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Ln®" doped (YB", Tm3*" codoped and Y& ,Er", Tm*" tridoped) NaYR/poly(vinyl pyrrolidone)(PVP) ¥,

~ 1 300 000) composite fibers with an average diameter o8I0 nm were prepared by electrospinning

and characterized by X-ray diffraction, field emission scanning electron micrography, and Fourier transform
infrared spectra. Their upconversion (UC) luminescence properties were studied in contrast to the corresponding
Ln®" doped NaYFk nanoparticles (1520 nm) under 980-nm excitation. The results demonstrate that in the
Yb3* Tm?t codoped composite fibers the blue emission'@f-*Hs is dominantly strong, while in the
nanoparticles the red emission % s-*Hs contributes considerably to the increase of the excitation power.
This indicates that the color purity of blue is improved greatly by the modification of PVP. In the tridoped
Yb3t Ert, Tm*" composite fibers, white light with more stable color balance (Be®Hs of Tm3*, green
2H11/4*Ssi- 4152, and red*Fg-*1 152 of Er*T) was obtained. The improved UC properties in the composite
fibers are attributed to the suppressed local thermal effect. The energy transfer and UC populating processes
are discussed.

I. Introduction In this paper, we demonstrate the experimental studies on
lanthanide doped NaY#PVP composite fibers in contrast to
NaYF; nanopatrticles. It is well known that NaY#s a superior
material, and many works have been done to study the structure
and UC mechanisr#f~29 In particular, Y8, Tm3* and YB3,-

|§r3+ codoped NaYE nanocrystals are known as some of the
most efficient UC materials because of the very low phonon
energies of their lattice¥:3* However, the organic modified
UC materials have not been reported, to our knowledge. PVP
is an important organic material in optical and electric design.
It is expected that the existence of PVP not only can control

neous precipitatiofhydrothermal or solvothermal treatmafiti2 the structural properties in electrospining but also can modify

and so on. These methods are usually employed to producethe UC luminescence proc'esssis of :are earth 'Ons_' .
inorganic 1D nanostructures; however, they are incapable of I the presentwork, NaY£Yb**, Tm**/PVP composite fibers
preparing 1D organieinorganic nanomaterials. were investigated and it was observed that the energy transfer

Electrostatic fiber formation, so-called electrospinning, is a and UC luminescence processes of NaYFb3*, Tm*" nanoc-

simple, convenient, and versatile technique for generating long 'yStals in the composite fibers were modified greatly because
fibers with diameters ranging from tens of nanometers up to of the interaction between PVP and TmFurthermore, white

micrometers. It has been demonstrated that a variety of materials/ight was designed and generated by dopingszinoth(ir lanthanide
such as organi®-15 inorganicl®-18 and hybrid polymers ion, ERT (red and green), into the NaY®b3", Tm3*(blue)
(organic-inorganic composite&)2°can be electrospun to form  System under the excitation of a 980-nm laser diode. More stable
uniform fibers?! These systems that combine both inorganic white light was (_)bserved in the composite fibers in comparison
and organic characters are found to have the advantage in many© the nanoparticles. To the best of our knowledge, there was
fields of application, such as membrane technolgyissue no study on the modification of PVP to lanthanide ions, which
engineering? optical sensors, biosens@fssuperhydrophobic makes it of particular interest as a lighting material with great
surface€? and drug deliverys application potential.

In recent years, much attention has been paid to nanostruc-
tures with controllable sizes, shapes, and composifidis. a
broad range of applications, one-dimensional (1D) nanostruc-
tures are of fundamental importante. These complex archi-
tectures, such as nanowires, nanorods, nanobelts, and nanotube
are expected to display an important role for both fundamental
studies and technological applicatidhs.

A large number of synthetic and fabrication methods have
already been demonstrated for generating 1D nanostructures
such as using an anodic aluminum oxide templatemoge-
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Figure 2. XRD patterns of the of NaYfhanoparticles and composite
fibers.

Figure 1. Schematic diagram of the electrospinning setup.

diagram of the electrospinning setup was shown in Figui®e 1.
It consisted of three major components: a high-voltage power
supply, a spinneret (a needle), and a collector plate (a grounde(
conductor). As a nonmechanical fiber drawing method, elec-
trospinning involved the stretching of inorganic nanomaterials
and polymer hybrid solution (or melt) with electrostatic forces.
The voltage used for electrospinning was 13 kV.

For the synthesis of the lanthanide doped Na¥Blloids,
polyol method was employed in this work. In the preparation
of NaYF4:Yb®", Tm3™ nanoparticles, stoichiometric amounts of
NaF (99.99%), Y(N@z6H20, Yb(NOs)s6H,0, Tm(NG;)s
6H,0 were mixed together with a desirable amount of diethylene
glycol (DEG, 98%, A. R.) to make the metal ion concentration
0.02 mol/L and then transferred to a round-bottomed flask. The
mixture was heated to 18C in a silicon oil bath under vigorous
stirring for 2 h. When the suspension was cooled to room
temperature, the colloids were separated by centrifugation and
washed with ethanol several times. The preparation procedure
of NaYF,:Yb3™ ERT, Tm3 nanoparticles was same as that of
NaYF;Yb3", Tm3" nanoparticles. 500nm

It is well known that the homogenization of the composite —_—
fibers is one of the most important factors of its optical and Figure 3. SEM images of the nanoparticles and the fibers. (a)
mechanical properties. Note that the aggregation of nanoparticlesNanoparticles. (b) General view of the fibers—@ Magnified SEM
always happens in the drying and annealing process. So, in thismages of the composite fibers with ratios of 1:1 to 1:4.
work we avoided the nanoparticle drying step and added an
appropriate amount of PVP directly to Nayéolloids according dynamics were measured under the excitation of a 980-nm
to the weight ratio of PVP to NaYjcolloids of 1:1, 2:1, 3:1,  optical parameter oscillator (OPO) laser pumped by a pulsed
and 4:1. A long time of stirring and ultrasonic was then carried Nd:YAG laser, which had a pulse duration of 10 nm and a
out to obtain a homogeneous hybrid solution. Successful repetition frequency of 10 Hz.
electrospinning requires the use of an appropriate solvent and i )
hybrid-polymer system to prepare solutions exhibiting the !ll- Results and Discussion
desired viscoelastic behavior. The viscous solution of NAYF A. Structure and Morphology. Figure 2 shows the XRD
PVP composites was controlled by adding enough ethanol to patterns of NaYfnanoparticles and the composite fibers with
make the Welght ratio of PVP to ethanol 12 wt %. After Stirring, different ratios of PVP to NaYE The powder Samp|e was well-
the final solution was then electrospun to form composite fibers. crystallized, and all of the peaks could be readily indexed to

The X-ray diffraction (XRD) data of the fibers was collected the cubic NaYEk phase. Also, peaks of the cubic Nayjphase
on Rigaku D/max-rA X-ray diffractometer using a Cu target appeared in all of the composite fiber samples, implying the
radiation source. The morphology of the fibers was inspected existence of NaYlnanoparticles in the composite fibers.
using a Hitachi S-4800 field emission scanning electron  Figure 3 depicts SEM images of the samples. Figure 3a shows
micrograph (FE-SEM). Fourier transform infrared spectroscopy that the NaYk nanopatrticles are dispersed uniformly and the
(FTIR) was recorded in the range of 788000 cnT! on a average size of them is ¥20 nm. The general overview SEM
Fourier transform spectrometer (Perkin-Elmer, Spectrum 1) with image in Figure 3b shows that the fibers are oriented randomly
a resolution of 1 cm!. The emission spectra were recorded at and the lengths of them are several 10 mm. Figuref3hows
room temperature using a Hitachi F-4500 fluorescence spec-the enlarged images of single fibers of the samples with ratios
trometer equipped with a 980-nm laser diode. UC fluorescence of 1:1 to 4:1. The diameters of the samples-aB90, 400, 500,

500nm
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Figure 4. Infrared absorption spectra of the pure PVP and the
composite fibers; the inset is the magnified absorption peak=e®C
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and 800 nm, respectively, corresponding to the 1:1, 2:1, 3:1,
and 4:1 samples. In the sample with a ratio of 1:1, it can be
seen that some nanopatrticles aggregate together. As for the other
samples, the NaYfhanoparticles are dispersed homogeneously
in the composite fibers.

Figure 4 shows the FTIR of pure PVP and composite fibers.
The FTIR spectra of the composite fibers were similar to that
of the pure PVP fiber in the studied range. A broad band at
3400 cn! was observed in the pure and composite fibers, which
was generated by vibrations of associated hydroxyl groups. TheFigure 5. Normalized UC spectra of the () NaX¥b*"(20%), Tn?"-
contamination of trace hydroxyl groups in the fibers was due (0.5%) nanoparticles and (b) composite fibers with ratios of 1:1.
to the electrospun solution. The absorption peak of theOC
group in the PVP located at 1660 ck whereas in the ‘G H, Yb20%Tm0.5%
composite fibers it shifted to 1669 crh(see the inset of Figure
4), which indicated that NaYfnanoparticles were stabilized
through chemical interactions with the oxygen atoms of the
polypyrrolidone units of PVP. This interaction might come from
the donation of a pair of electron transfers from the carbonyl
oxygen to lanthanide ions.

B. UC Luminescence of NaYE:Yb3", Tm3/PVP Compos-
ite Fibers. Figure 5a shows the normalized UC luminescence
spectra in the NaYEYb3", Tm3™ nanoparticles under different
excitation powers. The blue emission centers~&76 nm, — — — —
corresponding to théGs-°Hg transition of Tnit. A weak 400 450 500 550 600 650 700 750
shoulder corresponding to thB,-3F, transition appears at 451 Wavelenath(nm)
nm. The emission at 649 nm corresponds to the transition of rigyre 6. Energy level diagrams of the ¥h Tm?* ions and UC
1G4-°F4 of Tm®*. The emissions from 660 to 740 nm are mechanisms following excitation with 980 nm. The full, dotted arrows
attributed to%F, 3-3Hs transitions of Trd*, as labeled in the  represent emission, energy transfer, and multiphonon relaxation pro-
figure. Because the excitation power is lower, #&g-3Hg blue cesses.
emission is dominantly strong. As the excitation power increases
to 1450 mW, the3F,33Hs red emissions increase more the red emissions from 660 to 740 nm become weaker in
intensively relative to the blue and the sample displays mixed comparison to the nanoparticles. The intensity ratiéFof-Hs
color of blue and red. In addition, it can be also observed that to *Fz -*Hes in the composite fibers has only a little variation in
the intensity ratio 0fF,-3Hg to 3Fs-3Hg varies greatly with the ~ contrast to that in the pure nanoparticles (see Figure 9a).
increase of excitation power. This intensity ratio as a function  Figure 6 shows the normalized UC emission spectra of the
of excitation power is drawn as Figure 9a. The ratio increases nanoparticles and the composite fibers with different concentra-
originally with excitation power, then approaches at a maximum, tions of PVP. It is obvious that the intensity #,-3F, relative
and then decreases with excitation power. The origin of the to Gs*Hs increases gradually with the increase of PVP
intensity ratio variation is caused by the thermal effect caused concentration. As the PVP concentration varies, the intensity
by laser irradiation, which will be discussed later. A similar of 3F, z-3Hg relative t0'G,-3Hg has little variation.
result was also observed and discussed HONERT,Yh3" C. Energy Transfer and UC Luminescence Processes of
nanocrystalg® NaYF4Yb3", Tm3*. To better understand the UC mechanism

Figure 5b depicts the normalized UC luminescence spectrain NaYF,:Yb3", Tm3*, the energy transfer and UC luminescence
in the 1:1 composite fibers. It can be seen that as the excitationprocesses under 980-nm excitation are drawn as FigtirEii&t,
power varies théG4-3F4 blue emission is dominant all the time,  the electrons on ground statédg are excited t®Hs through
which differs from the nanoparticles. In addition, because the the fist-step energy transfer of ¥b— Tm3" and then the
excitation power is high enough, the blue emission at 451 nm electrons orfHs relax to®F,. Second, the electrons &R, are
originating from thelD,-3F, transition becomes stronger and excited to3F, through the second-step energy transfer, which
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Figure 7. Normalized UC spectra at a pump power of 1450 mW in
NaYF,:Yb3, Tm** nanoparticles and Na¥%fYb®", Tm**/PVP composite

fibers.

Figure 8. Normalized UC spectra at various pump powers in (a)
NaYF;:Yb3 Erft, Tm*" nanoparticles and (b) composite fibers with
ratios of 1:1. The inset: the luminescence spot on the fiber sample
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with an excitation power of 1450 mW.

can generate red emission % 3-3Hg or relax to3H,. Third,
the electrons ofH, are excited td"G, through the third-step
energy transfer, generating bld&,-3Hg or red1G4-3F; emis-
sion38 The electrons oG, could also be excited D, through
the fourth-step energy transfer, generating Bie3F, emission.

In the NaYFR:Yb3", Tm3™ system, because the doping con-
centration of TM" is as high as 0.5%, the following cross '
relaxation processes probably happen because the excitatiorgn

power is high enough, as marked in Figure 7:

Tm(A)'G, + Tm(B)*Hs— Tm (A)°F, 3+ Tm(B)’F,
Tm(A) °F;+ Tm(B) °F,— Tm(A)'D,+ Tm(B) °H

Figure 9. Dependence of the intensity ratio #%-3He/3F3s-3Hg(Tm?3")
(@) and?Hiyx415*Ss-*l1sERT) (b) of the nanoparticles and the

composite fibers on the excitation power.
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Figure 10. Luminescence decay curves@;-°Hg transitions at 474
nm in (Yb**, Tm®") codoped and (Y&, Er¥f, Tm3") tridoped NaYg

nanoparticles and NaYPVP composite fibers.

In the nanoparticles, because the excitation power is high
enough, the local thermal effect caused by laser irradiation is
evident, which leads the temperature at the irradiated spot to
increase largely? This can be concluded from the fact that the
intensity ratio of3F,-3Hg to 3F3-3Hg varies greatly with the

crease of excitation power. The energy gap betwiermand
Fs states is only about 500 cth The population distribution

between the two states is dominated by Bolzmann’s distribution,
and thus the intensity ratio is a critical parameter in detecting
the local temperature. The increased local temperature leads the
population of®F3; to decrease considerably because of thermal
activation, while the population &f; relative to%F; increases.
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TABLE 1: Rise and Decay Time Constants of EF™ and Tm3* in the Presence and Absence of PVP

474 nm 550 nm 650 nm 474 nm

energy levels (*G4-2He) (*Sziz*151) (*“Forz-*151) energy levels (*G4-2He)
Yb3+ ER+ Tm3* 72(uS) 41 17 9 YBT3+ 71(us) 61
nanoparicles 7o(us) 199 126 44 nanoparicles To(us) 250
Yb3,Ert, Tm3t 71(us) 40 16 9 YBT, Tmét 71(us) 48
fibers To(us) 186 118 43 fibers To(us) 236

As a consequence, the cross relaxation process (2) is notvariation of the intensity ratio of the gre€i;12/*Ss;>-*l15:2
effective. However, the cross relaxation process (1) is effective (Er*™) to the blue'G4-2Hg (Tm3") as well as the re@Fg 115,
in the nanoparticles, which leads to the population increase of (ErT).

3F, relative to thelG, and the intensity increase 8F-Hg Normalized UC spectra in the composite fibers with ratio of

relative t0'Gy -*He. o 1:1 at various pump powers are shown in Figure 8b. It can be
The emission changes for the composite fibers can be gseen that the intensity ratio &fl112-4 150 “Sgi>4l15, had only

attributed to the interaction between the Na¥#fb3*,Tm3* a little variation, implying that the temperature at the irradiated

nanoparticles and PVP. Some vibration transitions of the PVP ¢t changed a little The relative intensity for the emissions
may match the energy separations between the two neighboringp, gitferent visible regions, blue, green, and red, had smaller a
excited levels exactly and change the populating channels, aration with excitation power, implying that the color balance
through efficient nonradiative energy transfer. For example, the jg ore stable as the excitation power varies. The luminescence
vibrational absorption of €0 peaking at 1660 cnt matches spot on the sample with a ratio of 1:1 is inserted in Figure 8b.

the energy separation between the red le¥el and the . . . 4 4
neighboring downlevetH, (~ 1680 cntl) of Tm3* exactly; . The dependence of the intensity ratio’bhuz 15,210 “Sarz
1152 Of the nanoparticles and the composite fibers on the

thus, it is suggested that the carbonyl group bridges the e ; A

nonradiative relaxation ofF,-3H, of Tm3* effectively. The excitation power is plotted In Figure 9b: It can be seen that the
depopulation orfF; leads to the emission decrease®s-2He. intensity ratio increases with th.e excitation power.fo.r_both
At the same time, the improved population ¥ causes the samples._ln the nanoparucl_es the_ |r_1ten5|ty increases significantly,
energy transfer ofHA(Tm3+) + 2F;(Yb3) — 1G(Tm3*) + whereas in the composite fibers it increases slightly. The energy

2F5,(Yb3") to happen effectively. s_epar_atiqn b_etwee%h-ln/g and453{2 is ~730 cntl. The popula-_

The effective thermal exchange between3Trions and PVP t!on d|st_r|but|on between them is dominated by _th(_ermal activa-
also induces the temperature surrounding®Tio have only a  tion, which depends strongly on temperature, similar to’fe
slight increase in contrast to that in the pure nanoparticles. Thus,and°Fz states of Tri". The result in Figure 9 again indicates
a large number of electrons still distribute on &g state after ~ that in the tridoped composite fibers the thermal effect caused
two-step energy transfers. The cross relaxation process (2)PY laser exposure at the irradiated spot was suppressed, which

happens effectively, resulting in the intensity increaséDnf was attributed to the modification of PVP in the composite
3H, relative t01G,-3Hg.3 fibers. The distorted vibration absorption of-El peaking at
D. NaYF4Yb3*, Er3* Tm3" White Light-Emitting Fibers. 734 cn ! matches the energy separation between the two green

For a variety of purposes, generation of efficient and stable UC levels of EF*, 2Hi15, andSy» exactly, bridging the nonradiative

white light sources is importad.UC white light-emitting fibers ~ relaxation of?Hi1/>*Sg/> through nonradiative energy transfer

with simultaneous blue, green, and red emissions were designedrom EF* to PVP and quenching tHél11/-%l 15/ transitions. It

and generated in the NaY:¥ b3, Er¥*, Tm3* composite fibers. is the energy transfer between®Eiand PVP in the composite

Tricolor emissions were generated by*Efred and green) and  fibers that suppressed the thermal effect.

Tm?3*(blue). Codoping of YB' can greatly increase the sensitiv- E. Upconversion Luminescent Dynamics.Dynamics of

ity of photoluminescence of Er and Tn#* through energy ~ Yb3* Tmd*-codoped and Y& ,Er*, Tme*-tridoped systems with

transfer because of its efficient absorption at 980 nm. Controlling the presence and absence of PVP were measured and compared,

the doping content of the lanthanide ions is significant for the as shown in Figure 10G4-3Hs transition at 474 nm). It should

color balance of white light. In NaYFnanoparticles, as the  pe noted that the output power of the OPO pulsed laser (250

concentrations of Bf, Tm*", Yb®" were adjusted, respectively,  mw) is much lower than that of near-infrared laser diods360

to be 1.0, 0.5, and 20% in molar ratio, bright white emission m) and the lifetimes obtained from OPO only reflect the

was obtained. . dynamics at low excitation power. It can be observed that the
Figure 8a shows the normalized spectra of the NaYt*",- dynamics contains a faster rise process and a slower decay

Er¥*, Tm*" nanoparticles under excitation with different powers. process. The rise process corresponds to the energy-transfer-

It can be seen that all of the tricolor emission lines appear in jnquced population increase as the laser pulse is terminated

the visible range. Besides the blue emissions centereda8 originally, which depends strongly on the energy transfer rate.

nm of Tn*, the green emissions 8H11/4*Se/z*l15/2 Of Er** The luminescent dynamics are fitted with a universal function
also appear. The peaks in the red region of 6425 nm

correspond to the strongéffo,-*1 15> transition of EF™ as well

as weakePF, 3-3Hg transition of Tni", as labeled in the figure.
Note that in the tridoped system as the excitation power varied,
a similar tendency for théF,s3He transition of Tn¥t was where 7; and 7, are the rise and decay time constants,
observed, like that in the NaF Yb3*, Tm3* codoped system.  respectivelyr; depends mainly on the energy transfer rate from
In addition, when the excitation power increases, the intensity Yb®* to Tm** or Er¥*, whereasr, depends on the electronic
ratio of 2H11/>% 15/ t0 4Sz/2-%l 1512 @lso increases, which can also  transition rate of the related excited level. The luminescent
be attributed to local thermal effect induced by the exposure of dynamics of the other transitions were also measured, and the
the laser diod&.In the nanoparticles, the white color balance deduced rise and decay time constants were listed in Table 1.
changes unexpectedly with excitation power because of the The results in Table 1 can be concluded as follows: (1) The

1) = Io(e " — &™) )
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rise and decay time constants in the composite fibers have only  (4) Hu, J.; Odom, T. W.; Lieber, C. Minamiianatmiie <1999 32,

a little variation in comparison to those in the pure nanoparticles, 435

indicating that because the excitation power is lower the energy ~ (5) Hu, J.; Ouyang, M. Y.; Lieber, C. Mallire 1999 399, 48.
transfer rate from Y& to Tm3* (Er¥") and the electronic (6) Xu, D. S.; Guo, G. L.; Gui, L. L.; Tang, Y. Q.; Shi, E. J.; Jin, E.
transition rate of the related excited levels rarely vary. This X. inimiimuatt1999 75, 481.

implies that the UC efficiency in the composite fibers should (7) Heath, J. R.; Kuekes, P. J.; Snyderg; Williams, RSSangcel 998
also have little variation relative to the nanoparticles. (2) In the 280 717.

tridoped systems, the rise and decay time constants d3he (8) zZhang, J.; Hong, CHINERNNENRIE 2004 177, 1292.

®He transition become shorter compared to those in the codoped  (9) wu, C. F.; Qin, W. P.; Qin, G. S.; Zhao, D.: Zhang, J. S.; Huang,
systems. The decrease of the rise and decay time constants i1$. H.; Lu, S. Z; Liu, H. Q.; Lin, H. Y jassiikiasssisatt2003 82, 520.
the tridoped system is ascribed to the energy transfer process (10) He, Y.; Tian, Y.; Zhu, V. F glae@it 2003 32, 862.

of 1G4(Tm®*) + 15/2(Er?+)._> Fy(Tmeh) + 4F9/_2(Er3+)' The (11) Song, H.; Yu, L.; Lu, S.; Wang, T.; Liu, Z.; Yang, |kl
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