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The Assembling of Semiconductor Nanocrystals
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Recent accomplishments in arranging semiconductor nano-
particles in a desired manner are reviewed. Coupling mecha-
nisms utilized for this purpose include electrostatic and co-
valent interactions, methods like layer-by-layer assembly,
solvent-controlled precipitation and surface amination for co-

valent attachment of nanoparticles are employed. Dipole—di-
pole interactions are operative in nanocrystal solids and fast
Forster energy transfer is observed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Ordered assemblies of nanocrystalline materials have re-
ceived increasing interest in recent years. Nanoparticles
(often referred to as artificial atoms) are used to build up
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artificial molecules and solids.I'l These arrays and superlat-
tices offer new perspectives for the application of nanopar-
ticles for example in optoelectronic devices. Various ap-
proaches toward assembling nanocrystals are known.
Three-dimensional superlattices of semiconductor nanopar-
ticles have been built up via self organization® and
crystallization.*>! Another main route towards ordered
structures of nanocrystals is covalent binding with and
without special linker molecules.[® These efforts have a di-
rect correlation with the investigations in the fields of coval-
ent coupling of nanoparticles to biomolecules and surface
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functionalization of nanocrystals.”l Here we report on re-
cent advances made in our Hamburg group in the prepara-
tion and the characterization of various assemblies of 1I-VI
semiconductor nanocrystals (SC NCs). We will outline our
efforts in the layer-by-layer assembling of SC NCs with and
without interfacial polyelectrolytes. This method has been
used to coat flat and porous solids as well as spherical mi-
crobeads. The latter may also be plated by solvent con-
trolled precipitation of SC NCs onto them as will be shown
in the subsequent paragraph. This will be followed by a
survey of our experimental work devoted to the covalent
coupling of nanoparticles amongst them as well as to flat
and curved surfaces. The article will be finalized with a
summary of our current theoretical understanding about
the interparticle interactions and a kinetic study of Forster
energy transfer in SC NC solids.

Layer-by-layer Assembly of Semiconductor
Nanocrystals

LbL Assembly on Flat and/or Porous Surfaces

Uniform and multicomponent thin films consisting of
functional molecules and/or nanocrystals may be formed by
applying the so-called layer-by-layer (LbL) assembly tech-
nique. Figure 1 shows, schematically, the LbL procedure
which was originally introduced for the assembly of poly-
mer electrolytes®! and, which was recently adapted to the
deposition of charged nanocrystals both on flatl®>!” and on
curved surfaces.'!!'2 As is seen from Figure 1 the formation
of monolayers of deposited material is based on the electro-
static interaction between the nanocrystals and the surface.
Alternation of the sign of the charges of the species to be
deposited allows the multilayers to grow quite thick, while
the introduction of new components in one of the layers
yields the opportunity of virtually nonlimited but controlla-
ble variations of LbL-multistructure compositions.!'3:14]
The application of the method described to the modifica-
tion of artificial opals yielded intrinsically light emitting
photonic crystals, which were successfully used for investi-
gations on photonic confinement phenomena.[!>-16]

- 1. Positive P 3. Negative
polyelectrolyte I nanoparticles
L. 2. Wash ) 4, Wash

Figure 1. Schematic representation of the LbL assembly involving
polyelectrolyte molecules and oppositely charged nanoparticles.
The procedures 1-4 can be repeated to assemble more PE/nanopar-
ticles bilayers.
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The following standard cyclic procedure is normally used
for the preparation of layered structures of negatively
charged nanocrystals: (i) dipping of the substrate into a
solution of polyelectrolyte (PE) (e.g. Smgml! in 0.5Mm
NaCl) for 10 min [poly(ethyleneimine), PEI, was used for
the first layer and poly(diallyldimethylammonium chloride),
PDDA, for the second and further layers]; (ii) rinsing with
water for 1 min; (iii) dipping into aqueous dispersions of
the nanocrystals for 20 min; (iv) rinsing with water again
for 1 min (cf. Figure 1). On each of the exposed surfaces,
this procedure results in a ‘bilayer’ consisting of a polymer/
NC composite. The cycle can be repeated as many times as
necessary to obtain a multilayer film of desired thickness.
The thickness of the LbL film depends linearly on the
number of ‘bilayers’. Moreover, a linear dependence of the
absorption in the region of the first absorption maximum
on the number of bilayers was observed.[!7-18]

It is mentioned that in some cases the LbL assembly ap-
peared to be nonefficient. When using freshly prepared col-
loidal solutions of nanocrystals we occasionally observed
incomplete layer formation. Low-molecular weight bypro-
ducts of the synthesis as well as the smallest nanocrystal
precursors could be responsible for this because they may
be attracted by the polyelectrolyte sub-layers with higher
efficiency than the nanocrystals themselves. We assume that
aging of nanocrystal colloidal solutions leads to the re-
duction of the activity of those poisoning species due to
their association with particle shells, aggregation and pre-
cipitation, etc. To avoid this problem, i.e. to make nanocrys-
tal colloidal solutions useful for LbL assembly without
aging them, we developed an electrophoretic activation of
the colloidal solutions of thiol-capped nanocrystals. The
nanocrystal solution that is to be activated is placed in a
two-electrode electrochemical cell and a 1.5-2 V potential
is applied to the cell. The commonly used electrodes are
flat stainless steel or ITO-glass plates with a 1 cm? working
surface and 5 mm gap in between. The current density
drops from ca. 100-120 pA cm 2 in the very beginning down
to 5-10 uA cm2 after 1 h of this treatment. The above-men-
tioned byproducts, and possibly other charged species, are
electrophoretically assembled or reacted at the electrodes
and the thus cleaned activated solutions can be used for the
LbL deposition as usual after removal from the cell.

Electrostatic Assembly of NCs

However, in these LbL systems the distance between do-
nors and acceptors can not be shorter than the thickness of
the polyelectrolyte monolayer. In order to avoid this limita-
tion, which may be unfavorable for efficient interparticle
interactions (see below), a new kind of a LbL structure has
been generated.['”] The building blocks of the system were
water soluble CdTe NCs with opposite surface charges (the
charge of the CdTe NCs depends on the kind of stabi-
lizer®"), which were LbL assembled without polyelectro-
lytes between the particle layers. However, we encountered
intrinsic limitations such as an easy removal of the already

www.eurjic.org Eur. J. Inorg. Chem. 2005, 3613-3623



The Assembling of Semiconductor Nanocrystals

MICROREVIEW

deposited layers and the unbeneficial balance of charges
during the film growth.?!l These limitations might have less
influence in the case of the assembly of only one NC bi-
layer, while at the same time the inter-layer distance in this
case would be further reduced leading to more efficient in-
teractions. Bilayers of oppositely charged NCs can indeed
be formed by a direct assembly of water-soluble CdTe NCs
capped with amino- and carboxyl-group terminated short
chain thiols. The preparation of this layered structure was
performed in two steps. In the first step a polyelectrolyte
sub-layer was formed followed by this standard procedure:
(1) dipping of the substrate into PEI solution for 20 min;
(i1) rinsing with water for 1 min; and (iii) dipping into poly-
(sodium 4-styrene sulfonate) (PSS) solution (iv) and final
rinsing in water. The first PEI layer was used to improve the
quality of the layered structure in terms of uniform surface
coverage.'% In the second step, close-packed nanoparticle
structures on the surface of the polyelectrolyte’s bilayer
were assembled as follows. The substrate with the PE bi-
layer was (i) dipped into aqueous dispersions of the 2-mer-
captoethylamine (MA)-capped nanocrystals for 20 min,
(i1) rinsed with water for 1 min and finally (iii) dipped into
an aqueous dispersion of the mercaptopropionic acid
(MPA)- or thioglycolic acid (TGA)-capped nanocrystals,
again for 20 min. Such a procedure results in a layered
structure consisting of a support/polymer/NCs-NCs com-
posite. Typical absorption and photoluminescence spectra
of the system are shown in Figure 2. The composite of the
nanoparticles exhibits absorption only from the bottom
layer of NCs (the absorption from the top NC layer is be-
low the limit of the sensitivity of our spectrophotometer).
At the same time emission associated mainly with the top
layer is observed, which is taken as a first hint to efficient
energy transfer (see below).

LbL Assembly on Microbeads

The LbL assembly of NCs on the surface of the polymer
[polystyrene, PMMA, melamineformaldehyde (MF) etc.] or
silica beads opens up an opportunity to create submicro-
sized objects exhibiting the properties of nanosized compo-
nents.?>23 In this case the LbL assembly can be done by
suspension of the beads in solutions of the corresponding
layer component. The contents of the solutions are gen-
erally the same as for the procedures described above. Re-
petitive centrifugations from pure water suspensions are
used for washing of the beads and removal of excessive or
nonspecifically adsorbed reactants. Figure 3 shows typical
TEM images of the LbL modified beads. The modified
beads retain the luminescence properties of the NCs used
with a slight red shift of the luminescence maximum due to
energy transfer from the smallest to the largest NCs in the
assembled surface film.l'2Y The comparatively large size
of the beads enables them to be manipulated by optical
tweezers or to be used as a tip mounted at the end of an
optical fiber. Thus, the beads can be used as subwavelength-
sized light sources for photonic applications>) or for the

Eur. J. Inorg. Chem. 2005, 3613-3623 www.eurjic.org

0.010 r1.0

0.008 4

T
Ll
o

o
o
&

0.6

Absorption

0.4

MNormalized PL intensity [a.u.]

0.2

400 500 600 70O BOO 900
Wavelength [nm]

Figure 2. Examples of two close-packed structures utilizing MA-
capped CdTe NCs (positively charged) of ca. 2 nm (black solid
lines) and 4 nm (open squares) as the bottom layer. MPA-capped
nanocrystals (negatively charged) of 6-8 nm in diameter were used
as the top layer in both structures shown. While the absorption
spectra of the structures show only the features corresponding to
the bottom layer, the photoluminescence of the top layer (centered
at ca. 780 nm) dominates in both structures.

selective amplification of a signal in scanning near-field op-
tical microscopy (SNOM).[?°1 The LbL modified beads of
larger sizes (>2 um) show an efficient coupling of the light
emitted by the NCs with the whispering gallery modes of
the spherical microresonators.?’-2°! The use of beads made
from materials that can be dissolved after LbL deposition
of the polyelectrolytes (like e.g. MF, MnCOs;, etc.) allows
the formation of hollow polyelectrolyte/NCs shells.3%-3]
The shells are promising as microcapsules for drug delivery
systems where the luminescence of inserted nanocrystals
can be used for the monitoring of the delivery process.[*’]

10 nm

500 nm

Figure 3. TEM and high-resolution TEM images of CdTe nano-
crystals on polystyrene beads with increasing resolution from a) to
c¢). The efficient coverage of the beads with nanocrystals is clearly
seen in ¢) where the crystal structure of individual nanocrystals is
resolved. Reproduced from ref.*! with permission, copyright 2004
American Chemical Society.
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Solvent-Controlled Precipitation

Another method of coating microspheres has been estab-
lished through the controlled precipitation of nanocrystals
by means of their aggregation in solution onto latex
spheres.* The approach is a variation of heteroaggregation
phenomena in a colloidal environment. The aggregation of
NCs onto colloidal beads was induced by the solvent-non-
solvent pair precipitation technique which is normally suc-
cessfully used to separate semiconductor nanocrystals by
size. Colloidal cores statistically harvest aggregated nano-
crystals, which consequently leads to the formation of a
shell. Moreover, the thickness of the shell can efficiently be
controlled through the proper choice of the concentration
ratio of the colloidal particles serving as the cores and the
precipitated species. Luminescent CdTe NCs were stabilized
with TGA and thus exhibit a negatively charged surface,
which was used to coat negatively charged sulfate stabilized
polystyrene spheres, 468 nm in diameter. The latex spheres
were precovered by an electrostatically adsorbed monolayer
of positively charged polyallylamine hydrochloride (PAH).
This modification was done in order to obtain a positively
charged surface for better adhesion of the negatively
charged NCs. Upon the addition of the NCs into the latex
solution a monolayer of the NCs on the surface of the PS
latex is formed due to the electrostatic interaction between
the carboxylic groups of the NCs’ stabilizer and the surface
amino groups of the PAH-modified PS latex. The dropwise
addition of ethanol (well known as “nonsolvent” for thiol-
stabilized NCs?%) to the latex NCs mixture initiates the ag-
gregation of the NCs and allows for the creation of thicker
shells on the beads. In the water/ethanol mixture (80% eth-
anol) the precipitation of the CdTe NCs on the latex
spheres takes only minutes.

Alternatively, CdTe nanocrystals stabilized with MA,
and thus being positively charged, were used for the solvent
controlled precipitation by governing the pH of the solu-
tion. Earlier it has been demonstrated that these nanocrys-
tals are stable and soluble in water in a pH region of 5.5-7
and tend to aggregate at higher pH values. Both, polysty-
rene and melamine formaldehyde spheres were used for the
pH-controlled precipitation. The PS spheres were originally
negatively charged and were used as is while the MF
spheres were premodified with a monolayer of negatively
charged PSS. A pH of 9 was found to be optimal for the
complete precipitation of all CdTe NCs present in the solu-
tion. Confocal microscopy images of the CdTe-modified PS
and MF spheres (Figure 4) demonstrate the efficient cover-
age and the luminescence properties of the core-shell com-
posites formed.

Covalent Coupling of SC NCs

Interparticle Linking

Besides electrostatic coupling of NCs the generation of
covalent bonds between selected nanocrystalline entities
constitutes a very attractive and vast field. As an example
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Figure 4. Confocal microscopy image of the luminescent CdTe
nanocrystal shells assembled by the solvent controlled precipitation
on 5 um diameter melamine formaldehyde (MF) spheres. Repro-
duced from ref.34l

of bridging two different sorts of NCs, we investigated the
linkage of CdTe nanocrystals stabilized by TGA and
MA. B3 The coupling has been carried out directly at the
ligands without using an additional bridging molecule but
with the aid of a carbodiimide acting as a mediator for the
reaction. The reaction is described in Scheme 1. All solu-
tions used were Ar saturated. The aqueous colloidal solu-
tion of TGA-stabilized nanocrystals (ca. 1073 M according
to the Cd?* concentration) has been buffered to pH 5.75 by
phosphate buffer and mixed with a freshly prepared solu-
tion of N-cyclohexyl-N'-[2-(N-methylmorpholino)ethyl]car-
bodiimide-4 in phosphate buffer (pH 5). After 5 min of stir-
ring the solution was centrifuged and the precipitate redis-
solved in borate buffer (pH 8.65) using an ultrasonic bath.
An aqueous colloidal solution of MA-stabilized nanocrys-
tals (ca. 1073 M according to the Cd?>* concentration) has
been added and stirred for a further 90 min. While stirring
the solution becomes turbid and the assembled CdTe nano-
crystals precipitate. A mixture of the CdTe nanocrystal
solutions without the addition of carbodiimide, and with
the same buffer solutions, was used as a control experiment.
In both cases the molar ratio between the different nano-
crystals was approximately 1:1. The mixed nanoparticles
stabilized with TGA and MA also precipitate because of
electrostatic interactions.

The absorption and emission spectra of the linked and
mixed nanocrystals were almost identical indicating that no
obvious electronic interaction between the different nano-
crystal cores seems to occur. Investigations using IR spec-
troscopy have been carried out in order to prove the as-
sumption of the formation of an amide bond between the
MA- and TGA-stabilized nanoparticles. The most pro-
nounced IR absorption bands of the pure CdTe nanocrys-
tals occur at 3500-3000 cm~!, v(OH, H,O0); 2950 cm™!,
v(CH»); 1590 cm™!, v,(COO"); 1450 cm™!, v(COO"); and
1400 cm™!, (8§ OH) for the TGA-stabilized nanoparticles
and at 3460 cm™!, v, ((NH,); 3250 cm ™!, v(NH,); 2800 cm™!,
v(CH,); 1600 cm™! (8§ NH5%); 1490 cm™!, (8§ NH3"); and
1110 cm™', »(CN) for the MA-stabilized nanoparticles. The
IR spectra of the MA-stabilized nanocrystals show IR ab-
sorption bands that belong to both amine and protonated
amine groups, indicating their coexistence on the nanocrys-
tal surface. In the IR spectra of both nanocrystals the S—-H
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Scheme 1. Principal reaction scheme of the formation of amide
bonds between differently stabilized CdTe nanocrystals. Repro-
duced from ref.[33] with permission of the PCCP Owner Societies.

vibrations (ca. 2580 cm ') are undetectable as is assumed
for covalently bound thiols to the nanocrystal surface.

Figure 5 shows the IR spectra of the linked (solid line)
and mixed (dotted line) nanocrystals. The main differences
between the spectra in Figure 5 are marked with arrows.
The IR absorption bands belonging to the valence vi-
brations of the carboxyl group [1550 cm™, v, (COO");
1370 cm™', vy(COO)] are red shifted relative to the pure
TGA-stabilized nanocrystals because the counterion has
been changed. Whereas the spectra of the mixed nanocrys-
tals show a broad band around 3200 cm™' [v(OH), v(H,O)
and v(NH;")] the band at 3250 cm™! {y[NH (CONH)]} in
the spectra of the linked nanocrystals indicates the existence
of an amide bond. Shoulders at this band indicate that
some ligands remain unreacted; this is assumed to be be-
cause of steric hindrances. In the spectra of the linked nano-
crystals the intensity ratio between the two bands belonging
to the stretching modes of the carboxyl group has changed
when compared to the spectra of the mixed nanocrystals.
This is to be expected if a part of the TGA ligands have
reacted with the MA. Characteristic amide group vibrations
in the fingerprint region cannot be detected because of
superimposition with other normal modes. The amide I
band (ca. 1650 cm™), especially, is only indicated as a
shoulder in the strong carboxyl group stretching band. The
strong absorption bands at 1100 cm™! in both spectra
mainly belong to adsorbed phosphate groups originating
from the buffer solutions.

Covalent Linking of CdTe NCs to Flat Surfaces

While the covalent coupling of SC NCs is still in infant
status the acting chemistry as described in the preceding
paragraph may well be applied to the coupling of NCs to
pretreated surfaces. Accordingly, we used appropriate frac-
tions of CdTe NCs for the conjugation with various sub-
strates like glass, silica or silicon with different shapes of
the surfaces.[’®] A general illustration of the binding of the
acid-stabilized NCs to aminated surfaces with the aid of

Eur. J. Inorg. Chem. 2005, 3613-3623 www.eurjic.org
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Figure 5. Infrared transmission spectra of mixed and linked CdTe

nanocrystals. Reproduced from ref.33 with permission of the
PCCP Owner Societies.

carbodiimide as a mediator in the formation of the amide
bond is shown in Figure 6 (inset).
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Figure 6. Absorption and luminescence spectra of CdTe NCs con-
jugated with a flat glass substrate. Excitation wavelength 450 nm.
The inset shows a schematic representation of the structure.

The silicon wafers, quartz and glass slides were pre-
treated before conjugation in the following manner: the
glass and quartz slides as well as the silicon wafers (with a
400 nm SiO» layer) were cleaned by sonication, first in 0.1 M
NaOH solution, then in methanol, and finally in pure water
for 15 min each. To form an amino-terminated layer on
their surface, the substrates were immersed in a 6 vol.-%
solution of 3-(aminopropyl)triethoxysilane in 95% meth-
anol (named below as “3APTES solution”) under sonic-
ation for 15 min followed by thorough rinsing with meth-
anol. Drying was performed by a thermal treatment at
120 °C for half an hour in an oven.

The details of the linking of the CdTe NCs to flat sub-
strates are as follows. An appropriate amount (0.1-0.5 mL)
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of an aqueous solution of CdTe NCs was mixed with
0.5mL of MES buffer [2-(N-morpholino)ethanesulfonic
acid 0,1 mm] and 8 mL of Milli-Q water. The preliminarily
cleaned aminated substrate was dipped into this solution.
Subsequently, 0.5 mL of a solution of 1-Ethyl-3-[3-(dimeth-
ylamino)propyl]carbodiimide hydrochloride 0.025 m and N-
hydroxysuccinimide 0.025 M (named below as “EDC/NHS
solution”) was added under vigorous stirring which was
continued for another 10 min. After conjugation, the slides
were washed three times in Milli-Q water and rinsed thor-
oughly in acetone and toluene and dried under vacuum
conditions. Figure 6 shows optical spectra of the modified
slides. The PL properties of the films prepared were found
to be at least one order of magnitude more stable in time as
compared to analogously LbL-assembled monolayer films.
Although the surface coverage estimated from the optical
densities of the modified glass slides is roughly 100% (i.e.
one monolayer), the formation of islandlike multilayers
could not be excluded.”!

Covalent Linking of CdTe NCs to Spherical Surfaces

The method described is not limited to flat substrates but
is of more generality, as seen by our successful attempts to
coat glass spheres of micron size by CdTe NCs.*®! A disper-
sion (5 wt.-% in 10% solution of ethanol in water) of boro-
silicate glass microspheres (2£0.5 um, Duke Sci. Co., USA)
was treated with 0.1 M NaOH for 15 min under sonication
and washed three times in methanol by centrifugation. The
treated microspheres were immersed in the 3APTES solu-
tion under sonication for 15 min and washed thoroughly
with methanol by centrifugation. The final methanol dis-
persion was heated to boiling point for 1 h. After that, the
microspheres were separated from the methanol, redis-
persed in 0.5 mL of MES buffer and subsequently 0.1 mL
of an aqueous solution of CdTe NCs and 0.5 mL of the
EDC/NHS solution was added to the dispersion under vig-
orous shaking which was continued for another 10 min. The
conjugation was terminated by the addition of an excess
amount of 0.1 M glycine solution. The spheres were washed
three times with Milli-Q water and stored in an appropriate
solvent, like water or DMF. In Figure 7 we display a fluo-
rescence microscopy image of the glass spheres conjugated
with the CdTe NCs. The persistency of the luminescence of
the NCs is nicely seen. This luminescence is not altered for
at least 3 months. The inset shows a SEM image of one
particle of the same sample providing an impression of the
coverage of the spheres with nanoparticles.

Figure 8 shows some optical properties of conjugates of
CdTe NCs with silica beads. For the generation of these
conjugates we used CdTe NCs of two different sizes, namely
34 nm in diameter and 6-8 nm in diameter, respectively.
The absorption spectra of the conjugates possess well-pro-
nounced first electronic transitions and strong emissions.
The position of the absorption and luminescence maxima
relate well to the sizes of the NCs in agreement with the
size quantization effect operative in semiconductor nano-

3618 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 7. Fluorescence microscopy image of glass spheres conju-
gated with CdTe NCs. The inset shows a SEM image of one of
those particles. Reproduced from ref.[3¢)

particles of such sizes. It is seen that the emission of the
larger particles reaches into the near-IR spectral region and
that absorption spectra of monolayers of NCs have been
gained in this study.
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Figure 8. Absorption and luminescence spectra of silica particles
conjugated with CdTe NCs of two different sizes. Reproduced from
ref.[3¢]

For the preparation of the silica beads we used a well-
known literature method.?”1 Tetraethyl orthosilicate
(1.5 ml) was added to a solution of ammonium hydroxide
(2mL) in ethanol (50 mL) in order to prepare particles at
around 100 nm. The reaction mixture was stirred for 24 h
to yield silica nanoparticles. The amino functionalization of
the particles’ surface was accomplished by the addition of
25 pLL of 3APTES to the reaction mixture and continuing
stirring for an additional 24 h. After this, the mixture was
heated to boiling point for 1 h. The cooled mixture was
washed three times with ethanol by centrifugation to give
a stable dispersion of amino-functionalized silica spheres.
Before conjugation, the silica particles were transferred into
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DMF by consecutive centrifugation with the addition of
fresh portions of DMF.

Conjugates of CdTe NCs with aminated silica beads have
been prepared as follows. 0.05 mL of aqueous solutions of
the CdTe NCs and 0.25 mL of the dispersion of the amin-
ated silica particles in DMF were added to 0.70 mL of
DMF. Then, 0.5 mL of the EDC/NHS solution (in DMF)
was added with vigorous shaking. The shaking was contin-
ued for another 5-20 min. The conjugation was stopped by
centrifugation of the silica particles. The conjugated silica
particles were washed three times with pure DMF and
stored as dispersions in the dark.

Dipole-Dipole Interactions in Layers of
Nanocrystals

As described above, various methods of assembling, ar-
ranging and coupling of SC NCs have been explored but
still only little is known about the properties of the solids
evolving from these procedures. Some work has been pub-
lished by Heath et al. on collective properties of interacting
metal nanoparticles.’3-31 Depending on the interparticle
distance, those solids reflect dipole—dipole interactions fol-
lowed by pure electronic coupling when the particles come
into closest contact. Later, Remacle and Levine performed
theoretical studies on electron-transfer processes with ar-
rays of quantum dots.*%1 A shift of the first electronic ab-
sorption of small cadmium sulfide clusters to lower energies
compared to their solutions was first published by VoBme-
yer et al.l*!l for closely packed layers of cadmium sulfide
nanocrystals. The layers were built up from solutions of the
clusters by a spin-coating technique and were examined by
absorption spectroscopy. Besides some further studies on
Forster energy transfer in semiconductor quantum solids
consisting of particles of different sizes>**?! little is known
about the interaction between identical semiconductor
nanoparticles. For this purpose cluster crystals are ideal
candidates.

For our first studies we chose the cluster crystal com-
pound Cd;;S4(SCH,CH,OH),4, which had been prepared
according to the literature.l®! The structure of this thiol-sta-
bilized molecular-like cadmium sulfide nanocrystal is
known from single-crystal X-ray diffraction studies. In Fig-
ure 9 the internal structure of the cluster is shown.3#3 It
represents a tetrahedral cut out from the bulk cubic struc-
ture consisting of four adamantane-like cages capped with
barrelane-like cages at the four tips of the tetrahedron. This
tetrahedron has an edge length of 1.4 nm. It is also seen
from Figure 9 that neighboring clusters are bound coval-
ently via a bridging sulfur atom from the ligand at each tip
of the tetrahedra. A 3D network is formed in this manner
in a cubic diamondlike superstructure. Single crystals with
sizes in the millimeter range are obtained via this prepara-
tion route. Because of absorption coefficients of the clusters
as high as 84 000 Lmol!'cm™ it is not possible to perform
absorption spectroscopy on these kinds of solids. Conse-
quently, absorption spectra of compact layers created by
spin coating of concentrated solutions of the dissolved clus-
ter material were recorded. Figure 10 shows these spectra
in comparison with a spectrum of the corresponding cluster
solution of Cd;;S4(SCH,CH,OH),¢ nanocrystals.*¥ The
spectrum of the compact layer recorded in transmission ge-
ometry (dashed line) was found to be shifted to lower ener-
gies in comparison to the spectrum of the cluster solution
(solid line) without showing any significant broadening of
the first electronic transition. Surprisingly, the absolute
value of the red shift varied with the thickness of the com-
pact layer. The maximum of the red shift in comparison to
the spectra of the clusters in solution was about 70 meV at
an optical density of about 0.1 at the absorption maximum.
Although the compact layers appear totally transparent in
the visible region a scattering background is seen in the
spectra of compact layers (cf. e.g. Figure 10, dashed line).
In order to avoid any measuring artifacts in the experiment
an integrating sphere was used. The absorption measure-
ment of the same layer in this different set-up resulted in
significantly different signals, i.e. in the removal of the scat-

200 @
wwnn

Cluster 2

Figure 9. Crystal structure of a superstructure of Cd;;S4(SCH,CH,OH),¢ nanocrystals. Two particles are shown that are bound covalently
at the tip of each tetrahedron via a bridging sulfur atom from the ligands. For a better representation of the cores the hydrogen atoms
are not shown in this Figure. Reproduced from ref.®! with permission, copyright 1995 AAAS.
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tering background (dotted line in Figure 10). Furthermore,
the spectrum remains red shifted in comparison to the solu-
tion spectrum but by a smaller number than deduced be-
fore. Additionally, the measurement in the integrating
sphere no longer showed a dependence on the thickness of
the layers. Thus, regarding the discussion of the energetic
position of an absorption band it is extremely important to
suppress artifacts caused by scattering. Keeping this in
mind a red shift of the first electronic transition in the com-
pact layer of about 29 meV in comparison to the isolated
cluster in solution was observed. This energy difference is
taken as an indication of cluster—cluster interaction in a
closely-packed layer of NCs.

1.5

Absorption [a. u.]

0 T T T T >

260 280 300 320 340 360
Wavelength [nm]
~in solution
- - » closely packed, integrating sphere
-- closely packed, transmission
Figure 10. Absorption spectra of a compact layer of

Cd;;S4(SCH,CH,OH),4 nanoparticles in comparison to the spec-
trum of the same particles in solution (solid line). Significant scat-
tering is observed when the layer is measured in transmission geom-
etry (dashed line) instead of measuring in the integrating sphere
(dotted line). The inset provides a closer look on the resulting
changes in the position of the maximum of the transition band
depending on the experimental setup. (solution: cell thickness:
1 cm, OD = 1.15, calculated concentration: 0.7 pmol/L, integrating
sphere: OD = 0.14, calculated film thickness: 30 nm, in trans-
mission: OD = (.26, calculation of film thickness is difficult be-
cause of scattering background, estimated to be 25 nm). Repro-
duced from ref™ with permission, copyright 2002 American
Chemical Society.

In Figure 11 the interaction between the transition dipole
moment of the absorbing particle and the induced dipole
moments in the neighboring particles is sketched schemati-
cally. Analogous to the additional coulomb term for the
determination of the transition energy by the Brus for-
mula,™! this interaction lowers the original transition en-
ergy of the absorbing particle.

Using text book equations for the values of the oscillator
strength, the respective transition dipole moment and the
polarizability volume, a potential energy of —51.2 meV for
the interaction between the dipole of the absorbing cluster

3620 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 11. Schematic view of the interaction of the transition dipole
moment of a particle appearing with the absorption process and
the induced dipole moment of a neighboring particle. Reproduced
from ref™4 with permission, copyright 2002 American Chemical
Society.

and the induced dipoles in adjacent clusters (cf. Table 1) is
obtained for a distance between the particles (center to cen-
ter) of 1.4 nm. It was also taken into account that for tetra-
hedrally shaped particles the polarizability volume de-
creases (57.0 A3), leading to a reduced shift of —14.2 meV
to lower energies. Comparing these results with the value of
the experiment (29 meV), these simple calculations readily
explain the red shift of the absorption band of the clusters
in the compact layer in comparison to the isolated clusters
in solution.

Table 1. Red shift of the first electronic transition of compact layers
of CdS nanocrystals in comparison to the corresponding transition
of the same clusters in solution. The experimental values for the
different cluster sizes as well as the calculated results are shown.
The theoretical results for both, spherically or tetrahedrally shaped
particles are given. Note that for both particle sizes the experimen-
tal value fits between the values of the assumed particle shapes.

Experimental Calculated Calculated

spherical tetrahedral

cluster sizes AE [meV] AE [meV] AE [meV]
d=1.8nm 12 27.2 6.7
d=14nm 29 51.2 14.2

Comparable results are found for the larger homologue
cluster Cds,S4[SCH,CH(CH3)OH];¢ (cf. Table 1).

In an attempt to study the optical properties of the crys-
talline material itself, i.e. without dissolving the cluster crys-
tals, reflection spectroscopy has been performed. For this,
we milled the crystals down to grain sizes of about 2 pm
and measured the diffuse reflection in an integrating sphere.
In Figure 12 the UV/Vis absorption spectrum of this com-
pound in solution is shown together with the reflection
spectrum of the crystalline material. It is clearly seen that
in the spectra of the crystalline material the first electronic
transition is shifted to lower energies by about 150 meV,
which is considerably more than observed in the films
(29 meV, see above). Additionally, the transition is broad-
ened from a full width at half maximum of about 390 meV
to about 520 meV, which has not been observed in the spin-
coated films consisting of the same particles. For the larger
red shift a more densely packed structure of the crystals
compared to the films is held responsible while for the
broadening we propose a model of quantum mechanical
coupling. For calculating the dependence of the electronic
interaction on the distance between the coupling systems
we used a periodical box potential according to Kronig and
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Penney™®! for simulating both the crystalline arrangement
of the particles with very small distances between them and
the situation in solution with large distances between the
particles. In this model, the boxes representing the particles
(size 1.4 nm) are separated by potential walls. The height of
these energy barriers was chosen to be 3 eV and the separa-
tion of the boxes (i.e. the interparticle distance) was varied
between 20 nm, reflecting large distances, and 0.7 nm, mod-
eling the situation with neighboring clusters. The effective
masses of the charge carriers were taken from the literature
(0.2 and 0.7 for electrons and holes, respectively®’l). The
3D arrangement of the particles was taken into account by
multiplying the 1D results by three. According to Brus*’!
the transition energy is then calculated by addition of the
bulk band gap and the Coulomb interaction. For large dis-
tances between the clusters a transition energy of 3.92 eV
was obtained, which is in fair agreement with the experi-
mental value (4.24 ¢V). For the clusters with small distances
between the inorganic cores we obtained the formation of
a sub-band for the electron states, which spans about
75 meV (for 1D) for a separation of 0.7 nm. Due to the
larger effective mass of the holes a narrower sub-band
(1.5 meV) is observed for this charge carrier. The centers of
the sub-bands remain at exactly the same energetic posi-
tions as the discrete levels in the case of the solution. Thus,
it turns out that for the electronic interaction of semicon-
ductor particles in close contact a broadening of the transi-
tion band is expected without a significant change of the
transition energy. The shift of the transition energy in the
crystalline material is then only due to dipole—dipole inter-
actions of adjacent particles.

T T Li T L) T T T L)
2.0 e CPyStaL
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200 220 240 260 280 300 320 340 360 380 400
Wavelength [nm]

Figure 12. Absorption spectrum of Cd;;S4(SCH,CH,OH),¢ nano-
crystals dispersed in solution (dotted line) and reflection spectrum
of micron-sized crystals of the same compound (solid line). Repro-
duced from ref.[*¥ with permission, copyright 2001 American
Chemical Society.

Rapid Forster Energy Transfer

To investigate the Forster energy transfer from smaller
(green emitting, PL maximum at approx. 555 nm) to bigger
NCs (red emitting, 650 nm) in LbL-layered assemblies, two

Eur. J. Inorg. Chem. 2005, 3613-3623 www.eurjic.org

different structures both consisting of 10 polyelectrolyte/
NCs bilayers have been prepared. The first structure con-
sists of five bilayers of the same NCs size followed by five
bilayers of the other NCs size on top, while the second
structure consists of alternating bilayers of NCs of both
sizes, as is schematically shown in Figure 13. The disappear-
ance of the green PL band and the simultaneous relative
amplification of the red emission is inherent for both struc-
tures and is a consequence of the Forster energy transfer
(FRET), i.e. energy transfer takes place between donor and
acceptor NCs, when the interparticle distance is smaller
than the so-called Forster radius. At the same time the effi-
ciency of the FRET appears to be relatively higher in the
case of alternating layers. Indeed, the mean distance be-
tween the NCs of different sizes is smaller in the case of the
alternating structure. In the other case only the closest red
and green NC layers participate in the energy transfer ef-
ficiently, while others are too far apart. Furthermore, the
applicability of the LbL method to the creation of even
more complex structures has been demonstrated. This
structure consisted of alternating bilayers of NCs of three
different sizes with a gradual decrease of the electronic
band gap and it shows PL originating from the biggest NCs
only, while the features corresponding to all the NCs’ sizes
appear in the absorption spectrum (not shown here).
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g c
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Figure 13. Absorption and PL spectra of the LbL formed assembl-
ies sketched on the right hand side. Green and red layers corre-
spond to the emission color of the particles constituting the as-
sembled PE/NCs bilayers.

The FRET efficiency for thin alternating films of NCs of
2.4 and 3.5 nm in size with PDDA as opposite polyelectro-
lyte was estimated to be as high as 50% with an average
interlayer energy-transfer rate of (254 ps)™! reaching the
value of (134 ps) ! for certain subspecies in the inhomogen-
eous distribution of the donor NCs having larger spectral
overlap with the acceptor NCs.[*8]
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As described above a LbL composite can be prepared
with NCs as building blocks only, i.e. without polyelectro-
lytes in between the NC layers. These structures have been
made in order to study Forster energy transfer in nanocrys-
tal solids, assuming that the FRET will be facilitated by a
smaller mean interlayer distance. The bilayer structure is
supposed to be composed of MA-capped CdTe NCs (do-
nors) in the bottom layer and TGA-capped CdTe NCs (ac-
ceptors) in the top layer (Figure 2). For comparison, two
monolayer samples comprising only donors (MEA-capped
CdTe NCs) or only acceptors (TGA-capped CdTe NCs) are
also deposited on the polymer under layer. For both NC
sizes the electronic transitions can be distinguished in the
absorption spectrum of the bilayer sample, although the
contribution of the acceptor NCs is reduced in comparison
to the monolayer sample. This is not surprising because the
bottom layer of the donor NCs is deposited on a polymer
under layer in both cases, favoring the attachment of the
NCs, while the top layer of acceptor NCs in the bilayer
sample is deposited onto a preformed donor NC layer,
which is apparently limited in its ability to attract and ac-
commodate oppositely charged NCs in comparison to a
polymer under layer. This is indicated schematically by an
incomplete layer of acceptor NCs in the inset of Figure 2.
The use of electric-field directed layer-by-layer assembly
(EFDLA),! which relies on the additional attraction of
NCs by applying an electric field to the substrate may allow
this problem to be overcome. The absorption spectrum of
the bilayer sample can be reproduced by a linear superposi-
tion of 1.0x the donor and 0.33X the acceptor absorption
spectra. PL spectra show that almost all of the emission
from the bilayer sample originates from the acceptor NCs,
while the contribution from the donor NCs is strongly di-
minished. From the quenching of the donor and the en-
hancement of the acceptor NC PL in the bilayer sample,
the efficiency of energy transfer in the bilayer structure is
estimated to be =80 %.

In order to determine the energy-transfer rate, we ana-
lyzed streak camera data binned by wavelengths rather than
time. Figure 14 compares the PL decay of the donor NCs
in the bilayer sample with the PL decay of the donor NCs
in the monolayer sample at the same wavelength. To ensure
that the donor decay in the bilayer sample is not affected
by PL cross-talk from the acceptor NCs we chose a wave-
length-binning region of interest from 500 nm to 525 nm.
For both samples the PL transients appear as nonex-
ponential decays as is typical for thiol-capped CdTe
NCs.[#8:59 Nevertheless, one can deduce a I/e decay time
which decreases from 286 ps for the monolayer sample
down to 57 ps for the bilayer sample. A transfer rate of
(71 ps)~! is calculated from these numbers which is 3.5 times
higher than the average transfer rate reported before for a
CdTe NC bilayer structure with a polymer linker between
the layers.*81 If one chooses the wavelength-binning region
of interest as being more shifted to the high energy side of
the donor spectrum (from 475 to 500 nm), an energy trans-
fer time as low as 50 ps is derived, which is very close to
the energy transfer rates of (38 ps)~' predicted by Klimov

3622 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

et al.b!l We attribute this increase in the energy transfer rate
to the reduced average distance between the NC layers by
eliminating a polymer linker in between. From the decay
times provided above we derive an energy transfer efficiency
of 80%, consistent with the efficiency we have calculated
from time integrated PL spectra.

1

Donor  Acceptor]

292 ps ps

Normalized PL Intensity

0 500
Time [ps]

Figure 14. Fluorescence decays of the donor NCs in the monolayer
donor sample (dotted line) and the donor NCs in the bilayer sam-
ple (solid line). In both samples the PL is integrated from 500 to
525 nm. The I/e times are 286 ps and 57 ps, respectively. The inset
sketches the different decay channels of an exciton in a NC of the
donor layer including the corresponding timescales. Thick solid
lines represent the first excitonic transition, thin lines represent vib-
ronic progressions and dashed lines indicate trap states from where
the excitons decay nonradiatively. Apart from a resonant energy
transfer of excitons in donor NC ground states, a recycling of
trapped excitons by resonant transfer to a radiating state in an
acceptor NC is also possible on an unknown time-scale. Repro-
duced from ref.1]
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