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ABSTRACT: Precisely modulated photoluminescence (PL) with external control is highly demanded in material and biological
sciences. However, it is challenging to switch the PL on and off in the NIR region with a high modulation contrast. Here, we
demonstrate that reversible on and off switching of the PL in the NIR region can be achieved in a bicomponent system comprised of
PbS semiconducting nanocrystals (NCs) and diarylethene (DAE) photoswitches. Photoisomerization of DAE to the ring-closed
form upon UV light irradiation causes substantial quenching of the NIR PL of PbS NCs due to efficient triplet energy transfer. The
NIR PL fully recovers to an on state upon reversing the photoisomerization of DAE to the ring-open form with green light
irradiation. Importantly, fully reversible switching occurs without obvious fatigue, and the high PL on/off ratio (>100) outperforms

all previously reported assemblies of NCs and photoswitches.

M odulating photoluminescence (PL) between a “dark” off
state and a “bright” on state is of great interest for the
application of smart response materials,’ optical memory,”’
super-resolution imaging,” and medical probing.” Among many
external stimuli used to switch PL, noninvasive photonic
control is a waste-free method that offers the advantages of
high spatial and temporal resolution and the the convenience
of remotely tuning the irradiation wavelength and intensity. A
simple way to implement an optically switchable PL system
(OSPLS) is to combine a highly emissive material with a
photochromic molecular switch,""® generally referred to as
photoswitch. Colloidal semiconducting nanocrystals (NCs),”"
often referred to as quantum dots, with outstanding perform-
ances such as bright PL and size-tunable emission wavelengths
are ideal PL materials for constructing OSPLS. Photoswitches,
whose two isomers can interconvert upon irradiation at
different wavelengths, can be used in combination with
NCs."'~"* The photoswitches are typically bound to the
surface of NCs to construct OSPLS in which only one isomer
can quench the PL of the NCs, hence the conversion between
the isomers upon light irradiation results in the modulation of
the PL intensity.

The mechanisms of reported OSPLSs that use NCs and
photoswitches have been based on Forster resonance energy
transfer (FRET)'*™*° and photoinduced electron transfer
(PET).>'™** Thus far, OSPLSs have displayed modulated
emission only in the visible region and comparably low PL on/
off ratios. Here, we present a highly efficient OSPLS comprised
of PbS NCs and diarylethene (DAE) photoswitches, where the
NIR PL of PbS NCs can be reversibly switched on and off
when the DAE-open and DAE-closed isomers interconvert
upon light irradiation. The intensity of the NIR PL in the
“dark” off state is low enough to yield an on/off ratio larger
than 100, while the emission of the PbS NCs is essentially
unaffected in the on state. The key to achieving the optically
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switchable NIR PL of our design is the large difference
between the excited triplet-state energies of DAE-open and
DAE-closed. The triplet energy transfer (TET) that induces
NIR PL quenching exclusively occurs from PbS NCs to DAE-
closed, as the triplet excited state of DAE-open is much too
high to allow this process.

The PbS NCs and DAE were synthesized according to
previous reports.”*** Figure 1A shows the absorption and PL
spectra of PbS NCs in toluene. The first absorption band of
PbS NCs has a peak maximum around 750 nm, and the
emission is centered in the NIR region with a peak maximum
at 820 nm. The average size of the PbS NCs is approximately
2—3 nm as determined by scanning transmission electron
microscopy (STEM) (see the inset of Figure 1A). Figure 1B
presents absorption spectra and the chemical structures of
DAE-open and DAE-closed, which can be reversibly
interconverted into each other under UV and visible-light
irradiation. The carboxylic acid functional group allows the
DAEs to anchor to the surface of PbS NCs. UV light
irradiation of DAE-open results in the appearance of two new
absorption bands with maxima at 360 and 545 nm, clearly
showing the formation of DAE-closed. The photostationary
state (PSS) of DAE in solution under UV light irradiation
consists of 90% DAE-closed and 10% DAE-open as
determined by HPLC (see the SI). Upon the subsequent
irradiation of the solution at PSS with green light, the spectrum
fully recovers to the initial state. DAE shows some photo-
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Figure 1. Absorption spectra of PbS NCs and DAE. (A) Absorption
and PL spectra of PbS NCs (1 M) in toluene. *The distortion from
the Gaussian band shape is caused by a drop in instrument sensitivity
for 2 > 850 nm. (Inset) STEM image of PbS NCs. (B) Absorption
spectra of 100 M DAE-open in toluene before irradiation, after UV
(302 nm, 60 s) light irradiation, and after subsequent green light
irradiation (523 nm, 60 s).

chromic fatigue over the switching cycles upon UV and green
irradiation (see Figure S1). It should be noted that neither
DAE-open nor DAE-closed emits light in the NIR region.
The photochromic properties of DAE were retained after it
was mixed with PbS NCs. Figure 2A shows the absorption
spectra of a solution of 1.5 yM PbS NCs mixed with 100 uM
DAE in deaerated toluene. UV light irradiation induces the
formation of the typical absorption band in the visible region
for DAE-closed, which disappears with green light irradiation.
Washing and precipitating the mixed solution confirms that
DAEs are bound to the surface of PbS NCs and allows an
estimation of the number of DAEs bound per NC, which is
detailed in section 3 of the SI. After mixing with DAE, the NIR
PL of PbS NCs can be switched on and off upon alternating
exposure to UV and visible light, as shown in Figure 2B. It
should be noted that the light at 680 nm used for the PbS NC
emission readout is not absorbed by any isomeric form of
DAE, implying that this process is orthogonal to DAE
photoisomerization. The PL intensity of the DAE-open
mixed solution is virtually the same as that of PbS NCs
alone at the same conditions, indicating no significant
interaction between DAE-open and the excited state of PbS
NCs. In contrast, the formation of DAE-closed upon UV
irradiation yields in a 99% quenching of the PL intensity.
Subsequent irradiation with green light converts DAE back to
the open form, resulting in the full recovery of the PL spectra

550 600 650 700 750 800 850 900
Wavelength (nm)

Figure 2. Light modulation of the absorption and PL spectra of PbS
NCs mixed with DAEs. (A) Absorption spectra of the mixed solution
before and after 60 s of UV light irradiation and after 400 s of green
light irradiation. (B) PL spectra of PbS NCs alone and PbS NCs
mixed with DAEs before and after light irradiation. (Inset)
Absorbance and PL intensity over four irradiation cycles with UV

and green light.

to the initial state. The PL on/off ratio is >100 for 1.5 yuM PbS
NCs with 67 equiv of DAE. Such a large degree of modulation
is much higher than those for previously reported systems
comprised of NCs and photoswitches. For instance, CdSe/ZnS
NCs surface-bound with 90—100 equiv of spiropyran photo-
switches showed a PL on/off ratio of ca. 10 via FRET
control,"* and the assembly of CdSe NCs with 600 equiv of
furyfulgide photoswitches had a maximum PL on/off ratio of
25 via PET control.”’ The PL lifetimes of PbS NCs were also
examined using time-resolved PL measurements (see Figure
S4). PbS NCs show a PL lifetime of about 2.8 us, which
decreases slightly to 2.7 ps after the NCs are mixed with DAE-
open. Upon isomerization to DAE-closed, the PL lifetime of
PbS NCs dramatically decreases below the resolution of our
instrument response function (0.7 us) in the NIR region,
which is consistent with the substantial quenching observed in
the steady-state measurements.

The photoswitching of the NIR PL of our design is
reversible and fatigue-resistant. Changes in the absorbance and
the PL intensity were monitored over four cycles with
alternating UV and green light irradiation (see insets of Figure
2). Although DAE itself shows some photoswitching fatigue
because of photodegradation under UV light irradiation, the
switching behavior is stable over several cycles when it is
loaded together with PbS NCs. This can be attributed to the
high molar extinction coeflicient of PbS NCs, which attenuates
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the UV light; only ~14% of the UV photons are absorbed by
DAE-open (detailed in section 4 of the SI). Under the same
illumination conditions (302 nm, 60 s), 50% of the DAE
molecules convert to the closed form in the mixture compared
to 90% conversion for a solution containing DAE alone. It
should be noted that 50% conversion of DAE is enough to
efficiently quench the NIR PL of PbS NCs. As a control
measurement, a sample prepared with PbS NCs alone did not
show any light-induced modulation of the PL intensity (red
curve in the inset of Figure 2B).

Femtosecond transient absorption (fsTA) spectroscopy was
performed to gain further insight into the mechanism of the PL
quenching (see Figure 3). The model fitting and experimental
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Figure 3. (A) Transient absorption spectra and (B) corresponding
evolution-associated spectra of PbS NCs alone and PbS NCs mixed
with DAEs.

decay data for a few selected wavelengths are shown in Figure
SS. For PbS NCs alone, the broad absorption band observed in
the visible region is consistent with previously reported PbS
NCs.”°"** Our global analysis with a sequential two-
component model resulted in two similar spectral components
(see the top right panel in Figure 3B). The first component
decayed symmetrically over the entire spectral range with a
time constant of ~3.8 ps, which was previously ascribed to
multiple exciton annihilation®*”” or hot carrier cooling.*” The
second component has a lifetime that is much longer than our
delay stage (10 ns) and is likely the excited state of PbS NCs,
which decays on the microsecond time scale (vide supra).””
fsTA spectra and the corresponding spectral components of
PbS NCs mixed with DAE-open are essentially identical to
those of PbS NCs alone. This indicates that neither energy
transfer nor electron transfer occurs from PbS NCs to DAE-
open, which corresponds well with the unquenched emission
of PbS NCs. However, when PbS NCs are mixed with DAE-
closed, the spectral evolution changes drastically. The short-
lived component shows a lifetime similar to that of PbS NCs
alone, while the lifetime of the broad and long-lived PbS NCs

excited state absorption decreases to 2.7 ns, showing that the
excited state of PbS NCs is strongly quenched. As the excited
state of PbS NCs decays, a new species with two distinct
absorption bands centered at 488 and 560 nm forms. The new
species corresponds to the acceptor state of DAE-closed, which
we assign to the triplet excited state (section 9 of the SI).
The suggested quenching mechanism and triplet energy
levels are summarized in Figure 4. According to density
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Figure 4. Schematic illustration of the light modulation of the NIR PL
based on TET between PbS NCs and DAE.

functional theory (DFT, see SI) calculation, the lowest triplet
excited state (T,) energies of DAE-open and DAE-closed are
2.65 and 0.89 eV, respectively. NCs exhibit a strong spin—orbit
coupling with substantial mixing of the singlet and triplet
states,”** and both the bright and dark exciton states can
contribute to TET.>>** The excited state of the synthesized
PbS NCs can be estimated to be 1.65 eV from the peak of the
first excitonic transition. As such, the T state of DAE-open is
much higher in energy than the PbS NCs. Conversely, the T
state of DAE-closed is 740 meV lower than that of PbS NCs;
thus, TET can only occur from PbS NCs to DAE-closed and
not DAE-open. The large TET driving force between PbS NCs
and DAE-closed is the key to achieving the high PL on/off
ratio of our system.

FRET quenching can be excluded in our design, as there is
no overlap between the PL spectrum of PbS NCs and the
absorption spectra of either form of DAE. The final quenching
mechanism to consider is PET, which is discussed in detail in
section 8 of the SI. Briefly, there is only a small driving force
for PET from PbS NCs to DAE-closed, which is unlikely to
cause such highly efficient PL quenching. Additionally,
component C in Figure 3 cannot be modeled by the
absorption spectra of either the radical anion or the radical
cation obtained through spectroelectrochemistry (Figure S9).
We therefore conclude that TET rather than PET is the main
mechanism responsible for the efficient PL quenching
observed herein.

In summary, we have designed an OSPLS comprised of PbS
NCs and DAE photoswitches in which the NIR PL can be
efficiently and reversibly switched on and off by illuminating
the mixture with distinct wavelengths. The high PL on/off ratio
(>100) significantly outperforms all previously reported
assemblies of NCs and photoswitches. The switching capability
in the NIR region is primarily attributed to the mechanism of
triplet energy transfer, which is only energetically possible from
PbS NCs to the triplet excited state of DAE-closed, not DAE-
open. The large difference between the excited triplet state
energies of the DAE derivatives in the open form and the
closed form can in principle be fine-tuned over a wide spectral
window. By choosing appropriate NCs in combination with
visible or NIR triggered DAE photosw1tches.,}’S 37 it should be
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possible to observe efficient NIR PL switching that is activated
without using UV light. Our approach will enable further
optimization in optically switchable electronic devices and
optical memory and could offer precise control in super-
resolution imaging toward biological applications.
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