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ABSTRACT: Optical technologies enable real-time, noninvasive analysis of complex systems but are limited to discrete regions of
the optical spectrum. While wavelengths in the short-wave infrared (SWIR) window (typically, 1700—3000 nm) should enable deep
subsurface penetration and reduced photodamage, there are few luminescent probes that can be excited in this region. Here, we
report the discovery of lanthanide-based upconverting nanoparticles (UCNPs) that efficiently convert 1740 or 1950 nm excitation to
wavelengths compatible with conventional silicon detectors. Screening of Ln®" ion combinations by differential rate equation
modeling identifies Ho**/Tm?*" or Tm?** dopants with strong visible or NIR-I emission following SWIR excitation. Experimental
upconverted photoluminescence excitation (U-PLE) spectra find that 10% Tm>*-doped NaYF, core/shell UCNPs have the strongest
800 nm emission from SWIR wavelengths, while UCNPs with an added 2% or 10% Ho?*" show the strongest red emission when
excited at 1740 or 1950 nm. Mechanistic modeling shows that addition of a low percentage of Ho®" to Tm*"-doped UCNPs shifts
their emission from 800 to 652 nm by acting as a hub of efficient SWIR energy acceptance and redistribution up to visible emission
manifolds. Parallel experimental and computational analysis shows rate equation models are able to predict compositions for specific
wavelengths of both excitation and emission. These SWIR-responsive probes open a new IR bioimaging window, and are responsive

at wavelengths important for vision technologies.

F or a century after the synthesis of the first fluorescent
molecules,' luminescent probes were developed largely to
emit at visible or ultraviolet wavelengths, enabling easy detection
by eye and early detectors. The realization that longer
wavelengths hold major advantages in imaging and optical
technologies has sparked interest in probes in the near-infrared
(NIR, 700—1700 nm) and short-wave infrared (SWIR, 1700—
3000 nm), although there is wide variation in defining these
ranges.z_6 In biological imaging, NIR wavelengths have been
shown to be less phototoxic, scatter less in tissue, and do not
generate significant autofluorescence (Figure 1;1).2’7_9 For solar
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Figure 1. Applications and probes in the SWIR. (a) Calculated
attenuation length of brain tissue* and water absorption'* in the NIR
and SWIR. (b) Calculated nightglow irradiance spectrum using the
Cerro Paranal sky model.'” (c) Peak excitation and emission
wavelengths of long-wavelength organic,ll fluorescent protein,S carbon
nanotube,*® metal cluster," quantum dot,* and UCNP*"*® probes.
Tm?*" and Ho®>"/Tm>" UCNPs were obtained from this work.
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and passive night vision technologies, more efficient NIR-II and
SWIR probes could enable the harvesting of sunlight and
nighttime atmospheric luminescence (i.e., nightglow) at wave-
lengths that have been untapped for use in optical technologies
(Figure 1b).'°

While there has been good progress in NIR-II (1000—1700
nm) probes with organics™”'' and nanomaterials,”'*"* excitation
beyond 1700 nm remains largely unexplored (Figure 1c). This
derives from innate limitations in the photophysics and stability
of many of these probes at long wavelengths,'* as well as the lack
of commercial imaging systems for wavelengths beyond 1700
nm.'>'® Probes that can be excited at SWIR wavelengths and
emit at wavelengths compatible with conventional silicon
detectors would be ideal for harnessing the SWIR spectrum
and enable integration into existing optical systems.

Upconverting nanoparticles (UCNPs) are lanthanide-based
phosphors that combine the energies of multiple long-
wavelength photons to emit at shorter wavelengths, commonly
with 980 or 800 nm excitation, and emission in the visible or
NIR-I. UCNPs do not measurably blink or photobleach, and
Ln*"-based upconversion can be up to a billion-fold more
efficient than the best 2-photon fluorophores.”'”~"? Here, we
extend UCNP upconversion to excitation wavelengths >1700
nm, showing that Tm** and Ho®*/Tm?" compositions can be
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excited in the SWIR to emit in NIR-I and visible regions. Aided
by development of methods for calculating and measuring
upconverted photoluminescence excitation (U-PLE) spectra,
we find that Tm**-doped UCNPs allow for efficient 800 nm
emission with 1740 nm excitation, while addition of low
concentrations of Ho** promotes 652 nm emission with either
1740 or 1950 nm excitation. These methods for U-PLE
engineering and the resultant SWIR-responsive probes open a
new IR bioimaging window and are responsive at important
spectral regions for night vision technologies.

To find Ln*" combinations able to upconvert SWIR
excitation, we developed a high-throughput method to calculate
thousands of U-PLE and emission spectra for UCNPs doped
with any combination of Ln** ions (Figure 2), using differential
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Figure 2. Computational screening of Ln** combinations for SWIR
upconversion. (a) Sequential Ln** selection scheme. (b) Upconversion
in Ho>*/Tm>" core/shell UCNPs. (c,d) DRE modelingzs_25 of 385
combinations (total Ln** concentration = 20%) for visible or NIR-I
emission. (e,f) Heat maps of integrated visible or NIR-I emission for
Ho*/Tm?® UCNPs, excited at 1740 nm. (g) Calculated U-PLE spectra
for Ho®"/Tm>" UCNPs. Excitation intensities were set to 100 kW/cm?.

rate equation (DRE) models of Ln*" photophysics™~>* that
have successfully predicted UCNP excitation and emission
profiles (see Methods for modeling details).”*~** U-PLE spectra
were extracted from 2D spectral maps (Figure S1) generated by
calculating the emission spectra for each excitation wavelength
in a specified range. We first calculated the U-PLE spectra for
129 combinations of 1 to 3 Ln*" ions (1 mol % each), and
screened for SWIR excitation peaks that give rise to emission at
visible or NIR-I wavelengths (Figures 2a and S2).

We then performed a secondary screen of the 55 brightest
Ln*" combinations in which we varied doping levels (Table S4)
and screened for upconversion from U-PLE peaks. Ho**/Tm?>"
and Tm®" emerge as the brightest compositions for visible and
NIR-I emission when excited at 1740 and 1950 nm (Figures 2b
and S3).

To optimize emission at these excitation wavelengths, we
calculated the emission spectra for 385 combinations of 1—4
dopants (Figure 2c,d). Under 1740 nm excitation, the brightest
composition, 10% Tm>* and 10% Ho>*, shows enhanced visible
emission compared with either dopant alone. For the NIR-I
emission, 20% Tm?>* shows the strongest 800 nm emission and is

quenched by codopants. Screening of both Tm** and Ho*" finds
that low Ho®* levels mediate visible emission but this diminishes
above ~5% (Figure 2e,f). Calculated U-PLE spectra show broad
excitation peaks at 1210, 1740, and 1950 nm, with large
enhancements compared to those of singly doped UCNPs
(Figure 2g), suggesting specific Tm>*—Ho’" interactions may
amplify their response to SWIR wavelengths.

To test these DRE calculations experimentally, we synthe-
sized 20 nm f-phase NaYF, UCNPs doped with either Tm>* or
Ho®"/Tm?>", and overcoated them with inert 5 nm NaYF,
shells.”** Structural characterization by high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM, Figures 3a,b and S4), energy dispersive
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Figure 3. Experimental characterization of SWIR UCNPs. HAADF-
STEM images of (a) 10% Tm>* and (b) Ho*/Tm?*" core/shell NaYF,:
UCNPs. Scale bars are 100 nm. (c) 2D excitation—emission spectral
map of 10% Tm>*, 10% Ho> UCNPs. (d,e) U-PLE spectra of Tm**
UCNP (780—820 nm emission) and Ho®>*/Tm>* UCNP (630—670 nm
emission) films. Excitation intensities are 10 kW/cm? Emission spectra
of 1 uM dispersions in hexane of (f) Tm** and (g) Ho**/Tm®* UCNPs
with 1740 nm, or (h,i) 1950 nm excitation (90 kW/cm? for (f)—(i)).

spectrometry (EDS, Figure SS), and powder X-ray diffraction
(XRD, Figure S6) show monodisperse fS-phase core/shell
heterostructures. To characterize their NIR-II/SWIR sensitivity,
we developed an experimental technique to acquire U-PLE
spectra from 1000—1600 nm and 1700—2050 nm by scanning a
tunable femtosecond-pulsed optical parametric oscillator
(OPO) laser and acquiring emission spectra from 430 to 950
nm (Scheme S1).
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Excitation—emission maps constructed from these data sets
(Figures 3c and S1) were used for simultaneous exploration of
both U-PLE and emission peaks. For 10% Tm?" UCNPs, U-PLE
peaks corresponding to ground state absorption (GSA: 1210
nm, 1740 nm) are apparent for 800 nm emission (Figure 3d).
While Tm**-doped UCNPs that show avalanching behavior”**”
exhibit strong excited state absorption (ESA), these peaks (1064
nm, 1450 nm) are missing here, consistent with modeling
(Figures 2g and S1) that experimental power densities fall below
avalanching thresholds. For Ho®*/Tm?®" UCNPs, significant
GSA peaks are observed at 1170, 1210, 1740, and 1950 nm
(Figure 3e), consistent with simulated results (Figures 2g and
S7), although relative U-PLE intensities vary and experimental
peak features are sharper.

Tuning these compositions to optimize SWIR upconversion,
we find that increasing Tm®" levels beyond 10% quenches
emission, and only NIR-I emission from 1740 nm excitation is
observed (Figure 3fh), whereas both visible and NIR-I
emissions are elicited from Ho®"/Tm*" (Figure 3g). UCNPs
with 10% Tm** and 2% Ho>" are brightest at both red and NIR-I
wavelengths, in agreement with the simulation results (Figure
2e,fand Table S5). Ho*" is needed for 1950 nm upconversion to
red and NIR-I emission, with 10% Tm**/10% Ho** showing the
brightest emission in both ranges (Figure 3i). When excited at
1740 nm, Ho®"/Tm>®" codoped UCNPs reveal power-depend-
ent slope factors (n) between 2.4 and 3.1, while 1950 nm
excitation shows lower n values between 2.0 and 2.6 (Figure S8).

To quantify the brightness of these UCNPs, we synthesized
core—shell UCNPs doped with 10% Er**, a composition known
for efficient 1550 nm-to-visible upconversion,”” and used this to
benchmark the brightness of Tm* and Ho®'/Tm*" SWIR
upconversion (Table SS5). Emission measurements of equimolar
dispersions under identical conditions show a similar Er** 1550
nm-to-visible intensity to Tm** 1740 nm-to-NIR-I emission and
~4-fold higher Er** 1550 nm-to-visible emission intensity
compared to Ho>*/Tm>* 1740 nm-to-visible emission. Under
1950 nm excitation, the combined visible and NIR-I emission of
10% Tm>*/10% Ho®" UCNPs exceeds that of 10% Er** UCNPs
under 1550 nm excitation (Table SS).

To better understand the mechanisms of SWIR upconversion,
we carried out DRE analysis to determine the main energy
transfer (ET) pathways in these UCNPs (Figures 4, S9—S10 and
Tables S7—S8). Under 1740 nm excitation, the Tm**:’F,
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Figure 4. Mechanisms of SWIR upconversion. Key pathways of (a)
10% Tm*" and (b) Ho®*/Tm* UCNPs. Processes are simplified for
clarity; more complete mechanisms are listed in Figures S9 and S11.

manifold is predominantly populated via resonant GSA (Figure
4a), which drives SWIR — NIR-I upconversion by serving as a
donor for the dominant energy transfer upconversion (ETU,
steps 1—2) pathway that populates the 800 nm-emitting *H,
level. Addition of Ho®" introduces ET pathways that enhance
visible emission (Figure 4b), including from Tm*":*F, to
Ho**:°L,, which then drives ETU that progressively excites
Ho’" and Tm®" up to visible or NIR-I emitting states. When
excited at 1950 nm, Ho" acts as the primary sensitizer, as
Ho*:’L, is directly populated by GSA (Figure S11), and this
allows ET to Tm*":*H, for NIR-I emission.

For many applications, SWIR excitation wavelengths would
have clear advantages over the NIR and visible wavelengths,
including lower phototoxicity, greater subsurface penetration,
and alignment with ambient radiation sources. The penetration
depth through tissue at 1740 nm is almost 5-fold deeper than at
800 nm (Figure 1a), a wavelength commonly used for deep-
tissue imaging. The 1740 nm excitation wavelength may be most
useful for imaging and optical technologies where water is
present, as 1950 nm coincides with a water absorbance peak,
whereas 1740 nm lies between water peaks.'*

Organic fluorophores with NIR-II excitation have shown
impressive ability to be imaged with high contrast at video rates
deep in live animals, even with relatively modest quantum
yields.”"** Nanostructures with NIR-II excitation, including
carbon nanotubes'”*® and semiconductor QDs,* have also
found use for deep-tissue imaging experiments. Despite these
advances in probe chemistry, the major roadblock has been
detector sensitivity and noise,'® and there are few practical
options for Stokes-shifted emission above 1700 nm.*

Previous work has shown 1550 nm excitation of Er**-based
UCNPs*"*® and 1450 nm for Tm>"-based avalanching nano-
particles,”* but apparently not from longer excitation wave-
lengths. To address this, we have developed computational and
experimental methods for unbiased screening of SWIR
upconversion. A DRE screen involving over 200,000 calcu-
lations identifies Tm®** and Ho®>'/Tm?>" as prime candidates, and
emission measurement from these UCNPs with 1740 or 1950
nm excitation are comparable to Er**-based UCNP emission
excited with 1550 nm (Table SS), suggesting pathways around
the quenching processes often encountered in codoped UCNP
systems.”* > This obviates the need to isolate dopants within
multishell heterostructures,” which necessarily increase syn-
thetic complexity and probe size.

A quantitative comparison between calculated and measured
emissions shows that DRE models are adept at predicting Ln**
combinations and approximate doping percentages. Model
predictions of peak ratios and power dependence may be
improved by incorporating experimental absorption line-
shapes”®™>* and nonidealized dopant distributions and nano-
crystal structures.®”*®

In energy transfer upconversion, n is primarily a function of
the ETU and decay rates from intermediate levels®~*' and
represents the number of photons in an upconversion process
only when decay is much faster than ETU (e.g., below saturating
powers). Modeling of SWIR UCNPs shows comparable ETU
and decay rates from the Ho®":*L, level (Tables S6—S8), making
n values lower than might be expected for such a large energy
difference, but consistent with power-dependent measurements
(Figure S8). In comparisons of UCNP excitation, continuous
wave lasers have shown brightness several orders of magnitude
higher compared to pulsed systems*” like the 80 MHz OPO
laser used here, suggesting room for improved SWIR UCNP

https://doi.org/10.1021/jacs.4c11181
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brightness. These initial SWIR compositions begin the process
of developing imaging,”"* sensing,"> and optical memory**
systems that operate far beyond current wavelengths.
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