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Studies on the synthesis, properties and applications of hybrid
inorganic nanoparticles constitute a frontier area of research
in nanoscience.? In particular, metal-semiconductor nano-
rods (NRs) have the following useful features: 1) light-
induced charge separation between the semiconductor and
metal segments,’! which is promising in photovoltaic appli-
cations; 2) plasmonic and local-field enhancement effects
leading to increased absorbance and potentially to improved
light harvesting;*® 3) improved electrical contact in photo-
voltaic devices,”) owing to the presence of metal tips that
serve as anchor points;®™*! and 4) the propensity to form
ordered arrays in selective solvents, which is governed by the
different solubilities of the ligands stabilizing the metal and
semiconductor components.['""¥ The last feature is important
for future integration of NRs in functional devices.

Solution-based generation of lattices of side-by-side
aligned CdSe NRs with two symmetric Au tips has been
reported.”” On the other hand, standing arrays of single-tip
Au-semiconductor NRs are more promising for applications
in the fabrication of photovoltaic devices, because they enable
more efficient charge separation (holes and electrons) to two
opposite electrodes. Since the first report on the synthesis of
single-tip Au-semiconductor NRs,>! two groups have
reported well-organized structures thereof. Tip-to-tip assem-
bly of Au—-CdSe@CdS NRs was triggered by adding iodine to
the NR solution in order to displace ligands on the Au tips and
induce attraction between them./'"? Standing arrays of side-by-
side aligned Au-CdS NRs were produced by spin-casting a
solution of AuCl on the superlattice of perpendicularly
aligned CdS NRs and subsequently reducing Au' to Au’
with dodecylamine, thereby synthesizing a single Au tip on
each NR.I"" No systematic study of controllable tip-to-tip and
side-by-side solution-based assembly of single-tip Au—CdSe
NRs has been reported.

Here we report on a systematic study of solution-based
self-assembly of single-tip Au—-CdSe NRs by using trans-
mission electron microscopy (TEM) and static and dynamic
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light scattering (SLS and DLS, respectively). We exploited the
resemblance between Au—-CdSe NRs and low molecular
weight rigid amphiphilic molecules. We conducted two
distinct series of experiments, in which the assembly of NRs
was governed by the quality of the solvent for the ligands
coating the Au tips or the long CdSe sides of NRs (Figure 1).

NR belt \‘ Star
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;i Individual NRs
2D Lattice Elongated object

Figure 1. Solution-based self-assembly of single-tip Au—CdSe NRs.

The as-synthesized NRs show good stability in nonpolar
solvents such as toluene. Due to gradual removal of the
ligands coating the Au tips, in the absence of external
perturbation the NRs underwent tip-to-tip association, in
order to minimize interactions between the nonpolar solvent
and the polar Au tips. This type of assembly led to formation
of starlike entities and a smaller number of elongated objects.

Addition of a polar solvent to the solution of NRs in
toluene reduced the solvent quality for the nonpolar ligands
capping the CdSe segments. To minimize interactions
between the solvent and the ligands, the NRs organized in a
side-by-side fashion to form belts or large planar two-
dimensional lattices (membranes). This self-assembly mode
was controlled by two factors: the relative volume fractions of
the Au and CdSe segments, and the quality of solvent for each
of them. Formation of the self-assembled structures was
“mapped” onto a phaselike diagram.

We synthesized three types of single-tip Au-CdSe NRs
with varying volumes of the CdSe segment. The Au compo-
nent of the NRs was coated with didodecyldimethylammo-
nium bromide (DDAB) and dodecylamine (DDA), which we
refer to as tip ligands (TLs).'"! The CdSe segment was
stabilized with C,, thiol side ligands (SLs).

Table 1 shows the structural characteristics of the NRs
used in the present work. In all three samples, the Au tips had
a spherical shape and an average diameter of 5.3-5.4 nm. The
average length and width of the CdSe segment varied from 7.5
to 27.5 nm and from 3.0 to 4.1 nm, respectively. The volume
fraction of the CdSe component Ay ranged from 0.4 to 0.8.
Because of the density difference between the two compo-
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Table 1: Dimensions of the Au and CdSe segments in the NRs.

Samplel?! Au tip CdSe segment Acgs™ RS
Average Average Average [nm]
diameter length [nm] width [nm]

[nm]
1
- 5.3+0.5 7.5+0.8 3.0+04 0.4 3.2
2
o 5.3+04 14.84+2.0 3.1+0.5 0.6 5.5
3
ammmran 54+04 27.5+2.5 4140.8 0.8 10.3

[a] The white dot indicates the locus of the center of mass for each type of
NR. The calculations of the loci of the centers of mass and the radii of
gyration R, of the NRs are given in Supporting Information. [b] Acys. =
Vedse/ (VeaseVau) - [€] In the calculations of R,, the contribution of ligands
was ignored.

nents, the loci of the centers of mass of the NRs were heavily
weighted by the Au segment.

First we studied tip-to-tip assembly of NRs. The as-
synthesized NRs exhibited colloidal solubility in toluene.
Over time these structures began to aggregate via the Au tips.
We ascribe this self-assembly to growing attraction between
the Au tips, induced by gradual replacement of TLs by Br~
ions, which were introduced with DDAB. This in agreement
with the work of Manna et al.,l'” who demonstrated that I,
triggers tip-to-tip self-assembly of single-tip Au—CdSe@CdS
NRs by replacing TLs on the surface of the Au segment.

Figure 2 shows structures generated by tip-to-tip assembly
(Acgse=0.6). After 6 h of incubation mostly bipods and
tripods formed, which coexisted with a large number of
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Figure 2. a—c) Dark-field TEM images of starlike structures of NRs with
Acgse=0.6 after incubation in toluene at a concentration of

0.2 mgmL"" for 6, 12, and 18 h, respectively. High-resolution TEM
images of elongated objects (d) after NR incubation in toluene for

12 h and of tripods (e) obtained as in a). f) Electron diffraction of
fused Au core in a star obtained as in a). g) Variation of the average
aggregation number N7 (calculated from TEM-image analysis), plotted
as a function of time of solution incubation. For each time interval
about 700 NRs were analyzed. h) Variation in the apparent hydro-
dynamic radius R (circles) and radius of gyration R, (squares),
plotted as a function of self-assembly time from DLS measurements
(0.1 mgmL™").The dashed lines emphasize the change in slope of the
variation in R}" prior to and after 5 h. i) Variation in ratio R,/R™ with
incubation time.
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individual NRs (Figure 2a). After 12 h, starlike multipods
were the majority structure (Figure 2b). By 18 h, the stars
themselves began to aggregate (Figure 2¢). Over intermedi-
ate periods of time (e.g., 12 h), we found approximately 5%
of elongated objects coexisting with stars (Figure 2d). High-
magnification imaging revealed that the central Au core of
the stars was formed by fused Au tips (Figure 2¢). The CdSe
arms of the stars stood on the substrate in a spiderlike
manner. Approximately 60 % of the stars were characterized
by a single-crystalline lattice in the fused Au core (Figure 2 f).

We analyzed TEM images to calculate the number-
average aggregation number (N:gzﬁn,»Ni/En,-) of the stars.
Here N, is the number of NRs in the star, and 7, is the number
of stars with aggregation number N, Figure2g shows the
variation in N;, with incubation time up to 12 h. Following a
lag period of about 4.5h, N, increased to 4.5 at 12h. At
longer times the stars themselves began to aggregate, and we
were unable to calculate N, values from TEM images.

In light-scattering experiments, association of NRs in
toluene occurred with a lag time that depended both on the
structure and on the concentration of the NRs. For example,
for the NRs with Ay =0.4 this period was up to days,
whereas the NRs with Aggs. =0.6 and Aqyg. = 0.8 started to
self-assemble in hours. On dilution, the sample with Acgs. =
0.6 exhibited a shorter lag time of about 1 h. A different rate
of NR self-assembly was the main difference between the
TEM-imaging (Figure 2g) and light-scattering experiments
(see Supporting Information).

In the corresponding light-scattering experiments the
solutions of NRs in toluene were diluted to a concentration
of 0.1 mgmL™". Self-assembly was characterized by the
changes in the apparent hydrodynamic radius R}’ and the
radius of gyration R, (Figure 2h,i), as well as the weight-
average aggregation number Ny (see Supporting Informa-
tion).

Figure 2 h shows semi-logarithmic plots of the variation of
R and R, as a function of time. Based on the change in R},
the self-assembly began within 1 h after sample preparation,
but little change occurred in R,. The plots of intensity versus
scattering angle show very small slopes (Supporting Informa-
tion), and while there is uncertainty in the absolute magnitude
of these small values of R,, it is clear that they did not increase
over the first 3 h of the self-assembly process. This unusual
behavior is a consequence of the asymmetric nature of the
NRs (the densities of Au and CdSe are 19.3 and 5.8 gem™,
respectively). Tip-to-tip association shifts the center of mass
of the dimer and trimer into the Au domain, and the high
density of Au compared to CdSe means that the magnitude of
R, is heavily weighted by the Au segment. In contrast, the
CdSe arms of the stars contribute to Ry, which makes R;™
sensitive to the early stages of self-assembly. We emphasized
this point by plotting R,/R;™ versus time (Figure 2i). In this
plot, R/R}™ passes through a minimum at about 2.5 h, which
corresponds to the onset of the increase in R, in Figure 2h.
Low values of R/R;™ are characteristic of systems in which
the mass is concentrated in the central core, surrounded by
lighter entities that protrude into the solution and reduce the
diffusion rate.'” The second self-assembly stage was accom-
panied by a rapid increase in R,, which reached 550 nm after
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20h (Figure 2h). For these large assemblies N reaches
values as large as 1000 after 20 h (see Supporting Informa-
tion). The increased ratio R/R;™ is also consistent with the
formation of large aggregates, such as that seen in the TEM
image in Figure 2c.

Next, we examined side-by-side assembly of NRs. Figure 3
shows representative images of self-assembled NR structures
in toluene/2-propanol. Qualitatively similar results were
obtained for NRs in DMF/toluene (Supporting Information).
The experimental variables in this process were the volume
fraction of 2-propanol (C; in vol %) and the volume fraction
Acas. of the CdSe component.

Increase in 2-propanol content
C=40% C=50%

AT

C=98%

0.6

08

Figure 3. Dark-field TEM images of single-tip Au—-CdSe NRs incubated
for 4 h in 2-propanol/toluene with different volume fractions of 2-
propanol C, [vol %]. From top to bottom Ay, indicates the volume
fraction of CdSe in the single-tip Au-CdSe NRs. Scale bar: 50 nm.
Concentration of NRs in the final solution: a—f) 0.8, g-i) 1.0 mgmL™".

By analyzing the TEM images, we mapped self-assembly
of the NRs in a phaselike diagram in the Ci—Acgs. parameter
space (Figure 4). We observed three types of structures:
individual NRs, planar beltlike structures one NR wide, which
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Figure 4. Phaselike diagram of the self-assembled structures of single-
tip Au—CdSe NRs with varying Acgs. in toluene/2-propanol. The star
represents only belts. Concentration of NRs in the final solution:

0.8 mgmL™" for NRs with Acys,=0.4 and 0.6, and 1.0 mgmL™" for
NRs with Acgs.=0.8.
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we call “belts”, and large two-dimensional (2D) membrane-
like aggregates that we refer to as “lattices”.

At a particular Agg,, With increasing content of 2-
propanol in the mixed solvent, the NRs showed a stronger
propensity to self-assemble in a side-by-side manner, thereby
more efficiently screening interactions between the SLs and
the solvent and minimizing the surface energy of the system.
For example, at Acg.=0.6 with increasing C; the NRs
underwent the following transitions: individual entities—
belts—belts plus lattices—lattices. Importantly, at C,=
98 vol% all three types of NRs underwent side-by-side
assembly to form 2D lattices. These lattices formed close-
packed standing NR arrays when they settled from the
solution onto a solid substrate. In the lattices, the NRs have a
hexagonal arrangement and inter-nanorod distance of about
2 nm, correlated with the thickness of the double layer of SLs.

For the same value of C;, the formation of 2D lattices was
favored at small values of Agys.. For example, for Acyg. of 0.4
and 0.8 lattices formed at C; of 70 and 98 vol %, respectively.
We note that the Aqgs. value was largely determined by the
length of the CdSe segment, which in the present work varied
from about 7.5 to about 27.5 nm. (The width of the CdSe
segment and the volume of the Au tips remained approx-
imately constant.) Since the excluded volume of rods scales
with the square of their length,!'” the onset of side-by-side
attraction between the longer NRs required the addition of a
larger amount of a nonsolvent.

We followed the formation and evolution of the 2D
lattices for sample with A4, = 0.4 at an NR concentration of
0.1 mgmL™" and C;=50vol% by combining TEM imaging
and 90° DLS measurements. The images in Figure Sa and b
show the growth of aggregates of NRs between 1 and 60 min
after the addition of 2-propanol to a solution of NRs in
toluene. Figure 5c shows the growth in scattering intensity at
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Figure 5. Evolution of lattices formed by NRs in 2-propanol/toluene at
Acgse=0.4, C,=50 vol %, and NR concentration of 0.1 mgmL~". TEM
images of a representative NR lattice taken a) 1 and b) 60 min after
addition of 2-propanol to the solution of NRs in toluene. c) Variation
in It /1o, with self-assembly time. The inset shows the evolution of the
normalized scattering signal over the first 10 min. d) Log—log plot of
Iy/ 13 as a function of q from multiangle DLS measurements taken
200 min after addition of 2-propanol to the solution of NRs in toluene.
The dashed line highlights the =2 power law followed by the
normalized scattered intensity.
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90° (I')/I3,). The scattering intensity for the first data
acquisition (¢=0, I)) was very close to that of the mixture
of toluene and 2-propanol, and this suggests that individual
NRs were well-dispersed in solution. The inset in Figure Sc
shows that association began within minutes after the solution
was inserted into the light-scattering apparatus, in agreement
with TEM-imaging experiments (Figure 5a) at 90°.

Similar behavior was observed for the growth of Ri™
monitored at 90° (Supporting Information). The plateau
values in Figure 5c did not indicate the end of self-assembly,
but rather that the objects have become too large to obtain
meaningful data from scattering at 90°. Close to the end of the
experiment (after 200 min) the scattered signal became noisy,
which suggests that some of the large structures precipitated
out of the solution. From the increase in the scattering
intensity we infer that the NR arrays self-assembled in
solution, and not on the substrate during drying.

Information about the shape of the self-assembled
structures in solution was obtained from a multiangle light-
scattering study carried out approximately 200 min after
addition of 2-propanol to the solution of NRs in toluene, just
prior to settling of large aggregates from the solution.
Figure 5d presents a log-log plot of the normalized scattering
intensity Iy/Iy, versus g, where I, is the scattering intensity
measured at angle 0, and g the scattering vector, defined as
q = (4nn/2)sin*(6/2), where n is the refractive index of the
solvent, and A the laser wavelength (1=632.8 nm). The
variation of I,/I§, vs. g%, plotted on the log-log graph,
suggested that the lattice structures formed by the NRs in
solution were two-dimensional, which was confirmed by
fitting these data to the form factor of an infinitely thin
circular disk (see Supporting Information).

In the standing arrays derived from 2D lattices, the NRs
are arranged with the Au tips up or down (occasionally, we
observed small clusters containing up to 5-8 NRs in the tip-up
or tip-down orientation). Comprehensive analysis of 50 SEM
images taken at an angle of 36° (Supporting Information)
showed that the fraction of NRs assembled in the tip-up
orientation was 55%.

In summary, we have demonstrated solution-based self-
assembly of single-tip Au—CdSe NRs in a range of structures.
In toluene, these NRs self-assemble to form multi-armed
starlike structures and elongated objects. In solvent mixtures
such as 2-propanol/toluene, beltlike planar structures and
large superlattices are formed as a result of side-by-side
association of the NRs. The propensity of the NRs to form 2D
superlattices is favored at a large volume fraction of a
nonsolvent for side ligands and a low volume fraction of CdSe
in the NRs. The kinetics of aggregation of the NRs in solution
was examined in light-scattering experiments. We found an
unusual trend in the variation of the radius of gyration of the
NR structures in the initial stages of self-assembly. For the
first time, using multiangle DLS, we show that the evolving
morphology of NR aggregates in solution is consistent with
the structure imaged on a TEM grid.
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Experimental Section

CdSe NRs stabilized with octadecylphosphonic acid (ODPA) and
hexylphosphonic acid (HPA) were synthesized by using the method
described elsewhere.”*? Three samples of NRs with average lengths
of 7.5, 14.8, and 27.5nm were synthesized by using injection
temperatures of 300, 310, and 320°C, respectively. The NRs were
purified twice by precipitation with 2-propanol to remove residual
precursors and excess ligands and redispersed in toluene. Then, an
excess of dodecanethiol was added to the solution of NRs in toluene,
to replace the ligands on the side faces of the NRs. After 4 h, the NRs
were precipitated by adding 2-propanol to the solution of NRs in
toluene, separated by centrifugation, and subsequently redispersed in
toluene. The purification steps were repeated two or three times.
(When dodecanethiol was not thoroughly removed from the solution,
we were unable to grow Au tips on the ends of CdSe NRs). Selective
growth of Au on a single tip of CdSe NRs was achieved by using the
procedure reported by elsewhere, '™ with replacement of AuCl; with
HAuCI,. The reduction of HAuCl, on the tips of the CdSe NRs was
carried out by using DDA in the presence of DDAB. The size of the
Au tip was controlled by the amount of CdSe NR solution and the Au
solution (see Supporting Information). After synthesis, single-tip Au—
CdSe NRs were precipitated by adding 2-propanol to the reaction
solution, separated by centrifugation, and redispersed in toluene.

Two types of self-assembly experiments were carried out. For
spontaneous association in toluene, solutions of NRs with concen-
trations of 0.2-0.25 mgmL~! were allowed to stand. Assembly was
monitored over time by TEM, SEM, and, in separate experiments, by
light scattering. These types of experiments led to tip-to-tip associ-
ation. Samples for light scattering were more dilute (0.1 mgmL™),
and prior to assembly they were filtered through Acrodisc CR 13 mm
syringe filters with 0.45 um PTFE membrane. Side-by-side associa-
tion was triggered by adding different amounts (100-490 uL) of 2-
propanol or N,N-dimethylformamide to NR solutions (10-400 pL) in
toluene, so that the final concentration of NRs in the final solution
was 0.8-1.0 mgmL .

The self-assembled NR structures were imaged by TEM (Hitachi
HD-2000 STEM) at 200 kV and SEM (S-5200) at 10kV. A dilute
solution of the NRs or a dispersion of self-assembled NRs was cast
onto a carbon-coated copper grid and the solvent was evaporated.
Multiangle dynamic light scattering (DLS) experiments were per-
formed with a wide-angle light-scattering photometer from ALV, with
a JDS Uniphase He-Ne laser (4,=632.8 nm, 35 mW) emitting
vertically polarized light. The cells were placed into the ALV/DLS/
SLS-5000 Compact Goniometer System and set in a vat of toluene,
which matched the refractive index of the glass cells. The scattered
light was detected by a Dual ALV-High Q.E. APD avalanche
photodiode module, interfaced to the ALV-5000/EPP multiple tau
digital. All measurements were carried out at room temperature. The
apparent hydrodynamic radius R} of the structure was deduced from
the second-order cumulant analysis of the autocorrelation function.
The absorption spectra of NRs changed during the assembly process.
The decrease of the scattered signal due to the absorbance of the NRs
at the laser wavelength of 633 nm was accounted for using the Beer—
Lambert law (see the Supporting Information).
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