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ABSTRACT: A hybrid system comprising semiconductor quan-
tum dots (QDs) ligated with photochromic molecules has been
synthesized and used to study the photomodulation of QD
luminescence. The system has been constructed in such a way that
the excited-state energies of the QDs and the molecules match but
only for one of the conformations of the chromophore, thus
enabling phototunable energy transfer from the QD to the ligands.
Furthermore, the hybrid system can be immobilized in thin
polymer films, creating a solid-state optical switching device. It is
demonstrated that the switching of QD photoluminescence
between the high-emissive and quenched states occurs on a time
scale of tens of milliseconds and in some cases takes even less than
10 ms. The red−green−blue color space can be covered by using
three different types of QDs while employing only a single type of photochromic molecule.
KEYWORDS: semiconductor quantum dots, quantum dot−molecule hybrids, photochromic molecules, photoluminescence modulation,
diarylethene photoswitches

Semiconductor quantum dots (QDs) feature relatively
narrow emission spectra that can be tuned across the

whole visible spectral range by changing the chemical
composition and/or the size of the QDs.1−8 Together with
their robustness against photobleaching and their high
fluorescence quantum yields, this makes these materials
interesting candidates as sensors9,10 or as emitters in devices
that cover the full red−green−blue (RGB) color space.11,12

The photoluminescence (PL) from the QDs can be modulated
by exploiting Förster resonance energy transfer (FRET) or
photoinduced charge transfer (PCT) to organic molecules in
close proximity to the QDs.4,13−16 In this regard, photo-
chromic molecules offer an interesting option because they can
be interconverted by light between two bistable conformations,
thereby changing the energetic position of their lowest, excited
singlet state.17 Hence, dressing the QDs with photochromic
molecules whose excitation energies in the two conformations
lie above and below the QD excitation energy allows the
spectral overlap between the donor and acceptor moieties to
be varied and provides a powerful mechanism to modulate the
FRET efficiency. This can be directly observed as a modulation
of the PL intensity of the QDs.12,18−20 Thus, combining the
robustness of the QDs with the bistability of the photo-
chromophores offers a promising strategy for designing novel
optical units with functionalities that can be controlled by light
as an external stimulus.

However, to be truly practical, it is mandatory that the
photochromic reaction be (relatively) fast, thermally stable,
and fatigue-resistant. Molecules of the 1,2-bis[2-ethylbenzo-
[b]thiophen-3-yl]-3,3,4,4,5,5-hexafluoro-1-cyclopentenene
type (in the following abbreviated as DAE) are known to
undergo reversible, ring-closure/ring-opening conformational
changes upon illumination with UV/vis light (Figure 1a).
Their high fatigue resistance makes them ideal candidates to
control photophysical and photochemical reactions.21−24

There are some reports in the literature about modulating
the PL from QDs using photochromic molecules16,25−27 or
molecules of the DAE family in particular.18,19,28,28−31

However, exploiting such systems for the development of
photonic units requires the immobilization of these units in a
solid-state environment. To the best of our knowledge, this has
not been demonstrated to date, and the works reported to date
have all been conducted in solution, making it difficult to
realize input/output signal chains between those units.
Moreover, in these earlier studies, the time scale required to
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observe significant changes of the emitted intensity levels
varied between some 10 s and 10 min.18,29,32 Also, full color
range (blue, green, and red) emission modulation in QD:DAE
using a single photochromic molecule for blue, green, and red
QDs has not been reported.

Here, we address these issues and demonstrate full color
modulation of QD PL intensity on time scales as fast as some
10 ms in solid-state thin films.

To achieve this, the DAE molecules are functionalized with
carboxylic acid groups, which bind to cationic surface sites on
the QDs via simple ligand exchange, as shown in Figure 1b.
The synthetic details of the DAE ligands are given in the
Supporting Information (Scheme S1). In order to cover the
RGB color space, three different types of QDs were used
featuring narrow emission bands in the blue, green, and red
spectral range. Briefly, core−shell CdZnS/ZnS with an average
diameter of 7.73 nm emitting at 455 nm, CdxZn1−xSeyS1−y with
an average diameter of 6.82 nm emitting at 515 nm, and core−
shell CdSe/CdxZn1−xS with an average diameter of 8.82 nm
emitting at 640 nm were used; further details are provided in
sections 1−3 of the Supporting Information. In the following,
these QDs will be referred to as QD-B, QD-G, and QD-R for
blue, green, and red, respectively. Since the emission spectra
from all three types of QDs feature a reasonable spectral
overlap with the absorption spectrum of DAE in the closed
state (see Figure 1c), the combined QD:DAE hybrid systems
are suited for modulating the excitation energy transfer
between the subunits, thereby changing the QD emission
intensity between a high and low level. However, before
proceeding to solid-state experiments, this strategy is first
verified in solution.

In the following, the intensity level obtained from the QDs
that is associated with DAE molecules in the open
conformation will be referred to as the emissive state, and
the intensity level that is associated with the DAE molecules in
the closed conformation will be referred to as the quenched
state. A single DAE molecule attached to the QD will give only
a small effect, whereas above a certain density of adsorbed
DAE molecules, these will interact with each other, leading to
self-quenching effects among the chromophores. Hence, it
seems intuitively clear that there is an optimum ligand surface

coverage for maximum modulation of the PL intensity of the
QDs. For convenience, the experiments for finding the
optimum QD:DAE ratio were carried out in solution and are
exemplified below for the case of the QD-G quantum dots
(constant QD-G concentration of 40 nM in toluene), for
which the QD-G:DAE molar ratio was varied from 1:16 to
1:244. The QD-G emission spectra showed clear differences
between the emissive and quenched states as a function of the
conformation of the DAE molecules (Figure 2a). Interestingly,
the integrated intensities from the emissive state did not
change significantly for coverages up to 1:135, whereas the
intensities from the quenched state showed a clear decrease as
the QD-G:DAE ratio increased from 1:16 to 1:135. However,
we observed a decrease in the emissive state intensity of the
QD-G at high concentrations of the QD-G:DAE molar ratio
above 1:135.

In order to quantify these observations, we define the
contrast CI as the difference in emission intensity between the
emissive and quenched state of the QDs, i.e.

= =C
I I

I

I

I
1I

emissive quenched

emissive

quenched

emissive (1)

where Iemissive and Iquenched are the integrated emission
intensities of QD-G in the emissive state (associated with
DAE in the open-ring conformation) and in the quenched
state (associated with DAE in the closed-ring conformation).
The resulting integrated emission intensity from QD-G in the
emissive and quenched states as a function of the QD-G:DAE
ratio is shown in Figure 2b, from which the corresponding
contrast is deduced and is shown in Figure 2c. This reveals that
the intensity from the emissive state remains nearly constant
up to a QD-G:DAE ratio of 1:160 and then drops rapidly for
higher coverages. Similarly, the obtainable contrast CI increases
to about 70% for this coverage and then decreases to lower
values beyond this coverage. The highest contrast between the
emissive and quenched states is found for a QD-G:DAE
coverage of about 1:165. The decrease in the contrast for
higher coverages may reflect the lower colloidal stability of the
QD:DAE systems at higher dye concentrations. If the decrease
of the QD emission arises solely from excitation energy

Figure 1. (a) Photochromic DAE molecules undergo a photocyclization reaction upon illumination with UV light (purple arrow) and a ring-
opening reaction upon illumination with visible light (blue arrow). (b) Schematic illustration of the modulation of the emission from
semiconductor quantum dots decorated with carboxylated photochromic DAE molecules as a function of the conformational state of the
photoswitches. For DAE in the open state, the QD emits (yellow flash), whereas for DAE in the closed state, QD → DAE excitation energy transfer
(black curved arrow) becomes possible, quenching the emission from the QD. For clarity, only one DAE molecule is shown covering the QD. (c)
Quantitative absorption spectra of a 0.18 mM solution of DAE in toluene at 21 °C in the open (dashed gray) and closed (dashed orange)
conformations. The colored areas show the spectral overlap of the normalized emission spectra from three different types of QDs (QD-B:CdZnS/
ZnS, blue; QD-G:CdxZn1−xSeyS1−y, green; and QD-R:CdSe/CdxZn1−xS, red) with absorption spectra of the DAE chromophores in the open state.
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transfer from the QD to the DAE molecules, without any
change in the non-radiative decay channels of the QD, the
contrast defined above is equivalent to the FRET efficiency.
This efficiency corresponds to the ratio of the QD → DAE
energy transfer rate kQD → DAE and the sum of the intrinsic QD
decay rate kQD and the energy transfer rate kQD → DAE, which is
equivalent to a lifetime-defined contrast.

=
+

=C
k

k k
1QD DAE

QD QD DAE

quenched

emissive (2)

Determining Cτ thus requires the fluorescence lifetimes of the
QDs in the emissive and quenched states (see section 6 of the
Supporting Information). The independently obtained con-
trasts CI and Cτ for the first five QD-G:DAE ratios are
compared in Figure 2d and Table S3 of the Supporting
Information and show excellent agreement, confirming that the
QD emission quenching indeed results from excitation energy
transfer to the DAE molecules. This conclusion is in agreement

with a rough estimate of the Förster radius based on the
photophysical parameters of QD-G and DAE (see section 8 of
the Supporting Information). Finally, for the optimum QD-
G:DAE coverage of 1:135, the fatigue resistance of the system
is demonstrated in Figure 2e, which shows 21 consecutive
cycles of vis → UV → vis illumination without any
deterioration of the intensity levels or the emission intensity
contrast CI (see also section 9 of the Supporting Information).
Similar experiments for QD-B and QD-R likewise yielded
optimum QD:DAE coverages of about 1:100 for both species.

The QD:DAE hybrids exhibiting optimum dye ratios in
toluene (QD-B:DAE ≈ 1:101, QD-G:DAE ≈ 1:135, and QD-
R:DAE ≈ 1:107) were embedded in thin films of PMMA that
were prepared by drop casting (see section 1 of the Supporting
Information). The reversible switching of the QD emission
between the emissive state and the quenched state in PMMA
in the solid state is described in detail on the example of the
QD-G:DAE system in Figure 3. Figure 3a depicts one

Figure 2. (a) Emission spectra of QD-G as a function of the number of adsorbed DAE molecules in the open state (light green) and closed state
(dark green). The spectra are peak-normalized to the emission of the 1:16 high-emissive state (green line, first panel), and the coverages, which are
given by the number of DAE molecules per QD-G, are indicated in the individual panels. The excitation wavelength was 400 nm, and the
concentration of QD-G was 40 nM in toluene. (b) Integrated emission intensity of the QD-G emission in the open state of DAE (light green) and
closed state of DAE (dark green). (c) Contrast according to eq 1 between the emissive and quenched state as a function of the ratio of the number
of DAE molecules per QD. (d) Relationship between the contrasts CI and Cτ for the first five QD-G:DAE coverages. The dotted line has a slope of
1 and serves as a guide for the eye. (e) Integrated emission intensities (green dots, left axis) and contrasts (squares, right axis) for 21 cycles of vis →
UV → vis illumination. The UV and vis intensities amounted to 38 mW/cm2 and were applied in alternating ways for 5 s each. The data have been
normalized to the highest intensity, and the dashed lines between the data points serve as a guide for the eye.
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complete UV−vis illumination cycle for the ring-closure
reaction of DAE upon UV illumination, enabling excitation
energy transfer from QD-G to DAE, resulting in quenching of
the QD emission, and the ring-opening reaction upon vis
illumination, restoring the emission of the QD. The
corresponding illumination conditions are indicated by the
colored bars at the top of the panels. The underlying
photophysical processes are illustrated schematically to the
left and right of the sequence in Figure 3a and a simplified
energy level diagram in Figure 3b for one QD-G and one DAE
molecule. Note that the absolute emission intensities for the
different laser excitations are not the same due to the different
absorption coefficients of QD-G and DAE at each wavelength.
Therefore, the data in each panel have been independently
normalized to the highest intensity for better comparison. At t
= 0, the sample is illuminated with UV light (30 W/cm2), and
the emission, initially at a high level, ①, rapidly decreases to a
low level, ② (Figure 3a, center). This behavior reflects
absorption of the UV radiation by both QD-G and DAE, ①
(Figure 3b). While QD-G excitation in the UV leads to strong
emission, the UV light simultaneously converts DAE into its
closed form (Figure 3a, left), enabling excitation energy
transfer from QD-G to DAE, resulting in a gradual decrease of
the QD-G PL intensity, ② (Figure 3a and b). Upon switching
from UV to vis illumination, the DAE undergoes the ring-
opening reaction, ③ (Figure 3a, left, and ③ of Figure 3b).
Consequently, the DAE absorption band blue shifts out of
resonance with the QD-G absorption, rendering the QD-G →
DAE energy transfer inefficient. As a result, the emission from
QD-G is restored, ④ (Figure 3a and b).

The time scale of the transition between the emissive and
quenched states depends on the intensities of the UV and vis
radiation. Therefore, such illumination sequences have been
carried out for all three types of QDs as a function of the
illumination intensity. Each of the three QD:DAE systems
were studied using UV intensities at 325 nm of 1.5, 3, 15, and
30 W/cm2. For the QD-B:DAE system, the vis intensities at
420 nm amounted to 6, 12, 60, and 120 W/cm2. For the other
two systems, QD-G:DAE, and QD-R:DAE, the vis intensities
at 488 nm were set to 1.5, 3, 15, and 30 W/cm2. The results
are shown in Figure 4 from top to bottom for QD-B:DAE (a
and b), QD-G:DAE (c and d), and QD-R:DAE (e and f), as a
function of the illumination intensities, shown from left to right
in each row.

For each QD:DAE system, the top row shows the results
under UV illumination (dark color) and the bottom row shows
the results under vis illumination (light color). The schematics
in the last panel of each of these rows illustrate the illumination
conditions as well as the QD emission and quenching
processes. For the three types of QDs, the emission intensity
initially starts at a high level under UV illumination and then
rapidly decreases toward the lower steady-state value (Figure
4a, c, and e). Conversely, under vis illumination, the emission
starts at a low intensity and quickly rises to a higher steady-
state level, as shown in Figure 4b, d, and f from left to right.

From visual inspection, it is evident that, with increasing
illumination intensity, the difference between the initial (high
or low) emission level and the steady-state level becomes
larger, while the decay (or rise) process itself becomes faster.
To quantify the time scale of the transition from the emissive
to the quenched state, we define T1/2 as the time required to

Figure 3. (a) (Left) Schematic sketch of the ring-closure reaction of DAE upon UV illumination, ①, enabling excitation energy transfer from QD-G
to DAE, ②. (Center) Modulation of the QD emission on the example of the QD-G:DAE hybrid systems embedded in PMMA. The sample is
illuminated consecutively for 2.9 s with UV (325 nm, 30 W/cm2) and vis (488 nm, 30 W/cm2) light with a dark period of 0.1 s in between, as
indicated by the colored bars at the top. Data points are collected with a bin time of 3.74 ms. Given the different absorption strengths of QD-G and
DAE at both wavelengths used, the data in each panel have been normalized (to the highest intensity for the UV illumination and to the averaged
highest intensity for the vis illumination) for better comparison. (Right) Schematic sketch of the ring-opening reaction of DAE upon vis
illumination, ③, and restoring the emission from the QD-G, ④. To keep things simple, only one DAE molecule linked to the QD-G is shown, and
the actual QD-G:DAE ratio was 1:135. (b) Simplified energy level scheme of QD-G and DAE and photophysical processes induced upon UV
illumination, ① and ②, and upon vis illumination, ③ and ④.
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Figure 4. Conversion from the high emissive to the quenched state under UV illumination (dark colors) and vice versa under vis illumination (light
colors) for (a and b) QD-B:DAE, (c and d) QD-G:DAE, and (e and f) QD-R:DAE in PMMA, as a function of increasing illumination intensities
from left to right. The illumination conditions are (a, c, and e) UV, 325 nm, 2.9 s, 1.5, 3, 15, and 30 W/cm2 from left to right; (b) vis, 420 nm, 2.9 s,
6, 12, 60, and 120 W/cm2 from left to right; and (d and f) vis, 488 nm, 2.9 s, 1.5, 3, 15, and 30 W/cm2 from left to right. The data points were
acquired every 3.74 ms, which includes a binning time of 2 ms and 1.74 ms for data transfer. Each panel represents a single example from 4
consecutively recorded cycles. For the UV illumination (a, c, and e), the data are normalized to the average of the first data points from the same
cycle, as indicated by the dotted lines at the top. For the vis illumination (b, d, and f), the average intensity over the last 0.5 s within each panel
serves as a reference level, as indicated by the dotted line at the bottom. The bold dashed line gives the time T1/2, required to reach 50% of the
difference between the two levels indicated by the two dotted lines. (g−l) T1/2 times extracted for the scenario depicted next to the particular panel
as a function of the illumination intensity.
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reach 50% of the difference between the initial level and the
average steady-state level. The extracted values of T1/2 as a
function of illumination intensities are shown in Figure 4g, h,
and i for the various scenarios and are also summarized in
Table 1. For all three QD:DAE systems, the conversion times
decrease monotonically with an increasing illumination
intensity in both conversion directions. Moreover, all
conversion times are shorter than 1 s and can be as short as
10 ms, at the highest illumination intensities, especially for the
quenching process using UV illumination. For lower
illumination intensities, the conversion slows down to 2 s (at
38 mW/cm2) and 6 s (at 3.8 mW/cm2) [see Figure S12
(section 9 of the Supporting Information)].

In Figure 5, sequences of 6 UV and vis illumination cycles
for the three QD:DAE systems are shown. For the three types
of QDs, the illumination cycles give qualitatively the same
result, and all of them feature a high degree of reproducibility
without any sign of deterioration. The long-term stability was

tested over 220 cycles using the QD-G:DAE system as a
testbed without showing any signs of fatigue [see Figure S13
(section 10 of the Supporting Information)]. The modulation
depths, i.e., the intensity difference between the emissive state
and the quenched state, are largest for the QD-G system,
which reflects the fact that the emission spectra of these QDs
exhibit the largest spectral overlap with the absorption
spectrum of the closed DAE molecules (see Figure 1c).

Finally, we tested the thermal back reaction using the QD-
G:DAE system [Figure S14 (section 11 of the Supporting
Information)]. The sample was initialized in the emissive state
(QD-G:DAE, open) and subsequently quenched with UV
illumination until a steady state was reached. Then, the sample
was kept in a water bath at 40 °C in the dark for 24 h. After
that time, the emission was remeasured, and a transition back
to the emissive state was not observable.

In summary, it has been demonstrated that a single type of
photochromic molecule can be employed to reversibly

Table 1. T1/2 Times Extracted from Figure 4a−fa

UV 325 nm intensity (W/cm2) 1.5 3 15 30

T1/2 (ms) QD-B quenching N/A 40 ± 18 34 ± 17 4* ± 2
QD-G quenching 51 ± 21 28 ± 7 19 ± 4 6* ± 3
QD-R quenching 108 ± 75 53 ± 13 19 ± 4 8* ± 4

vis 420 nm intensity (W/cm2) 6 12 60 120

T1/2 (ms) QD-B restoring N/A 443 ± 172 254 ± 109 209 ± 81
vis 488 nm intensity (W/cm2) 1.5 3 15 30

T1/2 (ms) QD-G restoring 610 ± 386 471 ± 210 113 ± 16 36 ± 3
QD-R restoring 217 ± 62 103 ± 25 60 ± 10 49 ± 10

aFor QD-B, the data for the lowest intensities were too noisy for obtaining a meaningful result. The asterisks mark temporal decays that occurred
within one or two data points.

Figure 5. Modulation of the QD emission of QD-DAE hybrid systems embedded in PMMA was recorded for 6 consecutive illumination cycles. For
each type of QD, the QD:DAE ratio that gave the optimum contrast has been used and is indicated in the figure. The samples are illuminated
alternatingly for 2.9 s with UV and vis light with a dark period of 0.1 s in between, as indicated by the colored bars at the top. Data points are
collected with a bin time of 3.74 ms. As before, the data in the individual panels have been normalized (to the highest intensity for the UV
illumination and to the averaged highest intensity for the vis illumination) for better comparison. (a) QD-B:DAE; UV, 325 nm, 30 W/cm2; vis, 420
nm, 120 W/cm2. (b) QD-G:DAE; UV, 325 nm, 30 W/cm2; vis, 488 nm, 30 W/cm2. (c) QD-R:DAE; UV, 325 nm, 30 W/cm2; vis, 488 nm, 30 W/
cm2. Note that the absorption strength of DAE is different at 420 nm (used for QD-B) and 488 nm (used for QD-G and QD-R).
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modulate the PL of three different types of QDs between an
emissive and quenched state in the solid phase, enabling
system integration. The selected QDs span the RGB color
space. A modulation contrast of up to 70% has been achieved
on a sub-millisecond time scale in a solid-state device.

This work might become relevant for engineering-oriented
material optimization studies for promoting quantum dot−
photochromic molecule hybrids as versatile building blocks for
integrated, light-addressable, optically switchable photonic
devices.
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