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Optical spectroscopy on ensembles and single CdSe/ZnS semiconductor quantum dots (QDs) demon-
strates a competition of trap and near band edge photoluminescence (PL). This competition can be mark-
edly influenced by a few surface attached pyridyl functionalized dye molecules (porphyrins or perylene

Keywords: diimides) forming nanoassemblies with well defined geometries. Temperature variation and related
Semiconductor quantum dots changes in absorption and emission reveal sharp changes of the ligand shell structure in a narrow tem-
Porphyrins

perature range for organic (TOPO and amine) surfactants (phase transition). The effects on QD PL at this
transition become considerably pronounced upon attachment of only a few dye molecules to QD surface.
Moreover, under ambient conditions amine capped QDs are photodegraded in the course of time. This
Fluorescence resonant energy transfer process is enhanced by attached dye molecules both on the ensemble and single particle/dye level. This

Self-assembly
Ligand dynamics
Surface traps

(FRET) investigation elaborates the importance of (switchable) surface states for the characterization of the PL of

Non-FRET photoluminescence quenching QDs.
Temperature surface “phase"” transition

1. Introduction

Recently, great efforts have been devoted to bottom-up nano-
structures. This results from their versatile and controllable geo-
metric features with closely related structure-dependent
properties [1-5]. Much attention has been paid to the investigation
of physicochemical and optical properties of nanostructures based
on colloidal semiconductor quantum dots (QDs) [6,7] being used in
biomedicine [8,9] or as components of optoelectronic nanodevices
[10], chemical or biochemical nanosensors, energy or information
storage, and nanocatalysis [11,12].

Of special interest is the formation of QD-dye nanoassemblies,
since they allow for a controlled realization of mutually relative
(spatial) orientations and electronic energy scales in order to opti-
mize intended photoinduced processes such as charge transfer
[13-15], fluorescence resonance (Foerster) energy transfer (FRET)
[16-21] or electron tunneling in the conditions of quantum con-
finement [22,23]. Basically there are several routes to realize nano-
assemblies in liquid solutions and polymeric matrices in the form
of (i) blends [24], (ii) QD-polymer-dye composites [16,25], and
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(iii) via functional groups self-assembled QD-dye aggregates
[14,17,19,20,22,26].

With respect to formation of self-assembled QD-aggregates in
the liquid phase several factors related to the QD photolumines-
cence (PL) efficiency are of essential importance: (i) attachment/
detachment of dye molecules [14,16,17,19,22,26], (ii) the interplay
of dye molecule attachment and ligand exchange dynamics
[23,27,28], and (iii) the presence and formation of various surface
trap states in the band gap [29,30], whose energies and corre-
sponding PL quenching efficiencies may be changed upon (temper-
ature dependent) interface reconstruction or competing ligand/dye
exchange dynamics. In the past a few studies have been devoted to
the elucidation of thiol-type ligand exchange at relative low con-
centrations between 1 and 10 relative to the QD concentration
[28,31]. In this respect, the combination of bulk and single mole-
cule/single particle experiments [32] are a tool to precisely identify
the interaction of exactly one QD with one dye molecule leading to
a microscopic understanding of the formation (including ligand
dynamics) and related mechanisms of PL quenching dynamics for
QD-dye nanoassemblies.

Quantum efficiency and PL dynamics for QDs depend drastically
on dielectric properties of the embedding environment [33] and
temperature [51,34-37]. Very recently, we have shown [23] that
at ambient temperature in liquid solutions, the formation of
QD-dye nanoassemblies (based on CdSe QDs and meso-pyridyl
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porphyrins [19] or perylene diimides) [32]) takes place in compe-
tition with capping ligand (surfactant) dynamics and is realized
at least on two time scales which is attributed to a reorganisation
of the capping ligand shell. We established a microscopic descrip-
tion of PL quenching and assembly formation in the conditions of
extremely low concentrations of QDs and dye molecules [23].

As a part of our detailed analysis of self-assembly processes in
QD-dye nanoassemblies, we report in this paper both on the influ-
ence of structural surface transformations such as a ligand induced
phase transition and photodegradation on the optical properties of
QDs, especially how they are related to assembly formation. Our
comparative results are concerned with (77-300 K) temperature
dependent optical properties of QD-porphyrin nanoassemblies
(ensemble experiments) as well as on long-term temporal evolu-
tion of PL spectra (photodegradation related to interface transfor-
mation processes) of QDs assembled with perylene diimide
(ensemble and single particle detection). We have chosen porphy-
rin-type dye molecules, since due to their versatile functionalisa-
tion well defined QD-porphyrin nanoassembly structures can be
realized [19,20,22]. However, porphyrins are not suitable candi-
dates for single molecule detection due to the relatively low fluo-
rescence quantum efficiency. Perylene diimide-type dyes are, on
the other hand, one of the most ideal single probe molecule accom-
panied with a high photostability. In case of porphyrin we will re-
port on the (temperature dependent) formation of CdSe/ZnS trap
states in competition to QD near band edge states, while the tem-
poral variation of trap and near band edge states will be investi-
gated with a diimide dye.

2. Experimental
2.1. CdSe quantum dots

For ensemble and single particle experiments colloidal core/
shell CdSe/zZnS QDs passivated by trioctylphosphine oxide (TOPO)
or long-chain amines (AM) were obtained from Evident Technolo-
gies, Inc., Troy, NY, USA. The absorbance of the QD starting toluene
solution was adjusted to be lower than 0.1 OD at excitation and
emission wavelengths in order to avoid non-linear absorption
and re-absorption effects. The concentrations varied in the range
(1-10) x 10”7 M. In ensemble experiments stability and purity of
the QD solutions were checked by measuring the quantum yield
stability at least over 3 h after preparation.

2.2. Functionalized dye molecules

5,10,15,20-meso-metapyridyl  substituted porphyrin  (m-
Pyr)akbP and its Cu-derivative, (m-Pyr)aCuP were synthesized
and purified according to known methods described by us previ-
ously [38]. It is known from our recent publications [19,20,39]
that among a series of pyridyl-substituted free-base porphyrins
and chlorins, tetra-meso-metapyridyl substituted porphyrins are
characterized by an extremely large complexation constant upon
formation of QD-porphyrin nanoassemblies. In ensemble experi-
ments, the porphyrin stock solution was prepared in toluene
under ultrasonic treatment at 40 °C at concentrations in the range
(3-30) x 10”5 M and then was used for the formation of “QD-
porphyrin” nanoassemblies via titration of QD solutions. For sin-
gle particle experiments, sufficiently high photostable pyridyl
functionalized perylene diimide molecules were used. The syn-
thesis of these compounds is described elsewhere [40,41]. In
the present experiments we have used (pyridyl):-perylene dii-
mide (PP). The dye molecules and QD-dye assemblies are shown
in Fig. 1.

2.3. Sample preparation

Quantitative titration experiments have been performed in case
of ensembles at ambient conditions with toluene spectroscopic
grade (Fluka SeccoSolv or Merck dried with a molecular sieve).
The optical cuvettes (Hellma QS-111, path length 1 cm) and other
glassware were flushed with acetone and ethanol, chemically
cleaned with aqueous HSOs:H20:z, flushed with deionized water,
dried in a nitrogen flow and purged with toluene. Temperature
(77-300 K) measurements for QDs and “QD-porphyrin” nanoas-
semblies were carried out in a methylcyclohexane/toluene (6:1)
mixture possessing an optical transparent glass at low tempera-
tures. The respective glass transition temperatures are the follow-
ing: 146.7 K for pure methylcyclohexane, 180 K for pure toluene
[42] , and 151.6 K for methylcyclohexane/toluene (6:1) mixtures
[43] . For single particle experiments samples, pipettes and vials
were thoroughly cleaned by supersonic treatment in a piranha
solution (1:1 H0O2-H2SOs solution) and by careful rinsing with
Millipore DI water. Material quality was checked with a homebuilt
fluorescence wide field microscope. Single particle sample prepa-
ration was done by spin coating a 5 x KO™11 M solution of the
QD-dye mixture onto a Si/SiO2 (100 nm thick SiOz) or quartz sur-
face. Structures of 5,10,15,20-meso-metapyridyl substituted Cu-
porphyrin (CuP) and (pyridyl)i-perylene diimide (PP) molecules,
capping molecules of trioctylphosphine oxide (TOPO) and long-
chain amines (AM) are depicted in Fig. 1. This figure shows also a
schematic representation (not on scale) of “QD-porphyrin” (A)
and “QD-perylene diimide” (B) nanoassemblies and mutual
arrangement of dye molecules with respect to QD surface.

2.4. Experimental techniques

In ensemble experiments, absorption spectra were recorded
with a Shimadzu 3001 UV/Vis or Cary-500 M Varian spectrometer.
Emission spectra were measured with a SFL-1211A (Solar, Belarus)
or Shimadzu RF-5001PC spectrofluorimeter. Temperature experi-
ments were carried out using a home built cryostat (Solar, Belarus)
equipped with a temperature controller (AT =0.5 K). Single parti-
cle experiments at ambient conditions were performed in a home
built laser scanning confocal microscope described earlier [32].

3. Results and discussion
3.1. Surfactant related phase transitions in QD-dye nanoassemblies

We have carried out detailed QD absorption spectra (in the en-
ergy range of the first excitonic transition), photoluminescence
(PL) spectra, and PL excitation (PLE) spectra at various detection
wavelengths as well as PL decays at various temperatures and exci-
tations or detection conditions. Experiments on ensembles of CdSe/
ZnS QDs (dGke = 3.0 nm, 2 ZnS capping monolayers) have been per-
formed in a methylcyclohexane/toluene (6:1) mixture in a temper-
ature range from 77 Kto 300 K A set of typical CdSe/ZnS spectra is
depicted in Fig. 2 for various temperatures. While the detailed re-
sults are still under investigation and will be discussed in a forth-
coming paper, we will concentrate in this publication on the
temperature dependent influence of dye molecules on the QD PL
and will only present those results on ensembles of QDs, which
are necessary to follow the overall behavior.

Fig. 2A shows that the band-edge absorption for CdSe/ZnS QD
shifts to the blue upon temperature lowering. It was found that
the optical density remains nearly constant at various tempera-
tures for wavelengths below 450 nm (accuracy +2.5%). At
k=520 nm it varies less than +25%. Temperature dependent QD
PL spectra are presented in Fig. 2B for excitations at 450 nm and
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Fig. 1. Structures of 5,10,15,20-meso-metapyridyl Cu-porphyrin (CuP) and (pyridyl)i-perylene diimide (PP), ligands trioctylphosphine oxide (TOPO) and long-chain amines
(AM) as well as schematic presentation of mutual arrangements of dye molecules with respect to the QD surface for “QD-porphyrin" (A) and “QD-perylene diimide" (B)

nanoassemblies.

Fig. 2. Temperature dependent absorption (A) and PL (B) spectra for CdSe/ZnS QDs in methylcyclohexane/toluene (6:1) mixture. Base line and stray light are subtracted in
absorption spectra. PL spectra at various temperatures are presented for two excitation wavelengths at 450 and 520 nm. Because of large stray light at kexc=520 nm

(kexc=5 nm) the related PL spectra are depicted beginning at kPL=530 nm.

520 nm, respectively. The temperature dependence of the PL peak
energy behaves similar as the band-edge absorption, that is it is
shifted to the blue upon temperature lowering. At 295 Kexcitation
between 410 to 500 nm results in a PL band at knex= 555 nm,
while upon excitation in the range of 510-540 nm the PL band is
characterized by kmex=551 nm. We conclude that in addition to
site selection (observed for QD PL [44]) our data reveal the pres-
ence of at least two luminescent states. At T< 108 Kthe PL depen-
dence on kexc becomes essentially weaker. Upon temperature

lowering PL spectra are not only shifted to the blue, but also the
line width (FWHM) becomes essentially narrower, while the PL
intensity becomes higher. Taking into account the nearly constant
optical density (see above), this implies that the PL quantum effi-
ciency increases upon temperature lowering and PLemission takes
place presumably from only one type of state.

Fitting the lowest absorption and PLband position in the energy
scale as a function of temperature by a Gaussian line, we observe
besides the already mentioned blue shift upon temperature
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T. K

Fig. 3. Comparison of temperature dependence of (1) the first absorption peak
(mean weighted data for two Gaussians lines) and (2) PL maximum
(Akexc=450 nm) for TOPO capped CdSe/ZnS QDs in methylcyclohexane/toluene
(6:1) mixture. Thin arrows in the bottom indicate glass transition temperatures for
methylcyclohexane (146.7 K), methylcyclohexane/toluene (6:1) mixture (151.6 K)
and toluene (180 K), respectively. Thick dashed arrows on the curves 1 and 2
indicate temperatures at which optical properties change.

lowering a non-monotonous temperature dependence of the
respective peak energies. As can be seen in Fig. 3 this non-monot-
onous behavior (which we name for simplicity “kink”) is observed
for TOPO-capped CdSe/ZnS QDs between 200 and 240 K, far from
the glass transition temperatures for methylcyclohexane
(146.7 K) and toluene (180 K), respectively [42], as well as for a
methylcyclohexane/toluene (6:1) mixture (151.6 K) [43]. Fig. 3
shows that with lowering temperature the “kink” occurs at slightly
different temperatures for the first excitonic absorption band
(~218 K) and the PL band (~223 K), respectively. It follows that
the observed non-monotonous temperature behavior is reversible
both in absorption and PL measurements upon cooling or heating
QD samples without any hysteresis effects (see Supplementary
materials). In addition, we also found, that a similar “kink” is ob-
served in the PLtemperature dependence for CdSe/ZnS QDs capped
by long-chain amines (see Fig. 4). In the later case, the “kink” in PL

T, K

Fig. 4. Temperature dependence of the normalized PL maximum intensity
(kexc=450nm) for CdSe/ZnS-AM QDs (dGke=3.0 nm, 2 ZnS monolayers) capped
by long-chain amines (1) and for nanoassemblies based on CdSe/ZnS-AM QDs and
(pyridyl)2-perylene diimide (DPP) dye molecules at molar ratio x = [CdPP]/[Cqd] = 1
(2) in a methylcyclohexane/toluene (6:1) mixture. Thick dashed arrows on the
curves 1 and 2 indicate temperatures at which optical properties change.

spectra is more pronounced and shifted to ~237 Kas compared to
~223 K for TOPO-capped CdSe/ZnS QDs. Notably, this non-monot-
onous behavior becomes stronger for amine -capped CdSe/ZnS
QDs with attached DPP dye molecules at molar ratio x = [Corp]/
[Cqa] =1 (Fig. 4, curve 2), while no “‘kink” is observed when follow-
ing the luminescence of perylene diimide or porphyrin molecules
under the same conditions (will be presented and discussed be-
low). From these observations, we therefore exclude, that the mor-
phology of the matrix is changing.

To understand the appearance of the “kink” both in absorption
and PL temperature experiments on CdSe/ZnS QDs, we refer to
observations recently reported in literature. Typically, when
increasing temperature quenching of QD PL intensity is a com-
monly observed phenomenon, both in colloidal suspensions or in
solvent-free systems (polymeric matrices or QD solids). Generally
this finding is assigned to thermally activated carrier trapping
[17,45] or increased electron phonon coupling [31,36,46-50]. Unu-
sual “luminescence anti-quenching” at a well defined temperature
of T~ 250 K (manifested in our experiments as “kink”) has been
observed earlier [36,51] for CdTe or CdSe/ZnS QDs initially dis-
solved in liquid solutions such as toluene. This effect has been re-
lated to a phase transition in the surfactant (ligand) layer [36,51].
As was shown for colloidal (TOPO-capped) CdSe QDs in anhydrous
toluene [36] and for water-soluble aminoethanethiol- (AEP-)
capped CdTe QDs [51], a phase transition of the surfactant layer
leads to surface relaxation and/or surface reconstruction which is
strongly dependent on the type of ligand and, in turn, may cause
a spatially-energetic reordering of trap states.

The above described effects have up to now only been reported
with respect to the PL properties of QDs. In our case, in addition to
PL, the QD band-edge absorption is obviously also sensitive to such
a phase transition of the surfactant layer at temperatures close to
~218 K Now let us turn in more detail to the temperature depen-
dence of the QD band-edge absorption (Fig. 3). In the high temper-
ature range (T>250K) it has been experimentally shown (and
theoretically confirmed) that experimental values of dE/AT are
independent of the size of CdSe/ZnS QDs and they agree with the
average bulk value of dEbulk/dT = -0.36 meV/K [48]. The results de-
picted in Fig. 3 give dE/T=-0.42 meV/K below and dE/
dT=-0.32 meV/K above the phase transition temperature for the
band edge absorption. This coincides with data obtained for un-
capped Cdse in a poly-laural methacrylate matrix [48] though in
the later case, the experimental temperature dependence of the
band gap E(T) did not show any “kink”.

In addition, when discussing the appearance of the “kink”, one
has to take into account that for TOPO- or amine-capped Cdse/Zns
QDs (dissolved in various solvents), a phase transition of the ligand
layer will cause some strain-induced deformation of the ZnS shell.
According to [52-54] absorption and PL of core-shell QDs such as
CdSe/zZnS are red-shifted with respect to merely core QDs because
in the former case the electron wave function tunnels into the
shell, increasing the delocalization of the electron-hole pair, low-
ering the confinement energy and consequently the energy of the
excited state. Correspondingly, due to different thermal expansion
coefficients for the semi-rigid surfactant layer and the ZnS shell as
well as possible strain effects, slight changes of electron delocaliza-
tion may take place in the range of the phase transition, that show
up in slight differences in dE/dT below and above the phase
transition.

Now let us turn to details of the temperature dependence of the
PL Though qualitatively very similar to the absorption, it is obvi-
ous from Fig. 3, that dE/dT =-0.30 meV/K above the phase transi-
tion is very similar to the one of the absorption, but definitely
smaller in comparison with the value dE/dT =-0.43 meV/K below
the phase transition. From this we conclude that, PL at low temper-
atures does not originate from those (band-edge) states which give
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rise to the absorption. In this respect, we believe that slightly dif-
ferent “kink” temperatures for the first excitonic absorption band
(~218K) and the PL band (~223 K) for TOPO-capped CdSe/ZnS
QDs, may be explained by the different nature of the corresponding
transitions in absorption and in emission. In its turn, the more pro-
nounced and shifted to ~237 K “kink” in the PL spectra for amine-
capped CdSe/ZnS QDs (Fig. 4) relative to TOPO-capped CdSe/ZnS
QDs (Fig. 3) may be connected with different surface relaxation/
reconstruction which is strongly dependent on the ligand type
[36,51].

Additional information is obtained, when inspecting the PL
spectra as a function of temperature, which is shown Fig. 5A At
the same temperature range where the “kink” shows up, both in
absorption and PL energy, a decrease of the PL intensity of about
5% (see Fig. 5B, curve 1) is observed, keeping in mind that also
the nature of emitting states has changed from a near band-edge
emission to a trap dominated emission. If in fact, a trap state
emission dominates at low temperatures, these trap states or their
distribution might be influenced by dye molecules attached to the
QD surface due to replacing some of the surfactant (TOPO ligand)

J1, nm

T,K

Fig. 5. Temperature dependence of emission spectra (A) and band maxima
intensities (B) for nanoassemblies based on TOPO-capped CdSe/ZnS QDs and
various porphyrin molecules at molar ratio x = [CRophyrin/[CQD] = 1 in methylcyclo-
hexane/toluene (6:1) mixture (kexc=450 nm). A: The short wavelength band
belongs to QD PL, the increasing long wavelength band belongs to (m-Pyr)4CuP
phosphorescence. The inset shows the temperature dependence for QD PL and CuP
phosphorescence bands between 77 and 285 K. B: All curves are normalized to the
integrated band intensity of QD PL at 285 K. Experimental temperature depen-
dences are shown for the same type of QD (dQf%e= 3.0 nm, 2 ZnS monolayers) in
under various conditions: (1) CdSe/ZnS QDs; (2) QD + (m-Pyr)4H2P; (3) QD + (m-
Pyr)4CuP; (4) QD + tetraphenylporphyrin (having no pyridyl rings); (5) QD in dry
PMMA film on a quartz plate. The phase transition temperature of the matrix is
indicated.

molecules [23,27,28]. To realize such a situation we titrated a solu-
tion of QD by various porphyrin molecules up to a relative molar
ratio of x = [Goorphyrin]/[Cqp] = 1. As has been recently demonstrated
[19,20,39] selective pyridyl-functionalization (see Fig. 1) allows for
well defined attachments to the QD surface and results in a nano-
assembly formation. In Fig. 5Awe show for the relative concentra-
tion ratio x = 1 a series of luminescence spectra of CdSe/ZnS-CuP
nanoassemblies at various temperatures. The long wavelength
emission band at kmax = 770-780 nm appearing upon temperature
lowering belongs to the phosphorescence of (m-Pyr)sCuP mole-
cules [38] and references therein]. According to [55] it takes place
from the 2T: state (at room temperature) or the 4Ti state (at low
temperatures) being caused by exchange d-p interactions of the
Cu unpaired d-electron with p-electrons of the porphyrin ring.
Fig. 5A (inset) compares the temperature dependence of peak
emission intensities for QD and (m-Pyr)aCuP molecules after
CdSe/ZnS-CuP nanoassemblies have formed. It is evident that the
CuP phosphorescence intensity is continuously increasing upon
temperature lowering. A similar monotonic increase of (m-
Pyr)s H: P fluorescence is observed for CdSe/ZnS QD + (m-Pyr)s H:P
(1:1) solution upon temperature lowering (not shown). These
monotonic temperature dependences of emission are typical for
Cu-containing porphyrins and porphyrin free bases in solid solu-
tions and polymers [38,55]. In contrast, for CdSe/ZnS-CuP nanoas-
semblies, the CdSe/znS QD PL intensity shows again a “kink”,
which, however, is now much more pronounced (-23%) than in
the absence of CuP (compare curves 1 and 3, Fig. 5B). Similar
experiments have been performed with other dye molecules,
including tetraphenylporphyrin without pyridyl groups, which,
however, does not enlarge the PL decrease at the “kink” (curve 4,
Fig. 5B). A comparison of temperature dependent CdSe/ZnS PL
intensities obtained for various porphyrins is shown in Fig. 5B. It
is evident, that dye attachment enhances the PL decrease at the
phase transition temperature. The amplification is strongest for
CuP and amounts to about -50% on the scale of integrated QD
PL intensities. We suggest that CuP exhibits the largest effect, since
either internal molecular charge transfer states influence the en-
ergy distribution of CdSe/ZnS trap states considerably or TOPO li-
gands may be strongly coordinated at low temperatures to the
central Cu ion, which might increase the disorder of the surfactant
shell. Moreover, dE/dT below the phase transition is considerably
lower in case of assembly formation than that for CdSe/ZnS with-
out dye attachment, which again is a manifestation of newly gen-
erated trap states. Finally, it is seen from Fig. 5B that for QDs in a
dry PMMA film on a quartz plate that the “kink” is absent (curve
5).

When defining the temperature at the mid-intensity of the
“kink” (see e.g. Figs. 3-5) as the apparent phase transition tem-
perature, this temperature is about 5 K higher for QDs as com-
pared to QD-dye nanoassemblies. Also in case of amine ligands
we observe a similar phase transition behavior as is shown in
Fig. 4. Again, attachment of dye molecules enhances the decrease
of PL intensity and shifts the phase transition to lower tempera-
tures but to a much less extent than observed for TOPO ligands.
The noticeable dependence on the type of ligands is in agreement
with earlier observations [36,51] and supports the suggestion that
a phase transition of ligands couples to the optical properties of
QDs.

To consider the differences in the temperature dependence be-
tween QDs and nanoassemblies, one has to take into account that
nanoassemblies at an initial molar ratio x = [Ccur])/[Cap] = 1 were
prepared by one-step mixing at ambient temperature. The thermo-
dynamic formation of such self-aggregated assemblies is at high
temperatures characterized by the corresponding complexation
constant [39]. Estimations according to a Poisson distribution show
that at x= 1, the related probabilities Pi of the number of dye
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molecules per QD are Po=0.3, Pi =0.4, P2=0.3, respectively. This
implies, that some QDs are ‘“porphyrin-free” without PL quenching
at ambient temperature. Decrease of temperature leads probably
to complete complexation of QDs because of the rise of the com-
plexation constant at low temperatures [56]. Correspondingly, this
should show up in more effective QD PL quenching. However, this
is experimentally not reflected in an increase of PL intensity up to
the phase transition. We cannot exclude that at the phase transi-
tion more nanoassemblies are formed, since dye molecules become
“frozen” in the now rigid surfactant layer.

Summing up this part we conclude, that CdSe/ZnS QD undergo a
phase transition in the sense, that the “freezing” ligand shell exerts
strain on the ZnS shell thus creating trap states with reduced PL
guantum yields. Moreover, this phase transition changes also the
CdSe core absorption, which might be explained by a modification
of the core structure. Notably, it has been shown recently [57] that
the solvent environment and ligands not only help in confining the
size of the QDs in solution but also stabilize the crystal structure of
QDs by minimizing the surface free energy. In solution, the solvent
molecules adsorbed on the QD surface can reduce the total surface
free energy, and the surface can undergo reconstruction when the
solvent molecules leave the QD surface. In turn, dye attachment
creates new and/or more trap states, which obviously quench the
PL very effectively. Phase transition temperature and the influence
of dye induced trap states depend critically on the type of ligand
and are more pronounced for TOPO as compared to amine ligands.
This might be explained by the pyramidal structure of TOPO, which
prohibits for steric reasons a complete passivation of the QD sur-
face [23,53]. Now, that we have demonstrated, that dye molecules
noticeably influence the optical properties at ligand controlled
phase transitions, we will in the remaining part discuss the influ-
ence of attached dye molecules on the long-term photostability
of CdSe/ZnS QDs.

4. Photostability of QD-dye nanoassemblies

The attachment of functionalized organic dyes to a QD surface
manifests itself in noticeable QD PL quenching [13-21] as well as
in related complex interface dynamics [26-28]. Obviously, PL
quenching of the CdSe/ZnS constituent of the nanoassembly is a
dynamic process caused by non-radiative relaxation channels for
the exciton. We have quantitatively shown [19,20,22,23,39] that
the major part of the observed strong quenching of QD PL in nano-
assemblies can neither be assigned to FRET nor to photoinduced
charge transfer between the QD and the chromophore. This Non-
FRET quenching depends on QD size and ZnS shell thickness and
is stronger for smaller quantum dots than for larger ones [22].
Based on the comparison of experimental data and quantum
mechanical calculations it has been concluded that QD PL quench-
ing in “QD-porphyrin” nanoassemblies can be understood in terms
of the tunneling of the electron (of the excited electron-hole pair)
across the ZnS shell followed by a (self-) localization of the electron
or formation of trap states at the interface [22] or even in the ma-
trix [23,33]. Our recent findings highlight that single functionalized
molecules can be considered as extremely sensitive probes for the
complex interface physics and dynamics of colloidal semiconduc-
tor QDs.

Amodification of QD PL is also visible in single “QD-dye” exper-
iments. Fig. 6 shows the comparison of blinking statistics for two
samples spin coated from toluene solution onto quartz surface at
295 K TOPO-capped CdSe/ZnS QDs and QD-(m-Pyr)s HP nanoas-
semblies both having the same initial QD concentration
(Cqp=1.8 X 10”9 M, core diameter dcdse = 3.2 nm, 3 ZnS monolay-
ers) and being excited within the QD first absorption band. Nano-
assemblies were prepared at a molar ratio x = [Goorphyrin]/[Cap] = 10,
at which the ensemble QD PL quenching is about 40% [19]. It is
seen from Fig. 6Aand B that for both cases blinking statistics show

Fig. 6. Blinking statistics for about 30 CdSe/ZnS QDs (A) and for QDs in the presence of QD-(m-Pyr)4H2P nanoassemblies (B) at two laser excitation intensities at kexc= 514 nm
and 295 K [58]. The inset in the top left figure shows the statistic of one single QD. Average on- and off-times are indicated in each graph.
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Fig. 7. (A) PL of amine-capped CdSe/ZnS QDs in toluene at ambient temperature. The line has been fitted by two Gaussian components, short wavelength (SW) and long
wavelength (LW) shown by broken red and blue lines, respectively. (B) Variation of PL intensities of LW and SW components as a function of observation time. The inset
shows the related intensity ratio. (C) Variation of PL emission wavelength for SW and LW components as a function of observation time.

Fig. 8. (A) Wavelength of the PL maximum of the SW component as a function of observation time and PP dye concentration (x: 0-5). (B) Corresponding wavelength of LW

component. Lines are only guide lines.

a power law distribution for “on-" and “off-"times. Dark QD states
are usually explained by charged nanocrystals [33], and the heter-
ogeneity (power law behavior [59]) is inherent to broadly distrib-
uted (de-) population processes of the dark state. (ton) times of
0.18 s are the same in QD-(m-Pyr)aH2P nanoassemblies and
CdSe/ZnS QDs. In contrast, a substantial increase of (toff) times is
observed for nanoassemblies ((toffy=1.2s) in comparison to
(toff) =0.75 s for QDs. These findings are considered as a proof of
QD-porphyrin interactions leading to changed QD PL dynamics
also on a single assembly level.

Before discussing the influence of perylene diimids on the PL for
amine-capped CdSe/ZnS QDs, we first describe the bulk PL behav-
ior for amine-capped CdSe/ZnS QDs. Fig. 7 shows the PL of an
ensemble of amine capped CdSe/Zn QDs in toluene. For these
QDs, the PL spectrum has to be fitted with two Gaussian compo-
nents as is shown in Fig. 7A We term the two components “short”
(SW) and “long” (LW) wavelength lines. After sample preparation
both the PL intensity and line shape/width change as a function
of the waiting time. Fig. 7B shows for both spectral components
PL temporal intensity changes as a function of the waiting time.
The intensities decrease by about a factor 4 within 10 min and stay
nearly constant there after. During the total time of several hours
the integrated intensity ratio remains constant within experimen-
tal error (see inset Fig. 7B). However, the effective PL wavelengths
of the 2 Gaussian lines change differently as can be seen in Fig. 7C
While LW shifts systematically to the blue on a time scale of sev-
eral hours, SW stays nearly constant. This can be interpreted as fol-
lows. We tentatively assign SW component to the near-bad edge
PL, while LW component is assigned to a broad distribution of trap
states. Obviously the width of the trap state distribution is reduced
during the waiting time. Specifically, this implies that traps with
the lowest PL energy are quenched more effectively. Noteworthy,
TOPO-capped CdSe/ZnS QDs show similar spectral features. How-
ever, the detailed analysis of the properties of the related SW

Fig. 9. Top: Single CdSe/ZnS PL emission spectrum (A) and luminescence spectrum
of a single CdSe/ZnS and a single PP forming an assembly (B) at ambient
temperature. Bottom: Luminescence intensities and wavelengths as a function of
observation time. The broken lines show actually the frame (time) where the
spectrum shown above is taken from. Time resolution is 1 s. Single QDs and
nanoassemblies QD + PP were excited with a repetition rate of 10 MHz at k = 465
nm on the timescale of minutes with constant average excitation power of
approximately 400 W/cm2.

and LW components (decays, temperature 300-77 K dependence,
etc.) for TOPO-capped CdSe/ZnS QDs is presently under
investigation.

While the spectral shifts are extremely small (1-2 nm), they are
enlarged following titration by (pyridyl): -perylene diimide (PP)
molecules. Fig. 8A and B shows the effect both for the kSV and
kLWcomponent. While the shift is at most 4 nm for kSWit increases
up to 12 nm for kLW In both cases the shift becomes larger with
increasing PP concentration. At molar ratio x =5 the experimental
error becomes large since QD PL is already considerably quenched.
The time scale of the respective shift becomes systematically
shorter with increasing x. This can be understood in view of recent
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Fig. 10. Time dependent QDs optical properties: (A) - Maximum of the PL of about 150 single CdSe/ZnS QDs spectra for 20 isolated QDs (filled squares) and 10 PP-assembled
QDs (open circle). (B) - Corresponding PL line widths. The full lines are merely guide lines. The broken lines indicate the noise level.

findings of assembly formation as a function of concentration
[23,32].

These observations indicate that assembly formation goes in
line with increased bleaching of the long-wavelength component
LW. We can, however, not exclude, that there is some cross-talk
in the fitting procedure, which might lead to only an apparent blue
shift of kSW In that case all shifts have to be cast on 1LW Basically,
also the titration experiments show, that the most red trap states
are effectively bleached during observation time.

In the following we investigate the influence on the waiting
time on the spectral properties of single QD-dye assemblies. For
this purpose we have spincoated either amine-capped CdSe/ZnS
or CdSe/ZnS + PP (at x = 1) onto a glass substrate at ambient tem-
perature. The PL spectrum of CdSe/ZnS (only QD PL spectrum in
one focal laser spot) in Fig. 9A is shown in a time trace of the PL
intensity during 60 s with 1 s resolution. We observe besides blink-
ing a small blue shift. In Fig. 9B the (within one laser spot) super-
position of QD and PP fluorescence shows a stable fluorescence of
PP (at k=600 nm), while the PL of the QD (at k=560 nm) is blink-
ing and blue shifting more effectively than in the absence of PP. We
could select the spectra of both constituting components of the
assembly only in a few cases within one laser spot in the confocal
plane [32].

For sensitivity reasons it was only possible to fit the QD PL with
only one Gaussian line contrary to the procedure reported for the
ensemble. Fig. 10A shows the shift of the PL during waiting time
for all single QD spectra. As can be seen on the time scale of the
experiment the PL of nanoassembled CdSe/ZnS QDs shifts more
effectively (by 25 nm) to the blue than the one of alone CdSe/ZnS
QDs (17 nm). Notably, the time-dependent blue shift is photoin-
duced, since isolated QDs were measured one after another and no
systematic blue shift of the initial wavelength was observed for
QDs recorded later after sample preparation. The line-width (see
Fig. 10B) is becoming relatively narrower for nanoassemblies than
for QDs though the experimental error is too large to draw confi-
dent conclusions.

The overall conclusion with respect to CdSe/ZnS assemblies is
that there is a noticeable difference in the photophysical behavior
of QD PL upon assembly formation. Single particle detection indi-
cates that even one attached PP molecule enhances the photodeg-
radation considerably. However, we observe in parallel, that CdSe/
ZnS QDs are also though less photodegraded without PP.

Blue shifts of QD PL have been reported earlier [60] and have
been assigned to photooxidation of the core material, which ends
up in a smaller and thus more blue-emitting QD. However, our
ensemble experiments are more convincingly interpreted in a
way that predominantly one part of the PL (presumably related
to deep trap states) is effectively quenched. Since this quenching
is very effectively enhanced following nanoassembly formation,
we assign the quenched trap states to surface related states, since
they are expected to react most effectively with attached dye mol-
ecules. Single assembly experiments support this conclusion, but

additionally show that also photooxidation of the CdSe core takes
place since the PL is shifting to the blue by up to 20 nm. This differ-
ent behavior with respect to ensemble experiments might be re-
lated to the fact that during spin coating the surfactant layer is
partly (or even completely) lost and the QD surface can be freely
accessed by oxygen, which is often involved in photodegradation
of QDs.

How can dye molecules enhance the photodegrading process?
Two reasons can tentatively be envisaged. The first one is that
upon attachment of dye molecules a large number of ligands are
removed, which results in a more unprotected and thus more reac-
tive surface, which allows for a stronger photodegradation either of
surface states or even of the QD core. The second reason is related
to the fact, that dye-induced trap states of QDs are more sensitive
to photobleaching resulting in apparent spectral shifts and reduced
integrated PL. This latter assumption is supported by our experi-
ments on porphyrin-QD assemblies reported in the first part of
this paper.

5. Conclusions

Acombination of ensemble and single molecule spectroscopy of
nanoassemblies formed from CdSe/ZnS QDs and two types of dye
molecules revealed, that already very few or even only one at-
tached dye molecule change the distribution and/or presence of
dye related surface trap states considerably. This is manifested in
the PL of the respective quantum dots. The “decoration” of QDs
by dye molecules makes a phase transition of the QD ligand shell
highly visible or even amplifies the phase transition. We conclude
from absorption experiments, that the ligand phase transition has
impact on the QD core structure and exciton-phonon coupling
which will be investigated in more detail in forthcoming experi-
ments. Finally we like to point out, that properties of QD-dye
nanoassemblies are interesting in itself, but also provide a valuable
tool to investigate surface related phenomena in QDs on an extre-
mely low level of the surface modification.
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