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Abstract

Erbium, Ytterbium doped sodium yttrium fluoride nanocrystals (NaYF4:Yb3+ /Er3+) are promising candidates to be
considered as the highly efficient upconverting nanomaterials. Herein, the generation of efficient higher order harmonics
by five, four photon absorption processes (Multiphoton absorption- MPA) are revealed under the excitation with
femtosecond-laser (fs-laser) with 140 fs-laser pulses in NaYF4: Yb3+/Er3+ ultrasmall upconverting nanoparticles (US-
UCNPs; sub-5nm) at room temperature. These US-UCNPs were prepared following thermal decomposition procedure.
The generation of fourth order harmonic peak (FHG) and fifth order harmonic peak (FIHG) are distinguished under
fs- pulse excitation, concurrently. Further, the precisely synthesized US-UCNPs exhibit strong blue emissions under 900
nm continuous wave (CW) laser-diode excitation. A significant red shifting is explored with 950-990 nm tunable laser
sources.
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Introduction

The unique photophysical properties of upconverting nanoparticles (UCNPs) promote them for being intensely used in
biomedical fields [1,2]. The tuned emissions from them by irradiating with NIR photons have already been applied in a
diverse range of applications — solar cells, display systems, drug delivery, photodynamic therapy and obviously in bio-
imaging, biolabeling [2—7]. Researchers have also designed different-sized UCNPs to observe their energy absorbing and
transferring mechanism and then to make them suitable candidate for several purposes [1,2]. However, for in-vivo uses,
very small ‘stealth’ nanoparticles (sub:8-10nm) are particularly important because they can circulate inside the body
without being detected by the immune system, therefore, fabricating such particles comprising a defined ultrasmall sizes
with the required optical properties remains a challenging aspect to us and to the best of our knowledge, this aspect is
in its infancy.

The upconversion phenomenon is basically a minimum of two-photon involved process exhibiting bright luminescence
via intra 4f or 4f-5d transitions. The other properties like long emission life-time, large — antistokes shift, tuned emission
wavelengths with tuning sizes by choosing proper host materials incorporated with suitable synthetic approaches and
spectroscopic properties make them unique. On the other side, as we know most of the chlorides and bromides are
moisture sensitive and are not suitable for bio-labeling whereas rare-earth (RE) fluorides (REF3, AREF4; A=Alkali
metals) owing to their high refractive index, high transparency raised from low-energy phonons — have been considered
as excellent host materials for preparing UCNPs. It is well known to us that, those UCNPs get excited by low-energy
photons (NIR-light) which undergoes NIR-visible/ultraviolet conversion processes to release high-energy photons. This
fact overcomes the limitations (conversion of UV- visible light to NIR/IR radiation involve with photodamages, DNA-
damages, cell death) achieved by down-conversion fluorescent materials such as in conventional organic dye molecules,
quantum dots. Once we trigger biological tissues with NIR radiation, due to low autofluorescence (reduce scattering
and absorption) background, it can't affect tissues or organisms significantly unlike triggering with UV or visible light.
Organic Dyes, fluorescent proteins have drawn our attention in bio-detection but the associated drawbacks — chemical
deterioration, low absorption, wide emission spectral range, high photobleaching are limiting their applications though
they can possess strong fluorescence intensity. UCNPs with unique ultrasmall physical dimensions, strong UV/visible
emissions, higher penetration depth, low photobleaching, sharp emission spectra, high photostability, multimodal
imaging have received our tremendous attention by replacing them with organic dyes, quantum dots and fluorescent
probes [8,9]. Numerous processes are attributed in lanthanide (Ln) based UCNPs to redistribute the energy within the
crystal itself either between sensitizer (S-ion, Yb3*) -to- activator (A-ion, Er3*) or among S-ions ions/A- ions. Excited state
absorption (ESA) is known as “photon addition” process resulting in higher energy photon emissions, Energy transfer
upconversion (ETU) is an energy transfer process between S-ion and A-ion [10]. The other internal processes — cross
relaxations (CR) between two A-ions, energy migration (EM) between two S-ions, radiative or non-radiative relaxations
among A-ions appear to be redistributed energy processes —which yield a non-linear response of emissions[11]. However,
relatively efficient UC process can only be achieved with a few trivalent lanthanide ions(Nd**, Sm3*,Gd3*, Eu3*,Er3*, Tm?3+),
so most of the authors preferred to introduce them in fabricating UCNPs for their research work where they act as
activator ions and involve strong emissions with 525nm,535nm,600nm,664nm,766nm(Nd>*); 555nm,590nm(Sm3*);
312nm(Gd3*);590nm,613nm(Eu3*);542nm,655nm(Er3+);475nm,800nm(Tm3*) wavelengths [12,13].

The concept of energy-transfer mechanism in UCNPs is sufficiently well established, the erudition on how to create
ultrasmall (sub-5nm) with bright NIR-to-UV UCNPs of NaYF4:Yb3*, Er3* systems is still lacking [14-16]. In this work,
ultrasmall(sub-5nm) nanoparticles have been designed following a suitable thermal decomposition technique which
is modified with the previous research reports [17,18]. The controlled sizes and shapes were achieved with high
temperature heat-treatment (300-330 degree C). The preparatory steps were modified incorporating high boiling
solvent and surfactant and avoiding long-time heating. This modified method was repeated several times to confirm
their controlled sizes. During synthesis, nucleation has taken place followed by the growth of nuclei in nanocrystals.
This method controlled the sizes in a relatively short time. By obstructing Ostwald ripening process, 2.5-4.5 nm sized,
a-phases of NaYF4:Yb3*, Er3* were formed with heating in ODE/OA (5:2) which (the increased solvent: surfactant ratio)
influenced the sizes [19-24]. The lanthanide salt precursors in the ratio of 1.51:1.93:0.19 were used in gram scale.
They were dissolved in aqua solution and a respective amount of Y/Yb/Er = 4:1:1 was employed in a one-pot procedure
where Ln hexahydrate chloride salts were heated in a mixture of ODE/OA at 300°C for 26 min to obtain ~2.5-4.5 nm
size nanoparticles. To the best of our knowledge, till now, NaYF4:Yb3*, Er3* UCNPs have been found to be one of the
highly efficient UCNPs [23-25].

Chen et al. reported the UCQY values of 0.13%, 0.07%, 0.05% and 0.95% under 540, 660, 800, and 970 nm NIR
excitations, respectively for the UCNPs of size 100 nm (NaYF4:Er3*, Yb3*) [26]. In another study the internal UCQY for
core shell UCNPs of size ~ 40 nm (B-NaYF4:Er3* core, dia. 19.2 nm and B-NaLuF4 shell with thickness 18.8 nm) was
reported as 3% with 1523 nm NIR laser irradiance [27]. Boyer et al. reported the UCQY for different sizes of UCNPs
(NaYF4:Er3*, Yb3**) and their values were 0.005%, 0.10%, 0.30% and 3% for 8-10nm, 30nm,100nm and above 100nm
sized UCNPs, respectively, once they were excited with 980 nm NIR laser [28]. Our current synthesized US-UCNPs exhibit
higher UCQY in fs-laser irradiation compared to the earlier reports with these ultrasmall sizes (sub5-nm). Importantly,
this work also reveals that the US-UCNPs could be a potential candidate for efficient ultraviolet emissions which could
be useful as UV-emitting nanophosphors and can be further used in several bio-applications [29,30].
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Experimental

Materials and Method

(A) Materials

Materials and Chemicals: The lanthanide precursors were formulated from their corresponding hexahydrate salt
solutions such as: CI3Y:6H20; CI3Yb:6H20 CI3Er:6H20 which were purchased from Sigma —Aldrich and with 99% purity.
Technical grade chemical 1- Octadecene (90%), Oleic Acid (65%) NaOH (97.0%), NH4F (95 %) were purchased from
sigma Aldrich, Qualigens, SDFCL and Kemphasol, respectively.

(B) Synthesis of US-UCNPs

The specific amount of 1-Octadecene (15 ml), Oleic-acid(6ml) were added in evaporated lanthanide precursors in a
three-neck-round-bottom flask kept on a heating mantle. The resulted solution was heated towards higher temperature
with both gassed and degassed (vacuum) condition to remove the excess water and oxygen from the solution. The
as-prepared solution was brought to highest temperature (300°C) under inert gas (Ar) condition for a very short period
of time only and subsequently kept for cooling naturally. Next day the US-UCNPs were collected only by Acetone
and isolated via centrifugation and the precipitated sample was kept with dissolving in cyclohexane as they are well
dispersed in such non-polar organic solvent.

(C) Characterizations

For characterization of the prepared sample we have performed transmission electron microscopy and high resolution
transmission electron microscopy (TEM and HRTEM- FEI TecnaiG2-TWIN 200 KV), Energy Dispersive X-ray analysis(EDXA),
X-Ray diffraction pattern (XRD with CoKa- radiation) Raman Spectroscopy (WiTec, alpha 300), Fluorescence Spectrometer
( HITACHI, F-4600) provided with an external near infrared (NIR) laser source 980nm to measure the upconversion
fluorescence (UCF) spectra, Ti Sapphire tunable oscillator laser with femtosecond pulses to further characterize
upconversion emissions.

Results and Discussions

TEM analysis figure 1 (a-e) explicit the formations of ultrasmall nanoparticles in a regular arrangement with no
aggregation. Particle-sizes are confined below 5nm with a standard deviation of £0.9nm (Confirmed by calculating
from several low-to-high resolution micrographs). It is clear that the particle sizes vary from ~2.27nm to ~5.2 nm. The
interparticle separation has been confirmed to be 5-6.5nm. TEM analysis shows discrete crystalline particles. Average
particle size found to be 3.5nm £0.9nm (TEM histogram analysis figure 1f). The lattice fringes appear to be 3.19nm and
confirms the presence of cubic phases (alpha- NaYF4:Yb3+, Er3*).
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Figure 1: Low Resolution to High Resolution TEM Images of The Synthesized US-UCNPs At Different
Magnifications [1a-50nm, 1b- 20nm,1c-10nm, 1d- 5nm] — Uniformly Distributed and Monodispersed
in Nature. Panel 1e Represents Crystallinity. Panel If Shows the Histogram Analysis for Particle Sizes
Developed in this Work.
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The upconversion fluorescence spectra (UCF) spectra have been recorded with 900 nm CW laser diode excitation
source and hence, bright blue visible emission[2H9/2(Er3*) - 4115/2(Er3**)] employing three direct energy transfers
from sensitizer (Yb3*) to activator ion (Er3*), two non- radiative relaxations within activator ion (Er®*) are observed and
described below (Figures 2a,2b) [31-33]:

Step 1: ET1: 2F, ,(Yb*) + 41, ,(Er*) - 2F, (Yb**) + 41, (Er**)
Step 2: Non radiative relaxation followed by 41, (Er**) - 41 . ,(Er**)
Step 3: ET2: 2F, ,(Yb**) + 41, ,(Er**) - 2F, (Yb**) + 4F, ,(Er**)

Step 4: ET3: 2F, ,(Yb™) + 4F,,(Er**) - 2F, (Yb™) + 4G, ,(Er*)
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Figure 2: (A) UCF spectra Received From US-UCNPs, Excited With 900nm CW Laser Diode Source, Insets

- Blue Emission(415nm) From Synthesized Solution In Cuvette (B) Energy Transfer Mechanism Followed

by Three Direct Energy Transfers.

The UCF spectra received with 526/547nm emission, exhibit less intense green visible emissions [2H,, , /4S;, (Er**)
- 4,5, (Er3+)] compared to blue one following two direct energy transfers and one one-radiative relaxation (Figures
3a,3b) [31-33]:

Step 1: ET1- 2F, (Yb**) + 411, ,(Er**) - 2F, (Yb**) + 41 (Er*")

Step 2: ET2- 2F, (Yb**) + 41,, ,(Er**) - 2F, (Yb**) + 4F, (Er**)

Step 3: Non-radiative relaxations followed by:

4F, (Er*) - 2H, , (Er*) (527 nm emission)

4F,,(Er**) - 4S,, (Er**) (547 nm emission)

7/2
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2H,,, /4S,, (Er*) - 41, , (Er**) = Green emissions(527/547nm).
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Figure 3: (A) UCF Spectra Received with 980nm Laser Diode Excitation Source, Followed By A Total
Of Three Direct Energy Transfers (B) Green Emissions From-Sample-Cuvette (C) Energy Transfer Up
Conversion Mechanism Succeeding With 980nm Laser Excitations.
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The UCF spectra with 497 nm emission corresponds to the following two direct energy transfers without incorporating
any non-radiative relaxation (Figures 3a,3b) [31-33]:
Step 1: ET1- 2F, (Yb**) + 41, ,(Er**) - 2F, (Yb**) + 41
Step 2: ET2- 2F, ,(Yb**) + 41, ,(Er**) - 2F
No non-radiative relaxations are followed.
The direct emission 4F, (Er3*) - 41 . (Er®*) is responsible for 497 emissions.

ll/Z(Er3+)
(Yb*) + 4F, ,(Er**)

7/2

7/2 15/2

However, the results of luminescence with fs-laser interaction can be related and explained well with the generation
of non-linear optical second and third order effects in photonic crystals and cavities as surveyed by Aktsipertrov et.
Al. group [34] who observed these effects in magnetophotonic crystals (MPCs) fabricated from few layers of Bi:YIG
(Bi-substituted with Yttrium) and silica (SiO2) with explaining the second-harmonic generation (SHG) and the third-
harmonic generation (THG) in the field of non-linear optics (NO). In view of these features, multiphoton absorption
upconversion lasing authorizes prime applications in bioimaging, photodynamic therapy,3D optical data storage.

—
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Figure 4: Images (A), (B), (C) Show the Experimental Set-Up During Reaction or Preparation of US-UCNPs

in Inert Gaseous Condition and Controlling Several Reaction Parameters At Different Stages. Image (D)
A Schematic Set-Up Of Tunable Fs-Laser Employed To Receive MPA.

In the present work, efficient multiphoton absorptions (5 photons/3photons) upconversion lasing from these ultrasmall
nanoparticles (US-UCNPs) is perceived at room temperature. Figure 4(a-c) shows the experimental images of synthesized
UCNPs at different preparatory steps.

Hence, 140 fs pulses were generated with a fs laser source - pumped with Ti-Sapphire oscillator at a repetition rate of
80 MHz. The pumping light was focused through objective lens. The upconverted emitted signal was also collected by
the same lens and finally was detected using sensitive fiber coupled spectrometer.
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Figure 5: Formations of (A)Dominant Harmonic Lasing Peaks in UV Region (B) Dominated Lasing Peaks
In Visible Region; with Fs-Laser Irradiations (C), (D) Show The Evaluated “"N” (Numbers Of Absorbed
Photons) values for UV, and Green Emissions(G),Respectively
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The Power Was Calculated With Optical Power Meter (MAYA 2000, Ocean Optics). A Schematic Of This Experimental
Arrangement Is Shown In Figure 4d.

Moreover, the MPA upconversion lasing and higher order peak generation in US-UCNPs under fs-laser pulses are studied.
The upconverted peaks exhibit efficient FHG, FIHG appeared for 970nm,980nm, and 950nm,960nm respectively. The
higher order harmonic generations are (HHG) occurred along with their appearances as dominant harmonic peaks at
206nm,212nm,227nm,231nm over visible peaks appeared at 521nm,522nm,522nm and 524 nm, respectively (Figures
5a,5b). Figure 5a exhibits a clear red shifting where the central wavelengths of the peaks are shifted from 206 nm to
231nm, significantly. However, the dominated visible peaks are intense enough to be specified (Figure 5b). However,
the number of absorbed photons(n) per emitted radiation has been calculated to be 5.46, 3.56 for ultraviolet, green
emissions respectively (Figures 5¢,5d). The number of absorbed photons is calculated under fs-laser excitation by using
the equation: I . ~ I n [35-37].

Where, I . = Observed luminescence intensity
n = The number of absorbed photons per emitted photon.
I, = Fs-laser excitation power

The upconversion quantum yields (UCQYs) have also been calculated with different excitation power densities of 15.428
W/cm2, 14.154 W/cm2, 13.517 W/cm?, and 12.739 W/cm2 according to the method reported elsewhere [26,27].
However, in the present study, for visible emissions both external and internal UCQY have been calculated (Figures 6a-
6d) and found to be (External-UCQY): 0.121 + 0.003 %, 0.1124+0.002%, 0.105+0.001%, 0.102+0.002%; and
(Internal-uUCQY): 0.273+0.004%, 0.227+0.002%, 0.192+0.002%, 0.181+£0.005%; whereas in
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Figure 6: (A) (c) External Quantum Yields and (B), (D) Internal Quantum Yields, With Different Laser
Excitation Power Densities, For UV and Green Visible Emissions. (E) A Plot Showing The Variation Of
Brightness of US-UCNPs With Varying Laser Excitation Power Densities (F) The Zeta Potential Value for
US-UCNPs Found to be -36.30mV Confirm Their Stability.

UV-region they are calculated to be (External-UCQY): 0.317+ 0.003%, 0.285 +0.004%,
0.251+0.002%, 0.239+0.002%; and (Internal-UCQY): 0.714+0.007%, 0.543+0.002%,

0.456+0.001%, 0.422+0.001%, respectively and appear to be efficient while compared with as- said previous
observations [26-28,38]. It is also been observed that UCQY increases with increase in the irradiance. The brightness
with the excitation power densities for the highly intense UV emissions are plotted in figure 6e.

Further, the intensity ratios for G1/G2; R/G1;(G full=G1+G2) /R; UV/R, UV/G1, UV/G2(G1- 526nm of green emission),
G2(547nm of green emission), R (very weak intense red emission) have also been plotted with fs laser excitation
wavelengths(Aex) and shown in supplementary figure 1(a-d). Based on the excitation pump powers, log(intensity) vs
log (excitation powers) plots for UV, G1, G2, red emissions are shown in supplementary figure 2.

Summary And Conclusion
The reduced sizes can produce only a few numbers of emitters(A-ions) in luminescent materials and hence, the
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decreased sizes enhance the surface quenching, decrease the number of emitter ions (Er3+ - ions) per particle helping
to reduce cross relaxations [39]. Gordon et al. group reported isolating nanocrystals with one activator ion to have
limited cross relaxations [40]. Hence, 5 photons,3 photons absorption processes in upconversion emissions (UV, Green)
have been demonstrated for the synthesized US-UCNPs. The co-existence of dominant emission peak(visible- region)
and higher-order harmonic generation (HHG) are observed with high power fs-laser pulse excitation. It is realized
that, the generation of higher order harmonics completes in three steps (i) Incident beam of intense ultrafast radiation
induced change in the birefringence or refractive index in the materials (ii)Materials behave like a nonlinear hertzian
oscillator and generates polarized waves from the surface or interfaces (ii) the generated polarized waves interact with
each other (iii) The interference of polarized waves generates the 4th and 5th harmonics. Here, it is clear to us that
both the excitation and emission lines of synthesized US-UCNPs falling into the optical window or therapeutic window
(650nm-1350nm), assure maximum tissue penetration depth and allow for low-scattering and bio-detections while
the emissions falling into UV direct their extensive applications in Photodynamic therapy (PDT therapy). The toxicity of
these nanoparticles has been found to be very less (9.8%). Previously, Vetrone et. al. group reported the uses of fs-
NIR pulses in minimizing thermal loading and tissue damages [41]. Another group of researchers applied fs-laser based
excitations (1040-1560nm) for in-vivo imaging for deepest penetration depth of about 800um in @ mouse brain [42].
Ji et al group presented a wavelength tunable fs-laser for accurately manipulating optogenetic proteins [43]. However,
all these studies are directing the strong applications of synthesized US-UCNPs for those above said applications with
NIR-fs-lasing system.
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