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Ligands with a /3-diketone skeleton have been employed for the
first time as reductant to produce ligand stabilized gold nanopar-
ticles of different shapes from aqueous HAUCl, solution. Evolution
of stable gold nanoparticles follows first order (k &~ 1072 min™?)
kinetics with respect to Au(0) concentration. Growth of particles
of different shapes (spherical or triangular or hexagonal) goes hand
in hand under the influence of different /3-diketones, which have
excellent capping and reducing properties. Chlorine insertion was
observed to take place in the -diketone skeleton.

Gold nanoparticles of “negligible dimension” exhibit spe-
cial properties compared to those of their bulk representa-

which then decompose to produce isotropic Au nanopatrticles.
The Au nanoparticles are highly stable and possess small
size with narrow size distribution, and they bear different
shapes (spherical, triangular, and hexagonal). Since the
method described here does not require any harsh reducing
agent that might increase the local concentration of any
reagent in solution during addition and it requires no
manipulative skill, it is reproducibl¥.Although size-regime-
dependent catalysis by gold particles has already been
demonstratedf the shape effect of the patrticles is yet to be
ascertained. To the best of our knowledge, this is the first
report of shape-controlleg-diketone stabilized gold nano-
particle synthesis out of an autodecomposition of Au(lll)-

tives. The special properties include size- and shape-depenﬁ'dikemne chelates under ambient condition, with concomi-

dent optical electronic? and catalyti&® properties. These
lead to their various applications such as catalySisancer
therapy, etd. However, these particles are metastable and
cannot be isolated or manipulated without appropriate stabil-
ization by capping ligandsPresently, a great deal of interest
in the field of nanoscience is shape-selective synthesis o
stabilized metal particlesThe following is the report of
shape-controlled evolution and in-situ stabilization of gold
nanoparticles using several well-knoysdiketone chelating
agents.

In aqueous medium, differemi-diketones individually
serve the purpose of a ligand to generate Au(lll)-chelates
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tant chlorine insertion in thg-diketone skeleton.

An aliquot of standard HAuGlsolution (final concentra-
tion 1.8 x 10°° M) was taken in a clean beaker and was
placed over a magnetic stirrer. To it, 2@ of aqueous
B-diketone solution £102 M) was added under stirring

scondition at room temperature (26). After several minutes

of stirring, the solution turned pink because of the formation
of gold nanoparticles (Supporting Information). All the
spectral measurements were performed against air as refer-
ence. The absorption spectra for Au nanoparticles were
recorded. The evolution of the surface plasmon band &f Au
indicated the formation of gold nanoparticles. Evolution of
gold particles was found to be faster when the mixture was
stirred at~60—80 °C on a water bath.

The UV—vis absorption spectra (Figure 1) demonstrate
the evolution of gold nanoparticles from HAuCIThe
characteristic and intense absorption peak at 290 nm for
aqueous HAuGlsolution can be attributed to the metal to
ligand charge-transfer (MLCT) band due to the ACI
complex!! In aqueous solution, aceoacetanilide (Acd0*

M) shows an absorption band with,.x at ~240 nm due to
aszr—s* transition. Similarly, ethyl acetoacetate (Eaal0 2

M), dibenzoylmethane (Dbmy10-5 M), and acetylacetone
(Acac, saturated aqueous solution) in water show thgig
values at~248, 252, and 270 nm, respectively. Chelate
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Table 1. Average Size and Shape of Gold Nanopatrticles from Different AufHtliketone Chelates

average size average size
name of the ligand (concentration) (initial, NmM) (Amax) (final, NmM) Amay shape distribution
acetylacetone, Acac (std aq soln) 5:3.1 (525) 10.4+ 0.3 (528) 100% spherical
acetoacetanilide, Aca{(10~* M) 3.8+ 0.2 (544) 40+ 0.1 (546) ~80% hexagonal
ethyl acetoacetate, Eaa 1072 M) 8.8+ 0.1 (548) 27.8+ 0.2 (548) 100% spherical
dibenzoylmethane, Dbm-(10-5 M) 3.9+ 0.2 (550) 40.4+ 0.1 (550) ~90% triangular
1.0 Scheme 1. Schematic Presentation of Gold Nanoparticle Formation

via Au(lll)- 5-diketonates

Absorbance

200 400 600 800
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Figure 1. Successive evolution of plasmon bands for isotropic Au particles

generated from Au(ll-Acac chelate. The dotted line with a peak at 290  (25° C). Higher pH conditions>9.0) produce smaller gold

nm displays the absorption spectrum of aqueous HAs@lLtion indicating particles. Efficient capping action gf-diketones on Au

a metal to ligand charge-transfer (MLCT) band. The concomitant decrease ’ e .

of the absorbance value at 373 nm was attributed to the decomposition of SUrfaces and stabilization of Au particles are understood

the Au(lll)—Acac complex with time (af, 2-30 min). The successive  while coordinatively unsaturated surface atoms are consid-

increase of the plasmon band at 525 nm with timef(2—30 min) stands ered Again the stability of Au(III) chelate as well as Au(O)

for the formation of Au nanoparticles. N . . . .
particles is observed for the ligands with enhanced enoliza-

formation is visualized easily from the distinct absorption tion. Enolization of the ligand increases while the ligand

bands such as 373, 376, 364, and 380 nm for Au{i¥ac, skeleton contains one or more aromatic rifgys.
Au(lll) —Aca, Au(li)—Eaa, and Au(llly-Dbm chelates, The MLCT band of AuCJ~ species disappers upon adding
respectively. NaOH due to the formation of AuQ. Under this condition,

In Figure 1, the concomitant decrease of the absorbanceﬂ_diketones do not show any absorption peak due to the
value at 373 nm due to decomposition of the Auffl)  higher concentration of OH Although OH is weakly
acetylacetonate chelate with successive increase of thecomplexing with Au(lll) ion, its concentration affects che-
absorbance value at 525 nm due to the formation of gold |ation. The level of OH interferes with the capping ability
particles is shown. Similar spectral profiles for all other cases of s-diketones. In the presence of OkpH > 9.0), spherical,
are visualized. In the case of Aca, the 376 nm peak is seentiny Au particles are produced predominantly straightaway
because of the Au(lltyAca chelate and the 544 nm peak is  showing the plasmon resonance baneé-&25-550 nm for
due to formation of gold nanoparticles. For Eaa and Dbm gj| the cases. Even the decomposition of the gbld-
chelates, the absorption bands appear at 364 and 380 nmgiketonates becomes sluggish under this condition.Zfhe
respectively, and on standing, the peaks for the evolved goldyajue (due to gold nanoparticles) for all cases shifted toward
nanoparticles appear at 548 and 550 nm, respectively. Herethe blue region (for Acac it shifted from 525 nm to 510 nm;
in all four cases, initially Au(lll)-chelates are formed, and for Aca, 544 to 529 nm; for Eaa, 548 to 528 nm: and for
with time, these chelates decompose to produce gold ppm, 550 to 532 nm). The blue shift of #20 nm for the
nanoparticles. plasmon peak due to gold nanoparticles is observed for all

Under ambient conditions, the Au(lij-diketone chelates  the four cases even with higher ligand concentration. This
slowly decompose to evolve gold particles (Scheme 1) of shift of the plasmon peak is a qualitative signature of the
variable size (1640 nm) and shape (spherical, triangular, formation of smaller gold particles, and this is authenticated
and hexagonal). The decomposition of Au(l})diketone from TEM pictures (not shown).
can be further slowed at higher pH conditions (adding?10 Experimentally, it has been verified that hydroxide ions
M NaOH) because of the removal of liberated proton as a v 4 crucial role in the reaction of Au(lll) ions with
consequence of enhanced enolization of the ligands. So, IN3_diketones. This role appears to be 2-félqaroviding the
turn the decomposition of metal chelates at higher pH takes
a longer time to evolve gold nanoparticles than what is (12) Burdett, J. L.; Rogers, M. TJ. Am. Chem. Sod.964 86, 2105
observed in normal aqueous solution at room temperature  2109.
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necessary thermodynamic conditions that slow the reductionsive red shift® is the qualitative information regarding the
process and indirectly preventing the natural coalescence ofparticle size. The shape and size distribution were confirmed

smaller gold (higher surface energy) particles due to capping
of the coordinatively unsaturated surface atéfriEhe added
NaOH abstracts the proton flanked between the two carbonyl
groups, and hence, theelectron cloud becomes localized
which facilitates the chelatiott:1® The higher stability of

from the TEM measurements indicating unidirectional
growth. Representative TEMs for embryonic (a) and full-
grown (b) Au particles for Acac, Aca, Ea,a and Dbm case
are furnished (Supporting Information). Gold sols prepared
with Acac and Aca as ligand are stable fei7 days, and

the chelates caused slower decomposition, and deprotonatethose prepared with Dbm and Eaa remained stable for months

ligands instantaneously but more efficiently Ezhe evolved
particles, resisting further growth of the capped particles.
Deprotonation of the ligand generates kbns, and the
resulting hydroxide ion concentration after neutralization
stabilizes the Au(lll) chelates. Again, it is reported that Au
nucleation is pH-dependent, and higher pH conditions favor
smaller particle evolutio®? Ultimately, Au(lll) gets reduced

to Au(0). Other workers have found that simple ions direct
the growth of nanopatrticles into different shapes, highlighting
the importance of the speci&s.

The evolution of gold nanoparticles was found to be first
order with respect to Au particle formation, and the rate
constant values were 6 1072, 1.4 x 1072, 1.1 x 1073,
and 0.69x 102 min! for Acac, Aca, Eaa, and Dbm,
respectively. The time of appearance of gold particles (i.e.,
decomposition of the chelates) with the ligands follows the
order Acac< Aca < Eaa< Dbm under ambient conditions.

The evolved gold nanoparticles become capped in solution
by the unreacte@-diketones under consideration to impart
tight size distribution. Au(lll) chelate formation in the
presence of different3-diketones is studied from the

together. Nonspherical particles become better stabilized
under the influence of the prescribed ligands. It was also
found that during the period of particle evolution the plasmon
peak positions did not alter, which reflects no further

agglomeration or growth of the particles.

The enolate form off-diketones (as is always the case)
interacts weakly just like the compounds with amine and
alcohol functionalities and preserves the electronic properties
of “naked” Au(0) nanoparticles. On the other hand, thiols
interact strongly with a Au surface and induce significant
charge redistributio? The observed red shift of the plasmon
peak of (fors-diketone stabilized Au(0) nanoparticlesi5
nm upon addition of dodecanethiol authenticates thiol
capping of the particles with the substitution of the enolate
form of 5-diketones from Au(0) surfacés.

The reduction of Au(lll)g-diketonates is understandable
considering the strong oxidizing power of Au(lll) specfés.
With the ligands being a reducing agéhthe reaction goes
to completion, resulting in the chlorinated products. The
characteristic fragmentation pattern of the products from GC-
MS (Supporting Information) studies authenticates the oxida-

conductance measurements (Supporting Information). Thetion of the ligands. The mechanism is somewhat similar to

conductivity of aqueous Augt increases step by step with
the addition of saturated aqueous solutionsediketones,
and ultimately, a constant conductivity is reached. The
increase in conductance is the signature for the removal of
CI~ ions from the complex AuGl species bys-diketones,

the photodecomposition of the square planar complex of Pt-
(I)- B-diketonates into powder Pt(&.

In conclusion, we present a new chemical route for the
synthesis of shape selective gold particles by introducing
different -diketones. Here, the ligand used serves the

and constancy of the conductance speaks for the completionyyrpose of a reducing agent, capping agent, and, hence,

of the chelation of Au(lll) ions bys-diketones.
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Average size, shape distribution, and absorption charac-

teristics of gold nanoparticles obtained from different Au-
(11)- 5-diketone chelates are shown in Table 1. The succes-
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stabilizer. With the variation of ligand, the particle size and
shape was successfully tuned. Thus, we are generalizing the
new strategy for realizing ligand-stabilized shape-selective
gold nanoparticles that might find wide application in
nanomaterial synthesis, catalysis, and nanoelectronics.
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