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S
cience and technology of nanoparticle-
based materials, such as semiconduc-
tor quantum dots (QDs), involve sur-

face and interfacial phenomena thatmay be
tuned by tailoring the surface state energy
and by varying the specific electronic inter-
actions with chemical entities attached to
such surfaces and interfaces.1 The main
obstacle on the path to develop efficient
QD-based energy materials is our limited
understanding of QD surfaces, their interac-
tion with surface-ligated molecules, and
their impact on charge or energy transfer
between QDs and attached molecules.
Optical properties might be tuned specifi-
cally via the interaction of semiconductor
nanoparticles with functional organic
molecules. Of special interest is the basic
understandingof a one-molecule-to-one-QD
base. If successfully applied, the large vari-
ety of functional organic molecules at hand

allows for a broad scenario for modification
of optical QD properties.2�4

Onewell-established class of nanomateri-
als is based on colloidal core/shell QDs.
Capping organic shells (including surfac-
tants and ligands) have considerable impact
on the optical properties of QDs, as has
been successfully studied experimentally
and theoretically for several systems.5�10

Several experiments demonstrate the influ-
ence of ligand shells on surface structure,11

hot carrier relaxation,12 quantum yield,12,13

and photoluminescence (PL) energy.9,14

However, detailed and specific experimen-
tal studies on the influence of only one (or at
least a few) ligand or surface-attached dye
molecules on surface states are difficult to
conceive. To the best of our knowledge,
related studies have not yet been reported.
Fortunately, recent progress in calculations of
the structures and electronic properties15�20
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ABSTRACT Self-assembly of only one functionalized porphyrin

dye molecule with one CdSe/ZnS quantum dot (QD) not only modifies

the photoluminescence (PL) intensity but also creates a few

energetically clearly distinguishable electronic states, opening

additional effective relaxation pathways. The related energy mod-

ifications are in the range of 10�30 meV and show a pronounced

sensitivity to the specific nature of the respective dye. We assign the

emerging energies to surface states. Time-resolved PL spectroscopy

in combination with spectral deconvolution reveals that surface

properties of QDs are a complex interplay of the nature of the dye molecule and the topography of the ligand layer across a temperature range from

77 to 290 K. This includes a kind of phase transition of trioctylphosphine oxide ligands, switching the nature of surface states observed below and above the

phase transition temperature. Most importantly, our findings can be closely related to recent calculations of ligand-induced modifications of surface states

of QDs. The identification of the optical properties emerged from a combination of spectroscopy on single QDs and QDs in an ensemble.

KEYWORDS: quantum dot/dye nanoassemblies . photoluminescence intermittency . single quantum dots . spectral diffusion .
photoluminescence decay . CdSe/ZnS . photoluminescence spectra . pyridyl-substituted porphyrins . temperature dependence .
ligands
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has set new milestones in the understanding QD
surfaces and the impact of ligands and solvents. Cal-
culations show that ligands cause (depending on their
concrete number) surface reconstruction; they modify,
even on a single ligand base, electronic states or
electron�phonon coupling and hot carrier relaxa
tion.21�24 Pronounced dependencies on structure-
related specific positions of surface atoms have also
been identified,23 including the mobility of individual
surface atoms or ligands.25�28

Now it is a challenge for experimentalists to reach on
a single ligand (or dye) level a comparable sophistica-
tion of QD surface characterization in order to finally
tailor electronic properties on demand. We attempt to
close this gap between calculations and experiment on
the level of a singlemolecule. Our approach is based on
the replacement of one or at most a few ligands by
exactly one organic dye molecule because a dye
allows, as a kind of spectator, an efficient and direct
optical access.
There are ample investigations on nanoassemblies

formed by one or a few functionalized dye molecules
attached to a QD surface, which mostly report the
influence of the attached dye upon the PL intensity of
II/VI colloidal QDs.14,29�34 However, a microscopic
understanding of the interaction with the QD surface
is far from being at hand. The present publication aims
as a first approach to elucidate such QD�dye interac-
tions with respect to PL intensity changes and, more
specifically, to the fine-tuning of electronic states at the
surface of CdSe/ZnS QDs. Dye-induced surface states
have been predicted in recent calculations.21 Since dye
molecules replace ligands,35,36 we will discuss experi-
mental results with respect to the replacement of a few
ligands by only one dye molecule.
Wewill make use of the concept of the self-assembly

of QDs and functionalized porphyrins30,34,36�38 or
other molecules previously reported by us33,35,39 and
others.29,31,32,40�42 We have chosen porphyrins be-
cause their attachment to the QD surface has uniquely
been identified for many porphyrins of trioctylpho-
sphine oxide (TOPO)-cappedQDs of various sizes.30,36,37

Moreover, porphyrins allow, due to their intrinsic nature,
for a wide range of functionalization (via the number
and positions of functional groups) andmodification of
the central ion.30,37

To approach the goal of identifying specific elec-
tronic surface interactions, we present (temperature-
dependent) spectroscopic and time-resolved PL
experiments on CdSe/ZnS QD�porphyrin nanoassem-
blies in an ensemble. Though we make use of conven-
tional PL spectroscopy, we are nevertheless sensitive
to the chemical nature of the respective porphyrin
molecules and the impact of the competing ligand layer.
The interpretation of such an elaborate investigation

on an ensemble of nanoassemblies becomes only
feasible upon comparison with results obtained by a

newly designed and complementary (time and spec-
trally resolved) spectroscopy on single QDs. These
experiments establish a link between the (heteroge-
neous) ensemble and single QDs, including blinking
and spectral diffusion phenomena.43�45 Though weak
ergodicity breaking has been reported in the case of
(blinking) single QDs,46,47 a comparison between spec-
troscopic data of single and ensemble data shows
basically a close relationship between both kinds of
experimental approaches.
In the majority of reports on QD�dye nanoassem-

blies, the observed PL quenching for the QD compo-
nent has been assigned to Förster resonance energy
transfer (FRET), which is in many cases is only half
of the truth since PL quenching might be related to
non-FRET processes, as we have recently shown quali-
tatively.35�37,48 In the present paper, we report quan-
titatively the reasons for such non-FRET quenching
processes.
We will report that one dye molecules replaces

(a few) ligand molecules, which results in PL energy
shifts of 10�30 meV and in increased nonradiative
relaxation pathways causing QD PL quenching. The
experimental findings will supplement recent calcula-
tions on detailed surface properties.16�18,20�22

RESULTS

Ensemble Experiments. We have shown earlier that
meso-pyridyl-functionalized porphyrins form nano-
assemblies with CdSe/ZnS or CdSe and quench the PL
of QDs30�42 caused by attachment to theQD surface via
theirmeso-pyridyl groups (see Scheme 1).30,34,36�38 At a
molar concentration ratio of [CDye]/[CQD] = x = 1, not all
porphyrin molecules are attached to the QD surface
because of dynamic equilibrium conditions.36 Since
the influence of assembly formation on QD PL spectra
has not yet been reported at very low dye concentra-
tions, we now investigate the PL spectra of CdSe/ZnS
nanoassemblies with meso-pyridyl porphyrins in a
glassy matrix between 77 and 290 K.

Figure 1 shows normalized PL spectra of CdSe/ZnS
as part of H2P-CdSe/ZnS (2) or CuP-CdSe/ZnS (3)
nanoassemblies in comparison to those for CdSe/ZnS
QDs (1) at high and low temperatures. Spectra of CdSe/
ZnS andQDs in nanoassemblies are very similar but not
identical at 288 or 290 K, respectively.

The situation is markedly different at 95 K, as can be
seen from Figure 1. PL spectra of all types of QDs are
shifted to the blue (and narrowed in spectral width)
upon temperature decrease, which is due to decreased
electron�phonon coupling.49�54 When PL bands of
CdSe/ZnS (1) at 95 K are comparedwith those of QDs in
nanoassemblies, an additional small blue shift is
observed in the case of H2P-CdSe/ZnS (2) (Figure 1A),
while the PL band is more strongly blue-shifted and
considerably broadened for QDs in CuP-CdSe/ZnS (3)
nanoassemblies (Figure 1B). These observations are
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quite remarkable because they are caused, on average,
by at most one porphyrin molecule per QD.

We show in Figure 2A the temperature dependence
of the PL intensity for all three entities depicted in
Figure 1. To remove the intrinsic temperature effects
caused by electron�phonon coupling, we show in
Figure 2B the temperature-dependent but normalized
integrated PL intensities for QDs in nanoassemblies
relative to the PL intensity of CdSe/ZnS. Curve 1 in
Figure 2B presents the temperature dependence of the
ratio of the PL for QDs in the presence of, but not
complexed with, tetra-phenylporphyrin (TPP) mol-
ecules (not having functional meso-pyridyl rings; see
Scheme 1).30,36 The ratio is within 5% constant over the
total temperature range.

In contrast, for PL of QDs in H2P-CdSe/ZnS or CuP-
CdSe/ZnS nanoassemblies, we observe a sudden
change of the PL ratio close to Tcrit ≈ 220 K (curves
2 and3),whichcanbe interpreted as a sudden changeof
porphyrin induced PL quenching.Moreover, PL quench-
ing of QDs below Tcrit is stronger for CuP-CdSe/ZnS

compared to H2P-CdSe/ZnS nanoassemblies. A tem-
perature Tcrit has been recently identified to be a
signature of a “phase transition” of the ligand shell of
CdSe QDs being initially dissolved in liquid solution at
ambient temperature.55,56 A strong PL intensity jump
has not been reported for CdSe/ZnS,57 but present
experiments show aweak intensity jump also for CdSe/
ZnS (see curve 1 in Figure 2A), which is obviously
strongly increased upon attachment of one porphyrin
molecule (curves 2 and 3).

Figure 2 shows the energy, Emax, of the PL band
maximum (Figure 2C) and the spectral line width fwhm
(Figure 2D) obtained by fitting to a Gaussian line shape.
According to electron�phonon coupling models, Emax

should shift to lower energies and fwhm should
increase.51�54 As expected, we observe in all cases a
continuous shift to low energies upon increasing
temperature, which is superimposed by a sudden jump
to higher energies at Tcrit ≈ 220 K (Figure 2C). Addi-
tionally, there are noticeable variations in the tempera-
ture dependence of the different nanoassemblies.

Scheme1. Chemical structures of 5,10,15,20-meso-meta-pyridyl porphyrins [freebase (H2P, 1), Cu complex (CuP, 2), and tetra-
phenylporphyrin (TPP, 3)]. Scheme for the coordination of porphyrins to the ZnS shell via pyridyl N 3 3 3 Zn interaction (A) as
well as schematic presentation of the mutual arrangement of a porphyrin molecule with respect to the QD surface (B).
Nitrogen lone pair orbitals (participating in Zn�N coordination) are indicated by a red dot. Capping ligands, TOPO, are
depicted also. I B shows coordination of H2P and CuP porphyrins on the QD surface, while II B shows additional extra ligation
of a TOPO molecule to the central Cu atom of the CuP molecule (see explanation in the text).
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The comparison of the spectral widths in Figure 2D
reveals that fwhm values increase;but noticeably
different for each entity;with increasing tempera-
ture for CdSe/ZnS and QDs in H2P-CdSe/ZnS nano-
assemblies. However, for the fwhm of QD PL in CuP-
CdSe/ZnS nanoassemblies, we find an only moderate
temperature-dependent (broad) line across the tem-
perature range, which is not typical for electron�
phonon coupling. We like to emphasize again that
this finding is caused, on average, by only one CuP
molecule.

Supplementing investigations of temperature-
dependent PL properties of CdSe/ZnS and QDs in
CuP-CdSe/ZnS nanoassemblies deposited onto a
quartz glass substrate (for which TOPO and porphyrin
exchange dynamics are definitely excluded) reveal a
very similar behavior with respect to PL spectral and
decay components as in the glass-forming solvent
(see Supporting Information, Figures S3 and S4). This
finding confirms that PL properties are significantly
modified upon assembly formation, independent of
the embedding matrix.

All of these variations of PL parameters prompt us to
postulate the presence of several assembly-dependent

spectral components constituting a PL band. In partic-
ular, the strong fwhm broadening and energy shift of
the QD PL in CuP-CdSe/ZnS assemblies (see Figures 1B
and 2D) strongly support a spectral deconvolution into
at least two spectral components. In fact, an improved
approximation of the band shape is achieved by as-
suming at least two Gaussian PL components. Figure 3
shows as a function of temperature (A) the maximum
(Emax)i, (B) the related spectral line width (fwhm)i, and
(C) the integrated intensity Ii for the two spectral
components obtained for CdSe/ZnS QDs (left) and
CdSe/ZnS in H2P-CdSe/ZnS (middle) or in CuP-CdSe/
ZnS (right). In all cases, we find a broad (B) and a narrow
(N) spectral component. In Figure 3D, we plot the ratio
of PL intensities of the narrow band N to the broad
band B. It is quite remarkable that all temperature
dependencies differ strongly among each other. We
will evaluate the statistical relevance of the fitting
procedure in the Discussion section.

The energy differenceΔE between the B and N band
component varies by only a few millielectronvolts for
CdSe/ZnS over the temperature range. Above Tcrit ≈
220 K, (Emax)i values are nearly identical. Deviations from
a continuous change with temperature are observed in
the vicinity of Tcrit≈ 220 K,which becomesmost obvious
when inspecting the PL intensity ratio in Figure 3D.

For the emission of QDs in H2P-CdSe/ZnS nanoas-
semblies, we observe an increase of ΔE and a large
change of relative intensities (Figure 3D) while the
temperature dependence of (Emax)i and (fwhm)i is
similar to the one obtained for CdSe/ZnS. Assignment
of PL energies according to the spectral widths N and B
crossing of energies is observed at Tcrit (Figure 3A).

The situation ismuchmore complex for QDs in CuP-
CdSe/ZnS nanoassemblies. While the energy variation
of the broad component B is similar to the one of CdSe/
ZnS QDs, the corresponding variation of the narrow
component N deviates from the corresponding one
of QDs in H2P-CdSe/ZnS. We observe, in addition to a
jump of energies at Tcrit, an apparent crossing of
energies at T ≈ 130 K.

The separation of PL energies is larger for QDs in
nanoassemblies as compared to CdSe/ZnS. A remark-
able finding is that at low temperatures the energy
separation ΔE between the B and N component
increases from CdSe/ZnS to QDs in H2P-CdSe/ZnS
and further to CuP-CdSe/ZnS nanoassemblies. Close
to 130 K, deconvolution into two PL bands was difficult
to realize for QDs in CuP-CdSe/ZnS nanoassemblies
due to the apparent crossing of bands N and B. There
are probably more than two spectral components,
which all depend differently on temperature, resulting
in this case in a noncontinuous behavior at T ≈ 130 K.
However, the identification of more than two spectral
components is beyond our experimental accuracy.
Nevertheless, a safe conclusion is that a narrow
component N emerges for CuP-CdSe/ZnS, which is

Figure 1. Normalized PL spectra of CdSe/ZnS QDs (1, bro-
ken line) and QDs (A) in H2P-CdSe/ZnS (2) and (B) CuP-CdSe/
ZnS (3) nanoassemblies at a molar ratio of x = 1 in a
methylcyclohexane/toluene (6:1) mixture at ambient
(288�290 K) and low (95 K) temperature for excitation at
λexc = 450nm. The correspondingPLbandmaxima, λmax, are
as follows: 288�290 K, 555 nm (1), 554 nm (2), and 556 nm
(3); 95 K, 540 nm (1), 539 nm (2), and 537 nm (3). Notably, the
observed blue shift of QD PL at 95 K is not due to a size
selection via excitation. In the given case, all QDs have been
excited into high excitonic states (at λexc = 450 nm), thus
excluding size selection.38
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20 meV above the energies of QDs in H2P-CdSe/ZnS
nanoassemblies andwhich dependsmuch stronger on
temperature than the broad component B.

Additional information indicating energetic inho-
mogeneities stems from time-resolved PL data
obtained at 77 and 290 K for various detection wave-
lengths across the PL bands of QDs. Details of the
experimental findings of a three-exponential fit of the
PL decay are shown in the Supporting Information
(Figure S1). Table 1 summarizes all fitting parameters at
two PL energies, namely, those at the respective high
and low fwhm position of the total PL line width. In
general, at low temperatures, PL decay times decrease
with PL energy (see Figure S1 and Scheme S1).

Table 1 shows that both the absolute decay times
τi and their relation to the spectral range depend
noticeably on the kind of nanoassembly, which is in
accordance with the observation that the composi-
tion of PL spectra depends strongly on the kind of

nanoassembly (Figure 3). In addition, at both tempera-
tures, the decrease of decay times upon nanoassembly
formation reflects the presence of quenching pro-
cesses for QD PL following attachment of only one
porphyrin molecule, as was found by us earlier in
titration experiments.30,34,37 Usually, electron�phonon
coupling will result in faster relaxation processes upon
temperature increase. However, the opposite tempera-
ture dependence is observed by inspecting Table 1.
This is a clear indication that the nature of PL states is
different below and above Tcrit.

Single QD Experiments. Ensemble experiments on QDs
are hampered by the fact that it is not immediately
obvious whether an identified variation of parameters
(such as PL energies or decay times) is related to a
distribution of QDswith different properties (ensemble
average) or, alternatively, whether each QD explores
these parameters in the course of the observation time
(time average). To give more insight into this open

Figure 2. Temperature dependence of (A) QDPL band integrated intensities, (B) normalizedQDPL intensity ratio, (C) PL band
energy position, and (D) full width at half-maximum (fwhm) for TOPO-capped CdSe/ZnS (1) and for QDs in H2P-CdSe/ZnS (2)
andCuP-CdSe/ZnS (3) nanoassemblies at amolar ratio of x=1 in amethylcyclohexane/toluene (6:1)mixture for λexc = 450 nm.
Two temperatures, T≈ 130 K (see text) and Tcrit≈ 220 K (phase transition assigned to the capping TOPO layer), are indicated
by dashed arrows. The temperature of the glass transition for the methylcyclohexane/toluene (6:1) mixture at 151.6 K84,85 is
shown by an arrow (solid line). (A) (1) CdSe/ZnS QDs; nanoassemblies (2) H2P-CdSe/ZnS, (3) CuP-CdSe/ZnS, and noncom-
plexed (4) TPP in a mixture with CdSe/ZnS.50 All curves are normalized to 1 at 293 K. Relative intensities (x = 1; 293 K) are
I1 = 1.0 for CdSe/ZnS, I2 = 0.85 for H2P-CdSe/ZnS, I3 = 0.84 for CuP-CdSe/ZnS, and I4 = 1.0 for TPP-CdSe/ZnS. The inset shows,
without the evidence of a phase transition, the temperature dependence for TPP fluorescence (black squares) and CuP
phosphorescence (red dots)measured at the same conditions as for QDdetection. (B) PL intensity ratios for (1) TPP-CdSe/ZnS,
(2) H2P-CdSe/ZnS, and (3) CuP-CdSe/ZnS normalized to the PL intensity of CdSe/ZnS. All ratios have been additionally
normalized to 1 at T = 280 K. All intensity ratios have been normalized to 1 at 280 K to avoid the influence of varying initial
conditions, such as absolute concentrations or (unidentified) PL quenching processes.
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question, we have performed a series of single QD
experiments on CdSe/ZnS QDs spin coated onto a
quartz substrate. We emphasize that due to non-
ergodicity issues we do not attempt to draw 1:1
conclusions when comparing single and ensemble

QDobservations. However, it has been explicitly shown
that despite weak ergodicity breaking,46,47 for exam-
ple, blinking properties (of single QDs), can be closely
mapped onto reversible photobleaching58�60 and PL
decay61 of ensembles of QDs.

Figure 3. Temperature dependence of PL properties for (left) CdSe/ZnS QDs and for QDs in (middle) H2P-CdSe/ZnS or (right)
CuP-CdSe/ZnS nanoassemblies in a methylcyclohexane/toluene (6:1) mixture at λexc = 450 nm. (Fits have been obtained by
two Gaussian components, termed B (broad) and N (narrow).) The temperature Tcrit (≈220 K) of a phase transition of the
capping TOPO layer is indicated by the dashed arrow (1). An additional discontinuity of some of the observables is found at
T≈ 130 K (indicated by the dashed arrow (2)). The glass transition temperatures of the components of the matrix are 146.7 K
for methylcyclohexane, 180 K for toluene,84 and 151.6 K for a methylcyclohexane/toluene (6:1) mixture.84,85 The last
temperature is shown by an arrow (solid line). (A) PL band energies, Emax, for N and B components. (B) Full spectral widths at
half-maximum for N and B components. (C) Relative integrated PL band intensities for N and B components. (D) Ratio of
integrated PL band intensities for N to B components.
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It is well-known that QDs show a strong PL inter-
mittency (blinking) on time scales of milliseconds to
seconds.43,45,62,63 We analyzed blinking events by the
change point analysis (CPA),28,64 which allows one to
detect optical properties for each individual PL
intensity of a single QD during a blinking time trace.65

As we have shown recently, with an adequate time
resolution,28,64 PL intensities vary continuously dur-
ing a blinking time trace covering high, “dim”, and
low PL intensities. A typical example for a blinking
time trace is shown in Figure S6 (Supporting Infor-
mation).

We also followed spectral diffusion of the PL of a
single QD (detected via energy jumps ΔE between
two spectrally separated detection channels using a
dichroic beam splitter) as a function of the intermittent
PL intensity during a blinking time trace, as shown in
Figure 4 (top). Two observations immediately emerge.
First, the average PL energy at a given PL intensity
(open circles) shifts (after an initial≈10 meV “jump” to
higher energies) byΔE≈ 30 meV to lower energy with
decreasing PL intensity between the two given (blue)
lines in Figure 4. The line on the right marks the
maximum Imax of the PL intensity distribution given
in the bottompart of Figure 4. The line on the leftmarks
0.1 Imax. This latter intensity corresponds to the limit at

which we can, for sensitivity reasons, discriminate
between different spectral components in an ensem-
ble experiment. Second, for a given PL intensity, we
obtain, as is shown in Figure 4 (middle), a Gaussian
distribution σ of spectral energies (spectral diffusion) of
σ ≈ 20�30 meV at a selected PL intensity during a
blinking time trace, which is considerably broader than
the experimental error but narrower than the typical
fwhm of ≈130 meV observed in ensemble experi-
ments.9 Remarkably, σ becomes larger with decreasing
intensity in the intensity range between the two blue
lines in Figure 4.

We additionally performed time-resolved PL decay
experiments on single QDs at 290 K as a function of PL
intensity using two spectrally separated (“blue” and
“red”) detection channels. This provides information
on the spectral distribution of PL decay components.
Details are given in Supporting Information (Figure S2).
The fitting results are included in Table 1.

Experiments on single porphyrin-related nano-
assemblies would be desirable. However, they cannot
be performed because one would have to identify
the statistically formed assemblies via simultaneous
identification of porphyrin and QD luminescence,35

which is due to the small radiative rates of porphyrins
that are not feasible.

TABLE 1. QD PL Decay Times, τi, Normalized Amplitudes, Ai, and Intensities, Ii, for CdSe/ZnS and QDs in H2P-CdSe/ZnS or

CuP-CdSe/ZnS Nanoassemblies at T = 77 and 290 Ka

ensemble of QDsa

single QDb CdSe/ZnS CdSe/ZnS H2P-CdSe/ZnS CuP-CdSe/ZnS

T/K τi/ns, Ii/%, Ei,fwhm high low high low high low high low

77 τ1 0.5 0.3 0.2 0.4
A1 0.2 0.51 0.56 0.9 0.7
I1 1 3 3 21 5
τ2 4 3.5 3.8 4 2.8 3.3
A2 0.28 0.2 0.27 0.21 0.07 0.2
I2 14 5 22 16 21 15
τ3 14.5 16 11.5 12.5 9.8 10.3
A3 0.52 0.8 0.31 0.35 0.03 0.1
I3 85 95 75 82 59 80
Æτæc 14.5 17.5 9.5 10.5 9.0 8.5

290 τ1 2 0.8 0.8 0.8 0.3 0.6 0.5 0.5
A1 0.13 0.44 0.37 0.33 0.72 0.65 0.63 0.64
I1 4 3 7 10 7 8
τ2 9 8 7.7 7 4 5 6 5
A2 0.31 0.27 0.36 0.36 0.15 0.2 0.19 0.17
I2 35 30 20 25 25 21
τ3 21 18 18 18 16.5 17.5 17 16.5
A3 0.56 0.29 0.27 0.31 0.13 0.15 0.18 0.17
I3 61 67 72 65 68 71
Æτæc 13.9 14.4 14.5 14.5 12.5 12.0 12.5 11

a Parameter ranges (high, low) correspond to the variation of the QD PL detected at high and low PL energy at the corresponding fwhm of the PL band.
Typical errors for τi are 0.2�0.5 ns. Typical errors for Ai are 5% (λexc = 410 nm in a methylcyclohexane/toluene (6:1) mixture). b Single QD data
according to Figure 6B. Data have been taken for the peak values of the corresponding distributions. c Value of Æτæ has been calculated according to eq 2
(see Methods).
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DISCUSSION

Previously, we have related non-FRET PL quenching
to the extension of the excitonic wave function beyond
the core/shell structure of the respective QDs48 in com-
bination with an appropriate ligand removal.35�37,39

Now it is time to investigate related modifications on a
microscopic level in order to identify the energies of
electronic states that are generated ormodified via the
attachment (detachment) of appropriate dye mol-
ecules (or ligands). The central goal of the discussion
is to identify the influence of only one surface-attached
dye molecule on the energy landscape of QD surface
states. Naturally, the influencewill be small. However, it
will be of interest whether experimental results can be
at least qualitatively comparedwith recent calculations
on the influence of the replacement of (single) ligands
on PL energies of QDs.18�26

Before starting the detailed discussion, we summa-
rize a few prerequisites:

(i) Throughout the discussion, we will make use
of;if appropriate;information gained from both
single QD and ensemble spectroscopy. Justification of
this approach is discussed in Supporting Information.
(ii) While in ensemble experiments size distribution

adds to the inhomogeneous spectral width, spectral
diffusion clearly identified for single QDs will addi-
tionally broaden inhomogeneously the width of an
ensemble of QDs. Table S1 (Supporting Information)
summarizes estimations of contributions to the spec-
tral width of ensembles.
(iii) The formation of nanoassemblies as such is not

in the focus of our interest since we30,33�39,48 and
others31,40�42 have shown ample evidence of self-
assembling processes. However, a quantitative inter-
pretation of the present results has to take into account
that nanoassembly formation is a dynamic process
including ligand (TOPO) exchange dynamics and dye
attachment (at least in liquid solutions).35,36,66�68 As is
shown in the Supporting Information, the equilibrium
constant of TOPO ligands is smaller than that of
porphyrins. We have estimated that, related to steric
constraints, at least three TOPO molecules have to be
replaced to allow for the attachment of one tetra-
pyridyl porphyrinmolecule.30,36 We have further found
that at x = 1 only about 1/5 of the porphyrin molecules
are attached to the QD surface in equilibrium.30,35

This low attachment efficiency ensures that not all
QDs form nanoassemblies at ambient temperature. This
implies that following a Poissondistribution atmost one
porphyrin is attached to the QD surface. However,
decreasing temperature will increase the concentration
of nanoassemblies because of the increase of the com-
plexation constant.36,37 For these reasons, the spectral
deconvolution of the PL of QDs in nanoassemblies
has, in principle, to take into account the (tem-
perature-dependent) superposition of PL energies of
both CdSe/ZnS and QDs in nanoassemblies.
(iv) As became already evident by a quantitative

inspection of PL parameters of QDs, there is a sudden
change of the parameters close to Tcrit≈ 220 K, which is
related to a phase transition within the capping ligand
moiety as has been identified for various ligands55�57

as well as by us for CdSe/ZnS QDs capped by long-
chain amines (Figure S5 Supporting Information).50 In
comparison with CdSe/ZnS, the PL intensity jump at
Tcrit is considerably enlarged upon attachment of a
porphyrin molecule. We will not discuss the details of
the phase transition in this paper but take it as a kind of
marker at which the nature of PL states is switchedwith
respect to both PL energies and dynamics (see also
Table 1).
Deconvolution of the PL bands (Figure 1) into two

Gaussian components (Figure 3) improves the fitting
accuracy in comparison to fitting by one Gaussian
component Figure 2). The limiting conditions for such
a deconvolution are discussed in more detail in the

Figure 4. Top: Spectral jumps (diffusion)ΔEwith respect to
the dichroic beam splitter at 567 nm during a blinking time
trace as a function of the PL intensity (determined by CPA)
of a single CdSe/ZnS QD. Circles correspond to the alge-
braic average of fluctuating ΔE at the respective PL in-
tensity. Blue lines indicate in the high intensity range the
maximum of the intensity distribution (bottom) and at
1/10 of it. The latter corresponds to an intensity still
detectable in continuous wave PL spectra. The spectral
shift between these two marks is typically ≈35 meV.
Middle: σ corresponds to the Gaussian width of the
spectral diffusion at a given PL intensity and is typically
20�40 meV in the intensity range between the two blue
lines. Bottom: Density of intensities as a function of PL
(blinking) intensity as determined during a blinking time
trace of the PL of a single QD.28
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Supporting Information. Figure 5 shows a compilation
of the fitting accuracy (residuals) for PL of CdSe/ZnS
and QDs in H2P-CdSe/ZnS nanoassemblies at two
typical temperatures. A larger set of data is shown in
the Supporting Information. We have calculated the
confidence interval to be (1.5 meV for the most
conclusive parameters, the PL energies (for details
see Supporting Information). Comparing the residuals
for one Gaussian and two Gaussian fits in Figure 5
clearly shows that they are considerably improved
especially in the low temperature range. Surprisingly,
for QDs in CuP-CdSe/ZnS, the improvement for a two-
component fit is less pronounced (see Table S2 in
Supporting Information) despite the fact that in the
latter case a very pronounced change is observed
especially for the fwhm when comparing PL of CdSe/
ZnS and QDs in CuP-CdSe/ZnS. We take this as a strong
indication that, at least in this case, even more than
two components should be considered (at low tem-
peratures). Differences ΔE among fitted PL energies
(Emax)i are more pronounced in the low temperature
range (Figure 3), which improves the fitting accuracy in
combination with the observed overall line narrowing.
With these remarks in mind, we concentrate our

discussion now on the fact if and how only one specific
porphyrin molecule being attached to a QD surface
tunes the electronic properties of a CdSe/ZnS QD. It is
immediately evident from Figure 2 that, at least in the
low temperature range, new PL energies and spectral

broadening emerge that are several tens of millielec-
tronvolts distinct from the original QD PL.

Correlation of PL Energies and PL Decay Dynamics in
Ensembles of QDs. Additional information on assembly
formation stems from time-resolved PL decay experi-
ments. The spectrally selected PL decay clearly shows
an energetic distribution of PL energies depending on
the specific surface-attachedmolecule (see Table 1 and
Scheme S1 of Supporting Information). In fact, recent
careful investigations have shown that PL decay times
are broadly distributed28,35,38 and depend on detec-
tion wavelength,38 PL intensity,65,70�72 and tempera-
ture.69 Therefore, assignment of at least three different
PL decay times is an approximation in agreement with
manyprevious results onCdSe/ZnSQDs.28,30,35,36,38,69�72

Petrov et al. have explicitly shown that three main
(broadly distributed) decay times can be explained
by decay dynamics longer than about 0.5 ns and
that this distribution is modified distinctively by dye
attachment.30,38

In the following, we will in a first step correlate the
results from spectral deconvolution (Figure 3) with
those for the PL decay analysis (Table 1, Scheme S1,
and Figure S1). To the best of our knowledge, a spectral
deconvolution into two spectral components has not
been achieved before across such a broad temperature
range. Applying spectral deconvolution, one has to
take into account that a considerable part of the
respective line width of the PL band stems from size

Figure 5. Exemplary fitting residuals for CdSe/ZnS and H2P-CdSe/ZnS for QD PL bands fitted by one (red lines and residuals
(1,O)) or two (black lines and residuals (2,b)) at high and low temperatures. PL band intensities havebeennormalized to 1with
respect to the maximum. Residuals are shown for normalized PL band intensity. The corresponding fitting parameters
(reduced χR values and coefficients of determinationR2),fitting results for CuP-CdSe/ZnS, anddata at additional temperatures
are presented in the Supporting Information.
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distribution (see Table S1). We postulate that each
individual QD (at a given size) has a (well-defined) set
of PL state energies with associated (different) PL
decay times. All our ensemble experiments have been
performed at low excitation power, which minimizes
the contribution of multiexcitons. Moreover, from sin-
gle QD data (see Figure 4), we know that QDs are
subject to spectral diffusion, which adds additionally to
the inhomogeneous fwhm (see Table S1). The interplay
of various contributions (constituting the inhomoge-
neous line width) implies that PL from a distinct
electronic state (with a closely related decay time) will
be distributed across the total inhomogeneous line
width. Nevertheless, PL decay times are not equally
distributed across the fwhm, as can be seen in Table 1,
Figure S1, and Scheme S1. Basically, the contribution of
short decay times increases with PL energy, especially
at low temperatures.

At first glance, the identification of two spectral
components is in contrast to the identification of three
PL decay times. However, it has to be taken into ac-
count that the analysis of the PL decay provides the
percentage contribution Ai of each decay (electronic
state) component. Contrary, continuous time spectros-
copy relies on intensities Ii (see Table 1 and Scheme S1)
and is thus less sensitive to stateswith short-lived PL (at
least for comparable radiative rates). Based on recent
experiments, we assume throughout this paper that
radiative decay rates differ by at most a factor of 2.28

Inspection of Table 1 reveals that the integrated in-
tensities Iiof the fastest decaying component (τ1 < 1 ns)
are in most cases less than 10% of the total intensity
and will therefore not contribute noticeably to Æτæ (see
eq 2 and Figure S1) or to the QD PL spectra. There is
only one exception, namely, for CuP-CdSe/ZnS nano
assemblies at 77 K, which we will discuss separately
later on. The relation of decay components with
respect to the distribution of PL energies is shown
qualitatively in Schemes S1 and S2.

Comparison of Ensemble and Single QD Data. Before we
discuss the assembly-related modifications of PL
energies in more detail, we state that the variation
of PL energies and decay times is not merely due to a
distribution of properties of different individual QDs.
Our working hypothesis is that each QD within the
ensemble explores subsequently in time the various
states differing in PL energy and decay time. We did
not observe build-up components of the PL decay
longer than the intrinsic time resolution of about
0.2 ns.28,30,38 Therefore, internal transfer processes
such as energy transfer among individual energy
levels of a single QD can be safely excluded. In close
relation to blinking processes observed for single
QDs,28,43�45 PL subsequently originates on slow time
scales from different electronic states, such as
charged/uncharged QDs. As we outline in Support-
ing Information in more detail, we conclude that

ensemble and single QD data can be qualitatively
mapped on each other.

An analysis of the spectral shifts ΔE and spectral
fluctuations σ collected in Figure 4 provides CdSe/ZnS
information on the distribution of PL energies, with the
viewpoint of single CdSe/ZnS or ensembles of QDs.
Low PL intensities in the course of a blinking time trace
correlate with short PL decay times and low PL
energies. When a multiexponential PL decay is taken
into account (Figure S2), up to three different emitting
states contribute to a selected PL intensity.28 We have
identified recently that the longdecay time τ3 is related
to the highest PL intensity Imax, while τ2 relates to
intensities about 10�20% lower than Imax.

28 This cor-
responds, for the QD shown in Figure 4, to an energy
shift of ≈þ10 meV and a related broadening of σ by
about 10 meV (at the right blue line in Figure 4). The
shortest time τ1 is identified to occur predominantly at
intensities of about 10% of Imax (blue line on the left).28

This component is further shifted by þ10 meV to
higher energies (superimposed on the general red
shift typical for low intensities) as is suggested by the
peaked increase of σ at this low intensity, which we
take as an indication of a third distinct electronic state
at still higher PL energies as has been suggested
recently including time-resolved experiments.28

Concluding, we find from single QD data three
characteristic energies separated by typically 10 meV
with three closely related PL decay times (Table 1) of
about 1, 8, and 18 ns. PL decay times increase with
decreasing PL energies. These findings are very close to
those found for ensembles of QDs following deconvo-
lution of PL spectra and decay times. It should be
noted that;besidesQDs in CuP-CdSe/ZnS;the short-
lived component is not identified following spectral
deconvolution.

Assignment of PL Energies in Nanoassemblies. Now we
turn to our central goal, namely, to explain the origin
of at least two different spectral PL components of
CdSe/ZnS or the related nanoassemblies. According to
our prerequisite (iii), we have to take into account that
not all QDs are involved in nanoassembly formation. To
approach this problem, we show in Figure 6A the
temperature dependence of PL energies (Emax)i of
QDs in H2P-CdSe/ZnS nanoassemblies (data points
for N and B components) together with the energeti-
cally averaged values Emax for CdSe/ZnS (black solid
line). From a comparison, we realize that the low
energy component of QDs in H2P-CdSe/ZnS nano-
assemblies follows nearly exactly the temperature
behavior of the averaged Emax of CdSe/ZnS. For this
reason, we assign this latter component mainly to
uncomplexed QDs. Following this assignment, the
integrated PL intensity ratio is ICdSe/ZnS/IH2P‑CdSe/ZnS

∼ IN/IB ≈ 3.5 (see Figure 3D) at 295 K, which is reason-
ably close to the “formation” ratio of 4 as discussed in
prerequisite (iii). The intensity ratiochanges to≈1.2at90K.
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This corresponds to a situation in which ≈1/2 of the
H2P molecules are involved in assembly formation. We
find that an attached H2P induces at least one new
emissive CdSe/ZnS state, which is at all temperatures
higher in energy than the one of CdSe/ZnS. This assign-
ment applies if the two PL bands belong either to
CdSe/ZnS or to H2P-CdSe/ZnS. At Tcrit, some of the
lowest states are shifted up in energy (see Scheme S2),
which is manifested as an abrupt increase (reduced
quenching) of the QD PL intensity (see Figure 2A,B).

To continue with CuP-CdSe/ZnS nanoassemblies,
we compare in Figure 6B the temperature dependence
of values (Emax)i for N and B components (data points)
with the (averaged) one for CdSe/ZnS (black solid line)
and with the highest energy of QD PL in H2P-CdSe/ZnS
nanoassemblies (dashed line). It is evident that the
overall spectral behavior is quite different for this
type of nanoassembly as compared to H2P-CdSe/ZnS.
Remarkably, the temperature dependence is notice-
ably different compared to individual PL energies.

At temperatures above Tcrit, the energetically lowest
components of QDs in H2P-CdSe/ZnS and CuP-CdSe/
ZnS nanoassemblies nearly coincide with the ones of
CdSe/ZnS, while the high energy components B of QDs
in the two nanoassemblies differ among each other.

Below Tcrit, energies (Emax)i vary considerably be-
tween the two nanoassemblies. There is definitely a
different temperature behavior for QD PL in CuP-CdSe/
ZnS nanoassemblies (blue dots in Figure 6B) as com-
pared to QDs in H2P-CdSe/ZnS (dashed line). Two
separated temperature ranges emerge. Below T ≈
130 K, we find that (Emax)i for CdSe/ZnS-CuP is higher
than (Emax)i for CdSe/ZnS-H2P. In the range T > 130 K,
the high energy components of CuP-CdSe/ZnS (red
dots in Figure 6B) and H2P-CdSe/ZnS (dashed line) are
quite similar to each other. Contrary, the low energy
component of CuP-CdSe/ZnS (blue dots in Figure 6B)
follows neither the temperature dependence of CdSe/
ZnS nor the one of QDs in H2P-CdSe/ZnS nanoassem-
blies. In addition, the temperature dependence of one
of the energy components of QD PL in CuP-CdSe/ZnS
nanoassemblies has steeper temperature dependence
compared to all the other components. It apparently
“crosses” the energies of the second component of QD
PL in CuP-CdSe/ZnS nanoassemblies at T≈ 120�130 K.
Such steep temperature dependence might be related
to a strongly polar or charge characteristic of this state,
thus being very sensitive to temperature-dependent
electron�phonon coupling. When the (averaged) en-
ergetic component of uncomplexed QDs is taken into
account again, at least two specifically CuP-related new
states show up: one of the states (red dots) is similar
to the state related to H2P attachment (τ2 ≈ 3�4 ns);
the other one is a short-lived state with τ1 < 0.5 ns
(blue dots). Scheme S2 (Supporting Information) shows
qualitatively the temperature dependence of PL ener-
gies together with the assigned PL decay times. A com-
pilation of all these findings with respect to PL energies
demonstrates that all PL stems from states below the
band-edge energy and has to be assigned to intrinsic or
induced surface or trap states.

In Figure 7, we compare Stokes shifts of CdSe/ZnS
and QDs in H2P-CdSe/ZnS. Corresponding shifts for
QDs in CuP-CdSe/ZnS have also been obtained (Figure
S10 in Supporting Information) but are very complex
because;as already discussed;the related two-
Gaussian deconvolution is an obvious oversimplifica-
tion. Stokes shifts have been obtained between the PL
energies and the lowest energy of absorption. We did
not find changes in absorption following assembly
formation. As expected, all Stokes shifts show at Tcrit
a jump in energy. The Stokes shift of 22 meV is
temperature-independent above Tcrit for CdSe/ZnS,
which indicates that both absorption and PL emission
belong to states of the same nature. Below Tcrit, shifts
are temperature-dependent as one would expect in
case of Boltzmann equilibration among fine structure

Figure 6. Comparison of temperature-dependent QD PL
energy maxima (Emax)i for various nanoassemblies. (A) PL
energies for H2P-CdSe/ZnS nanoassemblies (squares for N
and B components taken from Figure 3) and for CdSe/ZnS
QDs (solid line representing averaged data taken from
Figure 3 for the two Gaussian components). (B) PL energies
for CuP-CdSe/ZnS nanoassemblies (dots for N and B compo-
nents taken from Figure 4), for CdSe/ZnS QDs (solid line
1 representing averaged data taken fromFigure 3 for the two
Gaussian components), and for the energetically high spec-
tral component of QD PL in H2P-CdSe/ZnS nanoassemblies
(dashed line 2 taken from Figure 6A). Glass transition tem-
perature for a methylcyclohexane/toluene (6:1) mixture is
shownby anarrow (solid line). The temperature Tcrit (≈220 K)
of a phase transition of the capping TOPO layer is indicated
by a dashed arrow. An discontinuity of some energies is
found at T ≈ 130 K (indicated by a second dashed arrow).
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states.73 The by 10�18 meV increased Stokes shift in
this temperature range corresponds to a change in
surface state energies.

With respect to the Stokes shifts of QDs in H2P-
CdSe/ZnS, we apply the same distinction between
noncomplexed QDs and those in assemblies, as dis-
cussed with respect to Figure 6. Accordingly, we find
two different shifts, as shown in Figure 7. While the
shifts related to uncomplexed QDs are nearly identical
to those of CdSe/ZnS, the ones assigned to nano-
assemblies differ considerably. Stokes shifts in nano-
assemblies depend above Tcrit nearly linearly on tem-
perature, indicating that the related states are less
sensitive to electron�phonon coupling as compared
to CdSe/ZnS. This may tentatively be explained by a
stronger localization of the wave function, as expected
for trap states. Below Tcrit, the temperature depen-
dence is complex, revealing a change in temperature
dependence close to the glass transition temperature
of the matrix at TG = 151.6 K. We suggest that below
TG all molecular motion is frozen followed by a fixed
two-fold coordination of H2P on the QD surface, giving
rise to a similar linear temperature dependence as that
above Tcrit. Above TG, relaxation of the configuration
of the nanoassembly might still be possible, giving rise
to a variation of energetically different configurations
(see also Scheme 2).

In principle, photoluminescence excitation spectra
might provide more specific insights on assembly-
related absorption energies. We have performed such
experiments which, unfortunately, did not provide any
of the expected information. Details of this failure are
given in Supporting Information (Figure S12).

Comparison with Calculations. How can the observed
modification of PL energies upon assembly formation

be interpreted? Recent calculations have shown that
energies of band-edge states of QDs depend on ligand
attachment (saturation of dangling bonds),17,20 sol-
vent,24 and dye attachment.21 We have previously
shown that QD�dye self-assembly will result in QD
PL quenching (and modification of blinking), which is
related neither to FRET nor to charge transfer.30,35,36

From this point of view, it is not surprising, though
experimentally shown for the first time, that only one
dye molecule is capable of changing the surface-
related distribution of near-band-edge or surface state
energies. In some respect, this might be explained by
the extension of the exciton wave function beyond the
core/shell structure of the respective QD.48,74 It is
within this context only amatter of semantics to assign
such states either to band-edge states, surface states,
or shallow traps.

Using density functional theory (DFT) and time-
dependent DFT quantum mechanical methods, it has
recently been shown that ligands such as OPMe3
(TOPO-like), NH2Me (amine-like), and pyridine intro-
duce new states to the QD band-edge states of both
the conduction and valence bands.20,22 The energies of
these new states depend on the number and kind of
ligands as well as on the position of the ligands with
respect to the QD crystal structure.20 Though calcula-
tions have been performed on rather small Cd33Se33
crystals, we suggest that the described behavior ap-
plies also at least qualitatively to larger QDs. According
to calculations and depending on the relative coverage
by ligands, the lowest absorption energies shift in the
range of (200 meV to either low (high coverage) or
high energies (low coverage).20 Most importantly, with
respect to the present results, the removal of only one
ligand out of an initially symmetric set of ligands will
shift the lowest absorption noticeably to higher or
lower energies, strongly depending on the type of
coordination of the removed ligand.20,22,24

Only about 30% of the dangling (Zn) bonds of the
investigated CdSe/ZnS QDs (dCdSe = 3.0 nm, 2 ZnS
monolayers) are “saturated” by TOPO ligands due to
ligand-related steric constraints, leaving a considerable
part of the surface unsaturated and thus increasing the
contribution of surface states.35,75�77 Scheme 2 shows
qualitatively how the lowest band-edge states respond
to depletion of the ligand shell either due to geometric
constraints or ligand replacement following dye
attachment. We have estimated that an attached
porphyrinmolecule replaces at least 3 TOPOmolecules
thus introducing a pronounced asymmetry in the
(remaining) TOPO ligand shell.35,36 Our experimental
finding of new porphyrin-induced PL energies shifted
by up to 30meV to higher PL energies (as compared to
CdSe/ZnS) is (as can be seen in Figure 6) both above
and below Tcrit, in agreement with these predictions.
The influence of the chromophoric porphyrin elec-
tronic states is negligible since porphyrins attach,

Figure 7. Temperature-dependent Stokes shifts of CdSe/
ZnS (red/white dots) and QDs in H2P-CdSe/ZnS. Shifts for
CdSe/ZnS have been obtained between the PL deconvo-
luted by one Gaussian and the lowest absorption band.
Data for the two individual components (see Figure 3) for
CdSe/ZnS and QDs in CuP-CdSe/ZnS are shown in Support-
ing Information. Stokes shifts of QDs in H2P-CdSe/ZnS are
assigned either to CdSe/ZnS (open symbols) or to QDs in
nanoassemblies (filled symbols). Squares correspond to
broad bands B and dots to narrow bands N.
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as is shown in Scheme 1, in a nearly upright orientation
with respect to the QD surface.30

Naturally, assemblies are much more complex than
to be described in such a simple fashion. However, the
general feature to generate new blue-shifted states
when replacing TOPO ligands with pyridine-type
ligands is in qualitative agreement with theoretical
predictions.20,22,24 The experimentally observed gen-
eration of new QD states is most pronounced for CuP-
CdSe/ZnS nanoassemblies, probably because of an
additional steric influence due to ligation of the central
Cu ion of porphyrin by TOPO (see Supporting Infor-
mation) accompanied by removal of additional
ligands, as is shown schematically in Scheme 1 (II B).
Removal or replacement of ligands will give rise to an
enhancement of radiationless transitions. The com-
plexation with a dye molecule will locally disturb the
symmetry and/or trapped charge distribution at the
surface of a QD.48 In line with this, Al Salman et al. have

recently made the proposal that lowering the symme-
try of the QD (or its surface) will intermix QD fine
structure states, giving rise to variations in the PL decay
channels.69

The present experiments have been performed on
CdSe/ZnS QDs, whereas most of the calculations are
reported for (small) CdSe QDs without a shell.19,24�26

However, more recent calculations include both CdSe
core and ZnS shell states.78 As expected, a new set of
density of states is created in such systems without
a clear distinction between CdSe and ZnS states.
Remarkably, the ZnS shell creates predominantly addi-
tional states near the band-edge of the CdSe valence
band, which implies that holes are localized in the ZnS
shell but electrons remain in the CdSe core. This
enhances electron�hole separation and results in a
reduction ofnonradiative relaxationprocesses. Presence
of defects in the shell (ligand or atom removal) will
predominantly transfer the hole back into theCdSe core,

Scheme 2. Schematic presentation of the density of near-band-edge states as a function of ligand coverage (1�3), phase
transition via ligand crystallization (3,5), andporphyrin attachment (4,5). Red dots indicate danglingbonds; blue dots indicate
coordination of the porphyrin molecule via the meso-pyridyl ring to the QD surface. Increase of the band gap upon ligand
depletion follows recent calculations by Kilina et al.20,22 The phase transition is accompanied by creation of surface traps due
to strain formation and increased ligand coverage. The transition from3 to 4 is tentatively accompanied by a transition froma
one-fold coordination of tetra-pyridyl-substituted porphyrin to a two-fold one. Qualitative presentation for the density of
near-band-energy states as a functionofCdSe/ZnSQDsurfaceorganization (basedonconsiderationsdescribed in refs 20and 22);
(1) complete coverageofQDsurfaceby capping ligandmolecules; (2) partial coverageofQDsurfaceby capping ligandmolecules
caused by steric constraints; (3) phase transition of capping layer (e.g., crystallization and ordering) followed by the formation of
additional surface defects; (4) competing attachment of a porphyrinmolecule on QD surface before phase transition, leading to
the removal of few capping ligand molecules due to steric interactions; (5) competing two-point attachment of a porphyrin
molecule on QD surface after phase transition in the vicinity of surface defects.
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thereby relaxing the electron�hole decoupling,
which finally results in enhanced (electron�phonon)
relaxation processes.78 We propose that the experi-
mentally observed increase of nonradiative PL decay
(PL quenching) upon porphyrin attachment is related
to an increase of surface defects at the valence band-
edge trapping holes close to the ZnS�pyridyl coor-
dination.

Naturally, the influence of assembly formation
should depend on QD size and ZnS shell thickness.
We have recently shown that the magnitude of por-
phyrin-induced PL quenching can, in fact, be quantita-
tively described by an extension of the excitonic wave
function beyond the CdSe core, thus critically depend-
ing on QD size and shell thickness.48 An experimental
investigation on the related impact on electronic
energies in the case of nanoassemblies is left for future
experiments.

Relation of Ligand Phase Transition and Dye-Induced PL
Quenching. Finally, we discuss the behavior of the PL
properties at Tcrit, which is a kind of phase transition
of the ligand shell.50,55�57 Since it is also present
for CdSe/ZnS QDs, it is primarily not caused by the
porphyrins, though the effects onQDPL intensities and
decay times are dramatically influenced in the case of
assembly formation.

Meijerink et al. have shown that at a critical tem-
perature an ordering (“crystallization”) of the ligand
layer (especially of the aliphatic side chains) takes
place, causing strain to the crystal surface.55�57 Such
strain will result in an increase of surface-related trap
states, accompanied by a modification of PL dynamics
and thus PL intensity. Scheme 2 demonstrates qualita-
tively the influence of ligand “crystallization”, resulting
in surface trap state PL within the band gap for both
CdSe/ZnS and QDs in nanoassemblies. Such a phase
transition is tentatively similar to the calculated forma-
tion of intraband states following the removal of only
one (or a few) ligand molecule.18,20,22 As long as the
ligand shell is quite flexible above Tcrit, assembly for-
mation results in quenched PL accompanied by a
formation of blue-shifted trap states.

At the phase transition, the energetic order of
surface and surface trap states is exchanged and
the dynamics are modified as indicated by decreased
PL decay times below Tcrit as compared to the ones
above Tcrit, opposite ofwhat is expected for temperature-
activated relaxation processes such as electron�phonon
coupling.

With respect to the dramatically increased PL
quenching at Tcrit and below, Scheme 2 provides a
qualitative explanation. We suggest that the formation
of a partially crystalline structure of the ligand shell
causes the porphyrin to more effectively contact the
QD surface, for example, from a one-fold to a two-fold
pyridyl coordination. As a consequence, nonradiative
decay channels are dramatically increased by trapping

holes at the surface sites of pyridyl surface attachment.
It is well-known that the analogous pyridine or pyr-
azine molecules are effective hole acceptors.79 Similar
enhancement of PL quenching at the phase transition
is observed also for (pyridyl)2�perylene diimide dye
molecules on CdSe/ZnS QDs ligated by long-chain
amines.50

Finally, we interpret qualitatively the apparent
crossing of PL energies of QDs in CuP-CdSe/ZnS nano-
assemblies in the vicinity of T≈ 130 K. Noncontinuous
changes in PL lifetimes (and thus correlated PL
intensities) upon temperature variation have been
investigated by Scholes et al.80,81 Depending on QD
size, they found up to two PL decay time minima,
which they explained by a temperature-dependent
competition of trap state distributions.81 Though not
investigated previously, similar variations with tem-
perature should also show up in the distribution
of PL energies. We speculate that our experimental
observations at T ≈ 130 K might be closely related to
those reported findings.82,83

CONCLUSIONS

The combination of ensemble and newly designed
single QD experiments allows for a detailed, and up to
now not yet reported, complex analysis of the PL of
QDs in CdSe/ZnS�dye nanoassemblies embedded in a
glass matrix. In both cases, namely, ensemble- and
time-averaged single QDdetection, electronic states of
different nature with varying PL energies and decay
dynamics are subsequently explored on slow time
scales typical for blinking phenomena, which are bur-
ied but nevertheless are present in ensemble experi-
ments. Upon temperature variation, the ordering of at
least two energetically deconvoluted PL states is
abruptly changed at the phase transition.
The temperature dependence of the PL observables

reveals both the influence of electron�phonon cou-
pling between 77 and 290 K and a phase transition of
the capping TOPO shell at Tcrit ≈ 220 K. According to
time-resolved experiments, we find at least three
basically different types of emissive states (see Table 1).
Though we identified via spectral deconvolution
only two PL energies, this is easily understood since
the short PL decay component will, in most cases,
not contribute significantly to the time-averaged PL
spectrum.
Modifications of PL properties of nanoassemblies

are assigned to dye-induced ligand removal accom-
panied by spectral blue shifts and formation of surface
trap states in the band gap. Comparison of averaged
and deconvoluted spectral PL properties of CdSe/ZnS
and QDs in nanoassemblies proves that one attached
porphyrin molecule not only causes PL quenching but
also changes the energy landscape of the QD PL
noticeably. Temperature controls the energetic order-
ing of electronic states. Especially below the phase

A
RTIC

LE



ZENKEVICH ET AL. VOL. 9 ’ NO. 3 ’ 2886–2903 ’ 2015

www.acsnano.org

2900

transition of TOPO ligands, PL energies depend criti-
cally on the type of the surface-attached porphyrin
molecule. Also, CdSe/ZnS�diimide assemblies with
amine ligands showqualitatively similar phenomena.50

This specific selectivity to the surface-attached dye
molecule provides new and not yet reported experi-
mental insights into QD surface properties. In this
respect, a qualitative comparison with calculations on
the basis of a time-dependent DFT approach, which
takes the number, position, and chemical nature of
ligands and their specific removal into account, explains
qualitatively the observed modifications of PL ener-
gies and dynamics. The basic conclusion is that a dye

molecule removes ligands from (specific) surface sites,
thus acting as a new “ligand” and creating amodified set
of new surface states.17�24 This explains specifically why
(non-FRET) PL quenching upon QD�dye nanoassembly
formation is oftennot exclusively related to energy (FRET)
or charge transfer.30,31,35�39,48 In a certain way, we use
dye molecules as single molecular surface probes.
In the future, increasing knowledge of specific inter-

actions at the QD surface will add to the control of the
complex interplay of the QD core and surface proper-
ties and will allow for a guided tailoring of optical
features of semiconductors with respect to applica-
tions in photovoltaics and especially nanosensors.

METHODS

CdSe/ZnS Quantum Dots. Colloidal CdSe/ZnS core�shell semi-
conductor QDs (dCdSe = 3.0 nm; 2 ZnS monolayers; λPL ≈
555 nm) capped with n-trioctylphosphine oxide were obtained
from Evident Technologies, Inc. (Troy, NY, USA). The absorbance
of the QD starting solutions was adjusted to be lower than
0.1 OD at excitation and emission wavelengths in order to avoid
nonlinear absorption and reabsorption effects in ensemble ex-
periments. The concentrations varied in the range of (3�5) �
10�6M. Stability and purity of theQD solutionswere checked by
measuring the quantum yield stability at least more than 3 h
after preparation. TOPO-capped CdSe/ZnS QDs (λPL ≈ 567 nm)
used in single QD experiments were slightly larger compared to
those in ensemble experiments.

meso-Pyridyl-Substituted Porphyrins. Functionalized pyridyl-
substituted porphyrin molecules, such as 5,10,15,20-meso-
meta-pyridyl porphyrins [H2P(m-Pyr)4 (or briefly H2P) and its
Cu complex (CuP), as well as tetra-phenylporphyrin molecules
of the same structure but having simple meso-phenyl rings],
were synthesized and purified according to known methods.82,83

The chemical structures of the corresponding porphyrins are
shown in Scheme 1 together with a schematic presentation of
the mutual arrangement of a porphyrin macrocycle with respect
to the QD surface. The porphyrin stock solution was prepared
in toluene under ultrasonic treatment at 40 �C at concentrations
in the range of (3�30) � 10�5 M.

Sample Preparation. QD�porphyrin nanoassemblies are
formed at room temperature via one-step titration of a solution
of QDs by porphyrin molecules at a molar ratio of [CPorph]/
[CQD] = x = 1. It has been proven earlier by us that a controllable
self-assemblyofQDswith5,10,15,20-meso-meta-pyridyl porphyrins
with H2P and CuP30,36�38,48 or with other organic molecules
with corresponding anchoring groups33,35,39 is realized via
Zn 3 3 3N-pyridyl coordination of Zn atoms of the ZnS shell with
nitrogen atoms of pyridyl substituents.

Temperature-dependent measurements (77�300 K) for
QDs and QD�porphyrin nanoassemblies were carried out in a
mixture of methylcyclohexane/toluene (6:1 composition; spec-
troscopic grade; Fluka SeccoSolv dried over a molecular sieve),
forming an optical transparent rigid glass matrix at low tem-
peratures. The respective glass transition temperatures are as
follows: 146.7 K for methylcyclohexane and 180 K for toluene84

and 151.6 K for methylcyclohexane/toluene (6:1) mixtures.85,86

Single QD samples are prepared by spin coating a toluene
solution containing CdSe/ZnS QDs onto a quartz sub-
strate.28,35,62 Porphyrin�QD nanoassemblies cannot be inves-
tigated on a single assembly level because the porphyrin
luminescence is too weak to be detected which would, how-
ever, be necessary to identify single assembly formation35 (see
Figure S7 in Supporting Information).

Spectral and Time-Resolved Measurements. Absorption spectra
were recorded with a Shimadzu 3001 UV/vis or a Cary-500 M
Varian spectrometer. Emission spectra were measured with a

Shimadzu RF-5001PC spectrofluorophotometer including a
home-built highly sensitive temperature variable laboratory
setup described earlier.34

Time-resolved PL measurements on ensembles were per-
formed in a time-correlated single photon counting mode
under right-angle geometry using a laboratory spectrofluorom-
eter equipped with computer module TCC900 (Edinburg
Instruments) and light-emitting diodes PLS-8-2-130 (λmax =
457 nm, fwhm ∼ 713 ps) or PLS-8-2-135 (λmax = 409 nm,
fwhm∼ 990ps; PicoQuantGmbH). QDPLmultiexponential decay
curves A(t) were fitted by three components Ai according to

A(t) ¼ Σ Ai exp(�t=τi) (1)

Mean decay times Æτæ were calculated according to

Æτæ ¼ (Σ Ai τi
2)=(Σ Ai τi) (2)

Unfortunately, wewere not able to perform time-resolved experi-
ments at all temperatures because samples were photochemi-
cally degraded compared to spectroscopy upon increased
excitation power density over such a long measuring period.
Here we restricted our experiments to 77 and 290 K.

Time and spectrally resolved single QD experiments have
been carried out with a home-built setup.28,64 Blinking of single
QDs is analyzed following change point analysis, which allows
for an intensity-resolved PL decay in the sub-nanosecond
range.64,65 Photons are counted in two channels spectrally
separated by a dichroic beam splitter set at 567 nm, allowing
for identification of spectral diffusion among the channels. Time
resolution is 0.2 ns. Details of the setup are described
elsewhere.28,87
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interval). Comments on Poisson distribution, ligand exchange,
and complexation constants for nanoassemblies based on
CdSe-ZnS QDs and porphyrins. This material is available free
of charge via the Internet at http://pubs.acs.org.
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