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Abstract

Quantum dot (QD) sensitized photon upconversion follows a multi-step energy transfer process
from QD to transmitter ligand to a soluble annihilator. Using a novel 10-R-anthracene-1,8-
diphosphoric acid (R = octyl, 2-hexyldecyl, phenyl) ligand with high binding affinity for CdSe
quantum dot (QD) surfaces, we demonstrate a photon upconversion process that is limited by
the transmitter to annihilator transfer efficiency. Using *H NMR spectroscopy we demonstrate
that these bidentate diphosphate ligands rapidly and irreversibly displace two carboxylate
ligands. These ligands mediate energy transfer from the photoexcited QDs to a triplet
annihilator (1,10-diphenylanthracene), producing overall photon upconversion quantum
efficiencies as high as 17%, the highest for QDs with no shells. Transient absorption
spectroscopy shows that the ADP ligand supports a 3.4 fold longer triplet state lifetime
compared to 9-ACA (299.9 + 9.5 vs 88.2 + 2.1 pus), increasing the probability of the energy

transfer.



Main text

To harness the high absorption cross section of semiconductor quantum dots (QDs) for energy
harvesting, the photoexcited state should be directed away from the QD; perhaps by transmitters
that would play a similar role to molecular antennas used in natural photosynthesis. Organic
ligands bound to the QD are used to capture and transmit the photoexcited state. However,
surface bound ligands and/or impurities can provide alternative pathways and reduce the energy
transfer efficiency.l2 Multi-step energy transfer schemes involving QDs must, therefore,
balance the acceptor ligand binding strength, the QD solubility, as well as the driving force and
surface electronic structure.

Photon upconversion processes, where two or more low energy photons are converted into
a single high energy photon, have great potential in biological imaging and energy conversion.*
4 Recently, QDs (e.g., CdSe, CsPbBrs, PbS) have been used to photosensitize adsorbed aromatic
transmitter ligands to effect efficient photon upconversion.>® The transmitter ligands (e.g., 9-
antracene carboxylic acid (9-ACA), Figure 1) must both accept the energy of QD excited state
in the form of a long lived triplet state.> ° and transfer that energy to a so called “annihilator”
capable of bimolecular triplet fusion and fluorescence (e.g., diphenylanthracene (DPA), Figure
1).1011 To date, photon upconversion quantum yields (PUQY) as high as 14% with CdSe,*2
12 % with PbS,*? and 18.3% with core-shell CulnS,/ZnS QDs have been reported.t*
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Figure 1. lllustration of energy transfer in this hybrid upconversion platform. Green and blue wavy arrows denote
the photo excitation of CdSe QDs and the emission of upconverted photons from 9,10-diphenylanthracene (DPA),
respectively. Red arrows show the triplet energy transfer (TET) of CdSe QDs to surface anchored anthracene (An)
transmitter ligands 9-ACA or 10-Ph-ADP, and TET from transmitters to annihilators DPA. Black dotted arrows
indicate the triplet-triplet annihilation of DPA.



Although 9-ACA is the most successful transmitter ligand for upconversion with CdSe
QDs, its interaction with the QD surface is poor. To improve the PUQY, we sought to enhance
electronic coupling between the transmitter and the QD by designing bidentate transmitter
ligands with high affinity for the QD surface. We reasoned that a multi-modal ligand scaffold
based on a bidentate 1,8-anthracendiyl backbone would provide both high binding affinity for
the surface and strong electronic coupling to the QD excited state. Multidentate ligands,
including scaffolds made from citric acid,'® EDTA,® or multidentate polymers,” are known to
have greater surface binding affinities than monodentate carboxylate ligands. However,
carboxylate ligands, such as 9-ACA do not readily displace the native octadecylphosphonic
acid (ODPA) from the surface of CdSe QDs. Therefore, a great excess of 9-ACA must be used
to effect ligand exchange, and it is uncertain if the relatively weak binding influences the energy
transfer efficiency. For this reason, our bidentate phosphate binding moiety enables precise and
quantitative control over the ligand exchange reactivity, as opposed to a brute force
displacement of the original surfactants via mass action.'820

Here, we report three 10-R-anthracene-1,8-diphosphoric acid (ADP, R = octyl, 2-
hexyldecyl, phenyl) derivatives and show that their high affinity for CdSe QDs allows
stoichiometric displacement of native ligands. The product results in highly efficient photon
upconversion when using DPA as the annihilator. The improvement is attributed to a longer
triplet life time on the ADP transmitter ligand and thus more efficient triplet energy transfer to
the DPA emitter, showing that the transmitter structure is important to finely tune the
elementary energy transfer steps in photon upconversion.

Our bidentate anthracene-based transmitter ligand incorporates two design features: (1) two
phosphate groups with rotational flexibility for k>-surface coordination; and (2) a substituent in
the 10-position that can enhance QD colloidal stability. These features can be incorporated by
derivatizing 1,8-dihydroxyanthraquinone (1) as shown in Scheme 1. Nucleophilic addition of
the desired R group at the 10-position is followed by an efficient sequence of reduction,
dehydration, and aromatization of anthraquinone.?* tert-butyldimethylsilyl protecting groups
prevent attack of the Grignard reagent at the 9-position??, providing 3 with near-perfect
regioselectivity. Reduction of 3 with sodium borohydride and subsequent acidic work-up
allows deprotection, dehydration, and rearomatization, providing the diol 4. Phosphorylation of
the hydroxyl groups with the chlorophosphite ester, followed by dealkylation leads to ADP

anthracene.
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Scheme 1. Synthesis of anthracene dihydrogen phosphate (ADP) derivatives.

The 10-n-octyl, phenyl and the (2-hexyl)-n-decyl ADP derivatives have similar optical
absorption and photoluminescence spectra (Figure S1) but different photoluminescence
quantum yields ((PLQY), 38 %, 68% and 76 % for the n-octyl, 2-hexyldecyl and phenyl
derivatives respectively). The higher PLQY of the 10-Ph-ADP derivative is likely due to the
rigid benzene ring and a lower non-radiative decay rate for both the emissive singlet and dark
triplet state, a property that may enhance the PUQY.°

ADP readily displaces carboxylic acids from CdSe QDs as shown in Figure 2A.% The
broadened *H NMR resonances of bound oleate ligands can be distinguished from the sharp
signals of free ligands following the reaction with ADP .>* Upon addition of 10-(2-hexyl)decyl-
ADP (0.6 equivalents with respect to bound oleate), the oleate resonances sharpen, indicating
the displacement of oleate from the QD surface. After purification, the oleate resonances are
absent from the *H NMR spectrum, while the broadened CH, and CHs resonances of the 10-(2-
hexyl)decyl-ADP remain (Figure 2C). The aromatic signals are strongly broadened due to their
proximity to the surface and are hardly detected.?® The two methyl groups of the (2-hexyl)decyl
chain are inequivalent and have different line widths that is typical for branched ligands and is
due to different rotational degrees of freedom and solvation.?5?” The 3P NMR spectrum of the
CdSe QDs bound by 10-(2-hexyl)decyl-ADP (Figure 2C, inset) features a broad resonance (o
= -0.5 ppm) whose FWHM (1714 Hz) is comparable to that typical of phosphonate ligands
bound to CdSe.?” Given the stoichiometry of the exchange (0.6 eq ADP) and the complete
removal of oleate, we infer that the exchange is quantitative and that both phosphate groups
bind the QD surface. Compounds 10-n-octyl-ADP and 10-phenyl-ADP have similar reactivity
but do not support a colloidal dispersion upon complete exchange and purification. To assess
the binding affinity of the ADP framework, thiol ligands were added and ADP displacement
was studied with 3'P NMR.?® After adding 75 equivalents of n-hexanethiol to a solution of ADP



bound QDs, the 10-(2-hexyl)decyl-ADP 3P NMR signal remains broad, evidence that the ADP
ligand remains bound (Figure S2). However, complete exchange occurs upon adding
triethylamine to this mixture (Figure S2). Unlike the binding of 9-ACA, where exchange is
generally not complete, and the QD PL is mostly quenched, binding of ADP completely
quenches the QD PL, even at lower ligand loadings used in the upconversion measurements
described below. This increased quenching may be partially caused by other charge trap states
introduced by the phosphate binding (see below).?’ Each of these observations supports the
efficient displacement of the starting carboxylic acid ligands and the tight binding of the ADP

framework to the QD surface.
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Figure 2. (a) Scheme of ADP-for-oleate exchange on CdSe QDs. (b) 'H NMR spectrum of oleate capped CdSe
QDs in CDCls, before and after addition of 0.6 eq of 10-(2-hexyl)decyl-ADP, [QD] = 150 mM. (c) *H NMR
spectrum after purification. The inset shows the 3P NMR spectrum.

A three-component upconversion platform was assembled from a wurtzite CdSe?3° QD
absorber (diameter = 2.4 nm, native ligands = ODPA), with a coverage of surface bound 10-
Ph-ADP or 9-ACA transmitter ligands that optimizes the upconversion yield and maintains

colloidal stability, and a DPA emitter. Photoexcitation (A = 488 nm) and energy transfer to the



surface anchored 10-Ph-ADP or 9-ACA ligands leads to ligand centered triplets that transfer
their energy to the DPA (Figure 1). Two DPA triplets undergo annihilation, producing 430 nm
fluorescence. Figure 3 shows the absorption and emission spectra of 9-ACA, 10-Ph-ADP, DPA
and wurtzite CdSe QDs. Selective photoexcitation of the QDs at 488 nm leads to upconversion
and fluorescence from DPA in the 400-450 nm spectral range. Partial displacement of the
ODPA with 10-Ph-ADP leads to CdSe QDs whose PUQY increases up to a maximum value
and then decreases (see Figure S3).
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Figure 3. Absorption and emission spectra of 9-ACA, 10-Ph-ADP, DPA and 2.4 nm diameter wurtzite CdSe QDs.
All spectra were obtained in hexanes at room temperature.

At optimal ligand loadings (5—8 anthracene ligands per particle), CdSe QDs with 10-
Ph-ADP ligands achieve a PUQY of 16.9%, 1.33 times higher than possible with 9-ACA
(Figure S3). As presented in Figure 3 and Table 1, the absorption onset of 10-Ph-ADP is red-
shifted by 11 nm (0.091 eV) compared with 9-ACA. A similar shift in the T energy for 10-Ph-
ADP would provide a larger driving force for energy transfer from the CdSe QDs, lowering the
probability of back transfer and therefore increasing the PUQY. Additionally, the parent acid
of 10-Ph-ADP has a fluorescence quantum yield of 76%, 1.8 times higher than that for 9-ACA,
indicating diminished non-radiative decay in the former. The rigidity of 10-Ph-ADP reduces
vibrational losses and may enhance the PUQY observed when compared to the 9-ACA

transmitter ligand.



Table 1. Key parameters of ligands 9-ACA, 10-Ph-ADP, and QDs used in upconversion experiments.
Fluorescence quantum yield, ®p, lowest energy absorption peak, Aans, number of bound ligands per CdSe QD, n,
upconversion quantum yield, ®yc, weighted average triplet energy transfer rate, krer, and efficiency, ®rer.

®p Aabs n Duc KTeT DreT
(%) (nm) (%) sh (%)
9-ACA 43.2 382
10-Ph-ADP 76.0 393
CdSe/9-ACA 2.1 382 7.4 12.7 (5.98 £0.18) x1019 84.7+5.0

CdSe/10-Ph-ADP <01 393 5.8 16.9 (1.22£0.02) x10'* 86.4+5.1

Transient absorption (TA) spectroscopy was used to study the TET from CdSe QDs to
surface anchored 9-ACA and 10-Ph-ADP (Figure 4). The T1-Tn transition of 9-ACA is reported
to occur at 433 nm, which overlaps with the excited state absorption of CdSe QDs. The
absorption from photoexcited CdSe/ODPA was subtracted from the TA spectra after
normalizing to the signal at 457 nm (where there is no contribution from 9-ACA or 10-Ph-ADP
T1 triplet state). The resulting double difference spectra of the CdSe/9-ACA (Figure 5a) show
an absorption band centered at ~430 nm, corresponding to the T1-T, absorption of 9-ACA T:
triplet state.!® 3! Similarly, the double difference spectra of CdSe/10-Ph-ADP (Figure 5b)
shows an absorption peak at ~435 nm, which can be attributed to the T1-T, absorption of 10-
Ph-ADP T triplet state. These triplet populations grow on the 1 ps to 3 ns time frame,
concomitant with the decay of QD exciton bleach, consistent with the formation of the ligand
centered triplet state by triplet energy transfer from the QD.
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Figure 4. Femtosecond transient absorption spectra of (a) CdSe/ODPA, and (b) CdSe with surface anchored 9-

ACA and (c) CdSe with 10-Ph-ADP. Samples are dissolved in hexanes and excited with a 505 nm pulsed laser at
RT.



(a) CdSe/9-ACA (b)o 4] cdsertoen.aoe
0.6 —1ps s
i 0.3
- —50ps | _ YV
o 0.44 —1ns. |Q
E —3ns E 0.2
%02 -
0.1
0.0 ,?j"/ ‘/\:\f\/ 0.04
Y .
400 420 440 460 400 420 440 460
Wavelength (nm) Wavelength (nm)
(c) o .?ai—— (d)
51 1 o case 3 B
© CdSe+9-ACA -

.10 — - — CdSe+10-Ph-ADP
8 10 o E:S" 10PRADP Sﬁ 10-Ph-ADP trigie! —
% A5+ ¢

=20 S
L o

25 < — CdSe+9-ACA_|

< 9-ACA triplet

-30 U s

1 10 100 1000 1 10 100 1000
Time/picosecond Time/picosecond

Figure 5. Double difference spectra constructed by subtracting the CdSe/ODPA TA spectrum from the transient
spectra of (a) CdSe/9-ACA and (b) CdSe/10-Ph-ADP. (c) The kinetics of QD exciton bleach at ~500 nm are
plotted and fit with the model described in the supporting information. (d) Comparison of the kinetics at ~500 nm
(scaled) and triplet signal at ~430 nm of 9-ACA and 10-Ph-ADP. This shows the triplet formation follows the
CdSe exciton decay. The triplet signal before 1 ps is discarded due to the noise.

Detailed analysis of the kinetics of triplet formation and QD excited state decay was carried out
to obtain the rates and efficiencies of triplet energy transfer from CdSe QDs to 10-Ph-ADP and
9-ACA. The recovery of the CdSe excitonic bleach for CdSe/ODPA, CdSe/9-ACA and
CdSe/10-Ph-ADP are compared in Figure 5¢. The bleach recovery is fastest in the presence of
10-Ph-ADP and 9-ACA, which can be attributed to energy from the CdSe QD to 10-Ph-ADP
and 9-ACA ligands. As shown in Figure 5d, the kinetics of 10-Ph-ADP and 9-ACA triplet
formation follows the disappearance of the exciton in the CdSe QD. Therefore, the triplet
energy transfer rate is equal to and can be extracted from the CdSe exciton bleach recovery
kinetics. Details of the kinetic model and fitting parameters are presented in the Supporting
Information. The fitting results show that the TET rate constant from CdSe to 10-Ph-ADP is
1.22x10™ s, twice the value of 5.98 x10'%s* for 9-ACA (Table 1). The increased rate of energy
transfer can be explained by the slightly lower energy of the T, state of 10-Ph-ADP discussed
above. Despite the faster TET rate constant, 10-Ph-ADP and 9-ACA show nearly the same



TET efficiency in this 3 ns window, ®tet ~ 85% (Table 1), presumably because both rates are

significantly faster than recombination of the CdSe exciton (red curve in Figure 5c).

The threshold intensity for the cross-over from the quadratic to the linear regime is 492 mw/cm?
for 9-ACA compared to 163 mW/cm? for 10-Ph-ADP when the optical densities for both
samples at the excitation are 0.303 and 0.242 respectively (Fig. S4). Therefore, assuming the
same rate and efficiency of DPA triplet-triplet annihilation, we infer that the triplet energy
transfer from surface bound 10-Ph-ADP to free DPA in solution is at least three times more
efficient compared to 9-ACA®, This is consistent with a much longer lifetime of the T state
of the 10-Ph-ADP transmitter (299.9 + 9.5 us) compared to that for 9-ACA (88.2 + 2.1 pns).
Overall this supports a higher overall upconversion efficiency,**2° as the overall triplet energy
transfer efficiency is increased by both the rate of TET and the transmitter triplet lifetime. The
threshold intensity value is the point where the photon flux just replenishes the loss of the triplet
excited states (due to various non-radiative loss processes + TTA processes which lead to
upconversion). A longer transmitter lifetime thus translates into a lower threshold intensity for
the transition from the quadratic to the linear regime. The reasons for this lifetime increase are
unclear, but could be related to the lower rates of nonradiative recombination in the parent ADP

framework, or rigidity that is enhanced by chelation.

In conclusion, we demonstrated that bidentate anthracene diphosphate ligands strongly
bind CdSe QDs. Compared to monodentate ligands that coordinate weakly, this high binding
affinity allows the ligand loading to be finely controlled. Similar to 9-carboxylic acid
anthracene, these tightly bound transmitter ligands display CdSe to ligand triplet transfer
efficiencies close to unity. A 33% improvement in the overall PUQY is proposed to arise from
a Ty lifetime that is 3.4 fold longer than 9-ACA when anchored on the CdSe surface. This study
shows that transmitter ligand structure is critical to boosting the photon upconversion quantum
yields and lowering the threshold intensities needed to access the linear regime. Future work
should focus on identifying and eliminating deleterious triplet quenching sites on QDs and
using molecular engineering to design ligands with long-lived triplet excited states that can

efficiently accept photogenerated excitons.

Experimental Section

See Supporting information.
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