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Abstract: This paper describes synthesis and optical properties of planar clusters of CdSe nanocrystals.
The clusters emit linearly polarized light in the plane of the cluster. The emission wavelength of the clusters
can be adjusted between 568 and 639 nm with the size of the CdSe nanocrystals. Planar CdSe microclusters
were synthesized by reaction of trioctylphosphine oxide-coated CdSe/CdS nanocrystals with 3-aminopro-
pylsilyl-modified Ca;NbzO10 nanosheets in THF. The clusters are 3.92 + 1.18 um length/width and 91 +
37 nm thickness, and they consist of alternating layers of Ca,NbzOi0 to which CdSe nanocrystals are
attached with densities of 5300 +310 particles per side of a single Ca,NbzO10 sheet. The chemical inertness
of the clusters in coordinating solvents suggests covalent interactions between the aminopropyl groups
and CdSe nanocrystals. Upon excitation at Aexc = 400 nm, the clusters emit green (568 nm), orange (589
nm), or red (639 nm) light, depending on the size of the CdSe crystals. The light is emitted preferentially
in the cluster plane and it is linearly polarized along the cluster edges. Combined fluorescence microscopy
and atomic force microscopy reveal that the directional emission efficiency depends linearly on the thickness
of the clusters, which varies between 70 and 180 nm. The ability to manipulate the direction and polarization
of the photoemission of CdSe nanoparticles via assembly into 2D structures is of interest for applications

of these and similar structures in advanced optical mate

rials and devices.

Introduction

The ability to generate, manipulate, and guide light over great
length scales has revolutionized communication technology. The
next step in achieving high-bandwidth optical communication
systems lies in the miniaturization of optical processing devices.
Nanocrystals of metal oxides and metal chalcogenides are idea
building blocks for such devices, because they have the
necessary high optical index of refraction that is needed to guide
light and their emission properties can be adjusted by changing
the particle dimensions. S CdS-? CdSe-? SnQ-,* and
ZnO-base®® nanostructures, for example, have been demon-
strated to efficiently transport planar light waves even when
their sizes are smaller than the wavelength of the guided light.
This makes such structures suitable as optical wiring for
applications in photonic circuits.For CdSe nanorodsand
nanobelts,and, separately, for ZrfGnd InP nanowires, it was
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shown that, upon photoexcitation, these nanostructures are
capable of directed emission of linearly polarized light. Depend-
ing on the system, the anisotropic emission properties are due
to the intrinsic electronic structures of the particiésr they
result from the waveguiding properties of the interface between

the nanomaterial and the surrounding matfix.

While the morphologies of many inorganic nanomaterials and
thus their optical properties can be adjusted via the conditions
of synthesis, there is a practical limit on the achievable
complexity of structures that are accessible by this approach.
A much more versatile and more efficient way of tailoring the
optical properties of nanomaterials is by chemical assembly into
clusters. For example, we recently showed that axial CdSe
microstructures could be generated by chemically linking CdSe
nanocrystals to the surface of ZnO microcrystal r§td$he
resulting ZnG-CdSe clusters were capable of directed light
emission in the direction of the principal axis of the cluster
(Figure 1) as result of a waveguiding effect at the cluster
interface. Similar approaches were used by others to create
hollow shells of CdSe or HgTe on the surface of giglass,
and polystyrene spheres (Figure'®)!* In these structures the
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Figure 1. Structures and direction of light emission of CdSe quantum dot assemblies:Cd86 clusters (1D, CaNbsO10-CdSe clusters (2D, this
paper), and Si@(PS)CdSe (HgTe) clusters (3B} 1* PS= Polystyrene.

guantum dot photoemission couples to the eigenmodes of thefor TEM were prepared analogously using holey carbon copper grids
optical cavity formed by the clusters. This coupling enables these (TedPella). Elemental analyses were performed with an EDAX energy-
“whispering gallery” resonators to function as microscale lasers. dispersive X-ray spectroscopy (EDS) system. _
In this paper, we show that by linking CdSe nanocrystals __ Synthesis of CdSe-APS—Ca;NbsOyo Clusters. APS-ligated Ca
onto planar nanosheets derived from the layered perovskite'\”.33010 n.ano.SheetS (5 mgf were dispersed in 5 mL of THF with
L . . . brief sonication, and a solution of 20 mg of TOPO-ligated CdSe/CdS
KCa&NbsOsp it is possible to generate dispersible pseudo-two-

. . - nanoparticles (5.4 nm) in 1 mL of CH@QWas quickly added. After 20
dimensional arrays of CdSe nanocrystals, whose optical Prope€r-min of rapid stirring at room temperature, a red-brown solid formed,

ties are modulated by the cluster shape. Upon photoexcitation,yhich was centrifuged off and washed three times with a total of 50
these platelike clusters emit linearly polarized light in the mL of CHCI; to remove excess CdSe nanoparticles. The solid was kept
direction of the cluster plane at a wavelength that can be together with a few drops of residual CHGh a closed container in
independently adjusted with the CdSe nanocrystal size. We the dark. By EDS the mass composition (%) of the clusters is C (12.2),
report here on the synthesis and on the structures of this novelN (4.8), O (15.5), Si (2.7), Nb (21.9), Ca (5.2), Cd (19.9), Se (17.8),
2D-form of CdSe and on its anisotropic optical properties. The suggesting a molecular composition of 2883010 APS2.0H,0
planar optical emission makes the CdSe clusters suitable for2-25CdS_d)-5TOPO- ] ]

applications in advanced optical devices, e.g. in polarized light _Reéaction of CdSe-APS-CaNb;0yo with Oleylamine. CdSe-
emitting diodes? or as fillers for polymer composites with APS~CaNDO (5 mg) was dispersed in 10 mL of CHZlnd 20

di . | ical . Al ivelv. the cl Id mg of oleylamine was slowly added with rapid stirring at room
irectional optical properties. Alternatively, the clusters cou temperature. The mixture was refluxed for 20 min, during which the

function as optical probes that could provide spatial and reg emission from CdSe disappeared. The formed solid was centrifuged
orientational information about their environment. off and washed with 15 mL of CHEITEM analysis revealed that the
Experimental Section zglr:?eﬁ??é:ztuerc; C;fsg:gwbsom nanosheets with greatly reduced CdSe
3-Aminopropylsilyl (APS)-modified [C&Nbs;O,¢] nanosheets were
prepared as described earfierioctylphosphine oxide (TOPO)-coated
CdSe/Cds coreshell nanocrystals were synthesized as described by  Soluble, platelike clusters of CdSe nanocrystals form by
Weller et al’ Tetrghydrofuran (TI-_IF) was dried over sodium ben-  reaction of 3-aminopropylsilyl-modified Gib;O10 nanosheets
zophenone and distilled under nitrogen. Chloroform was used as with an excess of trioctylphosphine oxide-coated CdSe nano-
received. Powder X-ray spectra were collected on a Scintag XDS 20000ryst(,:l|S in THF according to Figure 2. In the reaction, the

powder X-ray diffractometer using CtKa radiation. Infrared spectra terminal amine groups on the nanosheets displace the TOPO
were taken on a Mattson Galaxy Series FTIR 3000 spectrometer usingIigands on the CdSe nanocrystal surface

KBr pellets. Atomic force micrographs (AFM) were obtained using a L ) )
Nanoscope Il Digital Instruments multimode atomic force microscope. 1 fansmission electron micrographs (Figure 3A,B) reveal that

The instrument was operated in tapping mode using Si probes (150the CdSe-CaNbsOyo clusters consist of GAlbsO10 nanosheets
kHz, 5 N m). UV/vis spectra were recorded in standard quartz cuvettes that are decorated on both sides with 540.6 nm CdSe
using a Hewlett-Packard 8450A UV/vis spectrometer. Fluorescence particles at a density of 5348 310 CdSe particles per square
spectra were recorded in standard quartz cuvettes using a Jobin-lvormicrometer per side per single sheet. Some of the CdSe particles
Fluoromax-P fluorimeter. Fluorescence micrographs were recorded ongn the sheets appear in groups of closely spaced, frequently
an Olympus BX51 widefield microscope (1000NA 0.95) equipped  hexagonally ordered, groups, suggesting that van der Waals
with a fluorescence cube (33@85 nm excitation filter, @ 400 nm a4 ctions between nanocrystals affect the formation of these
dichroic mirror, and a 420 nm long-pass emission filter) and Hg light structures. However, the majority of the CdSe particles are

illumination. For polarized fluorescence measurements, a polarizing A - .
film was placed between the sample and the eyepiece of the microscope.S(':‘p""r"’lt(':‘d by 3.6 0.7 nm, which is consistent with covalent

Electron micrographs were obtained on a FEI XL30-SFEG scanning PONding between the nanocrystals and primary amines on the
electron microscope (SEM) or on a Philips CM12 transmission electron @minopropylsilyl-modified sheets.

microscope (TEM). Samples for SEM were prepared by drop-coating ~ According to AFM profile scans (Figure 3D), the thickness
onto 25 mn pieces of a silicon wafer or onto aluminum stubs. Samples of a single-layered CdSeCaNbzO;o cluster (17.24 nm) is
exactly the sum of two 67-nm-thick layers of CdSe particles

Results and Discussion

(1%) ﬂ‘ggfﬂ% A. M.; Chin, P. T. K.; Talapin, T. FAdv. Mater. 2005 17, on both sides of the sheet and the thickness of the sheet itself
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Chem. B2005 109 (22), 1115+11157. ; } : ;

(17) Mekis, L. Talapin, D. .. Kormowski. A.; Haase, M.; Weller, Bi. Phys. of_ these single-layer cIl_Jsters stack into multilayered c_Iusters
Chem. B2003 107(30), 7454-7462. with a mean length/width of 3.92t 1.18 um and with
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Figure 2. Formation of platelike CdSe nanocrystal clusters. The APS-modifetliiz@:o nanosheet is shown as a projection perpendicular to the sheet
plane. The insert shows the structure of the octahedralghit®s in the sheets and the suggested binding of the silane to the $heets.
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Figure 3. Morphology of CdSe CaNbzOs clusters. (A, B) TEMs of double layer CdS€aNbsOsp clusters, (C) SEM of several multilayer clusters,

(D—F) AFMs of single layer cluster (D) and of one (E) and several (F) multilayer clusters. (G, H) Size distributions of clusters. Inserts in D show measured
height [nm].

thicknesses of 9% 37 nm (distributions in Figure 3G,H). The  for the CaNbsO,q intrasheet reflections and broad peaks for
high aspect ratioX40) of these structures is due to the flatness reflections belonging to the CdSe nanocrystals. The half-width
of the individual CdSeCaNbzO;0 building blocks. The of the 110 peak for CdSe suggests a diameter of 5.8 nm for the

structures are very similar to the related;Gg-CaNbzO;9 nanocrystals (5.4 nm from TEM¥.Comparison of the spectra
clusters, which form analogously by reaction of 3-ARGs- of the CdSe-CaNbzOsp clusters and of 3-APSCaNbzO19
NbsO; with magnetite nanoparticlé8Interestingly, the lateral ~ shows that the intrasheet reflectioms®) do not broaden upon
dimensions of the R®,—CaNbsO;¢ clusters follow a log- intercalation of the CdSe nanoparticles. The absence of buckling

normal size distributioA® whereas the lateral size distribution of sheets is remarkable, considering the almost 3 times larger
for CdSe-CaNbsO1pis of the Gaussian type (Figure 3G). This diameter of CdSe nanocrystals compared to the sheets.
suggests two different aggregation mechanisms in these related The molecular composition (Experimental Section) of the
systems. clusters is CaNbzO;0rAPS2.0H,0-2.25CdSe0.5TOPO accord-
X-ray powder diffraction spectra (Figure 4A) demonstrate ing to element dispersive spectroscopy (EDS, Figure S1).
that the crystalline structure of the CdSe and,Nda0Oio
nanoparticle building blocks is retained in the clusters. The (18) Klug, H. P.; Alexander, L. EX-ray diffraction procedures for polycrys-

i talline and amorphous materigl&€nd ed.; Wiley: New York, 1974; p xxv,
spectrum for the CdSeCaNbzO; clusters contains sharp peaks 966.

15558 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005



Polarized Light from CdSe Nanoparticle Clusters ARTICLES

Counts |
3000 EI k
(100) (110) (200) ig

2500 -

h
(210)
2000 - ’l ‘\ ’ (220)

1500 -
m (101} (110) (103)

1000 - (112)

500 -

0 T T T T T T T T T T T T 29
15 25 35 45 55 65 75

589 (591)
639 (639)

————————— A [nM] . +— A [nm]
350 550 750 450 550 650 750

Figure 4. (A) X-ray diffraction patterns of (1) CaNbsO10—APS (indices are for GlbzO10) and (1) CdSe-CaNbsOsp (indices are for CdSe). (B) UV/ivis
spectra of (i) CdSeCaNbzOsg, (i) CdSeTOPO, and (iii) CaNbzO10—APS. (C) Photoluminescence spectka,& 400 nm) of (i) CaNbzO10—CdSe and
(ii) CdSeTOPO (broken lines). All spectra were recorded for samples dispersed in THF and were normalized with regard to intensity.

Both water and TOPO ligands also show up in the IR spectra 330—385 nm) were collected on films of clusters with CdSe
(Figure S2) of the material with intense-@i stretching bands  nanocrystals emitting at 639, 589, and 568 nm on a gold-coated
at 2926 cm? and bands at 3458 and 1638 chior the O—H glass slide (Figure 5AC). In these cases, the clusters are
stretch and bending modes of water. While TOPO is Iikely still a|igned Cop|anar with the surface of the go|d-c0ated g|ass
bonded to the CdSe portion of the clusters, the water is likely sybstrate.
associated with the hydrophilic N surface of the nanosheets.
The spectra further reveal characteristic bands forCsiat
1070-1135 cntl, in agreement with the presence @fO

It can be seen that the light emitted from the clusters is most
intense around the edges of individual clusters, whereas the
bonded APS. centers remain relatively dark. For some clusters, additional

The CdSe-CaNbsOro clusters are relatively stable against emis_sion patterns are visible near the cluster centers that seem
dissociation, even in coordinating solvents such as pyridine angto arise from structural features present at the top of the clusters.
THF. However, treatment with oleylamine (9-octadecenylamine) 1"e appearance of the micrographs changes, when the clusters
in chloroform at 60°C for 20 min leads to detachment of ~are tilted with respect to the viewing direction (Figure-5B)
nanosheets and CdSe nanocrystals (Figure S3). The outcom&0 that they can be observed parallel to the cluster plane. The
of this reaction and the chemical inertness of the CeSa- emission patterns now take the form of lines, which by SEM
NbsO1, clusters in weakly coordination solvents suggest that (S-4) can be shown to coincide with edges of the clusters. The
the clusters are supported by covalent interactions between Cdfact that the emission from the cluster edges is linearly polarized
ions on the surface of the CdSe nanocystals and amine groupsan be shown by placing a polarizing film between the sample
on the sheets. and the eyepiece. Under these conditions, the intensity of the

The optical properties of the CdS€aNhbsOyp clusters are  emission from the lines is enhanced or attenuated, depending
characterized by broad featureless absorptions that diminish withon the relative orientation of the polarized film (shown as arrows
increasing wavelength (Figure 4B-i). This absorption reflects a in Figure 5D-F). The polarized and enhanced emission indicates
scattering contribution from the nanosheets and the band gaphat it arises from a waveguiding process inside the clusters. In

absorption of the CdSe nanocrystals, both components of which¢onrast, the emission from the cluster centers is not polarized.
can be seen in spectra of the separate components (spectra ii

and iii). The absorption component of CdSe terminates at 640 _ ) . . .
nm with a shoulder characteristic for the 5.4 nm CdSe nano- Efficiency, when the clusters are immersed in a medium with

crystals. Optical excitation dixe = 400 nm causes the CdSe higher index of refraction. The top and_ bo?tom images in Figure
CaNDbsOyo clusters to emit strongly at 568 (green), 589 (orange), 2 show the CdS_eCaQNbgolo clusters in air and under a cover
639 (red) nm (Figure 4C), depending on the size of the Of hydrocarbon oil f = 1.59), respectively. In the latter case,
nanocrysta]sl Compared to the free CdSe nanocrysta|s1 thethe fluorescence of the clusters is still most intense near the
emissions occur at the same wavelength and with the samecluster edges, which demonstrates that waveguiding still occurs,

The directional emission effect is retained, albeit with reduced

intensity. despite the change of the matrix. However, the changed optical
To probe the three-dimensional emission characteristics of appearance of several clusters indicates a change of the light
the nanomaterials, wide field fluorescence micrographs € propagation through these structures.

J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005 15559
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Figure 5. (A—C) Fluorescence micrographs of CadS&aNbzO1¢ clusters with red (639 nm), orange (589 nm), or green (568 nm) emission on gold-coated
glass slides in air. (BF) Polarized fluorescence micrographs with analyzer orientation as shown by arrow. (G) Fluorescence-@Z&NB;, clusters
with red (639 nm) emission in air (top) or in hydrocarbon il 1.59, bottom). All scale bars are 10n.
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Figure 6. (A) Fluorescence micrographs and AFM scans of the red-emitting €68&bs01, clusters on a gold-coated glass slide (scan heights are given
in nm). (B) Plot of the directional emission ratio versus the thickness of the clusters. The circle size represents the error of measurement.

To quantify the directional emission from the clusters, and increases linearly with increasing thickness. This trend is
to correlate it with the cluster thickness, AFM surface profile expected from waveguide theory, which predicts increasing
scans were recorded on clusters that had been previously imagedptical losses with decreasing feature size of the waveddide.
by fluorescence microscopy (FM). The corresponding FM and The smallest clusters that show the effect are about 70 nm thick
AFM images are shown in the left and right columns of Figure and thus contain about four layers of CaSEaNbzOxp.
6A. The analysis shows that for virtually all measured clusters  In terms of their optical properties, the CdS@aNbzO10
the directional emission is confined to the top layers of the clusters can be considered as dielectric slab wavegtides.
clusters. The bottom layers, which are in direct contact with such structures the light propagates along the slab due to total
the underlying substrate, display no guided emission. internal reflection at the clustemir interface. Using the indices

By defining the emission ratidr/Ic (with Iz andlc as the of refraction qf 2.45 (see belqw) for the clusters and of 1.0 for
photoemission intensities at the rim and at the centers of theth.e. surrounding air, respecnvely,. one calculate$ 2d the
clusters, respectively) and by plotting this ratio against the critical angle for total internal reflection from Snell’s law. Planar

thI_Ckness of the top lay_ers In clu_ste_rs (Flg_"fre 6B), it becomes (19) Syms, R. R. A,; Cozens, J. Rptical guided waes and deices McGraw-
evident that the directional emission ability of the clusters Hill: London; New York, 1992; p ix, 498.

15560 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005
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light waves that approach the clusteir interface at a greater  be adjusted by incorporating the nanocrystals into soluble
angle will be reflected back into the cluster, whereas light at a pseudo-two-dimensional microclusters. When excited with UV
smaller angle will be refracted into the surrounding medium. |ight, such clusters emit linearly polarized light of tunable

The fact that in an optically denser hydrocarbon environment wavelength along the cluster plane. The effect is likely due to

(nd: 1.293.the .criticlal angle inc]{er?se? to°4s resgonshible for i total internal reflection of light at the cluster/medium interface
reduced directional emission of the clusters under those con I"and can be observed in structure$00 nm thick and in media

tions. with a refractive index of up te-1.6. Because of their directional

On the basis of their thickness (#@60 nm), the cutoff o . . .
frequency for the waveguides should be 820 nm, i.e., light emission properties, the CdSe clusters might be of interest as
goptical probes that could provide spatial and orientational

of greater wavelength should not be able to propagate in these - _ _ ¢
structures. From this perspective, the observation of waveguidedinformation about their environment or as components in
emission in the CdSeCaNb;Oy, clusters is unexpected. The Materials with direction-dependent optical properties.
enhanced planar waveguiding properties of the clusters are likely
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In conclusion, we have demonstrated that the three- reaction with oleylamine, SEM image of a CdS8aNbsO1o
dimensional emission characteristics of CdSe nanocrystals carj;, and AFM scans of CalbsO; sheets. This material is
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