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Non-blinking, non-bleaching and super-bright single upconversion nanoparticles have been recently
discovered with non-linear power-dependent properties and can be switchable under dual beam
excitations, which are ideal for super-resolution microscopy, single-molecule tracking, and digital
assays. Here, we report that the brightness of Nd3*-Yb3*-Er3* doped nanoparticles displays a pair of
unusual double helix shapes as the function of power densities of 976 nm and 808 nm excitations. We
systemically analyse the power-dependent emission spectra, lifetimes, and power-intensity double-log
slopes of single upconversion nanoparticles, which reveal that the dynamic roles of Nd3* ions in the tri-
doped nanosystem with underlining electron population pathways are power dependent. That is, at high
power 808 nm excitation, Nd3* ions can directly emit upconverted luminescence, with their conventional
role of sensitization saturated in the Nd>—>Yb3>*—>Er3* energy transfer systems. Moreover, we confirm
that the universal helix shape phenomena commonly exist in a set of eight batches of core-shell
nanoparticles regardless of the doping concentrations of Nd3*, Yb3" and Er3* ions in the sensitization
shell, migration shell, and active core, though the crossing nodes occur at different excitation power
ranges. This study emphasizes the important role of power-dependent properties in both improving the
upconversion emission efficiency and the design of non-linear responsive probes for imaging and
sensing.

Trivalent lanthanide ion (Ln3")-doped upconversion nanoparticles (UCNPs) can convert multiple near-
infrared (NIR) photons into shorter wavelength ultraviolet (UV), visible (vis) or NIR luminescence by utilizing
real long-lived, ladder-like energy levels of Ln" ions. The anti-Stokes emissions are immune to the auto-
fluorescence background interference, ideally suitable for imaging!~7 and sensing application® 3. UCNPs are
made of rigid crystal hosts and can be doped by multiple Ln*" ions, allowing excellent photostability and a
great deal of tunability in emission colours, lifetimes and brightness, all highly dependent on the excitation
power density following the sophisticated non-linear process.!*!° Single nanoparticle characterization has
played an important role in the discoveries of the many unique properties of UCNPs, including their photo
stability, power-dependent doping concentration leading to their super brightness, optical uniformity and
switchability under dual wavelength excitations, which lead to a range of recent advances being developed
using single UCNPs for applications, such as super-resolution imaging?%2!, single-molecule tracking??, and

digital assay>23.
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B-NaYF4 UCNPs using Yb3" ions as sensitizers have been broadly explored with laser excitation at 980 nm
that overlaps the absorption band of water molecules?%’. To avoid the heating damage to biological samples,
915 nm excitation of Yb** doped a-NaYF,?®, 1532 nm excitation of Er’* doped B-NaYF, UCNPs?® and 800
nm excitation of Nd**, Yb**, Er**/Tm?" tri-doped B-NaYF, UCNPs have been developed. In particular, the
water absorption coefficient at 808 nm is less than 1/20 of that at 976 nm?%27. The absorption cross-section of
Nd** at 805 nm (4.9x102° cm?) is larger than that of Yb*" at 976 nm (1.8x10-2° cm?)3°. The efficient energy
transfer from Nd3* to Yb** ions can make Nd** sensitized UCNPs with high quantum yield.! Various kinds

of Nd**, Yb**, Er**(Tm?") tri-doped UCNPs with designs of multiple shells have been extensively reported.3?-
37

A few of reports showed that 808 nm excitation produced brighter upconversion emission in
Yb/Er(Tm)@Yb@Nd/Yb UCNPs, compared with 980 nm excitation*36, while identical or lower brightness
was observed in other reports?6-303233, These comparisons were the results measured by ensemble
spectroscopy, and less quantitative due to the controls in the number of nanoparticles and excitation power

densities. The upconversion process from single nanoparticles remains unclear.

In this work, we systematically investigated the upconversion behaviours and electron population mechanisms
at a single nanoparticle level using 976 nm and 808 nm excitations with a large dynamic range of power
densities, from 60 W/cm? to 7.6 MW/cm?. We followed the design and controlled synthesis of eight batches
of Yb**, Nd*", Er¥*-doped B-NaYF, UCNPs with the core and three-layer shells. We observed that the
brightness of single UCNPs displayed a helix shape power-dependent evolution process under 976 nm and
808 nm excitation. This explains the contradictory reports around the upconversion intensities by comparing
808 nm excitation and 980 nm excitation. We then conducted the synthesis and comprehensive high-
dimensional spectroscopy analysis of single nanoparticles, including the power-dependent lifetimes, emission
spectra, and the wavelength-dependent power-intensity double-log slopes. We revealed the underpinning
mechanism for the helix phenomenon as that at high power density 808 nm excitation Nd*" ions can switch
their role from being a sensitizer in the Nd**—Yb3"*—Er** energy transfer network to acting as an emitter by
directly producing upconversion emissions. By assessing all the eight different batches of nanoparticles, we

further prove that the helix phenomenon universally exists.
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Figurel. Structure design and optical property of the colloidal UCNPs in cyclohexane. (a) Schematic illustration of the core
multi-shell nanostructure and energy transfer processes under the excitations at 976 nm and 808 nm. (b) Absorption spectrum of
NaYF4:30%Yb:2%Er@NaYF,:5%Yb@ NaYF,;:15%Yb:20%Nd@NaYF, nanoparticles (denoted by sample I). The dashed lines
guide the easy reading of absorbance at 808 nm and 976 nm. (¢) Luminescence photograph of the colloidal sample I in cyclohexane
(20 mg/mL) excited by 976 and 808 nm lasers (0.5 mW/cm?). (d) Upconversion emission spectra of the colloidal sample T upon 976
nm (orange) and 808 nm (blue) excitation.

Figure la shows design structure of UCNPs, consisting of a B-NaYF,4: Yb, Er core (~30 nm in diameter),
migration layer doped with Yb3* (~2.5 nm), sensitization layer doped with Nd*" and Yb3* (~6 nm), and inert
layer (~5 nm). The Nd** ions serve as the sensitizer to harvest 808 nm excitation energy, which results in the
population of the %Fs, excited state. The Yb3" ion is used as the secondary sensitizer by passing on the energy
from Nd** to B-NaYF,: Yb, Er core or as the primary sensitizer to directly absorb 976 nm laser excitation. The
energy migrated or sensitized via Yb*" will eventually reach the B-NaYF,: Yb, Er core for upconversion
emission by the activator Er’* ions embedded in the inner core. Figure 1b shows the absorption spectrum of
sample I (NaYF,: 30%Yb, 2%Er@ NaYF,: 5%Yb@ NaYF4:15%Yb, 20%Nd@NaYF,, Supplementary Fig.
S1), in which the absorption band centred at ~ 800 nm is attributed to Nd3*: #Iy), to *Fs), transition and 980 nm
band is from Yb?*: 2F;, to 2Fs), transition. The absorbance at the wavelength of 808 nm (used for Nd3'-
excitation) is almost identical to that at 976 nm (used for Yb**-excitation). The luminescence photograph and

upconversion emission spectra for ensemble colloidal nanoparticles (Figure ¢ and 1d, Supplementary Fig.
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S2), show nearly identical intensity profiles under 808 nm and 976 nm excitation at a power density of 0.5
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Figure 2. Single nanoparticle optical characterization of sample 1. (a) Single nanoparticle intensity of sample I between 400 nm
and 742 nm wavelength region as the function of power density under 976 nm and 808 nm excitation. Insets show the corresponding
confocal images at four power densities (dotted grey line, 1.0 KW/cm?, 9.0 KW/cm?, 490 KW/cm?, 7.6 MW/cm?). (b) Single
nanoparticle emission spectra under the above four power densities upon 976 nm (orange) and 808 nm (blue) excitations. (¢) Power
density-dependence of the slope factor of the intensity curves in panel (a) under 976 nm and 808 nm excitation light. (d) The power
density-dependent single nanoparticle lifetime curves, which correlate to the emission signal from the wavelengths between 400 nm
and 742 nm, under 976 nm (left) and 808 nm (right) excitation with 200 ps pulse width.

To collect the optical signals from single nanoparticles, we employ a purpose-built confocal microscopy
system with 976 nm and 808 nm laser beams (Supplementary Fig. S3). Figure 2a shows the power-dependent
brightness values of a single nanoparticle (sample I) at 976 nm and 808 nm excitation wavelengths. Strikingly,
we observe that the initial brightness under 808 nm excitation is stronger than that under 976 nm excitation.
For example, at 1 KW/cm?, 808 nm excitation produces the brightness of 390 photon counts/50ms, which is

ten times stronger compared with 976 nm excitation. When increasing the power to 9 KW/cm?, the brightness
ACS Paragon Plus Environment
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becomes the same. Further increasing the excitation power, brightness inversion occurs two times, which
forms the double helix shape relationship. Inserts are the confocal scanning images of single nanoparticles
under 808 nm and 976 nm excitation with the power densities of 1 KW/cm?, 9 KW/cm?, 490 KW/cm?, and
7.6 MW/cm?, respectively.

To understand the helix shape relationship, we measured the emission spectra at different excitation power
densities (Figure 2b, Supplementary Fig. S4). Both the green (*H;;,—*152, *S30—*115/2, 2Hon—*113/2) and red
(*F9,—;52) emission spectra of Er3* can be collected at 1 KW/cm? and 9 KW/cm?. We find that the electron
population pathways for Er** are different for the 808 nm and 976 nm excitations (as shown in Figure 1a),
which indicate the differences in brightness when the power density increases from 1 to 9 KW/cm?. The
Nd**2>Yb**>Er3* cascaded energy transfer with Yb** migration network leads to the brighter Er** emissions
under 808 nm in contrast to the direct Yb3*>Er3" energy transfer under 980 nm excitation. The significant
role in the energy transfer step of Nd3">Yb?* can be evidenced by the undetectable signal from the NaYF,:
Yb, Er core under 808 nm excitation from 1 KW/cm? to 9 KW/cm? (Supplementary Fig. S5).

For the emission spectra within the range of 9.0 - 2500 KW/cm? (Figure 2b), 976 nm excitation favours the
three/four-photon upconversion process from higher excited states of Er’" and thereby produces stronger
emission intensity in contrast to 808 nm excitation. This is evidenced by the additional emissions at ~469 nm
(®P3,—%1112), ~504 nm (*Gy;,—*11352), and strong red emission at 654 nm (*Fo, — “*I;55) under 976 nm
excitation. Further increasing the power to 1 MW/cm? and more, the brightness becomes saturated, though the
transition probabilities from multiple excited states are different under 976 nm excitation. However, the 808
nm excitation generates stronger intensity without saturation, in which emissions from Nd** (585 nm: 4G7,—
44112, 640 nm: *G7,—*I13/,) appear. The emission peaks of Nd** ions are assigned through Yb3*/Nd3* co-doped
sample shown in Supplementary Fig. S6. In this situation, Nd3* ions play the roles of both the sensitizer and

emission activator to facilitate an efficient upconversion process.

The slope factors (Figure 2c¢) calculated from the power-dependent brightness can further interpret the
transition dynamics. The slope factors of 976 nm excitation decrease in the whole power density range, as a
result of the increased population towards saturation at the different emissive states of Er** ions. In contrast,
slope factors of 808 nm excitation experience a decrease in the low power range and an increase in the high
power range. The decrease indicates the low threshold to produce detectable single particle brightness and fast
saturation speed for the Nd>*>Yb**>Er** cascaded energy transfer pathway, and the increase in intensity
shows the upconversion directly generated from Nd** excited states at high power range. The slope factors
associated with each excited state of Er** and Nd** (Supplementary Fig.S7 and Table S1) further prove that
the population of Er’* excited states (*Hoy, Hi12, #S32, “Fo2) through Nd**>Yb3*>Er3* cascaded pathway
with 808 nm excitation has the lower power threshold than the 980 excited Yb**>Er** pathway. And the
Nd3*: 4G, excited state population has a lower power threshold than that for the high excited states (*Gy,,
P35, 2Dsp) of Er’* through 3-4 photon involved transitions. These competitive energy transfer and multi-

photon based upconversion processes are illustrated in the energy level diagram in Figure 3.
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By measuring the lifetime profiles of single nanoparticles under the pulsed 976 nm and 808 nm excitation

(pulse width of 200 us) (Figure 2d), the transient dynamics of the electron populations further reveals the

energy reservoir effect of Yb** through Nd** pumping®>, as the rising and decay lifetime curves response a

lot of slower for 808 nm excitation compared with 976 nm excitation (Supplementary Table 28,

Supplementary Fig.S8). The high excitation power density induced shorter decay times. This is because the

high excitation energy promotes the high excited states of Er’* (e.g., 2Ds),, 2P3/,) with a shorter intrinsic lifetime

to be populated and long lifetime intermediate excited states of Er’* (e.g., 4S3/, 2Hop, 4Fo)2) to be depopulated
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Figure 3. Energy transfer diagram of Nd**-Yb**-Er?** multiphoton upconversion in four-layer core multi-shell system
following excitation with a 976 nm and 808 nm laser. CR and BET represent the back energy transfer and cross-relaxation
process.
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Figure 4. Uniform morphology and brightness of single core multi-shell UCNPs from the eight batches of controlled
synthesis experiments. (a) HAADF-STEM characterization and size distribution histograms of approximately 200 nanoparticles
for eight kinds of nanocrystals with varying doping concentrations in core and sensitization layer. The eight samples are sample I
(NaYF4:30%Yb:2%Er@NaYF4:5%Yb@NaYF4:15%Yb:20%Nd@NaYF,), sample 11
(NaYF4:30%Yb:8%Er@NaYF4:5%Yb@NaYF,:15%Yb:20%Nd@NaYF,), sample 11
(NaYF4:20%Yb:2%Er@NaYF4:5%Yb@NaYF,:15%Yb:20%Nd@NaYF,), sample IV (NaYF4:40%Yb:2%Er@NaYF4:5%Yb@
NaYF4:15%YDb:20%Nd@NaYF,), sample V (NaYF4:30%Yb:2%Er@NaYF;:5%Yb@NaYF4:5%Yb:20%Nd@NaYF,), sample VI
(NaYF4:30%Yb:2%Er@NaYF4:5%Yb@NaYF4:30%Yb:20%Nd@NaYF,), sample VII (NaYF4:30%Yb:2%Er@NaYF4:5%Yb@
NaYF;:15%Yb:40%Nd@NaYF,), sample VI (NaYF4:30%Yb:2%Er@NaYF4:5%Yb@NaYF4:15%Yb:60%Nd@NaYF,). Scale bar:
100 nm. (b and ¢) Confocal microscopic quantitative measurement of whole spectrum luminescence emission of corresponding
single Nd**-Yb*"-Er3>* UCNPs under 976 nm (b) and 808 nm (c) excitations at 7.6 MW/cm? and the corresponding emission intensity
statistics from approximately 30 single nanoparticles. Scale bar: 2 um.
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The observed the helix shape relationship commonly exists in Nd3*-Yb**-Er3* tri-doped UCNPs. We
synthesized eight arbitrary types of core multi-shell nanoparticles (Supplementary Table. S3). Figure 4a shows
that all the controlled synthesis produces uniform core multi-shell nanostructures under scanning transmission
electron microscopy (STEM). The histograms of their size distribution (grey) show that all the four-layer core
multi-shell UCNPs have a similar size of ~60 nm. TEM images and size distribution statistics in
Supplementary Fig. S9-14 shows the corresponding uniform core (~30 nm), core-shell (~35 nm) and core-
shell-shell (~50 nm) structures. We quantified the brightness of the eight batches of single nanoparticles using
confocal microscopy approach under 976 nm and 808 nm excitation at 7.6 MW/cm? (Figure 4b and 4¢), which
show the great intensity uniformity of single nanoparticles from each batch. Quantitative statistics show the

peak brightness of sample [-VIII appear at 7197, 11071, 5720, 10543, 8288, 8146, 8187, 7379 counts/50ms
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under 976 nm excitation and 10720, 11545, 9085,12893, 10932, 12292, 13994, 14223 counts/50ms under 808
nm excitation, respectively. Notably, 808 nm excitation consistently produces stronger brightness for all the

samples compared with 976 nm excitation.
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Figure 5. The power-dependent intensity curves of eight different types of single nanoparticles under 976 nm and 808 nm
excitations. (a-d) The comparison of the emission intensity as the function of power density under 976 nm and 808 nm excitations
for sample I and II (a), sample III and IV (b), sample V and VI (c), and sample VII and VIII (d).

Figure 5 summarizes the power-dependent evolution curves for the eight types of single Nd3*-Yb3*-Er3* tri-
doped UCNPs following the different doping concentrations and the same core multi-shell design pattern. We
assigned them into four groups, according to the doping strategy, in which we varied the concentration of Er3*
in the core (Figure 5a) for sample I (2%Er3") and II (8%Er*"), the concentration of Yb3" in the core (Figure
5b) for sample IIT (20%Yb*") and IV(40%Yb?**), the concentration of Yb3" in the sensitization layer (Figure
5¢) for sample V (5%YDb3*) and VI (30%Yb?"), and the concentration of Nd** in the sensitization layer (Figure
5d) for sample VII (40%Nd**) and VIII (60%Nd3"). We observe the universal double helix shape power-
brightness relationship under the 976 nm and 808 nm excitations. We show that the helix shapes (especially
at the low power range) and the power density values for the first cross nodes can be tuned. The tunability for
the second crossing-node at high power range is limited due to the same electron population behaviours, once
the brightness being saturated at 980 nm excitation and direct upconversion emission from Nd3* being
generated at 808 nm excitation. The detailed upconversion emission spectra upon 976 nm and 808 nm

excitation at 7.6 MW/cm? are shown in Supplementary Fig. S15 and Figure 2b.

The first crossing-node is tunable at the low power range by increasing the Er’* concentration in the core
(Figure 5a), as the emitter concentration quenching occurs. The brightness of sample I for 808 nm and 976

nm excitations became dark and overlapped, along with the small power value at the first cross node compared
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with sample I. Increasing the Yb** concentration in the core (Figure 5b) can facilitate the energy transfer from
Nd** to Er’* under 808 nm excitation*>, but induce back-energy-transfer from the “S;), state of Er3* to the
ground state of a neighbouring Yb** ion under 976 nm excitation*?. The sample brightness under 808 nm
excitation is enhanced significantly but dropped under 976 nm excitation, and thereby the first crossing-node
moves to high power density value. By increasing the Yb3" concentration from 5% to 30% in the sensitization
layer (Figure 5c), stronger absorption capability of 976 nm light (Supplementary Fig. S16) leads to brighter
upconversion (Supplementary Fig. S17a). While an optimized Yb** concentration in the sensitization layer is
necessary to avoid luminescence quenching.*® The optimized concentration could be around 15%, as sample
I (with 15%YDb?*" in the sensitization layer) shows the brightness superiority compared with sample V (5%
Yb*") and sample VI (30% Yb?*) under the low power 808 nm excitation (Supplementary Fig. S17b). By
increasing the Nd3* concentration in the sensitization layer (Figure 5d), strong absorption of the 808 nm light
benefits the bright upconversion (Supplementary Fig. S18), but interionic cross-relaxation of Nd3* (4F5,,
Top2>15n, isp)* (Figure 3) will quench the overall emission brightness. This trade-off leads to the
optimized concentration of Nd3" in the sensitization layer around 40% under 808 nm excitation
(Supplementary Fig. S17 d). Tuning the Nd** concentration in the sensitization layer doesn’t affect the 976
nm excitation case. There is no obvious change in the brightness from the three samples under 976 nm
excitation (Supplementary Fig. S17 ¢). We also confirmed this helix shape phenomenon exists in the structure

with three-layer core multi-shell nanoparticles (Supplementary Fig. S19).

In summary, we conducted a systematic spectroscopic characterization of Nd3*-Yb3**-Er** tri-doped single
UCNPs under 976 nm and 808 nm excitations and revealed the emission intensities non-linearly evolute a
double helix shape relationship as the function of excitation power density at 976 nm and 808 nm. This
phenomenon has been universally observed in a series of four-layer core multi-shell Nd**-Yb**-Er3* doped
UCNPs. The helix shape is highly dependent on the doping concentrations of lanthanides in the heterogeneous
structure of active core, migration layer, sensitization layer and inert layer of shells, suggesting that the
population dynamics of each excited state highly depend on the power-dependent energy transfer pathways
under the excitations of 976 nm and 808 nm lasers. This study reveals the insights that can be used for
improving the efficiency of single UCNPs and non-linearity behaviours of them for advanced imaging and

sensing applications.
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The Yb**, Nd**, Er3*-doped nanoparticles with the core-multi-shell structure are synthesized by hot-injection
method. The brightness evolution displays a pair of double helix shapes as the function of power densities of
976 nm and 808 nm excitations. This non-linear responsive properties from upconversion nanoparticles could

be controlled through doping design, which is useful for imaging and sensing.
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