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S1 Analysis of QD PL Intensity Quenching
For the analysis of the PL intensity quenching as a function of the number of porphyrin
molecules per QD, the well-known Stern-Volmer formalism [1] was modified. In our more

generalized approach, the luminescence quenching can be described by

n,
[(x)_1+£1<(x)-dx. (S1)
I(x) and I, represent the integrated PL intensity of the QD in presence (/(x)) and absence
(1,) of the chromophores, respectively. In this approach, the Stern-Volmer function K(x)
depends explicitly on the ratio x of (m-Pyr);H,P to QD molar concentrations and can be
expressed by the first derivative KgP(x of the experimental data plotted in conventional
Stern-Volmer representation [2, 3]. “D” stands for the QD as a possible donor in FRET
related processes. Using this approach, the corresponding K, values have been derived from

the acceptor A (H,P) fluorescence enhancement measurements at every titration step.
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S2 OD PL Donor Quenching and Acceptor Fluorescence Enhancement Efficiencies

Experimental QD PL quenching efficiencies @,yencr = 1 — I(x)/1(0) are obtained for every
QD at every step of titration by (m-Pyr),H,P in toluene at ambient temperature, where /(0) is
the integrated intensity of the QD PL band without porphyrin, /(x) is the corresponding
intensity at a given molar ratio x.

Porphyrin fluorescence enhancement efficiencies @rrer caused by FRET have been
obtained by two alternative approaches. In the first method, at every titration step, FRET
efficiencies @rrpr have been calculated from the direct measurements of the corresponding
intensities in fluorescence excitation spectra and optical densities (OD) in absorption spectra

of QD-porphyrin mixture using the equation [1, 2]

| T (h, = 4650m) — 1, (A, = 465nm)} _ [ODDA (465nm)—OD,, (465nm)

Doy = . (S2
FRET I, (A, =590nm) OD, (590nm) } (52)

Here, Ipa corresponds to the porphyrin fluorescence intensity at Ae, = 651 nm for “QD-
porphyrin” nanoassemblies , whereas I, is the fluorescence intensity of porphyrin at the same
molar ratio at two different excitation wavelengths (465 and 590 nm). OD are the
corresponding optical densities of the solution at a given molar ratio x. The difference

1,,(A, =465nm)—1 (A, =465nm) reflects the increase of the acceptor emission intensity

due to FRET. A, = 590 nm corresponds to the wavelength, where the absorption of QD is at
minimum. Additionally, the corresponding porphyrin fluorescence intensity has to be
corrected for the residual QD PL at 651 nm as a function of x assuming a linear superposition
of PL signals from QD and porphyrin.

FRET efficiencies have been in most of our experiments evaluated on the basis of the
measured porphyrin fluorescence intensity using an alternative approach described in [1, 3-6]
according to
CDFRET — gA(/Iexc).FAD _FA

gD(/lexc)- F,-n

where F,p corresponds to the acceptor (A, porphyrin) fluorescence intensity in the presence

(S3)

of a QD donor D and measured at A, = 651 nm (maximum of Q(0,0) band of porphyrin

fluorescence) while exciting at the strong donor absorption A, = 465 nm. F; corresponds to
2



emission under the same A, and A, conditions in the absence of the QD (donor). n is the
number of A-molecules per D-QD, ¢4 and ¢p are molar extinction coefficients of A and D,

respectively, at the excitation wavelength A.,.
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83 Influence of Dyes upon QD PL decay kinetics
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Figure S1 PL decay of CdSe(SO) (TOPO capped in toluene at RT) at x = 0 (full line) and x = 8
(broken line) detected at 580 nm. Titration with non-complexing H,P-(Ph), (TPP; dotted line) follows

exactly the decay for x = 0. The experimental response function IRF is also shown.

S84 Comparison of Static and Dynamic PL Quenching
Both approaches, the quenching of the static PL intensity /(x) and the shortening of PL
decay times 7(x) can be treated within the Stern-Volmer approximation at a relative (dye)

quencher concentration x according to [1, 2]



<7, >
<7(x)>’

[O

1(x)

=1+Ky,"” x=1+k, <7,>x= (S4)

where /, and <z,> apply at x = 0. Since the PL decay has to be fitted by 3 exponential decay
terms we determined <zy> and <z(x)> according to Equ. 4 in the manuscript. Kg”(x)
corresponds to the (differential) Stern-Volmer constant and %, to the quenching rate with 7k,
= Kg/”(x) [3]. Equ. (S4) is only valid in case there is only one unique quenching mechanism.
Figure S2 shows that the quenching of the donor (QD) PL follows Ks/”(I(x)) = 1.25 Kg;/”(z(x))
(assuming linear relationships across the given molar ratio range). Taking into account that
experiments have been performed on different samples both Kgy(x) values are in reasonable
agreement with each other though Stern-Volmer constants are decreasing with increasing x

(see Figure 1 in the main text of the paper) [3].
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Figure S2 Stern-Volmer plot of the PL intensities / for CdSe(SO)-H,P (open squares) or
CdSe/ZnS(RQD)-H,P (open circles) and related average lifetimes <z(x)> (filled squares and filled
circles, correspondingly) according to Equ. S4 as a function of the molar ratio x. QDs are solvated at
RT in toluene and ligated with TOPO. Data for I,/ have been selected only for comparable

concentrations to those from <z,>/<z> [3, 4].

From this we conclude that both observables follow the same quenching mechanism.
Figures S1 and 2C show that the time resolved PL at x = 8 reveals mainly very fast
components upon assembly formation. Evaluation of previous data [4] shows (with a better
time resolution than in the present experiments) considerably smaller Kg” (1) = Kg/” (79)
values. (The reasons of smaller KPgy (I(x)) = KPsy (t(x)) values in the latter case may be due to
the different type of QD, namely CdSe/ZnS(RQD) [3, 5].

A discrepancy between Kg”(I(x)) and Kg”(z(x)) might have two reasons: (i) The presence
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of at least 2 different quenching mechanisms e. g. one in the ground state and another one in
the excited state or/and (ii) experimental time resolution is limited thus missing extremely fast
decay processes (faster than 800 fs) which contribute to the PL intensity quenching as “dark™
states but are missed in time-resolved experiments. We never observed changes in absorption
upon assembly formation which makes reason (i) very unlikely to apply.

Figure S3 shows an analysis of the PL decay of CdSe/ZnS(RQD) (top) and the one of (m-
Pyr),H,P (bottom) at x = 4.5 (taken from [5]). The (m-Pyr),H,P fluorescence shows a build-
up component (not observed in the absence of QDs) of about 2-3 ns and an average
fluorescence decay of 11 ns for (m-Pyr),H,P (Figure S3 bottom). The latter is by about 2 - 3
ns longer than the intrinsic (m-Pyr)sH,P decay (Figure S3 middle) under otherwise identical
conditions. More qualitative, Figure S3 shows that the distribution of (m-Pyr);H,P decay
times becomes slightly broader upon nanoassemby formation and is on average shifted to
longer times (Figure S3 bottom). Moreover, corresponding to the fluorescence build-up times

we find PL QD decay times in the same time range (Figure S3 top).
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Figure S3 Decay amplitude distributions for CdSe/ZnS(RQD) (top), non-complexed (m-Pyr),H,P
(middle) and (m-Pyr)4H,P at x = 4.5 (bottom) (from [4] with permission).
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S35 Spectral Properties of Intra-Gap Emission (IGE)

Not only CdSe/ZnS(HY) and CdSe(SO) QDs show the existence of long wavelength PL
emission (in addition to the NBE PL, see Figure 4 in the manuscript), but weak PL of deep
(intra-gap) and shallow traps (or surface states) is also observed for other QDs. Figure S4

shows PL across a wide spectral range for CdSe/ZnS(CG) (A) and CdSe/ZnS(LPB) (B).
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Figure S4. Photoluminescence spectra of (A) CdSe/ZnS(CG) and (B) CdSe/ZnS(LPB) (toluene,
RT, TOPO capped) as a function of excitation wavelengths. The insets show the amplified PL
emission across a broad wavelength range. A: IGE is very weak at all excitation wavelengths. B: Line

narrowing upon variation of excitation energy is caused by size selection. Variation of excitation
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reveals the presence of 3 distinct bands, a narrow one at 628 nm and 2 broad ones between 550 — 625
nm and 630 — 750 nm, respectively. The latter one is more effectively excited with NBE excitation.
The narrow band was not observed in earlier spectra (see Figure 4) and is probably due to formation of

lager CdSe/ZnS(LPB) QDs upon long time investigations.

The question arises whether IGE can be excited directly at energies below excitonic
absorption. Figure S5 shows via absorption and PLE data that at least part of the IGE can be

excited directly.
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Figure S5 Left: Absorption spectrum of CdSe/ZnS(HY) in toluene at ambient temperature. The
shoulder at 580 — 625 nm is assigned to shallow trap states (see Figures 5B and 5C in the manuscript).
Right: PLE with detection wavelength at 780 nm. PLE sets in at about 670 nm. We were not able to
detect PLE for wavelength > 720 nm but observed weak absorption up to about 770 nm. Since the PL
intensity of IGE is extremely weak it is difficult to decide whether structures indicated by an arrow are

real though PLE excitation spectra have been corrected for spurious Raman lines.

In Figure S5 we show both for absorption and PLE that IG states can be excited directly
though at very low probability. After normalization of emission intensities for both spectra we
arrive at the conclusion that IGE < 720 nm shows upon direct IG excitation relatively
enhanced emission intensity in PLE as compared to absorption in this range. This indicates
that shallow traps (ST) are involved in population of corresponding IG states < 720 nm.
Emission > 720 nm is compared to PLE more effectively generated by direct absorption into
IG states far below NBE.

A comparison of normalized PLE and absorption (ABS) in Figure S6 shows for CdSe(SO)
that IGE is more effectively excited at excitation energies above the first exciton band which

indicates the involvement of hot electrons upon generation of IGE.
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Figure S6 PLE spectra at various detection wavelengths in the range of intra-gap emission (IGE) of
TOPO capped CdSe(SO) in toluene at ambient temperature. The dotted line represents the absorption
in form of the optical density (OD). Comparison shows that IGE is with respect to OD more
effectively excited below the typical NBE and for excitation at high exciton energies (hot electrons).
PLE at 820 and 870 nm reveals that excitation below NBE is relatively more effective than for PLE <
750 nm.
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Figure S7 NBE PL spectra of TOPO capped CdSe(SO) QD in toluene at various excitation
wavelengths in the NBE range at ambient temperature. The arrow shows a shoulder at 620 nm which

probably belongs to shallow trap emission. Excitation wavelengths of 500 and 540 nm show the

influence of size selection.
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Figure S8 Long wavelength emission for CdSe(SO) in toluene at ambient temperature at various
exitation wavelengths. IGE spectra are nearly identical for excitation into energetically highly excited

exciton states.
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Figure S9 PLE spectra at detection wavelengths (625 and 715 nm) in the range of IGE and NBE PL
(575 nm) of TOPO capped CdSe/ZnS(LPB) in toluene at ambient temperature. The dotted line
represents the absorption (ABS) in form of the optical density (OD). (See for comparison PL spectra

in Figure 5.

Interestingly, CdSe/ZnS(LPB) IGE has 3 bands (2 broad, 1 narrow (628 nm), all show
CdSe/ZnS(LPB) PLE spectra. With respect to broad IGE the energetically lowest band is

more effectively excited at NBE excitation as compared to detection at 575 nm. This



observation is in line with IGE of CdSe/ZnS(HY) as a function of excitation energy (see
Figure 5A in the main text). However, it is different with respect to PLE spectra of CdSe(SO)
(see Figure S6). Possibly, shallow traps are less abundant in capped CdSe/ZnS QDs as
compared to uncapped CdSe(SO), which is already obvious comparing the respective PL in
Figure 4. This interpretation is supported by inspecting PLE of CdSe/ZnS(CG) in Figure S10.
Additionally, excitation of very hot excitons does not as effectively result in IGE for

CdSe/ZnS(LPB) as compared to CdSe(SO).
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Figure S10 Absorption (A), photoluminescence (B) and PLE (C) spectra for TOPO capped

CdSe/ZnS(CG) QDs in toluene at ambient temperature at various excitation (B) and detection (C)

wavelengths in a wide spectral range. The inset in (B) shows the PL emission in the long wavelength

range. CdSe/ZnS(CG) shows a very similar behaviour as CdSe/ZnS(LPB) besides the fact that IGE
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generation is very effective also at high excitation energies. It is obvious that NBE PL is in
comparison with absorption less effectively generated than IGE. Again, IGE at wavelengths > 550 nm
can be generated via absorption but not so effective via shallow trap (ST) excitation (see also Figure

S3).

86 Wavelength Dependent PL Dynamics of QDs

PL of all investigated QDs consists - depending on the specific type - out of near-band
edge (NBE) PL, shallow trap (ST) emission and intra-gap emission (IGE). IGE is
energetically very broad and its relative intensity with respect to NBE PL depends critically
on the crystal quality and is according to our findings especially strong for uncapped and very
small QDs. PL decay times vary across the total emission wavelength.

The multi-exponentiality of the CdSe/ZnS(HY) PL decay is qualitatively similar to the one
of CdSe(SO). We show in Figure S11 the PL decay detected at 555 nm (NBE) and 700 nm
(intensity maximum of IGE). It is evident that the longest decay time at 700 nm detection is
much longer than to be unraveled at the laser limited time of 450 ns repetition time. Though
the overall decay time scale is much longer at 700 nm as compared to 555 nm detection a
short decay time of a few ns is visible also for 700 nm detection.
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Figure S11 PL decay of TOPO capped CdSe/ZnS(HY) in toluene at RT at detection wavelengths of

——

555 nm and 700 nm, respectively. The instrumental response function is also shown in black.

Excitation is at 440 nm. Absolute intensities of the 2 bands differ almost by 2 orders of magnitude.

As we have discussed in the contribution the presence of build-up dynamics is of special
interest both for QD PL and H,P fluorescence. Firstly, we investigated whether QDs show
such dynamics also in the absence of nanoassembly formation. The build-up time of QD PL is
in all investigated cases at the limit of our time resolution and faster than 1 ns. We show in
Figure S12 the build-up dynamics for CdSe/ZnS(HY) at 2 different detection wavelengths,
namely in the range of the NBL PL at 550 nm and in the range of IG states at 630 nm. The
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build-up time is within the experimental response at 550 nm while it is slightly slowed down
to about 1 ns at 630 nm. The same applies at 700 nm (see Figure S12). This can be explained

by assuming that intra-gap states are at least partly populated via short lived near band edge

states.
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Figure S12 PL decay of CdSe/ZnS(HY) in toluene at RT and 410 nm excitation wavelength. Also

shown is the experimental response function in red. A: Near-band-edge emission at 550 nm. B: Intra-

gap emission at 630 nm.

Figure S13 shows PL decays of CdSe/ZnS(CG) detected at 545 nm (NBE) and 700 nm
(intensity maximum of IGE). It is clearly seen that the longest decay time at 700 nm detection

is much longer with respect to NBE emission. Again, the build-up time is slightly longer at
700 nm.
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Figure S13 Intensity normalized PL decays of TOPO capped CdSe/ZnS(CG) detected at 545 nm
(NBE) and 700 nm (maximum of IGE) detected at 3different time resolutions in toluene at RT. The

experimental response function is also shown.
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Finally, the analysis of experimental PL decays for a QD without ZnS shell, CdSe(SO),

(Figure S14) confirms the above conclusions.
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Figure S14 PL decays of TOPO capped CdSe(SO) detected at 570 nm (NBE) and 770 nm (intensity
maximum of IGE) detected at different time resolution in toluene at RT.

Figure S15 shows qualitatively the distribution of dynamic ranges across an
inhomogeneously broadened spectral PL band of a QD. It includes the influence of imperfect

crystal growing processes (see also Chapter S9).
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Figure S15 Schematic presentation of QD PL band(s) caused by various reasons. Typical decay
times are indicated. Size distributed QDs establish at least 2 classes, namely excitons and (small) QDs
with many surface defects “Odd QDs” and increased non-radiative PL decay. Relative intensities (and
widths) have been arbitrarily chosen. Blinking is occurring among excitons, “trions”, and “charged

states”. PL build-up times are for all states faster than 1 ns and are preferentially excited via hot

exciton bands or direct excitation.

Figure S15 shows the overall PL linewidth caused by the size distribution. The inhomogeneous

spectral line is further broadened by the energetic distribution of various electronic states which are
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partly interrelated by PL intensity blinking with synchronous spectral shifts and life time fluctuations.
The electronic states are related to excitons, trions, shallow and deep traps. Charged states are also
included. These short lived states are subject to red-shifting Stark effects [1, 2]. Additionally, on the
high energy side imperfect QDs with many surface states show up which are caused by imperfect

growing processes. These states are short lived [3].
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S7 FRET related Foerster Parameters

The evaluation of experimental FRET efficiencies in QD/porphyrin nanoassemblies on the
base of the measured porphyrin fluorescence intensity has been described in Section S2. Here,
we give a short summary how to evaluate theoretically Foerster parameters for the systems
under consideration (described in details by us earlier [1, 2].

It was shown earlier [2] and references therein that QD/Dye nanoassemblies are best
described in the weak coupling regime which allows the application of the Foerster model for
fluorescence resonant energy transfer (FRET). In addition, we have shown for QD/Porphyrin
nanoassemblies [2, 3] that QD PL quenching efficiency does not depend on redox properties
of porphyrin molecules since the porphyrin fluorescence is not quenched. This implies that
typical photoinduced charge transfer processes do not play the dominant role in the observed
QD PL quenching in the systems under study.

Correspondingly, if other QD PL quenching channels in QD/Dye nanoassemblies are
absent we expect that FRET from a photoexcited QD (donor (D)) to a lower-energy dye
molecule (acceptor (A)) takes place due to the coupling of the emission dipole moment of the
QD exciton of D with the absorption dipole moment of the nearby 4 chromophores. This
allows the application of Foerster model for FRET which is typically used in the limit of
“localized oscillators” as a result of the electric dipole approximation. Notably, on the base of
experimental data for CdSe/ZnS QDs and dye molecules (porphyrins or perylene diimides)
the effective transition dipole length |/] is |/| < 1-2.0 A for dyes and |/| = 2.0 A for QDs under

study [1], while estimations of inter-centre D-A distances Rp, for the optimized structures of
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QD/Dye nanoassemblies give values Rp, ~ 26+36.6 A [1, 2, 3, 4, 5]. Since |I| << Rp, the point
dipole-dipole approximation is still valid or QD/Dye nanoassemblies.

Consequently, FRET rate constant kpgzr for an isolated D-4 pair at distance Rp, is
calculated according to [6, 7]

6
iRio , (S5)

kFRET i TD R16)4

where 7p” is the emission decay time of the individual donor in absence of the acceptor and
Rp4 1s the inter-center distance of the interacting dipoles. R, is the critical Foerster radius
which may be calculated as

heor ¥ 9000In10k%@% ¥ dv
@6 - 1287‘55114NA 2 X_([fD (V)SA (V)7 . (86)

where N, =6.022-10% M-! is Avogadro number, ¢p’ the emission quantum efficiency in the
absence of FRET and n the refraction index of the solvent. The orientation factor is
I2=[cos(up, 1) - 3 cos(tp, p4)- cos(ty, ¥ps))’, where (up, 14) is the angle between transition
dipole moment vectors of the D and A subunits. (up, ¥p4) and (uy, rp4) denote the angles
between the dipole vectors of D and A and the direction D—A, respectively. For a random
static distribution of interacting dipoles &> becomes 0.476 [7]. This is the case for QD-Dye

nanoassemblies. The spectral overlap integral
R dv
J0)=[te ) (S7)
0

is calculated on the basis of experimental acceptor molecular absorption and donor (QD) PL
spectra, where g(v) corresponds to the molar decimal extinction coefficient of A, fp (V) to the
D quantum emission spectrum normalized to unity by area on a wave number scale. The
detailed analysis of theoretical dependencies of spectral overlap, Foerster critical radius Ry,
donor-acceptor distance Rp4, FRET efficiencies, and reciprocal FRET rate as a function of the
QD size represented by the respective PL emission wavelength and one type of porphyrin (m-
Pyr),H,P molecule has been described by us recently [2].

Furthermore, if FRET plays the dominant role in QD PL quenching in nanoassemblies, the

theoretical FRET efficiency @pgpr ¢ for (1:1) pair interaction QD-Dye can be calculated as

61
CD;?I:;EF = {1 + (R%B}worj :l : (SS)

When a finite number of acceptors become attached to the QD surface, the excitonic energy

is spread among n acceptors on one QD with equal probability. Generally speaking, the

15



probability of an exciton transfer to particular acceptor molecules scales inversely

proportional to the total number of n acceptors A per donor D. Thus, Eq. S8 becomes [§]

677!
Dl ()= {HI[RD/ j } : (89)
n Ro

Based on these physical backgrounds the comparative theoretical analysis of FRET
parameters for various QD/Dye nanoassemblies has been carried out in our group [1, 5, 9].
These calculations yield that if FRET is the only reason of QD PL quenching in
nanoassemblies, already upon attachment of one single acceptor molecule, the maximal
achievable FRET efficiency may reach up to 50-70% for various CdSe/ZnS QDs (depending
on the QD PL quantum yield). Additionally, theoretical estimations show that for the
nanoassembly containing CdSe/ZnS QD (d¢gse = 3 nm, 2 ZnS monolayers) or CdSe(SO) QD
(dcgse = 3.5 nm) with attached meta-pyridyl substituted porphyrin, FRET should be realized
within a time scale longer than 10 ns (even up to 30+37 ns for CdSe/ZnS(RQD), see Table 1
in[1]).

In addition, it should be mentioned that FRET dynamics between a CdSe/ZnS QD and a
porphyrin molecule in a QD/porphyrin nanoassembly have also been studied by ab initio
electronic structure calculations (reduced density matrix formalism) combined with a
molecular dynamic approach [4]. According to this approach in the case of even smaller
Cds;3Ses3/Zn75S7s QDs with an attached porphyrin molecule, FRET QD—Porphyrin should
occur on a nanosecond time scale shorter than 7 ns.

As a consequence, if one does not take into account a competition with other reasons for
QD PL quenching, the real transfer time based on atomistic details derived from PL
quenching in QD/Porphyrin nanoassemblies may be fully described in the framework of the
Foerster model. Theoretically predicted FRET times should range from ~7 ns to 37 ns.

We like to discuss at this point previously reported FRET dynamics for CdSe/ZnS(RQD)
QDs which should have much less effective FRET compared to CdSe(SO) [1, 2]. Previously
we have shown [10] that if a FRET donor decay time is longer than the one of the acceptor
there will be still energy transfer lasting longer than the acceptors intrinsic decay time
resulting in an apparent lengthening of the fluorescence decay which is in fact observed for
CdSe/ZnS(RQD) as is shown in Figure S3 (and CdSe(SO), see manuscript). In such case we
expect for CdSe/ZnS(RQD) nanoassemblies a bi-exponential decay of the acceptor
fluorescence with ky,p and an additional “effective” energy transfer rate according to (kpgrer +
kop). Taking the PL decay of the CdSe/ZnS (RQD) based nanoassemblies of 20 ns and the
FRET transfer time of 30 ns [1] we obtain 12 ns for the second component of the postulated
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bi-exponential H,P decay which is qualitatively in agreement with a broadening of the
fluorescence decay time of H,P (see Figure S3).

The observed short build-up component of 3 ns is much too fast to be responsible for FRET
QD—porphyrin for this kind of QD (d¢gse = 3.2 nm, 3 ZnS monolayers). Therefore, we assign
this component also for CdSe/ZnS(RQD) to the population time of those intra-gap trap states
induced by H,P or effectively populated in the presence of H,P molecules on a QD surface.

Table 1 contains for CdS/ZnS(HY)-H,P experimental PL decay times in comparison to

calculated ones. For details see manuscript.

Table S1 Experimental 7; and according to Equ. 5 (see manuscript) calculated PL decay times ;)
relative normalized amplitudes 4; and intensities I; = (4, - 7;) for CdSe/ZnS(HY) and their related

assemblies with H,P in toluene at ambient temperature.

Parameter? | CdSe/ZnS(HY)? | CdSe/ZnS
(HY)-H,P?-%

T 1 0.45
Ay 0.35 0.69
L 0.35 0.31
T 7 4.5
Ay 0.36 0.17
I, 2.52 0.77
T; 18 17
As 0.29 0.14
I 5.22 2.38

Dz, in ns; » /1/; ¥ PL decay times taking FRET according the Foerster model with n = 1 into account

(See Equ. 5 in manuscript). Amplitudes 4; are taken from experiment. ¥ Quantum Yield 0.41 /1/.

An additional reason of QD PL quenching in QD-H,P nanoassemblies may be caused by
photoinduced electron transfer (PET) from CdSe QDs to attached porphyrin molecules. The
possibility of PET specific processes in QD-porphyrin nanoassemblies has been discussed in
few papers [11, 12] upon theoretical analysis of experimental data on PL features and
quenching mechanisms of water-soluble CdSe/ZnS QDs (dcgse = 2.8 nm) by attached cationic
porphyrins (H,TMPyrP*" and ZnTMPyrP#") in solution with high polarity (water at pH 5.5).
In these QD-porphyrin nanoassemblies, long-range inductive resonance electronic excitation
energy transfer takes place from surface modified (with thioglycolic or mercaptoundecanoic

acid) QDs to porphyrin ligands, which leads to QD PL quenching and an increase of the
17



porphyrin fluorescence intensity. It has been shown that, when mercaptoundecanoic acid is
used as a QD shell, the QD luminescence quenching efficiency by porphyrins follows the
Forster-Galanin theory and depends on the overlap integral between the CdSe/ZnS
luminescence band and the absorption spectra of free-base porphyrin H,TMPyrP*" and its
metal complex ZnTMPyrP#'. It has been found that upon decrease of QDs «» Zn-porphyrin
intercenter distance from 39.1 (mercaptoundecanoic acid) to 30.1, a considerable QD PL
quenching is observed. However, FRET efficiency substantially decreases, from 55% in the
former case to 23% in the latter one. Based on quantum-chemical calculations (density
function theory and polarisable continuum model) it has been concluded that in polar
solvents the PL low quantum yield for CdSe/ZnS QDs passivated by residues of
mercaptocarboxylic acids S(CH;) , COO™ and its dependence on the number of CH, groups
are related to the possibility of photoinduced electron transfer from the HOMO of
passivating molecules to QDs (QD* « S7(CH,)nCOO™ hole transfer). It has been shown that
QD PL quenching in nanoassemblies CdSe/ZnS(thioglycolic acid) - ZnTMPyrP#*, which is
complementary to the energy transfer, may be caused also by the photoinduced electron
transfer that involves the participation of the LUMO of the ZnTMPyrP*" molecule (QD* =
ZnTMPyrP*"). So, for QD-porphyrin nanoassemblies in non-polar solvents, the realization of
effective photoinduced charge transfer processes with participation of excited states of

porphyrin ligand seems to be low probable.
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S8 Nanoassembly Formation

It is known [1-3] than in liquid non-polar solutions only about 30% of the dangling (Zn)
bonds of the investigated CdSe/ZnS QDs (with dcgse=2.5+3.0 nm and 2 ZnS monolayers of
/=1 nm) are “saturated” by TOPO ligands due to ligand-related steric constraints. This
conclusion is confirmed also by X-ray data [4]. Porphyrin-type ligands [5,6] as well other
organic molecules with appropriate functionalized side anchoring groups [7-11] are expected
to bind to QD surface sites by substitution of the surfactant ligands (TOPO or long-chain
amines or thiols) present from the synthesis stage. As we have shown earlier [5] the formation
of nanoassemblies based on TOPO-capped CdSe/ZnS QDs and (5, 10, 15, 20)-meta-pyridyl-
porphyrin molecules is realized via two-point interaction of two meta-nitrogens of two meso-
phenyl rings with two Zn atoms of QD surface (see Scheme 1 in the manuscript text).

Based on titration experiments and using pyridyl-substituted porphyrins with various
number of pyridyls and different positions of nitrogens (ortho-, meta- and para-) we have
argued [5] that because of steric reasons, relatively large volume of porphyrin molecule and
small anchoring meso-pyridyl substituents as well as ligand exchange competition
(TOPO<>porphyrin) on the QD surface, H,P(m-Pyr), and H,P(p-Pyr); molecules are
displaced almost perpendicular on QD surface, while H,P(o-Pyr), or H,P(0-Pyr), do not
practically interact with QD surface. This conclusion has been proven also [12] using
molecular mechanics calculations within the HyperChem software package for the geometry
optimization (with VASP) for CdSe/ZnS QD-H,P(m-Pyr), nanoassembly.

It should be mentioned that the arrangement of porphyrin molecules on QD surface in
nanoassemblies may be dependent on few reasons: (i) the nature (and size) of passivating
surfactant ligands; (ii) number of functionalized side anchoring groups (tether chains); (iii)

length and flexibility of these tether chains. For instance, recently it was shown (based on a

combination of 'H NMR, absorption, and fluorescence spectroscopies) [11] that porphyrin
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molecules carrying one carboxylate function can interact with monodisperse CdSe QDs with
dcase=2.2-2,3 nm (coated exclusively with relatively small oleate ligands) to form “porphyrin
- CdSe QD nanoassemblies with porphyrins stacked upright on the CdSe QD surface. On the
other hand, it was found in this study [11] that porphyrins having few (3 and 4) long
anchoring alkyl-type tether chains (the so-called polydentate porphyrin ligands) are able to
bind to QD surface more strongly than monodentate porphyrin. Such polydentate porphyrin
ligands attach themselves to QD flat-on, i.e., parallel to the crystal surface. In addition, it was
observed that the formation of QD-porphyrin-QD structures (containing one porphyrin ligand
being attached to 2 QDs) as well as a larger polymeric nanoassemblies [QD-porphyrin-QD],
is followed by precipitation process and loss of colloidal stability.

Precipitation effects were not observed in our experiments. The low probability for the
formation QD-porphyrin-QD or polymeric [QD-porphyrin-QD], nanoassemblies in our case
seems to be due to few reasons: (i) because of a large hydrodynamic volume of QDs the
diffusion of QDs is restricted essentially, and at low concentration (C<10> M) the near
displacement of two QDs may not be efficiently realized; (if) steric hindrances between to one
QD attached tetra-pyridyl porphyrin molecule and TOPO molecules belonging to the other
QD should prevent and effective ligand exchange leading to the attachments of the second
QD to QD-H,P nanoassembly. Additionally, one has to consider the following: (i) at molar
ratio x = 1 not all constituents might form assemblies, even less than expected according to a
Poisson distribution; (i) As has been discussed [13], there might be an upper limit of dye
molecules per QD which might be taken into account according to recent publications [13-
15].

Finally, it should be mentioned that according to our earlier results [5] the normalization
of CdSe/ZnS QD PL quenching to the number of meso-pyridyl substituents for various
porphyrins showed still more quenching (by roughly a factor of 2 above molar ratio x =
Chporphyrin/Cqp =2) for 4-pyridyl as compared to 2-pyridyl. It follows from the above discussion
that this difference in QD PL quenching might not be considered as indication for binding of
2 QDs to one porphyrin molecule. According to [7, 11], for a given QD concentration and
molar ratio x, due to the chelate effect polydentate ligands should bind to the QD surface
significantly more strongly than monodentate ligands. Correspondingly, from thermodynamic
point of view, the attachment of tetra-pyridyl substituted porphyrin with QD surface is more
effective with respect to that for di-pyridyl substituted porphyrin molecule. Namely this

difference may be considered as the main reason of the different quenching effect observed
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for QD PL upon self-assembly at the same conditions with porphyrin ligands having 2 and 4
meso-pyridyl anchoring substituents.

As has been shown in Section S2 FRET efficiencies depend in principle on Poisson
statistics of assembly formation [5, 16-19] since a single QD might be statistically assembled
with several dye molecules. We identify assembly formation not only via QD PL quenching
and FRET enhancement dynamics but also by spectral changes observed for the H,P acceptor
dynamics. It is known that H,P fluorescence is in first order electric dipole forbidden due to
symmetry reasons which results in a relatively long fluorescence decay time (= 8 ns) and a
relative decrease of the intensity of the Q(0,0) electronic transition compared to that for the
vibronic Q(0,1) band [5, 20]. The fluorescence becomes partly allowed by an out-of-plane
distortion of the molecule [5].

We explain the lengthening of the H,P decay upon assembly formation as being due to
intercalation of the acceptor into the TOPO ligand shell of the QD which forces H,P to a more
strictly planar conformation. Additional confirmation of our conjecture is provided by recent
observations that the assembly formation is accompanied by spectral shifts and changes in the
Franck-Condon overlap [5]. We found that H,P fluorescence in QD-dye nanoassemblies is up
to x = 2 slightly blue-shifted while the intensity of the vibrational band is relatively increased
[5]. This indicates that the fluorescence becomes even more forbidden which goes in line with
an increase of the decay time. From this we tentatively conclude that the planarity of H,P is
enforced by the TOPO ligands upon assembly formation and the binding of 2 pyridyl groups
to the QD surface. Similar effects have been reported for nanoassemblies formed from QDs
and diimide dye molecules [21].

The overall conclusion from these findings is that for x < 2 most H,P molecules are
attached to the QD surface while the amount of free molecules is continuously increasing for
x > 2. This is an indication that assembly formation does at least within first hours after
sample preparation not follow a Poisson distribution [14, 15]. This can be seen from Figure
S16 (top). However, we have shown that assembly formation is continued at a much slower

formation rate at very long waiting times after the initial titration step [15].
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Figure S16 Top: Titration of TOPO capped CdSe(SO) by (m-Pyr),H,P in toluene at RT. The black
line corresponds to the increase of H,P fluorescence intensity in the absence of QDs. At the highest
concentration (which corresponds to x = 4) fluorescence of H,P is increasing with a similar slope as
in the absence of QDs. This indicates that H,P is no longer assembled with QDs or FRET has
reached its maximal efficiency. Bottom: PL quenching upon titration of CdSe(SO) with various
functionalized molecules in toluene at RT: (2) propylamine, (3) benzenedimethanethiol (BDMT)
and (4) pyridine which all cause considerable PL quenching. For comparison, under the same
experimental conditions and molar ratios non-functionalized porphyrin molecule (TPP) quenches
QD PL only very weakly (1). In the latter case, neither the donor quenching (QD) nor the acceptor
enhancement (TPP) is existent. For comparison, PL quenching by (m-pyr),;H,P becomes = 0.5 at x

= 2 and behaves very similar to BDMT up to x = 4 and levels off for x > 4.
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89 Short Summary of PL Properties of CdSe Quantum Dots

Recently a detailed analysis of the PL emission spectra of CdSe/ZnS QDs (HY) revealed
more details of the NBE PL [1-3]. Additional to the Gaussian size distribution at least 2
(Gaussian) PL bands are needed to describe the NBE PL linewidth across a temperature range
from 90 to 300K. They have been tentatively assigned to PL from core and surface trap
related states [2, 3]. Moreover, PL emission of shallow traps (ST) shows up energetically
close to the band edge [3]. PLE spectra indicate that the PL emission of ST shows only weak
size selection and is most effectively excited via elevated excitonic states (Figure S17) [3].
The distribution of energies near the band edge depends critically on the kind of ligands and
attached dyes showing a strong temperature dependence of these effects [1, 3].

It is commonly reported that the PL decay of colloidal QDs is in almost all cases even
under low excitation power conditions multi-exponential (see also Section S6). Analysis of
the decay dynamics of NBE PL needs at RT at least 2 or 3 decay times in the range from
about 1 ns to 30 ns [1-3]. (Much faster relaxation processes are observed via non-linear
optical experiments and have been attributed to intra-gap relaxation and cooling of hot
electrons or holes [4, 5]). IGE decays at RT within 50 ns to several pus [6]. While a
distribution of PL parameters might be easily explained by inhomogeneities among QDs
within an ensemble it was surprising to find that the PL of single QDs decays also multi-
exponentially (besides at the highest PL intensity during a blinking time trace) in close
relation with PL intensity blinking and spectral diffusion [7-9]. However, at sufficiently short
observation time intervals PL of single QDs becomes mono-exponential at any PL intensity
[10]. Fluctuations (blinking) in PL intensities and decay times have been assigned to charging

processes [11] or interactions with multiple reaction centers [12].
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Figure S17 PL and PLE spectra with special emphasis on the spectral range of shallow traps below
the band edge for TOPO capped CdSe/ZnS(HY) in toluene at RT. A: PL emission as a function of
excitation. B: Deconvoluted PLE at 590 nm detection wavelength. C: Deconvoluted PL excitation
energy versus PL emission energy. Note, that PLE energies are nearly independent of the detection
wavelength below a detection energy of about 2.2 — 2.25 eV. We assign this to a decrease of the size
dependence of PL. Band (1) represents a shallow trap or surface trap energetically about 100 meV
below NBE states. D: Normalized PLE spectra as a function of detection energy: Aey, = 530 nm (1), Aep,
=540 nm (2), Aem = 550 nm (3), Aen = 560 nm (4), Ae = 590 nm (5). Note, that the lowest detection
energy (5) shows a relative increase of excitation energies at elevated energies (bands 3 and 4 in
Figure S16B). The normalized absorption spectrum in the range of the first excitonic transition is

shown by a dashed line. (Figure adapted from [3])

At first glance it is tempting to relate inhomogeneities within an ensemble to those of
fluctuating but time-averaged single QDs. Evidence for this is provided by comparing
blinking dynamics with PL photobleaching of ensembles [13-15]. However, a closer look on
the dynamics as a function of NBE PL energies provides deeper insights since it has been
found that PL decay times vary across the PL emission band of an ensemble. The variation is
such large that it cannot be explained by the inherent size distribution and related variation of
decay time [16, 17]. Strouse et al. reported for the NBE PL of CdSe QDs a (1-3) ns decay
component assigned to a charged exciton red-shifted by about 20 meV from a component

decaying with (20 — 30) ns (band edge exciton) [16]. They determined for QDs with variable
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sizes differing radiative and non-radiative rates for the 2 identified decay components. Xiao et
al. also found 2 decay components (2-5 and 15- 20 ns, respectively) [17]. The short
component increases strongly across the NBE PL band with increasing PL energy. They
tentatively assigned the long-lived component (contributing predominantly to the QY) to
surface related PL. Petrov ef al. identified for CdSe/ZnS(RQD) QDs excited resonantly into
the lowest absorption band a 3-exponential decay (1ns, 10 ns and (20 — 22) ns) [18]. The fast
decay contributes predominantly at high energies of the PL band but also to a much lesser
content at the low energy edge of the PL band which can be seen via initial time dependent
spectral red shifts (at high PL energies) and blue shifts (at low PL energies) (Fig. 6 of the
respective reference [18]). In that sense their results combine the observations of Strouse et al.
[16] and Xiao et al. [17].

It should be mentioned that Petrov et al. found also a very weak = (50 — 100) ns decay at
the very red edge of the NBE PL [18, 20]. Similar results have been reported previously for
CdSe/ZnS(HY) [1, 11] and are shown also for CdSe(SO) in Figure S14.

How do these results - which are qualitatively in accordance with each other though
obtained for different kinds of CdSe QD ensembles - compare with single QD data? Recently
we have shown that intermittent PL intensities of a single QD are uniquely related with
fluctuations in PL decay times and PL energies: short decay times (that is low PL intensities)
correspond with low PL energies [1, 9, 11]. At first glance the finding of short decay times
predominantly at low PL energies seems to be in contradiction to what has been observed in
the majority of ensemble experiments, namely short decay times both at high and to a less
extent at low energies. In principle, the apparent contradiction between ensemble and single
QD experiments can be solved remembering that ensemble experiments cover
inhomogeneities of QD properties. We assume that a certain fraction of QDs, namely those,
which are during most of the observation time characterized all the time by a very short and
thus basically non-radiative decay, is mostly missed in single QD experiments since such
single QDs will be not identified according to their low QY.

But why should such heavily quenched QDs be observed systematically more often in the
high energy range of the NBE PL? Such a systematic dependence has been explained
previously by Rogach et al. as being due to the consequences of Oswald ripening [20]. To
understand their findings, we have to remember that the width of a PL band is governed by
the size distribution remaining in an ensemble after chemical synthesis. During this synthesis
the QDs finally found in the centre of the PL band are those which grew in a dynamic

equilibrium during the ripening process while the growing dynamics heavily deviate from
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equilibrium for smaller sized QDs (typically observed at high PL energies). Deviation from a
growing process in dynamic equilibrium results in an increase of surface defects and is
responsible for fast non-radiative trapping of excitons [20]. Inhomogeneous distributions of
surface trapping of excitons have already been identified earlier [21] for ensembles of CdSe
QDs. Obviously, single QD detection misses fast decaying QDs in the high NBE energy
range due to their extremely low QY but can identify those QDs intermittent between high
and low QYs. The latter are due to the quantized Stark effect red-shifted to low PL energies
by (20 — 50) meV [9, 11]. The essential conclusion is (see Scheme in Figure S15) that an
ensemble of QDs is subject to both a (static) distribution of QDs with a systematically
distributed large range of PL QYs and to intermittency of (probably) all QDs. On the other
hand, single QD detection misses in most cases those QDs (in this case at the high energy
range of the PL band) with extremely low QY's [22].

How do these findings correspond with the PL quenching upon assembly formation with
H,P-type molecules? We found that the ratio between slow and fast decaying components is
at 290 K without any significant PL energy related dependence increased considerably in
favor of the shortest one [1, 2]. From this we conclude that PL. quenching is related to both
increase of the (i) concentration of quenching surface traps in the high energy range (also
detected by ensemble experiments on QDs without attached dyes) and (ii) intermittent
“charged” states detected by ensemble and single QD experiments in the low energy range of
PL.

The situation is somewhat different at 77 K at which we did not find a 1 ns component at
the low energy side of the PL band of CdSe/ZnS which implies that surface related defects are
only present in the high energy range [3]. (The difference between low and high temperature
results has been explained by an intermediate phase transition of ligands [1, 2, 23].) We
observed a kind of phase transition of ligands at about 230 K which results at 77 K in the
formation of a series of trap states shifted below the NBE PL. We found that all PL decay
times are noticeably shortened below the phase transition temperature [1, 2]. Again, we
observe an overall in-growth of the fast decay component upon assembly formation which is
now distributed like at RT across the total PL band [1, 2]. The ratio of the fast to slow
components at high or respectively low PL energy is increased most significantly for
CdSe/ZnS-CuP nanoassemblies (containing tetrapyridyl substituted Cu-porphyrin) which we
ascribed to the in comparison to CdSe/ZnS-H,P nanoassemblies more strongly induced
depletion of TOPO ligands by TOPO-complexing CuP [2, 23].

The blue-shifted and short decay NBE component is (at 77 K) enhanced with increasing
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polarity of the solvent which we take as an indication that charging is involved with this
component similar to findings obtained for blinking processes [11, 15, 24-26]. However, long
lived PL exciton decay times do not depend substantially on solvent polarity at a given
temperature but the switching time among different PL intensities with inherently related
shortened decay times is further considerably shortened with increasing € [9]. Qualitatively
similar results with respect to the relation of PL energy and QY have been reported by
Kowerko et al. also showing that attachment of perylene diimide molecules enhances
considerably the bluing of CdSe/ZnS QDs with amine ligands [27]. Polarity effects on PL of
single QDs have also been reported elsewhere [28, 29]

We note similar to reported results [30, 31] that the with respect to NBE PL red-shifted IGE
is considerably increased with decreasing temperature. Figure S18 shows the temperature
dependent luminescence of CdSe/ZnS(HY)-CuP nanoassemblies at x = 1. We have chosen
this dye since CuP does not have significant fluorescence in the range of IGE close to 650 nm
[1, 2]. Besides the PL of CdSe PL a strongly temperature dependent luminescence is observed
for A > 600 nm which can be deconvoluted into 3 bands (see Figure S18). Part of this broad
emission is assigned to the phosphorescence from the CuP triplet state in the range of 750 —
785 nm [2]. We assign the other 2 bands (curves 2 and 3) to IGE PL of CdSe/ZnS. At least the
band at (650 — 680 nm) shows a phase transition-type sudden intensity change at about 220 K
which has been assigned previously to a phase transition of the TOPO ligand shell causing a

re-ordering of trap and intra-gap states [1, 2, 23].
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Figure S18 Temperature dependent PL of CdSe/ZnS(HY)-CuP nanoassemblies (x = 1) in
methylcyclohexane-toluene (6:1) mixture at A, = 450 nm. Left: Temperature dependence of PL
intensities of 3 deconvoluted spectral bands (1: left scale; 2, 3: right scale) in the IGE spectral range of
CdSe/ZnS-CuP nanoassemblies (x = 1). The (720 — 785 nm) band (red points 1, left scale) is mainly
due to the phosphorescence of the CuP triplet state. Right: Temperature dependence in the NBE

spectral range (relative integrated PL band intensities of spectral bands). Fits have been performed
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with two Gaussian components, termed B (broad) and N (narrow). The temperature T.; (= 220 K) of a
phase transition of the capping TOPO layer is indicated by the dashed arrow. The glass transition
temperature is at 151.6 K for a methylcyclohexane/toluene (6:1) mixture and indicated by a solid

arrow [1].

The intensity of this band increases with decreasing temperature below the phase transition
temperature. This is opposite with to what is observed for the NBE PL of CdSe/ZnS(HY)-
CuP nanoassemblies which show a very strong decrease of PL intensity below phase
transition temperature [1, 2]. Such an observation is in agreement with the temperature
dependence reported for IGE [30, 31]. The IGE band at (614-620 nm) is in the range of
shallow trap emission and shows a similar behavior as the (650-680 nm) band which implies
that shallow traps are more effectively generated and/or populated with decreasing
temperature.

Finally, Figure S19 shows a comparison of PLE spectra for CdSe/ZnS(HY) QDs in toluene
at 293 K at 2 detection wavelengths including IGE.
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Figure S19 Comparison of absorption and PLE spectra for CdSe/ZnS(HY) QDs in toluene at 293 K

for 3 detection wavelengths at A4 = 570 nm (shifted to the absorption band maximum), 670 nm and

820 nm, respectively.

The results are similar to those of CdSe/ZnS(LPB), CdSe/ZnS(CG) and CdSe(SO) in
Figures S9, S10 and S6, respectively. In comparison with absorption all normalized PLE
spectra have in common (see also [11]) that NBE PL is relatively small at elevated excitation
energies while IGE gets relatively enhanced across the comparable high energy range. Only
PLE of CdSe(SO) shows an enhanced PLE range below NBE excitation as compared to
absorption. Notably, at excitation wavelengths below =~ 400 nm PLE of IGE drops below the

absorption curve. This can be interpreted by the fact that excitation above a certain energy
29



does not result in any detectable IGE but is either followed by the formation of completely
radiationless states or a very fast deactivation to lower exciton states circumventing IG state
formation. The latter assumption is supported by the observation that PLE of NBE PL does

not show such a bending of the PLE curve above a certain energy [32].
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