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The formation process of CdSe-Au binary nanoparticle superlattices (BNSLs) was investigated to
elucidate the optimal conditions for self-assembly. Nanoparticle mixtures were prepared under suitable
and variable solvent evaporation conditions and the products analyzed by TEM. 1-Dodecanethiol was
found to be critical for superlattice formation, prior to the onset of short-range nanoparticle—nanoparticle
interactions that likely dictate structure, highlighting the multiple roles of this organic polar molecule as
both a ligand that coats the particle during synthesis and then as a high boiling point/crystallization
solvent for the separate step of BNSL formation. The influence of 1-dodecanethiol was investigated
under various concentrations to determine optimized conditions for guided assembly, for which relatively
large (>1 um?) areas of superlattices could be routinely formed. Depending on appropriate selection of
the radius ratio, AB or ABs binary structures of CdSe-Au nanoparticles were generated. The optimized
conditions for the CdSe/Au binary nanoparticle system was applied to, and found to be equally effective
for, a binary mixture of CdSe/CdSe. We characterize CdSe-Au and CdSe-CdSe as additional systems to

the library of possible BNSLs.

Introduction

Self-assembly, one of the core concepts in nanotechnology,
is being studied and explored in many areas.>'" In general,
this approach attempts to take advantage of favorable
thermodynamic driving forces (entropic, enthalpic, or both)
to guide in the formation of ordered and functional macro-
scopic structures. The merits of the approach are low power
consumption, low cost, and ease of generating nanoscopic
features compared with, for example, top-down photolitho-
graphic techniques used in Integrated Device Manufacturing.
The self-assembly of nanoparticles of two different materials
into a binary nanoparticle superlattice (BNSL) can provide
a general pathway to a large variety of materials with
precisely controlled chemical composition and tight place-
ment of the components.'® Establishing the conditions
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necessary for the preparation of binary nanoparticle super-
lattices requires assessment of a wide variety of chemical
and thermodynamic parameters that contribute to the overall
process. Previously it has been observed that, in addition to
entropy, van der Waals, steric, and dipolar forces,'? electrical
charges on sterically stabilized nanoparticles can determine
BNSL stoichiometry, and this phenomenon is not limited to
one length scale.'>'41¢

Here, we investigate the sensitivity of BNSL formation
to ligand concentration in a high boiling point—low boiling
point mixed solvent system (thiol-toluene) and report the
preparation of superlattices containing two sizes of mono-
disperse nanoparticles of cadmium selenide-gold (CdSe-
Au) and cadmium selenide (CdSe-CdSe). Conditions were
varied and optimized for the formation of a BNSL based on
AB and ABs structures.!” We found that excess thiol acts as
a high boiling point solvent critical for the formation of
islands on the substrate suitable for BNSL nucleation and
growth. This occurs long after the low boiling point solvent,
toluene, evaporates. BNSL formation is found to be contin-
gent on sufficient thiol present to create a ratio of 2.5:1 with
respect to the high boiling point solvent:nanoparticle volume
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Table 1. Nanoparticle/Thiol Ratios in Figure 1

solvent conditions
(% thiol volume in toluene)

estimated nanoparticle/
thiol volume ratio

morphologies of nanoparticle gamixture after drying

Figure la,b no xs thiol no xs thiol
Figure lc,d 0.1 (0.004 mol/L) 0.05
Figure le,f 0.6 (0.026 mol/L) 0.0083
Figure 1g,h 3.8 (0.16 mol/L) 0.0014

ratio. BNSL formation does not occur unless sufficient ligand
is present, but an excess can cause the system to be “too
oily” for BNSLs to form in a reasonable time domain.

Although dozens of structures have been shown to be
possible,'*'®2% many issues yet reside in the path toward
making functional BNSLs on a range of substrates and to
specifications desirable for optical, electronic, or magnetic
characterization, with a view toward device creation. By
using 1-dodecanethiol/toluene as a solvent, semiconductor—
metal BNSL films, up to 1 #m?, can routinely and ubiqui-
tously form on amorphous carbon films of a TEM grid. This
technique furthers the ability to make large areas of BNSL
films for possible applications and fundamental studies, such
as solar cell photovoltaics, charge transport devices, and
optoelectronic materials.

Methods

Reagents (Aldrich) were used as purchased. CdSe nanoparticle
synthesis: typically, 102.8 mg of CdO, 910 mg of stearic acid, and
32 mL of octadecene were mixed in a 120 mL three-necked flask.
The mixture was heated at 250 °C for 10 min to allow the formation
of cadmium stearate. Then 4 g of trioctylphosphine oxide and 4 g
of octadecylamine were added followed by degassing. After the
mixture was then heated to 300 °C, a 4 mL solution of 1.0 M
trioctylphosphine selenide in trioctylphosphine was injected quickly.
The growth was carried out at 270 °C. Injection and growth
temperatures were varied to obtain differently sized CdSe nano-
particles.>' The product was purified with ethanol/toluene. Au
nanoparticle synthesis: Brust's method** was modified with a
digestive ripening process®>® to increase size monodispersity.
Typically 34 mg of gold chloride, 92.5 mg of didodecyldimethy-
lammonium bromide, and 10 mL of toluene were mixed by
sonication. The solution was stirred vigorously, into which 40 uL
of 9.4 M NaBHy, in water solution was injected. After 15 min, 800
uL. 1-dodecanethiol was added followed by another 5 min of
stirring. The product was purified by an ethanol/toluene solvent
pair and finally dispersed in 10 mL of toluene and 800 uL of
1-dodecanethiol mixture. The solution was refluxed for 30 min.
The final product was purified with an ethanol/toluene solvent pair
and dispersed in toluene. Samples were analyzed by TEM (JEOL
100cx). All grids were 200 mesh amorphous carbon backed copper
(EMS). The amount of 1-dodecanethiol was varied to study its effect
on BNSL formation. The samples were first dried in ambient
conditions for 24 h and then put in a RT vacuum chamber for further
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nanoparticles spreading over the surface

low level of clustering of nanoparticles while most
nanoparticles spread over the surface

BNSL formation <8 h

nanoparticles clustering and some BNSL formation >24 h

drying. All images shown in the figures are from representative
areas of the samples.

To prepare the BNSL, a TEM grid was put into a test tube with
40 uL of a CdSe/Au nanoparticle mixture in toluene. The Au:CdSe
nanoparticle ratio was varied from 1:10 to 10:1 in an attempt to
obtain different BNSL symmetries for a given size ratio. For
example, preference for the AB, structure was observed for a
particle mixture of 1:2 Au:CdSe. The ratio between numbers of
Au and CdSe particles in their original solutions was estimated as
follows: Two dispersions of Au and CdSe nanoparticles were mixed.
Necessary dilution of the mixture was performed to achieve clear
and countable nanoparticles by TEM. By assuming that the two
solutions were mixed homogeneously, one can assume that the
numbers of Au and CdSe presenting on the same area are
representative of the entire mixture. The numbers of Au and CdSe
nanoparticles were counted (e.g., 100 CdSe and 50 Au) and verified
on other sections of the grid. This empirically derived ratio was
used as a guideline for the molar concentration ratio and cross-
referenced with the molar starting quantities. Absolute concentration
of the original Au nanoparticle solution was determined by TGA.
Complete removal of organic is assumed to occur >600 °C. Using
the residual weight (e.g., 0.025 mg per 25 uL of original solution),
using Au’s bulk density, the total volume can be obtained (e.g.,
1.3 x 1073 uL Au per 25 uL of original solution) to give a volume
fraction (5.2 x 107°). This value was used to calculate a ratio
between particle volume and extra solvent (thiol) volume provided
in Table 1.

To monitor the solvent evaporation during BNSL formation, a
TGA pan was used to contain the TEM grid with 40 uL of binary
CdSe and Au solution (1:5 ratio). After 12 h in air at room
temperature (most of the toluene evaporated during this 12 h), this
TGA pan containing the TEM grid was put into a TGA instrument
and the instrument was set to constant 65 °C under a N, flow for
8 h.

Results and Discussion

The thermodynamic driving forces for assembly of nano-
particles into superlattices are currently understood in terms
of a delicate interplay between entropic, possible Coulombic,
charge—dipole, dipole—dipole, and dispersive (London—van
der Waals) interactions between the nanoparticles.'*'%2* It
was observed under certain conditions that electrical charges
on the nanoparticles can be influenced by the addition of
capping ligands during the drying the process, based on
electrophoretic mobility measurements of PbSe and Au
nanoparticles in the presence of trioctylphosphine oxide and
oleic acid in chloroform, and that Coulomb interactions might
contribute to the lattice stabilization energy of the superlat-
tice. We have recently postulated that favorable ligand—ligand
interactions (van der Waals forces) may also play a signifi-
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Figure 1. High (left column) and low (right column) magnification TEM images of 3.5 nm CdSe and 5.0 nm Au nanoparticle mixtures with increasing
amounts of thiol present after solvent evaporation. Initial thiol/toluene ratios: (a, b) zero; (c, d) 0.1%; (e, f) 0.6%; (g, h) 3.8%. The structure of BNSLs is

the CuAu alloy structure.

cant role in contributing to the lattice stabilization en-
ergy.?* Because of the large range of nanoparticle materials
available, for example, semiconductors of different crystal
symmetries or metals that may pick up charge, it is currently
difficult to conclude with certainty one overall formation
mechanism. However, it is no surprise that conditions
necessary for the onset of these interparticle forces to drive
assembly are strongly reliant on experimental parameters
such as drying conditions, vapor pressures, and solvent
evaporation rates. The focus here is with improving the
appropriate microscopic conditions for the assembly of CdSe-

Au superlattices as a model system and as an extension to
all semiconductor—metal or semiconductor—semiconductor
BNSLs.

Figure 1 shows the structure of CdSe (3.5 nm) and Au (5
nm) nanoparticles mixture (1:1 particle ratio, optimized for
AB symmetry) on carbon film backed TEM grids. At low
thiol concentrations (>0.63% volume ratio of thiol in
toluene), the two types of nanoparticles mixed well but no
ordered structure was found. For >0.63% or more volume
ratio of thiol in toluene, the AB superlattice formed. We
compared low magnification TEM images of these samples
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Scheme 1. Proposed Drying Behaviors of Thiol/Toluene and Octadecene/Toluene Mixtures on Nanoparticle Assemblies

Step 1. solvent:toluene+thiol(or alkene)

Toluene + alkene
Toluene evaporation

Toluene + thiol
Toluene evaporation

Step 2.
“ Low BP
solvent: thiol solvent’s solvent: alkene
gone
lThiol i lalkene evaporation
Step 3.
e dided A=t
Top view
After dried

as shown in Figure 1. Generally, islands of low electron beam
transparency are where BNSL are found to form, appearing
as dense dark circular regions. Nanoparticles are seen to
cluster together to form islands in samples with higher thiol
concentrations. For low thiol concentrations, these islands
are not visible and the distribution of nanoparticles is more
uniform across the substrate. Table 1 summarizes the rela-
tionship between estimated nanoparticle/thiol volume ratios
and the final morphologies of binary nanoparticle mixtures
after complete drying. The volume ratio is based on an
estimation of (i) the concentration of nanoparticles in the
mixture (determined by wt % from TGA analysis), (ii) the
volume of an individual nanoparticle from the diameter
(TEM), and (iii) the concentration of thiol initially present
in the solution primed for BNSL formation. The actual
volume ratio between nanoparticles and thiol may differ,
since many nanoparticles are not confined in the thiol droplets
and a large portion of thiol may also settle outside. The
values in this table therefore remain an empirical estimation
for optimized conditions for BNSL formation.

Due to the volatility difference during the drying process,
toluene evaporates first with 1-dodecanethiol forming drop-
lets on the substrate before its subsequent evaporation:
toluene (boiling point 110 °C) and 1-dodecanethiol (boiling
point >250 °C). The weight loss of a partially dried sample
was monitored by TGA at 65 °C over an 8 h period, a period
that extends into the time required for BNSL formation
(Supporting Information, Figure 1). During the first 33 min
there is a significant weight drop due to the removal of
residual toluene. After that, 1-dodecanethiol is believed to
be evaporating continuously and slowly, giving rise to a
decline in weight. The system maintained approximately the
same drying speed >8 h. The total weight loss for the “free”
thiol for this 8 h period was determined to be around

0.004416 mg, measured from the weight difference between
33 and 480 min. It is assumed that BNSLs that have formed
have done so with the elimination of thiol after this time.
The original capping ligands for the Au are 1-dodecanethiol,
but for CdSe they are predominantly octadecyl amine, with
some limited triooctyl phosphine or phosphine oxide also
present.”* It is conceivable that ligand exchange could occur
during the drying process and some of the xs 1-dodecanethiol
substitutes as the surface ligand on the CdSe nanoparticles.
These results suggest that free excess ligand, such as thiols
or long chain carboxylic acids typically used in the nano-
particle synthesis procedure, act as a high boiling point
solvent responsible for aiding in the self-organization of
nanoparticles to form superlattices. The nanoparticles are
confined to these slowly evaporating droplets, which further
drives the nanoparticles together into an increasingly shrink-
ing volume (saturated solution) until a critical nucleation
point. Scheme 1 is a representation of this self-organization
process. In samples without thiol, no BNSL was observed.
At higher concentration of thiol, drying times were pro-
longed: 3.8% thiol/toluene solvent always took longer times
(> 1 week) to form superlattices versus those in the 0.63%
thiol/toluene solvent regime (>24 h). We conclude BNSL
formation occurs during evaporation of thiol, and there is
an ideal ratio of thiol/toluene (in this case ~1/100 by volume)
for the optimized formation of the AB CdSe-Au BNSL.

It is also apparent from these and previous findings'® that
BNSL formation is sensitive to substrate wetting in addition
to and concurrent with solvent concentration/drying condi-
tions. It has been postulated that free electrons in conducting
carbon substrates affect the crystallization process through
dielectric screening of the nanoparticle charges.'? In this
study we confine ourselves to exploring the role of the
solvent and solvent polarity on a consistent and uniform
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Table 2. Summary of Effects of Solvent on BNSL Formation

low boiling high boiling point

symmetry if

point solvent solvent nanoparticle species final nanoparticle assembles BNSL formed
toluene dodecanethiol CdSe/Au, CdSe/CdSe BNSLs clustering into nanoparticle islands AB, ABjs
oleic acid® Fe,O/Au AB,
trioctyl phosphine oxide” PbSe/Au, PbSe/Ag, PbSe/Pd unknown AB 13, ABs
octadecene CdSe/Au nanoparticles spreading out, short-range ordering . .
tetradecene CdSe/Au of nanoparticles none identified

“ From ref 1 and laboratory work. * From ref 12.

hydrophobic amorphous carbon substrate. We have other
high boiling point solvents with notably different physical
characteristics in BNSL formation, and the results are
summarized in Table 2 together with references. BNSLs
generally form in polar high BP solvents and not in nonpolar
solvents. For example, octadecene fringes, indicative of small
areas of periodicity, can be observed with low magnification
TEM, but it is unclear if these structures are BNSLs
(Supporting Information, Figure 3). The different drying
patterns suggest that solvent polarity plays a role, which
could be due either to substrate wetting or to dielectric
screening of the particles. For the case of octadecene a lower
wetting contact angle and therefore inability to form droplets
on the substrate would potentially inhibit the assembly
process. Such an observation supports claims that confine-
ment of particles to a shrinking volume is necessary to create
close packed structures driven by entropic forces.>**> We
conclude that on this substrate, polar solvents such as thiol,
oleic acid, and TOPO can be used for BNSL formation,
whereas nonpolar alkenes do not aid in the formation of large
area BNSLs. Dielectric screening may also be an important
parameter to consider for the modeling of interparticle forces,
especially if charge on the particles has occurred.'”> The
Hamaker constant, A, is required for examining the approach
of two nanoparticles screened by a hydrocarbon layer. For
example, A ~ 0.3 eV for a CdSe/hexane/CdSe system. The
Hamaker values are mainly dependent on the material, but
additional consideration to the nature of the solvent layer
may be necessary for fine calculations, and alkane thiols
are typically in possession of higher A than n-alkanes by
~20%.>

Following the assumption that confinement of the nano-
particles into a shrinking volume is critical for BNSL
formation, we wished to determine whether or not the
structures favored by the formation process can be rational-
ized as close packed structures. The BNSL shown in Figure
2a is composed of CdSe nanoparticles of average diameter
6.8 nm and Au of average diameter 6 nm. This BNSL
structure is isostructural with the AuCu structure. The
thickness of the organic ligand shell of the CdSe and Au
nanoparticles is measured to be around 0.8 and 0.7 nm,
respectively (Supporting Information, Figures 4 and 5). The
effective diameter of the nanoparticle components is equal
to the sum of the crystal core and twice the thickness of the
ligand shell. Therefore, the effective size ratio y is ~0.88.
Using the hard-sphere packing model and considering the
effective volume of all the nanoparticle components within
a unit cell and the unit cell dimension (measured by TEM

(25) Eldridge, M. D.; Madden, P. A.; Frenkel, D. Nature 1993, 365 (6441),
35-37.

in different orientations, @ ~ 12.2 nm and ¢ ~ 10.4 nm in
this case), the hard-sphere packing density can be determined
to be around 0.68. Figure 2b shows another AuCu structure
BNSL composed of 3.5 nm CdSe (effective 5.1 nm) and
5.0 nm Au (effective 6.4 nm). The effective size ratio y of
this CdSe-Au pair is around 0.8. The ABs structure (Figure
2e) is composed of CdSe of average diameter 6.8 nm
(effective 8.4 nm) and Au of average diameter 5.8 nm
(effective 7.2 nm). This gives an effective size ratio ~ 0.85.
The unit cell dimension of this ABs BNSL is measured to
be a ~ 14.3 nm and ¢ ~ 10.2 nm. The hard-sphere packing
density of this ABs structure determined by the same method
is ~0.61. On the basis of the hard-sphere model, neither of
the packing densities of these BNSLs with their specific size
ratios described exceed the packing densities of single
component close-pack structures (e.g., fcc or hep, packing
density 0.74). We have observed similar effects previously
for the formation of CdSe-CdTe superlattices and concluded
that ligand—ligand interactions play a role in structure
direction.?* Over the range of tested conditions for the CdSe-
Au BNSL systems prepared, “clustering” of the nanoparticles
was frequently observed regardless of the size ratio of the
nanoparticle pair and symmetry of the superlattice. Such an
observation strongly suggests attractive forces between
nanoparticles, and a Coulombic pairwise interaction might
be an explanation given that metal particles have been shown
to adopt a negative charge, while the semiconductor can
adopt a positive charge.'*'® For the formation of CdSe-Au
BNSLs we conclude that an optimized space filling geometry
is adopted as a consequence of self-organization of the
nanoparticles, but the precise nature of the interparticle
interaction continues to require further investigation.
Previous research on evaporation mediated self-assembly
of nanoparticles has indicated that nanoparticles possess great
mobility in the solution phase and can be ordered under
optimized conditions.®?*! However, there is still a lack of
understanding on the details of events that lead to a particular
style of ordering during the final stages of solvent evapora-
tion.® Our results suggest that a binary solvent mixture with
optimized amounts of high boiling point solvent could
possibly prolong the time scale needed for nanoparticles to
settle. In cases of fast evaporation of the solvent, “Coffee

(26) Rabani, E.; Reichman, D. R.; Geissler, P. L.; Brus, L. E. Nature 2003,
426 (6964), 271-274.

(27) Xu, J.; Xia, J. F.; Lin, Z. Q. Angew. Chem., Int. Ed. 2007, 46 (11),
1860-1863.
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5653-5658.

(31) Harfenist, S. A.; Wang, Z. L.; Alvarez, M. M.; Vezmar, I.; Whetten,
R. L. J. Phys. Chem. 1996, 100 (33), 13904-13910.



CdSe-Au and CdSe-CdSe Superlattices Self-Organization

Chem. Mater., Vol. 20, No. 11, 2008 3599

Figure 2. High (left column) and low (right column) magnification TEM images of CdSe-Au BNSLs of various sizes and symmetries formed from thiol/
toluene solvent mixtures: (a, b) AB structure from 6.8 nm CdSe and 6 nm Au; (c, d) AB structure from 3.5 nm CdSe and 5.0 nm Au; (e, f) ABs structure

from 6.8 nm CdSe and 5.8 nm Au.

ring” patterns were also routinely observed (Supporting
Information, Figure 2), due to a high nanoparticle flux toward
the edge of the droplet during evaporation and due to fast
evaporation of the low boiling point solvent (e.g.,
toluene).**Correlation was not yet found between the coffee
rings and the BNSL structure, suggesting that BNSL formation
could be neither facilitated nor hindered by such rings. We
observe that settling and ordering of nanoparticle assemblies
requires a time scale longer than the coffee ring formation and
that the deterministic factor for BNSL formation remains to be
confinement of nanoparticles into a small enough volume of
slowly evaporating high bp solvent, as opposed to a formation
mechanism that supports a mechanism of BNSL formation at
the edge-bound nanoparticle flux. Our current understanding
of the drying process is summarized in Scheme 1.

The conditions optimized for the CdSe/Au binary nano-
particle system were found to be effective for differently

(32) Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S. R.;
Witten, T. A. Nature 1997, 389 (6653), 827-829.

sized CdSe/CdSe systems as well. BNSLs were formed with
thiol concentrations similar to those optimized for the CdSe/
Au system. Two symmetries were obtained in this CdSe/
CdSe (3.5 nm/5.5 nm) system: BNSLs with the structures
AB and ABs, obtained with a dodecanethiol-in-toluene
concentration of 1.8% (Figure 3). We note that the optimized
concentration of thiol can be applied to a variation of the
binary systems and that changing the types of nanoparticles
to CdSe only does not affect the outcome.

In conclusion, we fabricated Au-CdSe and CdSe-CdSe
BNSLs in the presence of 1-dodecanethiol. The BNSL
formation mechanism was investigated by studying the
drying patterns of nanoparticles assemblies on amorphous
carbon films. The influence of thiol was investigated under
various concentrations to determine optimized conditions for
guided assembly, for which relatively large (> 1 um?) areas
of superlattices could be routinely formed. Depending on
appropriate selection of the radius ratio, AB or ABs binary
structures of CdSe-Au nanoparticles were generated. The
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Figure 3. (a) ABs and (b) AB structures from 3.5 nm CdSe and 5.5 nm CdSe nanoparticles.

optimized conditions for the CdSe/Au binary nanoparticle
system was applied to and found to be equally effective for
a binary mixture of CdSe/CdSe. We characterize CdSe-Au
and CdSe-CdSe as additional systems to the library of
possible binary nanoparticle superlattices.
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