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Enrichment of molecular antenna triplets
amplifies upconverting nanoparticle emission

David J. Garfield"?8, Nicholas J. Borys'?, Samia M. Hamed?, Nicole A. Torquato’, Cheryl A. Tajon’,

Bining Tian', Brian Shevitski'3, Edward S. Barnard

1, Yung Doug Suh*>, Shaul Aloni’,

Jeffrey B. Neaton*%, Emory M. Chan™, Bruce E. Cohen™ and P. James Schuck'’*

Efficient photon upconversion at low light intensities promises major advances in technologies spanning solar energy harvest-
ing to deep-tissue biophotonics. Here, we discover the critical mechanisms that enable near-infrared dye antennas to signifi-
cantly enhance performance in lanthanide-doped upconverting nanoparticle (UCNP) systems, and leverage these findings to
design dye-UCNP hybrids with a 33,000-fold increase in brightness and a 100-fold increase in efficiency over bare UCNPs. We
show that increasing the lanthanide content in the UCNPs shifts the primary energy donor from the dye singlet to its triplet,
and the resultant triplet states then mediate energy transfer into the nanocrystals. Time-gated phosphorescence, density func-
tional theory, singlet lifetimes and triplet-quenching experiments support these findings. This interplay between the excited-
state populations in organic antennas and the composition of UCNPs presents new design rules that overcome the limitations of
previous upconverting materials, enabling performances now relevant for photovoltaics, biophotonics and infrared detection.

energy photons into a single higher-energy photon, underlies

advanced optical technologies in solar light harvesting'~, deep-
tissue bioimaging"’, sensing® and optogenetics”*. Two multiphoton
techniques, molecular triplet-triplet annihilation’'" (TTA) and
multistep absorption in lanthanide-doped upconverting nanoparti-
cles (UCNPs) show exceptionally efficient anti-Stokes emission and
each have specific advantages depending on the wavelengths, flu-
ences and desired applications. The current study focuses on UCNP
systems, which are capable of upconverting near-infrared (NIR)
light five to six orders of magnitude more efficiently than other non-
linear optical materials’. Consisting of an optically inert ceramic
matrix doped with photoactive lanthanide ions such as Yb** and
Er**, UCNPs take advantage of the long-lived intermediate energy
states within the lanthanide ions'” to sequentially absorb multiple
photons at low excitation intensities, enabling efficient anti-Stokes
emission>*'*"*. Recent studies have shown that attachment of
organic dye antennas to UCNP surfaces dramatically increases their
optical cross-sections and absorption bandwidths'”*-'¢, potentially
transforming a range of fields. However, existing studies demon-
strate either large emission enhancement’ or increased upconvert-
ing efficiencies”'*""” when dye antennas are attached to the UCNPs,
but not both. This highlights a lack of general understanding sur-
rounding the dye-nanocrystal interactions, which currently pre-
vents their use in any practical applications.

In this Article, we reveal that spin-triplet states in the dye anten-
nas act as key intermediates in the sensitization of the UCNPs, and,
further, that lanthanide ions at the UCNP surface enhance intersys-
tem crossing (ISC) within the dye from the singlet (S,) to triplet (T,)
excited states through the heavy atom effect, where ISCx Z ¢ (Fig. 1;
Z, effective nuclear charge)”. Leveraging the importance of dye

Photon upconversion, the process of combining multiple low-

triplet states and the influence that UCNP composition holds on
their population, we produce sub-20 nm nanoparticles with upcon-
verted emission more than four orders of magnitude brighter than
that of non-sensitized UCNPs.

Evidence of a resonant triplet

We chose to investigate the means of energy transfer from the cya-
nine dye antenna IR806""'>'%, which is commonly coupled to UCNPs
despite the weak spectral overlap of its fluorescence with the absorp-
tion of the UCNP Yb** sensitizer (Supplementary Methods and
Supplementary Fig. 1)"'°. We used time-gated photoluminescence
spectroscopy to search for a relatively dark lower-energy phospho-
rescent state of the dye that better overlaps with Yb*" absorption,
potentially explaining efficient energy transfer (Supplementary
Methods and Supplementary Fig. 2). Thin films of IR806 in poly-
styrene cooled to 80K yielded no detectable delayed luminescence.
Recognizing that ISC to the triplet state could be enhanced by proxi-
mal lanthanides in the UCNPs*~*, we attached IR806 dyes to opti-
cally inert NaGdF, nanoparticles (that is, without Yb** or Er**), a
common host matrix for UCNPs with luminescent transitions only
in the ultraviolet*. Following excitation at 791 nm, films of IR806—
NaGdF, nanoparticles in polystyrene exhibit a long-lived peak cen-
tred at 981 nm, close to the 976 nm absorption maximum of the
sensitizing Yb** transition °F,, —*F;,, (Fig. 2a). This spectrum was
taken with a 10 ps delay relative to singlet emission (7q.=575ps),
ensuring that the signal originates from long-lived phosphorescence.
Excitation spectroscopy confirmed the presence of a lower energy
state at 980 nm (Supplementary Figs. 3 and 4). To confirm the origins
of these emissions, we used time-dependent density functional the-
ory (TD-DFT) within the Tamm-Dancoff approximation (TDA) and
standard global and range-separated hybrid exchange-correlation
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Fig. 1| Dye-functionalized UCNPs, their mechanism of energy transfer,
and the larger effective absorption cross-section of dyes relative

to UCNPs. Top left, Cartoon schematic of the dye-sensitized UCNP
system, showing IR806 bound to the UCNP surface (not to scale), and

an upconversion event inside the UCNP where two excited Yb3* non-
radiatively and sequentially excite an Er®* into a higher energetic state.
Bottom left, Magnified illustration of the interactions between IR806 and
a surface lanthanide—the heavy nucleus of the lanthanide aids in ISC from
IR806 S, — T, states, allowing much more efficient T, sensitization of the
Ln3* atoms within the UCNP. Right, Depiction of the antenna-like nature of
IR806 in sensitizing the UCNP upconversion, conveying the much larger
absorption cross-section of IR806 relative to the UCNP, as well as S;— T,
ISC enhancement by Ln3*,

functionals to calculate vertical excitation energies for the T,
state of IR806 in the range 0.9-1.2eV, in close agreement with the
experimentally determined value (Fig. 2b, Supplementary Table 1,
Supplementary Methods). Interestingly, the ground-state molecular
configuration of IR806 suggests that the sulfur bridge may facilitate
triplet energy transfer, bringing the frontier z orbital to within ~3-7 A
of the nanoparticle surface. The relevant transitions and energy trans-
fer pathways in the dye-sensitized UCNP system (Fig. 2c,d) highlight
the weak spectral overlap of the dye S, state with absorbing UCNP
lanthanides and the direct overlap of the T, state with the Yb** and
Er** absorption spectra (Supplementary Methods).

Enhancing triplet populations

Based on this new understanding of the IR806 triplet manifold, we
sought to modify the UCNP composition to rationally enhance the
dye triplet population. Although triplet states have been shown to
donate energy to nanoparticles and, separately, to accept energy
from nanoparticles*, the concept of altering nanoparticle compo-
sition to increase the number of dye triplets, which in turn enhance
energy transfer to and emission from the nanoparticle, has not been
described (Fig. 1). We varied the heavy atom content by adjusting
the ratio of Y** to Gd** ions, synthesizing ~12nm UCNPs with
either 0 or 30% Gd** (f—NaY,,, ,Gd,Yb,,Er,,,F,), and function-
alized these with IR806, prepared and sealed without water or O,
(Supplementary Figs. 5-10 and Supplementary Methods). Neither

Gd** nor Y** have optical transitions in the NIR or visible and thus
do not directly participate in the photophysical transitions that give
rise to NIR-to-visible upconversion®’. For UCNPs with 0% Gd**,
dye sensitization (4,=808nm) enhances the upconverted emis-
sion intensity ~500-fold over direct UCNP excitation (4., =980nm)
using the same excitation power density at both wavelengths
(Ix10*W cm™), an enhancement similar to previous reports'. Dye
sensitization of the 30% Gd** UCNPs, however, enhances upcon-
verted emission intensity ~15,000-fold over direct UCNP excitation
at the same excitation density. Thus by raising the Gd**content, we
increase the spin-orbit coupling and ISC kinetics within the dye
by increasing the average Z.; of atoms on the UCNP surface?%,
yielding an additional 30-fold enhancement in upconverted emis-
sion (Fig. 3a). These spectra were taken with 5W cm™ excitation
power density, highlighting the potency of using light antennas
to lower the required excitation flux. Signal-to-noise analysis
(Supplementary Methods) of Fig. 3a further shows that fluences less
than 100 mW cm™ can give a measurable signal. This result demon-
strates that, in dye-sensitized UCNPs, the lanthanide composition
may be optimized concurrently with dye sensitization to achieve
maximum performance, due to the coupled nature of these systems.

Quantification of triplet energy sensitization of UCNPs

To determine the extent to which UCNP lanthanide content influ-
ences IR806 photophysics, we measured singlet relaxation dynam-
ics in the presence and absence of UCNPs (Fig. 3b). Free IR806 in
solution has a characteristic singlet lifetime, 7}, of 575 ps, yet bound
to the surface of 0% Gd** UCNPs, it shortens by about half to 293 ps.
This is indicative of Forster resonance energy transfer (FRET) from
the dye singlet to Yb**, although with 22% Ln’* content, we believe
a small amount of this decay is caused by ISC to the dye triplet state,
which is supported by the triplet quencher experiments described
in the following paragraph (Fig. 3c). When bound to the surface of
30% Gd** UCNPs, the IR806 singlet lifetime shortens even more
to 173 ps. Because the Yb** and Er** contents remain constant, the
FRET rate from the dye is not expected to change, and therefore
this shortening of the singlet lifetime can be entirely attributed to an
increase in ISC, suggesting the dye is not only close enough to the
UCNP lanthanides for FRET, but close enough to be influenced by
the heavy atom effect'”-* of the UCNP Gd** nuclei. The increased
heavy atom effect then increases ISC within the dye approximately
eightfold, resulting in the shortened lifetime of 173 ps. We also note
the absence of an unquenched component in the fluorescence tran-
sients of the IR806-UCNP complexes, suggesting that free IR806
contributes little to the measured emission.

To further quantify the energy transfer contribution of these
triplets into the UCNPs, and to verify that the triplet acts as an inter-
mediate in sensitizing upconversion within the UCNPs, we sought
to systematically quench energy transfer from the triplet manifold
of the dye. The triplet quencher cyclooctatetraene (COT) was used
as a molecule known to selectively scavenge excited-state triplets in
organic dyes because of its high-energy singlet state (4.39eV) and
low-lying triplet state (0.8 eV)**=*, enabling COT to quench triplets
without siphoning excited-state singlets. The upconverted quan-
tum yield (UCQY) of dye-sensitized UCNPs was measured in the
presence of increasing amounts of COT, and while UCNPs with 0%
Gd** showed a decrease of UCQY by ~25%, UCNPs with 30% Gd**
content showed a decrease of UCQY by ~65% (Fig. 3c). This not
only provides compelling evidence that significant energy transfer
to the UCNP occurs via molecular antenna triplets, but that lan-
thanide content within the UCNP influences ISC rates and thereby
triplet populations.

These long-lived triplets are known to suffer from photooxida-
tion by ambient water and reactive oxygen species®, presenting a
challenge for using dye-UCNP complexes. Changes in the steady-
state absorption of dyes bound to UCNPs suggest that they are
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Fig. 2 | Time-gated photoluminescence as evidence of resonant triplet states. a, Time-gated triplet phosphorescence spectrum of IR806 on NaGdF,
nanoparticles at 80 K (no Yb3** or Er®* present), overlaid with the NIR portion of the UCNP absorption spectrum (at room temperature). b, Electronic
densities of the natural transition orbital (NTO) of the hole and the NTO of the electron for the first excited triplet state of IR806, calculated using TD-DFT
with the TDA and the B3LYP functional. ¢, Spectra from left to right, coloured according to their transitions in d: Er** emission (green and red curves), IR806
absorption (dashed blue curve), IR806 fluorescence (solid, light blue curve), UCNP absorption (dashed purple curve) and IR806 phosphorescence (yellow
curve). d, Jablonksi diagram of proposed energy transfer (ET) landscape, showing dye ISC to the triplet state T, before transfer to UCNP lanthanides.
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Fig. 3 | Evidence of triplet energy transfer to UCNPs. a, Upconverted emission from dye-sensitized UCNPs with 30% Gd*? (blue line) and with 0% Gd3*
(green line). Excitation power, ~5 W cm~2 b, IR806 singlet emission lifetimes for free dye (top curve, ="575ps), bound to 0% Gd** UCNPs (middle curve,
=293 ps), and bound to 30% Gd** UCNPs (bottom curve, =173 ps). ¢, Relative change in upconverted quantum yield (UCQY) of 30% Gd** (blue
squares) and 0% Gd** IRBO6-UCNPs (green circles), as well as UCNPs without dye (orange triangles) as a function of the concentration of the triplet
quencher cyclooctatetraene. Error bars represent one standard deviation from the mean. d, Temporal photodegradation of upconversion from 30% Gd3*
IR806-UCNP films in air (light blue) or encapsulated under N, (dark blue), as well as a colloidal suspension in toluene under N, (purple).
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Fig. 4 | Upconverted performance improvements by enhancing the dye
triplet population and coupling pathways. a, Excitation power dependence
of upconverted emission from NaY ,,5Gdo;Ybg,Ero0,F4 IRBO6-UCNP under
excitation of the dye (dark blue, 808 nm excitation) or UCNP (light blue,
980 nm excitation). Error bars represent one standard deviation from the
mean. Inset, Representative emission spectra for dye or direct excitation.
b, QYs for NaY,5.,Gd,Ybg,Ero,F . IRBO6-UCNPs. The amount of Gd**
substituted for Y3+ is noted on the bottom x axis, while the total Ln3+
content (that is, the sum of Gd**, Yb3* and Er3* contents) is given on the
top axis. UCQYs were measured with 5W cm~2, 800 nm excitation. Error
bars indicate standard deviation, which may be smaller than the symbol.

¢, Emission enhancement from directly excited 30% Gd** cores (blue
triangle), directly excited 20% Gd3* cores coated with a 1.2 nm NaYF,, shell
(orange triangle), the same core-shell UCNPs but dye-sensitized (orange
circle), and dye-sensitized 30% Gd** cores (blue circle).

photocleaved in ambient atmosphere (Supplementary Fig. 11), as has
been observed with other cyanine dyes®, and we find that this pho-
tocleavage is enhanced when bound to the UCNP (Supplementary
Fig. 12). Dispersions of IR806-UCNP conjugates prepared under N,
are stable (Fig. 3d), showing no measurable photodegradation after
continuous excitation for 30 min. Encapsulation of IR806-UCNP

films in polymer under N, (Supplementary Methods) leads to an
order of magnitude increase in photostability over ambient films,
and these polymers may be further optimized akin to methods used
for preparing stable perovskite-based photovoltaic devices”. These
results provide further evidence that the heavy lanthanide ions on
the UCNP surface enhance ISC rates and subsequent triplet popula-
tions within the dye, and highlight that isolation from O, and H,0
through encapsulation® is paramount to achieving long-term sta-
bility of dye-sensitized UCNPs.

Upconversion enhancement factor and quantum efficiency
We measured the upconverted emission of the 30% Gd** nanopar-
ticles under a wide range of excitation densities, comparing exci-
tation through the dye antennas with direct lanthanide excitation.
Even at low powers (~1.8 W cm™2), upconverted emission is notice-
able by eye when exciting the dye antennas, but not via direct UCNP
excitation (Supplementary Fig. 13). Quantitatively, dye-sensitized
upconverted emission is enhanced ~33,000-fold over bare UCNPs
(at 200Wcem™ excitation density; Fig. 4a and Supplementary
Figs. 14 and 15), and if we take into account the broad molecular
absorptionband of[IR806 comparedwiththe UCNPatomictransitions
(Fig. 2c), the dye-UCNP system here could be ~100,000-fold
brighter than the bare UCNPs under broadband excitation'.
Importantly, this signal enhancement originates from the large
absorption cross-section of the dye relative to lanthanides, as well as
significant improvements in energy transfer and upconversion effi-
ciencies achieved by enriching molecular triplet states. This lowers
the excitation intensity required to saturate the lanthanide interme-
diate energy states, promoting more efficient upconversion at lower
powers. Maximizing this effect by capitalizing on both singlet and
triplet energy transfer pathways is key to achieving optimal efficien-
cies while reducing input power.

To further investigate the role of Ln** content for enhancing
IR806 triplets and energy transfer, we synthesized additional UCNPs
with varying Gd** content and determined their IR806-UCNP QY's
(Fig. 4b). With constant 20% Yb** and 2% Er**, the UCQY shows
a strong dependence on Gd** content, with a maximum UCQY of
5.3+0.4% using 30% Gd** (1,=808nm at 5W cm™2). This repre-
sents an ~100-fold increase over the same UCNPs without IR806
and is comparable to bulk upconverting materials® (Supplementary
Fig. 16), and additionally provides clear evidence that ISC within
the dye ligands plays an integral role in UCNP sensitization. Above
~30% Gd** content, IR806-functionalized UCNPs show decreasing
UCQYs, and 78% Gd** content UCNP QYs are similar to those of
0% Gd** UCNPs (Fig. 4b). This suggests that Gd**, although opti-
cally inert at 980nm, has additional optical properties that may
interact with Yb** or Er**. One confounding factor may be the Gd**
UV transitions, which have been shown to facilitate energy migra-
tion in UCNPs at higher fluences™ and could interact with Er** UV
manifolds or lead to faster energy migration to surface traps.

Because of the nonlinear nature of the upconversion process, its
efficiency increases with the excitation rate. The dyes, with absorp-
tion cross-sections ~1,000 times larger than those of UCNPs!,
function as molecular light concentrators, funnelling orders of
magnitude more excitation energy into the UCNP. This lowers the
excitation intensity required to saturate the lanthanide intermediate
energy states, promoting more efficient upconversion at lower pow-
ers. Maximizing this effect by capitalizing on both singlet and trip-
let energy transfer pathways is key to achieving optimal efficiencies
while reducing input power, which eliminates a major impediment
of using UCNP:s for reducing phototoxicity in bioimaging or boost-
ing solar cell efficiency™”.

Energy-transfer distance dependence
Finally, we gained further insight into energy transfer and enhance-
ment mechanisms by comparing dye sensitization effects on
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core-only and core-shell UCNPs with the triplet enhancer Gd**
(Fig. 4c). It is well known that a thin inert shell enhances upcon-
version by passivating surface-related energy loss pathways'>**!.
Dye sensitization of these core-shell UCNPs produces additional
upconversion enhancements that, while significant, are roughly one
to two orders of magnitude less than what is achieved by dye-sen-
sitizing the core-only 30% Gd** UCNPs. This discrepancy occurs
despite the shell thickness (1.2 nm) being smaller than the dye-Yb**
FRET distance of ~1.5nm (ref. '°). Similar dye-sensitized enhance-
ments are seen for other shell thicknesses, including NaGdF, shells
(Supplementary Fig. 15). These results emphasize two key points.
First, while longer-range resonant energy transfer from the sin-
glet to the UCNP contributes to enhanced upconversion, other
short-range (for example, Dexter-like) pathways clearly contrib-
ute. Second, when adding a passivating shell, there is an inherent
trade-off between reducing surface-related losses and eliminating
short-range energy transfer processes. These conclusions highlight
a potential avenue for further optimized systems based on more
complex heterostructures and computational approaches”'>~'7*2,

Conclusions

We have demonstrated that triplet states in dye antennas critically
affect the brightness and stability of dye-UCNP systems, revealing
a clear strategy that overcomes the limitations of previous materi-
als. We find that ISC within the dye is enhanced by spin-orbit cou-
pling to lanthanide ions near the surface of the UCNPs and further
that this enriched triplet population is responsible for a significant
amount of the energy transferred into the UCNP. Designing dyes
whose excited-state wavefunctions sit closer to the nanocrystal sur-
face may further boost energy transfer by enhancing sub-nanometre
processes such as spin—orbit coupling and Dexter electron transfer.
Also, tuning the UCNP composition to higher active lanthanide
content or heavier lanthanides such as Lu** may lead to further
upconversion enhancements. Leveraging this nuanced mechanistic
understanding results in superior dye-UCNP performance, which
is now poised to drive improvements in solar energy conversion,
infrared detection and biological applications.

Data availability. The data that support the plots and other findings
within this paper are available from the corresponding author upon
reasonable request.
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