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ABSTRACT: Green-to-blue photon upconversion bears great
potential in photocatalytic applications. Current hybrid inor-
ganic−organic upconversion schemes commonly utilize spherical
CdSe nanocrystals, but size polydispersity could influence
efficiencies in future solid-state applications. In this contribution,
we introduce anisotropic CdSe nanoplatelets as triplet sensitizers.
Here, quantum confinement occurs in only one direction, erasing
effects stemming from size polydispersity. Additionally, their high
quantum yields, giant oscillator strengths, and large absorption
cross sections could prove useful in a triplet sensitization scheme.
We investigate the triplet energy transfer process from the CdSe
nanoplatelets to the surface-bound triplet acceptor 9-anthracene-
carboxylic acid and the resulting upconversion in 9,10-diphenyl-
anthracene. We further investigate the influence of nanoplatelet stacking and singlet back-transfer on the observed upconversion
efficiency. We obtain an upconversion quantum yield of 5.4% at a power density of 11 W/cm2 using the annihilator 9,10-
diphenylanthracene and a low efficiency threshold Ith of 237 mW/cm2.

Photon upconversion (UC) describes the process of
effectively shortening the wavelength of emission upon

optical irradiation. To adhere to energy conservation laws, this
process involves the combination of a minimum of two low-
energy photons to create one high-energy photon. In
particular, in the triplet fusion (TF) process investigated
here, this “anti-Stokes”-type emission is the result of a spin-
allowed triplet−triplet annihilation (TTA) process: Two low-
energy spin-triplet states are combined in the annihilator
molecule in a spin-allowed process to form a higher lying
singlet state as well as a ground state singlet.
Depending on the wavelength created by the UC process,

there are several different applications: (i) Near-infrared
(NIR)-to-visible UC bears promise in biomedical applica-
tions,1,2 biological imaging,3 and infrared sensitization of
silicon solar cells4,5 or in the fabrication of low-cost infrared
sensing cameras.6 (ii) Green-to-blue or blue-to-ultraviolet UC,
on the other hand, bears promise in photochemical
applications by transiently creating the high energies required
for catalysis, thus avoiding photobleaching issues.7−11

As the UC process relies on spin-triplet states, which are
deemed as “spin-forbidden” due to spin selection rules and
hence cannot be efficiently populated by direct optical
excitation, we rely on triplet sensitizers for the creation of
triplet states by a triplet energy transfer (TET) process
following either the Marcus12 or Dexter13 theory. Reports by
Castellano and others indicate that metal−organic complexes
with strong spin−orbit coupling resulting from inclusion of

heavy metal atoms can act as efficient triplet sensitizers for
TTA−UC.7,14−22 While high UC efficiencies exceeding 20%
have been reported in such systems,23,24 one of the main
limitations is the large energy gap between the singlet and the
triplet state in these metal−organic complexes. As a result, over
300 meV energy losses can occur during the intersystem
crossing (ISC) process required to create the triplet state.16,20

This large energy loss effectively limits the energy gain possible
during the UC process. Therefore, other material classes have
been investigated as triplet sensitizers. In particular, inorganic
nanocrystals such as quantum dots (QDs) have shown great
promise due to strong spin−orbit coupling resulting from the
abundance of heavy metals in these particles and wave
functions that do not exhibit distinct singlet or triplet character
but rather a superposition of both.25 Therefore, QDs can act as
efficient triplet sensitizers with minimal energy losses,25−32

with reports of UC efficiencies up to 24% in Au-doped CdSe
nanocrystals.33

However, QDs often suffer from low quantum yields (QYs),
necessitating inorganic core−shell structures,34,35 and addi-
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tionally require long passivating ligands for surface passivation
and colloidal stability. These long ligands hinder efficient TET
due to its exponential distance dependence. To overcome this
hurdle, bound transmitter ligands have been employed to
efficiently funnel the triplet exciton through the organic shell to
the freely diffusing annihilator molecules.36,37

Here, we present a new class of triplet sensitizers: two-
dimensional (2D) inorganic nanoplatelets (NPLs).38−46 NPLs
have several properties that may prove advantageous over
spherical zero-dimensional (0D) QDs: (i) Quantum confine-
ment in only one direction: the lateral dimensions do not affect
the energetics of the NPL, and only the thickness of the
platelets is important. Hence, only homogeneous broadening
of the emission is observed and no inhomogeneous broadening
resulting from size polydispersity. Additionally, finer control of
the size population decreases the possibility of homo-FRET
between sensitizer species,47−49 which could limit efficiencies,
especially in solid-state devices. (ii) Giant oscillator strengths
which result in large absorption cross sections and fast
radiative lifetimes.39 Additionally, the photoluminescence
(PL) emission properties can be tuned through the assembly
of NPLs into stacks and other macrostructures.50−52 Control
of this stacking could yield fine control of the ensuing energy
transfer and PL properties.41,53

While the TET mechanism is fairly well studied for spherical
QDs, there is no precedence for how TET occurs when using
anisotropic NPLs. Because the underlying properties of NPLs
have not been studied as extensively as for standard spherical
0D QDs, the question arises as to the nature of the “triplet”
state in such a 2D NPL. Is there a preferred transition in the
NPL that undergoes TET or a directionality or polarization
that is required? To begin to answer these questions, we
integrate the NPLs into our solution-based TTA−UC system.
We take advantage of the unidirectional properties of

transmitter ligands to enhance the probability of TET through
the organic ligand shell. We combine such a transmitter ligand
9-anthracenecarboxylic acid (ACA) with the anisotropic 2D
CdSe NPLs and demonstrate green-to-blue UC. Briefly, the
CdSe NPLs (5.5 monolayer thickness, excitonic feature at 545
nm)54,55 act as the triplet sensitizer, ACA is the transmitter
ligand, and TTA−UC occurs in the established annihilator
molecule 9,10-diphenylanthracene (DPA). For direct compar-
ison of the results of the 2D NPLs with the established 0D QD
triplet sensitizers, we subject the QD control sample to the

same conditions as the NPLs, which is detailed in the
Supporting Information.
Figure 1a shows a schematic of the relative energies of the

NPL exciton, the triplet excited state of ACA and DPA, and
the singlet energy of DPA, resulting in an overall energy gain of
∼0.6 eV during the UC process. Representative absorption
(solid lines) and normalized emission spectra (405 nm
excitation, dashed line) of the CdSe NPLs (green), NPLs
with the transmitter ligand ACA added (NPL/ACA, purple),
and the UC solution composed of NPL/ACA and DPA (blue)
are shown in Figure 1b. In the presence of ACA, we observe a
slight red-shift of the NPL absorption onset and the peak of
the NPL emission spectra, indicating a change in the dielectric
environment due to coupling of the ligands (Figure S1).56,57

The final upconversion sample, the solution composed of
NPL/ACA/DPA, shows strong absorption and emission from
DPA under 405 nm excitation, as the final concentration of
DPA is nearly 3 orders of magnitude higher than the ACA
concentrations (see the Methods section). A representative
STEM image of the 2D NPLs is shown in Figure 1c,
highlighting the 2D structure of the NPLs. Compare Figure S2
for the corresponding QD/ACA/DPA energy alignment and
optical properties. A photograph of the “anti-Stokes” emission
obtained by the UC process is shown in Figure 1d: under 532
nm excitation, we obtain ∼430 nm emission.
To investigate the TET process from CdSe NPLs to the

ACA transmitter ligand in more detail, we first investigate the
relative CdSe NPL quenching behavior as a function of the
transmitter ligand concentration by exploring five different
concentrations of ACA. Figure 2a shows the steady-state
quenching of the NPL solution with an increasing amount of
ACA. As expected, with an increasing ACA concentration, the
NPL photoluminescence at 546 nm is more quenched.
Time-resolved PL spectroscopy yields insight into the

underlying dynamics of the TET process. Figure 2b shows
the PL decay dynamics of the CdSe NPLs in solution with
varying amounts of ACA. The obtained lifetimes agree with the
steady-state PL results, indicating a higher amount of
quenching with an increasing ratio of the ACA transmitter
ligand (compare Figure S3 for the QD steady-state quenching
and decay dynamics).
For comparison, we also investigate the quenching behavior

when DPA is added to either the NPL/ACA system or the
bare NPL solution to confirm our hypothesis that the
transmitter ligands are required to efficiently extract the

Figure 1. (a) Schematic of the relative energies of the NPL exciton (green), triplet excited state of the ACA transmitter ligand (purple), triplet
excited state of the DPA triplet acceptor, and DPA singlet excited state (blue) and the energy transfer cascade occurring. (b) Normalized
absorbance (solid line) and PL (dashed line, 405 nm excitation) of the 5.5 monolayer CdSe NPL (green), NPL/ACA (purple), and NPL/ACA/
DPA (blue). (c) Representative STEM image of the synthesized CdSe NPLs. (d) Photograph of the observed blue (∼430 nm) upconverted
emission from the NPL/ACA/DPA solution upon green (532 nm) excitation.
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exciton from the NPLs. Because the triplet extraction occurs
predominately through the transmitter ligand, little additional
quenching is expected by the presence of DPA (compare
Figure S4). This observation is further confirmed by a control
experiment, in which the NPLs or QDs are simply mixed with
DPA (Figure S4). Neither quenching of the PL lifetime nor
visible blue emission caused by UC can be observed, indicating
that the transmitter ligands are indeed required to efficiently
extract the exciton from the NPLs to the triplet state of DPA.
To further investigate the quenching dynamics in more

detail, we plot both the NPL steady-state emission intensity I0/
I (Figure 2c) and the lifetime ratio τ0/τ (Figure 2d) as a
function of the ACA quencher concentration for the NPL
system in a Stern−Volmer plot. The extracted lifetimes and
relative quenching percentages are summarized in Table 1.
The quadratic increase of the intensity quenching and the

linear increase of the lifetime indicate a combination of both

collisional and static quenching for both the NPLs and the
QDs (compare Figure S3). In this scenario, both static and
dynamic quenching have linear slopes in a I0/I plot. Therefore,
an I0/I plot with a combination of the two will yield a quadratic
fit. Dynamic quenching is known to reduce the PL lifetime.
However, in the case of static quenching, the NPLs complexed
with ACA result in nonemissive species and thus do not
influence the PL lifetime. Therefore, the combined τ0/τ plot
yields a linear slope. From the lifetime quenching, we extract a
bimolecular quenching constant of 1.3 × 1013 M−1 s−1. In
comparison, we extract a bimolecular quenching constant of
2.8 × 1012 M−1 s−1 for the QD, indicating a higher rate of
quenching for the NPL/ACA complexes, relative to the native
NPL lifetime, as compared to the QD/ACA complexes.
These observations so far have indicated that NPLs can be

used as efficient triplet sensitizers. However, to gain more
insight into the underlying mechanism resulting in UC, we
investigate the properties of the upconverted emission. In
Figure 3a, we show a representative emission spectrum of our

NPL UC system under 532 nm excitation. The PL spectrum
obtained when directly exciting DPA at 405 nm is highlighted
as a dashed line for comparison. Clearly visible in the spectral
region from 400 to 500 nm is the blue emission stemming
from the UC process.
UC occurring through the TTA process follows a unique

power dependency.14,18,19 At low excitation powers below the
intensity threshold Ith, a slope of α = 2 can be observed,
indicative of a bimolecular process. In this regime, TTA is

Figure 2. Quenching properties of the NPL with various amounts of
ACA transmitter ligand. (a) Steady-state PL quenching of the CdSe
NPL emission upon the addition of different concentrations of ACA
(purple). For clarity, the quenched PL spectra have been multiplied
by a factor of 10. CdSe NPL emission under 405 nm (black dotted
line) is also added, as some emission is blocked by a 533 notch filter
highlighted in green. (b) Time-resolved PL quenching of the CdSe
NPL emission. (c) Stern−Volmer plot detailing the ratio of the
intensities as a function of the ACA concentration. (d) Stern−Volmer
plot utilizing the ratio of the decay lifetime τ as a function of the ACA
concentration.

Table 1. Final ACA Concentration during Ligand Exchange,
Relative Quenching, and Lifetimes of the NPL/ACA and
QD/ACA Coupled Systema

ACA conc
(mM)

NPL lifetime
(τNPL, ns)

relative
quenching

(%)
QD lifetime
(τNPL, ns)

relative
quenching

(%)

2.9 0 14.5 0
0.21 0.32 89 0.54 96
0.43 0.23 92 0.36 97
0.64 0.10* 96 0.32 98
0.85 0.09* 97 0.27 98
1.07 0.07* 98 0.21 99

aThe lifetimes marked with an asterisk (∗) are similar to the
instrument response function: τIRF ≈ 0.1 ns and may have a large
error.

Figure 3. (a) DPA emission under 405 nm excitation (black dotted
line) and UC emission under 532 nm excitation (blue). (b)
Logarithmic plot of the UC PL intensity vs different laser fluences,
resulting in a characteristic 2 to 1 change in the slope expected in
systems with TTA-based UC. (c) Upconversion QY plotted as a
function of the ACA concentration.
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inefficient, and quasi-first-order triplet recombination pathways
can be observed. This is a result of pathways including
phosphorescence, nonradiative relaxation, and other quenching
processes to the ground state. Above the Ith, TTA becomes
efficient and is the predominant relaxation pathway, resulting
in the creation of high-energy singlets. As a result, the Ith yields
insight into how efficient the UC process is at a given incident
power (eq 1):

I
k

E
( )

( )th
A
T 2

TET TTα γ
=

Φ (1)

where kA
T is the nonradiative triplet decay rate, ΦTET is the

efficiency of TET, α(E) is the absorption coefficient, and γTT is
the second-order rate constant characterizing the TTA process.
As shown in Figure 3b, we obtain a slope change from α = 2 to
α = 1 at the intensity threshold Ith = 237 mW/cm2, which is
lower than the value of 574 mW/cm2 obtained for the QD/
ACA/DPA system at a similar optical density (compare Figure
S5), despite the nearly 2 orders of magnitude lower
concentration of the NPL sample.
The UC efficiency ΦUC (eq 2) is defined as the product of

intersystem crossing (ISC) ΦISC, energy transfer from the
sensitizer to the annihilator ΦTET, and the TTA efficiency
ΦTTA, normalized by the annihilator QY Φann:

58−60

fUC ISC TET TTA annΦ = Φ Φ Φ Φ (2)

The factor f is a statistical factor which gives insight into the
probability of creating a singlet state from two annihilator
singlet states. We calculate the relative UC efficiency for each
transmitter ligand concentration (Figure 3c) and achieve the
highest value of 5.4% for 0.85 mM ACA.60 In comparison, we
obtain a 16% efficiency for the ACA-coupled QDs, which is
comparable with values reported for spherical CdSe by Tang
and co-workers.30 Table 2 shows the calculated UC efficiencies

for both the NPL- and QD-based UC systems for all ACA
concentrations. For the efficiency calculations, we refer to the
Supporting Information and Figure S6 for more details.

By having a closer look into these values, obtaining a lower
Ith value, yet a lower UC efficiency, is counterintuitive as this
indicates that the TTA process becomes more efficient at a
lower power yet is less efficient overall. The variables ΦTTA,
Φann, and f in eq 2 are expected to be independent of the
sensitizer. That leaves ΦISC and ΦTET to be responsible for this
unexpected discrepancy.
To discuss their possible roles in the UC process, we

investigate the underlying meaning of these terms. ISC
describes the process of transitioning between two states
with different spin multiplicity. However, electron spin is not a
good quantum number in these materials; rather, the total
angular momentum is the relevant quantum number. Instead,
the exchange energy between bright and dark exciton states
with singlet and triplet character can give insight into whether
a material can be used as a triplet sensitizer. As shown by
Shornikova et al.,61 who investigated the excitonic fine
structure of CdSe NPLs, the bright−dark exchange energy
for 2D NPLs is smaller than the available thermal energy kT,
indicating that ΦISC is unlikely to be an underlying cause of the
lower UC efficiency.
The triplet transfer efficiency is defined as the fraction of

excitons created in the sensitizer which are quenched via TET
to the triplet acceptor. As shown previously in Table 1, both
steady-state emission and the lifetime of the NPL/ACA system
are highly quenched, indicating an interaction between the
NPL and ACA, which can be approximated to a near-unity
ΦTET to the transmitter ligand, as observed previously in QDs.
This is further supported by the fact that the Ith is also
dependent on ΦTET, and a low TET efficiency would be
reflected here.
However, since these parameters are usually used as a figure

of merit to describe the UC efficiency, we would like to
highlight additional loss mechanisms which are yet not
mentioned. The first one to highlight is back-transfer of
emissive singlets created in DPA to the sensitizer via FRET. As
the UC efficiency is not unity and can only create one singlet
for two triplet states created, a recycling of the upconverted
emission via FRET would result in an overall decrease of the
emitted intensity; however, it should not affect the Ith value. In
addition, as investigated by Meinardi and co-workers, Ith values
can be lowered by using donors with high absorption cross
sections or by increasing the donor concentration. However,
we note that an increase in the sensitizer absorption likely also
results in increased singlet back-transfer for our broadband
absorbing sensitizers.18

To investigate whether the effect of singlet back-transfer via
FRET is the underlying cause of the discrepancy of our UC
efficiency measurement, we vary the NPL sensitizer concen-

Table 2. UCQYs of the NPLs and QDs as a Function of the
Added ACA Transmitter Ligand Concentration

ACA concn (mM) NPL UCQY (%) QD UCQY (%)

0 N/A 0.8
0.21 2.7 12
0.43 2.4 14
0.64 3.8 13
0.85 5.4 16
1.07 5.0 16

Figure 4. (a) Ith as a function of the NPL concentration relative to the previously used NPL concentration c0 = 2.6 × 10−8 mol/L with fixed
concentrations of ACA and DPA. The dashed line serves as a guide to the eye. (b) UC QY at the same concentrations of (a). (c) Simulated FRET
efficiencies as a function of the relative FRET radius for quantum dots (gray), NPLs as point dipoles (blue), and NPLs in two dimensions (green).
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tration and study the impact of the sensitizer concentration on
the Ith value and UC efficiency (compare Figure S7 for the
concentration dependence of the QD-based UC system). Even
though singlet back-transfer via FRET is a diffusion-limited
process, the increased NPL concentration should increase the
likelihood for FRET, as both the NPLs and DPA would not
have to diffuse as far with more NPLs in solution.
Figure 4a highlights the change in the Ith value as a function

of the relative concentration of the sensitizer in comparison to
the previously used NPL concentration c0 = 2.6 × 10−8 mol/L.
The corresponding relative UC efficiencies for each concen-
tration are plotted in Figure 4b. As expected, a dilution below
the previously optimized sensitizer concentration increases the
Ith value and reduces the obtained UC efficiency.18 On the
other hand, an increase in the sensitizer concentration yields
the expected decrease in the Ith value but no increase in the UC
efficiency. Rather, a decrease in the UC efficiency compared to
c0 is observed. This indicates that the UC process becomes
efficient at lower incident light densities for concentrations
larger than c0, yet less light is emitted overall. Therefore, care
must be taken not to confuse the Ith value with the overall
observed brightness of the UC process, as these may not
correlate.
In the following, we will elucidate how both effects can be

decoupled and explained by various assumptions as well as
provide a hypothesis for the obtained counterintuitive results
of the Ith value and the UC efficiency. First, to shine light onto
the reduction in the UC brightness, we consider an increase in
the FRET efficiency of back-transfer. Here, the giant oscillator

strength of the NPLs, which we estimate to be about 100-fold
larger than that of the 0D QDs, based on their molar extinction
coefficients (compare the Supporting Information), results in
an increased dipole−dipole coupling between the NPL and the
annihilator DPA and thus an increase in the FRET radius.62 In
addition, taking into consideration that 2D NPLs have a non-
negligible lateral extension, the underlying assumption of point
dipoles may also not hold. In the case of 0D → 2D energy
transfer, the commonly accepted 1/R6 distance dependence of
the FRET efficiency reverts to a 1/R4 dependency, thus further
extending the distance over which FRET can occur.63 In
addition, as we increase the sensitizer concentration, the
distance between the donor (DPA) and the acceptor (NPL)
decreases. This indicates that FRET may be more predominant
for the NPLs than for the QD-based system. Indeed, we do not
observe the same strong effect for the QDs despite these being
at the same optical density and therefore at a higher molar
concentration or a lower donor−acceptor distance. Following
these assumptions, we estimate the relative FRET transfer
efficiency as a function of the relative distance R/R0 of the QDs
(gray), NPLs (blue) considered as a point dipole, and NPLs
considered as a 2D material (green) as shown in Figure 4c.63

On the basis of the distance dependence shown, we conclude
that the decrease in the observed UC efficiency is not
consistent with the effect expected when linearly increasing the
NPL (QD) concentration by an order of magnitude, thus
decreasing the NPL−NPL spacing roughly 2-fold.
Therefore, we discuss an additional effect that occurs

selectively in the NPL system and its effect on the UC

Figure 5. (a) Schematic showing triplet energy transfer (TET) with stacked NPLs that have already undergone ligand exchange. While TET can
occur to the ACA transmitter ligand, steric hindrance from the stacked NPLs disallows TET from buried ACA ligands to DPA. (b) Plot of the UC
PL intensity at different laser fluences of a sample with a high NPL concentration. There are three slope regions: a slope greater than 2 (green),
where a high degree of photobrightening over time occurs (green inset), a slope of 2 (gray), where a lesser degree of photobrightening occurs (gray
inset), and a slope of 1 (blue), where no photobrightening over time occurs (blue inset). (c) Schematic detailing ligand exchange in prestacked
NPLs. When NPLs stack, they disallow ligand exchange to occur at sites buried in the NPL stacks. (d) Time-resolved PL decay in prestacked NPLs.
(e) Stern−Volmer plot utilizing the ratio of NPL lifetimes against the ACA concentration. (f) Stern−Volmer plot examining the ratio of steady-
state intensities of the NPL emission at different ACA concentrations. A quadratic fit is shown for the first four points (dashed gray). The dotted
gray line highlights the plateauing of the intensity quenching. The gray shaded region highlights the region in which the Stern−Volmer plots deviate
from that expected.
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efficiency: NPL stacking. To debate how NPL stacking
influences the UC process, we investigate the underlying
processes that take place. For TTA−UC to occur in our
tricomponent TTA−UC system, two criteria must be met: (i)
the triplet must be funneled through the ligand shell by ACA
to DPA molecules freely diffusing in solution, and (ii) two
DPA molecules excited into the correct spin-opposite triplet
state must collide. Because the latter is independent of the
sensitizer, we will focus on the first assumption in the
following.
Because of van der Waals interactions between NPLs,

aggregates readily form, which may hinder the required TET
from the transmitter ligand to the annihilator DPA.64,65 Here,
an increase in the NPL concentration would lead to an increase
in the amount of stacking, resulting in a similar concentration
or separation of “particles” in the solution, just of varying
aggregate sizes. As a result, the amount of back-transfer would
not be influenced to the expected extent. We conclude that
back-transfer is not likely to be the main culprit of the low
observed UC QYs.
However, NPL stacking also may cause other underlying

effects, which have not been considered yet. As the schematic
in Figure 5a shows, buried ACA ligands may indeed quench
the NPL yet cannot undergo TET to the freely diffusing DPA.
As a result, the quenching of the NPL may not be a good
indicator for the efficiency of the overall TET cascade from the
NPL to the DPA and therefore for the number of triplets
created in the annihilator.
This hypothesis is further supported by some unusual effects

observed in the NPL-based UC power dependence, in
particular at high NPL concentrations, which results in NPL
stacking. As mentioned previously, TTA shows a unique power
dependence with a slope change from α = 2 to α = 1. However,
we observe two odd effects in the UC intensity when using a
high NPL concentration: (i) a slope above α = 2 for very low
powers and (ii) a correlated photobrightening of the observed
upconverted emission under constant excitation power, as
shown in Figure 5b. While slopes above α = 2 can be explained
if the triplet sensitization occurs through a nonexcitonic
process66,67 or the excitons are created by a bimolecular
process such as two-photon absorption,68 this is not the case
here. As Figure S8 shows, the NPL emission power
dependency is linear for all concentrations, indicating the
expected excitonic behavior for this material type. The
increased slope above α = 2 can also be understood as the
UC emission being lower than expected. This is consistent
with a quenching to nonactive ACA transmitter ligands, which
cannot transfer their triplet exciton to the freely diffusing DPA
molecules due to steric hindrance by stacking.
In addition, the photobrightening of the UC at low powers

(green and gray insets in Figure 5b) suggests that more TTA-
active triplets are created over time under continuous
illumination. This is also in agreement with a quenching
process to inactive transmitter ligands. The inaccessible TET-
inactive transmitter ligands can act as nonradiative “trap
states”, which are filled over time. Because of the longevity of
the spin-triplet states, these states will stay filled for several
microseconds until they nonradiatively decay, while the
accessible transmitter ligands are rapidly quenched to DPA.
As the inactive transmitter ligand triplet states are filled, the
NPLs begin to predominately funnel their energy into the
active transmitter ligands which result in observable TTA.
Because the absorbed photons are now actively funneled into

predominately TTA-active ligands, the UC emission photo-
brightens until an equilibrium is achieved between the
population of the active and inactive transmitter ligands. At
higher excitation powers, the inactive transmitter ligand states
are filled more rapidly, and the equilibrium is shifted to the
active transmitter ligands, resulting in a reduction of the effect
on the UC emission.
Lastly, we investigate the effect of NPL stacking prior to

ligand exchange with ACA, as depicted in the schematic in
Figure 5c. For this, we synthesize “prestacked” NPLs of the
same approximate concentration using hydrated cadmium
acetate precursors, which is known to change the aspect ratio
of the NPLs69 and therefore also leads to a difference in the
stacking behavior. As shown in Table S1 and Figure S9,
stacked NPLs can easily be identified by a more quenched
lifetime due to rapid FRET between the stacked NPLs.64,65 In
Figure 5d, we show the PL emission decay dynamics for
prestacked NPLs subjected to the same ligand exchange
procedure as the NPLs in Figure 2b. On the basis of the
concentration-dependent steady-state quenching (Figure 5e
and Figure S10) and the time-resolved decay dynamics (Figure
5f and Figure S11), we observe that the prestacked NPLs are
not as quenched by the addition of ACA and that the
quenching intensity and lifetime saturate despite an increase of
the ACA concentration. A plateau in the Stern−Volmer plot
(gray shaded region in Figure 5e,f) suggests that there is a
subpopulation of NPLs which is not interacting with the ACA
transmitter ligand likely due to the inaccessibility of the
transmitter ligands and therefore are not quenched. In the
elongated stacks of NPLs, the binding sites of the inner NPLs
may be sterically hindered, resulting in a reduced fraction of
ACA binding.
In conclusion, we have been able to show that the 2D CdSe

NPLs show a lower UC threshold than comparable CdSe QDs
at the same optical density. This implies that the NPLs indeed
may exhibit superior properties with respect to triplet
sensitization than the previously utilized spherical 0D QDs.
However, the large oscillator strength of the NPLs results in
strong back-transfer of the UC emission and can reduce the
observed UC efficiency. Stacking of the NPLs postligand
exchange results in TET-inactive transmitter ligands, which
result in quenching of the NPL emission yet no TTA-active
triplet states on DPA. Furthermore, prestacked NPLs are
sterically hindered and therefore cannot be fully quenched by
added transmitter ligands.
This study shows the promise CdSe NPLs have as triplet

sensitizers and also the current drawbacks. Engineering the
NPL system to reduce stacking promises to alleviate many of
these effects and shows further advancement in NPL-based
TTA−UC. In addition, investigating the exact mechanism of
TET and the underlying states involved is of future interest to
fully understand how the coupling occurs between the
anisotropic 2D material and the transmitter ligand.

■ MATERIALS AND METHODS
Materials. Sodium myristate, cadmium nitrate tetrahydrate,

selenium, octadecene (ODE), oleic acid (OA), chlorobenzene,
hexanes, methanol, toluene, and ethanol were purchased from
Millipore Sigma. 9-Anthracenecarboxylic acid (ACA) and 9,10-
diphenylanthracene (DPA) were purchased from TCI Chemicals.
All chemicals were used as received.

Cd(myr)2: cadmium myristate was prepared according to ref 69. 5
g of sodium myristate and 3 g of cadmium nitrate tetrahydrate were
dissolved in 250 and 500 mL of methanol, respectively. The

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c01354
Chem. Mater. 2020, 32, 4734−4742

4739

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01354/suppl_file/cm0c01354_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01354/suppl_file/cm0c01354_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01354/suppl_file/cm0c01354_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01354/suppl_file/cm0c01354_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01354/suppl_file/cm0c01354_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c01354?ref=pdf


cadmium-containing solution was then added dropwise to the
dissolved sodium myristate solution and stirred at room temperature
for 2 h. The synthesized Cd(myr)2 was filtered, washed three times
with methanol, and dried under vacuum.
CdSe Nanoplatelet (NPL) Synthesis. CdSe NPLs were

synthesized according to ref 70 with modifications. Briefly, 193 mg
of Cd(myr)2 was added to 15 mL of ODE and degassed under
vacuum at 120 °C for 1 h. The solution was then heated to 260 °C
under constant flow of N2 gas. 21 mg of Se in 1 mL of ODE was
injected to the above solution. After 45 s, 162 mg of Cd(Ac)2 was
injected. The solution was then kept at 260 °C for 9 min. Afterward,
the solution was cooled, and at 150 °C, 750 μL of OA was injected.
The NPL solution was then transferred to a glovebox consisting of an
N2 atmosphere (<0.1 ppm of O2). The NPL solution was purified
through centrifugation at 6000 rpm for 15 min. The NPLs were then
dispersed in 1 mL of hexanes. ACA ligand exchange was performed by
adding varying amounts of a saturated solution of ACA (3.08 mM) in
chlorobenzene into the NPL solution and then stirred for 1 h in an
air-free N2 atmosphere.
CdSe Quantum Dot (QD) Synthesis. CdSe QDs were

synthesized in a similar manner with a few modifications, omitting
the final injection step in the NPL synthesis. 192 mg of Cd(myr)2 was
added to 15 mL of ODE and degassed under vacuum at 120 °C for 1
h. The solution was then heated to 240 °C under constant flow of N2
gas. 18 mg of Se in 1 mL of ODE was then injected into the above
solution. The temperature was maintained for ∼3 min, and the
solution was allowed to cool. At ∼150 °C, 500 μL of OA was injected.
The QD solution was then transferred to a glovebox as described
previously and was centrifuged at 6000 rpm for 15 min. The
supernatant was discarded while the resulting pellet was redispersed in
2 mL of hexanes. ACA ligand exchange was performed as described
previously.
UC Sample Preparation. For UC measurements, 200 μL of a 10

mg/mL solution of DPA in chlorobenzene was also added to 300 μL
of NPL/ACA or QD/ACA solutions, resulting in a NPL
concentration of 2.59 × 10−8 M, a QD concentration of 1.51 ×
10−6 M (see the Supporting Information),71,72 and a DPA
concentration of 1.21 × 10−3 M.
Nanocrystal Characterization. Scanning transmission electron

microscopy (STEM) images were recorded with a JEOL JEM-
ARM200cF microscope.
Optical Characterization. Absorbance spectra were measured by

a Shimadzu UV−vis spectrometer (UV-2450). Steady-state emission
was measured with an Ocean Optics (HR2000+ES) spectrometer
under 405 nm continuous wave (LDH-D-C-405, PicoQuant) and 532
nm (LDH-P-FA-530L, PicoQuant) pulsed (quasi-steady state, 80
MHz) excitation. Time-resolved photoluminescent lifetimes (TRPL)
were measured through time-correlated single photon counting
(TCSPC) as described in detail previously.66,73 The samples were
excited by a pulse train (1 MHz) at 532 nm, and photon arrival times
were histogrammed by a HydraHarp 400 (PicoQuant). Excess laser
scatter was removed by 532 nm notch filters (ThorLabs), and the UC
photoluminescence was detected through an additional 500 nm short-
pass filter, while the NPL or QD emission was detected by using a 550
nm long-pass filter. For Ith measurements, the counts were
histogrammed and averaged for 20 s.
Upconversion Efficiency. The UCQY (ΦUC) was calculated by

the following equation with minor modifications, as the QY of the
annihilator DPA was not at unity.60
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where Φrubrene = 70%, ΦDPA = 73%, A, F, and n represent the QY of
rubrene, the QY of 9,10-DPA, the absorbance of each solution at 532
nm, the integrated fluorescent emission, and refractive indices,
respectively, of the solutions. In this case, rubrene dissolved in
toluene was used as a standard, while the upconverting solution was
composed of NPLs, ACA, and DPA (NPL/ACA/DPA). The absolute
QYs of rubrene (in toluene) and DPA (in chlorobenzene) were

measured by using a Hamamatsu C11347 Quantaurus QY
spectrometer while the absorption and emission were measured as
described previously. The refractive index of rubrene was estimated to
be 1.497, the refractive index of toluene, the solvent used for the
rubrene standard. The refractive index of the NPL/ACA/DPA
solution was estimated as 1.434, calculated by using the respective
mole fractions and refractive indices of chlorobenzene and hexane
used in the solution. The UC efficiencies are determined at a power
density of 11 W/cm2.
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