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induced by surface reconstruction in lanthanide

sublattices
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Upconversion nanocrystals have been extensively inves-
tigated for optical imaging and biomedical applications™?.
However, their photoluminescence is strongly attenuated
by surface quenching as the nanocrystal size diminishes®.
Despite considerable efforts*, the quenching mechanism
remains poorly understood. Here we report that surface coor-
dination of bidentate picolinic acid molecules to NaGdF ,:-Yb/
Tm nanoparticles enhances four-photon upconversion by
11,000-fold. Mechanistic studies indicate that surface
ligand coordination reconstructs orbital hybridization and
crystal-field splitting, minimizing the energy difference
between the 4f orbitals of surface and inner lanthanide sen-
sitizers. The 4f-orbital energy resonance facilitates energy
migration within the ytterbium sublattice, impeding energy
diffusion to surface defects and ultimately enhancing energy
transfer to the emitters. Moreover, ligand coordination can
exert energy-level reconstruction with a ligand-sensitizer
separation of over 2nm. These findings offer insights into
the development of highly emissive nanohybrids and provide
a platform for constructing optical interrogation systems at
single-particle levels.

Lanthanide-doped inorganic nanocrystals possess abundant
4f electronic states, enabling multiphoton upconversion with-
out the stringent conditions imposed by two-photon absorption
and multiple harmonic generation, which require phase match-
ing or coherent pumping"‘. Energy-transfer upconversion is the
most efficient upconversion process under low-power irradia-
tion””. Owing to their high photostability and colour tunability'*",
lanthanide-doped upconversion nanocrystals have been used for
various applications, ranging from anticounterfeiting to lasing and
super-resolution imaging'?"*. By exploiting excitation in biological
windows, researchers have extended the application of upconver-
sion nanocrystals to blood-vessel imaging, optogenetics, immu-
notherapy and drug delivery'®". In these applications, ultrasmall
nanocrystals with high brightness become crucial***'. However,
the use of protein-sized nanocrystals is generally constrained by
severe surface quenching, substantially reducing their luminescence
brightness and conversion efficiency****.

Passivation of upconversion nanocrystals with an optically inac-
tive shell suppresses surface quenching but inevitably enlarges
the particle size. Other approaches, which involve high-power
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excitation to saturate the excited states of lanthanide ions and
compensate for surface-mediated energy loss, have proven effec-
tive in enhancing the emission intensity***-". Although successful,
high-power irradiation causes tissue damage and requires complex
instrumentation. Attaining high brightness in ultrasmall upconver-
sion nanoparticles remains a critical challenge because of complex
optical pathways, including energy migration, cross-relaxation and
deleterious vibronic dissipation. This complexity, along with the
abundant energy levels of lanthanides, has hidden the underlying
quenching mechanisms.

To understand surface-mediated excitation dynamics and how
surface coordination influences the diffusion of excitation energy
in upconversion nanocrystals, we mapped the coordination and
electronic structures of Yb** ions occupying the interior and
exterior of a hexagonal-phase NaYF, nanocrystal. The mapping
was performed using quantum mechanical simulations based on
density functional theory (DFT). In the crystal-structure analy-
sis, an inner Yb** ion was ninefold coordinated by fluoride ions,
while an Yb** ion exposed on the (0001) surface was coordinated
with only six fluoride ions (Fig. 1a). Bader analysis showed that
this surface Yb** jon remains trivalent. By contrast, incomplete
surface coordination leads to reduced hybridization between the
4f orbitals of the Yb** ions and the 2p orbitals of the neighbour-
ing F~ ions, shifting the occupied and empty 4f orbitals (4f,.. and
4f.mp» Tespectively) of the surface Yb** ions to lower and higher
energy regions, respectively. Consequently, the 4f,, —4f,.. energy
gap (AE) of the surface Yb** ions was 0.28 eV higher than that
of the inner Yb** ions. Given the coexistence of core-like and
band-like 4f electrons®, this energy change in 4f orbitals is mainly
attributed to non-saturated coordination-reduced hybridization
between band-like ytterbium 4f and fluorine 2p orbitals, along
with weakened crystal-field splitting. The resulting orbital-energy
mismatch AE suggests the existence of a mismatch between the
4f transition energies of the surface and inner Yb** ions, thereby
reducing the efficiency of resonance-energy migration between
these Yb** ions. Given the high surface-to-volume ratio of
ultrasmall nanoparticles, a large portion of Yb** dopants is either
directly exposed on the nanoparticle surfaces or proximal to the
surfaces”. These outer-layer Yb*" dopants are highly susceptible
to surface-related non-radiative deactivation, limiting energy
transfer to lanthanide emitters®.
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Fig. 1| Multiphoton upconversion enhancement through surface reconstruction. a, Left: optimized atomic structures showing the first coordination
sphere of ytterbium atoms residing in the interior (Yb,, top) and exterior (Yb,,, bottom) of a NaLnF, (Ln=Y or Gd) nanoparticle. Middle: simulated

single-particle 4f energy levels of ytterbium atoms with nine-, six- and eightfold coordination configurations, respectively. 4f,

and 4f,

occ

represent the

emp

lowest empty and highest occupied 4f orbitals of the ytterbium atom, respectively; AE is the energy difference between the 4f,,~4f,. gaps of the surface
and inner ytterbium atoms. Right: spatial distribution of the partial charge densities of coupling states. Cyan, purple, grey, white, red and blue balls denote
Yb, F, C, H, O and N atoms, respectively. b,c, Upconversion emission spectra of NaGdF,:Yb/Er (18/2%) (b) and NaGdF,:-Yb/Tm (49/1%) (c) nanoparticles
(10 nm) under 980 nm excitation, recorded in ethanol before and after coating with 2PA molecules. Insets are the corresponding photoluminescence
images showing the emission changes in the ligand-free and 2PA-capped nanoparticles.

We reasoned that a rigid, strongly coordinated ligand could
reconstruct the orbital hybridization and crystal-field splitting
in the 4f orbitals of the surface Yb** ions, thereby minimizing
the energy mismatch between the 4f orbitals of the surface and
inner Yb** ions. The energy-level reconstruction can facilitate
energy migration and activate dark surface layers of nanocrystals,
thereby enhancing energy transfer to the emitters (for example,
Er** or Tm?*"). To validate this hypothesis, we coordinated surface
Yb** ions with molecules of pyridine-2-carboxylic acid (2PA), cho-
sen for its highly rigid aromatic framework and bidentate coordi-
nation motif. The N,O-hybrid coordination site of the 2PA ligand
enables the formation of a five-membered chelate ring with a sur-
face Yb** ion. Our DFT calculations showed that when the nanopar-
ticles are coated with 2PA ligands, orbital hybridization raises the
occupied 4f levels of the surface Yb** ions and lowers their empty
4f levels. Consequently, the 4f,,, —4f,.. energy gap becomes compa-
rable to that of the inner Yb** ions (Fig. 1a, Supplementary Figs. 1-8
and Supplementary Tables 1 and 2). As an added benefit, these rigid
ligands can stabilize the excited state of the surface Yb** ions, pro-
tect the surface lanthanides from interacting with solvent molecules
and suppress surface fluoride vacancy-induced quenching, largely
minimizing multiphonon non-radiative decay.

We next prepared ligand-free NaGdF,:Yb/X (X=Er or Tm)
nanocrystals of ~10nm in diameter (Supplementary Figs. 9
and 10). After coating with 2PA molecules, the upconversion

luminescence of Yb/Er- and Yb/Tm-codoped nanoparticles was
enhanced by 88- and 150-fold, respectively (Fig. 1b,c). Absorption
spectroscopy of the as-prepared nanoparticles showed a neg-
ligible change in the near-infrared spectral region before and
after 2PA attachment, suggesting that these ligands simultane-
ously enhanced the emission intensity and quantum efficiency
(Supplementary Fig. 11 and Supplementary Table 3). The lifetime
of Er’* emitters in the NaGdF,:Yb/Er nanocrystals increased after
2PA attachment with a delayed rise (Supplementary Fig. 11). This
result is consistent with the increased emission lifetime (from
93 to 289 ps) of NaGdF,:Yb nanocrystals under 965nm excita-
tion (Fig. 2a). The increased lifetime of 980 nm emission of the
Yb(2PA), complex further confirms surface Yb**-2PA coupling
(Supplementary Fig. 12), suggesting that the 2PA coating activates
the dark surface layer and promotes energy migration within the
Yb** sublattices®—*?. This energy migration facilitates excitation
energy diffusion within the sensitizer sublattice and energy trans-
fer to the emitters. Unlike molecularly engineered nanohybrids
involving energy transfer between lanthanides and molecular
triplet states’*, 2PA ligands may behave as pseudoatoms that
participate in orbital hybridization and support the crystal field
for surface lanthanides. Notably, 2PA-coordinated nanocrystals
are resistant to a series of organic solvents, and they remain highly
emissive even after 120 minutes of continuous laser irradiation
(Supplementary Figs. 13-15).
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Fig. 2 | Optical investigations of upconversion nanocrystals on surface coordination. a, Lifetime decay curves of 980 nm Yb3* emission from ligand-free
and 2PA-capped NaGdF,.Yb (5%) nanoparticles (10 nm) excited at 965 nm. b, Luminescence enhancement factors at different emission wavelengths
from 2PA-capped NaGdF,:Yb/Tm (15nm, 1% Tm?3*) with different Yb3* concentrations. The inset shows the enhancement of the integrated upconversion
emission from 200 to 900 nm. UV, ultraviolet; NIR, near-infrared. Error bars represent the standard deviation of the luminescence enhancement factor.

¢, Calculated luminescence enhancement factors of the 2PA-capped NaGdF,,

'Yb/Tm (49/1%) nanoparticles. Error bars represent the standard deviation of

the luminescence enhancement factor. d, Average distances (D) between the ligands and randomly doped lanthanide ions in nanoparticles with diameters

of 5,10 and 15 nm.

To better understand ligand-coordination effects, we prepared
2PA-capped NaGdF,:Yb/Tm nanoparticles with different Yb** con-
centrations. Comparative photoluminescence results revealed that
it is possible to achieve large enhancement factors in upconversion
nanoparticles with high Yb** concentrations (Fig. 2b). The overall
emission enhancement was dominated by enhanced emissions at
360 (UV) and 475 nm (blue), indicative of a strengthened multipho-
ton upconversion process. By contrast, the emission enhancement
was relatively insensitive to Tm*" concentration (Supplementary
Fig. 16). A similar multiphoton upconversion enhancement was
observed from the Er** emitter (Supplementary Fig. 17). Together,
these results indicate that a high Yb** concentration promotes
energy transfer from the sensitizers to the activators on ligand coor-
dination to nanoparticles.

To evaluate the size-dependent luminescence enhancement
quantitatively, we further prepared 2PA-capped NaGdF, nanopar-
ticles of different sizes (5, 10, and 15nm). Our results corroborated
the increasing ligand-coordination effect in smaller nanocrys-
tals (Fig. 2c and Supplementary Fig. 18). Importantly, the overall
enhancement was dominated by increased emission in the UV and
blue spectral regions, consistent with the dominant effect of ligand
coordination on multiphoton upconversion (Fig. 2c). The UV
emission was enhanced by 11,000-fold in the 5nm NaGdF,:Yb/Tm
nanoparticles. As the ligand densities were similar on different-sized
nanoparticles, the size-dependent enhancement was mainly

734

attributed to the short mean distance between the Yb** ions and
ligands in the small nanoparticles, which was corroborated by
Monte Carlo simulation (Fig. 2d, Supplementary Figs. 19-22 and
Supplementary Tables 4 and 5).

To further understand the ligand-coordination effect on
upconversion processes, we measured the emission intensities of
NaLnF,:Yb/Er (Ln=Y or Gd) nanoparticles capped with a wide
variety of ligands (Fig. 3a). The 2PA ligand yielded the largest
enhancement factor (Fig. 3b). The enhancement factor of all ligands
increased with decreasing particle size, and the ligand-coordination
effect dominated in gadolinium-based host lattices. When nanopar-
ticles were coated with flexible ligands such as heptanoic acid (HA),
the increase in emission intensity was small (Fig. 3b). By contrast,
nanoparticles capped with less flexible ligands (cyclohexanecar-
boxylic acid (CHA) or 2-phenylacetic acid (PAA)) achieved higher
enhancement factors, suggesting that rigid ligands can obstruct
interactions between nanoparticles and solvent molecules more
effectively than flexible ligands. Moreover, numerous C-H bonds
in the HA ligand facilitate non-radiative recombination via vibronic
coupling to high-energy phonons®. Such non-radiative recom-
bination partially counteracts the passivation-induced emission
enhancement.

We next examined the enhancement factors for a series of
nanoparticles capped with thiophenyl-, phenyl-, naphthyl- and
methoxy-functionalized ligands (thiophene-2-carboxylic acid
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Fig. 3 | Ligand-coordination effects on upconversion luminescence enhancement. a, Structures of the ligands coordinating to the nanoparticles.

b, Luminescence enhancement factors of three types of nanoparticles capped with various ligands. Nanoparticles were dissolved in ethanol and excited

at 980 nm. Each experiment was repeated five times and the intensities were averaged to calculate the enhancement factors. ¢, Schematics of various
metal-ligand coordination modes: (1) chelate mode with a five-membered ring (M =metal ion); (I1) unsymmetrical bidentate mode (X=C or P atom); (lII)
substitution-assisted mode with inductive effects (R =substitutional group); and (1V) three coordination modes involving carboxylic acid ligands.

(ThA), benzoic acid (BA), 1-naphthoic acid (NA) and methoxy-
benzoic acid (MOBA) isomers). These ligands represent a sequen-
tial increase in molecular volume. When the ligand coordination
reached saturation, all ligands exhibited similar enhancement
factors. Moreover, variations in the substitution position of the
electron-donating methoxy group of the MOBA ligand did not
change the enhancement factor.

When the methoxy group was replaced with an
electron-withdrawing nitro group, the ortho-substitution yielded
a higher emission intensity than the meta- and para-substitutions.
The enhancement factor increased from 0.5 in 2-nitrobenzoic acid
(2NB) to 1.8 in 4-nitrobenzoic acid (4NBA), comparable to that
observed in BA-capped nanoparticles. Substitution with highly
polarized groups is likely to distort the surface sublattices and affect

the coordination geometry of the surface Yb** ions, partially coun-
teracting passivation-induced enhancement. By contrast, weakly
polarized, rigid ligands enhanced the emission intensity by approxi-
mately twofold, similar to the enhancement achieved by surface
passivation using silica or the polyvinylpyrrolidone polymer.

We further coated the nanoparticles with ligands that support
different chelation modes (Fig. 3c). After bidentate chelation with
2PA molecules, the emission enhancement was fivefold higher
than after monodentate chelation with carboxyl-containing mol-
ecules. We then optically characterized the nanoparticles coated
with BA molecules, which have a similar molecular rigidity to the
2PA ligands but a different coordination mode. The lifetime of
the 980 nm emission was slightly prolonged after coating with BA
molecules, suggesting that monodentate chelation with BA is less
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Fig. 4 | Long-range effect of ligand coordination on upconversion luminescence. a, Schematic showing the prolonged energy diffusion within sensitizer
sublattices on ligand coordination. Solid grey and dotted black arrows denote enhanced energy transfer and suppressed non-radiative decay, respectively.
b, Photoluminescence spectra of ligand-free and 2PA-capped NaGdF,:Yb/Er(18/2%)@NalLnF, (Ln=Y or Gd) nanoparticles of different diameters. The
shell thickness is approximately 1Tnm. The numbers in parentheses are the enhancement factors relative to the bare-core emissions. The inset shows the
core-size-dependent emission enhancement in NaGdF,:Yb/Er@NaGdF, nanoparticles. d.,,., core diameter. ¢, Emission enhancement factors of core-shell
NaGdF, nanoparticles with different shell thicknesses, prepared via layer-by-layer growth on a 5nm core. The layer thickness is 0.5 nm. Error bars denote
the standard deviation of the luminescence enhancement factor. d, Photoluminescence spectra of ligand-free nanoparticles (5nm core; black spectra),
core-shell nanoparticles (0.5 nm shell; red spectra) and 2PA-capped core-shell nanoparticles (green and blue spectra). e, Time-resolved decay curves of
980 nm emission from Yb3* ions doped in a series of NaGdF,.Yb/Er(18/2%)@NaGdF, nanoparticles with different shell thicknesses, measured before and

after 2PA surface coordination under 970 nm irradiation.

effective in stabilizing the excited state of Yb** ions than bidentate
chelation with 2PA (Supplementary Figs. 4 and 12). DFT calcula-
tions indicate that the ytterbium 4f orbitals weakly hybridize with
the BA molecular orbitals. Emissions can be influenced not only by
the chelation mode but also by the polarity of the chelation site. For
instance, the use of 4,4,4-trifluoro-1-phenylbutane-1,3-dione (BTA)
and 2-(diphenylphosphoryl)benzoic acid (TPPOA) molecules com-
prising high-polarity sites, such as p-diketone and phosphine oxide,
did not alter the nanoparticle emission, despite the unsymmetrical
mode of O,0-bidentate chelation. Together, these results suggest
that ligands with high rigidity, limited polarity and multidentate
coordination can substantially enhance the upconversion intensity.

To determine the effective distance of the ligand-coordination
field propagating through the surface layers, we synthesized
core—shell nanoparticles with inert shells of various thicknesses
separating the ligands from the outermost Yb’* ions (Fig. 4a and
Supplementary Figs. 23-25). As measured from the emission
intensities and their corresponding enhancement factors in the
2PA-capped NaGdF,@NaGdF, model system, the ligand coordina-
tion influenced the lanthanide sensitization even with a 2nm shell
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(Fig. 4b,c). In the system with a 0.5nm shell, luminescence was
enhanced 3,000-fold (Fig. 4d and Supplementary Fig. 26).

We characterized the as-prepared hybrid nanoparticles using
time-resolved spectroscopy. The measured 980 nm decay profile of
the Yb** jons indicated that both the ligand and the shell prolonged
the lifetime of the sensitizer’s excited states (Fig. 4e). The decay
curve of the Er’* emission was similarly prolonged by the ligand
and the shell (Supplementary Fig. 27). Moreover, the Er** emission
of the as-prepared nanoparticles exhibited a slow rise, suggesting
a long-lived intermediate state that prolongs energy pumping to
the Er** emitters. A similar decay trend was observed in the Tm**/
Yb**-codoped nanoparticles (Supplementary Fig. 28). By compari-
son, the lifetime of the Tm’" emission was more sensitive to sur-
face coordination than that of the Er** emission, consistent with the
observed emission intensity enhancement (Fig. 4c). These results
imply that the blue emission is more dominated by 2PA-mediated
surface coordination than shell-induced passivation.

In conclusion, we have presented a general ligand-coordination
strategy that enhances multiphoton upconversion in ultrasmall
nanocrystals by reconstructing orbital hybridization and
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crystal-field splitting in surface lanthanides. Ligand coordination
can activate the sensitizer-containing surface layer, improving the
efficiency of energy-transfer-mediated upconversion. The effect
is dominant in ultrasmall nanoparticles doped with high concen-
trations of sensitizers. By combining the long-range coordination
effect with thin-shell passivation, the overall emission can be greatly
enhanced. For instance, the overall emission intensity was 3,000
times higher in 2PA-coated NaGdF:Yb/Tm@NaGdF, nanocrystals
than in the 5nm bare core. Unlike conventional core-shell engi-
neering and dye-sensitization methods, the ligand-coordination
strategy neither affects the nanocrystal size nor requires spectral
overlap between the lanthanide absorption and the dye emission.
The fundamentals gained from our investigations may provide
insight into utilizing 4f electrons for chemical bonding and benefit
the design of high-performance organic-inorganic hybrid lumines-
cent nanomaterials.
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Methods

Nanoparticle synthesis. Lanthanide-doped nanoparticles were synthesized as
described in a previous report™. Additional experimental details are provided
in the Supplementary Information.

Transmission electron microscopy characterization. Transmission electron
microscopy measurements were performed using a field-emission transmission
electron microscope (JEOL-JEM 2010F) operated at an acceleration voltage

of 200k V.

Absorption and luminescence spectroscopy analysis. Absorption spectra in

the near-infrared range were measured at room temperature using a UV-visible-
NIR spectrophotometer (UV3600, Shimadzu). Photoluminescence spectra were
recorded at room temperature using a DM150i monochromator equipped with
an R928 photon-counting photomultiplier tube, in conjunction with a 980 nm
diode laser. Decay curves were measured using a customized UV-to-mid-infrared
phosphorescence lifetime spectrometer (FSP920-C, Edinburgh Instruments)
equipped with a digital oscilloscope (TDS3052B, Tektronix) and a tunable
mid-band optical parametric oscillator laser as the excitation source (410-

2,400 nm; Vibrant 35511, OPOTEK).

First-principles calculations. Quantum mechanical calculations were conducted
on the basis of the mathematical framework of DFT using the Vienna ab

initio package with the projector augmented wave method”. Throughout the
calculations, the Perdew-Burke—Ernzerhof generalized gradient approximation
was employed and a 12% Hartree-Fock exchange interaction was included through
the use of the screened-exchange hybrid density functional HSE06. Additional
calculation details are provided in the Supplementary Information.

Data availability
All relevant data that support the findings of this work are available from the
corresponding author on reasonable request.

Code availability

First-principles calculations were performed using the commercially available
Vienna Ab initio Simulation Package. The codes used to calculate the distance
between lanthanide ions and ligands are provided in the Supplementary Information.
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