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1. Introduction

Upconverting nanophosphors (UCNPs) have increasingly gath-
ered interest in numerous applications. Decreasing the size of
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We have studied the mechanisms of water-based quenching of the upconversion photoluminescence of
upconverting nanophosphors (UCNPs) via luminescence decay measurements for a better understanding
of the non-radiative deactivation pathways responsible for the relatively low upconversion luminescence
efficiency in aqueous solutions. This included both upconversion luminescence measurements and the
direct excitation of emissive energy states of Er** and Yb** dopants in NaYF,:Yb>* Er¥* UCNPs by measur-
ing the decays at 550 and 655 nm upon 380 nm excitation and at 980 nm upon 930 nm excitation,
respectively. The luminescence intensities and decays were measured from both bare and silanized
NaYF4Yb>* Er* and NaYF,:Yb>*, Tm>* UCNPs in H,O and D,O. The measurements revealed up to 99.9%
quenching of the upconversion photoluminescence intensity of both Er** and Tm** doped bare nano-
phosphors by water. Instead of the multiphonon relaxation of excited energy levels of the activators, the
main mechanism of quenching was found to be the multiphonon deactivation of the Yb** sensitizer ion
caused by OH-vibrations on the surface of the nanophosphor. Due to the nonlinear nature of upconver-
sion, the quenching of Yb®* has a higher order effect on the upconversion emission intensity with the
efficient Yo—Yb energy migration in the ~35 nm nanocrystals making the whole nanophosphor volume
susceptible to surface quenching effects. The study underlines the need of efficient surface passivation
for the use of UCNPs as labels in bioanalytical applications performed in aqueous solutions.

UCNPs to sub-10 nm levels while maintaining the strong
luminescence intensity is a subject of intensive research for
e.g. imaging purposes.”” However, the upconversion (UC)
luminescence efficiency is known to be size-dependent due to
decreasing number of emitting ions and increasing surface-to-
volume ratio leading to more strongly emerging surface quench-
ing effects.*® To overcome these limitations, the non-radiative
deactivation channels and surface effects must be understood
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tElectronic supplementary information (ESI) available: Transmission electron
micrographs of the bare and silanized UCNPs, X-ray powder diffraction spectra
of the NaYF,:Yb*",Er** and NaYF,:Yb**,Tm*" nanophosphors, FT-IR spectra of
oleic acid capped and bare UCNPs, the repetitiveness study of luminescence life-
time measurement, decay curves and table of lifetimes of upconversion emission
of bare NaYF,:Yb®",Er*" in different proportions of water in H,O and time points
at 550 nm, and upconversion luminescence spectra of bare NaYF,:Yb*" Er*" in
both D,O and H,O at different excitation power densities. See DOI: 10.1039/
¢5nr02100f
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better. There has been discussion about whether the size-
dependent luminescence originates from phonon-mediated
energy transfer processes,”’ surface effects related to high
energy vibrations of ligands, surfactants® and surrounding sol-
vents’ containing OH- and CH-groups, or from increased
surface defect density,” or from a combination of these effects.
For the use of UCNPs as reporters in bioanalytical assays
and biological environments they must be rendered water dis-
persible. It is well known that water quenches the lumine-
scence of lanthanides and also lanthanide doped
nanocrystals.® This is commonly ascribed to high energy
vibrational modes of OH-groups (3200-3600 c¢cm™') which
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result in an increased non-radiative relaxation of the excited
states.® In Er’" doped UCNPs, the OH-groups quench the
luminescence of Er** ions by facilitating multiphonon relax-
ation of the Iy, — “Lis;, and *Hyq0/*S;, — “Foj, transitions
(Fig. 1). Both relaxation pathways favor the population of the
*Fy), state from which the red luminescence occurs at the
expense of the green luminescence.®'® The quenching mecha-
nism of water has not yet been studied in detail for Tm**
doped nanophosphors.®!" Also Yb** has been reported to be
quenched by water in molecular complexes and chelates.'>"?
Wang et al. (2010) showed that by covering the NaGdF,:
Yb**,Tm*" core with a thin inactive NaGdF, shell, the quench-
ing effect of 20 vol% water decreased from 80% to 35% com-
pared with the core material only.® Also, an inactive NaYF,
shell has been reported to protect the luminescence of the
core from surface-related quenching effects."*"® Therefore,
water molecules on the surface of the nanophosphor affect
only the luminescent lanthanide dopants and the ions com-
prising the inactive shell or the host crystal are unaffected. The
lanthanide ions inside the “core only” nanophosphors and
those on the surface should show different emission intensi-
ties because the surface dopants are more prone to surface
quenching effects.”® In theory, however, the excitation energy
can travel via Yb-Yb energy migration from the core regions of
an UCNP to the surface dopants where the energy is coupled
with the vibrational modes of the environment.>'®'” Gargas
et al. suggested that the entire volume of their 8 nm nano-
phosphor was energetically coupled to the surface.> Also Er-Er
and Tm-Tm energy transfer may occur but is less probable,
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due to the very low concentration of the activators and thus a
larger distance between two individual ions.

In addition, the absorption of 980 nm excitation light by
water has been suggested to be involved in the decrease of
upconversion luminescence intensity.'"® The absorptivity of
water at 980 nm is 0.485 cm™'.'®'® Thus, the transmission of
light in a path length of 1 cm in water is 61.6%. Therefore, the
energy of the excitation light is gradually attenuated which
further affects the resulting upconversion emission intensity.

The rational design of bright UCNPs for bioanalytical appli-
cations performed in aqueous solutions encouraged us to syste-
matically study the influence of water on the upconversion
luminescence intensity and decay of NaYF,:Yb** Er*" and NaYF,:
Yb**,Tm** nanophosphors. Furthermore, the effect of water on
the intensity and decay of the directly excited (at 380 nm) lumine-
scence of the Er*" emission and on the luminescence decay at
980 nm upon 930 nm excitation originating from the sensitizer
Yb®" were studied. Also, comparative luminescence studies were
performed in D,O to identify the luminescence deactivation path-
ways. In addition, because surface functionalization is required
for biomolecule coupling, we studied the effect of a thick silica
shell on the luminescence quenching by water.

2. Experimental
Materials

NaYF,:Yb*" Er** (xyp, = 0.17, xg = 0.03) and NaYF,:Yb*",Tm**
(%yp = 0.20, X1 = 0.005) nanophosphors were synthesized in
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Fig. 1 Energy level diagrams of (a) NaYF4:Yb®>*,Er®* and (b) NaYF4:Yb®*, Tm>*. Solid, dotted and wavy arrows represent photon absorption or emis-
sion, energy transfer and relaxation processes, respectively. The blue wavy arrows denote the increased multiphonon relaxations caused by OH-

vibrations.
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octadecene/oleic acid.>® Their size distribution was measured
with transmission electron microscopy (TEM) and the crystal
structure was studied with X-ray powder diffraction (XPD). The
oleic acid (OA) capping was removed using a modified method
of Bogdan et al."®: 20 mg of OA-capped UCNPs in toluene were
recovered by centrifuging for 30 min, 16 837g (Eppendorf Cen-
trifuge 5418, Hamburg, Germany) and by removing the super-
natant carefully by pipetting. The UCNP-pellet was redispersed
into 1 ml of 0.1 M HCI (pH 1) by ultrasonication (Finnsonic
mo03, Finnsonic Oy, Lahti, Finland) and the acid wash was left
to perform in rotation overnight. During the acid wash the OA-
molecules coordinated to the lanthanides were protonated and
thus disengaged from the surface of the UCNP. The UCNPs
were precipitated by adding 500 pl of methanol and 150 pl of
isopropanol and centrifuged as before. The UCNPs were
washed once with 1 ml of toluene to remove the residue OA
and then the bare UCNPs were dispersed to 100 pl of ethanol.

Both Er**- and Tm®*-doped UCNPs were also surface-modi-
fied by a silanization with 60 pl of tetraethylorthosilicate (TEOS)
using a reverse-microemulsion technique by Wilhelm et al*'
after which the UCNPs with silica shell were dispersed into 200
pl of ethanol. No functional groups were added to the silica.

Both bare and silanized UCNP-dispersions were divided
into two and the ethanol was evaporated with MiVac centrifu-
gal concentrator (Genevac Ltd Suffolk, UK). Then, the pellets
were heated to 80 °C for overnight to remove all coordinated
water and thereafter, dispersed into 500 pl of either ultrapure
mQ-H,0 or D,0 (99.9% purity, Sigma-Aldrich, St. Louis, MO)
and stored in rotation at room temperature. The absence of OA
in the bare UCNPs was evaluated with FT-IR (Vertex 70, Bruker
Optics, Billerica, MA). As a reference, the IR-spectrum of OA-
capped UCNP was measured.

Luminescence lifetime measurements in the time domain

Luminescence lifetimes in the time domain were measured
using three instruments: a modular luminometer with pulsed
excitation (method 1), a modified multimode microtiter plate
reader (method 2), and a commercial fluorometer equipped
with a pulsed p-flash xenon lamp and a phosphorescence
accessory (method 3).

In method 1, an analog-to-digital converter NI USB-6251
(National Instruments, Austin, TX) was used to generate
square-wave excitation pulse profile for the laser driver
WDL3343 (Wavelength Electronics, Inc., Bozeman, MT). The
excitation source was a NIR laser diode L9418-04 (Hamamatsu
Photonics, Hamamatsu City, Japan) providing max. 1.2 W at
976 nm. The optical part of the luminometer consisted of
tubular excitation and emission chambers (Thorlabs, Inc.,
Newton, NJ) in a right-angle configuration. The sample
chamber was an aluminum cube equipped with a Peltier
element for thermoelectric cooling/heating and a 5 mm quartz
NMR tube for liquid samples. In the excitation light path, a
RG850 long-pass filter with a cutoff at 850 nm (Edmund
Optics, Barrington, NJ) was used to ensure a pure NIR exci-
tation. In the emission light path, an extended hot mirror
filter (Edmund Optics) with a good transmission at visible
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wavelengths was used to exclude the scattered excitation radi-
ation. A long-pass filter with a cutoff at 750 nm (Newport
Spectra-Physics GmbH, Germany) was used to select the
800 nm emission of thulium. Other emissions wavelengths
were selected with interference filters with a suitable band-
pass, 544/10 nm, 650/10 nm (Thorlabs), 470/20 nm (Chroma
Technology Corp., Bellows Falls, VT). The detector at the end
of emission chamber was a head-on R1464 photomultiplier
(Hamamatsu). The photomultiplier signal was amplified in a
high-speed current amplifier DHPCA-100 (Femto Messtechnik
GmbH, Germany). The amplified signal was recorded with the
NI USB-6251 A/D converter, which was connected to a compu-
ter via USB and controlled with a computer program written in
LabVIEW 8.5 (National Instruments). The pulse profile con-
sisted of a 20 ms excitation pulse (1.2 W) followed by a 30 ms
delay period. During a single measurement the pulse profile
was cycled 10000 times resulting a measurement time of
8.5 minutes. Same settings and measurement times were used
for all samples, and thus, there was no need for normalization.

In method 2, a modified Plate Chameleon fluorometer
(Hidex Oy, Turku, Finland) equipped with a 980 nm laser
diode as excitation source was used.”” The sample in 100 pl
volume in clear Greiner polypropylene microtiter plate (Sigma-
Aldrich) was repeatedly exposed to 2 ms excitation light pulses.
The upconversion emission wavelengths were selected by optical
band-pass filters 535/40 nm, 665/70 nm, 470/20 nm (Chroma
Technology Corp.) or 795/5 nm (Edmund Optics). Neutral
density filters were used to damp the obtained signals, when
necessary. Same settings and measurement times were used for
all samples, and thus, there was no need for normalization.

In method 3, the luminescence decay measurements were
carried out with a commercial Edinburgh Instruments spectro-
fluorometer FSP-920 equipped with a p-flash lamp 920H
(pulse width 3 ps) and a red extended PMT (R2658P) from
Hamamatsu. The Yb®*" luminescence band *Fs, — ’F, was
excited with 930 nm excitation and detected at 980 nm (slit
width was set to 20 nm optical band width for both excitation
and detection). The green *S;,, — I;5,, and red *Fop, = ‘1150
Er*" luminescence bands were excited at 378 nm and detected
at 550/655 nm (slit width was set to 4 nm and 8 nm optical
band width for excitation and detection, respectively), and a
400 nm long-pass was used to avoid detection of scattered exci-
tation light. The decays of the directly excited luminescence of
Er** dopants were normalized in respect to the highest
obtained signal. The decays of directly excited luminescence of
Yb** dopants were normalized to correspond a measurement
time of 60 min.

For the method 1, an UCNP-concentration of 1 mg mL ™"
was used. For the method 2, the concentration was 40-50 pg
mL ™" and for the method 3, 40 mg mL™" UCNP-concentration
was used due to the low signal levels of the directly excited
luminescence. The luminescence profiles were analyzed with
the exponential decay fitting with Origin 8.0 (Originlab Cor-
boration, Northampton, MA). Fittings of the decay profiles of
the upconversion luminescence were started 50-200 ps after
the excitation pulse was turned off.

This journal is © The Royal Society of Chemistry 2015
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Luminescence intensity and spectral measurements

The modified Plate Chameleon fluorometer was also used for
measurement of upconversion photoluminescence intensity.
The measurements were done at UCNP-concentration of 40 ug
mL™" or 2.2 ug mL™" in 100 pl volume from clear polypropy-
lene 96-well microtiter plates. A 2 s excitation pulse was used
and the emission was measured simultaneously. A standard
Plate Chameleon fluorometer with Xenon flash lamp as UV-
light source (Hidex Oy) was used to measure the directly excited
(at 380 nm) luminescence emission intensities of the NaYF,:
Yb*" Er** nanophosphors at 660 nm using 665/45 nm (Chroma
Technology Corp.) and 365/50 nm (bk Interferenzoptik Elektro-
nik GmbH, Nabburg, Germany) optical filters, respectively, with
a 80 pus delay and a 420 ps measurement window.

Upconversion emission spectra were measured at a UCNP-
concentration of 1 mg ml™" with a PC2000-CCD optical fiber
spectrometer (Ocean Optics, Inc., Dunedin, FL). A laser diode
driver 5060 (Newport, Irvine, CA) was used to control a fiber-
coupled NIR laser diode IFC-975-008 (Optical Fiber Systems,
Inc., Chelmsford, MA) providing 6 W at 973 nm. The optical
part of the system was the same tubular chamber setup used
in the lifetime measurement method 1, but without inter-
ference filters in the emission site. At the end of the emission
chamber was an optical fiber connected to the PC2000 spectro-
meter. The OOIIrrad software was used to record the upconver-
sion emission spectra. The spectral response of the system was
calibrated with a tungsten halogen light source LS-1-CAL
(Ocean Optics Inc.). The laser beam diameter was estimated to
be ~3 mm when focused on samples.

3. Results and discussion

The UCNPs were characterized with TEM, XPD and FT-IR. The
NaYF,:Yb*" Er** rod-shaped with dimensions of
31-38 nm, and the NaYF,:Yb*',Tm’*" nanophosphors were
sphere-shaped and 29-32 nm in diameter (Fig. S1 in the ESIT).
Their crystal structure was pure hexagonal according to the
XPD-analysis (Fig. S2a in the ESIf). The FT-IR spectra were
measured from oleic acid-capped and bare UCNPs to investi-
gate the surface modification (Fig. S2b in the ESIf). The OA-
capped UCNPs exhibited similar stretches reported by Cao
et al.>® for OA-capped UCNPs: a multipeak band at ~2925 and
2852 cm™ ', which were assigned to the asymmetric and sym-
metric stretching vibrations of methylene (CH,) in the long
alkyne chain of OA, and stretches at 1558, 1446 and
1421 em™ ", which were assigned to the asymmetric and sym-
metric stretching vibrations of the carboxylic group of the
bound OA ligand. These vibrations were absent in the bare
UCNPs, indicating the total removal of OA from the UCNP
surface. The 7-10 nm silica shell was visualized with TEM
(Fig. S1 in the ESIt). The bare and silanized UCNPs were used
for the study of quenching mechanism of water.

It has been reported that OH-groups quench the lumine-
scence of NaYF,:Yb®"Er** UCNPs by facilitating multiphonon
relaxation of *Hy;/,/*S;/, — *Fop» and “I;1, — *1;5,, transitions

were

This journal is © The Royal Society of Chemistry 2015
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of Er¥*-ions. Both of these relaxation pathways favor the popu-
lation of the “Fy, state (either directly or via *I,3, — *Fo, tran-
sition, respectively), from which the red luminescence occurs
at the expense of green luminescence.®'® Thus, the red-to-
green luminescence ratio increases in the presence of water.
This effect of the OH-vibrations was also confirmed here by
measurement of upconversion luminescence spectra of both
bare, i.e. without any ligand capping which was removed by
acid washing,'® and silanized NaYF,:Yb*",Er*" nanophosphors
in both D,0 and H,O (Fig. 2). The red-to-green ratio increased
from 1.6 in D,O to 2.4 in H,O with bare particles, and from 1.8
to 2.2 with silanized particles, respectively. The quenching
efficiency of water, calculated using eqn (1), for the green
upconversion emission of bare and silanized Er’**-doped par-
ticles by water was 86% and 85%, respectively.

n(quenching) =1 —17Q (1)
here I is the upconversion luminescence intensity in the pres-
ence of the quencher, i.e. water, and I is the upconversion
luminescence intensity in the absence of the quencher, i.e. in
D,O. However, also the red emission was quenched by water
up to 79% and 82%, respectively.

The upconversion photoluminescence decays of both bare
and silanized Er**-doped nanophosphors in D,0 and H,O
were studied using method 1 (see Experimental). The resulting
decay curves are illustrated in Fig. 3 and the lifetimes with
amplitude fractions are listed in Table 1. The repetitiveness of
the lifetime measurements was confirmed by measuring the
upconversion luminescence decay of the same sample twice
using method 1 (Fig. S3 in the ESI). Similar intensity quench-
ing to the spectral measurements is observed also in the inten-
sity levels of the decay curves in water when compared with
the intensity in D,O. The reduction in the luminescence inten-
sity is reflected by the decay behavior, i.e., major changes in
the lifetimes of the different emission peaks as well as in the
respective decay amplitudes were observed when the two sol-
vents were compared. In the presence of water the amplitude
fraction of the shorter decay was reduced from that in D,O and
the lifetime 7, of green emission was shortened by 54%. The 7,
of the red emission was shortened by only 11%. Thus, the
luminescence with the shorter decay probably originates from
the surface of the nanophosphors which is most affected by
the water molecules. However, also the longer lifetime 7z, at
544 nm was shortened by 25% by water, and a reduction of up
to 41% was observed at 650 nm. Thus, it seems that most of
the particle volume can be affected by surface quenchers.

The upconversion decay time of the green emitting state
S5, = 1,5/, was shortened more by water than that of the red
emitting state “Fo, — “I;5,,, which can be explained by the
increased multiphonon relaxation Sz, — *Fo/. When an inter-
mediate energy level is deactivated via OH-vibration, the emis-
sive states become less populated, which leads to intensity
quenching of upconversion emission. However, this should
not affect the decay of the populated emissive states. Thus, the
54% decrease in the green luminescence lifetime originates

Nanoscale, 2015, 7, 1174611757 | 11749
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Fig. 3 Decay curves of upconversion emission of bare (circles) and silanized (triangles) NaYF,:Yb**,Er®* in H,O (black) and D,O (red) (a) at 544 nm

and (b) at 650 nm upon 980 nm excitation with 20 ms pulse width.

Table 1 Decay times and amplitude fractions of green and red upconversion emission transitions of NaYF,:Yb3* Er>*

Bare in H,O Bare in D,O Silanized in H,O

Silanized in D,O

S5/, = L5/ (green emission)

7, (ps) 81 + 1.5 (86.2%) 177 + 0.5 (99.1%) 92 £ 0.5 (91.8%)
7, (us) 755 + 10.8 (13.8%) 1003 + 55.0 (0.9%) 843 + 5.6 (8.2%)
*Fop, = '3/, (red emission)

7 (ps) 296 + 10.8 (85.4%) 334 + 2.5 (98.4%) 300 + 3.8 (90.7%)
7, (us) 849 + 47.3 (14.6%) 1440 + 129.3 (1.6%) 966 + 24.4 (9.3%)

11750 | Nanoscale, 2015, 7, 11746-11757

185 + 0.4 (99.2%)
1070 + 55 (0.8%)

383 + 0.9 (99.0%)
1862 + 72.3 (1.0%)

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Decay curves of 380 nm excited emission of bare NaYF,:Yb®>*,Er®* (a) at 550 nm and (b) at 655 nm in H,O (black) and in D,O (red) using 3 ps

excitation pulse width.

only from the increased multiphonon relaxation *S;;, — *Fo,
and the deactivation of “I,;;, — I3/, has no effect on the life-
time of the green emission. The decay time of red emitting
state *Fo, — *I;5/, was less affected by water and thus cannot
explain the major intensity quenching of the red upconversion
luminescence. The pH of the solvent had no effect on the
upconversion photoluminescence intensities or lifetimes of
bare NaYF,:Yb*",Er*" nanophosphors in the range of 3-7 (data
not shown).

Surface modification of the nanophosphors via silanization
provided little protection against the water. The lifetime
reduction of the luminescence of silanized nanophosphors in
H,O was similar to the bare particles when compared to the
luminescence decays of silanized nanophosphors in D,O. The
amplitude fraction of the main decay component increased in
silanized nanophosphors in H,O, when compared to the
corresponding fraction of bare particles. Thus, silica offered
partial shielding against OH-vibrations but not enough to
prevent the intensity quenching completely. The silica shell
might be somewhat porous allowing the water molecules to
reach the UCNP surface.

To further study the effect of OH-vibrations on the non-
radiative relaxation of the excited states of bare NaYF,:Yb*"
Er*" nanophosphors, we measured the luminescence decays of
both *S;/, = "5, and *Fo, — *Ly5, transitions by direct exci-
tation with 380 nm radiation using method 3. Excitation popu-
lates the higher energy state 4Gy1, of Er*" and the subsequent
relaxations the emissive states. Thus, the measurement
excluded all effects of lower-lying energy level relaxations. The
decay curves revealed that the “S/, state is indeed quenched
by water via increased multiphonon relaxation *S;, — *Fo,
resulting in attenuated green emission, but the red emission
state is not significantly affected by water (Fig. 4, Table 2).

This journal is © The Royal Society of Chemistry 2015

Table 2 Luminescence decay times and amplitude fractions of green
and red emissive transitions of NaYF4:Yb>*,Er** upon 380 nm excitation

Bare in H,O Bare in D,O

S3/5 = 15/ (green emission)

7, (us) 51 + 1.1 (86.3%) 63 = 0.7 (80.4%)
7, (us) 102 + 9.1 (13.7%) 155 + 3.9 (19.6%)
"Fo, = "5/ (red emission)

7y (us) 145 + 2.6 (50.8%) 114 + 4.2 (51.8%)
7, (us) 324 +2.2 (49.2%) 288 + 3.1 (48.2%)

Thus, there is no direct deactivation of the *Fy, state due to
OH-vibration. The lifetime of the red luminescence in H,O was
longer than in D,O, which is probably caused by the increased
multiphonon relaxation of *S;,, — *Fy, transition in the pres-
ence of high energy OH-vibrations, which favors the popu-
lation of the “Fy, state in water. The amplitude fraction of the
main decay component of green luminescence did not change
in the two solvents. Interestingly, the red luminescence con-
tained two lifetimes with about equal amplitude fractions.

The quenching of Tm?*"-doped nanophosphors by water has
been studied less than the quenching of Er**-doped nanophos-
phors. In the energy level diagram of NaYF,Yb®",Tm®*
(Fig. 1b), the vibrational relaxations occur only in intermediate
energy levels and the energy difference of these levels are too
small to be caused by OH-vibrations. However, the intensity of
the upconversion luminescence is quenched as much as that
of Er’**-doped particles (Fig. 2b). The quenching efficiency, cal-
culated from the spectra, of 470 nm upconversion emission of
bare and silanized Tm*"-doped particles by water was 61% and
66%, respectively. The red emission at 650 nm was quenched
57% and 66%, respectively, and the near infrared (NIR) emis-

Nanoscale, 2015, 7, 1174611757 | 11751


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5nr02100f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 16 June 2015. Downloaded on 11/15/2025 12:50:51 AM.

(cc)

Paper

sion was quenched 50% in both bare and silanized nanophos-
phors. Interestingly, silanization seemed to protect the lumine-
scence from quenching more efficiently than in Er’*-doped
nanophosphors.

The upconversion luminescence decays of NaYF:Yb*", Tm**
nanophosphors were measured at 470 nm, 650 nm and
800 nm with method 1 (Fig. 5, Table 3). The luminescence
decay times of the bare nanophosphors did not differ signifi-
cantly from the decay times of silanized UCNPs even though
the intensity reduction was as large in the decay measure-
ments as in spectral measurement (Fig. 2b). Only 5-25%
decrease in lifetimes was found in water compared to D,O.
This suggests that no direct relaxations occur from the emis-
sive states 'G, and *H, by the influence of OH-vibration. The
470 nm and 650 nm emissions occur from the same energy
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level 'G, which can also be seen in the similar decays
obtained.

The upconversion photoluminescence intensities of both
bare and silanized UCNPs were measured at increasing pro-
portion of H,O in D,0 and compared to the intensity
measured at 100 vol% D,O. Fig. 6 illustrates the quenching
efficiency of water on upconversion luminescence intensity of
NaYF,:Yb*",Er*" at both 535 nm and 665 nm. The lumine-
scence of bare particles at both green and red emission wave-
lengths was quenched up to 99.9%. At 80 vol% H,O the
luminescence intensities were already below 1% when com-
pared to the intensity in D,O. Similar results have been
obtained by Zhang et al.>* With silanized particles, the water
quenching was reduced to 65% for the green upconversion
emission and 55% for the red emission. Therefore, the silica

b)

0.001

Intensity (Counts)

0.0001

Time (ms)

Time (ms)

Fig. 5 Decay curves of upconversion emission of bare (circles) and silanized (triangles) NaYF4:Yb3*, Tm®* in H,O (black) and D,O (red) at (a) 470 nm,

(b) at 650 nm and (c) at 800 nm using 20 ms excitation pulse width.
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Table 3 Decay times and amplitude fractions of blue, red and NIR upconversion emission transitions of NaYF4:Yb®*, Tm>*

Bare in H,0 Bare in D,O

Silanized in H,O Silanized in D,O

'G, — *H, (blue emission)

71 (us) 593 + 10.9 (100%) 625 + 3.9 (100%) 596 + 1.9 (100%) 650 + 1.0 (100%)
'G, — °F, (red emission)
71 (us) 708 + 79.4 (100%) 618 + 18.0 (100%) 590 = 7.0 (100%) 656 + 2.7 (100%)
*H, — *H, (NIR emission)
71 (us) 666 = 2.5 (100%) 808 + 18.6 (86.2%) 668 + 4.7 (84.8%) 859 + 4.5 (86.9%)
75 (s) 1592 + 137.0 (13.8%) 1139 + 22.4 (15.2%) 1526 + 26.3 (13.1%)
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Fig. 6 The quenching effect of increasing proportion of water in D,O
on upconversion emission at 535 nm (green) and at 665 nm (red), and
on 380 nm excited luminescence at 665 nm (black), of bare (filled
symbols) and silanized (open symbols) NaYF,:Yb**,Er®** nanophosphors.

shell provides some protection against the water quenching
but it does not offer complete passivation of the UCNP
surface. Similar results were obtained also with NaYF,:Yb*",
Tm®" particles and at both 470 and 800 nm emission wave-
lengths (Fig. 7). The luminescence of bare Tm-doped nanophos-
phors was also quenched by up to 99.9% in water. When
380 nm light was used to excite the NaYF,:Yb*",Er*" nanopho-
sphors directly, the emission intensity at 665 nm remained con-
stant independent of the proportion of H,O in D,O (Fig. 6).

The quenching efficiency of water in this experimental
setup was much higher than in the spectral measurements
above. The differences between the measurement setup using
the plate Chameleon and the spectrometer are UCNP-concen-
tration (40 pg mL ™" vs. 1 mg mL ™", respectively), measurement
time (2 seconds per well in microtiter plate assay vs. 10 s—
2 min in spectral measurement) and excitation power density
(>40 mW cm™? and 85 W cm™?, respectively). The path lengths
of the excitation light in the two setups were approximately the
same (4.2-4.6 mm). The effects of these parameters on the
quenching efficiency were further studied.

This journal is © The Royal Society of Chemistry 2015

H,0 / D,0 (vol%)

Fig. 7 The quenching effect of increasing proportion of water in D,O
on upconversion emission at 470 nm (blue) and at 800 nm (black) of
bare (filled symbols) and silanized (open symbols) NaYF,:Yb®* Tm3*
nanophosphors.

The water quenching long-time kinetics was studied using
different UCNP concentrations and proportions of water in
D,O (Fig. 8). The bare NaYF,:Yb** Er** nanophosphors in D,0
were diluted to different vol% of H,O in D,O and their up-
conversion luminescence at 535 nm was measured in 1 min
intervals using the plate Chameleon. The luminescence inten-
sities were compared with the intensities obtained from
samples in D,0 at each time point. In 99 vol% H,O, the initial
quenching efficiency of water was 75%, which, however, slowly
increased to 98.4%. In 75 vol% H,O the quenching efficiency
increased from 71% to 88% during the 40 minutes. The
decrease in luminescence intensities can partly be caused by
the adsorption of the nanophosphors onto the walls of the
microtiter plate, but this should be the same in water and in
D,0O and thus cannot explain the faster signal drop in water.
Therefore, it seems that the D,O molecules coordinated on the
surface of the nanophosphors are slowly exchanged by H,O
molecules. In addition, a UCNP-concentration dependence on
the quenching rate of water was found (Fig. 8b). When UCNP-
concentration was decreased from 40 pg mL~" to 2.2 ug mL™",

Nanoscale, 2015, 7, 11746-11757 | 11753
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Fig. 8 (a) Kinetics of water quenching of upconversion photoluminescence of bare NaYF,:Yb**,Er** nanophosphors at 535 nm after diluting the
UCNPs in D,0 to increasing proportions of water (UCNP-concentration 40 ug mL™Y). (b) Concentration dependence of the kinetics of water quench-
ing of upconversion photoluminescence of bare NaYF4:Yb*",Er** nanophosphors at 535 nm after diluting to 99 vol% H,O medium at two UCNP-

concentrations.

the quenching efficiency in 99 vol% water increased from the
initial efficiency of 78% to 99.96% after 40 minutes. Le., as the
UCNP-concentration decreased 18-fold, the Iluminescence
intensity at 40 min time point decreased 321-fold. Therefore,
the UCNP-concentration dependence can account for the
differences in quenching efficiencies of water found in the two
experimental setups. The concentration dependence in the
quenching efficiency of water is most likely due to nanophos-
phor aggregation. Ultrasonication of the bare UCNPs in 99 vol
% water led to an increase in the quenching efficiency in com-
parison to the unsonicated sample due to the increase in
surface-to-volume ratio by disruption of the aggregates. Nano-
phosphor aggregation, which reduces the surface-to-volume
ratio, is enhanced in higher UCNP-concentrations.

The slow decrease in upconversion luminescence was con-
firmed to have been caused by quenching instead of e.g. slow
adsorption of the upconverting nanophosphors onto the walls
of the microtiter plate wells by measuring the luminescence
decays at different time points after preparing fresh samples.
The decays were measured from samples in 99 and 75 vol%
H,O in D,O and in 100 vol% D,O at time points 1-6 min,
10-16 min and 25-31 min (one measurement lasted for
5 minutes) using method 2 (Fig. S4, Table S1 in the ESIf). In
D,0, the lifetimes remained constant at the three time points.
In 99 vol% H,0, however, there was a 29% decrease in the
main decay component measured at 25-31 min when com-
pared to the decay measured at 1-6 min. In 75 vol% H,O, the
corresponding decrease was 20%. Also, the intensity decrease
could be observed from the decay curves in H,O samples
whereas in D,0, the intensity levels remained the same.

11754 | Nanoscale, 2015, 7, 1174611757

The effect of excitation power density on the quenching
efficiency of water was studied by measuring the upconversion
luminescence spectrum of bare NaYF,:Yb*",Er** in both water
and D,O using different excitation powers from 57 to 85 W
em~? (Fig. 9, Fig. S5 in the ESIY). Surprisingly, the quenching
efficiency of water increased in decreasing power density, i.e., a
larger proportion of the luminescence was quenched in water
compared to the luminescence in D,O when lower power den-
sities were used. An enhanced dependence on excitation power
density was found for the quenching of the red emission com-
pared to the green. However, the relative quenching of the
green emission peaks was stronger. The results suggest that at
higher excitation power densities the surface dopants are prob-
ably quenched as much as at lower densities, but the core of
the UCNP is able to produce more emission rather than deacti-
vate through relaxations. At higher power densities, a larger
population of Yb** ions is excited and thus there are probably
fewer unexcited Yb** ions for the energy migration to occur,
leading to the decreased overall quenching. This study shows
that the quenching effect of water on upconversion photo-
luminescence is inversely dependent on the excitation power
density, and the dependency is linear at the power range
studied here. In the future, the power density range should be
increased to study the luminescence behavior also at higher
powers.

The integrated intensities of spectra in Fig. S5 (in the ESIt)
were plotted against the excitation power densities in a log-log
curve (Fig. 9b). The slopes of the power density dependency
curves in D,O for the green emission transitions *Hyy/,/*S3/, —
115/, and the red emitting state *Fo, — *Iy5,, were 2.1 and 2.6,

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 (a) The quenching efficiency of upconversion photoluminescence of bare NaYF,:Yb**,Er** nanophosphors by water at different excitation
power densities, and (b) intensities of the red (636—684 nm) and green (510—-565 nm) upconversion emission peaks in D,O or in H,O plotted

together with the excitation power density in a log—log curve.

respectively, which are similar with those reported in the litera-
ture.'* However, in the presence of the high energy OH-
vibrations in water, the slopes increased to 5.4 and 5.7,
respectively. To our knowledge, this is the first time that the
power dependency of upconversion photoluminescence has
been measured in water. Usually, the power density dependen-
cies are studied from a dry UCNP powder or the sample
environment is not even mentioned."**>°
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The absorptivity of water at 980 nm, which is
0.485 cm™','®' has been suggested to be one of the quench-
ing mechanisms of upconversion photoluminescence.'® In the
experimental setups with 4.2-4.6 mm path length, ~20% of
the excitation light was absorbed. The absorption of the exci-
tation light by water should have a similar effect on the up-
luminescence intensity as the decrease of
excitation power density. Because the excitation power depen-

conversion

b)

1000

100

Intensity (Counts)

Fig. 10 Decay curves of 930 nm excited ytterbium emission at 980 nm in H,O (black) and D,O (red) of (a) bare (circles) and silanized (triangles)
NaYF4:Yb**,Er®* and (b) bare NaYF,:Yb*", Tm>* using 3 ps excitation pulse width.

This journal is © The Royal Society of Chemistry 2015
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Table 4 Luminescence lifetimes and amplitude fractions of NaYF,:
Yb**,Er®* and NaYF4:Yb®*, Tm®* emission at 980 nm from 2Fs,» to 2F5»
transition of Yb®** upon 930 nm excitation

Silanized Silanized
Bare in H,O Bare in D,O in H,O in D,O
NaYF,:Yb*' Er**
1 (us) 79 £0.3 288 £ 0.5 106 £ 0.3 319 £ 0.5
(100%) (100%) (100%) (100%)
NaYF,:Yb*" Tm?"*
7 (s) 256 + 0.7 556 + 1.0
(100%) (100%)

dence of red upconversion luminescence intensity is slightly
higher than that of the green luminescence,"* the absorption
of the excitation light by water should affect the red emission
peak more. The opposite was observed in water, i.e., the green
peak was quenched more in relation to the red peak (Fig. 2a
and 9, Fig. S5 in the ESI}). Therefore, the absorption of NIR
light by water cannot be the main mechanism in quenching of
the upconversion photoluminescence.

To find an additional explanation for the strong quenching
efficiency of water we studied the luminescence decay kinetics
of the Yb*" sensitizer emission at 980 nm upon 930 nm exci-
tation for both bare NaYF,:Yb*' Er’' and NaYF,:Yb*',Tm?®'
nanophosphors and corresponding UCNPs with a silica shell
in H,0 and D,O0 using method 3 (Fig. 10, Table 4). The lumine-
scence lifetime of bare NaYF4:Yb*>" Er’" was shortened by 73%
and the lifetime of bare NaYF,:Yb**,Tm>" nanophosphors was
shortened by 54% in water when compared to D,O. This major
quenching in Yb*" emission lifetime implicates that neither
the increased non-radiative relaxation of the intermediate or
emissive states of Er’, nor the water absorption of excitation
light at 980 nm, are the source of large quenching observed in
upconversion luminescence intensities, but it is the *Fs,, state
of Yb®" which is deactivated in water. The third vibrational
overtone of OH-stretching can bridge the gap of *Fs5,, — *F,
transition (~10200 cm™") causing relaxation to ground state.
The silica shell did not help much to prevent the quenching as
revealed by the similar reduction in luminescence lifetime
found for silica encapsulated UCNPs in water and that found
for bare particles. In D,0, also the intensity of the Yb** emis-
sion is enhanced.

The quenching effect of water by relaxation of the excited
state of Yb*>* ion in UCNPs explains why the upconversion
photoluminescence intensity of both Er’* and Tm’'-doped
nanophosphors is quenched so efficiently (Fig. 6 and 7).
Because upconversion is a multiphoton process, the quench-
ing of the sensitizer ion Yb>" has a higher order effect on the
upconversion luminescence. This was observed also as an
increase in the slope of the power density dependency curve in
water in comparison with the slope in D,O (Fig. 9b). Further,
due to the larger amount and short distances between indivi-
dual Yb** ions, there seems to be an efficient energy migration
between Yb*" ions in the nanocrystal, which leads to the whole
volume of the nanoparticle being susceptible to non-radiative

11756 | Nanoscale, 2015, 7, 11746-11757
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deactivation via surface OH-vibrations. Even the silica shell
does not prevent the quenching of the excited state of Yb®". A
steep dependence on the excitation power density was found
for the quenching efficiency of wupconversion photo-
luminescence by water. The exchange of D,O molecules to
H,0 molecules was fairly slow and also the UCNP-concen-
tration affected the quenching efficiency.

4. Conclusions

Our results underline the strong influence of the surrounding
water molecules on the intensity and decay behavior of the
upconversion photoluminescence of nanometer-sized up-
converting nanophosphors. The increased non-radiative relax-
ation of energy states of Er’*-dopants by high energy
vibrational modes of OH-groups is, however, only partly
responsible for the strong quenching observed in the upcon-
version luminescence intensity. As a major source of non-
radiative deactivation, we identified the increased relaxation of
the Yb®" sensitizer ion, reflected by the considerably shortened
luminescence lifetimes of its directly (at 930 nm) excited emis-
sion at 980 nm in water. Because upconversion photo-
luminescence is a multiphoton process, the quenching of the
sensitizer can be expected to have a higher order effect on the
luminescence intensity. Furthermore, it seems that Yb-Yb
energy migration is very efficient in these nanocrystals, which
makes the whole ~35 nm nanophosphors very susceptible to
surface quenching effects. This clearly explains why up to
99.9% of the upconversion photoluminescence intensity can
be quenched by water. A steep dependency on excitation power
density was also found. In addition, the UCNP-concentration
had an effect on the quenching efficiency and the exchange of
D,O molecules to H,O molecules was fairly slow.

Silica shell provided only little protection against the
quenching effect of water. To improve the UCNP-labels for
bioanalytical applications, which are performed in aqueous
solutions, better surface passivation is required to prevent this
quenching and enhance the upconversion luminescence. Our
findings about the role of Yb** quenching are of high impor-
tance for the rational design of new core-shell nanophosphors
as a prerequisite for upconversion nanoparticles with
improved brightness as most likely all photon upconverting
materials containing Yb** dopants at or near the nanophos-
phor surface can be quenched by water. The surface passiva-
tion must prevent Yb-Yb energy migrations from reaching the
nanophosphor surface, which is in contact with water and
thus most vulnerable to quenching. Possible options reach
from inactive NaYF, shells to layers of amphiphilic or hydro-
phobic polymers without high energy vibrational modes. An
interesting option for a surface passivation through surface
coating with amphiphilic polymers is the ligand attraction
method, in which a bilayer with both hydrophobic and hydro-
philic sections is formed.””

This journal is © The Royal Society of Chemistry 2015
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