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Efficient Visible-to-UV Photon Upconversion Systems
Based on CdS Nanocrystals Modified with Triplet Energy

Mediators

Lili Hou, Axel Olesund, Shameel Thurakkal, Xiaoyan Zhang, and Bo Albinsson*

Developing high-performance visible-to-UV photon upconversion systems
based on triplet-triplet annihilation photon upconversion (TTA-UC) is

highly desired, as it provides a potential approach for UV light-induced
photosynthesis and photocatalysis. However, the quantum yield and spectral
range of visible-to-UV TTA-UC based on nanocrystals (NCs) are still far

from satisfactory. Here, three different sized CdS NCs are systematically
investigated with triplet energy transfer to four mediators and four
annihilators, thus substantially expanding the available materials for visible-
to-UV TTA-UC. By improving the quality of CdS NCs, introducing the mediator
via a direct mixing fashion, and matching the energy levels, a high TTA-UC
quantum yield of 10.4% (out of a 50% maximum) is achieved in one case,
which represents a record performance in TTA-UC based on NCs without
doping. In another case, TTA-UC photons approaching 4 eV are observed,
which is on par with the highest energies observed in optimized organic
systems. Importantly, the in-depth investigation reveals that the direct mixing
approach to introduce the mediator is a key factor that leads to close to unity
efficiencies of triplet energy transfer, which ultimately governs the performance
of NC-based TTA-UC systems. These findings provide guidelines for the design
of high-performance TTA-UC systems toward solar energy harvesting.

cells.®l However, UV light from the sun is
strongly attenuated by Earth’s atmosphere.
Triplet-triplet annihilation photon upcon-
version (TTA-UC), a process in which
low energy photons are readily converted
to high energy photons under terrestrial
solar irradiance conditions, is an emerging
approach to produce UV light.!

In a TTA-UC system a triplet sensitizer
and a triplet annihilator/emitter are needed
to achieve upconversion. Photosensitizers
generate their triplets by absorption of low
energy photons and subsequent efficient
intersystem crossing (ISC). The triplet
energy of sensitizers then transfers to anni-
hilators via triplet energy transfer (TET).
Two triplet excited annihilators encounter
and produce one singlet excited state that
emits a high energy photon. So far, organic
triplet sensitizers that have been applied
to visible-to-UV TTA-UC are limited to
biacetyl,’ Ir(I11) complexes,”*# and carba-

1. Introduction

Ultraviolet (UV) light is responsible for many photochemical
reactions,! including photocycloaddition, polymerization, photo-
synthesis, and photoisomerization, which play important roles
in several natural processes, such as the formation of vitamin
D for bone-strengthening.!l Photocatalysis using UV light irra-
diation of wide-bandgap semiconductors has also an enormous
potential for water splitting, in which the photon energy is con-
verted into hydrogen, providing clean energy used in, e.g., fuel
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zolyl dicyanobenzene (CDCB) derivatives, ]
which feature several drawbacks such as
large singlet-triplet gaps, low light absorp-
tivity, and complicated synthesis to modify the triplet state ener-
gies. Alternatively, semiconductor nanocrystals (NCs), featuring
high absorption cross sections as well as high and stable photo-
luminescence (PL) quantum yields, are attractive since they allow
easy tuning of their optical bandgap through synthesis control
of their shape and size.”) Importantly, NCs have the capability
to sensitize molecular triplets rapidly and efficiently, which rep-
resents a key step in the development of efficient TTA-UC sys-
tems.®] This is typically achieved through binding of an organic
ligand molecule, herein called the mediator, to the NC surface,
which acts as a relay for TET between NC and annihilator.
Recent progress in the design of NC-based TTA-UC systems
has enabled high upconversion quantum yields in the visible-to-
visible region by pairing the NCs with the well-known blue-emit-
ting annihilator diphenylanthracene (DPA). Ronchi et al. dem-
onstrated that CdSe NCs doped with gold can achieve a TTA-UC
quantum yield as high as 12% (out of a 50% maximum);®J CdSe
NCs with an anthracene dihydrogen phosphate (ADP) ligand
show a TTA-UC quantum yield of 8.5%;° and CulnS, NCs
with efficient energy transfer to the surface-anchored anthra-
cene afford a TTA-UC quantum vyield of 9.3%.°! However, the
efficiencies for upconversion into the UV light region based
on NCs and the spectral range of visible-to-UV TTA-UC based

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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on NCs is still far from satisfactory. Gray et al. used CdS/ZnS
core-shell NCs as sensitizers and 2,5-diphenyloxazole (PPO) as
the annihilator, achieving a TTA-UC quantum yield of 2.6%,
with the emission maximum at 355 nm.’9 Another example
is a system with quantum-confined perovskite NCs as sensi-
tizers, 1-naphthoic acid (1-NCA) as the mediator, and PPO as the
annihilator, in which the TTA-UC quantum yield was reported
to be 5.1%.59 In order to use solar energy for UV photochem-
istry, the challenge remains to develop visible-to-UV TTA-UC
systems with significantly higher TTA-UC quantum yields, as
well as producing photons of sufficiently high energy. Moreover,
the systematic development of such high-performance systems
requires a better understanding of the interactions between the
NCs, the mediator, and the annihilator.

Herein, the various energy transfer steps influencing the
TTA-UC performance are systematically investigated using
three different-sized CdS NCs, four mediators, and four annihi-
lators with different energy levels. By introducing the mediators
via a direct mixing fashion, improving the quality of CdS NCs,
and correlating the energy levels of CdS NCs, mediators and
annihilators, we have improved the triplet energy transfer and
UC efficiencies, and extended the UV light region of NC-based
TTA-UC. Specifically, we demonstrate the efficiencies of triplet
energy transfer from CdS NCs to the mediators are close to
unity, a visible-to-UV TTA-UC quantum yields of up to 10.4%
(out of a 50% maximum), and a photon energy of the UC light
approaching 4 eV by alteration of the annihilator. The TTA-UC
quantum yields and upconverted photon energy in our study
show the best performance out of all visible-to-UV TTA-UC
systems based on NCs to date, which is also close to that of
the most efficient NC-based visible-to-visible TTA-UC system
(12%),) and as high as the record efficiency and upconverted
photon energy of optimized organic systems.[® More impor-
tantly, our approach provides general guidelines for the design
of efficient visible-to-UV TTA-UC systems based on NCs.

Figure 1A,B shows the chemical structures and energy levels
of the CdS NCs, mediators, and UV annihilators presented
above. The mechanism of visible-to-UV TTA-UC based on
CdS NCs is schematically shown in Figure 1C. Three groups of
CdS NCs with different sizes were synthesized for sensitizing
purposes. Four mediators that interact with the CdS NCs were
chosen: benzoic acid (BA), biphenyl-4-carboxylic acid (4-BCA),
phenanthrene-3-carboxylic acid (3-PCA), and 1-NCA. The
mediators are introduced via a direct mixing fashion, which
improves the efficiency of the first triplet energy transfer step
(TET)) from CdS NCs to close to unity. Four UV-emitting anni-
hilators, namely 2,5-diphenyl-1,3,4-oxadiazole (PPD), naphtha-
lene (Naph), p-terphenyl (TP), and PPO, were used to study the
visible-to-UV TTA-UC performance sensitized by the CdS NCs
and mediators presented above.

2. Results

2.1. Synthesis and Photophysical Characterization of CdS NCs

CdS NCs were synthesized based on literature procedures via
hot-injection of elemental sulfur into a solution of cadmium
fatty acid salts (see Supporting Information for synthetic
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details).%l The injection and growth temperature, growth
periods, and purification process were found to be crucial
to form high-quality CdS NCs,'l which featured narrow full-
width of halfmaximum (fwhm) emission, high photolumi-
nescence quantum yields, and weak trap state emission. Here,
three batches of CdS NCs with different sizes were synthesized
by injecting the sulfur precursor at 190-230 °C and growing
between 130 and 170 °C for 20-60 min. The synthesis tempera-
ture and reaction time were varied according to the required
size of CdS NCs. In general, larger-sized CdS NCs were
obtained by injecting and growing at a higher temperature
while using a shorter reaction time. Hexane-acetonitrile pre-
cipitation were applied for the purification in accordance with
previous reports, in which the impurities were quantitatively
removed without degradation of the surface ligands.?

Figure 2 shows the UV/vis absorption and PL spectra of three
batches of CdS NCs, named CdS 393, CdS 405, and CdS 426, cor-
responding to the first absorption peak in toluene at 393, 405,
and 426 nm, respectively. The diameters of these CdS NCs were
estimated from the wavelengths of the first absorption peak to be
3.1, 3.5, and 4.3 nm,3 which were also supported by direct obser-
vation in transmission electron microscopy (TEM, Figure S1,
Supporting Information). Figure 2B shows the PL spectra
of three batches of CdS NCs. The typical narrow bandwidth
(fwhm = 18-20 nm) emission and weak broad trap state emission
at longer wavelengths were observed in all three batches, with
the PL maximum at 408, 425, and 447 nm, respectively. The trap
state emission with a broad peak at longer wavelength originates
from the presence of sulfur vacancy sites. The relative number of
sites, which acts as electron traps, is larger for the smaller CdS
NCs, and the emission from these sites is, thus, expected to be
stronger from CdS 393.M The photophysical properties of the
three batches of CdS NCs are summarized in Table 1.

The PL quantum yields (QYp;) of these CdS NCs were deter-
mined to lie between 20% and 30%, which is significantly
higher than the values previously reported (4.4%) for CdS NCs
used for visible-to-UV TTA-UC.P Such high QYyp, is the result
of a longer growth period and a modified purification method.
A high QYp| is important because it signals that non-radiative
decay channels (e.g., trap state formation) are suppressed and
enables downstream TET processes to be more efficient. All
three batches of CdS NCs show multi-exponential PL decays
(See Figure S2 and Table S2 in the Supporting Information),
which is a typical characteristic of semiconductor NCs.'*J Both
amplitude-weighted, <z>, and intensity-weighted, 7, average
lifetimes are listed in Table 1. The PL lifetimes of CdS NCs are
in the range of tens of ns, which are too short to enable effi-
cient TET directly to the annihilator. Therefore, a mediator with
a long-lived triplet excited state is required to mediate TET from
semiconductor NCs to the annihilator.®']

2.2. Interactions between CdS NCs and Mediators

Previous studies on visible-to-UV TTA-UC systems based on
NCs have focused mainly on only one mediator compound,
1-NCA.Pe4il In order to investigate how the mediators influence
the performance of TTA-UC, four mediators with different tri-
plet (T7) and singlet (S;) excited state energies were chosen to

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Chemical structures, energy levels of CdS NCs, mediators, and UV annihilators, and the mechanism of visible-to-UV photon upconversion
based on CdS NCs. A) Schematic of semiconducting NCs CdS 393, CdS 405, CdS 426, chemical structures of the four mediators BA, 4-BCA, 3-PCA, and
1-NCA, and of the four UV annihilators PPD, Naph, TP, and PPO. B) Energy levels of the CdS NCs, mediators, and UV annihilators. The lowest excited
singlet (S;) and triplet (T;) states of the mediators and annihilators are estimated from experiments and, when not available, from density functional
theory calculations (see Supporting Information for calculation details and estimation of energy levels). C) The mechanism of visible-to-UV photon
upconversion based on CdS NCs through two triplet energy transfer steps followed by triplet-triplet annihilation.
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Figure 2. A) Normalized UV/vis absorption, and B) normalized PL spectra of three batches of CdS NCs in toluene.

mediate the triplet excitons from CdS NCs, see Figure 1B. The
UV)vis absorption and PL spectra of these mediators are shown
in Figure S3 in the Supporting Information, and their photo-
physical properties are summarized in Table 2. The carbox-
ylic acid functional group enables the adsorption of mediators
onto the surface of CdS NCs. Ligand exchange and subsequent
washing steps are generally used to prepare the NC/mediator
assembly. However, the low coverage of mediators on NCs
after washing limits the efficiency of the TET; step and further
TTA-UC. In a previous report, where 1-NCA bound to CdS
NCs was used as the sensitizer and PPO as the annihilator, the
TTA-UC quantum yield was only about 0.4%.° Here, in order
to achieve efficient TET;, we add excess mediators (300 x 1076 m)
into the solution of CdS NCs via a direct mixing approach, and
omit any further washing steps. Directly mixing the mediators
with CdS NCs can increase the number of bound ligands at
equilibrium, as well as providing an excess of non-bound media-
tors that might function as diffusive triplet energy relays.

We first examined the PL quenching of CdS NCs upon addition
of mediators. CdS 393, CdS 405, and CdS 426 solutions were pre-
pared in toluene with the concentrations of 1.3 X 107, 0.5 x 107,
and 0.3 x 107® w, respectively, yielding similar absorbances at
405 nm. The solubilities of the mediators are limited in toluene,
for example, the saturation concentration of 3-PCA is about 300 x
107% ™ at room temperature. Therefore, the concentrations of the
mediators were chosen to be 300 x 107 m for the PL quenching
and following upconversion experiments. Adding BA into the
CdS NCs solution did not cause any decrease of the PL intensity
or the PL lifetime. The T; state of BA (3.4 eV) is much higher in
energy than those of all three batches of CdS NCs (see Figure 1B),
and TET] is thus thermodynamically unfavored.

The situation is different for the mediators with lower-lying
T; states. Figure 3 shows the PL intensity and lifetime of CdS
NCs with and without the other three mediators, and Table 2

summarizes the PL lifetime and the efficiency of TET; (®rgri),
which was estimated from PL lifetime and intensity quenching
(Prer1 = 1 — (1)/{1)9, where <7> and <7>; are the amplitude-
weighted average PL lifetimes of CdS NCs with and without
the mediator, respectively). When 4-BCA (E(T;) = 2.8 eV) is uti-
lized as the mediator, PL quenching is only observed for the
smallest NCs, i.e., CdS 393. Adding 300 x 10 m 4-BCA caused
significant PL quenching of CdS 393 in both PL intensity and
lifetime. <7> reduces from 16.9 ns to 5.1 ns, giving a TET] effi-
ciency of 70%, which is also close to the efficiency estimated
from PL intensity quenching. Adding 4-BCA into CdS 405 and
CdS 426 solutions did not result in any PL quenching, indi-
cating that the triplet energy gap between CdS NCs and the
mediator (AE;) should be 20.2 eV to allow TET] to occur. Adding
3-PCA or 1-NCA to the NC solutions caused a significant
decrease in both PL intensity and lifetime for all three batches
of CdS NCs, which is attributed to the relatively lower T; ener-
gies of 3-PCA (2.6 eV) and 1-NCA (2.5 eV), and results in effi-
cient TET;. In the cases of CdS 393 and CdS 405, 3-PCA, and
1-NCA show very high TET] efficiencies, with ®gr; 2 90%. In
most efficient NC-based TTA-UC systems reported previously
(with TTA-UC quantum yields higher than 5%), e.g., CsPbBr;
NCs, CdSe NCs, and InP NCs, the observed efficiency of TET;
was above 80%.54217] As shown below, the efficient TET; of our
systems will further correlate with the high quantum yields of
TTA-UC. In the case of CdS 426, which has the lowest exciton
energy, the efficiency of TET] is reduced to 78% for 3-PCA and
58% for 1-NCA. In general, 3-PCA shows slightly higher ®rgpy
than 1-NCA in the solutions of CdS NCs (see Table 2), possibly
due to a stronger binding affinity of 3-PCA to the surface of
the CdS NCs. Alternatively, the position of the carboxylic acid
group of 3-PCA might result in that the core of phenanthrene
is slightly closer to the surface of NCs compared to the other
mediators.

Table 1. The photophysical properties of three batches of CdS NCs in toluene.

Abs A1;?) [nm] Diameter®) [nm] Lowest excited state energy®) [eV] PL Aige?) [nm] QYp [%] <9 [ns] 79 [ns]
CdS 393 393 31 3.1 408 20.4 16.9 42.5
CdsS 405 405 3.5 3.0 425 19.6 17.0 37.8
CdS 426 426 4.3 2.8 447 27.5 14.3 347

AMeasured in toluene; P)Calculated from the first exciton absorption peak;™ 9Determined from the intersection of the normalized absorption and emission spectra;

dAmplitude-weighted average lifetime; ®Intensity-weighted average lifetime.

Adv. Funct. Mater. 2021, 2106198 2106198 (4 0f'|2)
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Table 2. Photophysical properties of the mediators and quenching characteristics of CdS NCs.

Abs Agi [nm] PL A1t [nm] 59 [eV] 79 [eV] <>%[ns] Dren) [9%)]
Cds 393 CdS 405 CdS 426 CdS 393 CdS 405 Cds 426
BA 279%) 3029 4.4 34 16.9 17.0 14.3 not not nos)
4-BCA 269%) 3392 4.1 2.8 511 17.0 14.3 70/80 nos) nos
3-PCA 354%) 3579 36 2.6 134 1.21 3.23 92/93 93/95 78/68
1-NCA 301%) 365°) 37 2.5 1.67 1.65 5.67 90/97 90/95 58/46

3In ethanol; ®In toluene; 9Determined from the intersection of the normalized absorption and emission spectra; 9From experiments and, when not available, from den-
sity functional theory calculations (see Supporting Information for calculation details and estimation of energy levels); Amplitude-weighted average PL lifetime of CdS
NCs in the presence of mediators; 7 Efficiency of TET; calculated from amplitude-weighted average PL lifetime quenching/steady state PL intensity quenching; ®No triplet

energy transfer is observed.

2.3. Photon Upconversion

Visible-to-UV TTA-UC sensitized by CdS NCs with selected
mediators was examined using four annihilators that emit light
in the UV region. PPO, which is a known UV annihilator, is
applied to test the efficiency of TTA-UC. With the aim to achieve
upconverted photons of high energy, three other compounds
are studied, among which PPD and naphthalene without
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substituents (Naph) are explored as UV annihilators for the
first time. The T; and S; energies are presented in Figure 1B,
and the absorption and PL spectra of the annihilators are
shown in Figure S4 in the Supporting Information. The QYp
of the annihilators in toluene was determined to be 98% for
PPD, 25% for Naph, 100% for TP, and 95% for PPO. The typ-
ical TTA-UC emission spectra of the annihilators upon 405 nm
excitation in deaerated toluene are shown in Figure 4, which

10000
— (CdS 393
8000+ -=--- CdS 393/4-BCA
--------- CdS 393/3-PCA
6000 CdS 393/1-NCA
4000
2000
0.!:!
10000 - — CdS 405
~~~~~~~~~ CdS 405/1-NCA
g 8000 CdS 405/3-PCA
S 6000
o
O L0001
2000
0
10000 ——CdS 426
-------- CdS 426/3-PCA
80001 CdS 426/1-NCA
6000
4000
2000
0 T T
0 5 100 150 200
Time (ns)

Figure 3. A) PL spectra and B) time-resolved PL decay of CdS NCs with and without the mediators 4-BCA, 3-PCA, and 1-NCA (300 x 10~% m) in toluene.
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Figure 4. UC emission in deaerated toluene solution under 405 nm excitation from A) PPD (20 x 1073 m) with CdS 393 (1.3 x 10~° m)/4-BCA (300 x
107% m), and B) Naph (20 x 10 m) with CdS 405 (0.5 x 107% m)/3-PCA (300 x 10~® m). Similar spectra were also observed using CdS 393/4-BCA, CdS
393/3-PCA, CdS 405/3-PCA, or CdS 426/3-PCA as sensitizers. C) Upconverted emission of TP (10 x 1073 m) with CdS 405 (0.5 x 10® m)/3-PCA (300 x
107¢ m). Similar spectra were also observed using CdS 393/4-BCA, CdS 393/3-PCA, CdS 405/3-PCA, CdS 426/3-PCA, CdS 393/1-NCA, or CdS 405/1-NCA
as sensitizers. D) Upconverted emission of PPO (5 x 107 m) with CdS 426 (0.3 x 107° m))/3-PCA (300 x 107 m). Similar spectra were observed in all
the cases where TET; is allowed from the CdS NCs to the mediators. The reabsorption of UC photons by CdS NCs and mediators was alleviated by

using cuvettes with a 2 mm optical path length.

cover the UV range from 310 to 400 nm. The UC emission of
PPD, with the highest T} (2.8 eV) and S; (4.0 eV) energies of
the four annihilators, was only observed when CdS 393/4-BCA
was used as the sensitizer (Figure 4A). The T, energy of PPD
is higher than those of 3-PCA and 1-NCA, thus, the second tri-
plet energy transfer step (TET,) from these mediators to PPD
is not thermodynamically favored. The UC emission of Naph,
with an onset at around 320 nm (Figure 4B), was observed in
such instances where 4-BCA or 3-PCA were used as mediators,
despite the fact that TET, from 3-PCA to Naph is thermodynam-
ically slightly uphill. The energy of the upconverted photons
from Naph upon 405 nm irradiation reaches as high as 3.9 eV.
This is on par with the value recently reported for 1,5-naphtha-
lenedisulfonate using organic Ir complexes as the sensitizer,
which to date is the highest photon energy achieved by means
of TTA-UC.P¢ No obvious UC emission from Naph is observed
when using 1-NCA to mediate the triplet of CdS NCs, likely due
to the lower T of 1-NCA (2.5 eV) than that of Naph (2.6 eV). TP,
with a T; energy 0.1 eV below that of Naph, also functions as an
annihilator compound. In conjunction with triplet mediating
4-BCA or 3-PCA, UC emission from TP ranging from 320 to
380 nm was observed, with the first emission shoulder located
at 330 nm (Figure 4C). This is very similar to the emission
spectrum obtained upon direct UV light excitation (Figure S4C,

Adv. Funct. Mater. 2021, 2106198 2106198 (6 of 12)

Supporting Information). Unlike the case where Naph was
used as the annihilator, we also observed weak UC emission
from TP when using CdS 393/1-NCA or CdS 405/1-NCA as
sensitizers, which can be explained by the lower-lying T; and
higher QYp; of TP. PPO has the lowest T energy (2.4 eV) of all
studied annihilators, and, consequently, UC emission ranging
from 340 to 400 nm, with the first emission shoulder at 350 nm
(Figure 4D), was observed in all cases where TET; from CdS
NCs to the mediator is allowed. Moreover, we also observed UC
emission from 5,10-dihydroindeno|[2,1-a]indene (I2) (Figure SS,
Supporting Information), a new annihilator that has not been
reported previously. The unstructured TTA-UC emission of
12 covered approximately the same spectral range as PPO but
exhibited much weaker UC intensity.

Power-dependence experiments show that the UC emission
of PPO makes the expected transition from a quadratic to a
linear regime when the excitation power increases (Figure S6,
Supporting Information), which is a key characteristic of many
TTA-UC systems.!'® The lowest excitation threshold intensity
here is 0.95 W cm™ for CdS 405/3-PCA, which is lower than
the values of previous reports using CdS/ZnS (2.3 W cm?)P
or perovskite NCs with 1-NCA (1.9 W cm?)P4 as sensitizers.
The threshold intensity of PPD, Naph, and TP is beyond the
range of our excitation source (with the maximum power of
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18 W cm™2), and the linear region is not observed (Figure S7,
Supporting Information). Therefore, the values for the upcon-
version quantum yields of generated photons (®yc,), also
called the internal upconversion quantum yield, determined
at 14 W cm™ are evaluated in the linear excitation regime for
PPO, while in an intermediate regime for PPD, Naph, and TP,
leading to @y, values not reaching their maxima in the latter
cases.

We further determined the ®yc, of all systems. This was
done by relative actinometry (Equation (1)).

Dyc, =@ (1-10") Fe I 1

v 1
©1-10M) B e @ "

Here, UC and r subscripts refer to the upconversion and ref-
erence samples, respectively. @, is the PL quantum yield of the
reference sample (tetracene in deaerated toluene, @, = 16%),12%
A, is the absorbance at the excitation wavelength (405 nm), F;
is the integrated emission, I; the excitation intensity, and ®,,,
is the output coupling yield. The maximum @, is 50% as
two annihilator triplets produce one high energy photon Dy,
can be related to the upconversion quantum yield of observed
photons (P, also called the external quantum yield) and the
yield of upconverted singlet excited states (®yc,), the relation
between these quantum yields is discussed in detail in Section
5.5 of the Supporting Information. Table 3 summarizes the
®yc, of PPD, Naph, TP, and PPO as annihilators with different
sized CdS NCs complexed with the mediators 4-BCA, 3-PCA,
or 1-NCA. For PPO and TP, the external quantum yield, @, is
=9% less than ®y,, and for PPD and Naph ® is about 20%
less than @y, because of the stronger reabsorption by CdS
NCs and mediators in the region of 300-340 nm. In future sys-
tems a sample cuvette with shorter optical path could be used
to reduce reabsorption of UC photons and improve @ ..

The @y, of PPD with CdS 393/4-BCA as the sensitizer was
evaluated to be only 0.2%. The low @y, is partly explained
by the relatively low TET; efficiency from CdS 393 to 4-BCA
(@rpr = 70%). Moreover, the degenerate T; energies of 4-BCA
and PPD (2.8 eV for both) provide only a small driving force
for TET, from the mediator to the annihilator. Naph also shows

Table 3. Upconversion quantum yields of generated photons (®yc,, %).

Sensitizer? TET, allowed? Annihilator

PPD Naph TP PPO
CdS 393/4-BCA Yes 0.2 0.07 1.6 2.6
CdS 393/3-PCA Yes —b) 0.04 0.4 8.8
CdS 393/1-NCA Yes - - 0.2 8.4
CdS 405/4-BCA No - - - -
CdS 405/3-PCA Yes - 0.03 0.2 10.4
CdS 405/1-NCA Yes - - 0.1 9.1
CdS 426/4-BCA No - - - -
CdS 426/3-PCA Yes - 0.01 0.08 6.0
CdS 426/1-NCA Yes - - - 3.6

ADetermined in deaerated toluene and excited at 405 nm (14 W cm™?), with an
experimental error of =+10%; ®)Dash indicates that no UC emission was observed.
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very low ®yc, (< 0.1%), possibly due to the low fluorescence
quantum yield of Naph (four times lower than those of the other
annihilators), and a rather short-lived triplet state, about one
order of magnitude shorter than that of PPO.?!l Using 4-BCA
as the mediator results in a slightly higher ®yc, (0.07%) com-
pared to 3-PCA (0.04%), possibly because of the larger driving
force for TET, between 4-BCA and Naph (200 meV) compared
to that of 3-PCA and Naph (E(T;) = 2.6 eV for both). @y, of
Naph is further reduced with increasing size of the CdS NCs.
It should be noted that the Puc, of Naph observed here is com-
parable to that of naphthalene derivates using organic Ir com-
plexes as the sensitizer, which show a @y, of up to =0.04%.5¢

The @y, of TP shows a very similar trend to Naph when
varying the sensitizer. The highest ®yc_of TP is observed in
the presence of CdS 393/4-BCA, and <I)UC is reduced when CdS
393 is paired with lower T; energy mediators, i.e. 3-PCA or
I-NCA. Using larger sized CdS NCs further decreased the ®yc,
of TP. However, in general, ®@yc of TP is about 10 times higher
than that of Naph using the same sensitizer. We attribute the
higher @y of TP to the low-lying and longer-lived triplet state,
and the higfler fluorescence quantum yield.?!! PPO shows the
highest @y, _among the four annihilators. When CdS 405/3-
PCA is utilized as the sensitizer, Dy, of PPO reach as high
as 10.4%. This is comparable with the highest visible-to-UV
TTA-UC quantum yield (10.25%) achieved to date with organic
molecular sensitizers.”™ A high Dy, of 9.1% for PPO was also
observed when mixed with CdS 405 /1 NCA, which is more than
20 times higher than the value previously reported for PPO
sensitized by CdS NCs with surface-anchored 1-NCA.P Further
increasing the size of CdS NCs to CdS 426 leads to a reduced
®@yc, of PPO, and is attributed to less efficient TET; from CdS
426 to 3-PCA or 1-NCA.

Upon comparison of @y, for different annihilators using the
same sensitizer, e.g., CdS 393/4-BCA, we found that decreasing
the T energy of the annihilator generally leads to an increased
®yc,. For instance, PPD, which has the same T; energy as
4-BCA (2.8 €V), yields a @y, of 0.2%. Meanwhile, TP and PPO,
with T; energies =300 meV and 400 meV below that of 4-BCA,
yield @y of 1.6% and 2.6%, respectively, despite having fluo-
rescence quantum yields similar to that of PPD. When using
3-PCA or 1-NCA as the mediator, we also observed that ®yc,
increases dramatically with the increase of the energy gap
between the T; states of the mediator and the annihilator. For
example, in the case of CdS 393/3-PCA as the sensitizer, TP,
with a T; energy similar to that of 3-PCA, shows a Dy, of 0.4%,
while PPO, with its T; energy 200 meV below that of 3-PCA,
gives a ®yc, of 8.8%. This remarkable difference is likely not
caused only by differences in TET efficiencies, but could also be
influenced by heteromolecular TTA processes (which are dis-
cussed in more detail in the Supporting Information).

2.4. Transient Spectroscopy

To gain further insight into the mechanism of the TTA-UC pro-
cess, nanosecond transient absorption (TA) and time-resolved
PL spectra were measured, see Figure 5. Free CdS 393 shows
only one transient absorption band, with a peak at 416 nm fol-
lowing pulsed excitation at 410 nm (black line in Figure 5A).
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Figure 5. Nanosecond transient absorption (TA) recorded 7 s after 410 nm pulsed excitation of CdS NCs with and without mediators and PPO, and
time-resolved UC emission (TR-UC) of CdS NCs with mediators and PPO at 360 nm. A) TA of CdS 393 (black line), CdS 393/4-BCA (red dash), and
CdS 393/4-BCA with PPO (purple dash-dot). B) TR-UC of CdS 393/4-BCA with PPO. C) TA of CdS 405 (black line), CdS 405/3-PCA (red dash), and CdS
405/3-PCA with PPO (purple dash-dot). D) TR-UC of CdS 405/3-PCA with PPO. E) TA of CdS 405 (black line), CdS 405/1-NCA (red dash), and CdS
405/1-NCA with PPO (purple dash-dot). F) TR-UC of CdS 405/1-NCA with PPO.

This has been attributed to the formation of the S~ radical
within the CdS particles.l??l Mixing 4-BCA with CdS 393 results
in an increased TA signal at 416 nm, with an additional long-
lived positive feature tailing to 500 nm (red line in Figure 5A),
which can be assigned to the T} — T, absorption of 4-BCA,
in accordance with the TA spectra of biphenyl.?}! This indi-
cates that the T state of 4-BCA is formed via TET; from CdS
393. The triplet lifetime of 4-BCA was determined to be 12 us
(Figure S8A,D, Supporting Information). Adding PPO into the
solution of CdS 393 and 4-BCA caused a shift of the TA signal
maximum from 410 to 505 nm, and a new broad TA band from
450 to 600 nm appears (purple in Figure 5A), corresponding to
the T; — T, absorption of PPO.¥ This confirms the formation
of the Tj state of PPO via TET, from T; of 4-BCA. The TTA-UC
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emission of PPO is further confirmed by measuring the PL
lifetime. Figure 5B shows the time-resolved emission decay of
PPO at 360 nm in a solution of CdS 393/4-BCA upon 410 nm
pulsed excitation. The measured triplet lifetime (77) of PPO
is 39.2 ps, which is much longer than the lifetime (<2 ns) of
directly excited PPO upon UV light irradiation.?¥l The fitting of
the UC emission was done using Equation (2).°

S B e e et

Here, Iyc(t) is the UC emission, [ 3A*] is the annihilator tri-
plet concentration, t is time, 7; is the time constant for the rise

(2)
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of emission, and ¢; are preexponential factors. The dimension-
less parameter [ represents the relative efficiency of the TTA
process and takes a value between 0 and 1, with higher values
indicating more efficient TTA, see the detailed fitting and dis-
cussion in Section 5.6 of the Supporting Information. For CdS
393/4-BCA/PPO, this value is 0.15, meaning that a majority of
PPO triplets decay by first-order processes.

The formation of triplet excited 3-PCA is observed upon
mixing with CdS 405 (Figure SC, red dash). A broad positive
band is observed between 450 and 650 nm, and the triplet life-
time of 3-PCA is estimated to 22 us by fitting of the TA decay
at 530 nm (Figure S8E, Supporting Information). Adding PPO
into the solution of CdS 405/3-PCA (purple in Figure 5C) yields
a stronger PPO triplet absorption signal than that in Figure 5A,
indicating a more efficient TET process overall. The triplet life-
time of PPO in the solution of CdS 405/3-PCA is 58.0 us (fitting
from Figure 5D), with a B value of 0.37 The TTA process is thus
much more efficient in this system, which is expected given
higher ®7¢y and .

Figure 5E shows the TA spectra of CdS 405 with and without
1-NCA and PPO. Compared with bare CdS 405, adding 1-NCA
yields a positive TA feature between 450 and 550 nm, cor-
responding to the T; — T, absorption of 1-NCA.[?%l By fitting
the TA kinetics in Figure S8F in the Supporting Information
at 450 nm, the triplet lifetime of 1-NCA is determined to be
18 us, which is comparable to that obtained from sensitization
of naphthalene triplets using CsPbBr; NCs (13.2 us).l Adding
PPO into the solution of CdS 405/1-NCA causes the disap-
pearance of the 1-NCA triplet feature which is replaced with
the T; — T, absorption spectra of PPO, similar in shape and
magnitude to that observed in Figure 5C. The triplet lifetime
of PPO when mixed with CdS 405/1-NCA is 42.4 us (Figure 5F)
with a S value of 0.35, similar to the case when 3-PCA is used
as the mediator. The measured 7 of PPO (40-60 us) agree rea-
sonably well with that seen for other upconverting systems
using PPO.P*1 Tt is reassuring that the 3 values obtained from
fitting the UC kinetics parallels the relative @y from steady
state measurements, as higher f values signals a higher con-
centration of triplet excited annihilators, leading to higher @ ..

3. Discussions

Our investigation of CdS NC-based visible-to-UV TTA-UC
reveals that the energy matching of CdS NCs, the mediator, and
the annihilator is a key factor that dictates TTA-UC and governs
the ability to achieve visible-to-UV TTA-UC. In particular, there
are two prerequisites:

1) The first triplet excited state (Tj) of the mediator should
be lower than the lowest excited state of the CdS NCs. For
example, BA has a T; energy higher than those of all three
batches of CdS NCs and, thus, no TET; from CdS NCs to
BA is observed. When using the largest sized CdS 426,
TET, is observed to 3-PCA (T} = 2.6 eV) but not to 4-BCA
(T; = 2.8 eV). Considering that the lowest excited state of CdS
426 is ~2.8 €V, it is required that the T; state of the mediator
lie =0.2 eV or more below that of the CdS NCs to achieve
sufficient TET;, which is consistent with previous studies on
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triplet exciton harvesting from NCs to organic molecules,
and vice versa.[3>-4312)

2) The T state of the annihilator should be equal to or lower
in energy than T of the mediator. For example, PPD, with
a T, energy of 2.8 eV, shows no UC emission when paired
with 3-PCA or 1-NCA. In general, a larger driving force in the
TET, step between the mediator and the annihilator leads to
stronger UC emission.

There are two major goals when developing a visible-to-UV
TTA-UC system. One is to maximize the upconverted quantum
yield of the system, and the other is to generate UC photons of
high energy, preferably accompanied by a large apparent anti-
Stokes shift. The latter is mainly dependent on the choice of
annihilator. In principle, annihilators with lower T; and higher
S; energies would produce larger apparent anti-Stokes shift and
higher energy of the UC photons. The highest upconverted
energy, approaching 4 eV, is achieved in our study when Naph is
used as the annihilator, and in this case the apparent anti-Stokes
shift is as large as 0.9 eV when paired with CdS 426/3-PCA.
However, due to the intrinsically low PL quantum yield and
short-lived triplet state of Naph, the overall ® ¢ is very low.
Harada et al. synthesized a Naph derivative with two TIPS sub-
stituents, 1,4-bis((triisopropylsilyl)ethynyl)naphthalene, which
has a PL quantum yield of 74% and a lower T energy (2.1 eV),
and it ends up having a high visible-to-UV quantum yield of
10.25% together with an organic Ir complex sensitizer."™ How-
ever, the TIPS substitution also lowers the S; state, resulting in
a reduction of the upconverted energy, shifting the emission
maximum to around 360 nm (which should be compared to
324 nm for bare Naph). The rational design of an annihilator
with a lower-lying and long-lived T; state while keeping a high
S; energy, combined with a near unity PL quantum yield, will
be key for the development of high efficiency visible-to-UV
TTA-UC systems with large apparent anti-Stokes shifts.

The upconversion quantum yields of generated photons
(®uc,) based on NCs can be defined by Equation (3).
(I)ch =@ 5D 1571DP 157, P 71aD 4 (3)

Here, ®5c, Orpp, Prem, and @rpy are the efficiencies of
intersystem crossing, TET; from CdS NCs to the mediator,
TET, from the mediator to the annihilator, and TTA between
two annihilators, respectively, and @, is the PL quantum yield
of the annihilator. ®;74 and ®, are dependent on the intrinsic
properties of the annihilator, such as nonradiative decay rates,
the triplet lifetime, and higher excited state energies, in par-
ticular those of the second triplet excited state (T,) and the first
quintet excited state (Qy). Designing new annihilators associ-
ated with high ®;14 and @, in the UV light region should be
one of the subjects of future studies aiming to develop high-
performing TTA-UC systems.

In principle, the efficiency of TET to the annihilator is not
a major concern for systems based on two organic compo-
nents including only one TET step, as the concentration of
the annihilator typically is high ([A] > 1 x 10~ M) in solution,
thus yielding a sensitization process with close to unity effi-
ciency.l”’] For three-component systems, our study reveals that
g, depends on the energy gap between the mediator and
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the annihilator (AE,), and the triplet lifetime of the mediator.
In order to achieve high ®rpp, it is required: 1) a large AE, to
provide a high driving force, such as in the cases with PPO,
which has the lowest-lying T; state among all chosen annihila-
tors; 2) a long-lived triplet state of the mediator. 3-PCA shows
a relatively longer triplet lifetime compared with the other
mediators in our study, and systems including 3-PCA show
higher @ throughout, indicative of relatively efficient TET,.
Moreover, our study and other recent reports!””-?%l indicate that
@71y scales nonlinearly with changes in @pgpy.

From the sensitizers’ aspect, to further improve @y,
of TTA-UC based on NCs, the following factors should be
considered:

1) The quality of NCs. The capacity for the CdS NC to act as
an energy donor is determined by their quality. High-quality
NCs, which features a narrow size distribution, a narrow PL
emission band, and high PL quantum yield, suffer only from
minor nonradiative recombination losses, which enables ef-
ficient triplet sensitization upon light irradiation. The quality
of colloidal CdS NCs can be improved by carefully controlling
the feed molar ratio of Cd and sulfur sources, the reaction
temperature and time, and the purification steps.['*-12 In our
case, the CdS NCs were synthesized at lower temperature
with a longer reaction time and purified with little impact
on the quality of CdS NCs. The PL quantum yield is more
than five times higher than that of previously reported CdS
NCs used for visible-to-UV TTA-UC,’ and similar to that
of other reports on high-quality CdS NCs.[*12l Introducing
microfluidics for the synthesis of NCs could also improve
the reproducibility of synthesis and increase the control of
the NCs’ properties.??) Moreover, it has been demonstrated
that growing a few layers of an outer shell on the NCs can
enhance the PL quantum yield by removing surface traps. It
should be noted that the thickness of the outer shell needs
to be carefully controlled, as a thicker shell can also create
an energy barrier that inhibits subsequent energy transfer to
surface-attached mediators.>*17>30)

2) Interactions between CdS NCs and mediators. Efficient
®rpp is the key to achieve NC-based TTA-UC with high @y,
which is dependent on the size of the NCs and the proper-
ties of the mediators, such as the energy difference between
CdS NCs and mediators (AE,), the affinity of mediators to the
surface of NCs, and the influence of competing pathways on
the formation of mediator triplets.>3! As stated previously,
®rppy correlates to the driving force for TET; between CdS
NCs and the mediator. In general, AE; > 0.2 eV is required
from our observations, and a larger driving force provides a
higher ®¢py. Previous studies demonstrated that the num-
ber of mediator molecules (m) attached to the surface of the
NCs plays a crucial role in governing the energy transfer
and UC efficiency, i.e., ®1pry and @y, increases with higher
values of m.3% The calculation from Piland et al. indicates
that m = 16 could achieve @z = 0.95.191 However, using
ligand exchange methods, it is challenging to load enough
mediators onto the surface of NCs to achieve efficient ® gy
(>90%). We have observed that the PL emission of CdS
NCs is heavily quenched when loading mediators via a di-
rect mixing approach, and consequently @y = 90% is
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observed in several cases. By fitting with a Poisson distribu-
tion, the number of bound ligands using this method can
be estimated to be about 20 (See Figure S9 and Table S4 in
the Supporting Information). Xu et al. recently also observed
that the @7 from CdSe NCs to oligothiophene ligand was
increased via mixing with more ligands in the solution,?3!
and Nienhaus et al. reported efficient visible region upcon-
version by mixing the mediator 9-anthracene carboxylic acid
with CdSe nanoplatelets or CdTe nanorods.?¥ It should be
pointed out that efficient TET; achieved via mixing is a result
of the presence of both high-affinity, surface-bound ligands,
and more dynamic, weakly bound ligands, and the estimated
number of bound ligands is influenced by both (see Sup-
porting Information for a discussion on the significance of
m). The solubility of the mediators is poor in toluene, caus-
ing the mediators close to the NC surface to bind via the
carboxylic acid group. If further ligand exchange protocols
are invoked, weakly bound mediators can easily be washed
away, leaving only a few ligands bound to the NCs, which
will result in lower @ gy,

When adding an excess of the mediator, spectral overlaps
and hetero-TTA between annihilator and mediator should be
considered. To optimize the number of UC photons emitted
from the solution, the absorptivity of the mediator should be
low in the window of upconverted UV light. Alternatively, the
UC sample can be prepared in a cell with an optical pass of
10-100 um and with scattering back reflectors in a device struc-
ture. Further optimization of the concentrations of NCs and
mediators to obtain high @y, and low threshold intensities is
one subject of our future studies. The presence of excess free
mediators may operate as diffusive triplet energy relays, which
could further aid the TTA process. Moreover, to avoid back
Forster resonance energy transfer (FRET) from S; of the anni-
hilator to S; of the mediator, the spectral overlap of mediator
absorption and annihilator emission should be minimized,
and the concentration of the mediators used should be lower
than =10 x 10~ M (see Supporting Information for calculation
details). For future practical applications, it is vitally important
to obtain high external UC quantum yields under solar irra-
diation. Investigations on the optimized concentrations of NC-
based materials using thinner optical pathlengths would allow
the development of TTA-UC systems with higher external UC
quantum yields and lower threshold incident powers. Alterna-
tively, constructing practical devices which could concentrate
the sunlight would also allow for more efficient harvesting of
solar energy.

4, Conclusions

Visible-to-UV TTA-UC represents a potential methodology to
extend the solar energy response for artificial photosynthesis
and photocatalysis. Here, we have performed a comparative
investigation of visible-to-UV TTA-UC based on CdS NCs by
combining three different sized CdS NCs, four mediators, and
four annihilators exhibiting different energy levels. High-energy
TTA-UC light approaching 4 eV is observed when CdS NCs/3-
PCA and Naph are used as the sensitizer and the annihilator,
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respectively. A high TTA-UC quantum yield of 10.4% (out of a
50% maximum) is achieved when CdS 405/3-PCA and PPO are
used as the sensitizer and annihilator, respectively. Our study
does not only present a system in which facile tuning of the
spectral response and high TTA-UC efficiency is controlled
by the triplet energy transfer to the mediator and annihilator,
but more importantly, this comprehensive investigation pro-
vides important guidelines when designing high-performance
NC-based TTA-UC systems. For example, our findings indi-
cate that the triplet level of the mediator must lie at least 200
meV below that of the NC, while the annihilator can have a tri-
plet level similar to that of the mediator, even though a larger
driving force provides higher efficiency. Moreover, high-quality
NCs can facilitate the overall upconversion quantum yield,
and the direct mixing approach without further washing steps
for ligand exchange has proven to be an easy and efficient
method to achieve high energy transfer efficiency and upcon-
version quantum yield. In principle, the concepts leading to
the successful improvement of visible-to-UV TTA-UC can also
be applied for visible-to-visible and near infrared-to-visible
TTA-UC using other varieties of NCs, such as CdSe, PbS, or
PbSe NCs. Ultimately, our approach will hopefully propel fur-
ther development of TTA-UC systems, which may prove to be
crucial components in future solar energy harvesting schemes
for photovoltaics, photocatalysis, and photosynthesis.
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