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Influence of Capping Ligands on the Self-organization of Gold
Nanoparticles into Superlattices from CTAB Reverse Micelles
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Gold nanoparticles with size 3—10 nm (diameter) were pre-
pared by the reduction of HAuCl, in a CTAB/octane + 1-bu-
tanol/H,O reverse micelle system using NaBH, as the reducing
agent. The as-formed gold nanoparticle colloid was character-
ized by UV/vis absorption spectrum and transmission electron
microscopy( TEM) . Various capping ligands, such as alkyl-
thiols with different chain length and shape, trioctylphosphine
(TOP), and pyridine are used to passivate the gold nanopar-
ticles for the purpose of self-organization into superstructures.
It is shown that the ligands have a great influence on the sclf-
organization of gold nanoparticles into superlattices, and do-
decanethiol C,H,sSH is confirmed to be the best ligand for the
self-organization. Self-organization of C;, H,sSH-capped gold
nanoparticles into 1D, 2D and 3D superlattices has been ob-
served on the carbon-coated copper grid by TEM without us-
ing any selective precipitation process.

Keywords  gold nanoparticle, self-organization, capping ligands,

reverse micelles

The use of metal and semiconductor nanoparticles
as quantum dots in nanoelectronics demands their regular
arrangement in three, two, or one dimension (3D, 2D,
1D), depending on the purpose.! Novel collective prop-
erties will be obtained due to the interactions of the indi-
vidual nanoparticles in the ordered arrays.? So in recent
years, more and more atiention has been paid to the or-
ganization of these nanoparticles into ordered superlat-
tices. > 10

Nanoparticles of gold colloids have been extensively
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studied for a long time due to their unique physical,
chemical properties and wide applications.!! Since the
first report on synthesis of thiol-derivatized gold nanopar-
ticles in a two-phase liquid-liquid system in 1994 by
Brust et al.,'" several papers have been published on
the synthesis and subsequent self-organization of gold
nanoparticles into 2D and 3D superlattices by this
method. ' Additionally, a gas-phase method followed
by solution-phase encapsulation,'> A-B diblock polymer
method'® have also been developed for the syntheses and
self-organization of gold nanoparticles into superlattices.
In most of above cases, the gold nanoparticles are
capped by alkylthiols and have a narrow size distribu-
tion. Interestingly enough, self-organization of two dis-
tinct sized gold nanoparticles into ordered raft has been
reported by Kiely and coworkers recently.'” Although the
alkylthiols are widely used as capping ligands for the
gold nanoparticles, there is still lack of a systematic
study of the influence of different thiols and other ligands
on the self-organization of gold nanoparticles. Further-
more, a simple manufacturing method of ordering
nanoparticles in arrays of macroscopic dimensions is
needed . So in the present paper, a detailed study on the
synthesis and subsequent self-organization of gold
nanoparticles into superstructures under various ligand
conditions in a CTAB ( cetyltrimethylammonium bro-
mide) reverse micelle system is reported. The self-orga-
nization of gold nanoparticles is simply performed without
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any selective precipitation and washing procedures. 1D
nanowires, relatively large areas of ordered 2D nanoar-
rays, and 3D multilayers have been achieved by properly
capping the gold nanoparticles, and their formation
mechanisms are also discussed in the context.

Experimental

The starting materials for the synthesis and self-or-
ganization of gold nanoparticles were hydrogen tetra-
chloroaurate(IIT) trihydrate HAuCl, * 3H,0 ( Aldrich ),
sodium borohydride NaBH,4 (99.995% , Aldrich ),
cetyltrimethylammonium bromide (CTAB, Aldrich), oc-
tane (Aldrich, 99% , anhydrous), 1-butanol (Aldrich,
99% ), toluene (Aldrich), distilled water (self-made),
and various dispersants such as trioctylphophine [ CH,
(CH, ), )sP (TOP, Aldrich, 90%), pyridine CsHsN
(Aldrich), 1-dodecanethiol CH; (CH,);; SH (98%,
Aldrich), 1-octadecanethiol CH;(CH,),SH (Aldrich),
cyclohexyl mercaptan CgH;; SH (97%, Aldrich), 1-
hexanethiol CH; ( CH, )sSH (95%, Aldrich), dioctyl
sulfide [ CH;(CH,);1,S (96% , Aldrich) and 1,6-hex-
anedithiol HS ( CH, )¢SH (96% , Aldrich). All the
chemicals were used without further treatment except that
octane, 1-butanol and distilled water were degassed by
bubbling with dry argon gas for 3 h prior to the experi-
ment. The degassing process is a necessary step for a
well-controlled growth of nanoparticles. Gold nanoparti-
cles were prepared by the reduction of HAuCl, in CTAB/
octane + 1-butanol/H,0 reverse micelle system using
NaBH, as the reducing agent. First the phase diagram of
CTAB/octane + 1-butanol/HAuCl, (0. 056 mol/L aque-
ous solution) reverse micelle system was established by a
progressive dilution method. The weight ratio of the oc-
tane (oil) to cosurfactant (1-butanol) was kept at 4:1
(w/w) for all measurements. A combination of this ho-
mogeneous mixture was then treated as a single ( pseu-
do-) component in the ternary phase diagram. Twenty
compositions of CTAB and octane + 1-butanol ( whose
weight ratio is from 0. 023 to 0.065) were selected,
then HAuCl, aqueous solution was added in steps to each
composition under agitation. The weights of HAuCl
aqueous solution in the boundaries from turbid phase to
homogeneous phase and from homogeneous phase to tur-
bid phase were recorded. In this way the phase diagram
of CTAB/octane + 1-butanol/HAuCl, (0. 056 mol/L
aqueous) system was established.

The preparation of gold nanoparticles was tried un-
der two kinds of experimental environments, i.e., one
is under dry argon gas and another is under ultrasonic
agitation. In a typical experiment, 0.3 g of CTAB,
0.148 mL of 0.056 mol/L HAuCl; aqueous solution,
1.0 g of octane (surfactant) and 0.25 g of 1-butanol
(cosurfactant) were mixed together and stirred vigorously
for 10 min until a homogenous phase was obtained
[ called reverse micelle a|. Reverse micelle b was pre-
pared in the same way except that the HAuCl; solution
was replaced by the same volume of 0.32 mol/L NaBH,
aqueous solution. In this way the water/surfactant molar
ratio (w) was kept at constant of 10 in the whole mi-
celle system. Reverse micelle b was slowly added to re-
verse micelle a under argon gas bubbling or under ultra-
sonic agitation. A dark-red color was developed with gas
releasing during this process, indicating the occurrence
of the oxidation-reduction reaction and the formation of
the gold colloid. Due to the high stability of the gold
colloid, its color remained unchanged for several
months. TEM results show that the size distribution of
gold nanoparticles is more homogeneous under ultrasoni-
cation than under argon gas bubbling. This is in agree-
ment with the previously reported results.’® So ultrasoni-
cation was used in the whole experimental process.

The self-organization experiments were performed as
follows. 1 mL aliquot of the as-formed gold colloid was
taken out and transferred to a 20 mL vial. A certain
amount (0.5—1.0 mL) of the above mentioned disper-
sants such as various alkylthiols, trioctylphosphine
(TOP) or pyridine was added into this vial, respective-
ly. This immediately resulted in the formation of precipi-
tates. In this way, most of the gold nanoparticles were
extracted from the reverse micelle system due to the
affinity of the dispersants with gold. The addition of
13.5—14.0 mL of toluene or heptane into the precipi-
tates and subsequent ultrasonication for 40 min leaded to
partly dissolving the precipitate, i. e. the formation of a
suspension. This suspension was placed on table
overnight, yielding a clear and homogeneous red-purple
supernatant (not all the case) and a black precipitate.
The supernatant mainly contained the smaller dispersant-
capped gold nanoparticles dissolved in toluene or hep-
tane, as well as small amount of other organic precur-
sors. The precipitate mainly consisted of larger disper-
sant-capped gold particles (black) and CTAB, which
are not dissolved in toluene or heptane. The supernatant



Vol. 20 No. 2 2002

Chinese Journal of Chemistry 129

was characterized by absorption spectra and used to form
superlattices of gold nanoparticles. Self-organization of
gold nanoparticles into superlattices was performed by e-
vaporation of the above-prepared gold supematant on
carbon-coated copper grids.

TEM study was performed on a JEOL 2010 trans-
mission electron microscope. From the TEM micrographs
the size distributions of different samples were deter-
mined. UV/vis absorption spectra were recorded on a
CARY 500 Scan UV-vis-NIR spectrophotometer.

Results and discussion
Phase diagram and gold nanoparticle formation

Fig. 1 shows the pseudo-temary diagram (in wt%)
for the CTAB-octane (80%) + 1-butanol (20% )-

HAuCl, (0. 056 mol/L aqueous solution) system. The

hatched area on the top of the diagram stands for a ho-
mogeneous single phase (micelle) region. The other un-
marked area in the phase diagram stands for two or three
turbid phases or gel phase (not labeled). The shape of
the micelle region in the diagram is basically in agree-
ment with that of CTAB-heptane-water system reported
before.'® The micelle compositions for the experiments
were determined according to this phase diagram.

Octane (80 wt%)+
1-Butanol (20 wt%)

1.00
HAuCl, 0.00 0.25 0.50 0.75 1.00

(0.056 mol/L aq.)

Phase diagram (in wt%) of CTAB-octane + 1-bu-
tand-HAuCl, aqueous solution system at room tem-

Fig. 1

perature.

The formation of metallic gold(0) nanoparticles
from the reduction of HAuCly by NaBH, can be verified
by the UV/vis absorption spectrum and TEM. Fig. 2

shows the UV-visible absorption spectrum of the as-
formed black colloid diluted by octane. A well-defined
surface plasmon absorption band ranging from 400 to 700
nm with a maximum value at 524 nm is observed. Ac-
cording to the reported results,'® this is undoubtedly at-
tributed to nanosized metallic gold particles. Further
characterization was carried out by TEM. The corre-
sponding TEM micrograph and histogram of the as-
formed colloid (diluted by octane) are shown in Fig. 3,
respectively. Many spherical particles with diameter
ranging from 3 to 10 nm can be seen clearly from this
micrograph. The electron diffraction pattern (inset of
Fig. 3) reveals a crystalline order. The diffraction rings
(from inside to outside) correspond to the (111),
(200), (220) and (311) FCC metallic gold diffraction,

respectively .
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Fig. 2 UV-visible absorption spectrum of the as-formed gold
colloid diluted by octane.

Influence of different ligands on the self-organization of
gold nanoparticles

Due to the high polydispersity (3—10 nm) of the
as formed gold particles, they could not form ordered su-
perstructure (as shown in Fig. 3). The surface modifi-
cation of metallic gold particles with organic ligands is
able to prevent from their growth and aggregation, thus
increasing their long term stability. This plays an impor-
tant role in the self-organization of gold nanoparticles in-
to superlattices. Here we select several alkylthiols (in-
cluding dithiol and sulfide) with different alkyl chain
lengths and shapes, trioctylphosphine (TOP) and pyri-
dine as ligands of gold nanoparticles, to study their in-
fluence on the self-organization into superlattices. The
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experimental results confirm that the ligands indeed have
great influence on the characters of self-organization of
gold nanoparticles into superlattices. The main results

are listed in Table 1.
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Fig. 3 TEM micrograph of the as-formed gold particles in
CTAB reverse micelle (diluted by octane) . The inset
shows the electron diffraction pattern and histogram
of gold nanoparticles.

Table 1 Influence of various ligands on the self-organization of

gold nanoparticles and maximum values in absorption
spectra of gold colloids using toluene as solvent

Ligands for gold Anx
nanoparticles (nm)
CsHsN (pyridine) 521°
[CH:(CH,);15P (TOP) 518

Characteristics of
superstructures’

2D + 3D (disordered)

no superstructure

CH, (CH,)sSH 525 3D (disordered)
O—SH 525 3D (disordered)
HS(CH, )¢SH - 2D + 3D (disordered)
[CH,;(CHy), 1;S 52 2D (ordered)

CH, (CH,)y; SH 523 1D,2D,3D (ordered)

CH, (CH,)7SH - no superstructure

¢ Using heptane as solvent (the particles are not dissolved in
toluerie) . ® 1D one-dimensional nanowire; 2D: two-dimensional
nanoarray (monolayer) ; 3D; three-dimensional superlattice (mul-
tilayer) .

The addition of pyridine (CsHsN) ligand to the as-
formed gold colloid results in the formation of dark gray-

ish precipitate, which is completely insoluble in toluene
but partially soluble in heptane. Fig. 4 shows the TEM
micrograph and histogram for the pyridine-capped gold
nanoparticles ( from the heptane solution). Different
from the formation of many smaller islands shown in Fig.
3, a larger area of monolayer (two-dimension, 2D) of
gold nanoparticles is observed in Fig. 4. However, the
dispersity of the gold nanoparticles is still high (3.0—
8.8 nm as indicated by the histogram in Fig. 4) and the
ordering is not good. Additionally, in the central part of
the monolayer, formation of bilayer (3D) which appears
as overlapping contrast, can be observed. TOP-capped
gold nanoparticles can be dissolved in toluene. TEM re-
sults reveal that these gold particles are randomly dis-
tributed on the grid without any superstructure forma-
tion. The above results can be attributed to the lower
affinity of phosphorus (P) and nitrogen (N) with Au.
The gold nanoparticles can not be well passivated by
TOP and pyridine, resulting in a random distribution
(TOP-Au) or poorly ordered superstructure (2D + 3D,
CsHsN-Au) .
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Fig. 4 TEM micrograph of pyridine CsHsN-capped gold

nanoparticles obtained from heptane solution. The
inset shows the histogram of gold nanoparticles.

For the ligands of alkanethiol series, it is observed
that the shape and length of the carbon chains of the lig-
ands have a great influence on the superstructures of the
gold nanoparticles. For the gold nanoparticles capped by
ligands with the short straight chain [ CH; (CH,)sSH |
and cyclohexyl mercaptan CgH;; SH, mainly disordered
3D aggregation ( multilayer) was observed on the TEM
grids. This is because the chains of the ligands are too
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short to prevent the gold nanoparticles from aggregation.
The 1, 6-hexanedithiol HS(CH, )¢SH can be used as a
linking agent, which can connect two gold nanoparticles
together according to its structural character (two sulfur
head groups) . Fig. 5 shows the TEM micrograph of HS-
(CH,)¢SH capped gold nanoparticles. Here it is difficult
to distinguish the gaps among gold nanoparticles, clearly
indicating that the gold nanoparticles are combined each
other randomly and form a disordered 2D and/or 3D net-
work . This may result from the rapid combination of gold
nanoparticles by the hexanedithiol in various directions.

Fig. 5 TEM micrograph of HS(CH,)sSH-capped gold

nanoparticles obtained from toluene solution.

With increasing the number of carbon atoms to
eight in the straight chains of the ligand [ CH;-
(CH,)715S, a larger area of ordered 2D nanoarray (pure
monolayer) has been observed, as shown by the TEM
micrograph in Fig. 6. From this pattern it can be seen
that homogeneous gold nanoparticles are organized in a
hexagonal closed packed network accompanied by several
obvious defects (blank region not covered by particles) .
The total area of the monolayer of gold nanoparticles is
estimated to be 0.4 pm®. The most perfect superlattices
are obtained when using alkanethiol with even longer
carbon chain length CH; (CH,),; SH as the ligand for
gold nanoparticles (as discussed later) . It is shown that
n-CipHysSH is a very suitable ligand for passivating the
gold nanoparticles, leading to the formation of ordered
superlattices. In fact, the dodecanethiol C;, Hys SH is
well known to form self-assembled monolayer on planar
gold substrates, which has been extensively studied.?
However, further increasing the carbon chain length of
the alkanethiol, namely, using CH3(CH,);SH as ligand
for gold nanoparticles yields a random distribution of gold

nanoparticles on the grid. This can be ascribed to the
larger steric repulsive forces among CH;(CH,),;SH-
capped gold particles caused by the longer alkane
chains.

Fig. 6 TEM micrograph of [CH3(CH2)—,]ZS-capped gold

nanoparticles obtained from toluene solution.

Additionally, some spectral shifts are observed on
the maximum absorption values of the gold colloids coat-
ed by these ligands, i.e., from TOP-Au (518 nm) via
pyridine-Au (521 nm) to sulfide-Au (522) and alkylthi-
obAu (523—525 nm), as shown in Table 1. These
spectral shifts may arise from the change in the free elec-
tron density or different size distribution of the gold col-
loids capped by these different ligands.? Since the best
superstructures are obtained in Cj,H,sSH-capped gold
nanoparticles, more detailed studies will be performed
on this system in the next section.

Two concentrations of C;,H,sSH were tried to study
the self-organization of gold nanoparticles: 0.5 mL and
1.0 mL of C;,H,5sSH were each added to 1 mL of the as
formed gold colloids, which were then diluted to an
equal volume (15 mL) by toluene. The superstructures
of the gold nanoparticles obtained from these two differ-
ent volume ratios (1) of Ci;H,sSH/Au colloid were ex-
amined in detail with TEM.

When r=0.5, three kinds of superstructures, i.
e., one-dimensional nanowire (1D wire), two-dimen-
sional nanoarray (2D monolayer) and three-dimensional
superlattice (3D multilayer) were observed, as shown in
Fig. 7(a), (b) and (c), respectively. It is interesting
to find the formation of a 1D nanowire of gold clusters in
the current system. The wire has a length about 1 pm.
The average size (diameter) of the gold nanoparticles in
the wire is about 5.3 nm, and the nearest center-to-cen-
ter distance between the clusters is 7.5 nm. This leads
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the gap between two particles to be about 2.2 nm. So far
several papers®? have been published on the formation
of nanowires of metal colloids, most of which are pro-
duced by the template assistance. Generally speaking,
the formation of nanowires without a template is not en-
ergetically favorable. There are two main reasons to form
the Au nanowire in our case. One is that the carbon film
used might have wrinkles which might act as a template
to assemble nanocrystals into a wire array. Another is
that the excess organic components (surfactant, cosur-
factant and excess alkanethiol) left in that self-assem-
bling zone might play some role in the formation of this
feature,, based on the fact that no such nanowire is found
without the organic components.

The most frequently observed superstructure is an
ordered 2D array of gold nanoparticles [ Fig. 7(b)].
Nearly monodispersed spherical gold nanoparticles with
diameters in the 5.0—6.7 nm range (and thus contain-
ing some 3800 to 9200 Au atoms, calculated according
to Ref. 22) formed a closely packed hexagonal array,
with one particle surrounded symmetrically by other six
particles (i. e., six-fold symmetry). This structural
characteristic has been confirmed by the electron diffrac-
tion pattermn, where the diffraction ring shows a hexagonal
symmetry in contrast, as shown in the inset of Fig. 7
(b). The image is dominated by the plane-projected ar-
rangement of the nanocrystal cores because of the much
greater scattering power of Au over the lighter elements
(S, C, H).” The histogram in Fig. 7(b) clearly shows
a very narrow size distribution in this case, which favors
the spontaneous organization of nanosized gold particles.
The formation of hexagonal 2D gold nanoarray can be at-
tributed to the equilibrium built between the van der
Waals attractive forces and the steric repulsions from the
thiol carbon chains (on the gold nanoparticles) . Because
these forces are isotropic, this equilibrium yields a com-
pact organization in hexagonal 2D network .® Similar to
the 1D nanowire, the average size of the gold nanoparti-
cles in the 2D array is about 5.8 nm, and the average
center-to-center distance between adjacent clusters is
8.1 nm. So the average gap between two clusters is 2.1
nm. The length of the dodecanethiol C;;H,sSH tail is es-
timated to be 1.77 nm.® Because the gold nanocrystals
in this system are covered basically by a monolayer of
dodecanethiol (the organic ligand layers can not be ob-
served by TEM as indicated above, 1.77 nm x 2 =3.54
nm >?2.2 nm), the alkyl thiols attached to adjacent gold

particles interpenetrate in the regions between the parti-
cles, forming the interdigitative bonding.>
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Fig. 7 TEM micrographs of Cj,HysSH-capped gold nanopar-

ticles obtained from toluene for the volume ratio of
CoHysSH/Au colloid r = 0.5. (a) 1D nanowire,
(b) 2D nanoarray, (c) 3D superlattice. The insets
in (b) show the electron diffraction pattern and his-
togram of gold nanoparticles.

Apart from the 1D and 2D superstructures, 3D su-
perlattices are also found, as shown in Fig. 7(c). The
formation of 3D superlattices can be resolved by careful
examination of the TEM micrograph. At the edge of the
self-assembly pattern, it is easy to see the hexgonal-
close-packed 2D array of gold nanoparticles. Great dif-
ference in electronic contrast can be observed between
the central part and the edge of the pattern, suggesting
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the formation of multilayer. In the second layer, chain
arrangements of the gold nanoparticles, which appear as
straight lines or ring structures, can be seen clearly.
The same structural pattern has been observed by Fink
et al ., which is attributed to the preference of occupy-
ing a 2-fold saddle site between two particles in the first
layer rather than 3-fold hollow site created where three
basal plane particles meet.

)

Fig. 8 TEM micrograph of C;;HysSH-capped gold nanoparti-
cles obtained from toluene for the volume ratio of Cy,-
HysSH/Au colloid r = 1.0. (a) large domain of 2D

nanoarray , (b) large domain of 2D + 3D superstruc-
ture.

When r =1 (volume ratio of C;;HysSH to Au col-
loid) , a large domain of 2D nanoarray as well as 2D +
3D superstructures was observed. Fig. 8(a) and (b)
show the TEM micrograph of the 2D and 2D + 3D of gold
nanoparticles, respectively. In Fig. 8(a), a pure 2D
array of gold nanoparticles as large as 1.0 x 0.8 pm? can
be clearly seen. Some defects (voids) still exist in this

large area of 2D monolayer. Even larger of 1.6 x 1.5
p.m2 superlattice has also been observed, as shown in
Fig. 8(b). In this case, the large area of 2D super-
structure coexists with small area of 3D superlattice,
which can be resolved clearly by the change of the con-
trast in this micrograph. Similar to Fig. 8(a), some
voids are also present in this superstructure. It seems
difficult to avoid these defects in the large area of super-
structures. The same situation holds for the superlattices
of other nanoparticles as reported before. 510

Conclusion

From this study it can be concluded that gold
nanoparticles without ligands or without suitable ligands
can not form well ordered superlattices because the sur-
faces of the particles are not well protected and passivat-
ed. It is shown that the alkanethiol (sulfide) with a long
straight chain (C8, C12) can form a compact layer pas-
sivating the underlying spherical gold nanopaticles,
which leads to the formation of ordered superstructures.
The gold nanoparticles derived from CTAB miceclle sys-
tem and capped by dodecanethiol C;;H,sSH can form
ID, 2D and 3D superlattices. Among them the 2D
nanoarray is highly ordered and frequently observed. A
relatively large domain of superstructure can be obtained
by suitably adjusting the C;,H,sSH/Au colloid volume

ratio.
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