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Structural characteristics of chemically synthesized Au nanoparticles
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Metal nanoparticles exhibit unusual chemical and physical properties different from those of the bulk metals, and have a number of fasc
ing potential applications in heterogeneous catalyst as well as microelectronic and optoelectronic devices. In the present work, a cher
reduction method is used to produce nanometric gold particles. Depending of the concentration of the reducing agent, nanoparticle
different sizes and consequently different atomic structural configurations are obtained. The main structures obtained are fcc-like and ¢
hedral morphologies with fivefold symmetry axes. Using quantum mechanic approximation, the electrophilic fields and the corresponc
HOMO-LUMO distributions were calculated.

Keywords:Gold nanoparticles; chemical reduction synthesis; high resolution electron microscopy; structural determination; molecular si
ulation.

Las nanopartulas metlicas presentan propiedadésidas y gimicas diferentes a las de metales en bulto, y tienen varias aplicaciones po-
tenciales en catisis a$ como en dispositivos de microele@hica y optoelectiica. En el presente trabajo, uigtado de reducodin qumica

es usado para producir patilas nanoratricas de oro. Dependiendo de la concenénaciel agente reductor, se obtienen nandpalas de
diferentes tami@s y consecuentemente diferentes configuraciones estructurales. Las principales estructuras obtenidas son del tipo fcc
caedral. Aproximaciones de nftca ciéantica fueron usadas para calcular los campos el@atosfy las distribuciones de HOMO-LUMO.

Descriptores:Nanopariculas de Au; reducdin gumica; microscofa electbnica de alta resoluan; determinadn estructural; simulatn
molecular.

PACS: 61.46.Df; 81.16.Be; 81.07.-b

1. Introduction procedures are employed routinely to prepare gold particles

) for a multitude of applications. These methods are reliable,
The emergence of nanostructured materials has become thgnple to carry out, and lead to uniform particles with a

subject of novel interest in science and technology since thgarrow size distribution in the desired range. In this work
1970s. Particles in the nanoregime are of immense impokye report the synthesis of Au nanoparticles by a chemical
tance due to their potential applications in different inter-method, which generates clusters in the range of 1-10 nm.
disciplinary fields of physics, chemistry, biology, medicine, The nanoparticles have been characterized by using high-
and material science. These particles with negligible dimenresojution electron microscopy (HREM). The structure de-
sions exhibit special properties in many aspects comparegrmination has been complemented by quantum mechanical
to those of their bulk counterparts; for example, in cataly-caiculations based on molecular simulation methods [15].

sis [1-3], in optical properties [4] where the size and shape

of the small particles are important, in electronic proper-2  Experimental procedures

ties [5,6] and in medical applications [7]. Nanoclusters of

metals and semiconductors are of interest because of thelthe ultra fine gold particles have been obtained using a chem-
size-dependent physicochemical properties originating fronical reduction method [16,17]. Methanol solutions of gold
the onset of quantum size effects. These nanomaterials arens were prepared by dissolving crystalline hydrogen tetra-
being heralded as the building blocks for designing mod-chloroaurate (HAuGLxH;O) in methanol (0.014 mmol in
ern materials [8] for next generation. Gold nanopatrticles ar5 ml of methanol). A methanol solution of PVP [poly (N-
among the oldest and best-studied nanoscale materials [9]inyl-2-pyrrolidone)] (150 mg of PVP in 25 ml of methanol)
They are commercially available in many forms, and numerwas added to the metal ion mixture. To reduce the metal ions,
ous synthesis methods for preparing particles from about aqueous solutions of NaB§D.144M) were added drop wise
nm to several micrometers diameter are documented in the the PVP containing metal ion mixtures at room temper-
literature [10-14]. Nevertheless, only a handful of standardature (302 K). By adding different amounts of the reducing
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solution, the final pH values of the reaction mixtures were ]
adjusted to 3.2, 7.1 and 7.5. Homogeneous colloidal disper- __ o d ! .
sion was formed after the addition of NaBledactor in the 1 i
solutions containing the metal ions.

The structural and morphological characteristics of the
dispersed metallic nanoparticles have been studied using ¢ ] l
Philips Tecnai F20 transmission electron microscope with a ] /74 > ]
field emission gun attachment and dot to dot direct maximum 0 - . !
resolution of 0.23 nm. TEM specimens were prepared by dis-  so
persing and subsequent drying a drop of colloidal solutions | ] b S,=3.94nm
on a copper grid (3 mm in diameter) covered with an amor-
phous carbon film. The HREM images have been digitally
processed.

In order to evaluate the electronic structure and the sta-
bility of the nanoparticles, we used guantum mechanical
calculations based on the density functional theory (DFT),
with a generalized gradient approximation (GGA) for ge- 2 3 ‘ 5 s i
ometry optimizations and for the corresponding electronic 1¢ S =313 nm
based properties (the electrophilic fields and molecular or-
bital). These calculations were performed using the DMoI3 X | ] /\ 1
software by Accelrys [18] and considering a Perdew-Wang ] ]
functional [19]. The configurations of 13 atoms for cubo- 20 4 / \ 1
octahedral and decahedral structures were studied. o / \ i
0 ] I / ]
3. Results and discussion ‘ ’ ’ ) " ? !
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With the purpose of controlling the size and structure OfFIGURE 2. Size distribution histograms of the Au nanoparticles

the particles, gpld lon solutions of a fixed Concgntrat'onprepared at the final pH values a) 3.2, b) 7.1 and c) 7.5 of reaction
were reduced with different concentrations of reducing agent,ixiure.

(NaBH,). Fig. 1 shows a series of TEM images obtained for
the Au nanoparticles prepared with different contents of th

reducing agent (with final pH = 3.2, 7.1 and 7.5). In the sameple with final pH value 3.2 (Fig. 1a), the morphology of the

‘particles is semi-spherical and the formation of agglomerates
is not appreciated as reported earlier [20]. The Fig. 1b shows
the typical TEM micrograph of the sample prepared with 7.1
final pH value. In this sample, the particles are finer than in
the previous case (Fig. 1a). The Fig. 1c shows the typical
TEM image corresponding to a 7.5 pH value of the reaction
mixture. In this sample, the particles are distributed along the
surface and no agglomerates could be appreciated. Although,
there are some patrticles with appreciably large size, the av-
erage size of the particles of this sample is smaller and the
size distribution is narrower (Fig. 2) in comparison with the
previous two samples. Whereas the physical process involv-
ing mechanical crushing or pulverization of bulk metals and
arc discharge yield large nanoparticles with a wide size dis-
tribution, nanoparticles prepared by reduction of metal salts
are small with a narrow size distribution.

S The Fig. 2 shows the particle size distributions for the
e samples prepared with different redactor contents. The sam-

i : : R ple prepared at pH=3.2 (Fig. 2a) produced gold particles in
s iiedae e the 5-9 nm size range and of about 6.98 nm average size.
R s e When the reducing agent content was adjusted to increase the

FIGURE 1. Low magnification TEM images of the gold nanopar- fjnal pH value to 7.1, for the same concentration of metal-
ticles synthesized with different contents of reducing agent, with lic salts (0.014 mmol HAuG)), the particle size decreased
final pH values a) 3.2, b) 7.1 and c) 7.5 of the reaction mixture. ~ (Fig. 2b). The average particle size was of about 3.94 nm and
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the size of particles varied in the range 2.5 - 5.5 nm. These resther hand, the Fig. 4d shows a nanopatrticle of the fcc-like
sults suggest that, with the increase of reducing agent contetype oriented along the [123] direction. This type of structure
(or the pH value) both the average size and the size dispewas found in approximately 40% of the observed nanoparti-
sion decrease. Figure 2c shows the particle size distributioales.

histogram for the sample prepared at pH=7.5. The average The morphology of the Au nanoparticles depends
particle size of about 3.13 nm and even narrower size disstrongly on the metal ion concentration and the reducing
persion for this sample supports our previous conclusions.
In this sample, up to 40% of the particles were of about 3 g
nm size. Therefore, for a higher pH value of the reaction
mixture, smaller particles of narrow size distribution could
be obtained. Physicists predicted that nanoparticles in the;
diameter range 1-10 nm (intermediate between the size off
small molecules and that of bulk metal) would display elec- [l
tronic structures, reflecting the electronic band structure of
the nanoparticles, owing to quantum-mechanical rules [21].
The resulting physical properties are neither those of bulk
metal nor those of molecular compounds, but they strongly

depend on the part'de_ size, inter-particle distance, natur%lGURE 3. HREM images of gold nanoparticles with their respec-

of the protecting organic shell, and shape of the nanopatrtigye power spectra prepared with pH=3.2 of the reaction mixture.
cles [22]. The intrinsic catalytic activity of the Au nanoparti- a) single twinned particle, b) and c) fcc-like particles, and d) deca-
cles was shown to increase with decreasing particle size [23hedron particle.

The structure of the different Au nanoparticles obtained
for different redactor contents was analyzed accurately. FOr gz
this purpose, HREM images of the samples have been a
recorded with maximum resolution [24]. Figure 3 shows a
series of HREM images for the sample prepared with final
pH value of 3.2. In the Fig. 3a, a particle of the STP (sin-
gle twin particle) type, revealing a twinning joining struc-
ture along (111) plane can be observed. The Figs. 3b anc
3c show HREM images of two nanopatrticles of Au of the
fcc-like type, oriented along the [011] and [123] directions,
respectively. In the nanoparticle oriented along the [123]
g::;::gre]'i;r;e[ISrgi(i?;){e?ySZ?gg% \(I)VLTQE %i?r(\;vshp?)rr? dtshfol,?rfgceﬁGURE 4. HREM images of gold nanoparticles Wi_th theii respec-

g tive power spectra. The sample was prepared with pH=7.1 of re-
,d200 =2.039A pl_ane of Au. Ong of the most stable str_uctgres action mixture. a), b) and c) decahedron particles, and d) fcc-like
in the nanoparticles of Au besides those of the fcc-like is Ngy5ice.
doubt, the decahedral [25]. In the Fig. 3d, an HREM image
of a decahedral nanoparticle of Au is shown. The FFT clearly
shows the characteristic reflections of this type of structure; a 3.2 w7
group of 10 reflections in a circle indicate that the decahedral
particle is oriented along a five-fold axis. This is the only 70,
direction which shows this arrangement and it is the most
representative of the decahedral structures.

Figure 4 shows a series of HREM images with their re- <
spective FFTs for different nanoparticles of Au obtained for
final pH = 7.1. The Figs. 4a-4c show three nanoparticles 2
which correspond to decahedrons oriented in the [001] direc- &
tion or fivefold symmetry axes. It is important to point out §
that in this sample, a considerable number of decahedrons*-
(60% approximately) were found. According to theoretical
data [16], the mtp (multiple twin particles) type nanoparti-
cles are catalytically more active than the fcc-like nanoparti- 0
cles. Therefore, we assume that this sample might have bet fce stp deca
ter catalytic properties in comparison with the other samplesscure 5. Frequency of the structural morphologies of the differ-
prepared with the same concentration of metallic salts (0.014nt nanoparticles as a function of final pH of the reaction mixture.
mmol of HAuCl, in 50 ml of total reaction mixture). On the

Rev. Mex. B&. S53(5) (2007) 6771



70 R. ESPARZA, G. ROSAS, M. OPEZ-FUENTES, U. PAL, AND R. EREZ

Fe response of a system (atom, molecule, etc.) when it is per-
turbed by a change in its number of electrons at a fixed ex-
ternal potential. The resulting quantities (electronegativity)
correspond to the response of the energy of the system to
electrophilic perturbations. Since the Fukui functions rep-
resent a variation of the chemical potential induced by an
external perturbation. When this variation is high, the sys-
tem would be more reactive. The points or positions with

Structure HOMO LENES o Epetgyiatom higher electronegativity values are more reactive to the ex-
V] \Y \Y V) .
) al i eV ternal perturbation. In the case of decahedral structure, the
T cerarn || el e T electrophilic field is located around the whole cluster. There-
fore, itis assumed that this structure has a higher reactivity in
Decahedral 346035771 | -3.19612102 | 0.26423660 134044 comparison with the fcc-like structure [20],
b A comparison between the HOMO-LUMO gap and the

energy per atom values for decahedron and cubo-octahedron
configurations (Fig. 6b) allows understanding that the deca-

hedron is a better conductor. However, both are stable con-
figurations and the presence of them in our samples must in-

agent content in the reaction mixture. When solution of acrease the catalytic applications of the material.

fixed metal ion concentration (0.014 mmol of HAYGh 50

ml total of reaction mixture) was reduced with two different ]

amounts of the reducing agent (final pH=3.2 and 7.1), thét. Conclusions

morphologies of the particles are totally different. This is il-

lustrated in the Fig. 5. For the sample prepared at pH=3.2, th&he used synthesis method allows preparing gold particles

main structures were: fcc-like type (64%), a smaller quantityof the nanometric (1-10 nm) size range in a controlled man-

of the single twin particle (24%) and, finally about 12% of ner. Both the average particle size and the size dispersion

decahedral structures. On the other hand, the Au sample prate small when the amount of reducing agent in the reduc-

pared with pH= 7.1, contrary to the previous sample, the maifion reaction is high or in other words, the pH of the reaction

structures were of the decahedral type (60%) with a smalleixture is high. The fcc-like structure, which is the main

percentage of the fcc-like type structures (40%). and common structural type of gold nanopatrticles, is obtained
As a first insight on the stability of nanoparticles with when the pH of the reaction mixture is acidic (3.2). Higher

different structures, the conditions of stability and electronicPH value of the reaction mixture generates mainly decahedral

properties of decahedron and cubo-octahedron configuratiori$pe structures. Our quantum mechanical theoretical analysis

have been studied. In Fig. 6a both molecular orbital and théeveals that the decahedral structures are catalytically more

electrophilic field iso-surface distributions for a decahedrorfctive and better conductors (electrical) than the structures of

Au,; are shown. The differences become really evident irthe fcc-like type.

both types of molecular orbitals. For the HOMO, charge is

distributed mainly at the outer surface of the cluster, and for

the LUMO, itis localized mainly in the body or central region ACKnowledgment

of the cluster, while the electrophilic field clearly shows that

the body has a homogeneous negative charge distribution. We would like to acknowledge the technical support of A.
The introduction of electronegativity as a DFT reactiv- Medina in taking the High-Resolution Electron Microscopic

ity descriptor can be traced back to the consideration of thémages of the samples.

FIGURE 6. a) HOMO, LUMO and the electrophilic field for the
decahedral Ay structure and b) the comparison of values between
cubo-octahedral and decahedral configurations.
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