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rsion utilizing energy beyond the
band gap of crystalline silicon with a hybrid TES-
ADT/PbS quantum dots system†‡

Naoyuki Nishimura, ab Jesse R. Allardice,a James Xiao,a Qifei Gu,a Victor Gray ac

and Akshay Rao *a

The recent introduction of inorganic semiconductor quantum dots (QDs) as triplet sensitizers for molecular

semiconductors has led to significant interest in harvesting low energy photons, which can then be used for

photon upconversion (PUC), via triplet–triplet annihilation (TTA). A key goal is the harvesting of photons

from below the bandgap of crystalline silicon 1.12 eV (z1100 nm) and their upconversion into the visible

region. In practice, the systems demonstrated so far have been limited to harvesting photons with

energies above 1.2 eV (z1 mm), due to two reasons: firstly the need to use transmitter ligands which

allow efficient energy harvesting from the QD but introduce an energy loss of larger than 200 meV in

transmission from the QD to the annihilator, and secondly due to the use of molecules such as

tetracene which cannot accept smaller energy than 1.2 eV. Here, we introduce a new strategy to

overcome these difficulties by using a low energy triplet annihilator that also harvests excitations

efficiently from QDs. Specifically, we show that 5,11-bis(triethylsilylethynyl)anthradithiophene (TES-ADT,

triplet energy of 1.08 eV: ca. 1150 nm) functions as a triplet annihilator (20% TTA efficiency) while also

rapidly extracting triplet excitons from lead sulfide (PbS) QDs with a rate constant of k ¼ ca. 2 � 10�8 s�1

with an excitation at 1064 nm. This rate is consistent with an orbital overlap between TES-ADT and PbS

QDs, which we propose is due to the thiophene group of TES-ADT, which enables a close association

with the PbS surface, allowing this system to function both as annihilator and transmitter. Our results

pave the way for the design of triplet annihilators that can closely associate with the QD surface and

harvest low energy excitons with minute losses in energy during the TET process, with the ultimate goal

of efficiently utilizing photon energy beyond the bandgap of crystalline silicon.
1. Introduction

Triplet energy transfer (TET) between organic semiconductors
and inorganic quantum dots (QDs) has recently emerged as
a novel means of transferring energy in hybrid nanosystems,1–23

allowing the tuning of the excited state lifetime,3,9–11 the radia-
tive harvesting of ‘dark’ triplet excitons and the sensitization of
organic molecules for photon upconversion (PUC) via triplet–
triplet annihilation (TTA).7,8 In comparison to traditional heavy-
metal complexes used for triplet sensitization, QDs have almost
no energy difference between singlet and triplet excited state
ridge, J. J. Thomson Avenue, Cambridge,

-Kasei Corporation, 2-1 Samejima, Fuji,

tory, Uppsala University, Box 532, SE-751

tion (ESI) available. See DOI:
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0

congurations, allowing, in principle, for the sensitization of
triplets with almost no energy loss with respect to the band gap
of the QD. For PUC, this implies that a large anti-Stokes shi
between the wavelengths of excitation and emission is
possible.2,14 In addition, these systems allow for efficient har-
vesting of near infrared (NIR) photons1–8,18–24 for NIR to visible
light (VIS) PUC, something which proves to be challenging with
traditional heavy-metal based sensitizers.

As TET from the QD to the organic material is based on
Dexter transfer, which requires orbital overlap between donor
and acceptor, there is an exponential dependence on the
distance between the QD and the organic material.15–17 TET
fromQDs passivated with long-chain ligands, such as oleic acid,
has been shown to result in low TET yields especially in solu-
tion.8,18–20 Thus, an important advance in the eld was the
introduction of triplet transmitter ligands on the QD surface,
allowing for a short distance between QD and organic material
and hence enabling efficient Dexter transfer. These ligands are
commonly based on acenes functionalized with carboxylic acids
to attach to the QD surface.1–6 Moreover, as opposed to free
molecules and QDs in solution which must rely on collisions to
This journal is © The Royal Society of Chemistry 2019
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undergo the bimolecular TET reaction, the ligands are perma-
nently xed on the QD, thus allowing much higher efficiency of
transfer from the QD to free molecules in solution. Once on the
triplet transmitter ligand, the lifetime of the triplet state can be
on the order of ms, rather than the ms lifetime of the QDs.9 This
provides sufficient time for the transfer of triplets to free-
oating annihilator molecules, usually rubrene for PUC from
NIR to VIS, in solution which can then undergo TTA. However,
the introduction of the triplet transmitter ligands introduces an
energy loss within the PUC process. There needs to be an energy
gradient between the QD and the ligand to facilitate the TET
process and a further driving energy from the ligand to the free-
oating annihilator molecules in solution. In total (i.e., from the
excitation energy or excitonic absorption peak of the QDs to the
annihilator) this commonly requires an energy loss of around
230meV, necessitating the use of higher energy QDs to sensitize
the process. Thus so far, demonstrations of NIR to VIS upcon-
version have mostly been based on excitation at 808 nm.21–23

Moving forward, an important goal would be the utilization
of longer wavelengths for PUC, especially the region beyond the
bandgap of the crystalline silicon (c-Si), which at room
temperature is 1.12 eV (z1100 nm); an indirect gap with a very
weak absorption edge.25,26 This could be of great interest for
photodetection, sensing and energy materials applications.24

However, in current systems consisting of QDs as triplet
sensitizers, acene derivatives (e.g., tetracene derivative) as triplet
transmitters, and TTA materials (e.g., rubrene),22,23 displayed in
Fig. 1A, the T1 energy of the triplet transmitter ligand (ca. 1.2 eV
z 1 mm for tetracene based systems) disallows this process. As
shown in Fig. 1B, in principle a system via direct TET between
QDs and TTA materials is advantageous for its simplicity, not
requiring an energetic cascade from a triplet transmitter ligand
to TTA materials,8,19,20 compared to the scheme of Fig. 1A. To
employ rubrene as a TTA material, directly extracting triplet
excitons from QDs as Fig. 1B, is benecial to utilize a small
energy in PUC since T1 of rubrene (1.14 eV: 1090 nm) is smaller
than that of tetracene. Nevertheless, direct TET between
rubrene and QDs is not efficient8,19,20 due to the poor orbital
overlap. Therefore, it would be advantageous to develop novel
TTA materials which have small T1 energy and can directly and
efficiently accept triplet excitons from QDs.

Here we demonstrate a new strategy that overcomes both the
energy loss to drive triplet transfer from transmitter ligand to
free-oating molecules as well as the ability to harvest photons
beyond the c-Si bandgap, upconverting to the visible. We show
that the use of a thiophene containing moiety, here within 5,11-
bis(triethylsilylethynyl)anthradithiophene (TES-ADT),27–29

allows for the close association of TES-ADT with the lead sulde
(PbS) surface, eliminating the need for separate transmitter
ligand and free-oating triplet annihilator species and hence
the energy loss between them (Fig. 1C). We demonstrate PUC
for excitation wavelengths out to 1100 nm and use ultrafast
spectroscopy to elucidate the energy transfer rates in this
system. Our data indicates that aer triplet energy transfer the
TES-ADT may unbind from the PbS and go on to act as a free-
oating triplet annihilator.
This journal is © The Royal Society of Chemistry 2019
2. Results and discussion
2.1. Absorption and emission properties of TES-ADT

Thiophene possesses a weaker conjugation than benzene,
hence in terms of controlling energy levels of acenes, conjuga-
tion with thiophenes is a prominent strategy. TES-ADT (Fig. 1C)
and its derivatives are well known as organic transistor mate-
rials,27,28 and it has been reported that 2,8-diuoro-5,11-
bis(triethylsilylethynyl)anthradithiophene (diF-TES-ADT) func-
tions as a singlet ssion material which splits one singlet
exciton into two triplet excitons.29 TES-ADT has S1 and T1

energies of 2.16 eV and 1.08 eV (ca. 1150 nm),29 smaller than the
corresponding values for the commonly used PUC material
rubrene.

We begin by characterizing the steady state properties of
TES-ADT. Fig. 2A depicts absorption and emission spectra of
0.2 mM TES-ADT in toluene. The absorption edge correspond-
ing to the S1 gap of TES-ADT was observed at around 575 nm
(2.16 eV). The emission spectrum was measured with excitation
by a 520 nm continuous wave (CW) laser. The solution gave an
emission composed of (0–0), (0–1), and (0–2) peaks located at
around 580, 610, and 660 nm, respectively.

Dependence of the photoluminescence QY on the concen-
tration of TES-ADT, wasmeasured under excitation at 520 nm, as
shown in Table 1 and Fig. 2. With an increase in concentration
from 0.2 mM to 1mM, the QY slightly decreased from 74 to 70%,
beyond which it steeply dropped to 2.6% at 100 mM, suggesting
that there is a loss process for singlet excitons in the highly
concentrated TES-ADT. Fig. S1† displays time-resolved emission
spectra of TES-ADT solutions with various concentrations. The
decay life time of the emission at each concentration was less
than 100 ns. With low concentrations (e.g., 0.2mM), the shape of
spectra does not change in time. With high concentrations
however (e.g., 100 mM), a red-shied and delayed emission was
observed with a peak at around 660 nm aer 10 ns, which is
similar to emission from a diF-TES-ADT excimer formed with
a pair of triplets (TT)1 converted from the S1 state.29 The contri-
bution of (TT)1 state was also observed in steady state emission
spectra with high concentration TES-ADT (Fig. S2†). Conse-
quently, the low QY of the emission from TES-ADT at high
concentration is mainly due to a conversion from S1 to the (TT)1

and T1 due to singlet ssion. Any use of this materials for TTA
thus needs to balance this potential loss channel.
2.2. TTA efficiency of TES-ADT

TTA properties (e.g., TTA efficiency) of a thiophene conjugated
directly on the acene backbone have not yet been investigated,
as far as we know. Therefore, we rst characterize the perfor-
mance of TES-ADT as a triplet annihilator material using
conventional heavy-metal based sensitizers. Parameters of PUC
are estimated with the following eqn (1)

FUC ¼ 1/2FISC � FTET � FTTA � FFL (1)

The FUC, FISC, FTET, FTTA, and FFL are represented as QY of
PUC, ISC efficiency, TET efficiency, TTA efficiency, QY of an
Chem. Sci., 2019, 10, 4750–4760 | 4751
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Fig. 1 Schemes of TTA PUC with inorganic semiconductor QDs as the triplet sensitizer; (A) via triplet transmitter ligand (e.g., rubrene and QDs
modified with tetracene derivative), (B) direct energy transfer (e.g., rubrene and QDs), (C) this work (TES-ADT/PbS QDs).
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emission from TES-ADT with a direct excitation, respectively.
We note that the maximum value of FUC in this equation is 50%
due to the two photon process. In accordance with this equa-
tion, measurement of PUC efficiency with a triplet sensitizer
whose properties are known leads us to deduce the TTA effi-
ciency. In order to obtain TTA efficiency of TES-ADT, PUC
measurements with a sample composed of TES-ADT and Pd(II)
meso-tetraphenyl tetrabenzoporphine (PdTPBP)30 were carried
out, see Fig. S3.†

Fig. 3 displays a PUC emission spectrum of a solution
containing 1 mM TES-ADT and 20 mM PdTPBP with excitation
at 647 nm which is beyond the S1 gap of TES-ADT. This system
gives emission with peaks at 580 nm and 610 nm assigned as
the (0–0) and the (0–1) emission from TES-ADT, respectively.
Compared to emission with a direct S1 excitation, the (0–0)
4752 | Chem. Sci., 2019, 10, 4750–4760
emission is suppressed due to reabsorption, resulting in the
largest peak located at 610 nm (2.03 eV). Fig. S4† shows exci-
tation power dependency on the intensity of PUC emission. A
change from almost linear (slope ¼ 1.15) to roughly square
(slop ¼ 1.52) was observed at a power density of 48 W cm�2,
which is a characteristic of TTA PUC.1–8 These results reveal
that TES-ADT functions as a TTA material. The FUC of this PUC
was estimated to be 6.7% (relative rhodamine B in degassed
ethanol (Fr ¼ 0.97)31). FISC of PdTPBP is around 0.97 due to the
fast ISC process.30 In addition,FTET is also estimated to be 1, as
judged by the completely quenched phosphorescence from
PdTPBP. From eqn (1) we obtain, the FTTA of TES-ADT as 20%
which is comparable to the other TTA materials such as
rubrene (33%)32 (Table 2).
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) Absorption (blue) and emission (red) spectra of 0.2 mM TES-
ADT in toluene and (B) dependence of TES-ADT concentration in
toluene on the QY with excitation at 520 nm.

Table 1 Dependence of TES-ADT concentration in toluene on the QY
with excitation at 520 nm

Concentration of
TES-ADT (mM) QY (%)

0.2 74
1 70
5 47
20 15
50 4.9
100 2.6

Fig. 3 PUC emission spectrum of a system composed of 1 mM TES-
ADT and 20 mM PdTPBP, excited at 647 nm.

Table 2 Estimation of FTTA with the obtained numbers

Sample FUC FISC FTET FFL FTTA

1 mM TES-ADT 0.067 0.97 1.00 0.70 0.20
20 mM PdTPBP
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2.3. PUC properties of a system consisting of TES-ADT and
PbS QDs

In order to utilize lower energies than conventional heavy metal
complex sensitizers, PbS QDs were used as triplet sensitizers for
TES-ADT. PbS QDs with excitonic peak energies of 1.27 H 0.07,
1.19 H 0.08, or 1.08 H 0.07 eV were used in this work; their
absorption spectra are shown in Fig. S5.† Energy of the
absorption peak reects average excitonic energy in each
sample. The excitonic energies of QDs were controlled by the
synthesis condition33 as described in the Experimental section.
Excitonic peak positions and the zoomed in absorption spectra
of PbS QDs (1.27 eV) in the presence of various concentration of
TES-ADT are displayed in Fig. 4A. With an increase in the
concentration of TES-ADT, the excitonic absorption peak of the
PbS QDs gradually shied to shorter wavelengths. Particularly
This journal is © The Royal Society of Chemistry 2019
with 100 mM TES-ADT, the magnitude in the shi was 2 nm.
Small blue-shis in an excitonic absorption peaks of lead
chalcogenide QDs by modications of the QDs with acene
derivative ligands have been previously reported, due to an
interaction between the QD and the chemically attached ligand
on the QD.13,34 Accordingly, the small blue-shi in the presence
of TES-ADT is assigned to a close association of the TES-ADT
with the PbS, most likely due to the thiophene group of TES-
ADT.

PUC properties of a system comprised of TES-ADT and PbS
QDs were investigated. Fig. 4B shows PUC emission spectra
from a sample consisting of PbS QDs (1.27 eV) and various
concentrations of TES-ADT, excited at 1064 nm. The concen-
tration of PbS QDs was optimized at 2.5 mg mL�1 (O.D.: 0.04 at
1064 nm) as shown in Fig. S6.† The TES-ADT (0–0) emission
almost disappeared due to strong reabsorption attributed to the
deep penetration depth. With an increase in the concentration,
the emission at around 660 nm showed a relative increase,
matching the trend seen in the emission spectra with direct
excitation (Fig. S2†). The small difference in the emission shape
between the direct excitation (at 520 nm) and PUC (excited at
1064 nm) was likely due to the difference in the population of
excited states, discussed in ESI (Fig. S7).† The anti-Stokes shi
in this system was estimated to be 0.86 eV which was compa-
rable to the highest number in PUC from over 800 nm to VIS so
far.2 Fig. 4C depicts the excitation power dependence for PUC
emission intensity from a solution containing 50 mM TES-ADT
and PbS QDs. The slope change between approximately linear
(1.09) and about square (1.89) was observed at 43W cm�2 which
Chem. Sci., 2019, 10, 4750–4760 | 4753
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Fig. 4 (A) Excitonic peak positions of PbS QDs (1.27 eV) in the absence or in the presence of TES-ADT with various concentrations and the
absorption spectra, (B) PUC emission spectra from a system consisting of TES-ADTwith various concentrations and PbSQDs excited at 1064 nm,
(C) excitation power dependence of intensity of PUC emission from a solution containing 50mM TES-ADT and PbSQDs, (D) dependency of TES-
ADT concentration on PUC QY of a system consisting of TES-ADT and PbS QDs excited at 1064 nm, (E) excitation wavelength dependency on
relative emission intensity from TES-ADT solution with and without PbS QDs (1.27 eV) with an excitation using a pulsed laser.

Table 3 Calculation of the efficiency of TET in systems consisting of
PbS QD (1.27 eV) and TES-ADT with various concentrations

TES-ADT concentration
(mM) FUC (%)

FISC

(%)
FTTA

(%) FFL (%) FTET (%)

5 0.0021 100 20 54 � 5 0.04 � 0.01
20 0.023 100 20 16 � 1 1.4 � 0.1
50 0.047 100 20 5.4 � 0.5 8.8 � 0.8
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was a very similar value to the system consisting of TES-ADT and
PdTPBP, proving that the observed PUC was also via TTA.

Fig. 4D shows PUC QY (FUC) dependence on the TES-ADT
concentration. With an increase in TES-ADT concentration,
FUC increased from 0.0021% at 5 mM to a peak of 0.047% at
50 mM and then decreased to 0.035% at 100 mM. Table 3 shows
calculations of FTET for each TES-ADT concentration. Here, the
FISC of PbS QDs was taken to be 1. In addition, FTTA was taken
to be 20% as was determined from the FUC with PdTPBP
sensitizer within the linear region in the excitation power
dependence (Fig. S4†), since these measurements here were
also done in the linear region, where FTTA is maximized, FTTA

should be the same in both samples. Error bars ofFFL are due to
the changing population of excited states, discussed in ESI
4754 | Chem. Sci., 2019, 10, 4750–4760
(Fig. S7),† these are also taken into account in Table 3. With an
increase in TES-ADT concentration, FTET increased from 0.04 �
0.01% at 5 mM to 12 � 2% at 100 mM. FUC of the system was
balanced between a decrease in FFL and an increase in FTET
100 0.035 100 20 2.9 � 0.3 12 � 2

This journal is © The Royal Society of Chemistry 2019
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Table 4 Dependence of PUC QY on PbS QD energy gap (1.27, 1.15, or
1.08 eV) and the efficiency of TET in systems composed of 50 mM
TES-ADT and the PbS QDs with an excitation at 1064 nm

FUC (%)
FISC

(%)
FTTA

(%) FFL (%) FTET (%)

0.047 100 20 5.4 � 0.5 8.8 � 0.8
0.012 100 20 5.4 � 0.5 2.3 � 0.2
0.0004 100 20 5.4 � 0.5 0.07 � 0.01
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with a highly concentrated TES-ADT, consequently, the
concentration dependence of TES-ADT PUC QY in Fig. 5D
resulted in a peak at 50 mM. The increase in FTET with an
increase in a TES-ADT concentration (in Table 3) coincides with
a trend that the probability of collisions and attachments with
TES-ADT to PbS QDs increases with increasing the
concentration.

Importantly, the obtained FTET in this system, 12 � 2% at
100 mM, is orders of magnitude higher even with relative small
driving force (smaller than 200 meV) than one shown in
previous solution systems without the use of the triplet
accepting ligand, for instance for direct transfer from PbS to
rubrene FTET was found to be less than 0.02%.19,20 Thus, the use
of the TES-ADT system with the thiophene moiety allows for
a close association between the QD and the organic molecule,
enabling efficient TET, which cannot be achieved with the
conventional annihilator material (i.e., rubrene), while still
allowing the use of a single chromophore as triplet acceptor and
annihilator unlike conventional transmitter ligands with COOH
functional group.

Table 4 shows the dependence of PUC QY on the band gap of
the PbS QDs. With a decrease in the energy of the QDs, FUC

deceased from 0.047% at 1.27 eV to 0.0004% at 1.08 eV,
resulting in a decrease in FTET from 10% at 1.27 eV to 0.08% at
1.08 eV. T1 energy of TES-ADT has previously been measured to
be 1.08 eV, therefore, the decrease in the driving force for TET
from the excitonic state of PbS QDs to the T1 state of TES-ADT
leads to less efficient TET. When the effective driving energy
was reduced to zero (PbS QD at 1.08 eV to T1 of TES-ADT at 1.08
eV) FUC and FTET were both reduced, but still measurable.
Fig. 5 TA spectra of PbS QDs (1.27 eV) (A) in the absence of TES-ADT, (
zoom in of (B).

This journal is © The Royal Society of Chemistry 2019
In order to conrm the utilization of low-energy photons for
PUC, excitation wavelength dependence of relative emission
intensity was measured (Fig. 4E). Although a solution consist-
ing only TES-ADT gave emission derived from two photon
absorption due to the use of a pulsed laser system (<200 fs
pulses), the presence of PbS QDs resulted in a large increase in
visible emission (3–5 times), indicating that the difference in
the emission intensities originated from PUC emission via QD
sensitization. The PUC emission was obtained with an excita-
tion up to 1100 nm, but it disappeared at 1150 nm. We note
that the T1 energy of TES-ADT (1.08 eV: ca. 1150 nm) was
assigned from a peak of phosphorescence from a lm sample
in a previous report,29 hence the estimated T1 energy may be
affected by Stokes shi of the phosphorescence and/or conju-
gation of the lm structure. Accordingly, the actual T1 energy of
TES-ADT molecule is slightly larger than 1.08 eV (1150 nm),
which would allow for a small driving for the TTA process (2T1–

S1).
B) in the presence of 50 mM TES-ADT with excitation at 1064 nm, (C)
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Fig. 6 Kinetics of TA (A) in PbS QDs (1.27 eV) with various concen-
trations of TES-ADT at 920–930 nm, (B) in PbS QDs (1.08 eV) with
50 mM TES-ADT at 980–990 nm.
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2.4. TET properties from PbS QDs to TES-ADT

In order to investigate TET properties from PbS QDs to TES-ADT
in more detail, pump–probe measurements were carried out.
Transient absorption (TA) measurement is advantageous to
detect features of triplet excitons because T1 / Tn transition
which reects existence of triplet exciton can be directly
observed. The photoinduced triplet absorption spectra of TES-
ADTmolecules were measured as described in the ESI (Fig. S8).†

Fig. 5 shows the TA spectra of PbS QDs (1.27 eV) in the
absence or in the presence of TES-ADT (50 mM) with an excita-
tion at 1064 nm. At early times, the sample without TES-ADT
(Fig. 5A) shows photo induced absorption (PIA) up to 820 nm,
beyond which a broad positive signal associated with the ground
state bleach (GSB) was observed with a peak at ca. 980 nm.
Subsequently, the intensity of the GSB gradually decreased, dis-
appearing between 10–20 ms. These features are in good agree-
ment with the TA features of PbS QDs in previous reports.34–39 In
the case of PbS QDs with 50 mM TES-ADT (Fig. 5B (zoomed in:
Fig. 5C)), initially, a similar spectrum to the one in the absence of
TES-ADT is observed. Subsequently, amuch faster decrease in the
GSB was observed. In addition, an extra PIA peak assigned as
triplet feature of TES-ADT was observed at 920–930 nm at 10–20
ms, which is evidence for the existence of triplet excitons in TES-
ADT and TET from PbS QDs to TES-ADT.We note that there is no
contribution of two photon absorption by TES-ADT within our
experimental conditions, as conrmed by a measurement with
pristine 100 mM TES-ADT solution as a reference. Fig. 6A shows
kinetics of the TA signal at 920 nm for samples consisting of PbS
QDs and various concentrations of TES-ADT. In the absence of
TES-ADT, decay on ms timescales were observed, however, in the
presence of TES-ADT, as extra fast decay on ns timescales was
observed at early times. This fast decay channel became more
signicant with an increase in the concentration of TES-ADT. For
100 mM TES-ADT, the decay time (s) was ca. 5 ns corresponding
to a rate constant of k ¼ ca. 2 � 10�8 s�1.

As a control experiment, TA features with PbS QDs with as
energy of 1.08 eV, which is degenerate with the T1 energy of TES-
ADT were investigated. Fig. S9† displays TA spectra of PbS QDs
(1.08 eV) with or without 50 mM TES-ADT. Fig. 6B depicts
kinetics of TA at 980–990 nm with PbS QDs (1.08 eV) in the
absence or in the presence of 50 mM TES-ADT. Only a ms
timescale decay was observed in both samples, and the fast
decay observed in the 1.27 eV dots was not observed. Further-
more, no triplet feature was observed in both kinetics.

Taken together, two timescales for the GSB decay of PbS QDs
on ns and ms timescales were observed. For the 1.08 eV PbS QDs
the efficiency of the TET was negligible, 0.07 � 0.01%, as esti-
mated from the PUC QY measurements (Table 4). Therefore, for
this samples, we conclude that the observed difference between
the kinetics of the 1.08 eV PbS with and without the TES-ADT
(Fig. 6B) are not indicative of TET, but rather a change in the
decay rate of the PbS with ms order, perhaps due to a change in
surface passivation by attachment of TES-ADT. In contrast, for the
1.27 eV PbS QDs a TET efficiency of 12� 2% is estimated from the
PUC QY measurements (Table 4). For these samples (Fig. 6A)
a fast decay on sub-10 ns timescales are observed in the presence
4756 | Chem. Sci., 2019, 10, 4750–4760
of TES-ADT and we assign this early time decay to TET from PbS to
TES-ADT. We note that this timescale is not consistent with
a diffusionmediated process, but would be consistent with a close
interaction between the TES-ADT and PbS QDs contributing to
orbital overlap between them, leading to the ns scale Dexter
transfer.9,23,40–42 In the previous reports, for instance, TET from
CdSe QDs to 9-carboxylic acid anthracene was k¼ 0.15–2.2� 10�9

s�1,9,40 TET from CdS QDs to 2,5-diphenyloxazole was k ¼ 1.5 �
10�10 s�1,41 TET from CdSe QDs to bis(pyridine) anthracenes was
k ¼ 0.96–1.28 � 10�9 s�1,42 or TET from PbS QDs to 5-carboxylic
acid tetracene was k ¼ 5.91 � 10�9 s�1.23 The rate constant ob-
tained here (k ¼ ca. 2 � 10�8 s�1) is in this range, verifying that
orbital overlap between TES-ADT and PbS QDsmust contribute to
the observed fast TET. This is also in line with the blue-shi in the
PbS absorption steady state absorption data, suggesting an
interaction between the TES-ADT and PbS (Fig. 4A). These results
thus show that the TES-ADT performs comparable to a directly
chemically attached triplet acceptor group, while also functioning
as the triplet annihilator species.
2.5. Kinetics of PUC emission from a system consisting of
TES-ADT and PbS QDs

We investigated the kinetics of the PUC emission, for which
there is a little reported data in the literature for systems using
This journal is © The Royal Society of Chemistry 2019
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QDs triplet sensitizers. The kinetics of the PUC emission would
provide information of the PUC mechanism especially about
efficient energy transfer from the PbS QD to the free-oating
TES-ADT with the small driving force (<200 meV). Fig. 7 shows
spectra and kinetics of an emission from a solution containing
100 mM TES-ADT and PbS QDs (1.27 eV). At early times (�20 ns)
(Fig. 7A) there is a small contribution to the emission from two
photon absorption,8 but the later time data is free from this
effect which directly generated short lived singlet excitons on
TES-ADT. Fig. 7B shows the emission spectra from the sample at
each time. The spectra are divided into two features originated
from a PUC emission in 550–850 nm and an emission from the
QDs down to ca. 800 nm. In the early time at 100–200 ns, the
emission intensity of PbS QDs was signicant, aer that, the
intensity of emission from the PbS QDs gradually decreased and
then disappeared aer 10 ms. On the other hand, the PUC
emission gradually increased from 100–200 ns to 10–20 ms,
before decreasing and lasts over 100 ms. This trend observed in
Fig. 7B as a decrease in the emission from PbS QDs and the
simultaneous increase in PUC emission is good agreement with
the TET from PbS QDs to TES-ADT. The kinetics at 600–610 nm
and 870–880 nm shown in Fig. 7C describes features of PUC
emission and an emission from the PbS QDs inmore detail. The
PUC emission begins from ca. 100 ns, with a rate constant of k¼
5 � 105 s�1 (s ¼ 2.19 � 0.13 ms). Aer the emission peaks at
around 3 ms, corresponding to a disappearance of emission
from the PbS QDs, the intensity slowly decreased with the decay
constant of s ¼ 24.9 � 0.6 ms.
Fig. 7 (A) Kinetics of initial PUC emission at 600–610 nm from a samp
excitation at 1064 nm, (B) emission spectra of the sample at each time, (
880 nm (PbS QDs emission; green).

This journal is © The Royal Society of Chemistry 2019
We note, that the above described kinetics appear to be
slower than one would expect and slower than previous
reports.7,43 As a comparison, we measure the PUC emission
from a solution composed of TES-ADT and PdTPBP (Fig. S10†)
(system previously described in Fig. 3). We nd that in this case
the PUC emission peaked and saturated within 100 ns. The
comparison shows that the kinetics of the TES-ADT/PbS system
is indeed slow. The estimated rate constant for the PUC emis-
sion k ¼ 5 � 105 s�1 included various processes; (1) TET from
PbS QDs to TES-ADT attaching to PbS QDs, (2a) TET from TES-
ADT attached onto the PbS QDs to another TES-ADT or (2b)
detachment of TES-ADT from PbS QDs following TET, (3) TTA,
and (4) the emission from TES-ADT, is slow compared to the
previous reports. This rate constant will be dominated by the
rate determining step which could provide information on the
underlying mechanism for the system. The emission process
(process (4)) is fast and takes place on ns timescales, as
observed in the time resolved emission with pristine TES-ADT
solution (Fig. S1†). According to the control measurement on
PUC emission from a solution composed of TES-ADT and
PdTPBP (Fig. S10†), the rate constant of TTA is fast (intensity of
the PUC emission was saturated within 100 ns), indicating that
(3) TTA process was not rate determining step. In terms of the
TET from the QDs to TES-ADT (process (1)), the TA results
indicate that it is relatively fast with a rate constant of k ¼ ca. 2
� 10�8 s�1 which is considerably faster than the rate constant
for PUC. Nevertheless, the TA results also suggest that the
coverage of attached TES-ADT on the PbS QDs is low and not
le consisting of 100 mM TES-ADT and PbS QDs (1.27 eV) with pulsed
C) emission kinetics at 600–610 nm (PUC emission; blue) and at 870–
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enough to extract all excitons from the PbS QDs on fast time-
scales, as even with the larger gap QDs (1.27 eV) a slow decay on
ms time scale remains (Fig. 6A). Once the T1 state of TES-ADT is
occupied, it cannot accept another triplet until it transfers the
triplet to a free-oating TES-ADT. Therefore, either process (2a)
or (2b) should be the rate determining step.

Starting with case (2a), TET from TES-ADT attached onto the
PbS QDs to free oating TES-ADT, the time scale is not consis-
tent with the rate determining step (of ms order) since in the
concentrated solution (100 mM) TES-ADT molecules including
the ones attached on PbS QD should collide with each other in
several ns.44 Turning to process (2b), detachment of TES-ADT
from PbS QDs following TET, this could be compatible with
the ms order time scale, as it might involve gradual detachment
of the TES-ADTmolecule from the surface of the PbS and as well
as physical separation from the ligand shell surrounding the
dots. This would also rationalize the slow decay of PUC emis-
sion, s ¼ 24.9 � 0.6 ms, which is much slower than the decay of
free triplets in 100 mM TES-ADT, s¼ 10.6 ms (Fig. S8†), implying
a much longer lifetime for the triplets in the TES-ADT/PbS QDs
system than for free TES-ADT. This dynamic attach/detach
mechanism would be advantageous, not requiring an ener-
getic driving force from acceptor ligands to free TTA materials
as is needed in conventional system, thus minimizing energy
loss. Here this process could be driven by the weaker interaction
between metal chalcogenide QDs and the thiophene moiety
than ones in the conventional system like carboxylic acid while
providing for a strong enough interaction to allow for efficient
triplet harvesting. We note that the proposed detachment
mechanism is speculative and further theoretical and experi-
mental studies will be needed to conrm this model.

3. Conclusion

We have demonstrated a new strategy of materials combination
for PUC systems which enables the harvesting of excitations
from low band gap PbS QDs to molecular triplet excitons with
minimal energy loss. Using the TES-ADT/PbS QDs system we
were able to demonstrate upconversion to visible wavelengths
with exciton energy as low as 1100 nm. Ultrafast spectroscopy
measurements demonstrated fast TET from the QD to the TES-
ADT, with a rate constant of k ¼ ca. 2 � 108 s�1, indicating
a close association and orbital overlap between the TES-ADT
and the PbS QDs. The fast TET suggests that the TES-ADT is
bound to the PbS which we presume occurs via the heterocyclic
thiophene moiety, despite this not being a traditional ligand
group such as carboxylic acid. Time-resolved measurements of
the PUC indicate that the transfer of the triplets from the TES-
ADT bound to the surface of the QDs to ‘free’ TES-ADT in
solution is the rate limiting step in this system, which suggests
that aer accepting triplet excitons TES-ADT might be decou-
pling from the PbS and participating in the PUC process.
Although further studies will be needed to explore this dynamic
detachment mechanism, it is clear that the use of the same
species acting as triplet transmitter and annihilator allows for
less energy loss needed to drive TET than in conventional
systems. Combined with the use of the low triplet-energy ADT
4758 | Chem. Sci., 2019, 10, 4750–4760
unit, where S1 z 2T1, very energy efficient upconversion is
possible. The use of this strategy paves the way for the devel-
opment of efficient PUC systems which harvest energy from
below the bandgap of c-Si (ca. 1100 nm), which would nd
applications in energy generation and sensing.
4. Experimental
4.1. Materials

All original chemicals were purchased from Sigma-Aldrich
except PdTPBP which was from Frontier Science and used as
delivered.
4.2. Synthesis of PbS QDs

The synthesis of PbS QDs was carried out by the following
method of the previous report with some modications.33 PbO
(0.625 g, 2.8 mmol), oleic acid (4 mL, 12.6 mmol) and 1-octa-
decene (25 mL, 78 mmol) were placed in a 3-necked round
bottomed ask and degassed under vacuum (<10�2 mbar) at
383 K for 2 hours with stirring, forming a colourless solution.
Subsequently, the ask was put under nitrogen ow and heated
to the injection temperature. In a nitrogen glovebox, a syringe
was prepared containing 1-octadecene (13.9 mL, 43 mmol),
diphenylphosphine (144 mL, 0.83 mmol) and hexamethyldisi-
lathiane (296 mL, 1.4 mmol). The syringe containing the sulfur
precursor was rapidly injected into the reaction ask and
allowed to cool. The bandgap was tuned by varying the oleic
acid concentration and injection temperature between 3 mL
and 398 K (1.27 eV) to 4 mL and 453 K (1.08 eV). Upon cooling to
333 K, the reaction mixture was transferred to an argon glove-
box. The synthesized nanocrystals were twice puried through
selective precipitation with ethanol/1-butanol and resuspension
in hexane. The puried QDs were re-dispersed in toluene for
storage at a concentration of 50 mg mL�1.
4.3. Steady state absorption and emission measurement

Absorption spectra were measured on solutions containing TES-
ADT and/or PbS QDs in a 1mm path length quartz cuvette using
a spectrometer (UV3600-Plus, Shimadzu). Emission spectra was
measured using a spectrograph (Shamrock SR-303i, ANDOR)
with CCD camera (Andor iDus DU420A Si CCD, ANDOR), cali-
brated for spectral sensitivity of the detector at each wavelength.
The samples lled in a 1 mm path length quartz cuvette were
excited by a 520 nmCW laser (Thorlabs) from the side facing the
detector. The emitted light passed through a 500 nm long pass
lter (Thorlabs) before the detector.
4.4. QY measurement of TES-ADT solutions with a direct
excitation

The QY of TES-ADT solution with an excitation at 520 nm CW
laser (Thorlabs) wasmeasured using the method of Mello et al.45

For this set up, an integrating sphere was ber-coupled to the
same spectrograph as described in Section 4.3, calibrated for
spectral response of the entire system.
This journal is © The Royal Society of Chemistry 2019
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4.5. QY measurement of PUC system

QY of PUC was measured with a detector constructed with
a spectroscopy camera (Andor iDus DU420A Si detector,
ANDOR) coupled to spectrograph (Shamrock SR303i, ANDOR)
and samples consisting of TES-ADT and triplet sensitizers (i.e.,
PdTPBP or PbS QDs) lled in a 1 mm path length quartz cuvette
excited by CW laser. The QY (FUC) was calculated with the
following eqn (2),

FUC ¼ Fr

ð1� 10�ArÞ
ð1� 10�AxÞ

Fx

Fr

ðhxÞ2
ðhrÞ2

(2)

where Fr is the QY of emission from the reference, Ai is the
absorption at the excitation wavelength, Fi is the integrated
emission, and hi is the refractive index of the solvent, subscripts
x and r designate the sample and reference, respectively.
Rhodamine B in degassed ethanol with an excitation at 520 nm
was applied to the reference (Fr ¼ 0.97)31 in this work. The
emitted light (Fx) was collected between 545 nm and 630 nm
with an excitation at 647 nm from a CW laser (Coherent; OBIS)
passing through 647 � 10 nm band pass lter (for PdTPBP) or
between 545 nm and 800 nmwith an excitation at 1064 nm from
a CW laser (Thorlabs) passing through 1000 nm long pass lter
(for PbS QDs) from the side facing the detector. The emission
from the sample passed through a 850 nm short pass lter
before the detector for the 1064 nm excitation. The excitation
power was controlled with a ND lter.
4.6. Dependency of PUC emission intensity on the excitation
wavelength

Effects of the excitation wavelength on emission intensity from
a solution from pristine 100 mM TES-ADT solution or a solution
consisting of 100 mM TES-ADT and 25 mg mL�1 PbS QDs (1.27
eV) was investigated with excitation by a pulsed laser. The
desired excitation wavelength was obtained using a Nd:YAG
based laser system (PHAROS; Light Conversion, pulse duration
< 200 fs) with a reputation rate of 38 kHz and a collinear optical
parametric amplier (ORPHEUS; Light Conversion). Each exci-
tation power was adjusted to 200 nJ per pulse.
4.7. Time resolved emission spectra

Time resolved emission spectra was carried out for pristine TES-
ADT solution, PUC sample of 100 mM TES-ADT with PdTPBP, or
100 mM TES-ADT with PbS QDs (1.27 eV) with an excitation of 1
kHz pulsed laser at 400 nm with a power of 25 nJ per pulse from
a second harmonic of Ti:sapphire amplier system (Soltice;
Spectra Physics, pulse duration: 100 fs), at 635 nm with a power
of 30 nJ per pulse from a home built NOPA system using the
Ti:sapphire amplier system, or at 1064 nm with a power of 7 mJ
per pulse from a Nd:YVO4 laser (AOT-YVO-25QSPX; Advanced
Optical Technologies, pulse duration < 1.5 ns), respectively. The
emission was recorded by an intensied CCD camera. The
tting of generation and decay in PUC emission was conducted
by Origin with the following eqn (3) of mono exponential ascent
and descent decay.
This journal is © The Royal Society of Chemistry 2019
y ¼
�
y0 þ Ad þ Ag

�
e�xc=tg � e�x=tg

�
x# xc

y0 þ Ade
�ðx�xcÞ=td x. xc

(3)

4.8. TA measurement

TA spectra were recorded over time delays from 1 ns to 300 ms
with a pump of 50 nJ per pulse at 532 nm (for pristine TES-ADT
solution) or 200 nJ per pulse at 1064 nm (for PbS QDs in the
presence or in the absence of TES-ADT) and a probe pulse
covering between 850 and 1000 nm. The pump triggered with
the probe pulse and delayed with electrically control was
generated from a Nd:YVO4 laser (AOT-YVO-25QSPX; Advanced
Optical Technologies, pulse duration: < 1.5 ns). The probe pulse
was generated from a home-built noncollinear optical para-
metric amplier with BBO single crystal and pulsed laser from
Ti:sapphire amplier system (Soltice; Spectra Physics) operating
at 1 kHz. The probe beam was split into two before the sample
lled in a quartz cuvette with a path length of 1 mm, then
a probe beam and the pump beam were overlapped on the
sample adjacent to another probe beam passing through the
sample as the reference. The beams aer the sample were
focused into as imaging spectrometer (Shamrock SR 303i;
Andor) and detected by a pair of linear image sensors (G11608,
Hamamatsu Photonics) driven and read out at full laser repe-
tition rate by a custom-built board from Stresing Entwick-
lungsburo. In all measurements, every second pump shots were
omitted electrically in order to obtain the fractional differential
transmission (DT/T). The DT/T of the probe was calculated for
each data point once 1000 shots had been collected. The esti-
mation of fast quench in the kinetics of PbS QDs (1.27 eV) with
100 mM TES-ADT at 920–930 nm was used a tting by Origin
with a mono exponential decay.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors thank the Winton Programme for the Physics of
Sustainability and the Engineering and Physical Sciences
Research Council for funding. J. X. acknowledges EPSRC CDT in
Nanoscience and Nanotechnology for nancial support. V. G.
acknowledges funding from the Swedish Research Council,
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