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Abstract Pure cubic phase ultra-small a-NaYF4:4 %

Eu3? colloidal nanoparticles were synthesized by ther-

mal decomposition reaction using three various capping

ligands, i.e., oleic acid, trioctylphosphine oxide, and

hexadecylamine. To expose as many Eu3? ions as possi-

ble to interactions with the surface-bounded ligands, the

nanoparticles were fabricated to have the diameters

below 10 nm. The geometrical structure and properties

of surface ligands needed for qualitative estimation of

their influence on spectroscopic features of the investi-

gated Eu3? doped nanoparticles were obtained from

DFT quantum-chemical calculations. Significant changes

of luminescence spectra shapes and luminescence

lifetime values were observed upon changes in the

local chemical environment. We show that the ratio

R = 5D0 ? 7F1/5D0 ? 7F2 of the intensities of the

forced electric dipole (J = 2) and magnetic dipole

(J = 1) transitions in the synthesized Eu3? doped

nanoparticles is highly sensitive to the type of ligand

present on the nanoparticle surface. Similarly, 5D0

luminescence lifetimes are found to be sensitive to the

refractive index, and also to the dielectric constant of

ligands used during the synthesis to coat nanoparticles

surface. We argue that the photophysical and electro-

optical properties of colloidal Eu3? doped inorganic

nanoparticles show hyper-sensitive response to the

chemical surroundings in the close vicinity of the

nanoparticle itself. The behavior of both steady-state

luminescence and its kinetics demonstrates the poten-

tial suitability of the studied nanoparticles for con-

structing self-referencing optical nano-sensors.

Keywords NaYF4 nanocrystals � Hypersensitive

transitions in Eu3? ions � Nano-scale sensing

Introduction

Lanthanide-doped nanoparticles (NPs) are finding

increasing interest as they have become an alternative

to traditional organic dyes in many biosensing applica-

tions (Gnach and Bednarkiewicz 2012). They exhibit

not only excellent photostability and narrow spectral

emission lines, but also, in the case of co-doped

upconverting NPs (UCNPs), efficient conversion of
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near infrared photoexcitation into visible emission

(Achatz et al. 2011). These features provide a number

of advantages including those for micro- or nano-

sensors design, and may lead to further improvement of

the sensitivity and simplicity of readout methods and

devices. For example, UCNPs were recently used to

build FRET-based biosensors for indirect quantification

of pH (Sun et al. 2009), carbon dioxide (Achatz et al.

2011), ammonia (Mader et al. 2010), mercury (Liu et al.

2011), glucose (Peng et al. 2011), oxygen, and for

bioimaging of CN- ions distribution in living cells (Liu

et al. 2011). In all of these sensors, the spectral behavior

of lanthanide-doped UCNPs was indirectly modified by

organic dyes attached to the NPs surface. The principle

of operation of those nanosensors was mostly related to

quenching the lanthanides’ luminescence through long-

range dipole–dipole interactions between donor UCNPs

and acceptor molecules, as a response to the occurrence

of biochemical reactions (e.g., DNA hybridization,

protein conformation changes, etc.). For example, for

the UCNPs based pH sensor (Sun et al. 2009), the

principle of its operation was spectral filtering of the

green UC emission of erbium by phenol red, a well

known pH-sensitive dye.

Nevertheless, none of the reported UCNPs based

biosensors were related to a direct variation of spectral

properties of the lanthanide ion in response to changes

in the local surrounding. The absorption coefficients of

the trivalent lanthanide ions are rather weak, due to the

Laporte selection rule (Hänninen et al. 2011). Simul-

taneously, their emission is relatively insensitive to the

ligand environment of the central metal ion (Lakowicz

2006), and thus little affected by the neighbor

environment. The latter is due to shielding of the

4f optically active electrons by the filled 5s and

5p orbitals. However, this is not necessarily true for

certain transitions called hypersensitive transitions

(HST) or pseudo-quadrupolar (PQP) transitions. They

obey selection rules for quadrupolar transitions

(|DJ| B 2 |DL| B 2, |DS| = 0), and are more suscepti-

ble to changes in the lanthanide ion local symmetry or

environment in comparison to other f–f transitions

(Hänninen et al. 2011). One of the earliest noticed

HSTs was the 5D0 ? 7F2 luminescence transition in

Eu3? ion (Sheik Saleem and Srinivasan 1987). It has

been proved that the ratio of the intensities of
5D0 ? 7F2 and 5D0 ? 7F1 transitions in Eu3? ions

(asymmetry ratio, R) can be considered indicative of

the distortion in the local environment for the Eu3?

ions (Boyer et al. 2004). By measuring such a ratio of

HST to standard transition intensity, one has access to

concentration independent results that can be reliable

in complex contexts, such as living cells or sensor

microarrays. It has been shown that the radiative

lifetime of the 5D0 metastable excited state of Eu3?

ions is sensitive to the changes of refractive index of

the surrounding medium (Boyer et al. 2004; Meltzer

et al. 1999). Additionally, the Eu3? ions luminescence

was successfully used to probe the surface effects,

originating from high surface to volume ratio, in

nanosized materials (Banski et al. 2013; Chang et al.

2007; Jia et al. 2010). Yan et al. (2003) used combined

laser selective excitation spectra and lifetime mea-

surements of Eu3? doped YVO4 materials to detect the

change of site symmetry from the interior to the

surface of NPs. Peng et al. (2005) resolved two

luminescent centers in La2O3S: Eu3? NPs, through the

use of time-resolved and laser selective emission, and

one of the optically active centers was attributed to a

lower symmetry site occupied by surface Eu3? ions.

Basing on what has been discussed above, we have

designed, synthesized, and studied both the steady

state and time dependent luminescence response of

Eu3?-doped ultra-small NaYF4 NPs to the ligand type

used to stabilize these nanocrystallites in liquid

colloids, as well as in powders. The NaYF4 nanocrys-

talline host was chosen because of relatively low

phonon energy (Wang and Liu 2009) and reported low

toxicity (Kumar et al. 2009). Moreover, we have

implemented a method to synthesize ultra-small

(7–9 nm) NPs uniquely developed for NaYF4 NPs

(Chen et al. 2010). These ultra-small NPs allowed

reducing the ‘‘core–shell’’ effect, i.e., studying the

impact of ligands and solvents on spectral properties

of luminescent nanolabels is hindered within larger

nanoparticles, since the luminescence of superficial

(shell) lanthanides is dominated by the spectral

properties of much more numerous volumetric (core)

lanthanide ions. NPs were intentionally fabricated to

have the diameters below 10 nm, which was supposed

to expose as many Eu3? ions as possible to interactions

with the surface bound ligands and the local chemical

environment. Properties of ligand molecules were

assessed based on quantum-chemical calculations to

allow qualitative discussion of the differences

between them.
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Experimental section

Materials and instrumentation

All chemicals for synthesis of NaYF4 NPs were

purchased from Sigma Aldrich or POCH S.A.

(Poland), and used without further purification.

X-ray diffraction (XRD) patterns were recorded on a

STOE diffractometer with Ge-filtered CuKa1 radia-

tion. Transmission electron microscopy (TEM) stud-

ies were performed using a Philips CM20 SuperTwin

microscope at 200 kV with 0.25 nm resolution. Fou-

rier transform infrared (FT-IR) spectra were registered

on a Biodra 575C spectrometer with resolution of

2 cm-1 for samples in KBr pellets. The emission

spectra and luminescence decay curves were obtained

under excitation from the second harmonic (394 nm)

of a Ti:Sapphire laser (Belarus) pumped by a Nd:YAG

LOTIS TII laser (Belarus). The luminescence signals

were detected by a Synapse CCD camera (HORIBA

JOBIN–YVON). Fluorescence decay curves were

recorded with a photomultiplier (HAMAMATSU

R928) output fed into a LeCroy Wave Surfer 425

digital oscilloscope.

Calculations

In order to determine geometrical structure of ligands,

quantum-chemical calculations have been performed

using the Kohn–Sham formulation of the density

functional theory (DFT). In particular, geometry

optimization followed by the evaluation of force

constants was carried out using the B3LYP exchange–

correlation functional (Becke 1993) and the

6-31G(d) basis set. Dipole moment and electronic

polarizability were determined at equilibrium geom-

etries using the Coulomb–attenuated CAM–B3LYP

functional (Yanai et al. 2004). The latter functional has

been proved to outperform B3LYP functional as far as

polarizabilities of extended conjugated systems are

concerned (Jacquemin et al. 2007). Electric-dipole

properties were computed using the 6-31?G(d) basis

set.

Synthesis of NaYF4:4 % Eu3? NPs

Oleic acid capped NaYF4:4 % Eu3? NPs (OANPs)

were synthesized using the method previously

reported by (Chen et al. 2010). Trioctylphosphine

oxide caped NPs (TOPONPs) were synthesized using

a previously reported thermolysis method (Shan et al.

2007), with some modifications. For the TOPONPs

synthesis aliquots of 1 mmol lanthanide oxides (Y2O3,

Eu2O3) were mixed and dissolved in *50 % concen-

trated trifluoroacetic acid. The transparent solution

was evaporated to dryness using a rotary evaporator.

The mixture of 15 ml of octadecane (OD) and 20 g

TOPO was preheated to form homogeneous solution,

and added into the reaction flask together with

1.25 mmol of sodium trifluoroacetate. The solution

was then heated to 120 �C under vacuum with

magnetic stirring for total oxygen and water removal,

during which the flask was purged with dry argon

every 5 min. The resulting yellow solution was then

heated to 300 �C under inert atmosphere and kept at

these conditions for at least 1 h. After the synthesis the

solution was cooled to room temperature, precipitated

by acetone and then collected by centrifugation.

Hexadecylamine capped NPs (HDANPs) were syn-

thesized based on approaches previously proposed for

quantum dots (Mntungwa et al. 2011; Nyamen et al.

2011). In an optimized synthesis protocol, fixed

amounts of 1.25 mmol lanthanide oxides (Y2O3,

Eu2O3) were mixed and dissolved in *50 % concen-

trated trifluoroacetic acid. The optically transparent

solution was evaporated to dryness using a rotary

evaporator. The mixture of 15 ml of octadecane and

12 g HDA was preheated, and next added into the

reaction flask together with 1.25 mmol of sodium

trifluoroacetate. The solution was then heated to

120 �C under vacuum with magnetic stirring for total

oxygen and water removal, during which the flask was

purged with dry argon every 5 min. The resulting

yellow solution was then heated to 300 �C under inert

atmosphere and kept at these conditions for at least

1 h. The solution was cooled to room temperature,

precipitated by acetone and collected by centrifuga-

tion. In OANPs, TOPONPs and HDANPs synthesis

protocols the volume ratio of OA:OD, OD:TOPO,

OD:HDA was kept at 1:1. Additionally, selection of

4 % Eu3? doping amount allowed to achieve strong

luminescence without evident concentration quench-

ing (Kumar et al. 2009). After precipitation, NPs were

equally dispersed in four solvents: chloroform, cyclo-

hexane, toluene, and THF. For transferring synthe-

sized NPs to water solutions we performed a ligand

removal procedure (Bogdan et al. 2011). To further

investigate the influence of the nearest chemical
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surroundings on spectroscopic properties of obtained

NPs, we have also prepared NPs powders by a simple

water evaporation method.

Results and discussion

Figure 1 presents crystallographic and morphological

characterization of the synthesized NPs. The diffrac-

tion peaks for all the three samples could be indexed to

the pure cubic a-NaYF4 phase (Fig. 1a). The results

are in good agreement with the JCPDS no. 77-2042

standard line pattern for a-NaYF4 matrix. Slight shift

of the diffraction peaks results from the measurement

setup geometry, since the 4 % Eu3? dopant should not

have any influence on NaYF4 NPs crystal structure

(Podhorodecki et al. 2013). Figure 1b–d shows repre-

sentative TEM images of OANPs, TOPONPs, and

HDANPs, respectively, together with their size distri-

bution histograms obtained from measuring the size of

over 300 NPs per sample. The mean size and its

standard deviation of OANPs and TOPONPs have

been estimated to be hDi ± DD = 5.8 ± 1.7 and

5.1 ± 1.6 nm, respectively. In the case of HDANPs

(Fig. 1d) larger NPs and broader size distribution were

observed (hDi ± DD = 9.5 ± 2.0 nm). Observation

Fig. 1 X-ray diffraction patterns of the synthesized NaYF4 NPs together with the reference JCPDS no. 77-2042 standard line pattern

for a-NaYF4 matrix (a), and TEM images with size distribution histograms for OANPs (b), TOPONPs (c), and HDANPs (d)
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of distinct diffraction peaks at XRD spectra, which are

well-matched to the JCPDS no. 77-2042 standard line

pattern for a-NaYF4 matrix, led us to conclude that

highly crystalline face-centered cubic structure of

NaYF4 was obtained. Additionally, no aggregation of

NPs was observed by TEM, which indirectly confirms

successful incorporation of capping ligands on the NPs

surface. The presence of capping ligands on the NPs

surface was further identified by FTIR absorption

measurements (for more details see SI Fig. 1S.). The

organic ligands present on the NPs surface also

allowed their stability in solvents such as: chloroform,

cyclohexane, toluene, or tetrahydrofuran.

In order to explain the influence of ligands on the

photophysical properties of the NPs, we assumed that

it can be related to electrostatic interactions due to the

static and induced dipole moment of the surface

attached ligand molecules. We evaluated the geome-

tries of the molecules and the relevant properties from

quantum-chemical calculations using the Kohn–Sham

formulation of the DFT. There are two possible spatial

arrangements of OA molecules, but since the trans

form is more stable we have assumed that the OA

molecules attach to NPs surface in this isomeric

modification. Table 1 contains the calculated electric

dipole moments of the three ligands as well as their

linear polarizabilities. We assume that the electric

field producing the induced dipole moment in the

ligands is parallel to the cartesian z–axis (Fz), thus the

relevant polarizability component is azz which is

presented in Table 1.

Neglecting the effects arising from nuclear motions

and assuming the presence of a uniform electric field Fz,

the induced dipole moment of a ligand molecule can be

calculated as lind
z ¼ azzFz. The total electric-dipole

moment parallel to the cartesian z–axis will be equal to

ltot ¼ lz þ azzFz. In the simplest case, the electric

field may result from uncoordinated Eu3? and Y3?

ions present on the NPs surface. We also need to take

into account that the distribution of dopant ions is not

statistical within the NP volume (Dong et al. 2011).

For this reason, we have decided to assume equal sur-

face charge density (Qsurface) for all types of investi-

gated NPs, and thus roughly even electric field strength Fz,

at a fixed distance from the NPs surface, for all three

types of investigated NPs. It follows from Table 1 that

both the permanent and induced dipole moments, and

thus also the highest total electric dipole moment

should be the largest in the case of TOPO molecules.

We are aware that this calculation uses numerous

simplifications, among them neglecting the sterical

effects arising from the presence and interaction of

neighboring ligand molecules. However, the point is to

qualitatively estimate the electrostatic interactions and

further exploit those results in the interpretation of the

observed changes in luminescence spectra, and kinetic

behavior between NPs having different ligands mole-

cules attached to the surfaces.

Table 1 Electric-dipole properties of HDA, OA, and TOPO surface ligands determined at the CAM–B3LYP/6-31?G(d)//B3LYP/6-

31G(d) level of theory

lz [D] |l| [D] azz [a.u.] hai [a.u.] Ligand molecules

HDA -0.1 1.5 253 197

TOPO 5.2 5.2 311 305

OA (cis) 0.7 0.7 276 220

OA (trans) -0.1 1.5 282 221

The inset in rightmost column shows optimized geometrical structures of the surface ligands. hai ¼ 1
3

axx þ ayy þ azz

� �
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In general, the Eu3? doped fluoride NPs exhibit

intense luminescence peaks associated with the
5D0 ? 7F1,2,4 electronic transitions, under 394 nm

laser excitation (Ghosh and Patra 2008b). The
5D0 ? 7F3,5,6 are usually observed as well, but are

much weaker. According to the appropriate selection

rules, the 0 $ 0 transitions are forbidden unless the

Eu3? ions are located at low symmetry sites. In

particular, the intensity of 5D0 ? 7F0 transition,

which is of pure electric dipole character, strongly

depends on the crystalline matrix. Figure 2 shows

normalized (to the 5D0 ? 7F1 transition)
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Fig. 2 394 nm excited luminescence spectra (normalized to
5D0 ? 7F1 transition) of OANPs (top row), TOPONPs (middle

row), HDANPs (bottom row) in CHCl3 (left hand column), and

corresponding spectra for NPs after ligand removal and

dispersing in water (middle column), as well as for dried NP

powders (right hand column)
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luminescence spectra of ultra-small Eu3? doped

NaYF4 NPs with different organic ligands present on

the surface and dispersed in CHCl3 (Fig. 2a, d, g),

corresponding spectra obtained after ligand removal

and dispersing the NPs in water (Fig. 2b, e, h), as well

as spectra of powders obtained after drying water

dispersion of NPs (Fig. 2c, f, i). Upon 394 nm laser

excitation, five peaks at 578, 593, 613, 651, and

700 nm were observed and attributed to the consec-

utive 5D0 ? 7FJ transitions with J = 0,1,2,3,4,

respectively. For NPs powders we have observed

significant narrowing of the emission lines. This could

indicate the aggregation of NPs, however, there is no

change in the symmetry, since the 5D0 ? 7F0 transi-

tion is still observed (Georgescu et al. 2005). The

emission lines are narrowed only for ligand-free

powder samples, indicating that both vibrational

modes of ligands and solvents molecules are respon-

sible for broad emission lines as observed for colloidal

suspensions of investigated NPs. The Eu3? surface

atoms also interact with a high phonon energy

environment originating from ligands and solvents

molecules, promoting undesirable non-radiative

mechanisms that compete with the radiative transfer

processes. In order to quantitatively compare the

samples, the asymmetry ratio parameter (R) was

calculated based on the luminescence spectra.

R = I(5D0 ? 7F2)/I(5D0 ? 7F1) is the ratio of the

integrated intensities of the hypersensitive 5D0 ? 7F2

and magnetic-dipole 5D0 ? 7F1 transitions in Eu3?

ions. This parameter can be informative about the

distortion in the Eu3? ions local surrounding, and thus

it is usually higher for the nanocrystaline samples

(Boyer et al. 2004) in comparison to their bulk

counterparts. For 200 nm size a-NaYF4 particles, Cao

et al. (2011) reported the R parameter to be 0.937. This

result is significantly different from the values

obtained for nano-glass–ceramics containing Eu3?

doped NaYF4 NPs (Santana-Alonso et al. 2010),

where the R parameter was in the range from 1.11 to

1.47, depending on sample treatment during synthesis.

Thus, determination of the asymmetry ratio R could

potentially allow for optical sensing by monitoring

deviations in Eu3? ions local surroundings.

First, we have investigated the influence of four

various solvents (chloroform, cyclohexane, toluene,

and tetrahydrofuran), in which the NPs were dispersed

after synthesis, on the luminescence properties of

Eu3?. The changes in either shape of luminescence

spectra or R value for the NPs having same surface

capping ligands but dissolved in different solvents

were negligible (for R values see SI Table 1S.).

However, significant differences in those features

were found for ligated and non-ligated NPs. Table 2

lists the obtained R parameters for OANPs, TOPO-

NPs, HDANPs, corresponding values for ligand-free

NPs in water and NPs powders in air.

As mentioned above, the R value is an indicator of

distortion of Eu3? ions by the local environment.

Markedly higher R values, as compared to larger

nanocrystals or glass–ceramics, e.g., R = 3.0 for the

TOPONPs dispersed in CHCl3, may originate from two

reasons. The first one is the ultra-small size of

TOPONPs. From all of the synthesized NPs, the

TOPONPs were the smallest, and thus had the largest

surface to volume ratio. Because, a considerable

number of Eu3? ions are exposed to the interaction

with the organic ligands there. However, since the

OANPs were similarly small but demonstrated only

minor change of R from largest HDANPs, we suspect

another factor may dominate the spectral changes. The

electric field Fz deriving from uncoordinated Eu3? and

Y3? ions present on the NPs surface causes polariza-

tion of the charge distribution in surface attached

ligands. Hence, there may appear a perturbation of the

electronic states of the lanthanide ion by the electric

field of the ligands (Mason et al. 1975). Since both

static and induced electric-dipole moment are the

highest for TOPO molecules, their presence on NPs

surface would probably cause strongest distortion in

the local electric field on the NPs surface, in compar-

ison with other investigated OA and HDA ligand

molecules. Thus we assume that, mainly for that

reason, the observed R value for TOPONPs was the

highest. For the OANPs and HDANPs, the asymmetry

ratios were calculated to be 1.1 and 1.3, respectively.

These R values correlate with significant differences in

electric-dipole moment between the capping mole-

cules. The differences in R values decrease noticeably

Table 2 Asymmetry ratios for NaYF4:4 % Eu3? NPs in

CHCl3 with various surface ligands, and the corresponding

values for ligand-free NPs in water and NPs powders

Ligand/medium CHCl3 H2O Air

OA 1.3 0.97 2.2

TOPO 3.0 0.92 2.2

HDA 1.1 0.93 1.9
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after ligands removal from the surface of the NPs,

which are then dispersed in water. In this case, the

R values vary in the range from 0.92 to 0.97, and the

value is the highest for OANPs. These R values

represent the interaction of Eu3? ions with mixed host

and medium environment, but some ligand residuals on

the surface of NPs cannot be excluded as well.

Moreover, it must be taken into account that the

superficial Eu3? ions exposed to water molecules are

efficiently quenched and do not contribute to the NPs

emission at all. The R values for powders are symp-

tomatic, since R values appear to correlate with the size

of NPs. R is equal to 2.2 for ultra-small *5 nm NPs,

whereas, it is equal to 1.9 for HDA originating NPs

with average size of ca. 10 nm. One cannot neglect the

interaction between NPs in the powders. The grains of

NPs definitely touch each other, thus superficial Eu3?

ions can be impacted more by structural distortions

rather than by different chemical environment.

One may also find some substantial differences in

the spectra between the samples after ligand and

solvent removal (Fig. 2b, c, respectively) in compar-

ison to original ones (Fig. 2a). The samples after ligand

removal and dispersing in water, exhibit slightly more

structured emission spectra (OANPs Fig. 2b vs.

Fig. 2a), which may originate from more efficient

quenching of superficial Eu3? ions by solvent. The

ligands are responsible for line broadening and poten-

tially for luminescence quenching to some extent as

well. However, since ligands vibration frequencies are

not as high as for water molecules (hmmax

*2,900 cm-1 vs. hmmax *3,300 cm-1 for oleic acid

and water, respectively) the quenching should be more

pronounced in ligands-free water colloids than in

ligand rich NPs. The quenching of superficial ions is

also responsible for the dominance of the luminescence

originating from the ‘‘core’’ of NP. This luminescence

experiences a higher crystallinity of the NC.

The luminescence kinetics of Eu3? ions embedded

in NPs with different capping ligands was also

investigated. The luminescence decay of the lantha-

nide ions provides the information on the degree of

quenching from the organic solvents, surface ligands,

internal crystal defects, and ions impurities within the

NPs. The measured decay curves for ligated NPs

exhibited double-exponential behavior, similar to what

has been reported in the past for colloidal Eu3?-doped

NaYF4 NPs (Ghosh and Patra 2008a). The decay

curves for non-ligated NPs, both water dispersions and

powders, on the other hand, were single exponential

(see SI Table 2S for the lifetime values). First, we have

investigated the 5D0 excited state lifetimes values for

NPs with the same capping ligands but dispersed in

different solvents. Insignificant changes in lumines-

cence lifetimes values for both short (s1) and long

components (s2) (less than 10 %; see SI Table 2S;

Figs. 2S, 3S) were found, hence these results are

consistent with those of steady-state luminescence.

This observation prompted us to perform more detailed

investigations of the impact of type of capping ligands

on the kinetic behavior of Eu3? ions. This time,

significant differences in lifetime values between NPs

having different capping ligands were noticed and

could be understood by considering the changes

produced by the closest surroundings of the NPs. In

the first approach, we separately plotted s1 (Fig. 4S)

and s2 (Fig. 5S) as a function of the ligand refractive

index, as proposed by (Meltzer et al. 1999) and further

by (Boyer et al. 2004), who studied the behavior of

Eu3? doped nanocrystalline powder samples mechan-

ically dispersed in different solvents. Surprisingly, we

did not manage to correlate our results to the ‘‘effective

index of refraction’’ model, since the lifetime values

tended to increase with the increasing refractive index

of ligand used during the synthesis. However in our

case, the investigated systems were more complicated

than those studied before. In colloidal solutions, the

ligand molecules attached directly to the NPs surface

are responsible for homogenous dispersibility of these

NPs in organic solvents. In such systems, not only the

interaction of surface Eu3? ions with solvent molecules

should be taken into account, but also geometrical

organization of ligands molecules at the NPs surface as

well as interaction of ligands with surface Eu3? ions

together with specific interaction between ligands and

solvent molecules. In order to understand the relation-

ship between lifetime values and the surrounding

environment, in further analysis we included long

lifetime component s2 together with both the refractive

index (n) and the dielectric constant (e) of ligand

molecules. Following (Berezin et al. 2008) we plotted

the s2 values versus ligand orientation polarizability

factor Df (Fig. 3):

Df ¼ e� 1

2eþ 1
� n2 � 1

2n2 þ 1
ð1Þ

The first term of the equation reflects influence of

reorientation of the solvent molecules and redistribution
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of the electrons in solvent molecules during the

luminescence lifetime, whereas, the second term

accounts for reorganization of electrons only (Lakowicz

2006). For calculation of Df values, the refractive index

values n for capping ligands were taken from reagent

material safety data sheets (MSDS), and were 1.459,

1.447, 1.4496, and 1.33 for OA, TOPO, HDA, and

water, respectively. Dielectric constants were approx-

imated, based on literature data, to be: 2.03 (de Sousa

et al. 2009), 2.5 (Jiang et al. 2000), 2.25 (Hoffman and

Smyth 1949), and 78.3 for OA, TOPO, HDA, and water,

respectively. We found that decreased ligand orientation

polarizability factor Df correlated with the progressive

increase of the s2 as measured for the 5D0 excited state of

Eu3? ions. The s2 value for ligand-free NPs dispersed in

water has been taken as the average of measurements for

OANPs, TOPONPs, and HDANPs after ligand removal

(see SI for the data). This observation supported our

hypothesis, that NPs properties are susceptible to both

the refractive index n and the dielectric constant e of

ligands, which originates from ultra-small size of the

synthesized NPs, and exposure of Eu3? ions to the outer

environment.

Conclusions

In this article, we have demonstrated the hyper-

susceptibility of the steady-state and kinetic optical

properties of colloidal Eu3? doped ultra-small NaYF4

NPs to the local nano-scale surroundings of the NP.

We have engineered and optimized three synthesis

protocols for ultra-small Eu3? doped NaYF4 NPs with

different capping ligands attached to the NP surface.

We have shown that the ratio of the integrated

intensities of the hypersensitive 5D0 ? 7F2 and mag-

netic-dipole 5D0 ? 7F1 transitions in Eu3? ions as

well as 5D0 luminescence lifetimes are sensitive to the

type of ligand present on the NP surface. It is

important to underline that not the effective index of

refraction, but the orientation polarizability factor of

the ligand molecules matters, as was revealed in our

experiments. To the best of our knowledge, this is the

first report on the hyper-sensitive relation between

spectral, temporal, and electro-optical properties of

colloidal solution of lanthanide-doped inorganic NPs

as a response to the chemical surroundings of the NP

itself. Of course, the solvent influence on the emis-

sions in the europium ion-doped fluoride NP needs

future investigations to clarify more details of the

observed phenomena. Both steady-state and lumines-

cence kinetics showed the suitability of the synthe-

sized NPs for constructing self-referenced, direct

optical nano-sensors. The use of lanthanide-doped

inorganic nanocrystallites as optical labels offers

repeatable and temporally stable measurement condi-

tions, because such materials are not prone to photo-

bleaching. Additionally, due to long living 5D0 excited
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states in Eu3? ions, facile time-resolved signal detec-

tion becomes possible under UV excitation. This can

be of great importance for biological detection and

imaging, since UV radiation readily induces undesired

background autofluorescence from cells and tissues.
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Monazite and zircon type LaVO4: eu nanocrystals—syn-

thesis, luminescent properties, and spectroscopic identifi-

cation of the Eu3? sites. Eur J Inorg Chem 18:2626–2635

Jiang, Krauss TD, Brus LE (2000) Electrostatic force microscopy

characterization of trioctylphosphine oxide self-assembled

monolayers on graphite. J Phys Chem B 104(50):

11936–11941

Kumar R, Nyk M, Ohulchanskyy TY, Flask CA, Prasad PN

(2009) Combined optical and MR bioimaging using rare

earth ion doped NaYF4 nanocrystals. Adv Funct Mater

19(6):853–859

Lakowicz JR (2006) Principles of fluorescence spectroscopy.

Springer, New York

Liu JL, Liu Y, Liu Q, Li CY, Sun LN, Li FY (2011) Iridium(III)

complex-coated nanosystem for ratiometric upconversion

luminescence bioimaging of cyanide anions. JACS 133(39):

15276–15279

Mader HS, Kele P, Saleh SM, Wolfbeis OS (2010) Upconver-

ting luminescent nanoparticles for use in bioconjugation

and bioimaging. Curr Opin Chem Biol 14(5):582–596

Mason SF, Peacock RD, Stewart B (1975) Ligand-polarization

contribution to intensity of hypersensitive trivalent lan-

thanide transitions. Mol Phys 30(6):1829–1841

Meltzer RS, Feofilov SP, Tissue B, Yuan HB (1999)

Dependence of fluorescence lifetimes of Y2O3: Eu3?

Page 10 of 11 J Nanopart Res (2013) 15:1707

123



nanoparticles on the surrounding medium. Phys Rev B

60(20): 14012–14015

Mntungwa N, Rajasekhar PVSR, Revaprasadu N (2011) A

facile route to shape controlled CdTe nanoparticles. Mater

Chem Phys 126(3):500–506

Nyamen LD, Rajasekhar Pullabhotla VS, Nejo AA, Ndifon P,

Revaprasadu N (2011) Heterocyclic dithiocarbamates:

precursors for shape controlled growth of CdS nanoparti-

cles. New J Chem 35(5):1133–1139

Peng H, Huang S, You F, Chang J, Lu S, Cao L (2005) Prepa-

ration and surface effect analysis of trivalent europium-

doped nanocrystalline La2O2S. J Phys Chem B 109(12):

5774–5778

Peng JH, Wang YH, Wang JL, Zhou X, Liu ZH (2011) A new

biosensor for glucose determination in serum based on up-

converting fluorescence resonance energy transfer. Biosens

Bioelectron 28(1):414–420

Podhorodecki A, Banski M, Noculak A, Sojka B, Pawlik G,

Misiewicz J (2013) On the nature of carrier relaxation and

ion–ion interactions in ultrasmall b-NaYF4: Eu3? nano-

crystals—effect of the surface. Nanoscale 5(1):429–436

Santana-Alonso A, Yanes AC, Méndez-Ramos J, del-Castillo J,

Rodrı́guez D (2010) Sol–gel transparent nano-glass–

ceramics containing Eu3?-doped NaYF4 nanocrystals.

J Non-Cryst Solids 356(18–19):933–936

Shan J, Qin X, Yao N, Ju Y (2007) Synthesis of monodisperse

hexagonal NaYF4:Yb, Ln (Ln = Er, Ho and Tm) upconver-

sion nanocrystals in TOPO. Nanotechnology 18(44):445607

Sheik Saleem S, Srinivasan T (1987) Hypersensitive and forbid-

den transitions of trivalent europium ion in europium ion in

Tb1.8Eu0.2 (MoO4)3 single crystal. Pramana 29(1):87–92

Sun LN, Peng HS, Stich MIJ, Achatz D, Wolfbeis OS (2009) pH

sensor based on upconverting luminescent lanthanide

nanorods. Chem Commun 33:5000–5002

Wang F, Liu X (2009) Recent advances in the chemistry of

lanthanide-doped upconversion nanocrystals. Chem Soc

Rev 38(4):976–989

Yan C-H, Sun L-D, Liao C-S, Zhang Y-X, Lu Y-Q, Huang S-H,

Lu S-Z (2003) Eu3? ion as fluorescent probe for detecting

the surface effect in nanocrystals. Appl Phys Lett 82(20):

3511–3513

Yanai T, Tew DP, Handy NC (2004) A new hybrid exchange–

correlation functional using the Coulomb-attenuating

method (CAM-B3LYP). Chem Phys Lett 393(1–3):51–57

J Nanopart Res (2013) 15:1707 Page 11 of 11

123


	Ligand-dependent luminescence of ultra-small Eu3+-doped NaYF4 nanoparticles
	Abstract
	Introduction
	Experimental section
	Materials and instrumentation
	Calculations
	Synthesis of NaYF4:4 % Eu3+ NPs

	Results and discussion
	Conclusions
	Acknowledgments
	References


