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Abstract.

The synthesis of a ferromagnetic heterostructured material consisting of a CdSe@CdS nanorod
attached to a single dipolar cobalt nanoparticle (CoNP) into a “matchstick” morphology is
reported. CdSe@CdS nanorods were modified by an activation reaction with Pt(acac), which
enabled selective one-sided deposition of a dipolar metallic CoNP-tip via the thermolysis of
Co0,(CO)g in the presence of polystyrene ligands Small (< 2 nm) PtNP-tips on CdSe@CdS
nanorods were found to be responsible for the selective deposition of CoNP-tips onto one
terminus per nanorod. The influence of the Pt-activation step for cobalt tipping was investigated
by examination of numerous conditions and characterization of intermediates and materials using
transmission electron microscopy and synchrotron X-ray diffraction.

Keywords. heterostructured nanorods, dipolar assembly, ferromagnetic nanoparticles
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Introduction
Synthetic routes to multi-component inorganic nanocomposites have generated
considerable interest as a route to complex materials with enhanced optical, electronic, magnetic,

. . 1-15 . .
or catalytic properties. ~ Heterostructured nanorods composed of a semiconducting nanorod
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coupled to a terminal metal nanoparticle “tip” are particularly interesting due to the ability to
systematically tune the size of each domain, which allows for direct control of optoelectronic and

magnetic material properties.l'3’ 16-24

The synthesis of cadmium selenide seeded cadmium sulfide
nanorods with either one, or two terminal cobalt nanoparticles (i.e., CoNP-tipped CdSe@CdS)
nanorods was recently reported using platinum nanoparticle tipped (PtNP-tipped) nanorods as
activated intermediates amenable to cobalt deposition.”> Control over the number of CoNP-tips
per nanorod was achieved by variation of the Pt-activation time and subsequent feed ratio of
cobalt precursor (Co,(CO)s) used during cobalt deposition.

Herein, we report on the synthesis of CdSe@CdS nanorods that incorporate a single
dipolar CoNP tip per nanorod (Scheme 1). Using a multi-step synthesis, magnetic
heterostructured nanorods were prepared with a single, dipolar, ferromagnetic CoNP (CoNP-tip)
conjugated to a CdSe@CdS nanorod (hereafter referred to as a “matchstick”, versus a two-sided
CoNP-tipped nanorod or “dumbbell”). The key step in this colloidal total synthesis was
understanding and optimizing the nanorod activation step (Pt-activation) using Pt(acac),, which
enabled selective deposition of a single, dipolar, ferromagnetic CoNP-tip. While previous
reports have demonstrated deposition of CoNP-tips onto semiconductor nanorods at one or both
nanorod termini,”*’ the methodology in this report affords nanorod precursors for the formation
of larger (diameter (D) > 20 nm) dipolar cobalt nanoparticles attached at primarily one terminus
per nanorod. Dipolar cobalt domains on matchstick CoNP-tipped nanorods directed spontaneous
formation of linear nanorod assemblies through magnetic interactions of the CoNP-tips,’**’
while nanorods bearing additional CoNP inclusions per nanorods were found to result in less
ordered self-assembled architectures. This finding demonstrated that control over the
morphology of dipolar CoNP-tipped products was a crucial factor in directing the self-assembly
modes of these dipolar heterostructures. This report focuses on the synthetic methods required to

obtain dipolar matchstick CoNP-tipped nanorods capable of linear assembly, while investigation

of the self-assembly of these dipolar matchstick structures is reported elsewhere.”

Experimental Section.
Chemicals. 1,2,4-trichlorobenzene (TCB) (> 99%) was purchased from both Aldrich and Alfa
Aesar and passed through a 0.2 micron syringe filter prior to use. 1,2-dichlorobenzene (DCB) (>

99%) was purchased from both Aldrich and Acros Organics and passed through a 0.2 micron
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syringe filter prior to use. 1,2-hexadecanediol (HDD) (90%), toluene (99.5%), cadmium(II)
oxide (CdO) (99.5%), selenium (99.999%), oleic acid (OLAC) (90%), oleylamine (OLAM)
(70%), and 1-octadecene (ODE) (90%) were purchased from Aldrich. Octadecylphosphonic acid
(ODPA) (97%), trioctylphosphine oxide (TOPO) (99%), trioctylphosphine (TOP) (90%),
trioctylphosphine (TOP) (97%), hexylphosphonic acid (HPA) (97%) and dicobalt octacarbonyl
stabilized with 5% hexanes (Co0y(CO)g) were purchased from Strem. Platinum (II)
acetylacetonate (Pt(acac);) (98%) and diphenyl ether (DPE) (99%) were purchased from Acros
Organics. Sulfur (>99.0%) was purchased from EMD, and absolute ethanol (EtOH) was
purchased from Pharmco-Aaper. All chemicals were commercially available and used as
received, unless otherwise noted.

Electron microscopy. Low resolution bright field TEM images (those not labeled “high
resolution”) were obtained on a Phillips CM12 transmission electron microscope (CM12) at 80
kV, or a Tecnai Spirit transmission electron microscope (FEI) at 100 kV using in house prepared
carbon coated copper grids (Cu, hexagon, 200 mesh). Image analysis was performed using
Image] software (Rasband, W.S., National Institutes of Health, http://rsb.info.nih.gov/ij/, 1997-
2007) from bright field TEM images at a minimum of 110000x magnification by sizing a
minimum of 100 particles (unless otherwise stated). High resolution TEM (HRTEM) and high-
angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images
were acquired using a CM200FEG (Philips) microscope with a field emission gun operated at
200 kV or a Cs corrected FEI Titan operated at 300 kV.

X-ray diffraction. XRD measurements were performed on the uSpot beam line at BESSY II
synchrotron.”’ A Si 111 Monochromator was used and an incident X-ray energy of 12.48 keV
(0.9933 A) was selected. The beam size was 100 um. A polymer sample holder with 2 mm holes
and a thickness of about 1 mm was used. Samples were filled into the holes and covered with
Scotch tape. To protect the area detector (MAR-CCD) the primary beam was blocked by a 3.5
mm beam stop made of lead. Each sample was measured twice with an acquisition time of 150 s.
The program Fit2D was used for integration of the images.

Optical spectroscopy. UV-vis measurements were obtained using a Shimadzu Corporation UV-
vis recording spectrophotometer (no. UV-2401PC, Kyoto Japan). CdSe quantum dot diameters

were estimated from UV-vis data by using the correlation of quantum dot diameter with the low
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energy visible absorbance maximum reported by Peng et al.”* Fluorescence measurements were
obtained using a Photon Technology International spectrometer (no. 3005, Weatherford TX).
Synthesis of CdSe quantum dots and CdSe@CdS nanorods. CdSe quantum dots and
CdSe@CdS nanorods were synthesized as previously reported,” which was modified from the
methods of Manna et al.”
Synthesis of Pt-activated nanorods. Pt-activation of CdSe@CdS nanorods was conducted
using a modification of the Pt-deposition conditions established by Mokari et al,> and full
synthetic details are provided in the Supporting Information. Briefly, CdSe@CdS nanorods
(CdSe seed: D = 3.2 nm; nanorod: L = 66.0 nm, D = 5.3 nm, 43 mg, 20 wt-% organic content by
TGA, approximately 8 nanomol nanorods) were weighed into a 20 mL vial and dispersed in 1,2-
dichlorobenzene (1.2 mL) via vortex agitation, where sonication in certain cases was briefly
applied (< 2 min). A solution of platinum(Il) acetylacetonate (1 mg in 0.1 mL DCB; 2.5 pmol)
was then transferred to the vial containing the nanorod dispersion via syringe no more than 5 min
prior to use (see below).

Diphenyl ether (10 mL at 40 °C), oleic acid (0.2 mL; 0.61 mmol), oleylamine (0.2 mL;
0.63 mmol), and 1,2-hexadecanediol (43 mg; 0.17 mmol) were weighed into a 50 mL three-neck-
round bottom flask equipped with a reflux condenser and 1” magnetic stir bar. The flask was
fitted with rubber septa and a temperature probe was passed through a septum until it came into
direct contact with the solution. The solution was then heated to 80 °C in vacuo for 30 min using
a heating mantle and temperature controller with continuous stirring at 300 RPM and
subsequently backfilled with Ar. The contents of the flask were then heated to 225 °C under
argon, followed by injection via syringe of CdSe@CdS nanorods dispersed in a solution of
Pt(acac),/DCB (described above) to the reaction mixture. The heating mantle was removed from
the reaction flask after 30 s from the injection of Pt(acac),/nanorods/DCB. Toluene (10 mL) was
injected via syringe into reaction mixture once the internal temperature of the medium reached
100 °C, and the orange dispersion was allowed to cool to room temperature prior to purification
by centrifugation (Supporting Information). The synthesis yielded an orange powder (32 mg,
20.6 wt-% organic content from TGA).
Synthesis of CoNP-tipped CdSe@CdS nanorods. Full synthetic details are provided in the
Supporting Information. Carboxylic acid-terminated polystyrene (PS-COOH) was synthesized
by ATRP as previously reported and used for all cobalt deposition reactions (M, = 8600 g/mol
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by GPC versus polystyrene; PDI = 1.07).® A stock solution of Co,(CO)s (300 mg, 0.9 mmol)
dissolved in 1,2,4-trichlorobenzene (TCB, 3 mL) was prepared in a glass vial before setting up
the cobalt deposition reaction. The vial was sealed with a screw top cap and left to stand under
ambient conditions (20 min) before vigorous vortex agitation (no sonication) for several min to
promote complete dissolution of all solids. The vial was then subjected to vortex agitation for an
additional 2 min.

Pt-activated CdSe@CdS nanorods (5 mg for 66.0 nm nanorods with 20.6% organic
content by mass, approximately 0.95 nanomol) were loaded into a 20 mL vial containing PS-
COOH (10 mg; 1.2 umol), and TCB (1 mL) was added before the vial was fitted with a screw
top polypropylene cap and subjected to 10 min sonication. A 10 mm magnetic stir bar was added
to the vial after sonication, and the vial was fitted with a rubber septum. A temperature probe
was passed through the septum until it came into direct contact with the reaction mixture before
securing the septum with electrical tape. The reaction vessel was evacuated for 2 min and
backfilled with argon before heating to 160 °C using a heating mantle and temperature controller
with continuous stirring (1000 RPM). Upon reaching 160 °C, room temperature Co,(CO)s
dissolved in TCB (0.5 mL of the Co,(CO)s stock solution described above; approximately 50 mg
or 146 pmol of Co,(CO)g) was injected. The temperature was held at 160 °C for 15 min from the
time of injection before the vial was removed from the heating mantle and allowed to cool to
room temperature before purification by repeated magnetic collection steps (Supporting
Information). The purified product was imaged via TEM and sized using Imagel] software
(CoNP-tip diameter = 20 + 4 nm; approximately 88% of dipolar CoNPs imaged carried a
nanorod side chain). These CoNP-tipped matchsticks were sensitive to sonication which resulted
in an increased number of shorter “broken” free nanorods being observed in sonicated samples.
Dipolar CoNP-tipped nanorods were stored as dispersions in PS-COOH/TCB (2 mg / mL) when
intended for further use. The sample was dried strictly for yield determination to yield a black

powder (43 mg, 66.6 weight-% organic content from TGA).

Results & Discussion
Activation of CdSe@CdS nanorods toward deposition of dipolar CoNP-tips. Dipolar CoNP-
tipped nanorods were synthesized over four steps using CdSe quantum dots and CdSe@CdS

nanocrystal reagents, with the key step of the synthesis being nanorod activation with Pt(acac),



CrystEngComm

(Scheme 1). CdSe quantum dots and CdSe@CdS nanorods were synthesized as previously

25,53
d,”™

reporte and these nanorods served as substrates for the deposition of metal NPs to prepare

the target dipolar CoNP-tipped structure. Native CdSe@CdS nanorods were found to be
ineffective precursors for the deposition of CoNP-tips by the thermolysis of Co,(CO)g in DCB in
the presence of polystyrene ligands, which resulted in the homogeneous nucleation of unattached
CoNPs (Fig. l1a,d). This result indicated that unmodified nanorods were not reactive toward
metallic cobalt deposition, and pointed to the need for additional activation of the terminal
nanorod surface. The major challenge in the deposition of a single, dipolar, CoNP-tip per

nanorod was then in finding conditions which selectively activated a single nanorod terminus

with minimal activation of the opposing terminus, or lateral facets.”

CdSe CdSe@CdS Pt-activated CoNP-tipped
guantum dots nanorods nanorods nanorods

CdO, HPA Pt(acac),, OLAC »  C0(CO)g
ODPA, TOPO ® , ODPA, TOPO OLAM, HDD PS-COOH
cdo TOP, TOP:Se @ _° TOP, TOP:S phenyl ether TCB
B ————————— ) e —FF ——
370°C < & ® 370-350°C ¢ 225°C 1 160 °C ) ) )
0 seconds 6 minutes ) 0.5 minutes ) 15 minutes 1 J i

Scheme 1: Synthesis of CoNP-tipped CdSe@CdS nanorods over four steps. CdSe quantum dots and
CdSe@CdS nanorods were synthesized as reported elsewhere.”> ¥ CdSe@CdS nanorods were modified
by a brief Pt-activation reaction which preferentially activated these nanorods towards cobalt deposition
at the sulfur-rich nanorod terminus with minimal deposition of Pt onto the nanorod. Dipolar CoNP-tips
were then deposited onto these activated CdSe@CdS nanorods at primarily one terminus per nanorod
(matchstick morphology) and the CoNP-tips spontaneously assembled into chains due to magnetic
interactions. Abbreviations: OLAC = oleic acid; OLAM = oleylamine; HDD = 1,2-hexadecanediol; PS-
COOH = carboxylic acid terminated polystyrene® (M, = 8,600 g/mol; PDI = 1.07); TCB = 1,2.4-
trichlorobenzene. Ligands are omitted for clarity.

The terminal deposition of PtNPs, or very small Pt clusters was investigated as a route to
activate nanorods towards the deposition of dipolar CoNP-tips, based on our previously reported
methodology for the installation of smaller CONP-tips.”> CdSe@CdS nanorods were therefore
treated with Pt(acac),, HDD, OLAC, and OLAM for 8 min at 225 °C in phenyl ether, where low
concentrations of Pt(acac), (0.23 mM) resulted in nanorods having small PtNP-tips at a single
terminus per nanorod, as observed by bright field TEM imaging (Fig. 1c). However, treatment of
these Pt-activated CdSe@CdS nanorods with Co,(CO)s in DCB at elevated temperature resulted

in mixtures of matchstick and dumbbell tipped nanorods (i.e., CdSe@CdS nanorods with one, or
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two CoNP tips) (Fig. 1f, Fig. S-7, Supporting Information). Multiple attempts were made to alter
this Pt-deposition reaction by variation of reaction time and concentration of Pt(acac), in an
attempt to obtain PtNP-tipped nanorods amenable to the formation of dipolar CoNP-tipped
matchsticks. These experiments produced one of two general results: either 1) PtNP-tipped
nanorods were obtained which resulted in mixtures of CoNP-tipped products that did not
efficiently form linear dipolar assemblies (Fig. 1c), or 2) CdSe@CdS nanorods appeared
unmodified after Pt-deposition, as determined by bright field TEM imaging (Fig. 1b).

Fge P Sl j\ﬂ divtiinict : RGE SRS . b,

Figure 1: TEM images of (a) CdSe@CdS nanorods used in this figure (Length =L = 64.1 + 5.4 nm, n =
100; D = 5.7 + 0.6 nm, n = 100; CdSe seed D = 2.5 nm by UV-vis™). (b) “Pt-activated” nanorods after 30
s Pt-activation. (c) PtNP-tipped nanorods after 8 min Pt-activation. (d) Product of cobalt deposition onto
native CdSe@CdS nanorods shown in la. (e) Product of cobalt deposition onto “Pt-activated” nanorods
shown in 1b. (f) Product of cobalt deposition onto PtNP-tipped nanorods shown in lc.

Determination of optimized Pt-activation conditions for nanorods to enable the deposition
of a single dipolar CoNP tip required screening of Pt-activation times and concentrations of
precursors followed by correlation of CoNP deposition products and morphology (i.e.,

matchstick vs dumbbell). This effort was particularly challenging since the required Pt-activation
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steps were typically very short and did not afford PtNP tips that could be resolved by HRTEM.
However, the effects of these short Pt-activation times were easily discerned by the morphology
of CoNP tips deposited onto Pt-activated nanorods, where very short times tended to afford
matchstick tipped nanorods, while lower activation times yielded dumbell tipped nanorods. In
this manner, optimized matchstick activation conditions (referred to as “Pt-activated nanorods™)
were discovered which required a combination of low Pt precursor concentration (0.23 mM) and
brief reaction time (30 s, see Supporting Information), as determined by characterization of the
CoNP-tipped products by standard bright field TEM imaging (Fig. 1b,e). Note that this short Pt-
activation time resulted in Pt-activated nanorods which were indistinguishable from the native
nanorod precursors by standard low resolution bright field TEM (Fig. 1b). Additional control
experiments confirmed the need for the low concentration of Pt(acac), used in these experiments

(Fig. S-5, Supporting Information).

Dipolar matchstick CoNP-tipped nanorods.

Despite optimization of Pt-activation conditions to afford dipolar matchstick CoNP-
tipped nanorods, purification of the desired heterostructure from untipped nanorods was required
(Fig. 1e). Samples were enriched in dipolar CoNP-tipped nanorods by use of a custom built
magnetic probe which was inserted directly into the crude reaction product (Supporting
Information) to enable collection of magnetic material present in these samples from a good
solvent (TCB) in a reasonable amount of time (2 min). Collection of the magnetic material from
a good solvent was desirable to prevent aggregation of CoNP-tipped nanorods, since these
dipolar heterostructures could not be redispersed by sonication without resulting in mechanical
fracture of nanorod side chains. Repeated magnetic collection steps resulted in samples highly
enriched in dipolar CoNP-tipped nanorods, with minimal free nanorods (< 10%) observed by
TEM after purification (Fig. 3a). Approximately 88% of the dipolar CoNPs imaged in these
samples carried a nanorod side chain.

Upon magnetic purification, spatial and structural characterization of each colloidal
component in the nanocomposite was conducted by HRTEM and power spectrum analysis (Fig
2). Power spectrum analysis (defined as the square of the Fourier transform of the image data) of
the high resolution TEM image (HRTEM, Fig. 2b) presented rings that were indexed to both the

fcc phase of cobalt NPs and to the wurtzite modification of CdS. The inner spots of the power

Page 8 of 18



Page 9 of 18

CrystEngComm

spectrum were assigned to the CdSe@CdS nanorods (the red ring overlaps with the 002
reflections of the wurtzite modification of CdS while just inside and just outside that ring the 100
and the 101 reflections, respectively, are also present) and the spots overlapping to the green ring
were assigned to the fcc phase of the cobalt nanoparticles. To further prove this assignment,
Fourier analysis was carried out by selecting the reflections close to the green and red ring (Fig.
2c and 2d, respectively). The reflections corresponding to Co-phase arose only from the NP
backbone (Fig. 2c), which were constituted by c.a. 20 nm Co particles made of smaller
crystallites as clearly visible from the phase contrast image. Moreover, the position and the
orientation of the CdSe@CdS nanorods arising from the backbone were clearly visible when
selecting the most intense reflection of CdS only (Fig. 2d). The crystallite size was determined to
be 4.2 nm from XRD line width analysis.”® XRD also clearly proved the unusual fcc structure of
cobalt, as noted by the presence of fcc-type peaks 111 and 200, and the absence of the strongest
hcp type 101 pattern.
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Figure 2: (a) HRTEM image of CoNP-tipped nanorods. (b) Power spectrum of the HRTEM image in Fig.
2a. (c¢) Fourier filtered image selecting the 111 reflections of the cubic modifications of cobalt (in green)
from Fig. 2b, (d) Fourier filtered image selecting 100, 002, 101 reflections of the hexagonal modification

of CdS (region closer to the red circle) from Fig. 2b.
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Effects of heterostructure morphology on the architecture of dipolar assemblies.

Figure 3: (a) Low resolution TEM image of dipolar CoNP-tipped matchstick nanorods prepared from
optimized Pt-activated nanorods (from Fig. 1b), with higher resolution inset (Dconp-tip = 22.4 + 4.7 nm).
(b) Low resolution TEM image of dipolar matchstick and dumbbell CoNP-tipped nanorod mixtures
prepared from PtNP-tipped nanorods obtained from longer Pt-activation times (from Fig. 1c), with higher
resolution inset (Dconp-ip = 23.0 + 4.8 nm).

As mentioned above, the ability to suppress the formation of nanorod side products with
lateral CoNP inclusions and/or dumbbell CoNP-tipped nanorods enabled the synthesis of
matchsticks that formed 1-D dipolar NP chains with nanorods carried into the assembly as
densely grafted pendant functionalities (Fig. 3a). A striking feature of these dipolar matchstick
nanorods and the resulting dipolar assemblies was the exclusive perpendicular orientation of
CdSe@CdS nanorod side chains relative to the CoONP main chain and the magnetic easy axis of
each dipolar NP unit. As a result of this efficient dipolar coupling, linear assemblies of dipolar

matchstick CoNP-tipped nanorods frequently spanned several microns in length when cast onto

11
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carbon coated TEM grids for imaging (Fig. 3a). By comparison, mixtures containing dipolar
matchstick nanorods with a fraction of either dumbbell nanorods, or laterally decorated nanorods
were obtained from PtNP-tipped nanorods (which were activated for longer times, Fig. 1f). This
mixture of CoNP-tipped nanorod morphologies tended to afford less ordered colloidal
assemblies, particularly through branching from dumbbell nanorods, which pointed to the need
for precisely controlled Pt-activation in achieving CoNP-tipped nanorods capable of 1-D
assembly (Fig. 3b). These examples demonstrated how selective control of the CoNP-tipped
structure of these “colloidal monomers” directly correlated with the architecture of the dipolar

assemblies, as observed for other colloidal polymer systems.*”

Characterization of Pt-activated CdSe@CdS nanorods.

While the importance of Pt-activation was demonstrated by the previously described
results, further investigation into this step was conducted to gain insight into the effects of this
chemical modification to the CdSe@CdS nanorods. As alluded to earlier, a fundamental
challenge in studying this Pt-activation step was the absence of discernable metallic PtNPs, or
clusters deposited onto the CdSe@CdS nanorod, particularly since solution optical absorption
and emission spectroscopies did not reveal any chemical changes to the parent nanorod
(Supporting Information Fig S-8 and S-9).

Therefore, further investigation of the intermediate Pt-activated nanorod structure was
conducted to determine if chemical, or structural changes of the nanorod could be observed via
XRD or TEM. The incorporation of metallic platinum phases was not detected in XRD for Pt-
activated nanorods subjected to optimized activation conditions (30 s Pt-activation), hence,
CdSe@CdS nanorods were further subjected to longer Pt-activation times (5 min) to reveal at
which point PtNP tips could be observed by conventional characterization methods, such as,
TEM and XRD. Even after longer reaction times for Pt-activation (5 min), metallic platinum was
still not detected in this sample by low resolution TEM or by XRD as a nanocrystal phase (Fig.
4). The patterns of both samples (activated for 30 s and 5 min) only showed the reflections of the
wurtzite CdS nanorods with more intense and sharper 002 reflections due to the preferential

growth along this crystallographic direction.

12
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Figure 4: XRD spectra of CdSe@CdS nanorods after 30 s activation (black line) and 5 min
activation (red dashed line) scaled to similar CdSe@CdS intensity. Nanorod dimensions: L =
69.1 +5.5nm, n=109; D=6.0 +0.5 nm, n=105.

To further investigate the morphological effects of the Pt-activation reaction on
CdSe@CdS nanorods, HRTEM and high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) were conducted on nanorods treated for brief (30 s, Fig. 5a) and
extended (5 min, Fig. 5b) Pt-activation times. For optimized Pt-activated nanorods (30 s nanorod
activation), the deposition of metallic PtNP-tips could not be imaged using HRTEM. However,
HAADF-STEM of these Pt-activated nanorods suggested the deposition of very small PtNP-tips,
as noted by faint particulate features on nanorod termini (Fig. 5a). Conversely, HAADF-STEM
permitted imaging the incorporation of very small high Z-contrast features at the end of
CdSe@CdS nanorods subjected to longer Pt-activation times (5 min; Fig, 5b). HRTEM imaging
of the Pt-activated CdSe@CdS nanorods subjected to longer Pt-activation times (5 min) revealed
the presence of low contrast very small NP features (D < 1 nm) deposited onto the nanorod
terminus (Fig. 5c). It is important to note that cobalt deposition experiments onto nanorods
subjected to longer Pt-activation times (> 30 s) yielded mixtures containing two-sided CoNP-

tipped nanorods, which resulted in poorly defined self-assembled morphologies (Fig. 3b).

13
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Figure 5: (a) HAADF-STEM image of Pt-activated CdSe@CdS nanorods (30 s reaction time), with
arrows pointing to few high atomic number atoms. (b) HAADF-STEM image of Pt-activated CdSe@CdS
nanorods after 5 min reaction time, with arrows pointing to small (< 1 nm) PtNP-tips. (c) HRTEM of Pt-
activated CdSe@CdS nanorods after 5 min reaction time. The inset shows the power spectrum showing
the 002 reflections of the nanorods in the center of the image. No additional reflections from Pt or other
phases could be discerned.

The collective findings of these imaging and variation in Pt-activation studies suggest
that a trace amount of platinum that was below the resolution of conventional HRTEM was

present on the optimized Pt-activated nanorods (30 s) which enabled subsequent one-sided
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deposition of dipolar CoNP-tips onto nanorods. Upon treatment of CdSe@CdS nanorods with
longer Pt-activation times, the growth of a very small, but observable, PtNP-tip onto one side of
the nanorod occurred, as confirmed by HAADF-STEM. However, concurrent chemical etching
of the opposing nanorod terminus and lateral facets resulted in an increased tendency towards

cobalt deposition to form “dumbbell” CoNP-tipped nanorods.”

Conclusion.

The synthesis of dipolar heterostructured nanorods bearing a single CoNP-tip at one terminus per
CdSe@CdS nanorod required subtle optimization of the reactivity of CdSe@CdS nanorods using
a Pt-activation step. This variation in nanorod reactivity was achieved by leveraging the key Pt-
activation step to activate nanorod termini toward the deposition of CoNPs to enable synthesis of
the targeted nanomaterial. Complex heterostructured nanocomposites were thus synthesized
using nanocrystal reagents as precursors with precise spatial control over heterostructure
morphology. This precise control over heterostructure morphology on 1-2 nm length scales was
shown to strongly impact the formation of hierarchical structures on mesoscopic length scales

ranging several micrometers.
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A graphical and textual abstract for the Table of contents entry

Activation of CdSe@CdS nanorods by a platinum deposition reaction enables selective
deposition of a single dipolar cobalt nanoparticle tip per nanorod.
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