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Abstract. Aqueous gold nanorod colloids aggregated by Cl~ are further assembled into linearly aligned
structures of linear bundles during evaporation on TEM grids. Gold nanorods in bundles are also oriented
in nearly head-to-tail shapes in the microscopic scale. Induced dipolar long-range interactions in the meso-
scopic scale are suggested to drive gold nanorods to aggregate. Although surface-plasmon absorption at
transverse resonances decreases, that at longitudinal resonances increases with aggregation. The photon-
thermalized heat of the dispersed and the aggregated gold nanorods dissipates to immediately surrounding

media on the time scales of 100 and 800 ps, respectively.
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1 Introduction

Extensive recent research has been directed toward the
organization of chemical assemblies in nanoscale dimen-
sions [1-11]. The adsorption of nanometer-size particles
from colloidal suspensions onto substrates [5-7] and the
organization of nanomaterials in two- or three-dimensional
assemblies [8,12] represent current active fields of research
in colloid and surface sciences. Beyond the fundamen-
tal motivation to understand the underlying mechanisms
involved in self-organization processes, self-assembled ar-
chitectures of metallic nanoparticles have potential appli-
cabilities in nanotechnologies [7,13]. Irrespective of their
specific applications, the ultimate properties of nanos-
tructures are critically determined by their topology and
length scale [14,15]. Therefore, the control of the ordering
of nanoparticles appears most important for both tem-
plated architectures and functional devices.

The phenomena of aggregation and flocculation by
cross-linking agents in gold colloidal solutions are well re-
ported [16,17]. Attempts to control the aggregation pro-
cesses have been centered on carboxylate-functionalized
colloids, which display flocculation behaviors as a function
of pH [7]. Although these colloids are stable at high pHs,
they aggregate at low pHs owing to protonated carboxylic
functions allowing inter-particle interactions. These aggre-
gates can often be re-dispersed by increasing pH. Similar
reversible aggregation can also be observed in DNA-coated
colloids [18,19], for which the transition temperature of
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particles to aggregates is indicative of the complementary
degree of DNA.

Spherical gold nanoparticles show strong surface-
plasmon absorption in the visible region of 520 nm re-
sulting from the resonant oscillations of free electrons in
the conduction band. However, the plasmon resonances
split into two modes, longitudinal and transverse, for gold
nanorods. The longitudinal mode is very sensitive to the
ratio of length to diameter (aspect ratio), shifting to the
red with the increase of the aspect ratio [6]. The floc-
culation of gold nanoparticles also leads to the appear-
ance of new absorption near longitudinal resonances. The
close contact of nanoparticles having surface-plasmon res-
onances brings in new absorption bands attributed to the
coupling of the plasmon resonances. The induced aggre-
gation of nanoparticles by ions has attracted researchers
to reveal the underlying mechanisms of salt effects [5,6].
Two mechanisms are reported to cause the aggregation of
spherical nanoparticles [6]. Multiply charged aggregants
can bind nanoparticles together into dense aggregates to
display absorption around 700 nm. On the other hand,
singly charged ones cause slow aggregation to produce
string-like aggregates having less defined absorption [6].

We report in this paper that aqueous gold nanorod col-
loids aggregated by Cl~ form linearly aligned structures
of linear bundles during evaporation on carbon-coated
copper TEM grids. Induced dipole-dipole long-range in-
teractions are suggested to drive gold nanorods to floccu-
late with mesoscopic linearity. Our transient-absorption
study shows that whereas the excitation-thermalized heat
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of gold nanorods dissipates within 100 ps, that of aggre-
gates does on the slow time scale of 800 ps.

2 Experimental

Gold nanorods having an average diameter of 7 nm
with an average aspect ratio of 4 were prepared by the
previously described electrochemical reduction method
employing a gold anode, a platinium cathode, and a sil-
ver plate [20]. The electrolytic solution of 6 mL con-
taining 8.4 mM of hexadecyltrimethylammonium bromide
(HMAB), purchased from Sigma-Aldrich and employed
for the cationic surfactant, and 0.80 mM of tetraoctylam-
monium bromide (TOAB), purchased from Sigma-Aldrich
and served for the cosurfactant, was added with 65 uL of
acetone and 45 upL of cyclohexane. Electrolysis was per-
formed with 5 mA for 10 min under continuous ultrason-
ication at 38 °C.

Gold colloidal solutions were dropped to amorphously
carbon-coated copper grids and allowed for a day to
dry at 50 °C in an oven for TEM examination us-
ing a microscope (JEOL, JEM-2000). Absorption spectra
were obtained using a UV /vis spectrophotometer (Scinco,
S-2040). Picosecond transient-absorption kinetic profiles
were measured using an actively/passively mode-locked
Nd:YAG laser (Quantel, YG701) of 25 ps and a streak
camera (Hamamatsu, C2830) of 10 ps attached with a
CCD detector (Princeton Instruments, RTE128H). Tran-
sient absorption produced by an excitation pulse of 532 nm
having the spot diameter of 2 mm was probed with fluores-
cence, pseudo-CW in our dynamic range, from an organic
dye. The dye was excited with a laser pulse split from the
sample-excitation pulse. The comparison of dye-emission
kinetic profiles with and without sample excitation yields
a picosecond transient-absorption kinetic profile [21,22].
The wavelengths of probe light were selected by combin-
ing narrow-band and cut-off filters.

3 Results and discussion

Although aqueous gold nanorod colloids without being
added with Cl~ do not (Fig. 1a), those with being added
with CI™ produce linearly aligned structures of linear
bundles having long-range order after evaporation on a
carbon-coated copper TEM grid (Figs. 1b—1d). This sug-
gests that singly charged chloride ions induce gold nanorod
colloids to flocculate into string-like aggregates. The mag-
nified view of Figure 1d indicates that gold nanorods in
the linear bundle of the mesoscopic scale are also ori-
ented in nearly head-to-tail shapes in the microscopic
scale. We infer that induced dipole-dipole long-range
interactions of gold nanorods drive the aggregation pro-
cess. The aggregation of nanorods is due to the inher-
ently existing thermodynamic instability of nanoparticles
in colloidal solutions. However, nanoparticles in colloidal
solutions are suspended without being aggregated over
indefinite time due to the repulsive interactions of their
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Fig. 1. TEM images of gold nanorods a day after dropping
aqueous gold colloids without (a) and with NaCl of 0.63 mM
(b—d) on carbon-coated copper TEM grids.

surface charges. Our synthesized nanorods also have par-
tially positive surface charges due to the adsorption of
not-completely reduced gold cations. Thus, the charged
aggregants of chloride ions are assumed to assemble the
nanomaterials by screening their partial surface charges.
Highly concentrated and/or multiply charged ions pro-
duce tight aggregates showing ball-like structures while
low concentrated and/or low charged aggregants lead
to string-like aggregates [6]. However, the previously re-
ported [6] aggregant-dependent formation of aggregates
was observed microscopically with aggregated nanostruc-
tures having a dimension of just a few-hundred nanome-
ters. In our nanorod study, the linear bundles of aggre-
gates were linearly aligned in the mesoscopic scale and
gold nanorods in aggregated bundles are also oriented in
nearly head-to-tail shapes in the microscopic scale. The
directional ordering of nanorods shown in Figure 1d can
be explained by the distribution of partial surface charges
in gold nanorods. Whereas surface charges in nanospheres
are uniformly distributed within a nanosphere, those in
nanorods are more likely divided in halves to locate at
two ends. As anionic stabilizers are adsorbed to both ends,
nanorods interact each other via induced dipoles to orient
in head-to-tail structures.

The surface-plasmon absorption of gold nanorod col-
loids decreases at the transverse-mode band but increases
at the longitudinal-mode band with C1~ addition (Fig. 2).
The peak positions are hardly changed while the band-
widths are slightly broadened with Cl~ addition. These
suggest that the linear structures of aggregated gold
nanorods are already produced in solutions with Cl~ ad-
dition although the linearity is extended further over the
mesoscopic scale during evaporation on TEM grids. In
the self-assembly of nanoparticles, the decrease of surface-
plasmon absorption has been known to relate directly with
the increase of the new absorption band in the vis/NIR re-
gion over 600 nm [6]. Then, the absorption changes with
aggregation in our experiments are quite different from
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Fig. 2. Surface-plasmon absorption spectra of aqueous gold
nanorod colloids without (solid) and with presence (dot-
ted) of 5-mM HCL The dotted one was taken 6 min after
adding HCL.
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Fig. 3. Surface-plasmon absorbance changes of aqueous gold
nanorod colloids monitored at 530 nm (crosses) and 720 nm
(circles) with time after adding HCI to be 250 mM.

the reported ones [6]. Whereas the previous ones origi-
nate from the interparticle resonances of adjacent nano-
materials, ours from the oscillations of free electrons along
the longitudinal axes of nanorods. Although the molar ex-
tinction coefficients of aggregated gold nanorods are not
reported, it is reasonable to assume that the longitudinal
extinction coefficient is much greater than the extinction
coefficient of the new band arising from aggregates. Based
upon this assumption, our observed absorption changes
of Figure 2 can be understood. The spectral changes near
the longitudinal resonances are not significant because the
increase of interparticle absorption is compensated mostly
by the longitudinal-absorption decrease of nanorods with
aggregation.

Figure 3 shows that absorption at 530 nm decreases
exponentially with time after C1~ addition as the trans-
verse resonances become weaker with the aggregation
of nanorods. However, absorption variation monitored
at 720 nm shows a complex feature having both rise and
decay. As mentioned above, absorption above 600 nm in
salt-added gold-nanorod colloids is composed of two differ-
ent kinds of surface-plasmon resonances: one results from
the longitudinal resonances of nanorods and the other
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Fig. 4. Transient-absorption kinetic profiles, monitored

at 620 nm after excitation at 532 nm, of aqueous gold
nanorod colloids at the HCI concentrations of 0 (a), 5 (b),
and 10 mM (c). Solid lines are best-fitted curves with kinetic
constants given in Table 1.

Table 1. Decay times and initial fractional amplitudes of aque-
ous gold nanorod colloids, extracted from Figure 4.

kinetic ~ HCl 71 (ps) Ax T2 (ps) As
curve (mM)

Fig. 4a 0 100 1.00

Fig. 4b 5 100 0.78 800 0.22
Fig. 4c 10 100 0.60 800 0.40

from the interparticle resonances of aggregates. Thus, ab-
sorption at 720 nm increases with aggregation in the be-
ginning as the new interparticle resonances are stronger
in magnitude than the decrease of the longitudinal reso-
nances. However, it decreases with further flocculation as
the interior parts of aggregates cannot resonate with the
incident light because of light scattering by large aggre-
gates. Aggregation by an added salt is reported to take
several minutes to a few weeks depending on the amount
and the sort of the salt [5,6]. The continuing changes of
absorption with time may signify the further growth of
aggregates.

The transient absorption of gold nanorod colloids has a
single-exponential decay time of 100 ps (Fig. 4 and Tab. 1),
which is due to the heat dissipation via phonon-phonon
interactions of noble-metal nanoparticles to immediately
surrounding media [21]. A new component having a
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slow-decay time of 800 ps increases with the concentration
increase of HCI. This suggests that the heat dissipation of
aggregates is much slower than that of dispersed nanorods.
As gold nanoparticles having photon-thermalized heat in-
teract with solvent molecules, coupling strength between
surface phonons and solvent motions is suggested to deter-
mine the thermal-relaxation time of gold nanorods. Thus,
the interparticle coupling in aggregates is so strong enough
to slow down the thermal relaxation of a gold nanorod
very significantly. Although the fractional amplitude in-
creases with aggregation degree, the time constant of the
slow component remains invariable, regardless of changes
in the type and concentration of the aggregant as well as
the time of aggregation. This suggests that our observed
thermal relaxation time is an inherent character of gold
nanorod aggregates.

In summary, aqueous gold nanorod colloids aggregated
by Cl~ are further assembled into linearly aligned struc-
tures of linear bundles during evaporation on carbon-
coated copper TEM grids. Gold nanorods in bundles are
also oriented in nearly head-to-tail shapes in the mi-
croscopic scale. We suggest that induced dipole-dipole
long-range interactions in the mesoscopic scale drive gold
nanorods to aggregate. Whereas surface-plasmon absorp-
tion at transverse resonances decreases, that at longitudi-
nal resonances increases with aggregation. Qur transient-
absorption study indicates that the photon-thermalized
heat of the dispersed and the aggregated gold nanorods
dissipates to immediately surrounding media on the time
scales of 100 and 800 ps, respectively.
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