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Formation and Dissolution of Gold Nanocrystal Superlattices in a Colloidal Solution
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Gold nanocrystal superlattices were synthesized in colloidal form by ligating the nanocrystal surface with
dodecanethiol ligand. Formation and dissolution of the superlattices in the colloid were studied by UV—vis
spectroscopy and dynamic light scattering. The phase boundary between nanocrystals and their superlattices
in solution was found to be similar to the case of macroscopic crystals made of atoms or molecules. Lowering
the temperature across the phase boundary resulted in nucleation of nanocrystals into superlattices and the
superlattice size depended on the rate of nucleation. UV —vis spectroscopy and dynamic light scattering also
showed that thermal dissolution of the superlattices occurred after the temperature of the colloid was raised

across the phase boundary.

L Introduction

During the past decade, nanocrystal research has been focused
on two major properties of finite size materials, namely, quantum
size effects and surface/interface effects.! A new trend, however,
has emerged in the past few years to arrange the nanocrystals
into two or three dimensional superlattices.>® The ability to
synthesize nanocrystal superlattice (NCS) structures will provide
a new horizon to study the collective properties due to the
particle interaction and deveiop future optical and information
storage devices.> Several groups are striving to control nanoc-
rystal size through size selective precipitation methods and create
NCSs throngh evaporation of colloids containing lyophobic
nanocrystals on a substrate. Face-center-cubic CdSe NCSs were
synthesized through reducing the solubility of particles by slowly
evaporating one component of a solvent mixture.’ Oxide,’
sulfide,® and noble metal®!® NCSs were spontaneously formed
by evaporating the solvent. Kogel et al.? and Ohara et al!!
showed that, unlike micron size hard spheres, self-organization
of nanocrystals on a substrate is not simply entropy driven.
Instead, interactions between particles and between particle and
substrate also play an important role in determining the packing
morphology of the superlattices. Linking molecules have also
been used to form two-dimensional gold NCSs.!12 Narrow size
latex particles and nanometer ferritin molecules were self-
assembled in thin liquid films with thickness comparable to the
size of the particles.!? All these methods of forming NCSs rely
on modifying the nature of the nanccrystal surface and its
surrounding environment and therefore control the interaction
between different particles. Other physical methods such as
electrophoretic deposition were also explored to form NCSs. 14
Recently, Whetten et al.!> used a fractional crystallization
technique to create gold and silver nanoparticles with a very
narrow size distribution and NCSs with different structures were
formed spontanecusly after evaporating the solvent. Despite all
these developments in recent years, most of the work has
involved formation of two dimensional ordered films on a
substrate by evaporation of the solvent, and there are only a
couple of reports on three-dimensional superlattice formation. 516
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Forming bulk quantities of three-dimensional NCSs directly in
a colloidal state still remains a challenge. We reported recently
a simple method to induce superlattice formation directly in a
slightly polydispersed gold colloid by modifying the nanocrystal
surface with certain ligands.!” In this paper, the formation and
thermal dissolution of gold nanocrystal superlattices are studied.
Transmission electron microscopy(TEM) and dynamic light
scattering(DLS), also known as photon cormrelation spectroscopy-
(PCS), were used to show the existence of tertiary structures,
namely single nanocrystals, superlattices and superlattice ag-
gregates in the colloid. We show that the formation of NCSs
from nanocrystal colloid resembles the formation of normal
molecular crystals from a saturated solution. The thermal
dissolution of the superlattices in the solvent was stdied by
both UV—vis spectroscopy and DLS.

1i. Sample Preparation

The synthetic procedure for gold NCSs was similar to the
previously reported process.!? Didodecyldimethylammonium
bromide(DDAB) was purchased from Fluka and used as
received. Sodium borohydride, dodecanethiol, and gold chloride
(99.99%) was obtained from Aldrich and used as received.
Toluene was purchased from Fisher and was further purified
by distillation. Deionized distilled water was obtained from a
Bamstead nanopure system. Toluene and distilled water were
first degassed by bubbling with dry argon gas for 2 h prior to
the experiment. The degassing process is a necessary step for a
well controlled growth of nanoparticles as pointed out by
Wilcoxon et al.'® All the synthetic steps were carried out in a
dry Argon environment in order to prevent chemicals from
absorbing moisture. A typical synthesis is given as follows
(Scheme 1). DDAB (0.75 g) was dissolved in 5.2 mL of toluene
to form a 0.35 M micelle solution. Gold chloride (15 mg) was
then dissolved in 5 mL of the micelle solution by sonication to
form a dark orange colored solution. Aqueous NaBH, solution
(17 pl 94 M) ([BH,):[Au*t] = 3:1) was added while
vigorously stirring the solution. The solution first decolored and
then turned to red after about 20 s. The mixture was stirred for
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15 min to ensure a complete reaction. TEM showed that the as
prepared colloid contained 6.8 nm particles with a standard
deviation of 0.8 nm. The gold colloid was then split into 1 mL
portions in separate vials. Dodecanethiol (0.838 mL) was added
as a ligand to each vial so that [ligand]:[DDAB] = 10:1. The
solution was stirred for several minutes, 8 mL of ethanol was
added to the vial and the solution was stirred for another several
minutes. All the samples were left on the bench top overnight.
Particle aggregates caused by the ethanol wash settled down to
the bottom of the vial, leaving extra surfactant and reaction side
products in the top supernatant layer. The top supernatant layer
was then decanted from each vial. After the bottom precipitates
were dried in vacuum, different amounts of toluene were added
to each sample to form various concentrations of a bluish colloid.
A brief reflux heating timed the color of the colloid from bluish
to red: this indicated the aggregates were broken into single
particles by heating. The red colloids were immediately
transferred to heat baths set at different temperatures (ranging
from 23 to 80 °C) and left undisturbed for a couple of days.

III. Instrumental Methods

The size and the morphology of gold NCSs were examined
using a Philips EM200 microscope. Nanosize gold colloids have
a strong abscrption in the visible range due to the surface
plasmon absorption. The absorption peak position depends on
the size, the coating environment, and the aggregation of the
particles.!® Milton Roy 3000 array spectrophotometer was used
to measure the absorption of the colloids and thereby determine
the state of aggregation.

Another method we applied to study the colloids was dynamic
light scattering (DLS), also known as photon correlation
spectroscopy (PCS). DLS measures the autocorrelation function
C(?) of the intensity of the scattering light*® C(f) is defined as

C@) = IO (1)

where I(t) is the scattering intensity at time 7. { ... ) indicates
averaging over the measuring time. For monodispersed particles,
C(?) is an exponential decay function.

C() = B + Ae™"" ¥}

where B = (I)? is the background or noise level, A = (%) — {I)?
is the signal magnitude, and £, is the correlation time. Assuming
spherical particles, the correlation time is related to the size of
particle by

-rc = Sﬂi (3)
2 Tq*

where 7 is the viscosity of the solvent, d is the average diameter
of the particles, kg is the Boltzmann constant, T is the
ternperature of the colloid, and g is the magnitude of the
scattering wave vector. By measuring the autocorreiation
function C(¢) and fitting it with (2), the correlation time, and
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consequently, the particle size can be found. However, the
measurements of a colloidal system can sometimes be compli-
cated by several other factors. For our gold colloids, two major
problems have to be addressed before reasonable information
can be derived from these measurements. First, the single-
exponential decay function for the correlation only applies to
colioids with monodispersed particles. For colloids containing
binary or tertiary structures with different sizes, extra exponential
terms must be introduced. For example, a colloid that has tertiary
strucmires must use the following fitting function:

Cit)y=B+Ae ™+ Ae ™ + Ae™™ @

where each exponential term corresponds to one component of
the tertiary structires. The scattering of light from colloidal
particles scales as the sixth power of their size if their size is
much smaller than the wavelength . Therefore, the coefficients
A; (i =1, 2, 3) in (4) rely heavily on the size and the
concentration of each component. In some cases, one ot two
terms in the above equation might be dominant and the
contribution from the others can be peglected. Secondly, strong
absorption of some highly concentrated colloids induces local
heating in the path of the laser beam, which in turn causes a
change of optical index of refraction of the medium and a
divergence of the beam. This phepomenon, normally called
thermal blooming or the thermal lensing effect,?! results in a
faster decay of the comelation fonction than the exponential
decay. A second cumulant term must be introduced in order to
obtain the correct particle size from 7% The comelation function
for a strongly absorbing monodispersed colloid therefore is

C(t) = B + Ae "¢ (5)

where the second curulant 1; depends on the intensity of the
incident beam and the properties of the absorbing medinm.

IV. Results

In our experiment, dodecanethiol ligand was used to modify
the surface of the gold nanocrystals. The change of electron
density on the particle surface and the change of adjacent
environment by the ligand increase the attractive interaction
between nanocrystals. As a comparison, unligated nanocrystals
remained well dispersed in the colloid due to the strong
electrostatic and steric repulsive interaction in the inverse micelle
medium.

After they were reflux heated in the presence of dode-
canethiol, all the samples kept at temperatures higher than 80
°C showed no sign of superlattice or other types of aggregate
formation, because the increase of the free energy due to the
ordering (entropy loss) is much larger than the lowering of the
free energy from bringing particles into close contact. On the
other hand, samples kept at temperatures lower than a certain
critical temperature became supersaturated and nucleated into
aggregates that have superlattice structures. The critical tem-
perature depended on the concentration of the colloid. Figure 1
shows the TEM image of one of the superlattices formed at 60
°C in a colloid with gold nanocrystal concentration of 0.24 x
106 M. The picture was slightly underexposed becanse of the
thermal instability of the lattice under the high intensity electron
beam., However, the lattice fringes caused by the long range
ordering of nanocrystals can be clearly identified, especially at
the edge of the superlattice. These NCSs gradually aggregated
together to form fractal-like aggregates and settled down to the
bottom of the vial.
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Figure 1. TEM image of gold nanocrystal superlattice formed from
0.24 x 107* M colloid at 60 °C.
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Figure 2. Correlation function C(r) measured by DLS on the top layer

of the 0.24 x 1075 M gold NCS colloid. Square dots are experimental

data; solid line is fitting curve wvsing (4).

The top layer of the samples that contained NCSs appeared
red after being left undisturbed for a couple of days. TEM
showed that this top layer contained mainly single nanocrystals.
Figure 2 shows the DLS correlation function C(¢) of the top
layer of the 0.24 x 107% M colloid held at 23 °C. Three decays
at different time ranges indicate the existence of tertiary
structures in the colloid, namely, single nanocrystals, superlat-
tices, and superlattice aggregates. Fitting these data with the
function of three exponential decay terms (4) gives the corre-
sponding sizes of 7 nm, 142 nm, and 13 zm. These fitting resuits
compare well with the direct TEM measurements on the same
sample. The appearance of all three decays in the correlation
function is due to the fact that the amount of superlattices and
their aggregates was very small in the top layer of the colloid.
The scattering from these large structures was comparable with
the scattering from the large guantity of single namocrystals.
Moreover, the correlation decay times of all these structures
occur at different times which are more than an order of
magnitude apart.

Figure 3 shows the correlation function of the bottom layer
of the same colloid. Different from the top layer, only the decays
due to superlattices and their aggregates are visible (square dots
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Figure 3. Correlation function C(f} measured by DLS on the bottorm
layer of the 0.24 x 1075 M gold NCS colloid. Square dots are
experitmental data on the undisturbed sample; triangular dots are
experimental data on the sample after being shaken. Solid lines are
fitting curves using the two exponent decay function and (5) to account
for thermal blooming.

TABLE 1: Phase Diagram of a Colloid Centaining Gold
Nanocrystals and Nanocrystal Superlattices

ture nanocrystal concentration (107% M)
O 0.06 0.10 0.15 024 0.40
80 red Ted red red Ted

60 red red red/purple red/purple red/purple

40 red purple purple purple purple

23 puple purple purple puiple purple
in Figure 3). The decay from the single nanocrystals was not
seen because it was overwhelmed by the scattering from
superlattices and their aggregates. The aggregates of superlattices
were only loosely bonded. This can be seen by simply shaking
the colloid. The correlation function of the colloid after being
shaken (triangle dots) showed only a single decay corresponding
to the superlattice structures. In this case we fit the data with a
two-cumulant decay function (5) because of the strong thermal
blooming effect after the sample was shaken.

The formation of gold NCSs from colloidal nucleation
resembles the formation of molecular crystals from a saturated
solution. The nucleation process of NCSs depends on both the
concentration and the temperature of the single-nanocrystal
colloid. Samples synthesized with different gold concentrations
were compared at different temperatures. Colloids containing
NCSs appear to be purple and colloids without NCSs formation
are red. Table 1 shows the results of visual inspection of these
samples. A phase boundary between single-nanocrystal colloids
and NCS colloids clearly exists. Figure 4 shows the TEM image
of the superlattice structures nucleating at 23 and 60 °C from
(.24 x 10~% M colloids. Superlattices formed at 60 °C were
roughly 3 times the size of the superlattices formed at 23 “C.
We believe that the difference in superlattice size was caused
by the formation of a different amount of nucleation sites when
the reflux heated samples were cooled to the two temperatures.
For 0.24 x 10~¢ M colloids, 60 °C is only slightly below the
phase boundary; therefore, colloids quenched to this temperature
had fewer nucleation sites and each nucleation site subsequently
grew into a large size of superlattice. In comparison, colloids
quickly quenched to 23 °C resuited in large number of
nucleation sites and the simultaneous growing of all these sites
result in smailer size of superlattices, DLS study of these colloids
showed qualitatively the same results. Figure 5 is the correlation
function of the bottom layer colloids (after being shaken)
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Figure 4. Gold NCSs formed from a 0.24 x 1075 M colloid at different
temperatures. (a) Formed at 23 °C. (b) Formed at 60 °C. (Note: heart-
shaped particle in center is same as that in Figure 1.)
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Figure 5. Correlation function C{#} measured by DLS on the 0.24 x
10~% M NCS colloids formed at 23 and 60 °C,

measured for both the 60 and the 23 °C samples. After taking
into account the temperature dependence of the solvent viscosity,
the size of superlattices formed at 60 °C is roughly 3 times the
size of the superlattices formed at 23 °C.

The formation of micron size particles in an ordered array
has been known for a long time.Z* It relies on the balance
between the long range van der Waals interaction, sometimes
called the Hamaker interaction, and the repulsive electrostatic
and steric interactions.”® These interactions are described in
detail by the DLVO theory,” which predicts a second minimum,
usually beyond 3 nm from the primary energy barricr. The
micron size colloidal particles can be relatively stable when they
reside in this second minimum well® The formation of
nanocrystal superlattices from the coloid, on the other hand,
requires a2 much more delicate balance between the attractive
force and the repulsive interaction. This is due to the fact that
nanocrystals have a much smaller second minimum in the
potential curve as compared with micron size particles.? For
the same reason, these superlattices can be easily dissolved upon
beating the colloid. We can study the dissolution process by
watching the optical properties of the NCS colloids. At room
temperature, the colloids containing NCSs appeared purple, with
a broad absorption band extended to the long wavelength of
the visible region (iop line in Figure 6). As the sample was
heated, it crossed the phase boundary and the color of the colloid
gradoally changed to red, with the absorption spectra eventually
changed to the single nanocrystal surface plasmon absorption
at around 530 nm (bottom line in Figure 6). The change of
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Figure 6. Change of UV —vis absorption curve of a NCS colloid as it
was heated from 22 to 95 °C.
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Figare 7. Time evolution of the cormelation function C{¢) of 2 0.15 x
107% M NCS colloid maintained at 80 °C.

absorption spectra occurs within roughly 10 min. Dissolution
of gold NCSs was also studied by DLS. A NCS colloid prepared
at 23 °C with a concentration of 0.15 x 10~% M was transfered
into a heat bath at 80 °C. Figure 7 shows the time evolution of
the correlation function of this colloid. The decay function at
time ¢+ = O corresponds to a size of 502 nm, larger than the
size we have observed in TEM (arcund 250 nm). This is
probably due to initial slight aggregation of superlattices. After
about 8 h, the correlation function is dominated by the decay
of single particles with the size of 11 nm. In the intermediate
time range, the correlation function can only be fitted by the
decays from both the single nanocrystals (around 10 nm) and
the superlattices (around 270 nm). Only after 8 h does the size
corresponding to 7c,, become slightly smaller than the single
superlattice size. This was caused by a fitting algorithm error
when the contribution from this decay term became very small.
The fitting correlation times and the corresponding particle
diameters are listed in Table 2. The appearance of both decays
in the correlation function rather than a continnous shifting of
a single decay function indicates that the dissolution of the
superlattices does not occur through continual shrinkage of the
average single superlattice size. Instead, the average NCS size
remained fairly constant while their numbers decreased. This
implies that the NCS fall apart all at once instead of continuously
getting smaller. Whether this implies this particular size is a
local minimum in stability will remain to be determined with
future experimentation. Also included in Table 2 is an extra
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TABLE 2: Fitting Results of DLS Correlation Function
Measurement of the NCSs Dissociation Process

time (h) 7, (ms) d4i(nm) 7, (ms) d(nm) =, (ws) dsum)

0 148 502

2.5 0.023 79 0.85 289 127 429
3 0.042 14 0.83 280 138 46.6
4 0.039 13 0381 274 117 39.5
5 0.059 19 0.84 283 110 371
6 0.054 18 0283 255 124 41.9
7 0.047 16 0.36 121 61 201
8 0.033 11 0.24 80 52 176

decay ., with a very large decay time (110 ms). We believe
that this corresponds to some irreversible aggregation caused
by the impurity ions or possibly the dissociation of the ligands
from the nanocrystal surface. If the same colloid was lefi at 80
°C for more than 24 h, it decolored and formed irreversible
aggregates at the bottom of the vial. This unpleasant modifica-
tion of the nanocrystal surface was also responsible for the slight
decrease of the surface plasmon peak at 530 nm as the colloid
was heated. As a final note, the DLS smdy of the NCS
dissolution took a much longer time (several hours) as compared
with the UV—vis study (10 min). This is becanse DLS probes
the large size particles much more efficiently than the smail
size particles due to their strong scattering intensity (scattering
proportional to volume squared), while for UV—vis spectroscopy
the absorption is at most proportional to the volume and perhaps
only proportional to the free surface (volume to the two-thirds
power). As a result, as long as there are still a few superlattices
left in the colloid, the correlation function would still reflect
their presence and its change would be relatively slow.

To summarize, we have synthesized nanocrystal superlattices
(NCSs) directly in a gold colloid sotution through ligating the
gold nanocrystal surface with dodecanethiol. DLS proved the
existence of tertiary structures in the colloid, namely, single
nanocrystals, nanocrystal superlattices, and superlattice ag-
gregates. A rough phase digram between single nanocrystals
and superlattices was given by studying the formation of
superlattice structures in colloids with different concentrations
and temperatures. Dissolution of the superlattices after raising
the temperature across the phase boundary was studied by both
DLS and UV—vis spectroscopy.
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