

XRD pattern in Fig. 2D shows three reflections in the low angle

region. The primary peaks can be indexed as (111), (221) and

(311), based on a fcc mesostructure; the average measured unit cell

a = 10.8 nm. The TEM images in Fig. 2A reveal that the gold NCs

are organized in an orderly manner inside each particle. The

measured unit cell from the [100] orientation (Fig. 2B), a, is

10.6 nm, which is close to that obtained from the XRD results.

Under identical experimental conditions, particles with irregular

surface morphology were formed when using NC micelles

prepared by CTAB, with a smaller surfactant head group than

that of CTEAB. Fig. 1B shows the SEM image of particles

resulting from the synthesis using CTAB-encapsualted gold NC
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Fig. 1 SEM images of ordered NC/silica particles. A: Particles prepared

using CTEAB-encapsulated NC micelles. B: Particles prepared using

CTAB-encapsulated NC micelles.
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micelles. Most of the particles are composed of many smaller sub-

unit particles, with sizes of 1–2 mm and a cubic shape. Despite their

irregular topology, the TEM image (Fig. 2C) and electron

diffraction pattern (Fig. 2C, inset) indicate that the gold NCs are

still organized in an ordered and 3-dimensional fashion inside the

particles.

Initial experiments suggest that the formation of faceted gold

NC/silica particles is similar to the cooperative self-assembly

process to synthesize mesoporous materials.22–24 The whole NC

micelle behaves as a functional building block having a hydrophilic

interface with quaternary ammonium surfactant head groups.

These provide sites for further self-assembly with silica to form an

ordered mesostructure. According to previous work,4,25–27 the NC

size distribution is key to achieving highly ordered and faceted

superlattice arrays and solids. In our case, after synthesis using the

method reported by Brust et al.,18 the initial gold NC size

distribution was broad. Subsequent heat treatment at 140 uC for

30 minutes extensively narrowed this distribution.28,29 During heat

treatment, Oswald ripening occurred, reorganizing the NC sizes

and resulting in much more uniform size distribution.28,29 In

addition, size selective precipitation was carried out using the

solvents toluene and ethanol, which made the size distribution less

than 7% (size deviation). Encapsulation of such gold NCs within

surfactant micelles is driven by an interfacial self-assembly process,

in which van der Waals interactions between the hydrophobic

alkane carbon chains of CTAB or CTEAB and dodecanethiol

stabilize the NC micelle structure through alkane chain inter-

digitation.16,19–21 This is a typical physical chemistry process

without chemical reactions being involved, and should not affect

the NC size and size distribution after encapsulation. TEM studies

suggest the NC micelles maintain the narrow size distribution of

the original gold NCs, consistent with our previous observa-

tions.3,16,17 According to our recent studies,15 slow silica gelation

kinetics is the fundamental requirement for the formation of

ordered NC/silica arrays. Fast silica gelation kinetics lead to an

irregular morphology. Under acidic conditions (pH range 1.0–2.0),

TEOS first hydrolyses and then forms silica oligomers.30 A low pH

and low temperature (0 uC) ensured a slow silicate condensation

and gelation, which is favorable for the formation of ordered NC/

silica arrays. In addition, the balanced hydrogen bonding and

charge interactions between the quaternary ammonium groups,

silica species and water drive the condensation preferentially at the

NC–micelle interface.22–24,31 Using a long reaction time (4 days),

the slow self-assembly process leads to a well-shaped morphology.

Our results suggest that the size of the surfactant head group also

plays a critical role in controlling the particle morphology.

Although the formation mechanism is not yet clear, we

hypothesize that the bigger ethyl head groups of CTEAB take

up more of the space surrounding the micelles and block direct and

strong interactions between charged silicate species and the

quaternary ammonium groups. The weak charge interactions

between the silicate species and the quaternary ammonium groups

result in a slow assembly, and the formation of a well-organized

external topology. However, the smaller methyl groups leave more

space for silicate species and result in a stronger interaction with

the quaternary ammonium groups, resulting in faster assembly

and formation of irregular shapes. This has been observed in other

self-assembly systems to synthesize mesostructured silica with a

well-defined external morphology.32–36

Currently, more work is being conducted to gain a deeper

understanding of the fundamental factors that underlie morphol-

ogy control, including variations in pH range, the size and type

(ionic or non-ionic) of surfactant head group, temperature and

reaction time. By using NC micelles prepared with semiconductor

and magnetic NCs,16,17 we hope that this method can be extended

to synthesize similar well-shaped and faceted nanocomposite

particles with ordered semiconductor and magnetic NC arrays

inside. We expect that these well-shaped NC/silica particles could

bring new optical and catalytic properties.

This work was partially supported by the U. S. Department of

Energy (DOE) Basic Energy Sciences Program, Sandia National

Laboratory’s Laboratory Directed R&D Program and the Center

for Integrated Nanotechnologies (CINT). TEM investigations

were performed in the Department of Earth and Planetary

Sciences at the University of New Mexico. We acknowledge the

use of the SEM facility, supported by NSF EPSCOR and NNIN

grants. Sandia is a multiprogram laboratory operated by Sandia

Corporation, a Lockheed Martin Company, for the DOE under

contract DE-AC04-94ALB5000.

Notes and references

1 C. T. Black, C. B. Murray, R. L. Sandstrom and S. H. Sun, Science,
2000, 290, 1131–1134.

2 C. P. Collier, R. J. Saykally, J. J. Shiang, S. E. Henrichs and J. R. Heath,
Science, 1997, 277, 1978–1981.

3 H. Y. Fan, K. Yang, D. Boye, T. Sigmon, K. Malloy, H. Xu,
G. P. Lopez and C. Brinker, Science, 2004, 304, 567–571.

4 C. B. Murray, C. R. Kagan and M. G. Bawendi, Science, 1995, 270,
1335–1338.

5 M. P. Pileni, J. Phys. Chem. B, 2001, 105, 3358–3371.

Fig. 2 Representative TEM images and XRD pattern of ordered NC/

silica particles. A: [100] orientation of the TEM image of well-shaped and

faceted particles in Fig 1A. B: High resolution TEM of image A. C: TEM

image of the irregular particles in Fig. 1B. The inset shows the electron

diffraction pattern of image C. D: The XRD pattern of the well-shaped

particles in Fig. 1A.

2324 | Chem. Commun., 2006, 2323–2325 This journal is � The Royal Society of Chemistry 2006



6 C. A. Stafford and S. DasSarma, Appl. Phys. Lett., 1994, 72, 3590–3593.
7 H. Zeng, J. Li, J. P. Liu, Z. L. Wang and S. H. Sun, Nature, 2002, 420,

395–398.
8 K. Yang, H. Y. Fan, K. J. Malloy, C. J. Brinker and T. W. Sigmon,

Thin Solid Films, 2005, 491, 38–42.
9 Y. Guari, C. Thieuleux, A. Mehdi, C. Reye, R. J. P. Corriu, S. Gomez-

Gallardo, K. Philippot and B. Chaudret, Chem. Mater., 2003, 1510,
2017–2024.

10 Y. Guari, C. Theiuleux, A. Mehdi, C. Reye, R. J. P. Corriu, S. Gomez-
Gallardo, K. Philippot, B. Chaudret and R. Dutartre, Chem. Commun.,
2001, 15, 1374–1375.

11 A. Fukuoka, H. Araki, J. Kimura, Y. Sakamoto, T. Higuchi,
N. Sugimoto, S. Inagaki and M. Ichikawa, J. Mater. Chem., 2004,
14, 752–756.

12 A. T. Cho, J. M. Shieh, J. Shieh, Y. F. Lai, B. T. Dai, F. M. Pan,
H. C. Kuo, Y. C. Lin, K. J. Chao and P. H. Liu, Electrochem. Solid-
State Lett., 2005, 8, G143.

13 F. J. Brieler, M. Froba, L. M. Chen, P. J. Klar, W. Heimbrodt, H. A. K.
von Nidda and A. Loidl, Chem.–Eur. J., 2002, 8, 185.

14 H. Y. Fan, Z. Chen, C. Brinker, J. Clawson and T. Alam, J. Am. Chem.
Soc., 2005, 127, 13746–13747.

15 H. Y. Fan, A. Wright, J. Gabaldon, A. Rodriguez, C. J. Brinker and
Y. Jiang, Adv. Func. Mater., 2006, DOI: 10.1002/adfm.200500603.

16 H. Y. Fan, E. Leve, J. Gabaldon, A. Wright, R. Haddad and C. Brinker,
Adv. Mater., 2005, 17, 2587–2590.

17 H. Y. Fan, E. W. Leve, C. Scullin, J. Gabaldon, D. Tallant, S. Bunge,
T. Boyle, M. C. Wilson and C. J. Brinker, Nano Lett., 2005, 5, 645–648.

18 M. Brust, M. Walker, D. Bethell, D. J. Schiffrin and R. Whyman,
J. Chem. Soc., Chem. Commun., 1994, 7, 801–802.

19 B. Nikoobakht and M. A. El-Sayed, Langmuir, 2001, 17, 6368–6374.
20 T. Pellegrino, L. Manna, S. Kudera, T. Liedl, D. Koktysh, A. L. Rogach,

S. Keller, J. Radler, G. Natile and W. J. Parak, Nano Lett., 2004, 4,
703–707.

21 L. F. Shen, P. E. Laibinis and T. A. Hatton, Langmuir, 1999, 15,
447–453.

22 J. S. Beck, J. C. Vartuli, W. J. Roth, M. E. Leonowicz, C. T. Kresge,
K. D. Schmitt, C. T. W. Chu, D. H. Olson, E. W. Sheppard,
S. B. McCullen, J. B. Higgins and J. L. Schlenker, J. Am. Chem. Soc.,
1992, 114, 10834–10843.

23 Q. S. Huo, D. I. Margolese, U. Ciesla, P. Y. Feng, T. E. Gier, P. Sieger,
R. Leon, P. M. Petroff, F. Schuth and G. D. Stucky, Nature, 1994, 368,
317–321.

24 Q. S. Huo, D. I. Margolese and G. D. Stucky, Chem. Mater., 1996, 8,
1147–1160.

25 D. V. Talapin, E. V. Shevchenko, C. B. Murray, A. Kornowski,
S. Forster and H. Weller, J. Am. Chem. Soc., 2004, 126, 12984–12988.

26 D. V. Talapin, E. V. Shevchenko, A. Kornowski, N. Gaponik,
M. Haase, A. L. Rogach and H. Weller, Adv. Mater., 2001, 13,
1868–1871.

27 C. Desvaux, C. Amiens, P. Pejes, P. Renaud, M. Respaud, P. Lecante,
E. Snoeck and B. Chaudret, Nat. Mater., 2005, 4, 750–753.

28 M. M. Maye, W. X. Zheng, F. L. Leibowitz, N. K. Ly and C. J. Zhong,
Langmuir, 2000, 16, 490–497.

29 T. Teranishi, S. Hasegawa, T. Shimizu and M. Miyake, Adv. Mater.,
2001, 13, 1699–1701.

30 C. J. Brinker and G. W. Scherer, Sol–Gel Science: The Physics and
Chemistry of Sol–Gel Processing, Academic Press Inc., San Diego, CA,
1990.

31 S. N. Che, S. Y. Lim, M. Kaneda, H. Yoshitake, O. Terasaki and
T. Tatsumi, J. Am. Chem. Soc., 2002, 124, 13962–13963.

32 Z. D. Zhang, B. Z. Tian, S. D. Shen, J. Fan, B. Tu, Q. Y. Kong,
F. S. Xiao, S. L. Qiu and D. Y. Zhao, Chem. Lett., 2002, 584–585.

33 S. Guan, S. Inagaki, T. Ohsuna and O. Terasaki, J. Am. Chem. Soc.,
2000, 122, 5660–5661.

34 S. Che, Y. Sakamoto, O. Terasaki and T. Tatsumi, Chem. Lett., 2002,
214–215.

35 S. Che, Y. Sakamoto, O. Terasaki and T. Tatsumi, Chem. Mater., 2001,
13, 2237–2239.

36 M. C. Chao, D. S. Wang, H. P. Lin and C. Y. Mou, J. Mater. Chem.,
2003, 13, 2853–2854.

This journal is � The Royal Society of Chemistry 2006 Chem. Commun., 2006, 2323–2325 | 2325


