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We propose a one-step interface reaction for the direct synthesis of hexagonally arranged spherical
silver nanoparticles under microwave-assisted solvothermal conditions without the requirement of the
presynthesis of uniform silver nanoparticles or special precursors and the technique of size-selective
precipitation. The ratio between ethylene glycol and dodecylthiol shows its effect on the nucleation and
growth of silver and thus the morphology and arrangement of the obtained nanopatrticles. At a low volume
ratio, nanoparticles with a rectangular shape arranged in orthogonal arrays could be observed. This simple
method has its generality, and by easily substituting thiourea aqueous solution for ethylene glycol, silver
sulfide superlattices of nanoparticles could be synthesized.

Introduction sensitively dependent on their size and shape, how to become
Fine metal particles in the nanometer range have attracted"® nagglomerated uniform particles with a controlled mean

considerable interest and have found numerous applications:Slze and : narrO\(/jv S'Z:} d_|s|tr|t_)ut::)_nh0(t)ul?] bel crucial for the(ljr |
in various fields such as catalysis; optical, microelectronic, US€ @S advanced materials in high technology or as mode

and magnetic devices; and biological diagnostic probes duemager;als n fﬁnd?m?mal ;tt:jdliﬁ\/lang phyS|caI|, chedm|calb .
to their conspicuous physicathemical properties that differ and electroc emica met_o s have been employe to obtain
markedly from those of bulk materials? Especially for the me_tal nanoparticles wit h u.nlform SIz€, such as the NaBH
noble metal nanopatrticles such as silver (Ag), the interest is reduction approach resulting in the thiol-capped-B& nm

mostly focused on their catalytic applications because thesediameter silver nanoparticles and alcohol reduction of fatty
nanoparticles can serve as a bridge between homogeneou cid silver salts under microwave irradiatid. >t However,

and heterogeneous catalysis and bring new opportunities fort_ ese methods rer?”'Te aftechmque of size-selective precipita-
catalysis>® Until now, various methods have been utilized tion or a presynthesis of precursors. ) )

for the preparation of silver nanoparticles, such as chemical O the other hand, the assembly of uniform nanoparticles
reduction using a series of chemical reductants including iNto well-defined two- and three-dimensional (2-D and 3-D)
NaBH,;, N.Hs, NH.OH, ethanol, ethylene glycol, arkN- superlattices has attracted much attention because they are
dimethyformamide (DMFJ; 1 aerosol techniqu®, electro- critically important to chemical, optical, magnetic, and
chemical or sonochemical depositii4 photochemical ~ €lectronic nanodevices and would bring possibilities to brand-
reductiont® and laser irradiation techniquésBecause most ~ NeW properties and applications that result from the spatial

physical and chemical properties of these particles are ©rientation and arrangement of the nanocrystal, which
was recently confirmed by the findings that the physical

* Corresponding author. Phone: (814) 865-1542. Fax: (814) 865-2326. properties of 2-D and/or 3-D silvéf,cobalt?” and ferrit@8
E-mail: komarneni@psu.edu.
(1) Volokitin, Y.; Sinzig, J.; De Jongh, H. J.; Schmid, G.; Vargaftk, M.

N.; Moiseev, |. |.Nature 1996 384, 621. (16) Abid, J. P.; Wark, A. W.; Brevet, P. F.; Girault, H. Bhem. Commun.
(2) Forster, S.; Antonietti, MAdv. Mater. 1998 10, 195. 2002 792.
(3) Moffit, M.; Eisenberg, A.Chem. Mater1995 7, 1178. (17) Viau, G.; Brayner, R.; Poul, L.; Chakroune, N.; Lacaze, E.yéte
(4) He, R,; Qian, X. F.; Yin, J.; Zhu, Z. KChem. Phys. LetR003 369, Vincent, F.; Fiet, F.Chem. Mater2003 15, 486.
454, (18) Brown, K. R.; Walter, D. G.; Natan, M. Lhem. Mater200Q 12,
(5) Lewis, L. N.Chem. Re. 1993 93, 2693. 306.
(6) Tan, Y. W.; Dai, X. H.; Li, Y. F.; Zhu, D. BJ. Mater. Chem2003 (19) Sun, Y. G.; Xia, Y. N.Science2002 298 2176.
13, 1069. (20) Taleb, A.; Petit, C.; Pileni, M. RChem. Mater1997, 9, 950.
(7) Petit, C.; Lixon, P.; Pileni, M. PJ. Phys. Chem1993 97, 12974. (21) Yamamoto, T.; Wada, Y.; Sakata, T.; Mori, H.; Goto, M.; Hibino, S.;
(8) Heath, J. R.; Knobler, C. M.; Leff, D. \. Phys. Chem. B997, 101, Yanagida, SChem. Lett2004 33, 158.
189. (22) Willner, |.; Patolsky, F.; Wasserman,Ahgew. Chem., Int. Ed. Engl.
(9) MarZa, L. M. L.; Tourifo, I. L. Langmuir1996 12, 3585. 2001, 40, 1861.
(10) Komarneni, S.; Li, D.; Newalkar, B.; Katsuki, H.; Bhalla, A. S. (23) Maoz, R.; Frydman, E.; Cohen, S. R.; Sagi\Adv. Mater.200Q 12,
Langmuir2002 18, 5959. 424,
(11) Santos, I. P.; Mafrma L. M. L. Langmuir2002 18, 2888. (24) Vossmeyer, T.; Delonno, E.; Heath, JARgew. Chem., Int. Ed. Engl.
(12) Harfenist, S. A.; Wang, Z. L.; Alvarez, M. M.; Vezmar, |.; Whetten, 1997, 36, 1080.
R. L. J. Phys. Cheml996 100, 13904. (25) Liu, X. M.; Jaeger, H. M.; Sorensen, C. M.; Klabunde, KJ.JPhys.
(13) Stiger, R. M.; Gorer, S.; Craft, B.; Penner, P.Mngmuir1999 15, Chem B2001, 105, 3353.
790. (26) Taleb, A.; Russier, V.; Courty, A.; Pileni, M. Phys. Re. B 1999
(14) Pol, V. G.; Srivastava, D. N.; Palchik, O.; Palchik, V.; Slifkin, M. A.; 59, 13350.
Weiss, A. M.; Gedanken, ALangmuir2002 18, 3352. (27) Russier, V.; Petit, C.; Legrand, J.; Pileni, M. Fhys. Re. B 200Q
(15) Itakura, T.; Torigoe, K.; Esumi, KLangmuir1995 11, 4129. 62, 3910.

10.1021/cm048663t CCC: $30.25 © 2005 American Chemical Society
Published on Web 01/22/2005



Reaction for Self-Assembly of &iF Nanocrystals Chem. Mater., Vol. 17, No. 4, 20@57

superlattices are different from those of isolated nano- of nanocrystallites including Af, CdS?#° CdSe3° Bi,S;,%*
particles. As we know, the self-assembly of nanoparticles and Ce@? have been synthesized. Our group has reported
usually requires hard sphere repulsion, a controlled size a microwave-polyol process for the synthesis of unassembled
distribution, and an inherent van der Waals attraction betweensilver nanoparticlé8 and an ethylenediamine-assisted mi-
the particles and the dispersion foré&Several approaches, crowave-heated approach for the synthesis of 1-D nanoma-
such as self-assembiy,Langmuir-Blodgett (LB) tech- terials®

niques® and the electrophoretic deposition metkolave In this paper, we report a general and one-step interface
been used to obtain self-organized lattices of metal, oxide, reaction for the synthesis and assembly of monodispersed
and chalcogenide nanoparticles including sif#e¥,gold 33 silver nanoparticles by a simple microwave irradiation
cobalt}* indium a-Fe,0s,*°cobalt oxide}’ BaTiOs,* CdS;® approach. In the process, dodecylthiol was used as a
Cdsel® and AgS* nanoparticle arrays. For the assembly structure-directing agent, and simple compounds such as
of uniform Ag nanocrystals, the presynthesis of uniform AgNO; and ethylene glycol as reactants were used directly.
nanoparticles or precursors is usually required followed by Toluene is added to form an interface between toluene and
the organization process by surfactants or ligands. Theethylene glycol. The presynthesis of the initial silver nano-
development of a simple and direct method for the fabrication particles or precursor and the technique of size-selective

of such crystals is a major challenge for future research.
As a heating method, microwave irradiation has found a
number of applications in chemistry since 1986 and recently
shown a very rapid growth in its application in material
science due to its unique reaction effects such as rapid

precipitation are not required. By adjusting the ratio between
reactants, rectangular nanocrystals that arranged into or-
thogonal superlattices could be observed. This method shows
its applicability in the direct synthesis and assembly 0f&\g
nanoparticles by simply changing ethylene glycol with the

volumetric heating and the consequent dramatic increase inthiourea aqueous solution.

reaction rates, ett.As a quick, simple, and energy efficient
heating method, the microwave irradiation was combined
with many conventional methods such as a traditional
hydrothermal methdd in 1992 and a solvothermal pro-
cesd®4 recently and has been widely used in many fields
such as molecular sieve and inorganic complex prepara-
tions organic reaction& and catalysi¥ and lately extended

to the synthesis of nanocrystalline partictéSeveral kinds
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Experimental Procedures

Materials. Silver nitrate was purchased from Alfa Aesar, a
Johnson Matthey Company. Ethylene glycol and thiourea were from
Sigma-Aldrich Inc. Toluene was from J. T. Baker chemical
company, and dodecylthiol was from Research Chemicals Ltd.

Synthetic ProcessesFor the synthesis of silver nanoparticles,
there was no need to exclude air or ventilate inactive gases. All
manipulations were operated in fume hood. In the typical procedure,
0.15 g of AgNQ was added into a Teflon vessel of a double-walled
digestion vessel. The double-walled digestion vessels have an inner
liner and cover made up of Teflon PFA and an outer high-strength
shell of Ultem polyetherimide. Then 10 mL of toluene and
appropriate amounts of ethylene glycol (EG) and dodecylthiol (thiol)
were added into the vessel in order. After being sealed, the vessel
was treated at 160170 °C for 3 h using a microwave digestion
system, MARS-5 (CEM Corp.). After being cooled to room
temperature, the product was collected, and a thin layer of black
product formed between the polar and the nonpolar solvents.

The procedure for the synthesis of silver sulfide nanoparticles
was quite similar to that for silver. A total of 0.15 g of AgNO
was added in a Teflon vessel of a double-walled digestion vessel.
Then 2 mL of toluene, 1 mL of dodecylthiol, and 10 mL of distilled
water was put into the vessel in order, followed by adding 0.1 g of
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Figure 2. XRD pattern of the synthesized silver sample.
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Scheme 1. Possible Mechanism of the Interface Reaction for
the Synthesis of Silver Superlattices of Uniform
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sample (Figure 1b) exhibits polycrystalline diffraction rings,
which can be indexed to cubic-phase metal silver, indicating
that these nanoparticles are crystalline metal silver. A
magnified TEM image of the silver sample (Figure 1c)
displays clearly that these nanoparticles are monodispersed
spherical nanopatrticles with an average diameterdd nm,

3 il and the interparticle spacings are calculated to be about 2
Figure 1. TEM images, SAED pattern, Fourier transform power spectrum, nm. Its Fourier transform power spectrum (Figure 1d)
and HRTEM image of the synthesized silver sample. displays ordered hexagonal-like spot arrays, further confirm-
ing that the formed silver superlattices have hexagonal

for 3 h using the microwave digestion system, MARS-5 (CEM stru.ct-ures. The _hlgh—resolgtlon T',EM |ma_ge (F'Qure 1e)
Corp.). After being cooled to room temperature, the product was exhibits clear lattice planes ina pgrtlcle, which confirms thqt
collected, and a thin layer of black product formed between the these ordered nanoparticles are single crystals and have high
polar and the nonpolar solvents. crystallinity, in agreement with the SAED pattern. In our
X-ray Diffraction Measurements. The precipitates were de- ~Sa@mple, some structures with 3-D arrangement can also be
posited on slides and dried at room temperature for X-ray diffraction found. Figure 1f shows a TEM image of two/three layers of
characterization using a Scintag diffractometer operated at 35 kV superlattices. It can be seen that the upper layer is also
voltage and 30 mA current with Cukradiation. hexagonally arranged, and these spherical nanoparticles are
Transmission Electron Microscopy MeasurementsThe mor- laid on the interspaces of the hexagonally arranged nano-
phology, crystallinity, size, and organization behavior of silver particles of the lower layer.
nanocrystals were determined by transmission electron microscopy Figure 2 shows the powder XRD pattern of the obtained
(TEM), accompanied by selected area electron diffraction (SAED), product. The diffraction peaks are quite similar to those of
carried out on a Philips 420 transmission electron microscope py|k metal silver, which can be indexed as the cubic structure
(TEM) operated at 120 kv and a JEOL-20I0F high-resolution - ¢ qjjyer with lattice constants af = 4.07 A. This result is

transmission electron microscope (HRTEM) operat_ed at 200 kv. consistent with the JCPDS file of silver (JCPDS 4-783). No
A small amount of the black sample was dispersed in toluene, and. it K b d. indicating the hiah ity of
then a drop of this solution was deposited on an amorphous carbon!MPUMty peaxs were observed, indicating the high purity o

film on 300 mesh Cu grid for TEM observation directly without the final product. The XRD characte_rization results are in
the technique of size-selective precipitation. good agreement with TEM observation results.

In the synthetic system, dodecylthiol is the assisting agent
for the assembly of silver nanoparticles. Ethylene glycol and
toluene are immiscible and form two layers with an interface

The TEM image of the as-prepared sample (Figure 1) when they are mixed. Dodecylthiol could be dissolved in
shows that the sample consists of hexagonal-like orderedtoluene with polar groups toward polar solvent, in this case
superstructures of monodispersed silver nanopatrticles. Figuresthylene glycol. The thiol group of dodecylthiol reacted with
la displays a wide-field TEM image, clearly confirming that silver ions at the interface to form an inorganiarganic
the 2-D hexagonal superlattices are the typical morphology complex, which was reduced to elemental silver by ethylene
of the as-prepared silver sample. The SAED pattern of this glycol under microwave solvothermal conditions. After the

thiourea. After being sealed, the vessel was treated at180°C

Results and Discussion
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Figure 4. TEM images, SAED pattern, and Fourier transform power
spectrum of the silver sulfide sample prepared with thiourea as sulfur source.
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Figure 3. TEM images, Fourier transform power spectrum, and HRTEM
image of the sample prepared at low ratio between ethylene glycol and
dodecylthiol.

reaction, a black thin layer was found at the interface, which 20/degree
is detected to be elemental silver nanoparticles, and theFigure 5. XRD pattern of the synthesized silver sulfide sample.
formed silver nanopatrticles are automatically compact-packed
to form ordered superstructures at the interface. This possible . ) i
synthetic process has been summarized in Scheme 1. Fourigfhio! volume ratios of 4:1 by keeping the amount of
transform infrared (FTIR) spectra (not shown) of the upper dodecylthiol at 1 mL. And by d_ecreasmg the EG/thiol ratio
and bottom solutions of our sample show strong peaks that!® 1.9, rectangular nanoparticles, which are assembled
come from toluene (the upper layer) and ethylene glycol (the Orderly, could be found in the product. Figure 3a,b shows
bottom layer), respectively. And the FTIR spectrum (not the TEM images of the sample prepared at a low ratio of
shown) of the solid particles (the interface) shows the peaks EG/thiol. It can be seen that these nanoparticles have a
coming from dodecylthiol, indicating that there are surfac- "ectangular shape and are assembled to form an ordered
tants coating the nanopartilces and making the nanoparticlesstructure. The TEM image with high magnification of this
stable. All of these suggest that there is little dodecylthiol Sample (Figure 3c) displays clearly that these nanoparticles
remaining in the solution, and almost all of them are in the are monodispersed rectangular nanoparticles with diameters
interface of the two solutions to react with the silver reactant ranging from 6 to 10 nm. The Fourier transform power
to form ordered nanoparticles, which are consistent with the spectrum (Figure 3d) of the particle arrays in Figure 3a
possible interface reaction mechanism. displays ordered orthogonal-like spot arrays, further confirm-
There are strong interactions between silver ions and ing the formation of the orthogonal superstructures. The high-
dodecylthiol, which might form a complicated inorganic ~ resolution TEM image (Figure 3e) confirms that these
organic intermediate. The ratio between ethylene glycol and ordered nanoparticles are single crystals and have a high
dodecylthiol (EG/thiol) will affect the reducing rate and then crystallinity. In this sample, 3-D arranged structures could
the morphology of the intermediate compounds, which might also be found. Figure 3f shows a TEM image of two layers
direct the shape of the final product. The uniform and self- of superlattices. The upper layer is also orthogonally ar-
assembled spherical silver nanopatrticles can be synthesizedanged, and these rectangular nanoparticles are laid on the
at a relatively large range such as EG/thiol volume ratios of interspaces of the orthogonally arranged nanopatrticles of the
3:1 by keeping the amount of dodecylthiol at 2 mL or EG/ lower layer.
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This method is not limited in the synthesis of elemental Conclusion
silver. It also can be extended to the synthesis of hexagonal

Ag,S superlattices by just changing ethylene glycol to In this paper, we proposed an interface reaction for the

thiourea aqueous solution. The TEM image of the obtained one—step_synthess of hexagonally arranged silver spherical
nanoparticles. At a low ratio between ethylene glycol and

silver sulfide sample (Figure 4a) clearly shows spherical and ) . .

monodispersed nanoparticles that are assembled to formdodecyltmol, nanoparticles with a rectangular shape arranged
P P . ) .~ In orthogonal arrays could be found. This method seems to

hexagonal superstructures. The TEM image with high

S . . : be general in its approach and can be easily extended to the
magnification (Figure 4b) indicates that these nanOpart'Clesformation of silver sulfide superlattices by changing the

are with average size of8 nm, and the spacings between gy jene glycol to a thiourea aqueous solution.
silver sulfide nanoparticles are calculated tob#.5 nm.
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