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DIRECTIONAL SUPERPARAMAGNETISM
AND PHOTOLUMINESCENCE IN CLUSTERS
OF MAGNETITE AND CADMIUM SELENIDE
NANOPARTICLES

FRANK E. OSTERLOH

Department of Chemistry, University of California,
Davis, CA, USA

ZnO microcrystals, Ca;Nb3;0;, nanoplates, and LiMo3Se; nano-
wires were used to chemically assemble CdSe and magnetite
nanoparticles into discrete nanostructures. The CdSe-containing
clusters exhibit directional and polarized light emission properties,
which are modulated by the one- and two-dimensional morphology
of the clusters. Clusters of Fe;O4 nanoparticles are superparamag-
netic and contain one or two hard magnetic axes, depending on
the cluster shape. The ability to control the physical properties of
nanoparticles via assembly is of academic and practical interest.
Nanostructures with directional emissive and magnetic properties
could find applications in light emitting devices, as optical probes,
and as magnetic sensors and actuators.

Keywords: nanoparticle cluster, luminescence, superparamagnetism,
bottom-up approach

INTRODUCTION

As intermediates between the molecular and the solid state inorganic
nanoparticles combine chemical accessibility in solution with physical
properties of the bulk phase. This makes them ideal elements for the con-
struction of nanostructured materials with adjustable physical and
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chemical properties. Such materials have been realized as films,!" ! or as
bulk solids.[*®! These contain the nanoparticles linked by covalent inter-
actions,>>%10I electrostatically,[z’l1_16] via van der Waals interac-
tions,!""*°! or via other interaction types.!'’>?! The physical properties
of such assemblies are often quite different from those of the individual
nanoparticles, because of dipolar coupling and energy exchange interac-
tions among the closely neighbored components.”>>5! The hope to
exploit such interactions for adjusting the properties of the ensemble
or to create entirely new physical properties not present in the separate
components are two of the motivations for creating multicomponent
nanostructures.!'%

Using suitable synthetic protocols it is also possible to direct the
assembly towards discrete nanoparticle clusters (NPCs).?*7% Such
NPCs contain only a finite numbers of particles and their sizes are on
the order of nano- to micrometers. As such, NPCs have the advantage
that they can be dispersed in solvents and in matrixes, where they can
be used as spectroscopic®®! or chemical®® probes, as catalysts,*’! or
for other advanced applications.[%37!

In this paper we review our recent efforts on the construction of
NPCs from superparamagnetic and luminescent nanoparticles.[*3-31734
As we will show here, the physical properties of such structures are dis-

Structure type Nanoparticle property

superparamagnet semiconductor

1D 1D Magnetic | 1D Optical
g Anisotropy Anisotropy

Nanocompass | 1D light emiftter

2D Magnetic = 2D Optical
Anisotropy  Anisotropy

Magnetic | 2D light emitter
micromirror

Figure 1. Structure-property relationships in nanoparticle clusters.
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tinctly influenced and modulated by the cluster geometries (Figure 1).
Rod-shaped NPCs have uniaxial magnetic and light emission characteristics
whereas plate-like NPCs have two-dimensional anisotropic optical and
magnetic properties. Our findings indicate that the anisotropic magnetic
properties of these clusters arise from the combination of dipolar interac-
tions among the nanoparticles with their anisotropic three-dimensional
distributions. The directional light emission characteristics, on the other
hand, seem to be mostly a consequence of the waveguiding properties of
the NPC-medium interfaces. The ability of generating directional physical
characteristics with nanoparticles via assembly into superstructures is
of relevance for engineering properties on the nanoscale. Applications of
these structures as microlasers, optical probes, magnetic sensors and actu-
tors, drug delivery vehicles, and display components can be envisioned.

In the following sections we will describe our synthetic approach to
these NPCs and describe their structural and physical characteristics,
beginning with superparamagnetic structures.

1. SUPERPARAMAGNETIC NANOPARTICLE CLUSTERS

One of the motivations for synthesizing superparamagnetic clusters is to
use them as magnetic handles that can be magnetically moved or rotated
on the nanoscale. Such superparamagnetic handles could be used as
magnetic actuators,*!! as steering components in magnetically guided
self-propelled devices,!*?! as components in spatial light modultors,!***4!
or as microscale valves in microfluidic systems.!**! Studies of such struc-
tures can also lead to new insight into magnetism on the nanoscale.
Rod-shaped (1D) and plate-shaped (2D) clusters of magnetite (Fe;O,)
nanoparticles were synthesized according to Figure 2A from nanowires
and nanosheets after chemical modification with organic linkers to allow
binding of the Fe;O4 nanoparticles. For rod-shaped NPCs, LiMo;Ses
nanowires***"! were reacted with 3-iodopropionic acid to produce car-
boxylic acid terminated nanowires. Mixing of the nanowires with an excess
of 5.3 nm oleicacid protected magnetite nanoparticles*®! in THF produced
a nanoparticle-nanowire composite. This composite could then be broken
into the desired LiMosSe;-Fe;0y4 clusters (1) by ultrasonication in THF.
Plate-shaped NPCs (2) were synthesized using exfoliated Ca;Nb3O
nanoplates as a 2D template (Figure 2B).'*’! Chemical functionaliza-
tion of the nanoplates with 3-aminopropyltriethoxysilanes produces
nanoplates coated with a monolayer of 3-aminopropyl groups. After
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Figure 2. Template strategy for the synthesis of nanoparticle clusters with 1D and
2D morphologies. Reprinted in part with permission from Refs. 31-34. Copyright 2005
American Chemical Society.
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Figure 3. Micrographs of superparamagnetic NPCs. LiMo;Se;-Fe;04 (1): A) AFM,
B) TEM, C) SEM. Ca,;Nb30,¢-Fe;O04 (2): D) SEM, E) TEM, F) magnified view of
rectangular section in E. Reprinted in part with permission from Refs. 31 and 33. Copyright
2005 American Chemical Society.
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labeling with an amine-reactive dye, optical spectroscopy of the nano-
plates revealed that 21% of the exposed Nb-OH groups on the plates
were functionalized with aminopropylsilyl groups. Reaction of the modi-
fied plates with an excess of magnetite nanoparticles led to individual
Ca,yNb30;¢-Fe30y4 clusters, which aggregated into clusters (2) via stack-
ing in non-coordinating solvents.

According to scanning and transmission electron microscopy,
(Fig. 3D-F) rod- and plate-shaped clusters 1 and 2 contain high densities
of magnetite particles. In the case of 1, magnetite particles are located on
the periphery of 340 nm long and 5 nm wide nanowire fragments. In the
case of 2, the nanoparticles are located on either individual plates
(0.16 um” x 21.3 nm) or in stacks thereof (1.6 + 0.7 pm x 79 + 30 nm).
For individual plates, 9.3 + 0.5 x 10% Fe;0,4 particles are located in each
1.0 um? on each side of the plate. The average surface-to-surface distance
of Fe304 nanocrystals on these plates is 1.6 = 0.5 nm.

Magnetic measurements reveal that NPCs 1 and 2 differ from the
isolated nanoparticles in regard to their blocking temperatures (100 K
for rod-like 1 and 150 K for plate-like 2), which are increased compared
to those found for the free nanoparticles (30 K). The difference between
the two blocking temperatures indicates dipolar interactions between
magnetic nanoparticles in the clusters, which stabilize the magnetic
moments of the Fe;04 nanoparticles against thermal fluctuations.

Because the dipolar interactions have a non-symmetrical distribution
(caused by the 1D or 2D nanoparticle distributions) a shape-dependent
superparamagnetism of the clusters arises. For the plate-like NPCs two
easy magnetization axes along the plates and one hard magnetization
axis perpendicular to the plates are experimentally confirmed on films
of aligned clusters (Figure 4A). The magnetic anisotropy manifests in
different hysteresis loops for a parallel and perpendicular orientation
of the NPCs with regard to the external magnetic field, i.e. the planar
clusters are easier to magnetize in the plate directions than perpendicu-
lar to it. Also, at 5 K, the remanence of the plates in parallel direction is
by a factor of 2.3 larger than in the perpendicular directions. Calcula-
tions for the two orientations of 2 show that the magnetic field created
by the ensemble of magnetic particles stabilizes the orientation of in-
plane-dipoles and destabilizes out-of-plane dipoles (Figure 4B). For
the NPC rods (1), similar interactions lead to an “easy’” magnetic axis
along the principle geometrical axis of the rods and to two “hard” axes
perpendicular to the rod axis.
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Figure 4. A) Hysteresis curves (5K) for two orientations of 2 with regard to the applied
field. B) Schematic depictions of the intrinsic magnetic field generated by the collection
of Fe;O,4 nanoparticles. For rod-shaped 1 the intrinsic field (hollow arrow) stabilizes the
magnetic moments of the nanoparticles in the direction of the longer rod axis and it desta-
bilizes them perpendicular to the rod axis. Analogous orientations of the intrinsic fields are
shown for plate-shaped clusters. Out of plane moments are destabilized and in-plane
moments are stabilized by the intrinsic magnetic field. Reprinted in part with permission
from Ref. 31. Copyright 2005 American Chemical Society.

Due to their magnetic anisotropy it is possible to align rod-shaped
and plate shaped NPCs with a weak magnetic field. Rod-shaped NPCs
(1) deposited from THF solution onto a silicon wafer in a 200 Oe mag-
netic field show a characteristic alignment along the magnetic field lines
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(Figure 5AB). This alignment takes place within about 30s (the time it
takes the solvent to evaporate). Because of their larger sizes, the mag-
netic orientation of plate-like clusters (2) can be monitored in real-time.
Figure 5C shows a group of colloidal plates (6.8 x 5.4 and 2.8 x 3.2 pm?)
freely dispersed in THF, under the influence of a 500 Oe inhomogeneous
magnetic field (a movie in mpeg format is available in the Supporting
Information for referencel!). In the first row of the figure, the plates
are rotated around an in-plane axis and in the second row of the figure
the particles are rotated around an out-of-plane axis. An analysis of
the video-microscopy images reveals that the magnetic plates align one
of their two in-plane-magnetic “casy’ axes with the magnetic field, while

Figure 5. Scanning electron and optical micrographs showing the magnetic orientation of
rod- (A, B, magnified view) and plate shaped (C) superparamagnetic NPCs. Arrows indi-
cate the direction of the magnetic field lines (A, B) or the direction or rotation (C).
Reprinted with permission from refs. 31 and 33. Copyright 2005 American Chemical
Society.
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Figure 6. A) Anisotropic Mie scattering effects of magnetically aligned suspensions of
plate-shaped NPCs 2 in ethanol. B-C) Birefringence patterns of a suspension of 2 in pyri-
dine between two crossed polarizers and under the influence of a 6000 Oe magnetic field
caused by one or two FeNdB magnets in front of the sample (north and south poles are
marked as N and S). Reprinted in part with permission from refs. 28 and 31. Copyright
2002 and 2005 American Chemical Society.

the “hard” out-of-plane axis does assume no specific orientation. The
lacking ability to control the hard magnetic axis of 2 puts a limit on
the 3D controllability of these structures with a magnetic field. In terms
of their magnetic orientation the plates behave analogously to magnetic
rods (1).

As a result of their structural anisotropy, magnetically aligned dis-
persions of plate-shaped clusters 2 also acquire an optical anisotropy.
Figure 7A shows a sample penetrated by laser light (532 nm) horizontally
from the left. Depending on the orientations of the magnetic field lines
(shown as arrow), the sample scatters maximum (100%) or minimum
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Figure 7. Micrographs of rod-shaped 4 and plate shaped 3. ZnO-CdSe: A) SEM, B) TEM.
Ca,;Nb30,¢-CdSe: C) TEM, D) increased magnification, E) SEM. Reprinted in part with
permission from Refs. 32 and 34. Copyright 2005 American Chemical Society.

(30%) light intensity in the direction of the viewer. In this geometry, the
plate-shaped NPCs behave as magnetic mirrors.

The birefringence patterns shown in Figures 7B-C arise when a sam-
ple of 2 in pyridine is placed between two cross-oriented polarizing filters
and a magnetic field (6000 Oe) is turned on. Light areas in the patterns
correspond to regions where the plate-shaped clusters are aligned so that
they form 45° degree angles with the polarization directions of both
polarization filters. The cluster alignment causes the polarization plane
of the light to change so that it can pass the second polarization filter.
In this experiment, the dispersion of 2 behaves similar to a liquid crystal.

2. LUMINESCENT NANOPARTICLE CLUSTERS

A key property of luminescent nanoparticles is that their emission wave-
length can be adjusted with the particle size. As we will show here, the
direction and polarization of the emission of CdSe nanoparticles can be
controlled by assembling luminescent CdSe particles into rod-shaped
and plate-shaped NPCs. The ability to modify the directional emission
properties of semiconductor nanoparticles is of interest for applications
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as optical probes,*®! as components in photochemical cells,'*!! polarized
light emitting devices,>?! and lasers.[**33->3

Planar clusters (3) of trioctylphosphineoxide (TOPO)-stabilized
CdSe/CdS core/shell nanoparticles were synthesized following a proto-
col similar to that employed for superparamagnetic clusters 2 (Figure
2B) using amine-terminated Ca,Nb;0, nanoplates.'**! Here the primary
amine groups displace the weakly bonded TOPO from the CdSe nano-
particle surface establishing a covalent linkage. The reaction works with
CdSe nanoparticles of sizes between 2 and 6 nm.

Rod-shaped CdSe containing clusters (4) were obtained by using
ZnO microrods as structural templates.*?! ZnO was chosen as a struc-
tural and optical support because of its high refractive index of 2.01,
and because as a wide band gap semiconductor (3.2¢eV) it does not
absorb visible light. Reaction of the ZnO microrods with 3-aminopropyl-
trimethoxysilane (APS, Figure 2C) produced APS-terminated ZnO rods
which, in a subsequent reaction with the CdSe nanoparticles in THF,
underwent coupling to yield ZnO-CdSe clusters.

SEM and TEM micrographs (Figure 7AB) show that clusters 4 con-
tain ZnO microrods that are coated with a dense 10 nm thick monolayer
of CdSe particles. The sizes of the clusters (6.85 +1.73 um long and
0.79 + 0.13 um wide) are mainly determined by the sizes of the ZnO
rods, which can be controlled by the conditions of ZnO synthesis.

The morphology of the plate-like NPCs 3 (Figure 7C-E) resembles
that of clusters 2, except that Fe;O, is replaced with CdSe. Both sides
of the nanoplates are coated with particles at a density of 5340 + 310
particles per square micrometer. Again, stacking occurs to produce
multi-layer clusters with a mean length/width of 3.92 + 1.18 um and with
a thicknesses of 91 4+ 37 nm.

After excitation with light <550 nm, clusters 3 and 4 strongly emit in
the visible. Figure 8A shows spectra for 4 emitting at yellow/green
(563 nm), orange (593 nm), and red (617 nm), depending on the size of
the CdSe nanocrystals (2.1-4.0 nm). In addition, the fluorescence spec-
tra of rod-shaped 4 also contain an emission feature at 395 nm that
corresponds to the band gap emission of ZnO. The CdSe emission quan-
tum yield of the clusters is comparable to that of the free CdSe quantum
dots in chloroform.

Wide field fluorescence micrographs of rod-shaped clusters 4 emit-
ting at 563 nm are presented in Figure 8B. All clusters appear dark in
the center and light at the end, which indicates that the emission occurs
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Figure 8. A) Fluorescence spectra of clusters 4 with three sizes of CdSe nanoparticles
(Zex = 300nm). Fluorescence micrographs of clusters under illumination with
330-380 nm light. B) on glass slide in air, C) on glass slide in oil (n = 1.59). Dependence
of the directional emission ration on the emission wavelengths. E) schematic illustration
of the waveguiding process in clusters 4. Reprinted in part with permission from Ref. 32.
Copyright 2005 American Chemical Society.

predominantly at the rod ends. This effect is strongest for clusters that
are not in direct contact with the Si substrate (i.e., for clusters that are
supported by other clusters). On average the directional emission ratio
Ig/1c (with Ig and Ic as emission intensities of rod ends (Ig) and rod
centers (Ic), respectively) is 2.72 £ 0.45.
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The directional emission observed in these structures is due to total
internal reflection of light at the cluster air interface (Figure 8E). Light
emitted by the quantum dots gets trapped inside the optically dense
ZnO rods and migrates to the rod ends by total internal reflection at
the ZnO-air interface. The effect vanishes when the clusters are
immersed into an optically denser medium, such as a hydrocarbon oil
(Figure 8C). Under these conditions, the optical interface between the
clusters and the medium disappears. Because of scattering losses at
the cluster air-interface, the directional emission on the clusters does
not depend on the length or diameter of the structures. However, as
Figure 8D shows, it weakly depends on the emission wavelengths (Ae,)
of the microstructures. This indicates a transition from multimode
(W >> 1) to single mode (W << 1) waveguiding, which is expected from
the waveguide parameter W = (276/ Jem ) (Nzn0? — Nai?) for these struc-
tures, which lies between 3.49 and 3.67.°%! In terms of their ability to
guide light of variable wavelengths, the ZnO-CdSe clusters (4) thus
represent the lower size limit.

Very similar directional emission effects can be observed in plate—
like clusters 3 (Figure 9A). Here, the emitted light is most intense around
the edges of individual clusters, whereas the centers remain relatively
dark. The appearance of the micrographs changes when the clusters
are tilted with respect to the viewing direction (Figure 9B). In these
cases, the emission pattern take the shape of lines, which by SEM
(supporting information of Ref.**) can be shown to coincide with edges
of the clusters. By placing a polarizing film between the sample and the
eyepiece it can be established that the emission from the cluster edges is
linearly polarized along the edges. This can be seen in Figure 9B, where
the same sample region is shown for the indicated orientations of the
polarizing film. The fact that the emission is polarized and enhanced
with respect to the remainder of the film indicates that it arises from a
waveguiding process inside the clusters. In contrast to cluster rods 4,
the directional emission (expressed as Ig/Ic) of 3 strongly depends on
the cluster thickness (Figure 9C). The smallest clusters that show the
effect are about 70 nm thick, and thus contain ~4 layers of CdSe—
Ca,;Nb30y. Based on their thickness (70—160 nm), the cutoff wavelength
for 3 should be 140-320 nm, i.e. light of greater wavelength should not be
able to propagate in these structures. From this perspective, the obser-
vation of waveguided emission in <100 nm thick CdSe—Ca,;Nb30 clus-
ters is unexpected. The enhanced waveguiding properties of these
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Figure 9. Optical micrographs (scale bar is 20 um) of plate-shaped clusters 3 oriented
parallel (A) or perpendicular (B) to the substrate. The arrows in B show the orientation
of a polarizing film between the sample and the eyepiece. C) Optical migrographs and
AFM topology scans on individual clusters 3. The measured cluster thicknesses are
shown in the images. D) Plot of the directional emission ratio Ir/Ic (Ir = Intensity
at the rim, Ic = Intensity in the center) against the measured thickness of the clusters.
Reprinted in part with permission from Ref. 34. Copyright 2005 American Chemical
Society.

structures are due to several factors. First, the refractive index (2.45) of
the Ca,;Nb3;O, nanoplates is higher than for ZnO (2.01). Hence, one
calculates 24° as the critical angle for total internal reflection at the
cluster-air interface. Second, as molecular fragments of the Dion-Jacobsen
phase KCa,;Nb301, exfoliated Ca,Nbs;O, plates are atomically flat (see
AFM scans in supporting material of Figure S-5 in reference).** The
small surface roughness of these plates minimizes scattering losses along
the interface and maximizes reflection.
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CONCLUSION

We have demonstrated that the optical emission and superparamagn-
etism of CdSe and Fe;0,4 nanoparticles assume directional characteris-
tics when these particles are incorporated into rod- or plate-shaped
clusters. The orientations of the resulting uniaxial and biaxial superpar-
amagnetic structures can be manipulated with weak magnetic fields.
Plate-like clusters (2) behave like mirrors that turn in an applied mag-
netic field to reflect light into controllable directions. Such structures
might be applicable as spatial waveguides or as magnetic valves. Uniaxial
superparamagnetic clusters (1) can be used to stir microscale reaction
mixtures. to drive microscale motors and actuators, or to transport drugs
and spectroscopic probes into organisms. Uni- and bidirectional light
emitters that emit polarized or non-polarized green, yellow, orange or
red light upon irraditation with UV light could also be synthesized.
The clusters could be of interest in light emitting devices with optimized
contrast and polarization, or as optical probes that could provide spatial
and orientational information about their environment. Our results
suggest that the emission of other semiconductor nanocrystals can be
similarly adjusted in three dimensions by combining them with micro-
crystals of other optically dense materials. The modular character of
the nanoparticle cluster assembly approach thus presents an advantage
over direct synthesis of emissive nanostructures, which is often limited
to specific materials and conditions.
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