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Quantum dot antennas for DTE-BODIPY dyads:
efficient “on–off” photoluminescence switching
with a broad excitation spectrum

Phuong Thao Trinh,a Sina Hasenstab,a Karola Rück-Braun,b Markus Braun *a and
Josef Wachtveitl *a

A dye-photoswitch dyad (consisting of BODIPY and DTE) has been studied spectroscopically. In this

system, the fluorescent dye can be quenched via FRET by closing the photoswitch, resulting in a photo-

modulated fluorescence. CdSe/ZnS quantum dot (QD)/dyad complexes have been prepared to investi-

gate the suitability of QDs as antennas to extend the excitation range of this system. Illumination experi-

ments show that the photoswitch retains its functionality even after the dyad is attached to the QD

surface. Furthermore, photoluminescence (PL) measurements show a very efficient FRET from the QD to

the dyad. Transient absorption experiments reveal signals indicative of a direct FRET from the QD to the

closed switch and two successive FRET processes – from the QD to the dye and subsequently from the

dye to the closed switch. With this integrated spectroscopic approach, we demonstrated that QDs are

well suited for enhancing photomodulated fluorescence.

Introduction

Photochromism is the light-induced reversible conversion of a
chemical species between two forms, accompanied by a
change in the respective absorption spectra.1 Molecules that
undergo photochromism are also called photoswitches.
Intensively studied molecules of this group are azobenzene,
spiropyran and dithienylethene (DTE).2 Azobenzene and spiro-
pyran are classified as T-type photochromic molecules, i.e.
their photogenerated isomers are thermally reversible. In con-
trast, the photogenerated isomer of DTE is thermally stable
and the back reaction can only be induced photochemically,
placing them in the class of P-type photochromic molecules.3

Besides their thermal stability, DTE also provides high fatigue
resistance and a conversion between a colorless open and a
colored closed form due to the extended conjugation along the
molecular backbone.4 Recently, a fulgimide/dye dyad for fluo-
rescence modulation was presented, where the thermally
stable fulgimide (P-type photochromism) acts as photoswitch-
able quencher for dye fluorescence.5 This dyad was success-
fully tested for bioimaging applications. Also, DTE photo-

switches can be modified to perform thousands of isomeriza-
tion events in aqueous surrounding without any significant
photofatigue.6

Owing to these properties, DTEs are well suited as com-
ponents for fluorescence modulation systems. In recent years,
dyads of photochromic molecules in combination with fluoro-
phores have been extensively studied for this purpose.7–10 The
concept of this system is based on the fact that the fluo-
rescence of the dye (on-state) can be efficiently quenched by
the closed switch (off-state) via electron or energy transfer.11–13

Fluorescence on demand has enormous importance in the
application areas of optical data storage,8 photopharmacol-
ogy14 and high-resolution imaging.15 However, the excitation
range of the photomodulated fluorescence is limited by the
spectrally narrow absorption of the dye.

Materials which are known for their strong and broad
absorption behavior are semiconductor nanoparticles, also
known as quantum dots (QDs).16 The absorption and emission
of QDs can be controlled by their composition, size and
surface functionalization. Because QDs possess high fluo-
rescence quantum yields and a narrow emission band in
addition to tunable optical properties, they are often used as
donors in Förster resonance energy transfer (FRET)17 systems.
The close distance between the donor and acceptor can be rea-
lized by attaching the molecule to the QD surface via an
anchor group (e.g. COOH-group). Utilizing QDs as antennas
not only expands the excitation range but also increases the
“on”-fluorescence of the dye due to FRET. Therefore, the
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photomodulated fluorescence of the dye-switch systems can be
further enhanced.

In this study, we investigated the energy transfer dynamics
of CdSe/ZnS QDs to a BODIPY-DTE dyad. The dyad retained its
photoswitching ability even after attachment to the QD. The
complexes of both isomeric states were characterized by steady
state and transient absorption spectroscopy. A very efficient
FRET from the QD to the dyad could be determined. We will
show that the attachment of the DTE-BODIPY dyad to a QD
improves the fluorescence quenching efficiency of the dyad
from 87% to 97%.

Experimental
Materials

Oleic acid (OA; tech. 90%), 1-octadecene (ODE; tech. 90%),
trioctylphosphine (TOP; tech. 90%), cadmium oxide (99.5%),
selenium (100 mesh, 99.99%), acetone (99%), toluene
(99.95%) and ethanol (99.8%) were obtained from Sigma
Aldrich. Methanol (100%) was obtained from Acros Organics.

Synthesis of CdSe cores

CdO (26 mg, 0.2 mmol) was dissolved in OA and ODE under
argon atmosphere. This was followed by adding the Se precur-
sor (Se (8 mg, 0.1 mmol) in 1.5 mL TOP and 0.5 mL TOP) to
the Cd solution at a temperature of 205 °C. After the com-
pleted addition, the heating mantle was removed, and the reac-
tion mixture was cooled to room temperature. The obtained
QDs were washed with MeOH/EtOH (1 : 3) and then precipi-
tated with acetone. After centrifugation, the QDs were dried
under vacuum and dissolved in toluene for the subsequent
experiments.

Synthesis of CdSe/ZnS core/shell QDs

First, the precursors were prepared for the synthesis of core/
shell particles. The calculated amounts of the precursors
should result in two monolayers of ZnS. ZnO (24 mg,
0.3 mmol) was dissolved in 2 mL OA and 2 mL ODE under an
inert atmosphere. This solution was kept warm, to avoid the
precipitation of ZnO. S (13 mg, 0.4 mmol) was dissolved in
0.5 mL TOP and 0.5 mL ODE.

The dried CdSe cores were dissolved in 4 mL ODE and
heated to 250 °C in a three-neck flask under argon atmo-
sphere. Then, the S solution was added. After 2 minutes, the
Zn solution was injected and stirred for another 10 minutes.
The reaction mixture was then cooled to room temperature.
The purification procedure was analogous to that for the CdSe
cores, and the CdSe/ZnS QDs were also dissolved in toluene.

The diameter of the QD was determined using the formula
from Yu et al.18 and was approximately 2.4 nm for the CdSe/
ZnS QDs.

Preparation of QD/dyad complexes

The complexes were prepared from stock solutions of a
DTE-BODIPY dyad (ε531 nm = 30 000 L (mol cm)−1 in metha-

nol)19 and CdSe/ZnS (ε505 nm = 59 063 L (mol cm)−1). The con-
centration of the QD was calculated with the extinction coeffi-
cient estimated from the empirical formula of Yu et al.18

However, it must be clarified that the size-dependent extinc-
tion coefficient for CdSe/ZnS is unknown as the formula is
only valid for CdSe. Nevertheless, the calculated values provide
a good approximation, since the lowest excitonic peak of CdSe
is well preserved.

To couple the dyad to the QD surface, we added the QD sus-
pension in toluene to the vacuum dried dyad. The ratio of QD
to dyad was set to approximately 1 : 3. The sample was mixed,
placed in an ultrasonic bath for 30 min, and stored for at least
8 h (overnight) at 4 °C in an opaque vial.

Steady state spectroscopy

The absorption spectra were recorded in quartz cuvettes with
an optical path length of 1 mm using an S600 spectrometer
(Analytik Jena, Jena, Germany).

Photoluminescence (PL) was measured in 4 × 10 mm quartz
cuvettes using an FP-8500 spectrofluorometer (Jasco, Groß-
Umstadt, Germany). Baseline and wavelength-dependent
instrument sensitivities were corrected. Bandwidths of 5 nm
for excitation and emission were adjusted and the PMT voltage
was set to 350 V. The excitation wavelength was set to 435 nm.

Time-resolved spectroscopy

The different samples were investigated by a conventional
pump–probe setup described in detail elsewhere.20 Briefly, a
Clark CPA 2001 laser/amplifier system with a 775 nm funda-
mental wavelength, repetition rate of 1 kHz and 150 fs pulse
width was used for the generation of femtosecond laser
pulses. The pump pulse was converted from the fundamental
wavelength and a NOPA pulse (990 nm) by a sum frequency
generation, resulting in a wavelength of 435 nm. The power of
the pump pulse was set to 7 nJ per pulse to prevent multiexci-
ton generation in the measurements. White light continuum
(450–650 nm) probe pulses were generated by focusing the
laser fundamental into a CaF2 crystal of 5 mm thickness. All
experiments were performed under magic angle conditions
(54.7° angle difference of pump–probe polarization) to elimin-
ate anisotropic contributions. A fused silica cuvette with an
optical path length of 1 mm was used. The samples were
moved continuously to prevent photo-degradation.

Transient absorption data analysis

The transient absorption data were analyzed via global lifetime
analysis (GLA) with the OPTIMUS program.21 In GLA, all tran-
sients are simultaneously analyzed with a single set of expo-
nential functions. The GLA results are presented as decay-
associated spectra (DAS). In DAS, positive amplitudes result
from either the decay of a positive or the rise of a negative
absorption change, whereas negative amplitudes describe the
decay of a negative or the rise of a positive absorption change.
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Quantum-chemical calculations

The DTE photoswitch in its open and closed form and
BODIPY chromophore were investigated as separate moieties
and also as complete dyad as shown in Fig. 1. All calculations
were performed using the program package Gaussian 16,
Revision A.03 22 with the BHandHLYP functional and 6-311G*
basis set. The electronic excitation energies as well as the
ground and excited state geometries and wavefunctions were
calculated by DFT and TD-DFT method for ten lowest energetic
excited states. Visualization of the difference electron densities
for optical transitions was carried out by the program
Multiwfn.23

Results and discussion
Dyad – steady state characterization

The investigated dyad consists of a BODIPY which is horizon-
tally linked to DTE through a bridging phenyl and ethinyl
unit. Furthermore, a COOH-anchor group is attached to the
DTE (Fig. 1).

The DTE-switch in the dyad can be converted from the
open form to the closed form by a UV light induced cyclization
reaction. As both, the open (o) and closed (c) form, absorb
light in this range, it is usually not possible to completely
convert the open isomer to the closed one. Instead, a photosta-
tionary state (pss) is established, in which the open and closed
forms are in equilibrium. On the other hand, complete prepa-
ration of the open form dyad can be achieved by illumination
with visible light. Depending on the state of the switch, the
dyads are from now on referred to as o-dyad or pss-dyad.

The absorption spectra of o-dyad and pss-dyad are shown
in Fig. 2a. The absorption band observed at 340 nm in the
spectrum of o-dyad corresponds to the S0–S1 transition of
o-DTE, while the band observed at 530 nm is attributed to the
S0–S1 transition of BODIPY.13,24 The blue-shifted shoulder,
which is observed at wavelengths below 520 nm, can be attrib-
uted to the 0–1 vibronic transition.13 Irradiation of o-dyad at
340 nm induces the cyclization reaction, resulting in the
decrease of the 340 nm band and the formation of a new band
around 650 nm. The conjugated π-system is enlarged as the
ring closes, causing a significant red-shift in the absorption of

the switch. Therefore, the broad absorption band observed
between 450–760 nm can be attributed to the S0–S1 transition
of c-DTE.24 The closed form can be converted to the open form
by irradiation at 625 nm.

Instead of methyl groups, methoxy groups function as sub-
stituents at the C2 and C2′ positions of DTE in the dyad. The
transition from o-DTE to c-DTE and vice versa occurs ultrafast
via a conical intersection. However, for the cycloreversion, a
barrier must first be overcome before reaching the conical
intersection.3,25–28 The energetic position of this barrier is sig-
nificantly influenced by the substituents at the reactive
carbons.29 In this case, the methoxy groups increase this
barrier and drastically reduce the quantum yield of the cyclore-
version. As a result, quantitative switching of both states (exci-
tation at 340 nm for the ring closing and at 625 nm for the
ring opening reaction) can occur (ratio o : c in pss340 nm was
determined to be 0 : 100 by HPLC).30

The photochromic class of DTE photoswitches is known for
thermally stable ground-state isomers and high fatigue resis-
tance.4 While the photochemical fatigue of the dyad was not
investigated systematically in this work, it can be stated that
after five complete isomerization cycles, the steady-state
optical spectra and the transient absorption signals of the
samples were unchanged and no indications of degradation
were observed.

The PL measurement of o-dyad shows a strong emission
with a maximum at 580 nm, which can be attributed to the
emission of BODIPY. After the isomerisation reaction, a signifi-

Fig. 2 (a) Absorption and (b) PL spectra (exc. 530 nm) of the dyad with
DTE in its open (dark grey) and pss-state (dark cyan).

Fig. 1 Chemical structures of the DTE-BODIPY dyad in its open and closed form.
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cant reduction of the emission intensity can be observed. Due
to the strong redshift of the c-DTE absorption of the closed
isomer, it overlaps with the emission of BODIPY. This enables
FRET from BODIPY to c-DTE, resulting in a quenched dye
emission. The strong quenching (87%) indicates a particularly
efficient FRET process. In this way, the fluorescence of
BODIPY can be controlled by photoinduced switching of the
DTE moiety and thus enables a photomodulated fluorescence.

Dyad – quantum chemical calculation

For the dyad vertical excitation energies were calculated by the
TD-DFT method with the DTE moiety in the open or closed
state. The obtained parameters for the lowest optical tran-
sitions are summarized in Table 1 and the corresponding
difference electron densities are visualized in Table 2. It can be
seen that the values of transition 1 and 2 for the dyad with
open DTE are nearly identical to the values of transition 2 and
4 for the dyad with closed DTE. The difference electron density
plot shows that these transitions are perfectly localized on the
BODIPY moiety in the respective dyad. The high energetic tran-
sition 3 of the dyad with o-DTE is strongly localized on the
DTE moiety and also transitions 1 and 3 of the dyad with
c-DTE are localized on the DTE part of the dyad. The corres-
ponding values for transition energy E and oscillator strength f
are similar to results for an isolated DTE switch in the open
state (4.2362 eV [292.68 nm] f = 0.5836) or closed state (2.4579
eV [504.44 nm] f = 0.3394 and 3.6687 eV [337.95 nm] f =
0.1597). This finding allows the interpretation that the elec-
tronic coupling of BODIPY and DTE is weak and that energy
transfer between these moieties can be treated similarly to
FRET between isolated chromophores.

Dyad – transient absorption

Initially, the dyads were investigated by direct excitation (at
520 nm) of the BODIPY chromophore (Fig. 3). For o-dyad
(Fig. 3, top, left) a ground-state bleach (GSB) signal at approxi-
mately 530 nm was observed, which extends into the nano-
second range. In addition to the GSB signal, another strong
negative signal was detected at about 540 nm, which decayed

after about 1 ps. Concurrently with the decay of this signal,
another spectrally broad negative signal appeared at around
650 nm. Both of these signals can be attributed to the stimu-
lated emission (SE) based on their spectral position. The
change in the spectral signature from 1 ps to 5 ps can be
attributed to the spectral red-shift of the SE. Additionally, an
excited-state absorption (ESA) was observed at 470 nm.

In pss-dyad (Fig. 3, bottom, left) the negative signature
around 530 nm is spectrally narrower and shorter-lived than in
o-dyad. This can be attributed to the absence of the SE and the
partial overlap with a broad ESA of the c-DTE (<500 nm),
resulting in a narrower spectral band at 530 nm. After exci-
tation, energy is transferred to c-DTE, leading to the recovery
of the BODIPY GSB at 530 nm and the decay of the BODIPY
ESA at 470 nm within a few hundred femtoseconds.

To gain insight into the dynamics, we analyzed the transi-
ent data obtained from global lifetime analysis (GLA) which
led to decay associated spectra (DAS, Fig. 3, right side). The o-
dyad (Fig. 3, top, right) required four lifetimes to adequately
describe the dynamics observed in the transient data. The
spectrum of the first lifetime of 0.4 ps is dominated by a
strong redshift of the SE signal, accompanied by minor
changes in the ESA signal (<500 nm). For the second lifetime
of 2.7 ps a further redshift of the SE signal can be observed.
Both lifetimes can thus be correlated with fast relaxation pro-
cesses in the excited state. This could indicate either motion
out of the Franck–Condon region or the transition to a lower
energy state. A third very weak DAS component was obtained
for a lifetime of 61 ps and showed a sigmoidal spectral signa-
ture which is typical for cooling processes. Finally, the fourth
time constant of 1.2 ns accounted for the decay of all signals
and reflected the relaxation of the excited BODIPY to the
ground state.

For the DAS of the pss-dyad (Fig. 3, bottom, right) the first
time constant of 0.1 ps represents the recovery of BODIPY-GSB
(at 530 nm) and the emergence of c-DTE-ESA signals <500 nm
and >600 nm. The simultaneous decay and emergence of these
signals indicate a rapid energy transfer from BODIPY to c-DTE.
The decay of all signals and the subsequent relaxation of
c-DTE to the ground state occurs at 1.4 ps. A derivative-like sig-
nature is observed for the third lifetime of 23 ps, which has
been attributed to a ground-state cooling process in similar
systems. The low quantum yield of the cycloreversion reaction
of the dimethoxy substituted DTE moiety used in our study
also prevents DTE isomerization.30 The long lifetime of 2.4 ns
likely describes a weak residual decay of BODIPY.

In principle, it was shown that the dyad examined is very
well suitable for fluorescence modulation. However, the system
could be further optimized with the help of a QD.

QD/dyad complex

For an efficient FRET within the QD-dyad systems, various con-
ditions must be met. Since a point dipole is assumed for
(nearly) spherical QDs (Fig. S1) and the binding geometry of
QD and dyad is not known, the orientation of the transition
dipole moments is neglected here.31 The required short

Table 1 Vertical excitation energies E (wavelength) and corresponding
oscillator strength f

Dyad with open DTE
switch

Dyad with closed DTE
switch

Transition
localized onNo.

Energy/eV
[nm] f No.

Energy/eV
[nm] f

— — 1 2.4003
[516.53]

0.7024 DTE (closed
state)

1 2.8700
[432.00]

1.1683 2 2.8819
[430.22]

0.9970 BODIPY

— — 3 3.5611
[348.16]

0.2480 DTE (closed
state)

2 3.6854
[336.42]

0.1160 4 3.6874
[336.24]

0.1667 BODIPY

3 4.0917
[303.01]

1.2480 — — DTE (open
state)
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donor–acceptor distance (Table S1) is already provided by the
attachment of the dyad to the QD surface. However, the QD
emission must overlap spectrally with the absorption of the
dye and competing processes must be suppressed. QDs are
particularly suitable to serve as antenna material since their
absorption and emission maxima depend on their size and
composition. Thus, they can be optimized for the respective
acceptor. Often core/shell particles are used as FRET donors
regarding their improved properties.32 Here, CdSe is used as
the core material and ZnS as the shell material. Due to the
energetic position of the valence and conduction bands, this
type I QD hinders a possible electron transfer to the acceptor
(Fig. S2) and shows an enhanced photostability and fluo-
rescence quantum yield. The anchor group of the dyad with
the phenyl spacer together with the ZnS shell of the QD
prevent charge transfer reactions between QD and chromo-
phore,33 therefore energy transfer occurs here via the FRET
process.

The CdSe/ZnS QD shows a relatively clear absorption peak
for the lowest excitonic transition at 504 nm. As common for
QDs, the absorption is strong and broad at lower wavelengths.
Therefore, excitation could occur far beyond the BODIPY
absorption with CdSe/ZnS as an antenna. The narrow PL band

at 525 nm provides the possibility of selective and efficient
excited state transfer to the acceptor due to a good overlap of
QD emission and BODIPY absorption (Fig. S3).

The absorption characteristics of the coupled system
(Fig. 4a) results from the scaled addition of the QD and the
dyad spectra (Fig. S4). The most important prerequisite is that
the dyad can still function normally in the coupled system.
Fig. S5 shows the irradiation experiment from QD/o-dyad to
QD/pss-dyad and vice versa. The ring closing and opening reac-
tions can each be optically induced in the same way as for the
pure dyads. After several photochemical conversion experi-
ments of the coupled QD-dyad system the optical spectra of
the samples were unchanged and no indications of degra-
dation were observed.

PL spectra of the QD/o-dyad complex (Fig. 4b) show a
decrease of the QD emission band and simultaneously an
increase of the BODIPY emission after excitation at 435 nm
(minimum of dyad absorption to avoid direct excitation). It is
possible to scale the PL of o-dyad to the PL spectra of the
complex at higher wavelengths. Subsequent subtraction leads
to the PL spectra of the pure QD (Fig. S6). Thus, it can be
reasonably concluded that the PL of the QD is quenched by
82% and that of the o-dyad increases. Excitation of the QD/

Table 2 Visualization of the lowest excited states of the dyad with open or closed DTE switch

Dyad with open DTE switch Dyad with closed DTE switch

Transition localized onNo. No.

1 DTE (closed state)

1 2 BODIPY

3 DTE (closed state)

2 4 BODIPY

3 DTE (open state)

The difference electron density is calculated upon excitation from the electronic ground state to the corresponding excited state.
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pss-dyad complex leads to an even stronger quenching of the
QD PL by 98% (Fig. 4b). The dyad PL (which just results from
the BODIPY since DTE has a very low fluorescence QY) is com-
pletely quenched indicating a subsequent FRET from BODIPY
to c-DTE. However, the isomeric state of the DTE shouldn’t
influence the FRET from QD to BODIPY, assuming a sub-
sequent FRET. The enhanced quenching for QD/pss-dyad
points to another process taking place. Since the c-DTE
absorption is very broad, it also overlaps with the QD PL.
Therefore, a direct FRET from QD to c-DTE is also possible
and would further reduce the QD PL.

Energy transfer

Femtosecond transient absorption (TA) measurements at an
excitation wavelength of 435 nm were performed to investigate
the ultrafast processes of the new systems. The absorption of

the pure dyads is minimal at this pump wavelength (Fig. S7)
while the QDs are strong absorbers in this spectral range.

The pure QD (Fig. 5, top, left) shows a strong GSB signal
around the lowest excitonic transition at 505 nm. This signal is
caused by the state filling effect and strongly overlaps with the
stimulated emission (SE) around 525 nm. Both signals (GSB
and SE) show long lifetimes (>1.2 ns – the measurement
window) and thus indicate a slow recombination.
Furthermore, two positive signals can be observed in the TA
map. One is a short-lived signal at ∼540 nm, resulting from
the Stark effect.34,35 The other is a broad signal >550 nm,
which has previously been assigned to intra-band transitions
of the hole.36,37 Via GLA (Fig. 5, top, right) a time constant of
4.1 ns was determined for the charge carrier recombination
within the QD as it shows the decay of all signals. A short life-
time of 0.4 ps can be assigned to the decay of the Stark effect.
The very weak signal component with lifetime of 25 ps most

Fig. 3 Transient absorption map of o-dyad (top, left) and pss-dyad (bottom, left) after excitation at 520 nm. The respective decay-associated
spectra (DAS) of o-dyad (top, right) and pss-dyad (bottom, right) are obtained with four decay components.

Fig. 4 (a) Absorption and (b) PL spectra (exc. 435 nm) of the QD (black), QD/o-dyad (pink), QD/pss-dyad (blue), o-dyad (light pink) and pss-dyad
(light blue).
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likely describes minor intrinsic relaxation processes related to
trap states.38

In Fig. 5 (middle row and bottom row) also the transient
absorption data of the complexes is depicted. While, the pure
QD sample shows a very long lived GSB, the decay of the long-
lived GSB signal of the QD is accelerated in the hybrid
systems. This acceleration is most pronounced for the complex
with the pss-dyad (Fig. 5, bottom, left). This is in agreement
with the PL data, where the quenching of the QD PL is
increased for the QD/pss-dyad. As mentioned above, a direct
FRET from QD to c-DTE could be a possible explanation.

To further analyze this data, all TA datasets were fitted
using global lifetime analysis (GLA). Three lifetime com-
ponents were sufficient for a satisfactory fit of the data. The
resulting amplitude spectra of each lifetime are depicted in

the decay associated spectra (Fig. 5, right side). The first life-
time component (0.4 ps and 0.6 ps, respectively) reflects the
decay of the Stark effect signal for both samples. For QD/o-
dyad (Fig. 5, middle, right) the second lifetime (240 ps) is
characterized by the decay of the QD bleach, as well as the for-
mation of the BODIPY GSB and SE. For QD/pss-dyad (Fig. 5,
bottom, right) the spectral signature of the second lifetime
(52 ps) differs at longer wavelengths. Instead of the formation
of the BODIPY GSB at ∼540 nm, a decay of the latter is
observed, which is accompanied by the formation of the c-DTE
GSB in the range from 600–650 nm. Thus, the second lifetime
in the complexes represents the FRET from QD to BODIPY. In
the case of QD/pss-dyad, the subsequent FRET from BODIPY
to c-DTE appears to proceed so rapidly that both FRET pro-
cesses are occurring simultaneously. On the other hand, a con-

Fig. 5 Transient absorption map of the QD (top, left), the QD/o-dyad (middle, left) and the QD/pss-dyad (bottom, left) after excitation at 435 nm.
The respective decay-associated spectra (DAS) of the QD (top, right), the QD/o-dyad (middle, right) and the QD/pss-dyad (bottom, right) are
obtained with three decay components.
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tribution could also be due to the direct FRET from QD to
c-DTE. The recombination process of the final acceptor can be
assigned to the last lifetime component. For QD/o-dyad an
additional relaxation process of the previously excited BODIPY
can be observed. QD/pss-dyad on the other hand shows the
relaxation process of c-DTE.

Starting from an excited state of the system, several pro-
cesses can take place until the system returns to the ground
state. The lifetimes determined from the GLA are used for
further analysis to quantify the individual processes.
Furthermore, following equations were needed:

kn ¼ 1
τn

:

The excited state lifetime for the pure QD is 4.1 ns, which
means that the recombination rate is k1 = 0.24 ns−1. In the
coupled system with o-dyad, the lifetime of the excited state is
reduced to 240 ps because an additional deactivation pathway
is added. Assuming that only recombination and FRET take
place in this system, the FRET rate from QD to BODIPY can be
calculated as follows:

kFRET1 ¼ k2 � k1

with k2 = (1/240 ps) = 4.17 ns−1 the rate for FRET is kFRET1
=

3.92 ns−1.
For the complex with pss-dyad there are even three pro-

cesses possible: recombination, FRET from QD to BODIPY and
a direct FRET from QD to c-DTE. This of course further
reduces the lifetime of the excited state to 52 ps.

kFRET2 ¼ k3 � kFRET1 � k1

With k3 = 1/(52 ps) = 19.23 ns−1 the rate for FRET from QD
to c-DTE is kFRET2

= 15.15 ns−1.
The obtained rates can be used to calculate the percentage

distribution of each process in each system assuming that only
the recombination and FRET processes take place. The results
are summarized in Fig. 6. For the QD/o-dyad, 94% of the relax-

ation rate is due to the FRET process from QD to BODIPY.
However, for the steady state fluorescence the observed quench-
ing of the QD was only 82%. This small deviation can be
explained by the fact, that not all QDs have the same amount of
dyad attached to the surface. Considering a Poisson distribution
of dyads per QD, there are also QDs with no acceptor at all and
therefore these QDs have no quenched PL. This can also be seen
in the DAS since there is still a residual QD GSB decay of those
QDs without a dyad attached. This explains why the quenching
in the fluorescence data was not as high as expected.

For QD/pss-dyad FRET1 takes place at 20% and FRET2 at
79%. The high favorability of FRET2 can be explained by the
higher FRET rate and also the shorter donor acceptor distance
(Table S1). Taking both FRET pathways into account, this
should lead to a total QD quenching of 99%. The steady state
fluorescence data with a 98% quenching fits well to this result.
Small deviations can again be explained by the non-uniform
acceptor distribution.

Conclusion

A dyad consisting of a dye and switch was characterized via
steady state fluorescence and transient absorption measure-
ments. The measurements showed an efficient on/off-switch-
ing of the BODIPY fluorescence due to an ultrafast FRET.
Therefore, this dyad proved to be suitable for photomodulated
fluorescence.

The presented QD/dyad complex was investigated in the
context of enhanced photomodulated fluorescence. The
complex retained its switching ability even after attachment to
the QD surface. Thus, this functionality of the dyads can still
be provided – with the addition of further benefits. The QD
antenna significantly broadens the excitation range of the
photomodulated fluorescence and increases the “on”-fluo-
rescence. Furthermore, the complex with the closed dyad
shows even higher PL quenching, since additionally to the

Fig. 6 Schematic presentation of the occurring processes in the QD/dyad complexes after excitation of the QD. In the system QD/pss-dyad 79% of
the QD excited state population is transferred directly to c-DTE and 20% is transferred to BODIPY. By a subsequent FRET process 87% of these 20%
(= 18%) are transferred to c-DTE.
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FRET from QD to BODIPY to c-DTE also the direct FRET from
QD to c-DTE takes place. Due to the close donor–acceptor dis-
tance the direct FRET is even more favorable (79% direct
FRET). The additional relaxation pathway does not affect the
validity of this approach, since the goal is to quench the fluo-
rescence as much as possible, which is certainly achieved with
an additional quenching mechanism.

Overall, the investigated QD/dyad system exhibits excellent
and expanded properties for potential utilization of antenna sup-
ported systems in photomodulated fluorescence applications.
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